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EVOLUTION OF FLIGHTLESSNESS IN RAILS 

(GRUIFORMES: RALLIDAE): 
PHYLOGENETIC, ECOMORPHOLOGICAL, 

AND ONTOGENETIC PERSPECTIVES 

BRADLEY C. LIVEZEY 

Section of Birds, Carnegie Museum of Natural History, 
Pittsburgh, Pennsylvania 15213-4080 USA 

ABSTRACT.--More than 50 species of flightless rails (Gruiformes: Rallidae) have 
been discovered on islands throughout the world, including members from most 
of the tribes and genera of the family. In the present study, qualitative and mor- 
phometric analysis of 3,220 study skins, more than 1,200 associated (complete 
and partial) skeletons, approximately 4,000 disassociated subfossil elements, and 
pectoral dissections of 41 fluid-preserved specimens formed the primary basis for 
investigation. Analyses emphasized statistical comparisons of flightless species 
with closest flighted relatives, augmented by analyses of data on body mass, wing 
areas, wing lengths, clutch sizes, egg dimensions, and ecophysiological parame- 
ters. These were integrated with a companion cladistic analysis and current evo- 
lutionary theory. 

Flightless members of the Rallidae span more than two orders of magnitude in 
body mass. Univadate comparisons of skin specimens confirmed a repeated pat- 
tern of relatively or absolutely shortened wings and (with a few exceptions) tails 
in flightless taxa. Greatest reductions in relative wing size were evident in Ha- 
broptila wallacii, Gallirallus australis-group, Tricholimnas spp., Habropteryx in- 
signis, Amaurornis ineptus, and Tribonyx mortierii. These shifts were confounded 
by diverse changes in body size; most flightless species were characterized by 
increases in body size of various magnitudes (greatest in Porphyrio mantelli- 
group, Nesotrochis debooyi, Gallirallus australis-group, Tricholirnnas lafresnay- 
anus, Aphanapteryx bonasia, Erythromachus leguati, Diaphorapteryx hawkinsi, 
and Amaurornis ineptus), whereas a minority showed substantial decreases (Ca- 
balus modestus), modest decreases (Dryolimnas aldabranus, Railus recessus, Gal- 
liraflus wakensis, Atlantisia rogersi, most flightless Porzana, and Tribonyx hod- 
genorum), or virtual stasis (Porzana palmeri) in directly measured or estimated 
body masses. Sexual dimorphism was significant in virtually all external dimen- 
sions, although magnitudes of these differences were substantially less than with- 
in-sex differences between congeners. Although confounded by subspecific vari- 
ation in some taxa, indications were found of inflated variance in some external 

dimensions (e.g., tail length) of flightless species relative to flighted relatives (e.g., 
Amaurornis ineptus). 

Limited data on wing loadings--ratios of body mass divided by area of wings-- 
confirmed that two flightless species had significantly higher values than flighted 
relatives of similar size. Only the estimate for bulky Porphyrio hochstetteri ex- 
ceeded the "threshold of flightlessness" of Meunier, whereas the value for tiny, 
flightless Porzana atra was roughly one fourth of the threshold value. The latter 
indicates the inapplicability of this criterion in taxonomic groups (e.g., Rallidae) 
in which reductions of the pectoral musculature are critical to flightlessness. 

Principal component analyses (PCAs) and canonical analyses (CAs) of study 
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skins provided multidimensional discrimination of species and sexes within key 
clades with respect to both size and shape. These not only confirmed the vailably 
pronounced reductions in relative wing length and overall size in flightless species 
indicated by univariate analyses, but revealed that corresponding multivariate 
shifts were exceptionally great in Porphyrio hochstetteri, Porzana sandwichensis, 
and Amaurornis ineptus, and that sexual dimorphism was exaggerated in P. hoch- 
stetteri, Habroptila wallacii, Gallirallus owstonL and Cabalus modestus. PCAs of 
lengths of extracted remiges revealed that flightless species, in addition to differ- 
ences in overall size, were characterized by disproportionately short (in extreme 
cases, absent) distal primary remiges (i.e., had more rounded wings). Remiges 
displayed several important trends associated with flightlessness: reductions in 
length relative to body size; vailably pronounced changes in shape; dispropor- 
tionate shortening of the distalmost remiges, resulting in comparatively rounded 
wings; losses of the distalmost one or two remiges primarii and several remiges 
secundarii (a minority of taxa); and microanatomical reductions in the integrity 
of margins of vanes ("fringing"). 

Univariate comparisons confirmed the relative and (in some cases) absolute 
reductions in lengths of wing elements, and also quantified the reductions in di- 
mensions of elements of the pectoral girdle and widths of appendicular elements. 
These shifts were accompanied by increased size of the cranium and pelvic ap- 
paratus in a number of flightless taxa (e.g., Porphyrio hochstetteri, Gallirallus 
australis-group, Amaurornis ineptus, and Tribonyx mortierii). Subfossil coots (Fu- 
lica chathamensis-group and F. newtoni) largely qualify as allometrically enlarged 
versions of typical congeners, comparable to two large Andean coots (Fulica 
cornuta and F. gigantea). Univariate sexual dimorphism was significant in most 
rallids. However, intersexual differences in bill lengths of several subfossil rails 
(Diaphorapteryx hawkinsi, Aphanapteryx bonasia, and possibly Cabalus modes- 
tus) were exceptionally great and suggestive of intersexual differences in feeding 
niche. 

Bivariate correlations within flightless species differed from those for flighted 
species, notably in the low correlations between most sternal measurements and 
other osteological variables, a pattern indicative of the virtual disjunction between 
sternum and other skeletal elements in flightless species. Comparisons of propor- 
tions within the pectoral limb revealed that the antebrachium, carpometacarpus, 
and (to a generally lesser degree) the phalanges were disproportionately short and 
the brachium was disproportionately long in flightless species. These patterns and 
the disproportionately robust alulae in flightless rails are consistent with the effects 
of two largely perpendicular developmental axes acting on both the skeletal and 
muscular derivatives of the mesoderm in the avian pectoral limb: a primary, prox- 
imal-distal growth axis; and a secondary, cranial-caudal growth axis that prin- 
cipally affects the manus. Proportions within the pelvic limb showed a diversity 
of shifts associated with the loss of flight, one of the most marked being a dis- 
proportionate elongation of the pedal digits in highly aquatic Fulica. Ratios of 
humerus length divided by femur length provided a remarkably robust indicator 
of flight capacity of rallids (with the exception of natatorial Fulica), with ratios 
for righted taxa averaging above 0.90, whereas those for flightess taxa averaged 
below 0.90. A PCA of detailed matrices of skulls displayed the diversity of size 
and bill manifested by species of the Rallidae, among which the most extreme 
bill shapes (and probably foraging modes) were those of several flightless species 
(e.g., Capellirallus karamu, Diaphorapteryx hawkinsL Aphanapteryx bonasia, and 
Erythromachus leguati). Pectoral allomorphosis (intraspecific allometry) displayed 
higher slopes in many flightless species, consistent with termination of pectoral 
growth at an earlier stage of skeletal development through heterochrony. CAs of 
skeletal measurements within clades confirmed relative magnitudes of shifts re- 
lated to loss of flight that were broadly consistent with those apparent in PCAs, 
and confirmed significant increases in sexual dimorphism in most flightless line- 
ages. Qualitative changes associated with flightlessness were found in most pec- 
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total elements (especially the humerus and sternum), with many extending to the 
extinct adzebills (Gruiformes: Aptoruithidae), and corroborated homoplasy among 
flightless species. Tallies of these apomorphies indicated that the most-derived 
flightless lineages were Porphyrio hochstetteri, Habroptila wallacii, Gallirallus 
australis-group, Cabalus modestus, Capellirallus karamu, and Diaphorapteryx 
hawkinsi. 

Comparisons of the pectoral musculature of rails revealed that reductions in 
bulk and cranial extents of mm. pectoralis et supracoracoideus were the most 
conspicuous myological changes. As a percentage of mean body mass, these un- 
derwent reductions among flightless taxa as high as 15% (Gallirallus australis 
and Tribonyx mortierii) and as low as 5-6% (Dryolimnas aldabranus and Gallin- 
ula comeri). Also typical of most flightless rails was an increase in the prominence 
of m. cucullaris capitis pars clavicularis (associated with the caudal regression of 
the apex carina sterni), attenuation of ram. biceps brachii et humemtriceps, greater 
distal extent of m. pronator superficialis relative to the underlying (foreshortened) 
radius, and a corresponding increase in the impressio m. brachialis relative to the 
ulna. A minority of flightless rails also showed variably pronounced weakening 
of fibrous portions of m. rhomboideus pmfundus, m. flexor digitorum superficialis, 
and m. ulnometacarpalis ventralis, and increased conformational variation in sev- 
eral muscles of the manus (ram. abductor alulae capita dorsale et ventrale, and 
m. extensor brevis alulae). PCAs of mean muscle measurements indicated greatest 
morphometric shifts in Gallirallus australis, G. wakensis, Atlantisia rogersi, Por- 
zana palmeri, and Gallinula comeri, patterns not entirely congruent with reduc- 
tions in breast muscles. A correspondence analysis of ecomorphological variables 
principally discriminated three groups: small crakes on small, extremely isolated 
islands (Porzana palmeri and P. atra), large terrestrial species from New Zealand 
(Porphyrio hochstetteri and Gallirallus australis), and robust, aquatic species from 
moderately large islands (Habroptila wallacii, Amaurornis ineptus, and Tribonyx 
mortierii). 

Most flightless rails manifest variably pronounced increases in size, and in 
accordance with the substantial literature on giantism, these shifts appear to confer 
selective advantages related to thermodynamics, procurement of mates, territori- 
ality, capacity for fasting, and interspecific competition. These gains were accom- 
panied by negative implications, including greater total energetic requirements, 
diminished capacity for stealth, and vulnerability to selected environmental and 
predatory agents, with the latter contributing to the minority of flightless rails 
showing dwarfism. Changes in body size are accompanied by allometric changes 
in numerous, fundamental ecophysiological parameters, among which are several 
critical to flight capacity. Departures from familial isometry in relative wing size 
accompany flightlessness in most cases, but in rails reductions in pectoral mus- 
culature (and the associated skeleton) appear to be paramount, changes that were 
associated with variably pronounced changes in the integument, modifications in 
bill shape, increased sexual dimorphism, energetically efficient reductions in basal 
metabolic rates, and changes in reproductive and dietary parameters. The latter 
are consistent with r-K shifts in life histories, and most of the ecological changes 
are typical of insular birds. Heterochrony, combining pectoral paedomorphosis 
with (in most taxa) peramorphosis of the axial and pelvic complexes, appears to 
underlie most anatomical apomorphies related to flightlessness in rails. Morpho- 
logical and ecological changes in flightless rails provide a strong qualitative anal- 
ogy with those of vertebrate and invertebrate endemics of caves (troglomorphs). 

Phylogenetic reconstructions of railids are replete with morphological homo- 
plasy, apparent irreversibility of the apomorphy associated with flightlessness, and 
only a few candidates for speciation following the loss of flight. Many rails show 
metapopulational demographic characteristics, and a number of migratory species 
show high vagrancy and qualify as consummate colonists of islands. These qual- 
ities suggest that a number of flighted rails, especially a core group with high 
fecundities and long-distance migratory patterns, may maintain dispersal poly- 
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morphisms in which a minority of progeny are predisposed to vagrancy and col- 
onization of insular habitats. Insular colonizations occasioned thereby essentially 
represent "permanent migratory stopovers" followed by evolutionary refinements 
for year-round residency. 

The highly convergent morphology of flightless rails indicates a shared, readily 
triggered, canalized bifurcation in ontogeny that leads to the morphological and 
physiological changes that result in fiightlessness. Conditional advantages of re- 
sources redirected in flightless lineages (e.g., conversion of investments in mus- 
culature, pectoral skeletons, and metabolic characteristics) are substantial, as in- 
dicated by the exorbitant anatomical and physiological requirements of the pri- 
mary capacity surrendered, migration. The potential for this transformation may 
be preserved through dispersal polymorphisms and bet-hedging against overde- 
pendence on ephemeral, variable, natal breeding locales. Alternative patterns of 
dispersal also may be accelerated in some rallids through selectively maintained, 
environmentally induced plasticity through threshold traits or developmental re- 
action~norms within small demes subject to founder effects, genetic drift, and 
population bottlenecks. Distributions of flightless rails are explainable by a com- 
plex history of colonizations by fiighted ancestors, a scant number of colonizations 
or near-island expansions by flightless lineages, and extinctions related to small 
demes, marginal habitats, earthquakes, volcanoes, E1 Nifio-La Nifia events, and 
(especially) tsunamis of islands during recent millennia. Many flightless rails en- 
countered ecological opportunities beyond those of continental confamilials. Se- 
lective advantages under these circumstances were accrued through decreased 
clutch size, increased egg size, and protracted developmental periods. 

Flightlessness in rails represents the selectively advantageous, ontogenetically 
mediated conversion of anatomical and caloric assets of the pectoral apparatus 
and associated metabolic parameters related to flight toward multiple evolutionary 
alternatives of intensified selective importance in insular habitats and the adoption 
of a nonmigratory lifestyle. The evolutionary scenario can be summarized as 
follows: migration-imposed anatomical and physiological requirements for migra- 
tion preconditioned key rallids for a conversion of resources; vagrancy (possibly 
enhanced by polymorphism of dispersal and accelerated cladogenetic capacity 
maintained among metapopuiations) provided opportunities for insular coloniza- 
tion; one or a suite of similar alternative, heterochronic, developmental avenue(s) 
retained by key rallids (perhaps triggered and hastened as threshold traits or by 
developmental reaction norms) facilitated the anatomical and physiological trans- 
formation to the local optimal, flightless phenotype(s) after colonization; success- 
ful colonization may have been advanced by differences in preferred stopover 
habitats between sexes and ages, and the acceleration of kin-selected altruism 
among close relatives migrating in concert; concomitant changes in size carried 
multiple allometrically related changes in physiology and metabolism; and despite 
a resilience to natural disasters (notably tsunamis), anthropogenic agencies ulti- 
mately led to extinction for most flightless lineages effectively by breaching key 
aspects of insularity essential to their provision of refuge. Accordingly, the "ideal 
avian colonist" would possess a combination of a capacity to modulate metabolic 
and physiological parameters; manifest dispersal polymorphism that includes 
long-distance, gregarious vagrancy as one component tactic; comparatively high 
sexual dimorphism or a potential for such; and expanded ontogenetic variance 
and cladogenesis that facilitates evolutionary changes in size and pectoral pae- 
domorphosis. 

INTRODUCTION 

I have heretofore asked the question concerning Mauritius henns [Rallidae: Aphan- 
apteryx bonasia] and dodos [Raphidae: Raphus cucullatus], thatt seeing those could 
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neither fly nor swymme, beeing cloven footed and withoutt wings on an island far 
from any other land, and none to bee seence elce where, how they shold come 
thither?--P. Mundy (ca. 1638), as transliterated by Temple (1919:83) 

Who does not know that if we rear some bird of our own climate in a cage and 
it lives there for five or six years, and if we then return it to nature by setting it at 
liberty, it is no longer able to fly like its fellows, which have always been free? The 
slight change of environment for this individual has indeed only diminished its power 
of flight, and doubtless has worked no change in its structure; but if a long succession 
of generations of individuals of the same race had been kept in captivity for a 
considerable period, there is no doubt that even the structure of these individuals 
would gradually have undergone notable changesß Still more, if instead of a mere 
continuous captivity, this environmental factor had been further accompanied by a 
change to a very different climate; and if these individuals had by degrees been 
habituated to other kinds of food and other activities for seizing it, these factors 
when combined together and become permanent would have unquestionably given 
rise imperceptibly to a new race with quite special characters.--Lamarck (1809: vol. 
1,228), as translated by Elliot (1984:110, emphasis added) 

As Professor Owen has remarked [cf. Owen 1848a, 1851, 1856], there is no greater 
anomaly in nature than a bird that cannot fly; yet there are several in this state .... 
As the larger ground-feeding birds seldom take flight except to escape danger, it is 
probable that the nearly wingless condition of several birds, now inhabiting or which 
lately inhabited several oceanic islands, tenanted by no beast of prey, has been caused 
by disuse.--Darwin (1859:106) 

Since, therefore, the Struthious birds [ratites] all have perfect feathers, and all have 
rudimentary wings which are anatomically those of true birds, not the rudimentary 
forelegs of reptiles, and since we know that in many higher groups of birds--as the 
pigeons and rails--the wings have become more or less aborted, and the keel of the 
sternum greatly reduced in size by disuse, it seems probable that the very remote 
ancestors of the rhea, the cassowary, and the Apteryx [kiwi] were true flying birds 
.... Wallace (1880:444) 

Lamarck's hypothesis of the way of work of the secondary evolutional cause of 
Species, by the influence, viz., of circumstances exciting or checking the exercise of 
parts, is more intelligible, more applicable in connexion with observed facts, to the 
before-cited ornithic cases [flightless Porphyrio and Gallirallus] than is Darwin's or 
Wallace's 'Natural Selection'--Owen (1882:695) 

ß.. the rails, as a group, may in the past have been slow to acquire the power of 
full flight, or even of flight in moderate perfection, while some, like the fossil forms 
mentioned above [Aphanapteryx and Diaphorapteryx], may never have acquired it 
at all. Rails seem, in fact, to have been primarily and constitutionally either bad 
fliers or bad 'triers'.---Lowe (1928a: 111) 

THE FAMILY PO•LLIDAE 

ECOMORPHOLOGICAL DIVERSITY 

Generalities of life history of a taxonomic group are critical to an understanding 
of the context and significance of a repeated evolutionary trend (eßgß, flightless- 
ness) among members of the taxon, especially where the trend in question is rare 
among birds generally and is functionally counterintuitive. Rails (family Rallidae) 
are a speciose and phenotypically diverse family of primarily terrestrial, typically 
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chickenlike birds. They are members of the order Gruiformes (cranes and allies), 
an amalgam of families that has proven resistant to anatomical diagnosis and 
systematic classification (Livezey 1998). The type genus Rallus derives from Lin- 
naeus (1758) and was erected for the widespread Water Rail (R. aquaticus) of the 
Palaearctic region, the specific epithet correctly conveying the habitat of the spe- 
cies. Other rails originally described by Linnaeus (1758)--Mediterranean Swam- 
phen (Porphyrio porphyrio), Corn Crake (Crex crex), Sora (Porzana carolina), 
Common Moorhen (Gallinula chloropus), and Black Coot (Fulica atra)--solid- 
ified the perception of rails as furtive denizens of marshes, moors, and moist 
meadows. 

Rails are typified by bilaterally compressed bodies, relatively short tails, short, 
rounded wings, strong, variably elongated bills, and, with the exception of the 
primitive Nkulengu Rail (Himantornis haematopus), a tufted glandula uropygialis 
(Van Tyne and Berger 1976; Ripley 1977; P. B. Taylor 1996, 1998; Livezey 1998). 
In the field, many species are known for their stealthy movements through dense 
vegetation and reluctance to take flight (even when pursued by dogs), whereas 
others (notably Fulica) forage unwarily on open water. During the 250 years 
following Linnaeus, the Rallidae were revealed to be diverse in form, global in 
modern and fossil distribution, and uniquely disposed to flightlessness, character- 
istics that enabled members of the family to dominate the endemic avifauna of 
oceanic islands. 

The visual impenetrability of the habitats typical of the Rallidae undoubtedly 
contributed to an unfamiliarity with the group and predictably promulgated a view 
of the Rallidae as occult. Indeed, the calls of most Rallidae on their breeding 
grounds are common, but to see the birds in life is another matter altogether. This 
disparity between visual and acoustical detectability of rails has led to the in- 
creasingly widespread use of census techniques that rely on tallies of calls as 
indicators of abundance (e.g., Bart et al. 1984; Johnson and Dinsmore 1986a; 
Robert and Laporte 1997; Bramley and Veltman 2000). In that the acoustical 
properties of habitats are important determinants in the evolution of signaling 
systems (Endler 1992), the dense vegetative communities typically inhabited by 
rails probably are related to the importance of penetrating, distinctive, and variably 
complex vocalizations of members of the family (G. W. Kaufmann 1983; Clap- 
perton and Jenkins 1984, 1987; Clapperton 1987). The family name, believed 
onomatopoetic of the rasping noises made by common members of the family in 
Europe (Gruson 1972; Morris 1973), affirms acoustical distinctness of member 
species as focal to the public perception of the group and leitmotif of a consid- 
erable literature. The appellation "rail" evidently derived from the French word 
reille (Picardy dialect), which then passed through the Old French words raale 
and raalle and Middle French word rasle. The Latin roots of the word are thought 
to be rasclare and rasiculare. 

Variation in body mass among extant Rallidae exceeds that in any other single 
family in the order Gruiformes (Dunning 1993). Upland rallids include sparrow- 
sized crakes averaging 25 g in body mass (e.g., Yellow-breasted Crake [Micro- 
pygia schomburgkii]) and fowl-sized wood-rails approaching 1 kg in mass (Giant 
Wood-Rail [Aramides ypecaha]), whereas comparatively natatorial forms encom- 
pass the modest-sized Spot-breasted Crake (Porzana porzana; 80 g) and the pon- 
derous swamphens (Porphyrio; 750-2,500 g for extant species) and coots (Fulica; 
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FIG. I. Skull of Diaphorapteryx hawkinsi (BMNH A-1913), an extinct. flightless rail of the Chat- 
ham Islands, New Zealand. Specimen is osteologically complete with the exception of ossa lacrimales 
et pterygoidea. Executed by B.C. Livezey. 

500-2,500 g). Dimensions of subfossil skeletal elements indicate that several ex- 
tinct taxa (e.g., Porphyrio mantelli, Diaphorapteryx hawkinsi, and Fulica chath- 
amensis) also attained substantial body sizes, including the largest for the family 
(estimates below). 

Rails inhabit all major continental regions exclusive of the Holarctic and a 
multitude of oceanic islands (Ripley 1977; Taylor 1996, 1998), yielding one of 
the widest geographical distributions for a single family of terrestrial vertebrates 
(Olson 1973a). Rails can be found skulking in tussock grass or fragmented copses, 
along margins of ponds and swamps, or in dense, moist meadows. However, the 
extinction of many insular endemics has become an unt•munate legacy of the 
family during the last several centuries, and many species of rail (including many 
flightless taxa) are known only from bones moldering in caves or lava tubes where 
the birds were entombed centuries earlier (Fig. 1). These extinctions were caused 
primarily by hunting by humans, destruction of habitat, or anthropogenic intro- 
duction of predators, competitors, or disease (Hahn 1963; Greenway 1967; Olson 
1989, 1991). Although commonly considered marsh-dwellers, rails occupy a 
broad range of habitats, including mangroves, sparsely vegetated atolls, desolate 
islands of southernmost New Zealand, cool-temperate woodlands, tropical forests, 
moors, and grasslands (Ripley 1977; Taylor 1996, 1998). Many species of Ral- 
lidae are sedentary, whereas others are migratory; some of the latter are renowned 
for remarkable incidents of long-distance vagrancy. A capacity for long-distance 
migration of many continental rails contrasts with the reluctance of most species 
to take flight (even when pursued) and the relative frequency of permanent flight- 
lessness among insular members of the family (Olson 1977; Ripley 1977). 

The early zoological literature is replete with speculations regarding avian 
flightlessness (Lamarck 1809; Darwin 1830, 1859; Owen 1848a, 1866a, 1879, 
1882; Wallace 1880). Like other examples of evolutionary reduction, flightless- 
ness initially was attributed to the heritable effects of simple disuse (Lamarck 
1809), rationalizations involving retarded growth and degeneration within an or- 
thogenetic paradigm (e.g., Cope 1868, 1872), or preservation of unrefined features 
in relictual taxa (Darwin 1859). The early ornithological literature understandably 
was dominated by generalities taken from the comparatively familiar ratites and 
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penguins, impressions of questionable relevance to flightless carinates such as the 
Rallidae. Nevertheless, the implications of avian flightlessness for nascent theories 
of evolutionary change were profound, and the phenomenon passed from the 
marginalia of natural history to a metaphor for decreased utility, functional se- 
nescence, and evolutionary change (e.g., Fttrbringer 1888, 1902; Wiglesworth 
1900; Gadow 1902; Lowe 1926, 1928a, b, 1933, 1934, 1935; Goldschmidt 1940; 
Simpson 1944; de Beer 1975). However, these diverse discussions led to no con- 
sensus for the phenomenon in general or among the Rallidae (the family account- 
ing for a majority of flightless species of carinates) for more than a century after 
the publication of the magnum opus by Darwin (1859). 

FLIGHTLESS RAILS: EARLY DISCOVERY AND DESCRIPTION 

As, however, there are strictly aquatic forms of birds deprived, by a low devel- 
opment and special modification of the wings, of the power of flight, so also there 
are, in other natural groups of birds, aberrant forms similarly debarred from the 
privilege and enjoyment of the characteristic kind and field of locomotion of their 
class. Apart from the true Struthionidce, we have an instance of this in the Brachyp- 
teryx or modified Rail [Gallirallus australis] of New Zealand; [and] the Dodo [Ra- 
phus cucullatus] .... --Owen (1848a:8) 

Since the time of the first European explorers, accounts included mention of 
flightless rails. These early narratives included 17th-century references to the 
"hen(ne)s" and "fowles" of Mauritius Island (20ø15'S, 57ø30'E) and Rodriguez 
Island (19ø41'S, 63ø23'E) by voyagers in the Indian Ocean (quoted by Strickland 
and Melville 1848; Olson 1977), and notations of similar birds on Ascension 
Island (7ø57'S, 14ø22'W) in the mid-Atlantic (P. Mundy, in Temple 1919; Temple 
and Anstey 1936). Among the illustrations to derive from these early accounts 
was the striking rendition of Aphanapteryx bonasia executed by G. Hoefnagel 
(ca. 1610), a work discovered by Frauenfeld (1868) and published in a paper by 
Milne-Edwards (1868). 

In the seminal work by Linnaeus (1758), six flightless birds (three ratites and 
three carinates) were described formally: Ostrich (Struthio camelus), Greater Rhea 
(Rhea americanus), Double-wattled Cassowary (Casuarius casuarius), Jackass 
Penguin (Spheniscus demersus), Great Auk (Pinguinus impennis), and the Dodo 
(Raphus cucullatus), with only the Dodo being extinct at the time of description. 
The flightless birds described during the remaining decades of the 18th century 
and the first decades of the 19th century perpetuated this compositional bias-- 
the ratites Dromaius novaehollandiae (Latham, 1790) and Apteryx australis Shaw, 
1813, and the penguins Aptenodytes patagonicus Miller, 1778, Pygoscelis papua, 
P. antarctica, and Eudyptes chrysocome (Forster, 1781). Most references to flight- 
less birds in the early classics of natural history focused largely or completely on 
the ratites (e.g., Buffon 1770-1786; Latham 1781-1802; Cuvier 1802). The dis- 
covery of remains of the moas (Dinornithiformes) in New Zealand by Owen 
(1848a), an ornithological cause c61•bre by any standard, solidified the focal role 
accorded ratites among flightless birds. By the end of the 19th century, all 11 
modern species of ratites (as well as a number of extinct forms) had been de- 
scribed, as had 17 of 18 modern species of penguin (Peters 1931; Brodkorb 1963; 
Falla and Mougin 1979; Mayr 1979). The ratites and penguins came to epitomize 
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avian flightlessness, a generalization understandable given the conspicuousness of 
these taxa, the timing of their description, and that these remain the only major 
avian groups in which flightlessness uniformly characterizes all members. 

The 19th century saw the discoveries by Darwin (1830) during the voyage of 
the Beagle, including seminal observations and collections of flightless steamer- 
ducks (Tachyeres [Livezey and Humphrey 1992]), as well as the initial descrip- 
tions of the GalSpagos finches (Geospizinae), with the latter ultimately considered 
paradigmatic of evolutionary radiations (Schluter 2000a, b). Descriptions of mod- 
em species of Hawaiian honeycreepers (Drepanididae), the great majority of 
which appeared during the late 19th century (Greenway 1968), revealed an equal- 
ly impressive but less-studied diversity; like the Rallidae, this insular group would 
prove most enlightening only upon the subsequent discovery of an extinct ma- 
jority of members (Amadon 1950; Bock 1970; Dobzhansky 1977; Pimm and 
Pimm 1982; McKinney and McNamara 1991). By contrast, only a few species 
of GalSpagos finches are thought to have been extirpated since the first description 
of member taxa, local extinctions of subspecific populations aside (Grant 1986). 
It was during the century following the publication of Linnaeus (1758) that most 
families ultimately found to include flightless members were identified (Table 1), 
an era that also saw the transformation of ornithology from an avocation of the 
affluent to a natural science (Farber 1982). 

During these early years of ornithological survey, flightless rallids of a variety 
of shapes and sizes were discovered and, with few exceptions, largely forgotten. 
This stealthful passage of taxa, unscrutinized by most naturalists of the day, was 
hastened by the rapid, widespread extinction of many taxa shortly following de- 
scription (Figs. 2-4). The first flightless rail to be described formally was the 
tame and resourceful Weka (Gallirallus (a.) australis (Sparrman, 1786)) of the 
South Island of New Zealand, a find followed shortly by the description of the 
much rarer Hawaiian Crake (Porzana sandwichensis (Gmelin, 1789)). From a 
geographical perspective, these inaugural examples of flightless rallids proved 
prophetic, in that New Zealand and Hawaii would come to be known for an 
unparalled diversity and ultimate destruction of most or all of their endemic flight- 
less rails. Evidence indicates that the greatest diversity of rallids sympatric on a 
single island in the Hawaiian group (three Porzana, one Gallinula, and one Fu- 
lica) approximates that originally endemic to Chatham Island (Porphyrio "chath- 
amensis," Gallirallus dieffenbachii, Cabalus modestus, Diaphorapteryx hawkinsi, 
and Fulica chathamensis), suggesting that five may represent an upper limit for 
species richness of rallids on a single, small oceanic island. However, each of the 
main islands of New Zealand, however, sustained a higher diversity of rallids 
(including four or five endemic, flightless species), exceeding many continental 
regions in this respect. 

By the time of the publication of the Origin of Species (Darwin 1859), seven 
flightless species of rail had been described, as had flightless members of several 
other carinate families (e.g., two ducks, a parrot, and the solitaire). Darwin (1859) 
cited three examples of avian flightlessness, in both the contexts of disuse and 
specialization: Ostrich (Struthio), kiwi (Apteryx), and steamer-duck (Tachyeres). 
Although the description of new flighted rallids reached its apex at the middle of 
the 19th century, the description of flightless species peaked at the turn of the 
century (Fig. 5). By this time, flightless birds from a dozen carinate families had 
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FIG. 2. Flightless Rallidae, I (cameo): A, South Island Takahe (Porphyrio hochstetteri: BMNH 
1856-5-28-1. sex indeterminate); B, New Britain Barred-Rail (Habropteryx insignis; BMNH 
81-3-29-90. holotype. male): C, Aldabra White-throated Rail (Dt3_'olitttttas aldabrantts; BMNH 
1968-43-102, male); and D, Wallace's Rail (Habroptila wallacii; BMNH 1939-12-9-3677, male). Acryl- 
ic paintings by Julian Pender Hume. 
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FIG. 3. Flightless Rallidae, 1I (cameo): A, South Island Weka (Gallirallns anstralis; BMNH 
52-1-17-19, male); B, Hutton's Rail (Cabalus modestus, entire; BMNH 92-10-31-9, male); C, Dieffen- 
bach's Rail (G. di•ffenbachii; BMNH 42-9-29-12, holotype, sex indeterminate); D, Fiji Bar-winged 
Rail (Nesoclopeus poecilopterus; BMNH 89-11-3-68, male); E, Wake Island Rail (G. wakensis, entire; 
BMNH 1908-12-21-7, sex indeterminate); F, Lord Howe Island Rail (Tricholimnas sylvestris; BMNH 
98.12-2-538, male); and G, New Caledonian Rail (T. lafresnayanus; BMNH 70.12-3-3, male). Acrylic 
paintings by Julian Pender Hume. 
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FIG. 4. Flightless Rallidae. II1 ½cameo): A, Laysan Crake (Porzana palmeri, entire; BMNH 
1939-12-9-21, male); B, Hawaiian Crake (Porzana sandwichensis, entire; BMNH 1939-12-9-553, sex 
indeterminate); C, New Guinea Flightless Bushhen (Arnaurornis ineptus; BMNH 1911-12-20-340, 
male); D, Inaccessible Island Crake (Atlantisia rogersi, entire; BMNH 1953-55.105, male); E, Tas- 
manjan Native-hen (Tribonyx rnortierii; BMNH 89-11-1-403, sex indeterminate); F, Samoan Moorhen 
(Pareudiastes pacificus: B MNH 1923-9-7-10, sex indeterminate): G, Gough Island Moorhen (Gallinula 
comeri; BMNH 1922-12-6-95, male). Acrylic paintings by Julian Pender Hume. 
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FIG. 5. Histogram of numbers of species of Rallidae described during 25-year intervals from the 
publication of Linnaeus (1758) to the present. 

been described (Table 1) from sites around the globe, with a higher proportion of 
insular rails endemic to the Southern Hemisphere in broad agreement with the 
differential distribution of oceanic areas and islands between the hemispheres (Fig. 
6). Characteristics associated with flightlessness and other unusual apomorphies 
(e.g., decurvature or elongation of the bill and large body size), depite conver- 
gence, impressed early taxonomists at least as much as plumage patterns or the 
more informative features of subfossil remains (Olson 1973a, 1977). This em- 
phasis on general dissimilitude led to the initial allocation or prompt elevation of 
a substantial majority of the flightless rallids described before 1950 to monotypic 
genera. Subsequently, taxonomists (cf. Peters 1934; Olson 1973a, 1977; Ripley 
1977) have relegated a number of these narrowly defined (often monotypic) gen- 
era (e.g., Notornis, Habroptila, Cabalus, Tricholimnas, Aramidopsis, Nesolimnas, 
Habropteryx, Nesoclopeus, Porzanula, Pennula, Megacrex, Tribonyx, Porphy- 
riornis, Pareudiastes, Edithornis, and Palaeolimnas) to synonymy with more- 
inclusive genera. 

FLIGHTLESS RAILS: EXTINCT, ENDANGERED, AND SECURE 

Evidence is growing of widespread losses of insular endemics in Pacific Oce- 
ania, including many flightless rails (Olson 1989, 1991; Steadman and Kirch 1990, 
1998; Steadman and Pahlavan 1992; Steadman and Rolett 1996; Kirch 1997; 
Steadman and Justice 1998; Steadman et al. 1999). A number of flightless rallids, 
especially in the New Zealand region (J. H. Fleming 1939a, b; C. A. Fleming 
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FIG. 6. Global distributions of selected flightless members of the Rallidae: I. North Island, New 
Zealand: 2. South Island. Ne• Zealand: 3, New Caledonia: 4. Lord Howe Island: 5. Chatham Islands: 
6, Sulawesi: 7• Halmabera; 8. Fiji: 9. New Britain: 10, Mangaia: l l, Henderson Island: 12, Kusaie 
Island; 13, Savai'i, West Samoa; 14. San Cristobal. Solomon Islands; 15. Tasmania; 16, Australia 
(mainland); 17, New Guinea; 18, Guam; 19, Wake Island: 20, Okinawa: 21, Hawaii. Hawaiian Islands; 
22, Maul. Hawaiian Islands; 23, Molokai, Hawaiian Islands; 24. Oahm Hawaiian Islands; 25, Laysan 
Island. Hawaiian Islands; 26, Galfipagos Islands: 27. Rodriguez. Ma•carene Islands: 28. Mauritius. 
Mascarene Islands: 29. Aidabra. Seycbelle lslands; 30. Tristan da Cunha and Inaccessible Island: 31, 
Gough Island. Tristan group: 32. St. Helena Island: 33. Ascension Island: 34. Bermuda: 35. Greater 
and Eesser Antilles; 36, Haiti; 37. Cuba. Islands hosting poorly represented taxa are lettered: A. French 
Polynesia: B. Easter Island: C, Madeira; D, Amsterdam Island; E. Fiji. Islands from which taxa lacking 
formal descriptions (rallid frora Fernando de Noronha. Brazil), adequate samples. or sufficiently de- 
tailed analyses (e.g., Hovacrex roberti, Nesotrochis picapicensis. Gallirollus riplt?'i, G. rovianae, and 
Porzana rua), or those of a controversial nature ie.g.. Tricholimnas comliticius and Porzana [Railus] 
nigra) are excluded. 

1960; McDowall 1969; Meredith 1991; Anderson 1997), appear to have been 
extirpated by human immigrants before the arrival of Europeans. including (Table 
2) New Caledonian Takahe (Porphyrio kukwiedei): St. Helena Island Swamphen 
(Aphanocrex podarces); several species of cave-rails (Nesotrochis spp.): Snipe- 
billed Rail (Capellirallus kara•nu); two endemic rallids of the Mascarenes, herein 
treated under separate genera (Aphanapteryx and Erythromachus); Hawkins' Rail 
(Dia!•horapter3:r hawkinxi); Ascension Island Crake ("Atlantisia" elpenor). re- 
ferral to a inonotypic genus under proposal by Bourne et al. (pets. comm.) to 
reflect uncertainty of generic membership (Livezey 1998); a suite of crakes (Por- 
zana spp.) l¾om the Hawaiian Islands; St. Helena Crake (P. astrictocatpus); two 
native-hens (moorhens) from Australasia (Tribonyx spp.); and three coots (Fulica), 
two species from Australasia and one from Mauritius. Responsibility of prehistoric 
humans (Rouse 1986) and European colonists for these extinctions is problematic, 
but evidence indicates culpability of humans in at least some cases. 

Most extinct flightless rallids, and some vulnerable populations of flighted 
forms, were extirpated during historic times, principally as a result of European 
exploration during the 17th. 18th, and 19th centuries (Table 2; Lydekker 1891; 
Rothschild 1907a, b: Lainbrecht 1933; Vestjens 1963; Greenway 1967; Halliday 
1978a; Fuller 1987, 2001; Day 1989). Several species were extirpated so rapidly 
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after discovery that the taxa are known only from illustrations and descriptions 
from life (e.g., the hypothetical "Gallirallus pacificus" of Tahiti; Ripley 1977; 
Olson and Steadman 1987; Walters 1988; Taylor 1998), or are represented by a 
single skin specimen of a species of unknown flight status and lacking locality 
and date of collection (e.g., Gallirallus sharpei [Olson 1986]). For the majority 
of insular endemics extirpated during this period (e.g., Porphyrio albus [Lord 
Howe Island, 500 km east of Australia], Gallirallus dieffenbachii [Chatham Is- 
lands, South Pacific], Porzana rnonasa [Kusaie Island, Caroline Islands, North 
Pacific], P. sandwichensis [Island of Hawaii, North Pacific], Pareudiastes paci- 
ficus [Savai'i, Samoa, South Pacific], and Gallinula nesiotis [Tristan da Cunha, 
South Atlantic]), extirpation was complete before more than a few skins were 
preserved (Oliver 1955). Internal anatomy of these taxa is known only from skel- 
etal elements subsequently recovered from subfossil deposits (e.g., G. dieffenba- 
chii), imaged by X-ray in study skins (e.g., P. rnonasa [Steadman 1986a]), or a 
single fluid-preserved specimen (e.g., Pareudiastes pacificus). 

Protracted human destruction on oceanic islands has led to losses of multiple 
avian endemics, many of which may have disappeared before formal description 
(e.g., Rabor 1959). Tallies of extinct avian endemics increasingly appear to be a 
function of the intensity of historical survey and preservation, especially for the 
Pacific islands of the Hawaiian ridge, Austral Seamount chain, and MacDonald 
seamount group (Mielke 1989). In light of continuing recoveries of new, flightless 
species from Pacific islands (Steadman 1989a, b, 1993a, b, 1995, 1997a, b; Stead- 
man and Intoh 1994; Worthy et al. 1999), and the likelihood that many island 
groups having ages of the scale of 107 years coalesced into larger areas or were 
placed in closer proximity by lowered sea levels during the Pleistocene (Watling 
1982; Rodda 1994; Carson and Clague 1995), it seems implausible that substan- 
tive and remote islands did not sustain flightless rails before human occupation. 
Examples of islands conducive to avian endemism (Steadman 1995) include R6- 
union, Mascarenes, Indian Ocean; Easter Island, easternmost member of the Tua- 
mato Ridge Archipelago (fragmentary remains of two endemic rallids recovered; 
Steadman et al. 1994); Tahiti, South Pacific (also in Tuamato group, purportedly 
supported two unsubstantiated, extinct species); Taiwan, North Pacific; Falkland 
Islands, South Atlantic; and the Galfipagos, an isolated group of volcanic "hot- 
spot" origin (Windley 1995), where an endemic crake (Laterallus spilonotus) 
approaches flightlessness (Franklin et al. 1979). Apparent absence of endemic 
rallids on the Seychelles (Gaymer et al. 1969) and Kerguelen Island (Weimer- 
skirch et al. 1989) seems likely to be an artifact of preservation rather than a 
genuine reflection of former distributions throughout the Indian Ocean. Recent 
discovery of fragmentary remains of rails from the Madeira Islands of the North 
Atlantic (Pieper 1985) suggests a strong likelihood of extinct, flightless rallids 
having inhabited the more-isolated Azores (36-39øN, 25-31øW) as well. Before 
the very early immigration of humans, even comparatively nearshore island 
groups (e.g., Canary Islands, Sao Tom6, Princip6, Comoro Islands, and Socotra) 
may have supported endemic, flightless rails, thereby extending the faunal cata- 
clysm to other oceanic regions. 

Although the evidence of extirpated rallids increasingly documents widespread 
destruction, the extreme estimate by Steadman (1995)--that one to four species 
of flightless rails may have been endemic to each island (indicating that -2,000 
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species, 20% of all modern avian species, were extirpated in Oceania)--may 
represent an overestimate. For example, there is a likelihood that extinction-level 
events (e.g., tsunamis) would have devastated largely terrestrial groups such as 
rallids on low-elevation islands (MacArthur and Wilson 1967; see below). How- 
ever, estimates by Steadman (1997c) for the comparatively vagile and arboreal 
Columbidae of Polynesia, a group hunted to a comparable degree as the Rallidae 
by human immigrants (Steadman et al. 1999), corroborate the severity of the 
faunal catastrophe caused by human immigrants. Of course, any estimate of tax- 
onomic diversity is contingent on the species concept adopted (Cracraft 1983, 
1988a; Frost and Kluge 1994; Zink and McKitrick 1995), a choice with significant 
implications for radiations such as the Gallirallus philippensis complex and sev- 
eral Pacific Porzana (Livezey 1998), and is doubly problematic for taxa repre- 
sented only by fragmentary skeletal remains. 

Still other flightless rallids survived into the 20th century (Table 2), only to be 
wiped out by comparatively recent destruction of habitat and introductions of 
predators by humans, much of which was related to the Pacific campaign of World 
War II (Taylor 1996, 1998; see below). Notable among these were the dubiously 
flightless Assumption Island Rail (Dryolirnnas abbotti [Meade-Waldo 1908]) and 
two rallids extirpated during the early 1940s: the Wake Island Rail (Gallirallus 
wakensis; see below) and Laysan Crake (Porzana palrneri; see below). The sub- 
species of the White-browed Crake formerly endemic to Iwo Jima (Porzana ci- 
nerea brevipes), although capable of flight, suffered a similar fate; the population 
evidently was extirpated by introduced cats (Felis cams) by 1925 (Greenway 
1967; Ripley 1977). 

Unfortunately, some continental and other insular members of the Rallidae are 
in jeopardy, including a number of species capable of flight (W. B. King 1980, 
1981; Williams and Given 1981; Collar and Stuart 1985; Fjelds•t 1985; Ripley 
and Beehler 1985; Collar and Andrew 1988; Eddleman et al. 1988; Stinson et al. 

1991; Collar et al. 1992; Collar 1993; Engilis and Pratt 1993). Negative impacts 
of humans on habitats (especially wetlands) and damage caused by commensals 
of humans (including predators, herbivores, and introduced diseases) have been 
the causes underlying most declines of flightless rails and other avian endemics 
of oceanic islands (Fosberg et al. 1983; Ralph and van Riper 1985; van Riper et 
al. 1986; Olson 1989, 1991; Baker 1991; Ritter and Savidge 1999). Flightless 
rails are especially vulnerable, and members of a number of genera are classified 
as threatened or endangered (BirdLife International 2000), some of which already 
may have become extinct (Table 2), including the South Island Takahe (Porphyrio 
hochstetteri; see below); Zapata Rail (Cyanolirnnas cerverai), described as having 
"very weak" flight (Garrido and Kirkconnell 2000); Guam Rail (Gallirallus ows- 
toni); New Caledonian Rail (Tricholirnnas lafresnayanus); Lord Howe Rail (T. 
sylvestris); Okinawan Barred-Rail (Habropteryx okinawae); and San Cristobal 
Moorhen (Pareudiastes silvestris). 

The Guam Rail, having survived tremendous damage to its habitat during 
World War II (Jenkins 1979, 1983), survives only by means of a captive-rearing 
program, the population in the wild having been extirpated within the span of a 
few decades by the accidentally introduced brown tree snake (Boiga irregularis 
[Savidge 1987]). A trial reintroduction of 16 birds was made in November 1998 
(Fritts and Rodda 1998). The Okinawa Barred-Rail, also considered endangered, 
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was known only from a few skeletal elements (Olson 1977) and was believed 
extinct until a remnant population was discovered in 1978, and the external anat- 
omy, ecology, and behavior were described soon thereafter (Yamashina and Mano 
1981). 

Populations of a minority of flightless rallids remain secure to the present (Table 
2; Taylor 1996, 1998), although a number of flightless rallids currently maintain- 
ing stable populations remain vulnerable to extirpation, in part because of re- 
stricted distributional ranges (M. Williamson 1981; Watkins and Furness 1986; 
Marshall 1988; Johnson and Statterfield 1990; Kuroda et al. 1984; Pimm et al. 
1994a, b). These comparatively fortunate species include (BirdLife International 
2000) Wallace's Rail (Habroptila wallacii); Aldabra Islands Rail (Dryolimnas 
aldabranus); North Island Weka (Gallirallus greyi) and South Island Weka (G. 
australis), although the latter is significantly more numerous than its northern 
sister-species; Ysabel Bar-winged Rail (Nesoclopeus [woodfordi] immaculatus), 
previously classified as threatened, was found to be locally common on Isabel, 
Solomon Islands (Kratter et al. 2001); Platen's Rail (Aramidopsis plateni); New 
Britain Barred-Rail (Habropteryx insignis); Inaccessible Island Crake (Atlantisia 
rogersi); Henderson Island Crake (Porzana atra); New Guinea Waterhen (Amau- 
rornis ineptus); Tasmanian Native-hen (Tribonyx mortierii); and Gough Island 
Moorhen (Gallinula comeri). In addition to dedicated efforts of conservationists, 
populations of the South Island Weka owe the comparative stability to the robust 
constitution and opportunistic behavior of the species; Wekas are renowned for 
brazen foraging near human habitation and are known to be predators of the eggs 
of other New Zealand endemics (Atkinson and Bell 1973; St. Clair and St. Clair 
1992). 

FLIGHTLESS RAILs OF NEW ZEALAND: DISCOVERY, DEBATE, AND DESTRUCTION 

Taxonomy and evolutionary inference.--In addition to providing standardized 
names for species, alpha-taxonomic decisions form the primary framework for 
inferences concerning phylogenetic history, biogeography, and evolutionary 
trends. As illustrated by the intertwined controversies pertaining to species limits 
and flightless in steamer-ducks (Livezey and Humphrey 1992), the social and 
professional milieu in which taxonomic diagnoses of rails transpired profoundly 
influence theories of biogeography, ontogeny, insular ecology, and speciation as 
pertained to the study of arian flightlessness. Furthermore, assumptions concern- 
ing conspecific status of many insular endemics carried critical implications for 
the study and conservation of these variably divergent evolutionary lineages. In 
the following accounts, the importance of taxonomic confusion for the study and 
precarious status of flightless rails--spanning decades and debated to the present 
day---is exemplified by several endemics of New Zealand. 

Hawkins' Rail: cranial homoplasy and biogeography.--Following a postscript 
to a short notice on New Zealand birds (Forbes 1891), Forbes (1892a) announced 
the discovery of the skeletal remains of a new, flightless rail in a telegram pub- 
lished in Nature (Fig. 1). Forbes (1892b-d) followed these announcements closely 
by other brief notices. The remains were found in dune deposits on Chatham 
Island, the largest member of an island group located 600 km southeast of the 
main islands of New Zealand (44øS, 176øW) and discovered by Captain Broughton 
on the Chatham in 1791 (Fig. 7). Beginning with the arrival of Polynesians ca. 
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FIG. 7. Map of the New Zealand region, with detailed inset of the Chatham Islands, a small 
archipelago lying 865 km east of the main islands of New Zealand. 

450 BP (McFadgen 1994), these islands were destined to become an abattoir for 
a diverse assemblage of endemic birds, including several flightless rails (Millener 
1999). The new species was named Aphanapteryx hawkinsi, in honor of Mr. W. 
Hawkins, a local collector (Forbes 1892a), and henceforth the species was known 
in vernacular contexts as Hawkins' Rail. The first generic assignment by Forbes 
(1892a) was based on superficial similarities with subfossil, flightless rails known 
from the Mascarenes (e.g., Aphanapteryx and Erythromachus [see Olson 1977]). 
Subsequently, following the suggestion of A. Newton, Forbes (1892e, 1893a) 
erected the new genus Diaphorapteryx for the species, although he (Forbes 
1893b-d) later reverted to his referral to the genus Aphanapteryx based on spec- 
imens of the latter at Cambridge. The type specimen for Diaphorapteryx hawkinsi, 
listed erroneously as a skeleton by Brodkorb (1967), may be among a series of 
skulls overlooked by Dawson (1958) but subsequently rediscovered at the British 
Museum (Olson 1975b). 

A series of comparatively detailed descriptions and illustrations were published 
within the next decade (Andrews 1896b-d; Milne-Edwards 1896), impacts of 
which were both to stabilize recognition of the monotypic genus Diaphorapteryx 
for Hawkins' Rail and to lead to confusion concerning the biogeographical im- 
plications of flightlessness. Despite this generic dissassociation from the Mascar- 
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ene rallids, Rothschild (1907b:196) persisted in the view that "... these extinct 
Chatham Island birds ... are representative species of the forms peculiar three 
hundred years ago, to the Mascarene Islands ..." and that "... Diaphorapteryx 
and Palaeolimnas [ = Fulica chathamensis] take the place on the Chatham Islands 
of the Mascarene Aphanapteryx broecki [= bonasia] and Palaeolimnas newtoni." 
The taxonomic puzzlement of Forbes (1892a-c, 1893a, b) and the dubious par- 
allels drawn by Rothschild (1907b) are understandable in light of the fact that the 
phylogenetic relationships of both Diaphorapteryx and Aphanapteryx remain 
problematic, principally because of pronounced apomorphy related to flightless- 
ness and the absence of anatomical specimens other than subfossil remains (Liv- 
ezey 1998). Henceforth, Diaphorapteryx was included as a distinct genus in most 
compendia (e.g., Lambrecht 1933) and inventories (e.g., Oliver 1930, 1955), and 
most authors judged similarities with Aphanapteryx to be convergent. 

Perhaps the most apomorphic of all rallids, this sizeable species is known only 
from deposits in dunes and adjacent crevices on the main island of the Chatham 
group (Turbott 1990), and on the basis of anatomical study the taxon remains sui 
generis (Livezey 1998). Diaphorapteryx is estimated to have had a height in life 
of roughly 42 cm (16-17 inches [Olson 1977:368]), and its stature, remarkably 
reduced wings, robust pelvic limbs, and disproportionately large, strongly de- 
curved bill were among the most distinctive aspects of its anatomy (Andrews 
1896b; Olson 1975b). Early descriptions of the extinct avifauna of the Chathams 
by resident Polynesians indicate that Diaphorapteryx was reddish brown in color, 
slept and foraged in flocks, and sought food in rotten logs. The species probably 
was extirpated by humans during the late 16th or early 17th centuries (J. Cooper 
and C. Fisher, pers. comm.). Similarities, notably decurvature of the bill (Fig. 1), 
with other flightless rallids of the region (e.g., Cabalus modestus, Gallirallus 
australis, and G. dieffenbachii) and elsewhere (especially the Mascarene Aphan- 
apteryx [Milne-Edwards 1869]), attracted speculation in early works (Andrews 
1896c, d). 

Two smaller rails from the Chathams: apparent versus genuine juvenility.--A 
rail described by G. R. Gray as Rallus dieffenbachii in a narrative of the travels 
of Dieffenbach (1843) was known for decades solely from the holotype (British 
Museum of Natural History [BMNH] 42.9.29.12), a study skin collected in 1840 
on the islet of Wharedauri in the Chatham group (Warren and Harrison 1973; Fig. 
3). The new rail was figured by J. E. Gray (1844) and included in the classification 
by G. R. Gray (1862), and often listed under various, more narrowly delimited 
genera of the period (e.g., Ocydromus and Hypotaenidia). Dieffenbach (fide 
Forbes 1893d:531-532) stated that the rail "... was formerly very common, but 
since cats and dogs have been introduced it has become very scarce .... " 

Almost from its original description, a debate commenced concerning the tax- 
onomic status and geographical distribution of dieffenbachii and subsequently 
described allies, one that primarily turned on issues of contemporaneous theories 
of paedomorphosis and limits on ecological similarity among sympatric relatives. 
In plumage pattern and size, Gallirallus dieffenbachii closely resembled members 
of the G. philippensis complex, but dieffenbachii differed most conspicuously 
from the latter in its evident flightlessness and distinctly decurved bill. Buller 
(1868, 1873a), the preeminent ornithologist residing in New Zealand during this 
period, argued against the proposal (e.g., Finsch 1868) that dieffenbachii was 
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conspecific with G. (p.) assimilis or the larger philippensis assemblage; Buller 
(1874a) later reaffirmed the distinctness of dieffenbachii in response to concerns 
expressed by Hutton (1873a, b). However, Buller was to adopt an opposite view 
in the most enduring taxonomic controversy concerning the rallids from the Chat- 
ham Islands, one critical to the recognition of paedomorphosis in flighfiess rails. 
The debate ensued upon the description by Hutton (1972a, b) of a new, smaller 
flighfiess rail, Rallus modestus (Fig. 3), later referred to a new genus Cabalus by 
Hutton (1872c), the distinctness of which was supported by the accounts of the 
same expedition by Travers (1872). 

However, Buller (1873a) averred that C. modestus merely represented juvenile 
specimens of dieffenbachii, relegating the former to synonomy. Hutton (1873a, 
b) and Travers (1872) resisted this proposal, circumstantiating the original spec- 
imens and adducing the likely maturity of at least one of the type series. Hutton 
(1873a) also stated that the native Morioris referred to modestus by the name 
Matirakahu, but to dieffenbachii as Mohoriki. Buller (1873b, 1874a) defended his 
position, and bristled (Buller 1874a:94): "I presume that an author who under- 
takes to write the history of the birds of any country is at liberty to form his own 
judgment as to who are 'competent' authorities .... It is neither usual nor nec- 
essary in such cases to 'give the names.'" 

In contrast to his endorsement of the sympatry of closely related, flighfiess 
rallids--for example, the diversity of forms of weka or "Ocydromus" (Gallirallus 
australis-group) to which Buller (1873a, 1874b, 1877, 1882, 1888, 1892a)and 
others (e.g., Hutton 1873c; Sharpe 1875) accorded species status on the main 
islands of New Zealand (Oliver 1968)--Buller (1873a-c, 1874a) rationalized 
growing concerns about variation and classification of Gallirallus, including hy- 
bridization between rails with domestic fowl (Gallus) as a contributory factor 
(Buller 1876). Finsch (1874, 1875), however, differed with Buller both with re- 
spect to the status of modestus and the taxonomy of "Ocydromus." The hypoth- 
esis of hybridization was refuted by Murie (1889) on anatomical grounds, and 
Buller (1874c) reversed his stand on the status of C. modestus, a change of mind 
repeated by Buller (1875) in response to the critiques by Finsch (1874) of the 
monograph by Buller (1973a). The capitulation by Buller (1874c:511) included a 
quotation from a letter by A. Newton dated 13 December 1874, in which Newton 
noted that "fresh evidence" provided by Hutton (including skeletal elements) had 
convinced J. Murie of the distinctness of C. modestus. 

A qualified endorsement of the synonymy of dieffenbachii and modestus by 
Sharpe (1875) prompted Hutton (1879:454) and Travers (1882, 1883) to bolster 
support for species status for modestus. Buller (1878, 1892b, 1896) reaffirmed 
the status of dieffenbachii and modestus as separate species, including the sup- 
portive anatomical comparisons by Murie (1888), but revealed an ambivalence 
regarding the distinctness of the two forms (Buller 1882, 1892b) and maintained 
the possibility that the original collection of specimens of modestus were all ju- 
veniles, contrary to published documentation (Buller 1888). Ultimately, Buller 
(1905) acquiesced once more, retaining modestus separately in Cabalus, while 
assigning dieffenbachii to the monotypic genus Nesolimnas proposed by Andrews 
(1896c), a taxon given only tepid endorsement (e.g., Buller 1905; Oliver 1930, 
1955; Lambrecht 1933; Peters 1934). Unfortunately, in England the late 19th 
century saw a revival of the notion that C. modestus merely represented juvenile 
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specimens of G. dieffenbachii, a setback fostered by Sharpe (1875), a 2-year 
period of published indecision by Forbes (1892d, 1893d-f), and the omission of 
modestus as a member of Cabalus by Sharpe (1893a, b). Six months later, Forbes 
(1893g, h) joined with Sharpe (1893b-e, 1894) in recognizing the two species as 
distinct. However, in February 1894 a further misfortune of publication, in the 
serial Catalogue of Birds in the British Museum (Sharpe 1894), repeated the 
synonymy of C. modestus with G. dieffenbachii. Fortunately, this lapsus was 
corrected among the addenda to the volume by Sharpe (1894), and the distinctness 
of modestus was reaffirmed strongly by Newton (1896). Thus, recognition of both 
modestus and dieffenbachii as full species, predicted by Salvadori (1893a, b), 
prevailed before the turn of the century. 

Taxonomy resolved, the fates of the two endemics were increasingly becoming 
recognized to be were sealed. Martin (1885) unsuccessfully had appealed to pre- 
serve both modestus and dieffenbachii through the purchase of island reserves. 
Buller (1888:122) translated a letter from a contemporary resident of Chatham 
Island that "... the Moeriki [dieffenbachii], disappeared in the third year after 
the occupation of this island by the Maoris." Under the auspices of Forbes and 
W. Rothschild, W. Hawkins searched for living specimens of Cabalus modestus 
and G. dieffenbachii during 1892 (Forbes 1893c). This belated effort resulted in 
the rediscovery of dwindling numbers of the former on the islet of Mangere, but 
established the apparent loss of the latter (Forbes 1893c; Buller 1896). Kirk (1895: 
10) concluded that C. modestus was "... on the verge of extinction, if it be not 
already extinct... the first act of the settler [of Mangere] having been to capture 
all the specimens of the Cabalus that he could find, in order to realize their 
market-value." Eradication of modestus was realized within the decade (Buller 
1905), and Rothschild (1907b:209-210) listed both dieffenbachii and modestus 
as "Quite Extinct.--Externally Known." 

Skin specimens of these two focal species were inadequate for resolution of 
the evolutionary bases for similarity of form and flightlessness. Fortunately, 
Forbes (1893c) and Falla (1960) reported subfossil skeletal remains referred to 
G. dieffenbachii on Pitt Island, and abundant subfossil remains of both G. dief- 
fenbachii and C. modestus were found later on Mangere, the majority recovered 
from limestone crevices that entrapped and preserved skeletal elements of both 
rallids en masse (Tennyson and Millener 1994; Millener 1999). Evidence indicates 
that the two species were sympatric (Fig. 7) at least on Chatham (900 km2), Pitt 
(62 km2), and Mangere (<1 km 2) subsequent to the last glacial period (Olson 
1975b; Ripley 1977; Turbott 1990; Tennyson and Millener 1994). 

Limiting similarity of sympatric relatives or Gause's principle (Wattel 1973), a 
generality consistent with the biological species concept (BSC) and related to the 
concepts of ecological isolation and resource partitioning (e.g., Lack 1971a; Mac- 
Arthur 1972a; Cody 1974; Schoener 1974), is of questionable explanatory power 
in many instances (e.g., Porzana of Hawaii [Table 3]). Reproductive isolation was 
sine qua non of species status under the BSC, the dominant perspective of orni- 
thological systematics during the 20th century (e.g., Mayr 1963, 1969, 1976; 
Ripley 1977; American Ornithologists' Union 1983). This view held that limited 
differentiation, conterminous distributions, and evidence of hybridization were 
characteristic of subspecific status. Most other authorities, although recognizing 
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that G. dieffenbachii probably was closely related to G. philippensis, elevated the 
former to species status (e.g., Scarlett 1979; Livezey 1998). 

Refugiurn subl#nus: a tale of two takahes.--Similar in some ways to the fore- 
going controversy, a pair of unique, flightless rails from the main islands of New 
Zealand suffered taxonomically from a combination of shared peculiarities and 
comparatively subtle differences. This couplet of congeners offers unique insights 
into the evolutionary processes and timescales associated with the morphological 
changes underlying avian flightlessness, an opportunity recognized by Buller 
(1894). Owen (1848b) described a large rail (Notornis mantelli) from the North 
Island of New Zealand based on subfossil elements collected by W. Mantell during 
the previous year (Andrews 1988). European settlers in New Zealand adopted the 
Maori name for the bird--Takahe. Although remarkable for its size and obvious 
pectoral reduction, preliminary comparisons of the material nevertheless permitted 
the early recognition of the close relationship between Notornis and the wide- 
spread genus Porphyrio (Owen 1848a, b). Additional skeletal material was re- 
covered from a number of other sites on the North Island (Kinsky 1970). The 
ultimate extinction of the species was considered likely years earlier (Buller 1888), 
a fate attributed largely to the ravages of rats (Rattus sp. [Smith 1893:518]) or 
introduced ferrets (Mustela putorius [Buller 1898]). The last living specimen of 
the North Island Takahe appears to have been captured in 1894 (Phillipps 1959), 
before the preservation of a single skin specimen. 

Meanwhile, on the South Island of New Zealand, a flightless relative of No- 
tornis was known from a handful of specimens collected during the 19th century 
(Fig. 2). The first specimen procured in the south was taken on Resolution Island 
in 1849, and purchased for study by W. Mantell, also the discoverer of the North 
Island form (Andrews 1986); Mantell reportedly saw the skin of a recently killed 
North Island specimen hanging in a Maori village (Swinton 1958). The discovery 
of the first skin specimen was reported widely (e.g., Mantell 1850, 1852; Gould 
1852a, b), and for some years was interpreted as evidence of the survival of 
Notornis rnantelli (described from the North Island based solely on osteological 
material) on the South Island of New Zealand. However, the southern form was 
described as taxomically distinct by Meyer (1883), who included it with the north- 
em taxon described by Owen (1848b) in the narrowly conceived genus Notornis 
as a distinct species (N. hochstetteri), a proposal also finding favor with Bullet 
(1905). 

Additional skin specimens of the South Island form were collected in 1851 on 
Secretary Island and 1879 in an area north of Mararoa River (Watson 2001), and 
Buller (1881:239) was persuaded that "... many yet survive to reward the future 
search of the Southern naturalist." Early works on the South Island Takahe out- 
numbered the known specimens (e.g., Park 1888a, b, 1890; Melland 1889; Ben- 
ham 1898a; Henry 1899; Forbes 1901, 1923). The last specimen secured during 
the 19th century was taken near Lake Te Anan in 1898 (Benham 1898a; Buller 
1898; Ripley 1977; Andrews 1988). Skeletal remains of the southern form also 
were preserved (Parker 1885a, b), and preliminary study of the internal anatomy 
of P. hochstetteri ensued (Benham 1898b, 1899). 

For the next 50 years, the South Island Takahe was not reported again, and the 
species generally was considered to have followed its northern relative to extinc- 
tion (e.g., Henry 1899). Therefore, the ornithological community celebrated the 
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discovery by G. B. Orbell in 1948 of a population of South Island Takahes, 
although prior signs of the survival of species were found (Reid 1974a), and other 
observers subsequently came forward to report earlier encounters in the field 
(Reid 1978). This remnant population inhabited a few alpine valleys (750-1,200 
m in altitude) in the Murchison Mountains in the extreme southwestern part of 
the South Island (Falla 1949, 1951; Fleming 1951; Turbott 1951a, b, 1967; Wil- 
liams 1952, 1960; Wisely 1956). Despite intensive management and protection 
(Williams et al. 1976; Bunin 1995; Ryan 1997), this population remains critically 
endangered (Ballance 2001; Lee 2001). Recovery of the population increasingly 
rests on captive breeding (Reid 1969; Bunin and Jamieson 1996a; Bunin et al. 
1997; Maxwell and Jamieson 1997; Eason and Williams 2001; Jamieson and Ryan 
2001). 

The nominate form of the Takahe differs from its southern counterpart princi- 
pally in its substantially larger size (Williams 1960; Scarlett 1972), although sub- 
tle, largely allometric differences in proportions also are evident (Trewick 1996a; 
Trewick and Worthy 2001). The two populations are treated commonly as sub- 
species, either as the sole species in the genus Notornis (Peters 1934; Kinsky 
1970; but see Oliver 1955) or as a species in the closely related genus Porphyrio 
(Ripley 1977). Most recently, Trewick (1996a) and Livezey (1998) advocated a 
return to specific rank for the two takahes and the inclusion of the species in the 
senior genus Porphyrio (Figs. 8, 9), a conservatism followed by some (e.g., Tre- 
wick and Worthy 2001) but ignored by others (e.g., Eason et al. 2001). The 
relationships of these forms to two other extinct, flightless swamphens in the 
region (P. albus [Lord Howe Island] and P. kuloviedei [New Caledonia]) and an 
unnamed "huge flightless" Porphyrio sp. from New Ireland (Steadman et al. 
1999:2566) remain uncertain, although at least the latter two may belong to a 
clade including flightless forms (Balouet and Olson 1989; Garnett 1993; Trewick 
1996a; Livezey 1998). 

The differentiation of conterminous, sister populations of flightless rails on the 
North and South islands of New Zealand, is paralleled by parapatric populations 
of Weka (Gallirallus greyi and G. australis), the gruiform genus Aptornis (Owen 
1870, 1879; Hamilton 1892; Andrews 1896e; Livezey 1994), and the anseriform 
genus Cnemiornis (Hector 1873a, b; Owen 1875, 1879; Livezey 1989a; Worthy 
et al. 1997). The survival of a relictual, southern population of these flightless 
swamphens, formerly widespread in New Zealand (Reid 1978), as well as their 
unique ecology (Trewick 1996b), has inspired considerable discussion of the likely 
causes of the demise of the northern and near-demise of the southern forms of 

this group. Two primary hypotheses--anthropogenic agencies and climatic ef- 
fects-have won advocates, and are considered by most experts to have acted 
solely or in combination on "Notornis" and Tribonyx (Baird 1984, 1985, 1986, 
1991a, 1992; Mills et al. 1984, 1988). The combination of climatic and human 
factors have been implicated in other avian extinctions (Burney et al. 1997; Wor- 
thy 1999a, b). Given the indisputable, profoundly negative impacts of humans on 
the endemic birds of New Zealand (King 1984) and the swamphen of Lord Howe 
Island (Hindwood 1940), at least partial culpability of humans seems inescapable. 

UNDECLARED PACIFIC CAMPAIGNS: A LEGACY OF TROPICAL DEVASTATION 

Relevance of casualties.--Many species of flightless rails were extirpated with- 
in decades of discovery. Specific examples can provide compelling insights into 
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FIG. 8. Selected skeletal elements of Porphyrio melanotus (KUMNH 57529): A, skull and man- 
dibula (lateral view); B, sternum (oblique, ventrolateral view); C, left to right (left elements, ventral 
views), humerus, ulna, carpometaearpus, and ossa digiti majoris; and D, femur (right, cranial view). 
Anatomical abbreviations are defined in Appendix 3. By B. C. Livezey. 
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FIG. 9. Selected skeletal elements of Porphyrio hochstetteri (USNM 612797), illustrating mega- 
cephaly, paedomorphic reduction of the sternum (especially carina sterni), relatively underdeveloped 
elements of the pectoral limb, and peramorphic pelvic elements of this flightless species: A, skull and 
mandibula (lateral view); B, sternum (oblique, ventrolateral view); C, left to right (left elements, 
ventral views), humerus, ulna, carpometacarpus, and ossa digiti majoris; and D, femur (right, cranial 
view). Anatomical abbreviations are defined in Appendix 3. By B.C. Livezey. 
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these losses, and in so doing indicate the vulnerabilities, avenues for conservation, 
and possible "overspecialization" of these uniquely apomorphic, evolutionary 
lineages. The following accounts describe three comparatively well-documented 
examples of the widespread devastation of flightless rails from a region of unique 
diversity of flightless birds, the Pacific islands. 

Hawaiian Crake (Porzana sandwichensis).--Formerly endemic to the largest 
and geologically youngest of the Hawaiian group (Fig. 10), Hawaii proper 
(19ø30'N, 156ø30'E), this species is perhaps most comparable among New Zea- 
land rallids to Gallirallus dieffenbachii in its history after contact with Europeans. 
Hunting, destruction of habitat, and the destruction caused by both intentionally 
and inadvertently introduced predators and pathogens probably all contributed to 
the extirpation of Porzana sandwichensis, some of which undoubtedly preceded 
the arrival of Europeans (Olson 1999) and led to extinction of many congeners 
(Table 3). Last recorded reliably in the mid 1860s, only seven skin specimens of 
the species are known (Olson and James 1994; Olson 1999). However, variation 
in plumage in these few skins motivated early taxonomists to recognize two spe- 
cies (sandwichensis and millsi), considered in recent decades as age-related plum- 
ages (Greenway 1967; Ripley 1977) or possible subspecies (Olson 1999). The 
meager data on life history derives primarily from secondhand accounts recorded 
in general faunal compendia. These limited data indicate that the species, like 
most insular crakes, evidently inhabited both open country and woodlands, sub- 
sisted on a generalized diet of invertebrates, nested on the ground, and probably 
was preyed upon by native raptors (Wilson and Evans 1890-1899; Rothschild 
1900, 1907a; Henshaw 1902; Perkins 1903). 

Wake Island Rail (Gallirallus wakensis).--Described by Rothschild (1903), 
most aspects of the life history of the Wake Island Rail (e.g., egg size) never will 
be known. Wake Island, to which Gallirallus wakensis was endemic, is one of 
the most isolated of Pacific islands (19ø18'N, 166ø35'E), one having little eleva- 
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tional or ecological diversity and a total area of only 23 km 2 (Fuller 1987, 2001). 
Early visitors to the island reported that the species was both common and tame 
(accounts from 1923 by A. Wetmore fide Ripley 1977), and breeding evidently 
was most common during the late summer (Fuller 1987, 2001). 

Circumstantial evidence establishes beyond reasonable doubt that Gallirallus 
wakensis was extirpated by means of the most direct and intense human exter- 
minations suffered by an avian species during moderu times. Although the ulti- 
mate annihilation of the species presumably was not premeditated per se, the 
purposeful and unrestrained killing of birds cannot be contested (Greenway 1967), 
a chronicle that contrasts with the typically collateral extirpation of insular rails 
through agrarian activities. Considered common before World War II, not a single 
record of a living specimen was made after the occupation of the island by poorly 
provisioned Japanese soldiers in 1945 (Blackman 1945; Munro 1946), and it is 
generally accepted that the species was hunted to extinction by the starving oc- 
cupational forces within a period of a few years, approximately 40 years after its 
formal description. 

Laysan Crake (Porzana palmeri).--This former endemic of tiny Laysan Island 
(25ø50'N, 171ø50'E), in the Leeward Islands (1,200 km northwest of Niihau Is- 
land, Hawaiian Islands), was first observed upon the discovery of the island by 
the sailors of the Moller in 1828 (Kittlitz in Rothschild 1900); the species was 
extinct 116 years later (Fig. 4). Originally described by Frohawk (1892), this crake 
was placed in the new genus Porzanula to reflect both its small size and obvious 
affinities to the typical and widespread crakes of the genus Porzana. Its mem- 
bership among the crakes never was doubted, but relationships within this com- 
plex remain poorly resolved (Livezey 1998; Olson 1999). The former abundance 
and late demise of the species provided opportunities for scientific collection 
(Greenway 1967). Olson (1999) tallied 259 specimens of Porzana palmeri in 
museums worldwide, comprising many study skins, a respectable number of skel- 
etons, and a few fluid-preserved specimens (Wood et al. 1982; Wood and Schnell 
1986). 

The life history of the species is known largely from the firsthand accounts by 
Rothschild (1893a), Schauinsland (1899), Fisher (1906), Bryan (1915), Baldwin 
(1945, 1947), and Munro (1947); additional data were summarized by Ripley 
(1977). Although flightless, this small, inquisitive crake employed movements of 
the wings for balance during terrestrial locomotion, which are pectoral accom- 
modations of broader utility among bipedal tetrapods and in some taxa accom- 
panied by movements of the tail (Clark and Alexander 1975; Heglund et al. 1982a; 
Heglund and Taylor 1988; Gatesy and Biewener 1991; Gatesy and Dial 1993). 
Like many insular endemics (Humphrey et al. 1987), the species was tame and 
unsuspicious of humans and vulnerable to other introduced mammalian threats. 
Frohawk (1892) reported an evening "chorus" of vocalizations variously de- 
scribed by subsequent observers. Dill and Bryan (1912) estimated the population 
on Laysan to number approximately 2,000, implying densities approaching 800 
birds per square kilometer of habitable land; populations introduced to Midway 
Atoll also attained high densities (Bryan 1915; Blackman 1945; Ely and Clapp 
1973). Laysan Crakes built variably canopied terrestrial nests of dry vegetation, 
laid only two or three comparatively large eggs (31 X 21 mm), and the young 
foraged independently within a few days of hatching. The diet of young and adult 
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crakes was varied and opportunistic, and included eggs of other birds, meat scraps, 
maggots, insects, and some vegetable matter. Laysan Crakes evidently relied on 
the availability of freshwater for survival (Grant 1947). 

European hares (Oryctolagus cuniculus)•introduced by commercial miners of 
guano in 1903 and exterminated in 1923--destroyed much of the native vegeta- 
tion of the island and were a principal cause of the extinction of Porzana palmeri 
on Laysan, although rails were seen commonly on Laysan as late as 1918 (Bailey 
1956; Ely and Clapp 1973; Olson 1999). By April 1923, only two crakes were 
observed during a survey of the entire island by the Tanager expedition (Olson 
1996). Tragically, although several populations of Laysan Crake introduced on 
islands in the Midway Atoll (Fisher and Baldwin 1946)--Eastern Island in 1891 
and Sand Island in 1910--persisted until 1943 (when extirpated by shipborne 
rats), the species was not reestablished on Laysan Island after the extinction of 
the original population. In what was probably the first reintroduction intended to 
preserve an avian species, eight P. palmeri were released on Laysan in April 
1923; by then the island was largely defoliated (A. Wetmore fide Olson 1996). 
At least two of these introduced birds died within a month, and the failure of the 

attempted triage was confirmed by subsequent collectors on the island, despite 
the removal of the hares and subsequent regrowth of native vegetation (Bailey 
1956). 

The extirpation of the Laysan Crake is especially lamentable in light of the fate 
of the sympatric Laysan Duck (Anatidae: Arras laysanenesis), formerly more 
widespread within the Hawaiian archipelago (Cooper et al. 1996), which preceded 
the crake to the brink of extinction. The suggestion by Ripley (1977:21) that 
interspecific competition between A. laysanensis and Porzana palmeri was im- 
portant if not critical in the ultimate demise of the latter has not received empirical 
support. The wild population of the duck reached a nadir of six birds in 1911 
(Warner 1963), but conservation efforts (deriving from the progeny of a single 
fertile female and subsequent captive breeding) proved successful in the preser- 
vation of the species (Moulton and Weller 1984). 

The recurrent pattern among the decimated rallids of the Pacific is that a century 
of contact with European immigrants is likely to drive flightless taxa toward the 
brink, if not over the brink, of extinction. To date, restoration efforts have proven 
ineffective, especially if efforts are concentrated on the endangered species per 
se instead of land use on the islands. All efforts are undermined during periods 
of human warfare or economic destitution in the regions of interest. 

MODALITIES AND LOSS OF AvIAN FLIGHT 

DIVERSITY OF A¾IAN FLIGHT 

Regardless of taxon, a number of anatomical parameters determine the feasi- 
bility and characteristics of flight, with critical dimensions ranging from body 
mass (Lull 1906; Brown 1953; Rayher 1988a, 1989, 1990, 1996; Ellington 1991; 
MardeL 1994; Spedding and Lissaman 1998; Butler and Bishop 1999) to vortices 
and drag (Rayher 1979a, b). Modern birds vary significantly in flying abilities 
(Rayher 1988a; Norberg 1990; Spedding 1992), including groups characterized 
by highly maneuverable flight having substantial capacity for changes in direction 
or (de)acceleration, for example, aerial foragers and many arboreal songbirds 
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(Hails 1979; U. M. Norberg 1979, 1981a, 1986); energetically consumptive hov- 
ering powered by unique wing movements, for example, hummingbirds (Rayner 
1979a, 1985a; Wells 1993a, b; Chai and Dudley 1999; Cotton 1996; Chai and 
Millard 1997; Chai et al. 1997); strong but undulating flight, for example, wood- 
peckers (Rayner 1985b; Tobalske 1996); flight in which critical lift is provided 
by rising air columns, for example, soaring birds (Taber 1932a, b; Pennycuick 
1972, 1998a; Mendelsohn et al. 1989); sustained, primarily gliding flight in open, 
windy environments (Pennycuick 1960, 1971, 1982; Parrott 1970; Tucker and 
Parrott 1970; Wood 1973; Tucker 1987); and swift flight powered by virtually 
constant wingbeats, for example, gallinaceous birds and waterfowl (R. H. J. 
Brown 1948, 1951, 1961; Norberg and Norberg 1971; Van Tyne and Berger 1976; 
Pennycuick 1990; Kuz'mina 1992; Hedenstr6m 1993). 

To the extent that the nature of flight capacity of fossil taxa can be adduced, 
all flightless birds are descendants of species possessed of the last type of flight, 
that is, power fliers. In light of this fact, it is surprising that more flightless 
galliforms have not been described, although the number of flightless megapodes 
known to have inhabited Pacifc islands continues to increase (Martin and Stead- 
man 1999). Not surprisingly, the Rallidae fall among the power fliers, and al- 
though the family manifests substantial diversity of form, it tends to be charac- 
terized as well by low wingspans and wing areas relative to body mass. The latter 
generalities also apply to galliforms, waterfowl, grebes, and larger alcids, which 
also include flightless members (Rayner 1988a). Given the functional diversity 
and obvious utility of flight, it is remarkable that members of more than 30 
taxonomic families of birds have lost the capability of flight secondarily (Table 
4; Livezey 1995a). 

The most massive members of a number of avian genera, especially those with 
refined diving abilities, also approach the threshold of flightlessness, including 
loons (Gaviidae) and some waterfowl (Anatidae: Somateria, Mergus, and Biziura), 
a tendency inferred both from available data on wing loading and field observa- 
tions of locomotory behavior (Magnan 1922; Poole 1938; Schorger 1947; Savile 
1957, pers. comm.; Meunier 1959a, b; Meinertzhagen, unpubl.; Templin 1977; 
Livezey 1989b, 1990, 1993a-c; Guillemette 1994). Large size may limit premi- 
gratory hyperphagia in Somateria (Guillemette 2001). Temporary flightlessness 
resulting from seasonal gains in body fat also has been reported for the Eurasian 
Coot (Fulica atra) of the Caspian Sea (M. Patrikeev fide P. B. Taylor 1998). 
Fjelds• (1981) suggested that age-related gains in body mass in the Giant Coot 
(Fulica gigantea) may render adults effectively flightless and restrict dispersal 
among lakes to immature birds. Like genuinely flightless species, these taxa 
poised at the threshold of flightlessness also are power fliers. For example, in 
most Anatini (sensu Livezey 1986a, 1991), rapid wingbeats (approximately five 
per second) are essential to the maintenance of air speeds at which adequate lift 
counters the acceleration of gravity on these heavily wing-loaded birds (Meiner- 
tzhagen 1955; Hartman 1961; Greenewalt 1962; Raikow 1973; Livezey 1990). 

In some taxa, individuals experience temporary flightlessness stemming from 
various causes. These include atrophy of pectoral musculature, which in some 
groups is related to molt (Rosser and George 1985, 1987; Pierstoa 1988; Gaunt 
et al. 1990; Marks et al. 1990); and molt of remiges, which often is associated 
with seasonal movements and temporary occupancy of refugia (Murphy 1936; 
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Gullion 1953a; Sullivan 1965; Woolfenden 1967; Salomonsen 1968; Haukioja 
1971; Jehl 1990; Marks et al. 1990; Marks 1993). Many Rallidae also are con- 
sidered to be rendered flightless by synchronous molt of remiges (Livezey 1998); 
the resultant vulnerability presumably is eased by the comparatively refined ability 
to swim and dive (Weller 1999), which is less easily accommodated in more- 
terrestrial groups. Aerodynamic effects of gaps in remiges during molt (Heden- 
str6m and Sunada 1999) and associated changes in pectoral musculature and ec- 
toparasitic loads (Harper 1999) also may constrain patterns of molt in righted 
birds. Other factors that can temporarily impair flight include seasonal fluctuations 
in body mass (Jehl 1997) and short-term weight gains during periods of intense 
feeding (Humphrey and Livezey 1982; Guillemette 1994). 

In a case similar to that of Flying Steamer-Ducks (Anatidae: Tachyeres pata- 
chonicus), in which some males are at least temporarily flightless (Humphrey and 
Livezey 1982; Livezey and Humphrey 1986), male Musk Ducks (Anatidae: Bi- 
ziura lobata) are substantially larger than female conspecifics and possess wing 
loadings sufficiently great so as to compromise flight (Hobbs 1956; Dickison 
1962; Lowe 1966; McCracken et al. 2000). Still other avian taxa, including some 
extinct forms, approach(ed) permanent flightlessness to varying degrees (e.g., Sto- 
nor 1942; Raikow 1985b; Zusi 1985; Olson 1990). Predictably, even temporary 
flightlessness in continental communities can increase vulnerability to predation 
(Oring 1964), as can temporary gains in body mass (Gosler et al. 1995; Metcalfe 
and Ure 1995; Kullberg et al. 1996). 

LOCOMOTORY MODULES OF BIRDS 

The functional implications of the medium in which species effect movements 
are the principal selective agents for anatomical refinements of terrestrial, arboreal, 
or aquatic locomotion among righted Aves (R. •. Norberg 1986; Raikow 1985a; 
Denny 1990; Liem 1990; U. M. Norberg 1990; Brninzeel et al. 2000). The ap- 
pendicular refinements manifested among Aves are complicated and enriched by 
the generality that most birds possess multiple locomotor modules (Gatesy and 
Dial 1996a), that is, they have achieved locomotory proficiency in at least two 
media. Among the Rallidae, locomotory modules other than aerial include terres- 
trial and aquatic (Sigmund 1959). Goslow (1989) considered the evolutionary 
innovations permitted by such locomotory diversity, which turn in part on the 
bipedal terrestrial locomotion of birds, a capacity that frees the forelimb for flight 
or the sacrifice thereof. However, functional reductions of the forelimb in most 
other tetrapods would have critical implications for all modes of locomotion, 
including terrestrial. 

However, the subtlety of the anatomical changes associated with the loss of 
flight among carinate birds, coupled with an understandable preoccupation with 
the evolutionary development of complex structures as opposed to their diminu- 
tion (e.g., Arthur 1984, 1988, 1997; Atchley and Hall 1991; Hall 1996; Hansen 
and Martins 1996; Wagner and Altenberg 1996; Wagner et al. 1997; Wagner and 
Schwenk 2000), belie the significance of the functional and evolutionary trade- 
offs represented by avian flightlessness. Flightless birds are distinguished from 
their plesiomorphically righted relatives by a convergent sacrifice of the loco- 
motory option deemed quintessential of Aves. Despite considerable variation in 
efficiencies in alternative locomotory modes (e.g., Brninzeel et al. 2000), pelvic 
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anatomy provides the clearest indications of specialization for ambulatory loco- 
motion. However, the morphological correlates of terrestrial habits generally are 
less pronounced than their natatorial counterparts (Stolpe 1932; Raikow 1985a), 
and for this reason most such comparisons are based on the relative length and 
robustness of appendicular elements. 

DIVERSE PERCEPTIONS OF AVIAN FLIGHTLESSNESS 

The great bird will take its first flight, from the back of the great Cecero, filling 
the universe with wonder, filling all writings with its fame, and eternal glory to the 
nest where it was born.--Leonardo da Vinci (1505: inside back cover), translation 
by Marinoni (1976:81) 

But the conditions of life were altogether too easy for it; a superabundance of 
food, to be had for the picking of it up, and an absence of any enemies to interfere 
with it, produced their usual result, and degeneration set in--a result, I may remark, 
by not means confined to the Dodo, but one of which, under similar circumstances, 
proud Man himself furnishes conspicuous examples.--Wiglesworth (1900:24) 

Birds, in short, from the first were destined by Nature to possess the air .... In 
birds the fore-limb has in all cases served as an organ of flight; even where this 
member has been reduced to the merest vestige, it is clear that the modelling thereof 
is that of a wing .... The factor which, more than any other, has secured for birds 
the high place which they hold in the affections of men, is unquestionably that of 
flight. Thereby they ever keep themselves, as it were, before the public, and give 
life and beauty to the world around them.--Pycraft (1910:1-2) 

... the strongly built New Guinea Flightless Rail, rejoicing in the inappropriate 
scientific species name ineptus--a formidable creature quite able to defend itself and 
hardly seeming 'inept' to me ... we found perching solitary high up in mangrove 
bushes.--Ripley (1977:xv-xvi) 

RELIGIOUS AND POPULAR VIEWS 

Historical interpretations and directions of science are influenced by prevailing, 
nonempirical views of the times. The sentiments expressed by Leonardo da Vinci 
(1505) in the Codex speak clearly to the reverance with which humans view the 
flight of birds. Da Vinci was motivated to study avian wings, at least in part, by 
an abiding interest in angelic imagery and an obsession to contrive a machine by 
which a human might ascend to the heavens. Admiration for avian flight is mir- 
rored in the works of classical artists: angels and many earlier pagan deities were 
depicted unmistakably as possessing the wings of birds, replete with distinguish- 
able, often realistically enumerated remiges (Rowland 1978; Janson 1991; Fellows 
1995; Knapp 1999). Migratory flocks, one of the most conspicuous examples of 
avian flight, were considered by the ancient Greeks to be messengers from the 
Olympian gods (Dorst 1962). A heavenly perspective on birds among Christians 
accords with the first mention of the group in Genesis (verse 20), where creation 
purportedly was directed to "... let birds fly beneath the dome of the sky" and 
a command (verse 28) to humans to extend their domination to "... the birds of 
the air" (C. L. Harris 1981). In his single scientific dialogue, Plato cast the cre- 
ation of birds, one of the first tasks assigned to the lesser gods by the "creator," 
as corresponding to the provision of the air itself (C. L. Harris 1981). 
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The classical view of avian flight is as clearly defined as the loss of this faculty, 
with avian flightlessness having been characterized as exemplifying ineptitude 
(e.g., specific epithet of Amaurornis ineptus); stupidity (Cuppy 1951); degenera- 
tion, sometimes explicitly from original perfection (Owen 1866a; Wiglesworth 
1900; Lull 1935); atrophy (Owen 1866a, b); arrested development (Darwin 1859); 
monstrosity (Goldschmidt 1940); clumsiness (Wiglesworth 1900); indolence 
(Cunningham 1871); aberration or anomaly of nature (Owen 1848a; Beddard 
1898; Wiglesworth 1900); grotesqueness (Halliday 1978a); anachronism (Amadon 
1966b); or "terminal" phylogenetic status (Gould 1966). The Ostrich, the first 
flightless bird (excluding domesticated fowl) to become widely known in Europe, 
was used to symbolize gluttony, bloodlust, parental negligence, forgetfulness, 
cowardice, imbecility, hypocrisy, and sloth, among other qualities (Rowland 
1978); its flightlessness was likened to "... the man weighed down with 'affe- 
cyons and othire vanytes'" (R. Rolle, 14th century, fide Rowland 1978:114). 

Even where flightlessness was viewed less fancifully, the functional sacrifice 
of flight by avian lineages is accorded an exaggerated status among comparable 
evolutionary phenomena, for example, the more extensive reduction represented 
by limblessness in reptiles (Stokely 1947; Gans 1975; Lande 1978). By contrast, 
many evolutionary trade-offs in structure and function such as relative respiratory 
efficiency, capacity for terrestrial flight, or refinements for feeding are rarely or 
never cited in this context. This disparity of perception often turns on the historical 
extinction of many flightless birds, in which ultimate demise is taken as evidence 
of evolutionary folly. Ironically, in light of the fates of many righted endemics 
on oceanic islands subsequent to the arrival of humans (James and Olson 1991; 
Freed 1999; BirdLife International 2000), the retention of flight may not have 
saved insular rallids from the coming anthropogenic onslaught. Subjected to vir- 
tual ignorance by the public were (are) many flighfiess lineages extinguished 
before the historical narratives by Europeans, including extinct anseriforms Cne- 
miornis of New Zealand (Owen 1875, 1879) and moa-nalos of Hawaii (Olson 
and James 1991). 

Unlike the publicized instances of evolutionary "links" among fossil taxa (e.g., 
Archaeopteryx [C. L. Harris 1981]) or modern groups achieving semipopular no- 
toriety (e.g., Opisthocomus), flightless birds (with the exception of ratites) seldom 
were held to be instrumental in the reconstruction of relationships among natural 
groups (e.g., Olson 1985; Sibley and Ahlquist 1990). Although perennial discus- 
sions of the evolutionary implications of Archaeopteryx are understandable, spec- 
ulations in recent decades concerning the flight capacity of this fossil taxon and 
the origin of avian flight are secondary at best for phylogenetic purposes (Padian 
and Chiappe 1998), and primarily reflect the traditional equation of flight capacity 
with avian status. In contrast, flightless birds were viewed as somewhat paradox- 
ical in the retention of some characters identifying them as birds (e.g., feathers) 
but deprived of the one capacity (flight) considered quintessentially avian. 

Although mistaken (Halliday 1978a), the popular view of the Dodo as an ab- 
errant, overly specialized, degenerate, evolutionary oddity preordained to extinc- 
tion ascended to legendary status (cf. Owen 1866a; Cuppy 1941; Greenway 1967). 
Flightless rails may conform most closely with this popular perception in being 
(for the most part) small, trusting, insular, and vulnerable to the guile of the 
outside world. With respect to extirpation, the ultimate demise of the Great Auk, 
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the last of which were dealt a coup de grace by hunters informed of the rarity of 
the species (Livezey 1988; Gaskell 2000), certainly contributes to the fabled help- 
lessness and naivet6 of flightless birds. 

PREVIOUS SCIENTIFIC STUDIES OF FLIGHTLESS CARINATES 

The singular curiosity of avian flightlessness stimulated numerous commentar- 
ies in the classical ornithological literature, many of which included examples 
from both ratites and carinares (e.g., Strickland and Melville 1848; Owen 1879; 
Wiglesworth 1900; Henry 1903; Lucas 1916; Boubier 1934). In a classic series 
of works, Lowe (1928a, b, 1930, 1933, 1934, 1935, 1939, 1942, 1944)wrestled 
with the related issues of neoteny, recapitulation, and phylogeny of flightless birds. 
Prone to view many flightless birds as anachronistic relicts of land masses con- 
nected during ancient times, Lowe found only limited reception of his ideas (Liv- 
ezey 1995a). Goldschmidt (1940) cited the flightless Galapagos Cormorant (Snow 
1966; Livezey 1992a) as an example of his new evolutionary concept of the 
"hopeful monster," but contributed little information on this remarkable bird not 
presented in the classic work by Gadow (1902). A half-century later, a critical 
need for anatomical study of avian flightlessess was reaffirmed by George and 
Berger (1966). 

The century-long debate concerning the taxonomy and flightlessness of steam- 
er-ducks (Anatidae: Tachyeres) was sustained into the 20th century with the land- 
mark works by Lowe (1934) and Murphy (1936). This dispute, seemingly re- 
solved by Murphy (1936), was rejoined with the description of a new, flightless 
species in the genus in the early 1980s (Humphrey and Livezey 1982; Livezey 
and Humphrey 1986, 1992). As one of the first flightless taxa to be formally 
described (Table 1), the genus Tachyeres also is notable for the fact that three of 
four extant species are flightless. The steamer-ducks were the most renowned of 
flightless anseriforms until a spate of extinct, flightless waterfowl were described 
recently from the Hawaiian Islands (Olson and James 1991). The study of steamer- 
ducks led to parallel examinations of flightlessness in a number of other carinate 
groups, including alcids (Livezey 1988), grebes (Livezey 1989d), other waterfowl 
(Livezey 1989b, 1990, 1993c), penguins (Livezey 1989c), cormorants (Livezey 
1992a), parrots (Livezey 1992b), columbiforms (Livezey 1993b), and the grui- 
form Aptornis (Livezey 1994). 

Despite the number of flightless Rallidae (Table 1), flightless taxa in taxonomic 
groups characterized by large size or conspicuously modified pectoral limbs (e.g., 
ratites and penguins) have received comparatively more study. Among terrestrial 
neognaths, the Dodo came to epitomize the popular view of avian flightlessness, 
including great bulk, purportedly ponderous gait, and tameness interpreted as 
stupidity, the latter conducive to its ultimate extirpation (Strickland and Melville 
1848; Hachisuka 1953; Livezey 1993b), but despite this notoriety the phylogeny 
of the raphids remains only poorly understood (Livezey 1993b; Shapiro et aL 
2002). Olson (1973a) revived interest in arian flightlessness and its ontogeny, 
begun by the classic study of Atlantisia rogersi by Lowe (1928a), with a com• 
parative study of flightlessness in several insular rallids of the South Atlantic, 
including two known only from subfossil remains. Subsequent studies of flightless 
rails include the myology of Gallirallus australis by McGowan (1986), further 
studies of Atlantisia rogersi by Ryan et al. (1989) and Fraser et al. (1992), and 
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the taxonomic works by Diamond (1991) and Olson and James (1991). During 
this same period, ecological works on flightless birds included that by Weller 
(1975) on the Auckland Islands Flightless Teal (Anas aucklandica) and an over- 
view of avian fiightlessness by Ml•ovsky (1982). 

In a survey of fiightlessness in insects and birds, Roff (1994a) noted the likely 
evolutionary independence of fiightlessness in most carinate birds, with penguins 
being a notable exception (Livezey 1989c), but rightly pointed out that uncertain 
relationships within some avian groups having multiple flightless members (no- 
tably the rails) render possible the plesiomorphy of fiightlessness in some cases. 
McNab (1994a) summarized available physiological data for flightless birds, in- 
cluding several rails, and confirmed that fiightlessness conferred significant ben- 
efits (where ecologically permissible) through enhanced metabolic efficiency, and 
subsequently predicted physiological gains for the Kakapo (Psittacidae: Strigops 
habroptilus [McNab and Salisbury 1995]). Trewick (1996a) performed a mor- 
phometric analysis of the flightless swamphens (Porphyrio). He concluded that 
three species should be recognized and that the group may be polyphyletic. Se- 
quence data for these and a number of other Rallidae of the New Zealand region 
formed the basis for a companion phylogenetic analysis by Trewick (1997a) and 
a closely related assessment restricted to two rails endemic to the Chatham Islands 
(Trewick 1997b). 

In a family-level survey of relative wing length and fiightlessness, McCall et 
ai. (1998) attempted to control for higher-order phylogenetic differences in body 
form by using the phylogenetic hypothesis proposed by Sibley and Ahlquist 
(1990), and confirmed that nonpasseriform groups characterized by relatively 
short wings (e.g., waterfowl and alcids) appear to be predisposed to fiightlessness. 
However, despite the optimistic retrospective cited (Mooers and Cotgreave 1994), 
the phylogenetic hypothesis by Sibley and Ahlquist (1990) has been challenged 
from a number of methodological and philosophical perspectives (Cracraft 1987, 
1992; Houde 1987; Sarich et al. 1989; Lanyon 1992; Harshman 1994). Cubo and 
Arthur (2001) tested for correlated morphological changes associated with avian 
flightlessness and found that pectoral reduction, pelvic enlargement, and apomor- 
phy of the skull co-occurred in a higher-order phylogenetic context. Also, inter- 
familial relationships inferred in a number of subsequent phylogenetic analyses-- 
including molecular (e.g., Helm-Bychowski and Cracraft 1993; Hackett et al. 
1995; Groth and Barrowclough 1999; Mindell et al. 1997, 1999; Klicka et al. 
2000), morphological (e.g., McKitrick 1991a; Griffiths 1994; Livezey 1997a), and 
combined approaches (Lee et al. 1997)--•have differed importantly from the those 
depicted by Sibley and Ahlquist (1990). Disputed groupings include the Rallidae 
and closely related families (Houde 1994; Houde et al. 1997; Trewick 1997a, b; 
Livezey 1998). Phylogenetic issues aside, assessments by McCall et al. (1998) 
were limited to family-level patterns among selected, extant taxa in relative wing 
length, and therefore did not consider changes in body size per se, sexual dimor- 
phism, feather shape, skeletal features, or pectoral musculature within groups 
(including the Rallidae), and made no attempt to evaluate underlying ontogenetic 
mechanisms, evolutionary preconditions, or likely agencies of natural selection. 
Despite uncertainties in some aspects of the phylogeny of the Rallidae, however, 
definition of subgroups including flightless taxa is possible with current recon- 
structions (notably Livezey 1998). Inferences deriving from this level of precision 
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provide important insights into this important evolutionary phenomenon and are 
the focus of the following analyses and integration with modern theory. 

OBJECTIVES OF THIS STUDY AND ORGANIZATION OF THIS PAPER 

This paper describes a comprehensive examination of the morphological bases, 
probable ontogenetic mechanisms, phylogenetic patterns, and ecogeographical 
correlates of flightlessness in the rails. Throughout, an attempt was made to in- 
tegrate these findings with historical and modern perspectives of popular and 
scientific origin. The phenomenon of avian flightlessness stands at the nexus of 
multiple of evolutionary, morphological, and historical issues--for example, evo- 
lutionary trends, homoplasy, adaptive compromise, insularity, ontogeny, and ex- 
tinction-and the diversity of form and circumstance manifested by flightless 
rallids exceeds mere curiosity or aberration of nature. Simply in terms of sheer 
numbers, flightlessness has evolved at a frequency in the Rallidae that exceeds 
by an order of magnitude any other taxonomic group of neognathous birds and 
uniquely qualifies the Rallidae for the comparative study of this multifaceted 
evolutionary phenomenon. 

Flightless rails came to exploit insular habitats ranging from upland forests 
(e.g., Gallirallus dieffenbachii and Diaphorapteryx hawkinsi) to open water (e.g., 
Fulica chathamensis) in the Chatham Islands alone (Fig. 7; Atkinson and Millenet 
1991), with examples at a global scale (Fig. 6) representing these extremes and 
virtually all intermediate habitats known from oceanic islands. This contrasts with 
the comparatively narrow ranges of habitats exploited by flightless members of 
other avian families (Table 4). Most examples are (were) restricted to upland 
habitats (ratites, galliformes, geese, raphids, a parrot, West Indian owls, raphids, 
and acanthisitids), to ecotonal zones between uplands and wetlands (ibises and 
some Anas), or to largely or wholly aquatic habitats (most anatids, a cormorant, 
alcids, and penguins). Flightless rails, as will be documented, underwent diverse 
changes in body size and cranial conformation, and even expanded to include 
diurnal, crespuscular, and nocturnal specialists (Ripley 1977; Atkinson and Mil- 
lener 1991). This survey includes a number of extinct species, many of which 
are known only from subfossil remains and include some of the most apomorphic 
flightless members of the family (e.g., Diaphorapteryx hawkinsi, Aphanapteryx 
bonasia, and Capellirallus karamu). 

Some of the salient characteristics of the better-known flightless rails have been 
the subject of commentary since the 19th century, and brief accounts of these 
discussions are included in the Introduction. Although the present analysis details 
these and other qualitative features, this study emphasizes the application of mod- 
ern statistical techniques, ontogenetic information, and phylogenetic frameworks 
to accomplish family-wide syntheses and explicitly historical reconstructions. 
Both a detailed presentation of data and a thorough review of the literature are 
appropriate for the monographic format. The latter are detailed in the Materials 
and Methods, and applied to the present data in the Results. Throughout, an 
attempt was made to thoroughly integrate the published wealth of literature to 
these issues, including methodological details to enable parallel analyses of other 
taxonomic groups, and to provide both historical and state-of-the-art perspectives 
on pertinent topics. Finally, the Discussion considers newly developed evolution- 
ary theory with respect to the morphological and ecological generalities of flight- 
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less rails and their righted relatives, most not applied previously in this or any 
other ornithological context, both those inferred to be essential preconditions as 
well as those potentially causal with respect to the loss of flight. The dimensions 
examined include the importance of ontogeny in evolutionary change, recent the- 
ory bearing on developmental genetics and demographics, maintenance of mul- 
tiple modes of dispersal, and the possible relevance of the concepts of innovation, 
adaptation, specialization, and progress with respect to avian flightlessness. 

MATERIALS AND METHODS 

CLASSIFICATION AND INCLUDED TAXA 

The Rallidae comprise approximately 135 modem species (tally varying with 
authority) and a number of fossil and subfossil species (Peters 1934; Brodkorb 
1967; Wolters 1975; Bock and Farrand 1980; Taylor 1996). Recent systematic 
assessments of the family include those by Sibley and Ahlquist (1990) and Sibley 
et al. (1993) based on DNA hybridization, and those by Houde et al. (1997), 
Trewick (1997a, b), and Slikas et al. (2002) based on DNA sequence data. How- 
ever, the studies by Olson (1973a), Ripley (1977), P. B. Taylor (1996, 1998), and 
Livezey (1998) were the only comprehensive surveys of the Rallidae available 
for this study. 

Accordingly, I follow the last work for purposes of inferences of closest rela- 
tives of flightless forms and for delimitation of species in the present study. As 
in previous works (e.g., Livezey 1997c), the latter classification was largely con- 
sistent with the phylogenetic species concept and treated many taxa as full species 
that were previously relegated to subspecific status, in part to communicate 
through taxonomy the evolutionary differentiation of insular forms (Hazevoet 
1996). In this context, I point out that my use of parenthetical taxa as the second 
component in trinomials is to group members of superspecies, as opposed to 
interpolating ranks transitional between species and subspecies as advocated by 
Amadon and Short (1976), a compromise especially critical for widespread, poly- 
typic forms such as the P. porphyrio~group, Gallirallus philippensis-group, and 
G. pectoralis-group (e.g., Sclater 1868; Rothschild 1893b; Ridgway and Fried- 
mann 1941; Voous 1961, 1962; Dowsett and Dowsett-Lemaire 1980). However, 
two departures from the classification proposed by Livezey (1998) were adopted 
here. First, the original genus Erythromachus of Milne-Edwards (1874) was res- 
urrected for the flightless subfossil rail leguati from Rodriguez, referred to Aphan- 
apteryx by Gtinther and Newton (1879), provisionally maintained as congeneric 
with A. bonasia of Mauritius by Olson (1973a, 1977), and consonant with the 
treatment by Mourer-Chauvir6 et al. (1999). 

Secondly, similar phylogenetic uncertainties necessitated a provisional substi- 
tution of the generic classification of the subfossil rail "Atlantisia" elpenor (Olson 
1973a, 1977) to "Atlantisia" (Bourne et al., pers. comm.) to reflect the uncertainty 
of phylogenetic relationships of this taxon (sensu Livezey 1998). Olson (1977: 
355) revealed that his concept of the enlarged Atlantisia met the conventional 
definition of polyphyly: "Atlantisia elpenor probably descended from a volant 
pro-Rallus stock that independently gave rise to flightless forms on Ascension 
[elpenor], St. Helena [podarces], and Inaccessible Island [rogersi] in the Tristan 
da Cunha group." A third case, the referral by Olson (1973a) of Aphanocrex 
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podarces (Wetmore 1963) to the modern genus Atlantisia, also failed to be con- 
firmed (Livezey 1998), and the original binomen is recognized herein; in this 
context, it is noted that the evolutionary speculations offered for this species by 
Rowlands et al. (1998) were made within the earlier inclusion of the taxon within 
Atlantisia. The referral of these two flightless, subfossil rallids to Atlantisia by 
Olson (1973a) is especially problematic given the persistent uncertainties regard- 
ing the phylogenetic relationship of the comparatively well-known, extant type 
species of the genus, A. rogersi (Livezey 1998). 

All modern flightless species of Rallidae and their closest relatives were in- 
cluded for analysis. In this context, "modern" refers to taxa for which at least 
one study skin or fluid-preserved specimen is available. The rare, poorly known 
Rallus wetmorei, considered to possess "emerging flightlessness" by Ripley 
(1977:136), was not included because of an extreme paucity of specimens. Data 
were collected from a series of study skins of the Galapagos Crake (Laterallus 
spilonotus) because of its weak flight and relatively short wings (Gifford 1913; 
Franklin et al. 1979). Unfortunately, neither skeletons nor fluid-preserved speci- 
mens of this species were available. 

Members of a few completely flighted genera were included to broaden the 
bases for comparison: Porphyrula, Gymnocrex, Aramides, Canirallus, Rougetius, 
Ortygonax, Laterallus, Coturnicops, Crex, and Gallicrex (Table 5). Three large 
rallids that have been described as showing labored or reluctant flight also were 
sampled (especially for assessment of allometry with increasing body size): Chest- 
nut Rail (Eulabeornis castaneoventris), a large-bodied resident of mangroves of 
tropical Australasia considered to have weak flight (Barnes 1997; P. B. Taylor 
1998); Giant Coot (Fulica gigantea), a sedentary resident of Andean lakes, in 
which adults attain weights that evidently render them flightless at least tempo- 
rarily, although this inference is controversial (Ripley 1977; Fjeldsfi 1981; P. B. 
Taylor 1998); and Horned Coot (F. cornuta), another massive, Andean endemic 
described as "reluctant" to fly at times (P. B. Taylor 1998). Adequately repre- 
sented subfossil rallids also were included in analyses (Table 2), especially a 
number from the New Zealand region (Worthy and Holdaway 1994, 1996; Worthy 
1998a, b; Millener 1999) and several described since the review by Olson (1977) 
or within the last few years (e.g., Olson and Wingate 2000, 2001). In total, this 
scheme resulted in the inclusion of 82 modern species or species groups (sensu 
Livezey 1998; Table 5), of which about one-third are (were) flightless or nearly 
so (Olson 1973a, 1977; Ripley 1977). 

Poor samples or inaccessibility of specimens necessitated the exclusion of sev- 
eral other subfossil taxa in some analyses: Porphyrio paepae (Steadman 1988); 
Nesotrochis picapicensis (Fischer and Stephan 1971b), although some data were 
taken from the description; Dryolimnas augusti (Mourer-Chauvir• et al. 1999); 
Gallirallus ripleyi (Steadman 1986a), G. minor (Hamilton 1893; Olson 1975b), 
G. huiatua (Steadman et al. 2000), an undescribed rail from Fiji (worthy et al. 
1999), an undescribed rail from the Brazilian island of Fernando de Noronha 
(Olson 1977, 1982); Porzana rua (Steadman 1985, 1986a), several additional 
unnamed Porzana noted by Olson and James (1991); Tribonyx repertus (Olson 
1975d); and Hovacrex robertl (Andrews 1897). A number of additional Pleisto- 
cene rallids known from very meager material, of dubious taxonomic validity, or 
inferred not to have been flightless (Olson 1974b, 1975b, 1977) also were ex- 
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cluded from study here and in the companion phylogenetic analysis (Livezey 
1998). 

The genus Aptornis (Owen 1848a, b), comprising two extraordinary species of 
extinct, flightless Gruiformes endemic to New Zealand, formerly was considered 
to be allied with the Rallidae (e.g., Farbringer 1888; Oliver 1945, 1955). However, 
in recent years, the genus has been inferred to be more closely related to the Kagu 
(Rhynochetidae: Rhynochetos jubatus) of New Caledonia (Parker 1869; Olson 
1975a, 1985; Livezey 1998; but see Weber and Hesse 1995; Houde et al. 1997). 
Inclusion of the uniquely derived Aptornis was limited to comparisons where 
insights pertaining to comparatively extreme changes related to flightlessness in 
rallids were deemed especially likely. 

SPECIMENS AND RELATED DATA 

SKIN SPECIMENS 

A total of 3,220 skin specimens from more than 80 species or species groups 
of Rallidae (sensu Livezey 1998) were sampled for this analysis (Table 5). To- 
gether with supplementary information where available, this comprised approxi- 
mately 20,000 measurements. Study skins, flat skins, or mounted specimens of 
all modern species of Rallidae in the analysis were examined, with most taxa 
being assessed on the basis of series of specimens. The sole exception pertained 
to the extinct, evidently flightless Porzana rnonasa. Two unique skin specimens 
were collected during 1827-1828 by Kittlitz, and are held at the Academy of 
Sciences, Zoological Institute, St. Petersburg, Russia. Traditional dimensions of 
the skin for this species were taken from the literature. Direct study of extinct 
Porphyrio albus (Hindwood 1932, 1940, 1965; Fuller 1987, 2001; Hutton 1991; 
Gamett 1993) included one specimen held at Merseyside Museum, Liverpool, 
U.K. (Sharpe 1894; Rothschild 1907a; Wagstaffe 1978). The holotype, held in 
Vienna (Salvin 1873; Ripley 1977; P. B. Taylor 1996, 1998), was measured for 
this study by E. Bauernfeind, who used instructions provided by the author. Dief- 
fenbach's Banded-Rail (Gallirallus dieffenbachii), although represented by abun- 
dant subfossil skeletal elements, is known from but a single skin specimen. This 
skin, the holotype (Knox and Walters 1994), was studied during several visits to 
the BMNH. The unique specimen of Gallirallus (Stictolimnas) sharpei (Rijks- 
museum van Natuurlijke Historie; Olson 1986), the unique holotype of G. rovi- 
anae (American Museum of Natural History; Diamond 1991), and a recently 
acquired flat skin of the newly described Habropteryx okinawae (Museum of 
Zoology, University of Michigan) also were exanfined directly. Additional men- 
sural data for rare rallids held in foreign museums generously were provided on 
request by curatorial staff who were provided with written instructions. 

The unique specimen of the so-called Gilbert Island Rail (Tricholimnas con- 
diticius [Bangs 1930]), the taxonomic status of which remains in dispute (Green- 
way 1952; Walters 1987; Olson 1992), was included in this study as a member 
of the Tricholirnnas sylvestris-group, but exemplifies the broader problem of rep- 
resentation and contingent delimitation of taxa. The taxonomic validity of the 
Tahitian Crake (Porzana [Rallus] nigra), based solely on a brief description by 
Gmelin (1789) and a painting by G. Forster made during Cook's second voyage, 
is disputed (Ripley 1977; Olson and Steadman 1987; Walters 1988; Taylor 1998). 
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Information subsequently referred to this taxon suggests that the species was 
flightless and may have occurred on both Tahiti and Mehetia islands, and was 
extirpated on these islands by introduced mammalian predators during the late 
19th and early 20th centuries, respectively (Greenway 1967; Bruner 1972; W. B. 
King 1981; Day 1989; Taylor 1998). Subsequent illustrations attributed to this 
taxon include those by J. E Miller (Shaw 1784) and Keuleman (in Rothschild 
1907a: fig. 1, pl. 26). Given the absence of anatomical material and contradictory 
information (P. B. Taylor 1998), this taxon was excluded from further consider- 
ation here. Similar circumstances pertain to the reported presence of an endemic, 
flightless Porphyrio on the Mascarenes (Schlegel 1866). 

In addition, descriptions of new taxa (Worthy 1997a, b; Lambert 1998a, b) and 
reports of still-undocumented forms continue (Baltzer 1990; Steadman 1992, 
1999; P. B. Taylor 1998; Worthy et ai. 1998), and a number of phylogenetic rela- 
tionships in the Rallidae remain unresolved (Livezey 1998). For example, taxo- 
nomic divisions and number of included species (by whatever species concept) are 
uncertain in several genera including flightless members or that are closely related 
to genera having flightless members (Livezey 1998). These include the Porphyrio 
porphyrio-group (Trewick 1996a, 1997a; Sangster 1998), taxa commonly included 
within Aramides cajanea (Bangs 1907; Hellmayr and Conover 1942; Meyer de 
Schauensee 1966), the "superspecies" comprising Rallus longirostris and R. ele- 
gans (Oberholser 1937; Ridgway and Friedmann 1941; Ripley 1977; Avise and 
Zink 1988; Bledsoe 1988; Olson 1997; Eddieman and Conway 1998), and the 
Gallirallus philippensis complex (Ripley 1977; P. B. Taylor 1997, 1998) and close 
allies (Trewick 1997a, b). In these instances, where samples permitted, a conser- 
vative approach was adopted (sensu Livezey 1998); that is, diagnosably distinct 
terminal lineages were distinguished in plots and morphometric summaries. 

Adequate sampling of osteological specimens necessitated use of collections 
worldwide through loans or visitation (see Acknowledgments). Most specimens 
of extant taxa were studied during visits to the American Museum of Natural 
History (New York), U.S. Nationai Museum of Natural History (Washington, 
D.C.), and the Natural History Museum (U.K.). 

SKELETAL SPECIMENS 

A total of 1,200 associated (complete or partial) skeletons from more than 65 
species or species groups of Rallidae (sensu Livezey 1998) were measured in this 
study (Table 5), approximating 45,000 measurements. Many extant species of 
Rallidae are poorly represented in osteological collections (Wood and Schnell 
1986), whereas some extinct rails are better known osteologically than are a num- 
ber of extant confamilials (Olson 1977). Complete skeletons were unavailable for 
a number of flightless rallids and close relatives (Wood and Schnell 1986), in- 
cluding Gyrnnocrex rosenbergiL G. plurnbeiventris, Rougetius rougetii, Cyanolirn- 
has cerverai, Tricholirnnas lafresnayanus, Ararnidopsis plateni, Pareudiastes pa- 
cificus, Edithornis silvestris, and several species of both Porzana and Arnaurornis. 
Inclusion of partial skeletons retained during preparation of study skins--in which 
preserved elements typically were limited to certain parts of the vertebral column, 
both appendicular girdles, femora, and (often) proximal humerus--resulted in 
larger sample sizes for some elements (e.g., sterna) than for complete skeletons 
in some taxa. 
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In several cases, osteological specimens (Wood and Schnell 1986) were aug- 
mented by elements removed from study skins (Gymnocrex plumbeiventris, Eu- 
labeornis castaneoventris, Rougetius rougetii, Habropteryx insignis, Nesoclopeus 
poecilopterus, and Amaurornis ineptus) and measurements of elements during 
dissection of fluid-preserved specimens (Gymnocrex plumbeiventris, Cyanolimnas 
cerveraL N. poecilopterus, Gallirallus okinawae, A. ineptus, and Pareudiastes 
pacificus). Mensural data for skeletal elements of C. cerverai, deriving largely 
from subfossil elements recovered from the Isle of Pines (Olson 1974b), were 
supplemented by data given by Fischer and Stephan (1971b; under Rallus sumi- 
derensis). Lengths of most major appendicular elements from a single specimen 
of Amauornis ineptus (UF 41507) were provided by J. K. Sailer (Florida Museum 
of Natural History). Finally, alar phalanges were measured by using parallax- 
corrected of images in X-ray photographs of skin specimens for two extinct rallids 
of the Chatham Islands--Gallirallus dieffenbachii (BMNH 1842.9-29.12, holo- 
type) and Cabalus modestus (BMNH 1893-6-24-5, female). 

SUBFOSStL ELEMENTS 

In total, more than 4,000 subfossil elements representing 28 species of Rallidae 
(sensu Livezey 1998) were included for study (Table 5), representing more than 
12,000 measurements. The best-known subfossil rails (e.g., Diaphorapteryx hawk- 
insi, Cabalus modestus, and Fulica chathamensis) typically were represented by 
adequate numbers of all major skeletal elements, and permitted robust estimates 
of all included dimensions for both putative sex classes. Where summary statistics 
of samples of comparable (but not strictly identical) dimensions were available-- 
for example, for Porphyrio mantelli (Trewick and Worthy 2001), Gallirallus dief- 
fenbachii (Cracraft 1973a), and Diaphorapteryx hawkinsi (Cracraft 1973a)-•es- 
timates of first and second moments were reassuringly similar. However, even for 
the best-represented subfossil rallids, undamaged examples of comparatively frag- 
ile elements (e.g., maxillary rostrum, furcula, or distal alar phalanges) were rare, 
and most subfossil rallids (e.g., Nesotrochis debooyi, Aphanapteryx bonasia, Ca- 
pellirallus karamu, and "Atlantisia" elpenor) lacked considerably more elements. 

In some subfossil taxa, unavailability or poor condition of elements signifi- 
cantly limited the scope of analysis. For example, Gallirallus ripleyi and Porzana 
rua, both described and judged to have been flightless by Steadman (1986a), were 
represented too poorly for inclusion in these analyses or for confirmation of flight 
status. Similar considerations necessitated the exclusion of two other poorly rep- 
resented subfossil rallids, Hovacrex roberti of Madagascar (Andrews 1897), and 
Porphyrio paepae of the Marquesas Islands (Steadman 1988). A recently discov- 
ered, unnamed, evidently flightless ?orphyrio, and another flightless Gallirallus 
sp. from New Ireland (Steadman et al. 1999) were not available for study. Finally, 
comparisons of Nesotrochis picapicensis of Cuba were limited to figures and 
tabulated measurements presented by Fischer and Stephan (1971b; under the ge- 
nus Fulica) because the specimens could not be located (O. H. Garrido, pers. 
comm.). 

FLUID-PRESERVED SPECIMENS 

Species of Rallidae included in pectoral dissections were determined largely 
by availability of targeted taxa (Wood et al. 1982). Two unique anatomical spec- 
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imens of endangered or extinct species--Nesoclopeus poecilopterus and Pareu- 
diastes pacificus--were made available for limited dissection at the BMNH (Blan- 
damer and Burton 1979). Seventeen flightless species were dissected, and these 
necessitated the myological study of 20 species of closely related, righted rails 
(Table 5). With several exceptions (detailed below), dissections encompassed the 
musculature of the entire wing and pectoral girdle of one side of each specimen 
and included the removal of the remiges intact for measurement in seriatim. 

MISCELLANEOUS INFORMATION 

To supplement measurements made directly from specimens, essential data on 
external measurements, body masses, and wing areas of Rallidae were taken pri- 
marily from 10 key published compilations (Mtillenhoff 1885; Magnan 1912, 
1913a, b, 1922; Poole 1938; George and Nair 1952; Meunier 1959a; Hartman 
1961; Cramp and Simmons 1980) and unpublished tabulations and wing tracings 
by R. Meinertzhagen (Snow 1987). Additional anatomical information for ral- 
lids--including body masses, composition and sizes of eggs, dimensions of major 
skeletal elements, and other metric data--was taken from a critical but widely 
scattered literature. A summary of body masses and wing lengths of Rallidae also 
was prepared (Appendix 1), and published sources for other ancillary data also 
were compiled (Appendix 2). Volumes and masses of eggs were taken from the 
compilations by Schtnwetter (1960a); restriction of the analysis to a single tax- 
onomic family rendered unnecessary the more sophisticated methods of estimation 
by Preston (1953, 1974) and Hoyt (1979). 

During dissections, a number of sources were consulted for study of the mus- 
culature, including those including both qualitative and metric comparisons (Hud- 
son 1937; Hudson and Lanzillotti 1955, 1964; Hudson et al. 1966, 1969, 1972; 
Vanden Berge 1970; Livezey 1990, 1992a, b) and largely descriptive works (Ber- 
ger 1956a, b, 1966; Kuroda 1961; Simic and Andrejevic 1963, 1964; George and 
Berger 1966; Nagamura et al. 1974, 1976; Raikow 1985a; Rosser and George 
1986; McKitrick 1991b). In combination with the monograph by Ripley (1977), 
the timely publication of several recent compendia on rails (P. B. Taylor 1996, 
1998) obviated the compilation of an exhaustive bibliography for documentation 
of the general habits and distribution of the Rallidae. However, inferences re- 
garding the foraging habits of rails known only from skeletal remains, are prob- 
lematic, but there is precedent for such extrapolations based on extant relatives 
(Hespenheide 1973; Lauder 1981, 1995; Kooyman 1991; Hertel 1995), especially 
where a phylogenetic hypothesis is available (Lauder 1982, 1990, 1991; Witmer 
and Rose 1991; Witmer 1995). 

GENERAL DESCRIPTIVE CONVENTIONS 

DEFINITION OF FLIGHTLESSNESS 

Throughout this work, I reserved the term "flightless" to those avian taxa in 
which adults are characterized by the permanent inability to achieve takeoff and 
maintain level, powered flight for a significant distance unassisted by substantial 
head winds or net downward trajectory. The young of all birds pass through a 
period of flightlessness during early development, but all individuals of flightless 
species are incapable of flight throughout life, with the possible exception of some 
marine populations of Tachyeres patachonicus (Humphrey and Livezey 1982; 
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Livezey and Humphrey 1986, 1992). The term "righted" is used herein in ref- 
erence to those lineages capable of aerial locomotion described above, as opposed 
to the common term "flying," with the latter restricted herein to references to 
birds in the act of flight. The term "righted" is intentionally distinctive and 
permits logical reference to individuals or classes thereof, uncategorized in other 
aspects of their life histories, but possessing the capacity for flight. The term 
"righted" is adopted in lieu of the term "volant," the latter having been applied 
by some to tetrapods capable of extended but passive, aerial descent, for example, 
some primates (Dermoptera) and tree squirrels (Rodentia, Sciuridae: Glaucomys). 

The related terms "fledging" (the process) and "fledgling" (a bird at the com- 
pletion of the process) are of inconsistent usage in the ornithological literature 
(Middleton and Prigoda 2001). Inasmuch as there is no evidence of members of 
any flightless species of rail having passed through even a righted developmental 
stage, however brief, in this work the term "fledging" refers to the acquistion of 
a complete complement of feathers (including remiges), which in righted rails 
generally preceeds first flight by a week or more (P. B. Taylor 1996, 1998). 
"Fledglings" are individuals at the developmental stage at which the acquisition 
of remiges reaches completion. 

ANATOMICAL NOMENCLATURE 

The nomenclature advocated by the International Comnfittee on Avian Ana- 
tomical Nomenclature was used in the description of anatomical characters (Bau- 
reel and Raikow 1993; Baumel and Witmer 1993; Clark 1993a, b; Vanden Berge 
and Zweers 1993), as opposed to perpetuating the vernacular scheme for osteology 
popularized by Howard (1929). Supplementary anatomical resources that were 
consulted included Butendieck (1980), Butendieck and Wissdorf (1982), and 
Schummer et al. (1992). Abbreviations used are listed in Appendix 3. 

DISSECTIONS OF PECTORAL MUSCULATURE 

Dissections of the musculature of the pectoral girdle and limb were accom- 
plished by using standard techniques, with orientation of fibers enhanced by iodine 
stain (Bock and Shear 1972). Dissections included selected aspects of the over- 
lying integument (e.g., propatagium and accessory tendons and ligaments), with 
comparative information taken from Brown et al. (1994, 1995). Most dissections 
were unilateral, with the right side typically chosen to facilitate comparisons 
across taxa and illustration. The microscope used was a Nikon SMZ-U binocular 
dissection scope. Preliminary figures were prepared by using a Nikon drawing 
tube; the resultant pencil drawings were refined through reference to the speci- 
mens, transferred in ink to Mylar drafting film, and these were digitally scanned 
for labeling and publication. 

Essential references consulted during dissections that pertained to Gruiformes 
and (especially) the Rallidae were Fisher and Goodman (1955), Berger (1956a, 
b, 1966), Allen (1962), George and Berger (1966), and Rosser et al. (1982). 
Especially useful were the myological works by Fisher and Goodman (1955) on 
the Whooping Crane (Grus americana), Allen (1962) and Tipton (1962) on the 
Limpkin (Aramus guarauna), Rosser (1980) and Rosser et al. (1982) on the Amer- 
ican Coot (Fulica americana), and McGowan (1986) on the flightless Weka (Gal- 
lirallus australis). 
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CLASSES OF MENSURAL DATA 

INTEGUMENT 

Most mensural data were continuous and analytical protocols depended on ob- 
jective and precision (Rohlf 2001). Six measurements were made on study skins 
(Livezey 1989b-d, 1990, 1992a, b, 1993a, b), most of which conform with tra- 
ditional methodology (Baldwin et al. 1931). These were culmen length, bill depth 
at gonys, wing length, tail length, tarsus length, and middle-toe length. In those 
taxa in which a frontal shield (crista carnosa frontalis) is characteristic but varying 
with age and sex (e.g., Porphyrio, Habroptila, Amaurornis ineptus, Tribonyx, 
Pareudiastes, Gallinula, and Fulica), culmen length was measured exclusive of 
this caudal extension of the integument. For Tribonyx, opacity and conformation 
of the rhamphotheca and shield made measurement of culmen length exclusive 
of the shield especially challenging. The most reliable comparisons of bill length 
in this and other genera having "shields" were based on skeletal specimens (be- 
low). Wing length (chord of flattened wing) was measured by using dividers and 
a ruler (small birds) or an end-stop ruler (large birds). Bill depth was measured 
by using dial calipers with an approximate precision of +-0.5 mm based on in- 
formal estimates of "pure error" (repeated measurements of the same dimensions 
on a single individual). Other external dimensions were measured by using di- 
viders and a ruler. Although wing length can be used as an index to body size in 
many applications (Rand 1961a, b; James 1970; Lack 1971a; Snyder and Wiley 
1976; Payne 1984; Jehl and Murray 1986; Zink and Remsen 1986), it has proven 
suboptimal in others (Rising 1988), and is inappropriate a fortJori where relative 
wing length is itself a variable of primary interest (e.g., McCall et al. 1998). In 
addition, where molt or limitations of preparations permitted, counts of primary 
remiges were conducted on both wings. Qualitative characters of remiges also 
were compiled for flightless species and their close relatives. Wing areas were 
measured from tracings of specimens of extended wings (or those prepared by 
others with freshly collected birds) by using a compensating polar planimeter; 
these areas were doubled to estimate the total wing areas of individual birds 
(Raikow 1973; Blem 1975). Wing loadings were calculated as the ratio of body 
mass (g) divided by total wing area (cm 2) (Clark 1971). 

Although body mass is variable (Amadon 1943a) and is only one of many indices 
to size (Piersma and Davidson 1991), mean body masses for arian taxa are critical 
indicators of a suite of important ecological parameters (Nice 1938; Clark 1979; 
Mendelsohn et al. 1989). Distributions of arian body masses are known for several 
spatiotemporal scales and a diversity of taxonomic groups (Van Valen 1973a; Uch- 
manski 1985; Maurer and Brown 1988; Bush 1993; Nilalas 1994; Blackburn and 
Gaston 1996). Unlike some other sexually dimorphic traits (e.g., Andersson and 
Andersson 1994), mean body mass is a reliable measure of sexual size dimorphism 
(Livezey and Humphrey 1984a). Surrogate estirnators of overall size can approxi- 
mate body mass closely in practical applications (Amadon 1947; Senar and Pascual 
1997), the most accurate of which tend to be multivariate (e.g., Willig et al. 1986; 
Gilliland and Ankney 1992). Some of these were employed herein. 

SKELETON 

Forty-one skeletal dimensions were used in this study (including one compris- 
ing three summed dimensions), most of which are self-explanatory and all of 
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which were measured by using Helios dial calipers equipped with opposing nee- 
dle-points and long, flat surfaces providing measurements at a scale of 0.1 mm. 
Except in those specimens for which fewer than one of a pair of elements was 
available or one was afflicted with deformity, measurements were taken without 
regard for sidedness. This practice implicitly assumes bilateral symmetry, a con- 
dition subject to stabilizing selection for a multitude of reasons (Charnov 1993), 
whereas significant asymmetry tends to be rare, subject to negative selection, or 
indicative of developmental instability or stress (Parsons 1992; M011er and Swad- 
dle 1997; Graham et al. 1998; M011er 1998). However, several included mea- 
surements are not standard, differed from those used in previous works (Livezey 
and Humphrey 1984a, 1986, 1992; Livezey 1986b, 1988, 1989a-d, 1990, 1992a, 
b, 1993a-c), or posed special challenges for species showing strong, flightless- 
ness-related changes. Only maximal and least widths at midpoints of appendicular 
elements (MWM and LWM, respectively) and shaft widths of the tarsometatarsus 
were not standard. In addition to these previously described measurements, a 
detailed suite of 21 measurements of the skull was compiled for an assessment 
of cranial variation in the Rallidae, generally restricted to single exemplars of 
taxa. 

PECTORAL MUSCULATURE 

In addition to qualitative description and illustration, a suite of 81 standardized 
measurements of most pectoral muscles or named parts thereof was compiled for 
dissected specimens (details of measurements given in tables of summary statis- 
tics). Measurements of muscles were made by using needle-point dial calipers; 
preservational variation and malleability of soft tissues magnified mensural error 
relative to that of dimensions of the integument and substantially more than that 
of the skeleton (approximately 0.5-1.0 mm). Abbreviations adopted for names of 
muscles and related anatomical features in tables and figures are listed in Appen- 
dix 3. 

NATURE OF MENSURAL DATA 

INTERSPECIFIC COMPARABILITY OF VARIABLES 

Although use of dial calipers, with a mechanical precision exceeding 0.1 mm, 
contributed to a confidence in the accuracy of measurements compiled, there were 
additional sources of error which were quantified or controlled less easily. In 
general, skeletal variables likely were measured most precisely because of the 
clean, hard surfaces presented. However, among skeletal dimensions, several mea- 
surements of the sternum were confounded by interspecific variation in the con- 
formation of this element (especially carina depth and basin widths), and several 
dimensions of the skull were subject to warping or variation in angles of articu- 
lation among specimens. Similarly, among external measurements, wing length 
proved comparatively variable because of differences among individuals in wear, 
and length of the middle toe (digit III) was troublesome in a substantial number 
of study skins because of variation in the position of the toe in preserved speci- 
mens. Measurements of muscles were least precise because of the inherent diffi- 
culty of delimiting boundaries of soft, variably distinguishable bodies of muscle 
tissue. Counters to such challenges consisted of limiting the vast majority of 
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measurement to the author and to defining measurements so as to minimize error 
stemming from such nuisance morphological attributes. 

MEASUREMENT (PURE) ERROR 

"Pure" or measurement error is variance attributable to inconsistency of data 
collection (Yezerinac et al. 1992), as opposed to natural or "fabricational" vari- 
ation (Seilacher 1975) among individuals not attributable to traditional grouping 
variables (e.g., species or sex). Measurement error can be treated as a separate 
partition of variance in morphometric data (Bailey and Byrnes 1990) and may 
achieve levels having practical analytical implications in fine-scale comparisons 
(e.g., Grant 1979a, b; Zink 1983, 1986). However, detailed quantification of mea- 
surement error (e.g., variation among repeated measurements of single specimens) 
was not undertaken in the present study for three reasons: the vast majority of 
external measurements and all skeletal and myological data were compiled by the 
author; pilot assessments revealed that the magnitude of such variance was low 
relative to intersexual (e.g., Eason et al. 2001), interspecific, and other, less in- 
teresting sources of variance (e.g., wear of feathers or subfossil elements); and 
inclusion of this factor in the present study was deemed prohibitive. However, 
regardless of the low relative magnitude of such variance, measurement error can 
be assumed to have increased estimates of residual variance in statistical tests, 
thereby rendering associated tests of main effects somewhat conservative. 

The possibility that within-locality morphometric variation may magnify 
among-locality differences--that is, the Kluge-Kerfoot effect (Kluge and Kerfoot 
1973; Johnston 1976a; Sokal 1976; Rohlf et al. 1983)--was not a problem per 
se in these analyses in that the finest scale of study applied was phylogenetic 
species sensu Livezey (1998). However, a related artifact afflicting relative vari- 
ation, in which widespread taxa comprising multiple subspecific taxa (e.g., Railus 
longirostris, Porzana pusilla, and Fulica atra) manifested predictably inflated 
variances relative to insular endemics, was apparent in some comparisons. Where 
these discrepancies may have affected statistical tests or other comparisions, the 
potential for limited comparability was noted or the widespread taxon subdivided 
accordingly (e.g., Fulica atra, nominate and australis groups). 

PHYLOGENY-BASED COMPARISONS 

Comparative studies encompassing taxa of differing degrees of phylogenetic 
relationship have been fundamental throughout the history of evolutionary study 
(Ridley 1983; Eldredge 1985; Rieppel 1988). In addition to simple mapping of 
attributes on phylogenetic reconstructions (e.g., Livezey 1995b-d, 1996a-c, 
1997a, b), refinements for comparative assessments based on phylogeny have been 
detailed in recent years (Funk and Brooks 1990; Brooks and McLennan 1991; 
Harvey and Pagel 1991; Gittleman and Luh 1992); these can provide insights into 
the interplay of ecological factors and historical predisposition (Ligon 1993) and 
bridge within-lineage variation with phylogenetically ramified traits (Winkler 
2000). The crux of these approaches is the avoidance of redundant tallies of 
"apomorphic" traits in descendants that are attributable, by means of phylogenetic 
hypotheses, to as few as one evolutionary change in an ancestral node. Roff 
(1992) cited a doubly relevant example in the fleas (Siphonaptera, in excess of 
2,000 species), in which uniform flightlessness presumably derives from one or 
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at most a few ancestral (synapomorphic) event(s), whereas flightlessness in several 
other orders of insects (Dermaptera, Diptera, Mallophaga, and Anoplura) presents 
more complex phylogenetic patterns. 

The most widely used tests based on phylogenetic hierarchies are the univariate 
"concentrated-change test" and the bivariate "correlated-change test" (Maddison 
1990). These are conditional on the nature of the data to be explored (e.g., mor- 
phological, behavioral, or life-historical), and assumptions imposed on rates and 
types of permissable evolutionary change (van Rhijn 1984, 1990; Vogl and Wag- 
ner 1990; Diniz-Filho 2001). Unfortunately, with the appreciation of the impor- 
tance of phylogeny for evolutionary insights came the realization that virtually 
nothing was known of the phylogenetic relationships of most taxonomic groups 
targeted for study. The trees used for such examinations of purported evolutionary 
patterns are critical (Smith and Patterson 1988; Sil16n-Tullberg 1993). For ex- 
ample, the phylogenetic assessment of selected traits in cranes by Mooers et al. 
(1999) based on the tree by Sibley and Ahlquist (1990) would be altered signif- 
icantly if optimized instead on the phylogeny inferred by Livezey (1998). Opti- 
mizations and other phylogeny-based tests herein were based in large part on the 
companion study of the phylogeny of grniforms (Livezey 1998). Although fossil 
taxa can be important for phylogenetic reconstruction (Donoghue et al. 1989; Nee 
et al. 1994), the virtual absence of information on life histories renders such forms 
opaque to most comparative assessments. Although some historical likelihoods 
can be surmised amidst substantial uncertainty regarding phylogenetic relation- 
ships (Martins 1996), the inclusion of the additional missing data characteristic 
of fossil taxa may worsen problems of polytomy and undermine support of re- 
tained nodes, both of which can lead to problems in performing phylogeny-based 
comparisons (Donoghue and Ackerly 1996). Finally, a recent examination of the 
effects of taxon sampling, incorporation of information on branch lengths, and 
statistical method showed that all of these considerations carry critical implica- 
tions for power, bias, and critical values of phylogenetically based comparisons 
(Ackerly 2000). 

Unresolved polytomies remain the b6te noire of phylogenetic models of char- 
acter evolution and anathema to associated statistical tests. Despite substantial 
advances in the resolution of relationships among the Rallidae (Livezey 1998) 
and higher-order groups (Livezey and Zusi 2001), many nodes remain unresolved 
and many terminal taxa lack data of critical attributes. Therefore, fully resolved 
tress (even provisionally) were required to permit at least exploratory assessments. 
Resolution of polytomies for these purposes were consistent with the set of short- 
est trees originally recovered (Livezey 1998), but were further resolved condi- 
tional on ancillary criteria, notably biogeographical plausibility and reasonable 
judgments based on characters of plumage, behavior, and molecular data (Olson 
1973a, 1975b, 1977; Ripley 1977; Trewick 1997a, b). Unfortunately, all available 
data and ancillary insights do not permit fine-scale resolution of phylogenetic 
relationships among flightless rails, even within single archipelagos such as the 
Hawaiian or Chatham islands (Trewick 1997a, b; Coyne and Price 2000). 

Following an assessment of limited sequence data and morphometric compar- 
isons, Trewick (1997b: fig. 6) entertained at least three sets of phylogenetic hy- 
potheses and associated evolutionary scenarios viable for the New Zealand mem- 
bers of Gallirallus and closely related Cabalus and Capellirallus alone. There is 
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limited support for the latter two taxa being sister lineages and therefore congeners 
(substantive decurvature of the mandibula in excess of that shared by Gallirallus 
dieffenbachii, an extensive symphysis mandibulae, and extensive amphikinesis 
[Livezey 1998]), which favors inclusion of this arrangement among the alternative 
topologies considered (cf. Trewick 1997b: fig. 6ii). These and other hypotheses 
are broadly consistent with available evidence pertaining to phylogenetic rela- 
tionships of flora and fauna and the geological history of the main islands of New 
Zealand and the Chatham Islands (Craw 1988). Quantitative assessments of traits 
based on fully resolved phylogenies (e.g., Thorpe and Malhotra 1996, 1998) must 
await a fine-scale analysis of Gallirallus philippensis and derivatives. Unfortu- 
nately, such molecular reconstructions may be more challenging than originally 
anticipated (e.g., Marshall and Baker [1999] for Fringilla of Atlantic islands), at 
least for the fine-scale determinations typically sought (e.g., probable sequence of 
avian colonizations on islands). 

Phylogeny-contingent tests of evolution and correlation among attributes were 
accomplished by using MACCLADE¸ (Maddison and Maddison 2000). 

UNIvARIATE AND BIVARIATE MORPHOMETRICS 

ANALYSIS OF VARIANCE 

Untransformed linear skeletal dimensions were compared by using two-way 
analysis of variance (ANOVA) with species and sex as fixed effects, in which 
levels of significance (sensu critical level or, and level of significance 1 - 
generally employed the conventional values of 0.05 and 0.95, respectively. Or- 
thogonal contrasts between selected groups of interest also were specified to par- 
tition overall differences meaningfully. Where main effects were significant, pair- 
wise differences were assessed a posteriori by using Bonferroni adjustments; ro- 
business of such multiple comparisons was confirmed as well through the alter- 
native protocols of Scheff•, Tukey, and Duncan (Miller 1981). In some tests, small 
sample sizes limited power significantly; therefore, the implicit confirmation of 
the null hypothesis should be viewed with caution (Levinton 1982a). In spite of 
the rigor to be gained through the clear definition of competing hypotheses (Strong 
et al. 1979; Strong 1980; Gotelli and Graves 1996), the use of null hypotheses in 
many ecoevolutionary contexts should be implemented and interpreted with care, 
especially in light of the probabilistic advantage conferred upon the pattern des- 
ignated as the null hypothesis (Quinn and Dunham 1983). 

Coefficients of variation (SD/œ, expressed as percentages) were used to compare 
the relative variability of measurements between groups (Lewontin 1966; Lande 
1977), with a significance test available (Sokal and Braumann 1980). Equality of 
group variances was tested by using Levene's tests (Brown and Forsythe 1974; 
Schultz 1985), especially with respect to hypothesis of greater variability in some 
attributes of flightless species. Partial correlations (e.g., between variables x and 
y), corrected for variance attributable to a covariate (e.g., z), were symbolized as 
r (x, ylz). 

ESTIMATION OF MEaN BODY MASSES, LENGTHS, AND AREAS OF WINGS 

Diverse means of estimating size of birds known only from skeletal remains 
have been used (e.g., Northcote 1982; Wiedenfeld 1985; Damuth and MacFadden 
1990), including estimates of body masses of some subfossil rallids given (without 
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detail) by Atkinson and Millener (1991). Mean lean body masses of provisional 
sex classes of subfossil rallids were estimated by using type-I regressions (Draper 
and Smith 1981; Weisberg 1985; McArdle 1988; Chatterjee et al. 1999) of mean 
body masses of modern rallids on two separate skeletal indicators of body mass, 
after transformation of data to natural logarithms (base e). Three predictor vari- 
ables were used for estimates of body mass, all of which revealed exceptionally 
low errors about the regression lines and lacked outliers (Daniel and Wood 1980; 
Barnett and Lewis 1984). The first estimator was mean femur length, included in 
previous works by the author (Livezey 1988, 1989b, 1993b, c) and widely avail- 
able in the literature. The second variable was an estimate of the mean cross- 

sectional area of the tibiotarsus at its midpoint (CAT), in which the mean MWM 
and LWM of the element were used as estimates of the major and minor axes of 
the ellipse, respectively. Symbolically, the tibiotarsal cross-sectional estimate is 
given as: 

CATI = •r.(MWM/2)-(LWM/2). 

In other applications (e.g., interspecific scaling of relative robustness of limb ele- 
ments), similar estimators were used for other appendicular elements having rough- 
ly elliptical cross-sectional profiles (e.g., humeri, ulnae, radii, and femora). A third 
estimator for approximation of body mass (as well as in other assessments of 
allometry) was the cross-sectional area of the tarsometatarsus at its midpoint 
(CATA). Conceptually similar to the estimate for the tibiotarsus, this variable was 
available for some subfossil taxa for which a complete specimen of the longer and 
more fragile tibiotarsus was not available (e.g., Porzana rua and Gallinula nesiotis), 
or for modem taxa for which bones extracted from study skins lacked a complete 
tibiotarsus (e.g., Gymnocrex rosenbergiL Amauromis akool, and A. isabellinus). 
Like other surrogates for size, cross-sectional areas are not free of iraprecision 
(Motani 2001). Because of the rectangular conformation of the corpus tarsometa- 
tarsi, the cross-sectional area of the element (CATA) was approximated as: 

CATA = (MWM)-(LWM). 

Linear regressions (type I) based on log-transformed data were employed for 
estimates of mean wing lengths of selected subfossil rallids based on mean lengths 
of the underlying skeletal elements (Bochenski and Bochenski 1993), although 
this procedure is reliable only for taxa in which lengths of remiges do not deviate 
greatly from those of typical, flighted species. Unfortunately, estimates of wing 
areas could not be made based on mean wing lengths for flightless rails, because 
it has been documented that the wings of flightless rails tend to become more 
rounded distally through differential shortening of primary remiges, for example, 
Barbour (1928: fig. 3) for Cyanolimnas cerverai and Lowe (1928a) for Atlantisia 
rogersœ 

ANALYSES OF ALLOMETRY 

Methodological and theoretical essentials.---Allometry has been defined simply 
as "... the study of size and its consequences" (Gould 1966:587). Study of 
allometry typically is performed within bivariate contexts in which the primary 
focus is the quantification of scaling of one variable with another (Huxley 1932; 
Teissier 1948, 1955; Hayami and Matsukuma 1970; Alexander 1971; Corruccini 
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1972; Sweet 1980; Harvey 1982; Lande 1985a; Zeng 1988). In addition to the 
search for fundamental laws of scaling in biology (e.g., West et al. 2000), selection 
for increased body size has been interpreted to have led to the evolution of "bi- 
zarre" or "maladaptive" structures and exemplied the evolutionary constraint and 
"inevitability" attributed to some observed allometric trends (e.g., Trueman 1922; 
Simpson 1949, 1953a; Dodson 1960). However, with closer scrutiny, such cases 
have been debunked (e.g., Gould 1972, 1974), and allometry generally is viewed 
from traditional evolutionary perspectives (Bonner and Horn 2000). The signifi- 
cance of ecophysiological scaling with body size enjoyed a renaissance of sorts 
in the mid-1980s, during which four books dedicated to the subject appeared 
within 2 years (Peters 1983; Calder 1984; Schmidt-Nielsen 1984; Jungers 1985), 
and a recent volume (Brown and West 2000) affirmed a continued relevance to 
researchers in diverse fields. Each of these reviews emphasized total mass as the 
estimator of size, although fresh body mass is among the most rarely recorded 
data for bird specimens (Fisher 1955), despite important early works that relied 
on such data (e.g., Heinroth 1922; Huxley 1927). 

Allometric methods are most often employed to assess changes in selected 
linear or two-dimensional morphometric characters with another considered in- 
dicative of size (e.g., Radinsky 1985), with primary emphasis placed on the ex- 
ponent or slope (White and Gould 1965). Isometry generally is used in reference 
to the preservation of constant shape with varying size (see challenges of this 
semantic distinction, below). One perspective to be gained from allometric anal- 
ysis is the quantitative elucidation of geometric or functional similarity (Gtinther 
1975; Gtinther and Morgado 1982; Cubo and Casinos 1997; Berrigan and Seger 
1998). Variables considered with respect to size in studies of interspecific mor- 
phological allometry include brain size (Bennett and Harvey 1985a, b; Pagel and 
Harvey 1992) and locomotory capacity (Fleagle 1985). In intraspecific contexts, 
relative growth of selected body parts with body mass for single species was the 
seminal focus of study (Lurner 1936, 1939; Lumer et al. 1942; Reeve and Huxley 
1945; Richards and Kavanagh 1945; Laird 1965, 1966a, b; Laird et al. 1968; Shea 
1985a; Riska 1986; Petrie 1992; Bj6rklund 1994), but subsequently was extended 
to a diversity of ecological and physiological attributes that emphasized taxonomic 
scales of higher order (Zar 1969; Reynolds 1977; Platt and Silvert 1981; Smith 
et al. 1986; McArdle 1988; Riska 1991). 

Allometry occurs at multiple scales (Cheverud 1982; Shea 1985b) and has been 
extended to a limited degree to multivariate applications (Jolicoeur 1963; Hopkins 
1966; Klingenberg and Froese 1991). Typically, for a given group of taxa, intra- 
specific allometry and interspecific allometry manifest different slopes (Gould 
1966), and although intraspecific slopes generally are less than those for the same 
variates evaluated at interspecific scales (Green et al. 2001), the evolutionary 
principles bearing on these trends remain a point of controversy (Kozlowski and 
Weiner 1997). 

Identification of interspecific trends and outliers were primary foci in the pre- 
sent study. These were undertaken while cognizant of several methodological 
concerns related to interspecific analyses of allometry, including optimal estima- 
tors of essential parmneters and fitting of curves (Kidwell and Chase 1967; Man- 
aster and Manaster 1975; Prothero 1986; Martin and Barbour 1989), bias asso- 
ciated with estimates based on group averages (Welsh et al. 1988), and violations 
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of the statistical assumption of independence in analyses based on related taxa 
(Pagel and Harvey 1988, 1989). The utility of allometric analysis for the diagnosis 
of heterochrony has broadened the relevance of the technique to systematists 
(Klingenberg 1998). 

I followed standard notation for the bivariate allometric equation and associated 
parameters (Huxley 1932; Gould 1966; Sprent 1972; Kuhry and Marcus 1977; 
Schmidt-Nielsen 1984; Rayner 1985c; Jolicoeur 1990). The nonlinear (general) 
form relating dependent variate y to independent variable x is: 

y =ax ø. 

The linear form of this equation, in which both variates are log-transformed, 
reveals the basis for the names of the parameters as standard for linear regressions: 

logy = loga + blogx, 

wherein log a is the intercept and b is the slope. 
Although most applications employ simple linear regression of log-transformed 

dependent variables on independent variables primarily because of ease of cal- 
culation of standard errors of estimates of slope and intercept, this approach (like 
any application of standard linear regression) is unrealistic in attributing all re- 
sidual variance to the dependent variate (Snedecor and Cochran 1967, 1980; Weis- 
berg 1985; McArdle 1988; Chatterjee et al. 1999), and can lead to biased estimates 
(Zar 1968a; Sprugel 1983). Nonlinear regressions avoid an additional problem 
with the simple linear approach that of minimizing log-transformed residuals 
rather than untransformed residuals--but nonlinear estimates of parameters suffer 
higher influence from outliers (Seim and Saether 1983), and this method suffers 
from the same unilateral attribution of error to the dependent variable as the more 
direct linear approach. 

Gould (1979) pointed out that the intercepts of allometric equations can present 
challenges of interpretation, a perspective not as widely appreciated during the 
heyday of island biogeography as among contemporary morphometricians. An- 
other symptom of interpretational excess is the attribution of almost any morpho- 
logical trend or difference between taxa solely to allometry, examples of which 
include Dobzhansky (1977), who regarded the striking diversity of bill shape and 
size within the Hawaiian honeycreepers (Drepanididae) and Galfipagos finches 
(Geospizinae) as the product of allometry, and Houck et al. (1990), who relegated 
the morphological variation among and within taxa of Archaeopteryx to simple 
ontogenetic allometry within a single species. 

Most estimates of allometric slope (b) presented here were based on geometric- 
mean regressions, in which the geometric mean of estimates derived from standard 
and inverse (log-log) linear regressions is used (Ricker 1984). A direct means for 
estimation of the geometric-mean slope is the quotient of the traditional linear 
slope divided by the correlation coefficient for the line. Higher-order relationships 
among morphometric variables were displayed by way of agglomerative cluster 
analyses based on these coefficients (Anderberg 1973), despite the limitations of 
hierarchical representation of multidimensional similarities (de Queiroz and Good 
1997). 

Where two groups share allometric slopes (b), as indicated by the absence of 
significant differences between groupwise estimates thereof (b• • b 2 -• b), the 
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group intercepts (a• and a2) can be compared by using the scale ratio or criterion 
(s) of geometric similarity (White and Gould 1965; Gould 1968, 1971, 1972): 

/ \l/(1-b) 

s = (aq , b 1. 
[a21 

This criterion estimates the ratio of the magnitudes of the dependent variable (y) 
for members of the two groups at the same value of the independent variable (x); 
however, if isometry pertains, the common slope (b) is one, rendering the ex- 
pression mathematically undefined. 

Allometry of wing size with body mass.---Allometric analyses of relative wing 
size are diverse both with respect to taxa and underlying data (e.g., Brower and 
Veinus 1981; Pennycuick 1988; Rayner 1988a). Among comparatively massive 
power fliers, relative wing length is an informative index to flight capacity and 
general locomotory habits, a relationship that is progressively more precise with 
more narrowly defined taxonomic groups (Hartman 1961; Greenewalt 1962; Liv- 
ezey 1988, 1989b-d, 1990, 1992a, b, 1993a--c; Rakotomanana 1998). In many 
groups considered to date, flightless members appear as variably extreme outliers, 
including flightless dabbling ducks as modest outliers (Livezey 1990) and the 
Galapagos Cormorant as an extreme outlier (Livezey 1992a). In bivariate contexts 
wherein both variables are log-transformed, the slope of the line representing 
isometry of wing area with body mass has a slope of 2/3; this corresponds to the 
ratio of the physical dimensionality (Gould 1966) of the two variables involved, 
wing area (two-dimensional) divided by mass (three-dimensional). 

Other allometric relationships.--Other applications of regression analyses in 
the context of allometry used in this study included a test for increasing sexual 
size dimorphism with increasing body mass among species (Rensch 1950, 1959). 
To reduce artifacts of scale (Reiss 1986, 1989), data were treated in various ways, 
including two in which mean body masses were log-transformed and related to 
different metrics of sexual dimorphism. Allometry within and among species, 
based on a range of methodologies, has been the subject of theoretical works and 
empirical syntheses (Bonner 1952; Cock 1966; Arthur 1982a, b, 1984, 1988, 
1997; Cheverud et al. 1983; Goodwin 1984; Starck 1993; Wolpert et al. 1997). 

Allometry of development underlies many of the differences produced through 
heterochrony (Klingenberg 1998), and changes in developmental allometry can 
produce functionally influential changes in body size (Koehl 2000). Differences 
in scaling of selected skeletal elements with body size within species (allomor- 
phosis), especially between righted and flightless species, can serve as an index 
to such heterochrony in the absence of known-age developmental series of spec- 
imens. Allometry among adults within species can be considered an approxima- 
tion of ontogenetic allometry (Gould 1966). However, in taxa showing significant 
sexual size dimorphism, marked allometry of selected dimensions with body mass 
can result in pronounced intersexual differences in shape that are essentially ar- 
tifacts of size differences (Abouheif and Fairbairn 1997). Therefore, where sample 
size permitted comparisons confined to righted congeners partitioned by both 
species and sex, consistent differences in within-group allometry across genera 
were interpreted as reflections of relative ontogenetic scaling at the terminus of 
growth, thereby providing ancillary insights into heterochrony related to flight- 
lessness (Livezey and Humphrey 1986; Livezey 1989d). 
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The disproportionate increase in the robustness of the supporting skeleton with 
increases in body mass was among the first allometric trends recognized (e.g., 
Galilei 1637), and the evolutionary implications of this relationship remain of 
interest (Alexander 1996a, L0vtrup and Mild 1979; Lanyon 1981; Biewener 1982, 
2000; Rubin and Lanyon 1984). The scaling of robustness of limb elements with 
increasing mean length was explored interspecifically by the fitting of allometric 
curves among species means, wherein robustness was estimated by estimates of 
cross-sectional areas of shafts (see above) and separately performed for three 
major elements of both the pectoral and pelvic appendages for flighted and flight- 
less species. 

ESTIMATION OF MISSING DATA 

Before multivariate analysis, data sets for external, sternal, and skeletal mea- 
surements were subjected to a procedure that provided proxies for missing data 
(Table 6). Estimates were based on stepwise regressions of available measure- 
ments for the same taxon (excluding juveniles), and the precision of the estimates 
generally was comparable to that attending the use of dial calipers, hence the 
surrogate figures were superior to mere ersatz interpolations. No more than one 
half of the measurements were estimated for specimens (i.e., 3, 2, and 20 mea- 
surements for external, sternal, and [complete] skeletal records, respectively), al- 
though the vast majority of specimens for which estimates were made lacked only 
one or two data points (Table 6). These procedures resulted in 507 estimates 
involving 414 study skins (2.7% of the data set for 3,220 skin specimens) and 
2,104 estimates involving 564 complete or partial skeletons (4.8% of the data set 
for 1,200 skeletal specimens). Assignments and revisions of recorded data on sex 
were based on multivariate methods, described below (discriminant functions and 
K-means cluster analyses). 

RATIOS AND PROPORTIONS 

Statistical properties.--Numerical properties of ratios, some of which pose spe- 
cial problems for distributional assumptions and hypothesis tests, have been the 
subject of substantial study (Atchley et al. 1976; Corruccini 1977; Albrecht 1978, 
1979; Atchley 1978; Atchley and Anderson 1978). Accordingly, in this work, 
ratios and related estimates of dispersion (e.g., standard deviations for ratios of a 
sample) generally are presented as heuristic aids, with P-values associated with 
intergroup comparisons presented with appropriate caution. Proportions consti- 
tuted by skeletal elements within the wings (humerus, ulna, and carpometacarpus) 
and legs (femur, tibiotarsus, tarsometatarsus, and middle toe), a special class of 
ratios in which the numerator and denominator are not strictly independent, were 
compared by using two-way ANOVAs of proportions transformed to arcsines of 
square roots. Relative thicknesses (shaft widths divided by shaft lengths) of se- 
lected pelvic elements were compared by using two-way ANOVAs of ratios trans- 
formed to natural (base e) logarithms. Selected ratios of skeletal measurements 
were compared by using ANOVAs of similarly transformed data; analyses based 
on proportions transformed to arcsines of square roots produced inferentially iden- 
tical results. 

Dimorphism ratios and surrogate metrics. Within taxa, ratios of mean mea- 
surements (e.g., body mass) of males divided by those for females were used as 
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indices to univariate sexual size dimorphism (henceforth termed "dimorphism 
ratios"). Compared means generally were not transformed for simplicity of in- 
terpretation among closely related measurements or for the same ratios among 
closely related species (e.g., Lindenfors and Tullberg 1998). Where interspecific 
comparisons encompass substantial size differences, scale of the incorporated 
means becomes important (e.g., comparison of dimorphism ratios of body mass 
in crakes and coots), prompting log-transformation of included means before di- 
vision (e.g., Livezey and Humphrey 1984a). Such ratios approach the simple 
index employed by Leutenegger and Chevernd (1985), log(male mean - female 
mean), a precaution similar to that employed by McGillivray (1985) for Bubo 
virginianus. 

Wing loadings and aspect ratios.--The aerodynamic and mechanical implica- 
tions of anatomical form for avian flight have been recognized for centuries, 
including the insights by Leonardo da Vinci (1505; translation by Marinoni 1976) 
concerning distribution of mass, movement of the wings, properties of feathers 
(remiges, alula, and rectrices), and production of lift. Increasingly sophisticated 
functional and evolutionary interpretations have been undertaken since the middle 
of the 19th century (Gladkov 1937a; Pennycuick 1986; Lighthill 1974). Following 
the recommendation by Clark (1971), wing loading was defined in this study by 
using metric units for body mass (g) and wing area (cm2), as follows: 

wing loading ---- (body mass)/(wing area), 

wherein wing area was the doubled area of a single, extended wing. Despite 
comparatively high variances associated with both body mass and wing area (e.g., 
individual variation in body mass, wear of feathers, and imprecision of measure- 
ment), wing loading provides the best single index to flight capacity in birds. 
Wing loadings tend to be high in power fliers, that is, taxa dependent on high air 
speeds to create sufficient lift), and comparatively low in soaring birds, that is, 
species exploiting rising air columns as an additional or primary source of lift 
(Hedenstr6m and Alerstam 1992; Hedenstr6m 1993). Among taxa in the former 
group, wing loadings generally provide a reliable reflection of the power required 
to become airborne, achieve the air speed required to generate adequate lift, and 
thereby maintain level (powered) flight (Rayner 1988a, 1993, 1996; Hedenstrfm 
and MOller 1992; Hedenstrfm and Alerstam 1995). 

Among modern carinates, mean wing loadings of flightless species are notably 
greater than those of flighted congeners (Livezey and Humphrey 1986; Livezey 
1988, 1989b-d, 1990, 1992a, b, 1993a-c). Among power fliers having comparable 
pectoral muscles (e.g., Anatidae, Podicipedidae, and Phalacrocoracidae), flightless 
members generally have mean wing loadings approaching or exceeding 2.0 
g-cm -2, consistent with the theoretical threshold of flightlessness of 2.5 g.cm -2 
proposed by Meunier (1951). Flightlessness in steamer-ducks (Tachyeres) con- 
formed closely with the latter figure (Humphrey and Livezey 1982; Livezey and 
Humphrey 1986). 

Wingspan alone can influence flight characteristics, notably parameters of glid- 
ing flight (Tucker 1987). However, aspect ratios provide additional information 
on flight abilities, especially maneuverability and lift, with marked differences in 
this parameter typically limited to comparisons among higher taxonomic groups 
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(Pennycuick 1975, 1978; U. M. Norberg 1981a, b; Rayner 1988a; Spear and 
Ainley 1997; Hertel and Ballance 1999). This ratio is defined as: 

aspect ratio --- (wingspan)2/(wing area), 

and through cancellation of units, the resultant measure is dimensionless. Tradi- 
tionally, wingspan is measured from an intact specimen with both wings com- 
pletely extended and includes the width of the back between the wings (Penny- 
cuick 1975; Warham 1977); therefore, neither published data on standard wing 
lengths nor study skins can be used to estimate this dimension. As a result, data 
on aspect ratios of avian taxa are rare. Difficulties of measurement and appression 
of wings to the body in typical study skins precluded the routine assessment of 
wing curvature, a variable of some aerodynamic consequence in birds (Taber 
1932a, b). For similar reasons, assessments of other details of wing shape (e.g., 
pointedness, gaps between extended remiges, and relative length of the alula 
[Rensch 1938; Kokshaysky 1973; U. M. Norberg 1981, 1995a, b; Mulvihill and 
Chandler 1991; Senar et al. 1994; Mfnkkfnen 1995; Lockwood et al. 1998]) were 
limited to qualitative comparisons of closely related righted and flightless taxa. 

Intra-appendicular skeletal proportions.--Skeletal wing length (SWL) was de- 
fined as the sum of the lengths of the humerus, ulna, carpometacarpus, and the 
two major phalanges of the major alar digit. SLL was defined as the sum of the 
lengths of the femur, tibiotarsus (including crista cnemialis), tarsometatarsus, and 
the three proximal phalanges of the third pedal digit. In modern taxa, the pro- 
portions of the total lengths of the wing and leg composed by the constituent 
elements were calculated by using associated specimens; that is, the proportions 
of total limb length represented by each element within individual birds were 
averaged across individuals for comparisons of groups. Intra-appendicular pro- 
portions of subfossil rallids were based on unweighted means for available spec- 
imens of each element. 

NONPARAMETRIC STATISTICS 

For those variables for which specific distributional assumptions were not valid, 
routine nonparametric statistics were employed (Conover 1980; Fienberg 1980; 
Agresti 1984). For example, tests of similitude of multivariate distances between 
taxa based on different suites of variables and assessments of congruence between 
corresponding elements of eigenvectors derived by different means (i.e., vector 
correlations) were tested for bivariate relationships by using Spearman rank cor- 
relations (Snedecor and Cochran 1967, 1980), herein symbolized as rs. 

MULTIVARIATE MORPHOMETRICS 

ANALYTICAL COMMONALITIES AND APPROACH 

Many data in this study were associated (i.e., suites of measurements pertaining 
to the same specimen or taxon) and therefore amenable to representation by using 
multivariate techniques (Gnanadesikan 1977; Mardia et al. 1979; Reyment 1991). 
However, certain characteristics of the data precluded particular multivariate ap- 
proaches or distinguished other methods as optimal. First, suites of osteological 
measurements were based on linear dimensions of disarticulated skeletons, hence 
analyses contingent on positional relationships between elements were not appli- 
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cable. Similarly, variation in orientation of parts of study skins stemming from 
preparatory differences rendered such holistic methods of description inappropri- 
ate for external measurements. Second, although homologous landmarks were the 
primary means by which the linear dimensions of skins or skeletal elements were 
identified and compiled (G. R. Smith 1990), use of graphical deformations of 
Cartesian networks (Thompson 1961; Bookstein 1977; Corruccini 1988) was lim- 
ited to preliminary explorations and not used to describe deformations of shape. 

For similar reasons, the resultant data did not describe static, essentially two- 
dimensional outlines or contours effectively summarized by methods intended for 
analysis of closed or open curves (e.g., splines, Bezier curves, or Fourier descrip- 
tors [Waters 1977; Younker and Ehrlich 1977; Bookstein et al. 1982; Ehrlich et 
al. 1983; Rohlf and Archie 1984; Lestrel 1997]), procrustean reconstruction of 
geometrically related points (Borg and Lingoes 1987; Rohlf and Slice 1990), or 
other approaches optimized for landmark data (Bookstein 1978, 1980, 1984, 1991; 
Brower and Veinus 1978; Humphties et al. 1981; Strauss and Bookstein 1982; 
Bookstein et al. 1985). Although outline-based methods (MacLeod 1999) are the- 
oretically applicable to single skeletal elements (e.g., sterna and humeri), variation 
in single elements was assessed by comparatively familiar multivariate methods 
(described below) also applied to suites of measurements descriptive of multiply 
jointed, three-dimensional skeletons and encompassing multiple elements and 
structures. Use of outline-based methods for description perimeters defined by the 
remiges was not possible in that naturally extended wings were not available for 
most taxa, and attempts to estimate these by using extracted remiges proved un- 
successful. Fortunately, pervasive multivariate patterns in bones and suites of 
feather measurements generally are revealed by diverse analytical methods, that 
is, redundant patterns (those presumably reflecting important underlying mecha- 
nisms) are robust to a substantial extent to the details of the comparative tech- 
niques employed, given adequate sample sizes (Oxnard 1969a, b, 1978). Symbols 
used in accompanying figures are given in Appendix 4. 

Several problems invited the use of curvilinear regressions, readily imple- 
mented through polynomial regressions (Rohlf 1990). Polynomial regressions of 
order p for two variables x and y, having independent random error term e - N 
(0, tre2), assumed the parametric form: 

y = [30 xø + [3ix + [32x 2 + [33x • + ... + [3pxP + t. 

Notable among these applications were the quantification of curvilinearity in log- 
transformed plots (i.e., where allometric relationships approach asymptotes at ex- 
treme values), including those relating body masses of adults with masses of eggs 
or clutches; and parsimonious fitting of heuristic curves of associated pairs of 
measurements from developmental series of preserved specimens for which age 
(time) was not available for use as independent variable and for which standard 
growth curves (e.g., logistic, Gompertz, and von Bertalanffy) therefore could not 
be used (Ricklefs 1968, 1969, 1973, 1983a; Konarzewski et al. 1998; Ricklefs 
and Starck 1998a, b; Starck and Ricklefs 1998a-c). Although coefficients of high- 
er-order terms pose problems of interpretation, such curves provide a graphical 
alternative to simple citation of outliers. 
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K-MEANS CLUSTER ANALYSIS 

Methodological essentials.--With the rare exception of the preservation of the 
elements of individual specimens in situ (e.g., some Thambetochen [Olson and 
James 1991]), subfossil elements generally are collected as aggregations of dis- 
associated elements. This intermingling of elements not only precluded multivar- 
iate techniques for which complete (associated) skeletons are required, but such 
collections also can be assumed to include elements from both sexes (assuming 
that included taxa can be segregated by other, preferably qualitative diagnostic 
criteria). Hence, samples of subfossil elements represent demographic versions of 
mixture distributions (Titterington 1985; McLachlan and Basford 1988; Kaufmann 
and Rousseeuw 1990). 

Grouping subfossil elements by sex.--Although sympatric species of rallids 
generally were separable by qualitative characters, the grouping of elements by 
sex could be approached only by statistical means. Therefore, before statistical 
comparisons, sex classes (within species) of elements with adequate sample sizes 
(humeri, radii, ulnae, femora, tibiotarsi, and tarsometatarsi) were estimated 
through K-means clustering (McLachlan and Basford 1988; Kaufmann and Rous- 
seeuw 1990). In the case of discrimination of two sexes within a single species, 
K = 2. This method iteratively reallocates specimens into two optimally discrim- 
inatory sex groups by using variance-standardized Euclidean distances based on 
the dimensions available for each element. Beginning with two seed vectors de- 
rived from initial appraisals of central tendencies suggested by the univariate 
distributions of measurements, the procedure generally accomplished the desired 
partitioning of samples in a single interation; in a few cases, seed vectors were 
revised so as to effect partitions having within-group variances of comparable 
magnitudes (a condition typically substantiated in samples for which sexes were 
known). An application of this technique to samples of subfossil elements of 
raphids was described by Livezey (1993b). 

As indicated by the multifactorial means employed to infer sex of an extant 
flightless rail for which comparatively complete data are available (Eason et al. 
2001), sexual dimorphism and the allocation of specimens to sex classes is not a 
trivial problem for some taxa of Rallidae. Distinctness of the resultant sex groups 
was assessed by a subsequent one-way ANOVA. Samples comprising too few 
specimens for partitioning with clustering algorithms were sorted into provisional 
sex groups based on assessments of apparent bimodalities of univariate distribu- 
tions of associated measurements. For multivariate comparisons (see below), ra- 
tios of available measurements for other species-sex groups were used to ap- 
proximate those few dimensions lacking for another, related taxon-sex group. 

PRINCIPAL COMPONENT ANALYSIS 

Principal component analysis (PCA; Appendix 2) is a common means of mul- 
tivariate comparison of morphological dimensions among taxonomic or taxon- 
sex groups (Jolliffe 1986; Flury 1988; Jackson 1991), a special case of a class of 
techniques used in factor analysis (Harman 1967; Lawley and Maxwell 1971; 
Catell 1978; Cooper 1983; Bartholomew 1987). Associated anatomical measure- 
ments typically show strong structure (e.g., Livezey 1986b, 1988, 1989b-d, 1990, 
1992a, b, 1993b, c), and deviate substantially from eigenstmctures emanating 
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from random data (Stauffer et al. 1985). Because this technique seeks synthetic, 
mutually orthogonal, multivariate axes that are maximally explanatory of disper- 
sion among included points regardless of group membership, group means fre- 
quently are analyzed to avoid differential influence on axes by differing sample 
sizes, although methods for multiple-group analyses have been employed (Airoldi 
and Flury 1988a, b; Thorpe 1988). This robustness sometimes is achieved through 
distortion among covariance structures (Houle et al. 2002). In the present study, 
applications of PCA are consistent with exploratory factor analysis, in which no 
assumptions about eigenstructures are assumed a priori; this contrasts with con- 
firmatory factor analysis, in which both the number and composition of factors 
are predetermined (Reyment and J6reskog 1993; Basilevsky 1994). 

In this study, PCA primarily was used in the sense of R-analysis (Jackson 
1991), that is, for assessing relationships among n observations in a space defined 
by p measurements (dimension), and having maximal rank of min (n - 1, p). 
Such implementations were applied to mean vectors of suites of measurements 
for species (Appendix 2). The suites of measurements (dimension p) were those 
for study skins (p -- 6), complete skeletons (p = 41), partial skeletons in which 
dimensions of the most fragile, often absent elements (alar and pedal phalanges 
and furcula) either were lacking or excluded (p -- 35), detailed skulls (p = 25), 
and sterna (p = 5). Where means for groups were analyzed, estimates were based 
on all available data for each variable. Consequently, sample sizes for the con- 
stituent means may vary for a given group, a situation that is typical in subfossil 
taxa for which associated skeletons were unavailable (e.g., Radinsky 1985; Liv- 
ezey 1988, 1993b, c). Suites of myological measurements were compared by using 
PCA because most taxa were represented for these data by single specimens; such 
limited samples are not suitable for analysis by several alternative means. 

CANONICAL ANALYSIS AND DISCRIMINANT FUNCTION ANALYSIS 

Canonical (variate) analysis (CA; Appendix 2), the two-group method first pro- 
posed by Fisher (1936), derives mutually orthogonal multivariate axes that max- 
imally discriminate predefined (here taxon-sex) group means relative to pooled 
within-group variances (Pimentel 1979; Albrecht 1980; Campbell and Atchley 
1981; Gittins 1985; McLachlan 1992; Huberty 1994). Analyses presented were 
limited to linear discriminant functions (Lachenbruch 1975; Tabachnick and Fidell 
1989), as opposed to quadratic discriminant functions, which implicitly assume 
homogeneity of within-group covariance matrices (Reyment 1962; Johnson and 
Wichern 1982; James and McCulloch 1990). 

Discriminatory axes, termed canonical variates (CVs), were based on subsets 
of rn external or skeletal measurements (log-transformed to homogenize variances 
among variables [Bryant 1986]) that were backstep-selected from the complete 
set of measurements based on partial F-statistics. Magnitude of total among-group 
variation represented by the set of CVs for a given statistical sample is explicitly 
parameterized by using likelihood ratios (Wilks' X) corresponding to the appro- 
priate tripartite degrees of freedom: rn (variables included in model); g (groups) 
- 1; and n (total specimens) - g. In that tables of critical values for such like- 
lihood ratios are comparatively uncommon and the statistic itself is unfamiliar to 
most morphometricians, the large-sample approximation to the F-distribution is 
cited in the text (degrees of freedom for which are functions f• and f2 of dimen- 
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sions m, g, and n). Symbolically, this convergence in distributions between Wilks' 
h and the more-familiar F-ratio is given as: 

D 

Wilks' X(m,g_l,n_g ) '•> F(fl[m,g,n]),f2[m,g,n]) , as n --> •. 

Multivariate differences between specific groups were tested by using associated 
pairwise F-statistics and Bonferroni P-values. Mahalanobis distances (D) were 
calculated to summarize the multivariate distances between group centroids. 

Canonical analysis, like all multivariate methods for which underlying theory 
was based on Gaussian distributions, assumes multivariate normality of the mea- 
surements analyzed (Mardia 1975; Davis 1980), a condition generally approached 
or met with associated anatomical dimensions. These multivariate distances, to- 

gether with related metrics (e.g., Pillai's trace and Wilks' X), were used to sum- 
marize intersexual differences within species. Although single specimens can be 
plotted a posteriori on the resultant axes, only groups represented by adequate 
samples (i.e., informative regarding within-group covariance structure) were used 
to define the CVs. 

Interpretation of CVs was more challenging, in that these variates are corrected 
for pooled within-group size and therefore typically none of the variates clearly 
represents the highly correlated variation in size among groups. Interpretations of 
variates largely were restricted to Spartan assessments of the coefficients involved 
in substantial contrasts (a function of algebraic signs and magnitudes of coeffi- 
cients), bolstered by correlations of mean group body masses with variates as 
indications of the size included by each CV and direct examination of the first 
principal component (PC-I) of the pooled within-group covariance matrices. The 
size-correction represented by such standardization incorporates that effect by 
shearing, that is, partitioning from the variance of interest that attributable to 
within-group size (Humphties et al. 1981; Bookstein et al. 1985; Rohlf and Book- 
stein 1987). This approach includes all measurements in the interpretation of CVs 
(regardless of the subset of variables entered into the model), and provides mea- 
sures of pattern that are independent of pooled within-group variance and com- 
paratively stable with respect to magnitude of intergroup differences and multi- 
colinearity of variables. 

Jackknifed classifications (Lachenbruch and Mickey 1968) associated with the 
CAs, confidences of which are reflected in associated posterior probabilities of 
assignment to each of the compared groups, were used to cross-validate and de- 
termine the sexes of specimens lacking this information. In this study, classifi- 
cations were of traditional or complete form, in which all individuals were clas- 
sified (ultimately) into predefined groups. This is to be distinguished from partial 
discriminant analysis, in which cases not meeting established criteria of assign- 
ment remain of indeterminate membership (M. E. Johnson 1987); however, in the 
stagewise implementation that follows, the temporary retention of unclassified 
cases during preliminary passes accords with the intention of partial classificatory 
techniques. Classifications were executed in three successive passes for skin spec- 
imens (excluding juveniles): specimens of unknown sex were assigned if posterior 
probability of classification (Pc) was 0.900, and sex was reassigned if Pc -> 0.950; 
specimens of unknown sex were assigned if Pc --> 0.750, and sex was reassigned 
if Pc --> 0.975; and remaining specimens of unknown sex were assigned to the 
sex for which Pc me 0.50, and sex was reassigned only for specimens for which 
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sex was assigned in the second or third steps on the basis of the larger Pc. A 
similar three-pass procedure was implemented for skeletal specimens, except that 
the greater precision of mensural data for skeletons permitted the Pc for reassign- 
ment of sex to 0.950 and 0.990 for the first and second passes, respectively. 

A total of 460 unsexed study skins (involving 53 modem species) and 262 
skeletons (involving 36 modern species) were classified by this protocol (Table 
6). Exceptions to this procedure, limited to taxa having adequate numbers of 
skeletal specimens reliably assigned to sex and for which K-means clustering was 
employed (see section above) were Porphyrula alleni, Tricholimnas sylvestris, 
Porzana tabuensis, P. palmeri, Amaurornis moluccanus, and Gallinula (c.) pyr- 
rhorrhoa. Several others simply lacked adequate skeletal material for sex-specific 
analyses, including Gallirallus pectoralis, Atlantisia rogersL Gallinula sandvi- 
censis, and Fulica alai. Subfossil rails seldom were represented adequately for 
inclusion in CAs of skeletal measurements even as composite vectors of means 
(with exceptions being "Atlantisia" elpenor and Fulica chathamensis), in part 
because some of the variables most useful for distinguishing flightless rails 
(lengths of alar phalanges and dimensions of carina stemi) were lacking for most 
of these extinct taxa. Furthermore, because samples of associated skeletons were 
not available for any subfossil rallid, the few taxa that could be included were 
eligible only for plotting a posteriori and therefore did not contribute to the def- 
inition of the discriminatory axes (e.g., plotting flightless F. chathamensis on axes 
contrasting modern, highted congeners). 

CORRESPONDENCE ANALYSIS 

Methodological essentials.--Like multidimensional scaling (Davison 1983), 
correspondence analysis graphically assesses relationships among classes of var- 
iables by means of patterns of shared observations among multiway frequency 
tables (Greenacre 1984; Lebart et al. 1984; Palmer 1993), the contributions of 
which are indicated by two criteria: distances of points vis-h-vis the origin (i.e., 
point having zero coordinates on both axes), indicating the magnitude of rela- 
tionships among variables (contra P. J. Taylor 1998); and the relative polar posi- 
tion(s) of these points (approximated by the four quadrants of the plane, sequenced 
in clockwise fashion), reflecti.ng the nature or sign of the relationships (Greenacre 
1984; Moran and Gombein 1988). 

Taxonomic, morphological, and ecogeographical associations.--In this paper, 
the primary use of correspondence analysis was to assign flightless species of 
Rallidae (objects) to a comparatively sparse multiway contingency table of cate- 
gorical variables. In this context, such variables included characteristics of the 
species per se (e.g., estimated anatomical changes from highted relatives, dietary 
group, and status at present) and ecogeographical parameters of the islands in- 
habited (e.g., distance from continent, area, and latitude). The analysis was de- 
signed to reduce information on associations into a very limited number of sum- 
mary axes and statistics, and to assess the magnitudes and nature of relationships 
among the variables with respect to these summary axes by way of one or more 
plots simultaneously displaying characteristics of both flightless rails and the eco- 
geographical circumstances under which they evolved (Appendix 2). 
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SOFTWARE FOR MORPHOMETRIC ANALYSES 

Mensural data were imported into analytical programs by using Microsoft Ex- 
cel¸. Morphometric analyses, principally traditional methods (James and Mc- 
Culloch 1990; Marcus 1990; Marcus et al. 1996), primarily were executed by 
using BMDP¸ statistical software (Dixon 1992), especially programs 1D, 5D, 
6D, 7D, 8D, 1M, 2M, 4M, 7M, AM, KM, 1R, 3R, 5R, 6R, and 3S. In addition, 
customized combinations of programs were designed to accomplish novel anal- 
yses, for example, modified PCAs (programs 4M and 6R), PCAs of pooled within- 
species covariance matrices (programs AM and 4M), and cluster analyses of cor- 
relation coefficients for pooled within-species correlation matrices (programs AM 
and 1M). 

Digital refinement of graphical presentations and labeling of anatomical illus- 
trations were executed with Photoshop¸ (Adobe Systems 2000) and Canvas • 
(Deneba Software 1998); limited plotting and mathematical applications were im- 
plemented with Mathematica¸ (Wolfram 1996). Several novel approaches to 
graphical presentation of summary findings from the foregoing analyses (e.g., dot 
charts) were inspired by Cleveland (1985). 

RESULTS 

PHYLOGENY-BASED EXPLORATIONS 

ANALYTICAL CONSIDERATIONS 

Despite recent efforts to reconstruct phylogenetic relationships of the Rallidae 
with sequence data (Trewick 1997a, b) and morphological characters (Livezey 
1998), many nodes and placements of taxa remain unresolved, and these deficits 
curtailed a number of phylogeny-based assessments. These points of uncertainty, 
as well as substantial missing data for many modern and subfossil taxa for opti- 
mizations of interest, precluded empirically grounded, family-wide phylogenetic 
analyses of ecomorphological attributes for rails. Nonetheless, a companion anal- 
ysis (Livezey 1998) established monophyly of a number of clades having flighted 
and flightless members (Fig. 11), thereby justifying the independent analyses of 
the losses of flight in these phylogenetically delimited subgroups that follow this 
section. Specifically, some taxa either are the only flightless members of their 
genus (e.g., Dryolimnas aldabranus, Amaurornis ineptus, and Gallinula nesiotis- 
group) or were inferred to represent the flightless sister-group of a flighted clade 
(e.g., Cyanolimnas cerverai and Habroptila wallacii), thereby obviating the need 
for wider phylogenetic resolution for tree-based assessments. A few other flight- 
less genera can be compared provisionally to a single modern genus because of 
higher-order phylogenetic position and biogeographical considerations (e.g., Ne- 
sotrochis with Aramides; Aphanapteryx with Old World Rallus). 

Most vexing from the phylogenetic standpoint, however, is the poor resolution 
among a critical set of genera of typical rails from the Australasian region, namely 
Gallirallus and allies Tricholimnas, Nesoclopeus, Cabalus, Capellirallus, and 
Diaphorapteryx (Livezey 1998). For the former set of genera, trees used for op- 
timizations and tests for correlated changes were based on those presented by 
Livezey (1998), with unresolved portions subjected to alternative topological ar- 
rangements based variously on suggestions by Olson (1973a, 1975b), taxonomi- 
cally limited inferences by Trewick (1997a, b), and an attempt to render proposed 
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Other Gruiformes 

L_• Psophiidae Aramidae 
Gruidae 
Heliornithidae 
Himantornis 

Porphyrio* 
['-' Porphyrula 
[-- Gymnocrex Habroptila** 

Aramides 
Nesotrochis** 
Eulabeornis 
Canirallus 
Anurolimnas 
Amaurolimnas 

Rougetius 
Rallina 

L• Rallicula Sarothrura 

L• Cyanolimnas** Ortygonax 
Pardirallus 

Dryolimnas* 
Railus* 
Gallirallus* 
Tricholimnas** 

Nesoclopeus** 
Aramidopsis** 
Habropteryx* 
Cabalus** 

t Capellirallus** Aphanapteryx** 
Diaphorapt eryx* * 
Atlantisia** 
Laterallus 

Micropygia 
Coturnicops 
Porzana* 
Crex 
Amaurornis* 
Gallicrex 

Porphyriops 
Pareudiastes** 

Tribonyx* 
Gallinula* 
Fulica* 

FIG. 11. Simplified phylogenetic tree for families of Grues and genera of Rallidae based on Livezey 
(1998). Genera including both flighted and flightless members are followed by a single asterisk; genera 
including only flightless members are followed by two asterisks. 
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r Habropteryx 
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FIG. 12. Fully dichotomized variants of the phylogeny of Gallira#us and allied genera (Livezey 
1998). in which mean body masses are symboli•'ed by density of branch shading: A, topology in 
which monophyly of flightless rallids of Australasian region was conserved. in which Uapelliralhts 
karamu Js shown as sister group of (•abahts modestus. Diaphorapteryv hawl, insi is shown as sister 
group of Gallirallu.• rotstraits-group. and parsimon5 of body mass is high {length = 2.733): B, to- 
pology in which monophyly of flightless rallids of New Zealand was conserved, in which Uapelliralht• 
ktzramlt is shown as sister group of Ctlbttlttx modcxttt.• and parsimony of body mass is moderately 
high (length = 2.880): C, topology in which monophyly of flightless rallids of the Chatham Islands 
was conserved and parsimony of body mass is moderately low (length = 3.446). 

relationships consistent with the biogeographical distributions or' insular taxa (Fig. 
12A-D). Taxa lacking the attributes to be optimized were trimmed from the to- 
pology (e.g.. Capelliralhts and Diaphorapteo,x were excluded lBr all consider- 
ations other than flight status. estimated body mass, or bill shape). Unl•rtunately 
for Habropte•3'r and probable sister-group Aramidopxis, exceptionally poor data 
for most or all flightless members rendered phylogenetic optimizations fruitless. 

Several other genera including flightless members either remain of indetermi- 
nate monophyly (Por,-xma and Crex) or intergeneric relationship (Athmtixia). In 
the former case, critical characters were optimized on trees consistent with avail- 
able phylogenetic analyses (Livezey 1998) and favored from the standpoint of 
biogeography (Fig. 13). Flightless moorhens and coots were placed with moderate 
precision within the Fulicarina (Livezey 1998), permitting phylogenetic optimi- 
zations for all flightless members (data permitting) at a tribal level (Fig. 14). 

SPECIFIC PHYLOGENETIC PATTERNS AND IMPLICATIONS 

Although poorly resolved portions of the only generic or species-level phylo- 
genetic hypothesis remain (Livezey 1998) and unavailability of data afflicts a 
number of crucial taxa (e.g., body mass and wing lengths of subfossil species), 
the genus-level framework (including establishment of monophyly and compo- 
sition of genera, tribes, and subfamilies) provides an essential subdivision of taxa 
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] Coturnicops 

I Micropygia 

Crex 

• P. cinerea P. marginalis 

1 P. erythrops-gp. 

-- P. carolina 

-- P. porzana 

l P. astrictocarpus' 

P. sandwichensis* 

r'--'• 2 
r--q3 
•4 

•1o 

--P. fusca 

paykullii 

paltoefl * 

rnonasa* 

a tra* 

FIG. 13. Fully dichotomlzed variant of the phylogeny of Pacific Porzana (after Livezey 1908k 
including other genera of subtribe Crecina as outgroups, showing optimization of mean body masses 
(length = 353). Taxa lacking data for body masses (P. olivieri, P. bicolor, and Hawaiian subfossils) 
were omitted, and flightless taxa are indicated by asterisks. 

for standard univariate and multivariate analyses. Unfortunately. implementation 
of quantitative tests of correlation or concentrated changes require complete res- 
olution, no missing data• and binary states of the characters involved, a challenge 
exacerbated by the confounding effects of parallelism on reconstructions (Marques 
and Gnaspini 2001). Transformations of states and deletions of taxa that would 
meet these conditions rendered the analyses less informative• therelore less-formal 
approaches were elnployed. Moreover, species-level proposals made by other au- 
thors, suggested by biogeographic distributions, and consistent with the phylo- 
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•11 [• Amaurornis 
G. dnerea 

Illlllllllllllllllllllllllllllllllllllllllllllllllllllllllllll 

P. melanops 

I P. silvestris' 

I I T. ventralis 

T. hodgenorurn* 

corneri* 

nesiotis* 

tenebrosa 

angulata 

chloropus-gp. 

F. rufifrons 

I F. leucoptera 

F. armillata 

F. cornuta 

gigantea 

prJsca * 

• I F. chathamensis* 
[• 2 
[-• 3 F. newtoni* 

4 -- F. cristata 

I 6 __ F. atra 
I 7 F. ardesiaca 
ls 

I 9 ! iiiit • F. alai 110 Im• F. caribaea 

• equivocal F. americana 
FiG. 14. Fully dichotomized variant of the phylogeny of m(x)thens. coots. and allies (subtribe 

Fulicarina). alter Livezey (1998). showing optimizahon of mean body masses (length 6.113) when 
u,ing Ama,ror, is as outgroup. One taxon lacking data I•r body mass (Pareudias'tes t,ac'ific,s) was 
omitted. and flightless species are indicated by asterisks. 
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genetic information available (Livezey 1998) permitted some more-detailed ex- 
plorations (Figs. 12-14). 

The topological variants depicted for Gallirallus and allies demonstrated the 
poor resolution of the relationships of this group, in which several biogeograph- 
ically compelling arrangements render one or more of the included "genera" para- 
or polyphyletic (Fig. 12). Until an empirical resolution of this complex is avail- 
able, however, the constituent "genera" are retained to illustrate clearly the un- 
certainties of relationships among members, as opposed to merging all members 
into a single genus Gallirallus (cf. Olson 1973a) and thereby obscuring the weak 
evidence supporting the included subgroups or the diversity of form that engen- 
dered a conservative treatment of genera in historical and recent works (Livezey 
1998). These uncertainties notwithstanding, several provisional topologies for 
Gallirallus and allies proved instructive for optimizations (Fig. 12). Of particular 
interest was the pattern of body size, bill shape, and sexual dimorphism in the 
clade, and possible evidence for a direct relationship between mean body mass 
and magnitude of sexual size dimorphism among species (Rensch 1950, 1959; 
Reiss 1989). 

Two topological variants consistent with increasingly nested biogeographic pat- 
terns (Fig. 12A, B) permitted more parsimonious optimizations of body mass than 
the proposal perserving monophyly of Chatham endemics (Fig. 12C). All three 
examples presented suggested a modest, direct association between body mass 
and flightlessness, a trend supported largely by a number of comparatively mas- 
sive taxa, most of which are not likely sister-taxa: Gallirallus australis-group, 
Diaphorapteryx hawkinsi, Nesoclopeus poecilopterus-group, and both species of 
Tricholimnas. The overall tendency for flightless Gallirallus-type rallids to be 
massive was diminished by such flightless "dwarfs" as Gallirallus wakensis and 
Cabalus modestus, taxa almost certainly having evolved flightlessness and small 
size independently of each other (Fig. 12A). This variant did not delimit an as- 
sociation between body mass and sexual size dimorphism or a notable phyloge- 
netic pattern in bill shape. 

Topological variant C for Gallirallus and allies (Fig. 12), in which monophyly 
of Chatham Island endemics (Gallirallus dieffenbachii, Cabalus modestus, and 
Diaphorapteryx hawkinsi) was preserved, defined a clade comprising three taxa 
showing uniquely high sexual dimorphism in bill lengths and other skeletal di- 
mensions, and three of four members of the group showing strong decurvature 
of the bill. The latter feature was one of several morphological characters sup- 
porting a sister-group relationship between Cabalus modestus and Capellirallus 
karamu, the latter confined to the North Island of New Zealand (Livezey 1998). 
For these reasons, this specific topology is comparatively appealing (at least with 
respect to biogeographic criteria), but the preservation of monophyly of Chatham 
endemics implies a significant revision of generic taxonomy and contributed little 
toward an explanation of the evolutionary processes that led to the unique mor- 
phologies of Cabalus modestus and (especially) Diaphorapteryx hawkinsi (Fig. 
12C). 

Optimization of available data on body masses on a geographically based 
trimmed tree consistent with available phylogenetic information (Livezey 1998) 
for Pacific crakes (subtribe Crecina) revealed that little or no association occurred 
between body mass and flightlessness in this group (Fig. 13). Consideration of 
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the Liliputian examples of flightless subfossil crakes from Hawaii of uncertain 
interrelationships (e.g., Porzana menehune or P. ziegleri) would undermine fur- 
ther any association between these two variables. If anything distinguishes the 
phylogenetic pattern of flightlessness and form among the Pacific crakes, it is the 
widespread occurrence of flightlessness and the absence of apparent morpholog- 
ical correlates beyond the pectoral apparatus (e.g., changes in body mass, in- 
creased sexual dimorphism, or size and decurvature of the bill). 

Mapping of body masses on a phylogenetic tree for the moorhens and coots 
(subtribe Fulicarina) based on the analyses by Livezey (1998) revealed that a 
limited association exists between increased body mass and the evolutionary loss 
of flight (Fig. 14). This pattern largely reflects the comparatively large sizes of 
Tribonyx mortierii and the subfossil Fulica (the latter only provisionally flight- 
less), and several exceptions are notable (Tribonyx hodgenorum and Gallinula 
nesiotis-group). The allometric enlargement and incipient flightlessness of the 
Andean Fulica gigantea and F. cornuta suggests an evolutionary pathway to 
flightlessness in coots that may have pertained to the subfossil Fulica of New 
Zealand and the Chatham Islands (Fig. 14). 

MORPHOMETRICS OF EXTERNAL CHARACTERS 

UNIVARIATE COMPARISONS OF MEANS AND VARIANCES 

Interspecific differences among roeans.--Significant differences among spe- 
cies-sex groups in mean measurements of study skins were the rule in most 
taxonomic partitions (e.g., genera or closely related groups of genera), and were 
the combined outcome of generally adequate sample sizes, subtle but substantial 
differences among species and (to a lesser extent) sexes, and comparatively lim- 
ited variation within species-sex groups (Table 7). Where significant differences 
were not revealed, most of the groups involved either were very closely related 
(e.g., righted members of Porphyrio porphyrio superspecies), showed negligible 
sexual dimorphism, were of the minority of cases for which sample sizes were 
too small for reasonable statistical power, or group differences were based in large 
part on samples allocated to sex a posterJori or measured by third parties (Table 
7). Consequently, for the sake of brevity and focus, a comprehensive summary 
of test statistics pertaining to differences among means will not be presented; 
instead, the discussion is limited to those comparisons of primary interest (i.e., 
those pertaining to flightlessness) and will emphasize those in which an unex- 
pected absence of significant differences was indicated or where differences ex- 
ceeded expectations. In this section, differences among taxa will be considered, 
whereas intersexual differences in means and variances are considered under sex- 

ual dimorphism. 
Among the greater swamphens (Porphyrio, n -- 481), the extraordinary di- 

mensions of the Takahe (P. hochstetteri) contributed in large part to the great 
differences among taxa (ANOVA, P < 0.0001; Bonferroni t-tests, P < 0.0001) 
in all six external measurements (Table 7). Modest differences among righted 
Porphyrio and within Porphyrula also contributed to interspecific variation, al- 
though pairwise comparisons within these groups often failed to achieve critical 
values. The Takahe was uniquely large in all dimensions except wing length, a 
dimension in which some of the larger righted taxa approached or exceeded 
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flightless P. hochstetteri (Table 7). The reputedly flightless, extinct Porphyrio 
albus was not adequately represented for formal inclusion in the statistical anal- 
yses, but summary statistics suggest that it possessed comparatively short wings 
for a swamphen of such robustness (Table 7). Interspecific differences within 
Porphyrula (n = 135) generally were less pronounced than those among species 
of Porphyrio because of the absence of a uniquely large, flightless member; the 
primary contributor to interspecific differences was the comparatively diminutive, 
paedomorphic Porphyrula fiavirostris (Table 7). 

Comparisons of external measurements among the "basal rails" (n = 277; 
Gymnocrex, Habroptila, Aramides, Eulabeornis, Canirallus, and Rougetius) dem- 
onstrated highly significant interspecific differences in all six external dimensions 
(ANOVA, P < 0.0001), an outcome predictable given the generic diversity com- 
pared (Table 7). Flightless Habroptila wallacii is possessed of a substantial, fal- 
chion-shaped bill, and was the largest in both bill measurements. Habroptila also 
was approximately equal to the more massive Aramides ypecaha in tarsus length, 
second only to Aramides in middle-toe length, but among the smallest in tail 
length, and the smallest of all the basal rails in wing length (Table 7). 

Ortygonax and Cyanolimnas (n -- 48) manifested significant interspecific var- 
iation among means (ANOVA; P < 0.0005), wherein the flightless Zapata Rail 
(C. cerverai) was smaller than either species of Ortygonax in all dimensions but 
bill height (Table 7). However, the shortness of the wings of the latter exceeded 
other dimensions in magnitude of differences, and wing lengths of Cyanolimnas 
did not overlap with those of Ortygonax and averaged only two-thirds those of 
Ortygonax (Table 7). A similar pattern in mean tail length characterized these 
taxa (Table 7), a finding confirming the description by Bond (1980:70) of the tail 
of Cyanolimnas as "short and decomposed." Within the white-throated rails (Dry- 
olimnas; n -- 95), the six measurements of study skins (Table 7) showed signif- 
icant interspecific differences in means (ANOVA; P < 0.0005); subsequent pair- 
wise comparisons revealed that most of the interspecific effects were attributable 
to the comparatively small, flightless D. aldabranus (Bonferroni t-tests). Univar- 
iate comparisons, as well as other analyses and comparisons presented below, 
were consistent with the prevailing view that the extinct D. abbotti was not flight- 
less. 

Four species of the genus Rallus (n = 122) showed significant differences in 
all external measurements (ANOVA; P < 0.0001), with the greater part of this 
variation (Table 7) stemming from differences between the two smaller species 
(R. aquaticus and R. limicola) and the two larger species (R. longirostris and R. 
elegans). In comparisons of 16 species comprising samples of both sexes in the 
Pacific genera Gallirallus, Cabalus, Tricholimnas, Nesoclopeus, Aramidopsis, and 
Habropteryx (n -- 634), interspecific differences were significant in all six external 
dimensions (ANOVA; P < 0.0001). Lengths of the wing and tail were reduced 
in most flightless taxa relative to other dimensions. However, shifts in tail length 
varied markedly, with some taxa increasing tail length (e.g., Gallirallus australis 
and Tricholimnas lafresnayanus), whereas other taxa (e.g., Aramidopsis plateni 
and Habropteryx insignis) approached external taillessness (Table 7). In two ex- 
tinct species represented by single specimens, Gallirallus sharpei showed only a 
suggestion of the reductions in wing and tail indicative of flightlessness, whereas 
G. dieffenbachii clearly showed reduction of the wing (Table 7). 
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Fourteen species of crakes (Coturnicops, Atlantisia, Crex, Laterallus, and Por- 
zana) were sampled in sufficient quantity (n = 454) to permit two-way compar- 
isons of species-sex groups (Table 7). For these taxa, interspecific differences 
were significant (ANOVA; P < 0.0001) in all six external dimensions compared 
(Table 7), with the largest differences being associated with the relatively short 
wings and tails of A. rogersi and P. palmeri (with P. atra being intermediate), 
and the relatively short toes of Coturnicops noveboracensis. P. palmeri had short 
toes as well, but in concert with other dimensions. Reduction in tail length among 
flightless crakes was typical, although the relative truncation evident in A. rogersi, 
P. sandwichensis, and P. palmeri was exceptionally great. In two species of crakes 
lacking adequate samples of specimens of known sex--Porzana sandwichensis 
(n = 7) and P. monasa (n = 2)--the former showed truncation of both wing and 
tail, whereas the latter only manifested definitive shortening of the wing (Table 7). 

Seven taxa of bushhens (Amaurornis, including flightless "Megacrex" ineptus) 
were subjected to two-way comparisons (n = 270), and interspecific differences 
were highly significant in all six external measurements (ANOVA; P < 0.0001). 
Comparisons of means (Table 7) and examination of pairwise comparisons (Bon- 
ferroni t-tests) substantiated that the great majority of the species effects stemmed 
from the generally large dimensions of flightless A. ineptus, the means for which 
(exclusive of length of wing and tail) were at least twice those of all flighted 
congeners (Table 7). The two aerofunctional dimensions--lengths of wing and 
tail--departed markedly from this pattern of general enlargement (Table 7), with 
the former being only marginally longer (especially closely approached by likely 
sister-species A. isabellinus) and the latter being distinctly shorter in flightless A. 
ineptus than in its generally smaller, flighted congeners (Table 7). 

Twelve taxa of moorhens and allies permitting two-way comparisons (Galli- 
crex, Gallinula including Porphyriornis, and Tribonyx; n = 404), confirmed in- 
terspecific differences (ANOVA; P < 0.0001) in all six external variables (Table 
7). One-way comparisons of species (sexes pooled), which permitted the inclusion 
of flightless Pareudiastes pacificus (n = 8) and P. silvestris (n = 1), confirmed 
the highly significant (P < 0.0001) species effects in all six dimensions. Both 
analyses, pairwise comparisons of means (Bonferroni t-tests), and examination of 
summary statistics (Table 7) revealed that much of the variation in dimensions 
unrelated to flight derived from differences among three broad groups: small 
species (Gallicrex and Gallinula exclusive of Porphyriornis), medium-sized spe- 
cies (Porphyriornis, Pareudiastes, and Tribonyx ventralis), and the large Tribonyx 
mortierii (Table 7). One departure from this general pattern pertained to the rel- 
atively short toes of Pareudiastes pacificus, with which no other taxon overlapped 
(Table 7). Although clearly related to flight capacity, wing length showed signif- 
icantly different patterns across genera. Wing lengths of Pareudiastes and the 
subgenus Porphyriornis were the shortest among all taxa of moorhens compared, 
with the shortest absolute wing lengths occurring in Pareudiastes pacificus (Table 
7). In the comparatively massive Tribonyx mortierii, wing lengths were only 
slightly shorter than in its much smaller, flighted congener T. ventralis (Table 7). 
However, wing lengths in all flightless moorhens were substantially smaller rel- 
ative to dimensions indicative of general body size than in flighted relatives (Table 
7). Tail lengths varied differently with respect to both genus and flight capacity; 
the rectrices were of uniform length in Gallicrex and Gallinula, exceptionally 
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foreshortened in both species of Pareudiastes, and comparatively long in Tribo- 
nyx. Within the last genus, the flightless T. mortierii had only slightly longer 
rectrices than its much smaller congener, T. ventralis (Table 7). 

Six species of coots (Fulica) were subjected to two-way comparisons of exter- 
nal measurements (n = 212), and all of them showed highly significant interspe- 
cific differences in all six dimensions analyzed (ANOVA; P < 0.0001). Exami- 
nation of pairwise comparisons (Bonferroni t-tests) and examination of summary 
statistics indentified the primary source of these highly significant effects as the 
differences in size between the two large coots of the Andes (F. gigantea and F. 
cornuta) and all other congeners. Generally, the former pair averaged 50% larger 
than the four more-typical species in most external measurements (Table 7). More- 
over, within these two partitions, included species were comparatively uniform in 
overall conformation; differences between species within partitions generally did 
not differ in one or more measurements (same-sex comparisons), including several 
dimensions between F. gigantea and F. cornuta (Table 7). 

Differences in group variances.--In most of the genera and supergeneric 
groups examined, significant differences in variances (Levene's test; P < 0.05) 
were detected in most external variables among species, between sexes, and (less 
frequently) species-sex interactions (i.e., intersexual differences in variances oc- 
curred in some species in a group but not in others). This generality characterized 
most variables among species of Porphyrio (P < 0.05), six genera of basal rallids, 
four species of Rallus, 16 species of Pacific rails (Gallirallus and allies), and 
Fulica gigantea and F. cornuta (middle-toe lengths), but comparisons revealed 
that those groups showing comparatively high variability were those for which 
geographical delimitation of taxa, subspecific variation, or source of data remained 
problematic (Table 7). In several other groups, differences in variances among 
species-sex groups were significant but remained unexplained and evidently un- 
related to flightlessness, including 14 taxa of crakes and moorhens sensu lato 
(Fulicarina exclusive of Fulica [Table 7]). Virtual homogeneity of variances 
among species and sexes (Levene's test; P < 0.05) was indicated in Dryolimnas. 
Heterogeneity of variances among species-sex groups (Levene's test; P < 0.05) 
that appear to pertain to the loss of constraint related to flight (even if effects of 
size were minimized by comparisons of coefficients of variation) was found in 
Amaurornis (bill height and tail length), indicating that flightless A. ineptus is not 
only giant but variable in at least these external dimensions. 

UNIVARIATE SEXUAL DIMORPHISM 

In the greater swamphens (Porphyrio), sexual dimorphism was marked in five 
of the six external measurements compared (Table 7; ANOVA; P < 0.0001), with 
tail lengths showing only marginal intersexual differences (ANOVA; P < 0.05). 
In addition, species-sex interaction effects were pronounced in the former five 
dimensions (ANOVA; P < 0.005) and marginal in tail lengths (ANOVA; P < 
0.05), indicating that magnitude of sexual dimorphism differed among species in 
most or all dimensions. Examination of means for sexes within species and the 
results of pairwise comparisons (Bonferroni t-tests) indicated that P. rnelanotus 
was most dimorphic of the taxa compared, but that the closely related, flightless 
P. hochstetteri also showed substantial dimorphism, despite the small sample size 
for the latter (Table 7). Lesser swamphens (Porphyrula) showed sexual dimor- 
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phism comparable to that inferred for Porphyrio, but unlike the latter, no differ- 
ences were found among species in the magnitude of sexual differences. 

The five genera of basal rallids including flightless Habroptila wallacii showed 
significant sexual dimorphism in all external measurements (ANOVA; P < 
0.0001). However, any specific inferences to be made concerning H. wallacii were 
compromised by the dubious identification of sexes in a majority of the skins of 
this taxon (Table 7). Allocation to sex a posteriori and variable preparation of 
skins may account for the variable sexual differences in Habroptila, accounting 
for the significant species-sex interaction effects (ANOVA; P < 0.05). 

Intersexual differences of meso-rallids (Ortygonax and Cyanolimnas) were sig- 
nificant in external measurements (ANOVA; 0.001 < P < 0.01), but the absence 
of significant species-sex interaction effects (P > 0.05) indicated that magnitudes 
of sexual dimorphism were comparable across taxa. Intersexual differences in 
external measurements in Dryolimnas were significant (ANOVA; P < 0.01), ex- 
cept in wing length (ANOVA; P > 0.65). Species-sex interaction effects generally 
were weak (ANOVA; 0.05 < P < 0.20), indicating that sexual dimorphism was 
of comparable magnitude in all three species in the genus. 

Substantial intersexual differences were detected in the four species of Rallus 
compared (ANOVA; P < 0.0005) in all six external measurements (Table 7). 
Species-sex interaction effects in bill height (P < 0.0001), wing length (P < 
0.005), tail length (P < 0.001), tarsus length (P < 0.01), and middle-toe length 
(P < 0.05) apparently stemmed principally from subspecific variation in the two 
larger species (Table 7). Among the 16 species of Gallirallus and allies compared 
(Table 7), intersexual differences were pronounced in all six external dimensions 
of skin specimens (ANOVA; P < 0.0001). Species-sex interaction effects in 
Gallirallus and allies were significant in bill height (P < 0.0001), wing length (P 
< 0.0005), tail length (P < 0.01), tarsus length (P < 0.01), and middle-toe length 
(P < 0.0005). Exaggerated sexual dimorphism was indicated in some of the di- 
mensions compared in a minority of species (Table 7), notably several flightless 
taxa (Tricholimnas sylvestris, G. australis, G. owstoni, and Cabalus modestus), 

In the 14 species of crakes (Crecina) for which samples permitted comparisons 
by species and sex (Table 7), intersexual differences were highly significant (AN- 
OVA; P < 0.0001) in all but tail length; overall sexual differences in the latter 
were only marginally significant (ANOVA; P < 0.05). Species-sex interaction 
effects were highly significant only in wing length (ANOVA; P < 0.0001); ex- 
amination of pairwise comparisons (Bonferroni t-tests) indicated that sexual di- 
morphism in this dimension (Table 7) was comparatively great in three sizable, 
migratory species (Coturnicops noveboracensis, Porzana carolina, and P. albi- 
collis) and comparatively small in two flightless species (P. atra and P. palmeri). 
Sexual differences in flightless Atlantisia rogersi were of a magnitude comparable 
to the majority of other crakes (Table 7). 

The seven taxa of bushhens (Amaurornis) permitting two-way comparisons 
manifested significant intersexual differences (ANOVA) in culmen length (P < 
0.0001), bill height (P < 0.0001), wing length (P < 0.0001), tarsus length (P < 
0.0001), and middle-toe length (P < 0.0001). Magnitudes of these differences 
were exceptionally high throughout the genus (Table 7). Species-sex interaction 
effects, indicating taxonomic differences in magnitude of sexual dimorphism, 
were significant in wing length (P < 0.05), and there only marginally so. Ex- 
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amination of group means and a posteriori pairwise comparisons (Bonferroni t- 
tests) indicated that this heterogeneity reflected the comparatively high sexual 
dimorphism in wing lengths of species other than A. akool and the allospecies A. 
moluccanus and A. ruficrissus (Table 7). 

The 12 taxa of moorhens sensu lato permitting comparisons of sexes confirmed 
significant intersexual differences in all six external dimensions (ANOVA; P < 
0.0001). Species-sex interaction effects were found for culmen length (P < 
0.0005), bill height (P < 0.0005), wing length (P < 0.0001), tail length (P < 
0.01), and tarsus length (P < 0.0005). Only middle-toe length lacked significant 
variation in sexual dimorphism among taxa (P > 0.10). Examination of pairwise 
comparisons (Bonferroni t-tests) indicated that the interspecific differences in 
magnitudes of sexual dimorphism in five of the six external dimensions largely 
reflected the exceptionally large intersexual differences in Gallicrex cinerea (Table 
7), one of the few species of Rallidae also characterized by conspicuous sexual 
dichromatism of plumage (Livezey 1998). Mean intersexual differences for this 
species were at least two to three times as great as those for other moorhens. 

The six species of coots (Fulica) subjected to two-way comparisons were char- 
acterized by significant intersexual differences in means of all six external mea- 
surements: culmen length (P < 0.001), bill height (P < 0.0001), wing length (P 
< 0.0001), tail length (P • 0.07), tarsus length (P < 0.0001), and middle-toe 
length (P < 0.0001). Species-sex interaction effects were significant in wing 
length (P < 0.0005), tail length (P < 0.05), and middle-toe length (P < 0.05). 
Pairwise comparisons (Bonferroni t-tests) and summary statistics revealed the 
nature of this heterogeneity in sexual dimorphism (Table 7). Wing lengths showed 
weak female-larger dimorphism in F. gigantea, whereas this measurement showed 
disproportionate male-larger dimorphism in F. americana, F. alai, and F. atra; 
tail lengths showed a similar, but more tenuous female-larger dimorphism in F. 
gigantea; and sexual dimorphism in middle-toe lengths ranged from essentially 
zero in F. gigantea to pronounced in F. cornuta, F. alai, and F. atra. In light of 
the modest magnitude of the reversal in dimorphism in F. gigantea and variation 
deriving from third-party provision of data for this species, the heterogeneity in 
sexual dimorphism may prove to be artifactual. 

UNIVARIATE GENERALITIES OF THE INTEGUMENT 

Comparisons of means of external measurements revealed that statistical sig- 
nificance was the rule in interspecific comparisons, with both classificatory and 
flightlessness-related partitions being contributory. In aggregate, most flightless 
taxa tended toward increased body size, although instances of approximate stasis 
(e.g., Pareudiastes, Porphyriornis, and Porzana atra) or apparent dwarfism (e.g., 
Dryolimnas aldabranus, Gallirallus wakensis, Atlantisia rogersi, and the smallest 
Porzana) were evident. Of the six external variables compared by univariate 
means, lengths of the wing and tail were the external dimensions most predictably 
related to flight capacity, but these departures from the flighted norm varied across 
taxonomic groups (Table 7). Variances within species-sex groups differed in many 
cases, but the majority of these appeared to derive largely from sources other than 
flight capacity. Uncertain allocation of specimens to sex classes (primarily Ha- 
broptila), merging of variably differentiated subspecific taxa (e.g., some members 
of the Porphyrio porphyrio complex), heterogeneity in measurement error (no- 
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tably third-party data for Fulica gigantea), and the confounding, broad association 
between mean and variance (e.g., Amaurornis ineptus) often were implicated in 
variation among second moments for groups. Univariate sexual dimorphism was 
typical in most dimensions of most taxa regardless of flight capacity. Exception- 
ally great intersexual differences were associated either with loss of flight capacity 
(Porphyrio hochstetteri, with predisposition indicated in likely sister-species P. 
melanotus), comparatively intense migratory habit (e.g., Coturnicops novebora- 
censis and Porzana carolina), or extreme and anatomically pervasive, sexually 
selected dimorphism including marked dichromatism (e.g., Gallicrex cinerea), 
which is rare among the Rallidae. 

INTERSPECIFIC AND INTERSEXUAL PATTERNS IN BODY MASS 

Mean body masses of righted rallids ranged from 25 g for Micropygia fiavi~ 
renter to approximately 2,400 g for Fulica gigantea (Appendix 1; average for 
sexes). Modem flightless rallids, many of which lack recorded data on body mass, 
range at least from a minimum of 40 g for Atlantisia rogersi to a maximum of 
more than 2,700 g for Porphyrio hochstetteri (Appendix 1). Osteologically based 
estimates of body masses of subfossil rallids indicate that extinct, flightless rallids 
encompassed body masses as low as 25 g (small Porzana) and exceeded 4 kg for 
Porphyrio mantelli (Table 8). Although body masses of captive-reared males of 
the smaller P. hochstetteri can exceed 4 kg (P. B. Taylor 1998), a similar estimate 
for the mean body mass for P. mantelli is descriptive of a rail of ponderous body 
size. The estimated body masses of the endemic, terrestrial rallids of the Chatham 
Islands are -60 g for Cabalus modestus, -340 g for Gallirallus dieJfenbachii, 
and -1,900 g for Diaphorapteryx hawkinsi. The three species, when ordered by 
size, comprise a graded series in which body mass increases interspecifically by 
a factor of six. Also notable was that Aphanapteryx bonasia exceeded 1 kg in 
body mass, and the two extinct Fulica from the New Zealand region were only 
slightly smaller than the extant, weakly righted F. gigantea and F. cornuta (Ap- 
pendix 1). Where separate estimates for provisional sex groups were feasible (see 
K-means clustering), no strong evidence was found for unusually large sexual size 
dimorphism in the subfossil taxa, including those in which evidence for excep- 
tional dimorphism of the bill was detected (e.g., Aphanapteryx bonasia, Erythro- 
machus leguati, and Diaphorapteryx hawkinsi). 

Where the same taxa were considered, the estimated body masses presented 
here compare well with those compiled by Atkinson and Millener (1991), but less 
favorably with those presented by Holdaway (1999). The latter estimates were 
based on more-general models derived from a wide range of taxonomic groups 
by Campbell and Tonni (1983) and Anderson et al. (1985). Log-scale regression 
models among taxa predictably shift toward higher slopes and lower intercepts as 
the diversity of taxonomic groups included in the estimators is increased (Gould 
1966; Cheverud 1982; Shea 1985b; Rayner 1985c) and therefore tend to provide 
biased estimates relative to.those based on intensive sampling of the taxonomic 
group of interest. 

BIVARIATE CORRELATIONS AND REGRESSIONS 

Relative wing lengths.--As is typical of most avian families (Hartman 1961; 
Greenewalt 1962), rails (even including flightless species) show a direct associ- 



FLIGHTLESSNESS IN RAILS 97 

ation between wing size and body mass (Fig. 15). A regression of mean wing 
length on mean body mass for all flighted species of Rallidae for which data for 
these two variables were available in the literature or in label data (Appendix 1; 
pooling G. philippensis-group) provided a quantitative estimate of this relationship 
for the Rallidae and taxonomic and functional subgroups thereof. For 107 flighted 
taxa, a virtually isometric relationship (/• + SE = 0.34 +__ 0.01) was inferred with 
high statistical significance (F = 1,647.1; d.f. = 1, 105; P < 0.0001; r = 0.97). 
The linear allometric regression for 14 flightless species (Table 7; Appendix 1) 
also was highly significant (F = 385.3; d.f. = 1, 12; P < 0.0001; r = 0.98), with 
an estimated slope (/• +_ SE) of 0.33 +_ 0.02. The models for flighted and flightless 
species differed significantly (F = 52.0; d.f. = 2, 117; P < 0.00001). The model 
for flighted rallids was slightly improved (partial F = 5.52; d.f. = 1, 104; P --< 
0.01; multiple r = 0.97) by the addition of a negative quadratic term, which was 
an order of magnitude smaller than the linear term. This nonlinear component 
(Fig. 15) was largely attributable to the disproportionately short wings of Fulica 
gigantea and F. cornuta, an inference confirmed by the insignificance of the 
quadratic term if these two taxa were excluded from the analysis (partial F = 
1.06; d.f. = 1, 102; P > 0.25). Hence the simple linear model was considered 
sufficiently explanatory for finer comparisons of effects of taxon and flight ca- 
pacity. The high correlation coefficients rendered negligible the difference be- 
tween the slopes, differing by a factor of l/r, of the standard and geometric-mean 
regressions. 

Flighted and flightless taxa differed in intercept terms (g = 3.13 and 2.95, 
respectively). When using the criterion (s) of geometric similarity (White and 
Gould 1965; Gould 1971, 1972), this transposition is summarized (by using an 
average/• of 0.33) by a slightly lower criterion of geometric similarity (s) of 1.09. 
This index means that the mean wing length of a flighted rallid would be 9% 
longer on average than that of a flightless species at the same (log-transformed) 
body mass. To the extent that slopes were of comparable magnitude, the intercept 
term for flighted rallids (3.13) was similar to those for other comparatively heavy 
power fliers (Hartman 1961; Greenewalt 1962) (e.g., waterfowl [Livezey and 
Humphrey 1986; Livezey 1990] and grebes [Livezey 1989d]), and significantly 
lower than several others (e.g., cormorants [Phalacrocoracidae; Livezey 1992a]). 

Separate regressions for flighted species (Appendix 1; excluding unique Hi- 
mantornis) in nine taxonomic groups (swamphens [10 species], basal rallids [14 
species], meso-rallids [four species], typical rallids [11 species], flufftails and 
allies [15 species], crakes [28 species], bushhens [five species], moorhens [10 
species], and coots [nine species]) documented significantly different models 
among groups (F = 4.84; d.f. = 16, 88; P < 0.00001). Seven of the nine groups 
manifested highly significant linear relationships between mean wing lengths and 
body mass (P < 0.005). Only the poorly sampled meso-rallids (Ortygonax, Par- 
dirallus, and Dryolimnas) and bushhens (Amaurornis) had insignificant slopes (P 
> 0.05). Of the remaining groups, allometric models ranged from those with high 
intercepts and low slopes (swamphens [• = 3.60,/• = 0.29 + 0.02; P < 0.0001], 
moorhens [• = 3.53, /• = 0.28 _+ 0.06; P < 0.005], and coots [• = 3.43, /v = 
0.29 _+ 0.03; P < 0.0001]) to groups described by low intercepts and high slopes 
(basal genera [g = 3.29, /• = 0.32 _+ 0.04; P < 0.0001], flufftails and allies [g 
= 3.25,/• = 0.31 _+ 0.02; P < 0.0001], and the typical rails [g -- 3.28,/• = 0.30 
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TABLE 8. Estimates of mean body masses (g) of subfossil and other selected 
species of Rallidae, by provisional sex group, based on linear regressions of se- 
lected osteological dimensions of the pelvic limb. Stepwise linear regression of 
loge-transformed variables significantly entered into model (P < 0.05). Estimates 
are presented for all specimens pooled, followed (where partitioning feasible) by 
separate estimates for provisional (bracketed) or actual sex groups. Final model 
for loge-transformed data (n = 86): mass = 2.11443 + 2.3220 (tibiotarus maximal 
width at midpoint); Ra2dj = 0.9597, SE (estimate) = 0.2212. Single elements of 
partial skeletons were limited to linear regressions based on femoral measurements 
(Gymnocrex rosenbergii and Tricholimnas lafresnayanus) or tibiotarsal least 
width at midpoint (Porzana rua and P. toonasa). Former model (n = 85) included 
three estimator variables, R•dj = 0.9286, SE (estimate) = 0.2968. Latter, single- 
predictor model (n = 86) was comparably precise, R•2dj ---- 0.9399, SE (estimate) 
= 0.2700. 

Measurements available 

Femoral and 
Taxon Sex tibiotarsal 

Single elements 
or part 

Porphyrio rnantelli 

Porphyrio kukwiedei 
Aphanocrex podarces 
Gymnocrex rosenbergii 
Habroptila wallacii 
Nesotrochis debooyi 
Nesotrochis steganinos 
Cyanolimnas cerverai 
Dryolirnnas abbotti 
Rallus ibycus 

Rallus recessus 

Gallirallus dieffenbachii 

Gallirallus wakensis 

Tricholimnas lafresnayanus 
Nesoclopeus poecilopterus-group* 
Cabalus modestus 

Capellirallus karamu 

Habropteryx insignist 
Aphanapteryx bonasia 

Erythromachus leguati 
Diaphorapteryx hawkinsi 

"Atlantisia " elpenor 

All 4,141 I 
[M] 4,565 -- 
IF] 3,899 -- 
All 2,316 -- 
All 702 -- 

All -- 385 
All 886 -- 

All 1,338 -- 
All 385 -- 

All 241 -- 

All 192 -- 

All 102 -- 

[M] 108 -- 
[• 91 -- 
All 224 -- 

[M] 244 -- 
[F] 210 -- 
All 340 -- 

[M] 360 -- 
IF] 310 -- 
All 113 -- 
All -- 868 

All 487 -- 
All 58 -- 

[M] 62 -- 
IF] 55 -- 
All 240 -- 

[M] 235 -- 
[F] 196 -- 
All 515 -- 

All 1,143 -- 
[M] 1,326 -- 
[F] 1,075 -- 
All 573 -- 

All 1,910 -- 
[M] 2,095 -- 
[F] 1,742 -- 
All 83 -- 

[M] 91 -- 
IF] 80 -- 
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Measurements available 

Femoral and Single elements 
Taxon Sex tibiotarsal or part 

Porzana sandwichensis* All 49 -- 

Porzana palrneri All 45 -- 
Porzana rua? All -- 72 
Porzana monasap All -- 150 
Porzana piercei All 33 -- 

[M] 37 -- 
[F] 32 -- 

Porzana astrictocarpus All 45 -- 
Porzana ziegleri All 28 -- 
Porzana rnenehune All 24 -- 
Porzana keplerorurn All 33 -- 
Porzana severnsi All 92 -- 
Arnaurornis isabellinus* All 318 -- 

Tribonyx hodgenorum All 278 -- 
[M] 313 -- 
[F] 263 -- 

Fulica chathamensis All 1,847 -- 
[M] 1,910 -- 
[F] 1,725 -- 

Fulica prisca All 1,910 -- 
[M] 2,035 -- 
[F] 1,707 -- 

Fulica newtoni All 1,287 -- 

* Measurements were taken from elements removed from skin specimens (see text). 
? Measurements were based on tabulations or figures presented by Steadman (1986a). 

RALLIDAE 
Flighted Flallidae j ' • $.7 FLIGHTED SPECIES : WL= 3.127 + 0.344 (MA) X•• . 

• n = 107' r = 0.970 

, . "rnega-coots , 
II s.$ FLIGHTLESS SPECIES: WL = 2.959 + 0.326 (MA) 

'-' n = 14' r= 0 985 $$ /' ß lafresnayanu$.• '• 

'" ' ' -'.//\ ' 
•'- 5.1 ß ß / . 

4., . • el/ e-- I / H•bropteryx in$ignis 

• 4.7 ba 

• 4.5 ß ß ß ß ballira//us wakensis 

3.9 I I I I I I I I I I I 

LN (Body Mass; g) -- MA 

FIG. 15. Bivariate plot of log-transformed, mean body masses and wing lengths of species of 
Rallidae (Appendix 1). Separate regression lines were fitted for flighted (circles) and flightless (squares) 
species; triangles signify taxa for which body mass was estimated. 
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+ 0.03; P < 0.0001]). The crakes were described by a model that combined an 
extraordinarily low intercept with a slope indicative of significant positive allom- 
etry (• -- 2.77, /• = 0.43 +- 0.04; P < 0.0001). Plotting species for which body 
mass was estimated in association with these allometric regressions continned the 
tendency for flightless species of all sizes to possess variably low relative wing 
lengths (e.g., Habroptila wallacii, Cyanolimnas cerverai, Gallirallus dieffenba- 
chii, G. wakensis, Cabalus modestus, Tricholirnnas lafresnayanus, Nesoclopeus 
poecilopterus, Habropteryx insignis, Porzana sandwichensis, and P. palrneri), in- 
cluding some extreme outliers relative to righted rallids (Fig. 15). 

A surrogate for body mass in morphometric studies of birds (especially intra- 
specific) is mean wing length (e.g., Hamilton 1961; Rand 1961a; Visser 1976; 
Fjeldsfi 1977; Bochenski and Bochenski 1993). However, in light of the obvious 
implications of flightlessness for the interspecific relationship between wing length 
and body size, this alternative is not appropriate in the present context. However, 
tarsus length is a standard measurement of study skins that generally provides 
flight-independent information of size within reasonably constrained taxonomic 
groups (Cock 1966; Grant 1966b, 1971), and this dimension is available for a 
number of flightless rallids lacking data on body mass (Table 7). Furthermore, 
the utility of the ratio of mean wing length to mean tarsus length as an index of 
flight capacity has been shown for flighted and flightless congeners in the Ana- 
tidae (e.g., Livezey and Humphrey 1992: fig. 24). A linear regression of mean 
wing lengths on mean tarsus lengths (log-transformed data) for 69 righted species 
of Rallidae revealed a strong interspecific relationship between these two external 
dimensions (F = 791.0; d.f. = 1, 67; P < 0.0001; r = 0.96). The estimated slope 
(/• _+ SE) for the standard regression (0.92 -+ 0.03) indicated slight negative 
allometry (i.e., isometry for two unidimensional variables would have unit slope), 
but statistical significance of this difference in slopes was only marginal (P < 
0.10). A regression of wing length on tarsus length for 29 flightless rallids was 
of comparable significance (F = 213.5; d.f. -- 1, 27; P < 0.0001; r = 0.94), for 
which the estimated slope (0.93 -+ 0.06) did not differ significantly from that for 
isometry. In light of the similarity of slopes, the significant overall difference 
between the two regressions (F = 16.3; d.f. = 2, 94; P < 0.00001) indicates that 
the two virtually isometric relationships differ by a transposition of intercepts (t•), 
wherein that for righted rallids (1.39) was predictably higher than that for flight- 
less confamilials (1.18). 

These same primary study species of Rallidae also confirmed the similitude of 
correlation between wing length and body mass (Table 7). The linear allometric 
equation relating wing length to body mass for 54 flighted species continned that 
tarsus leng•th (F = 541.7; d.f. = 1, 53; P < 0.0001; r -- 0.96), and the estimate 
of slope (b +- SE = 0.34 _+ 0.01) indicated virtual isometry of wing length (one- 
dimensional variable) with respect to body mass (three-dimensional variable). A 
slight negative curvilinearity was confirmed for the flighted taxa by a marginally 
significant reduction in residual variance (partial F -- 7.29; d.f. = 1, 51; P --< 
0.01; multiple r = 0.91), which was attributable to the disproportionately short 
wings of the two large Andean species of coots (Fulica gigantea and F. cornuta), 
as shown by the insignificance of the quadratic term if these two species were 
excluded from analysis (partial F -- 1.39; d.f. -- 1, 50; P > 0.25). The latter 
curvilinearity was not indicated in the analysis based on tarsus lengths. The wing- 
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tarsus relationship among flightless rallids revealed a pattern comparable to the 
general case. However, a highly significant difference between the separate linear 
models based on body masses for flighted and flightless rallids (F = 49.9; d.f. = 
2, 65; P < 0.00001) reaffirmed the difference in intercepts between the groups 
(flightless taxa, a = 2.95; flighted taxa, a -- 3.18) inferred from the more-inclusive 
data set, and one comparable to those models based on tarsus lengths. 

Body mass and sexual size dimorphism.--Rensch (1950, 1959) inferred that 
magnitude of sexual size dimorphism generally increased with mean body size 
among species, a generality disputed as artifactual by Reiss (1986, 1989). To test 
for such a pattern among the species of the Rallidae, the mean differences in body 
masses of male and female conspecifics were regressed against the mean mass of 
the species (Appendix 1), and this regression was performed for all species (n = 
100) and was restricted to flighted species (n = 91). Also, three specific metrics 
of sexual mass dimorphism were used as dependent variable in these regressions. 
Model a used the difference between the raw (untransformed) mean masses of 
the sexes (i.e., mean for males - mean for females. Model b used the difference 
between the log-transformed mean masses of the sexes (i.e., In(mean for males) 
- ln(mean for females). Model c used the log-transformed difference between 
the mean masses of the sexes (i.e., In(mean for males - mean for females)). 
Where differences in mean masses of sexes included negative numbers, an equal 
constant was added to all data before log-transformations to avoid mathematical 
singularities. In the analysis of raw differences between means for the sexes (mod- 
el a), untransformed mean masses for the species were used as the independent 
variable; the independent variable (mean body mass) was log-transformed in mod- 
els a and b. 

Regressions based on raw differences (model a) resulted in strongly positive 
correlations for all species (r -- 0.87; P < 0.0001) and analysis restricted to 
flighted rails (r = 0.86; P < 0.0001). Regressions based on differences between 
log-transformed masses (model b) revealed substantially lower correlations, 
which, nevertheless, remained significant for all species (r = 0.32; P < 0.005) 
and flighted species (r = 0.32; P < 0.005). This reduction in proportion of var- 
iance due to sexual size dimorphism evidently resulted at least as much from log- 
transformation of the independent variable as that of the dependent variable. Fi- 
nally, log-transformed differences (model c) produced correlations of intermediate 
magnitude, both for all Rallidae (r = 0.75; P < 0.0001) and for flighted species 
alone (r = 0.72; P < 0.0001). Taken together, these exercises indicate that a 
significant and positive correlation was found between mean body masses of 
species and magnitude of sexual differences among the Rallidae. Although there 
was some inflation of the correlation related to simple scaling effects, the rela- 
tionship remained significant under the most stringent transformation regimes. 
Flightlessness was not an important confounding factor in any of the models. 

Hierarchical correlation structure.-•A hierarchy of correlations among six ex- 
ternal measurements for 69 flighted species of Rallidae (total n = 2,283) emerged 
by means of a cluster analysis of the pooled within-species correlation matrices 
(Figs. 16, 17). All correlation coefficients between pairs of the six external mea- 
surements within flighted species of Rallidae fell within the interval 0.23 < r < 
0.67. Two couplets of anatomically related variables showed predictably high 
correlations within species (r > 0.74): culmen length and bill height, and lengths 
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Bill height 

Tarsus len•h 

Middle-toe length 

Wing length 
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0.73 

0.77 

0.72 

0.62 

0.52 

FIG. 16. Dendrogram depicting hierarchy of pairwise associations among six external measure- 
ments for 69 flighted species of Rallidae based on a cluster analysis of the pooled within-species 
correlation matrix (pooled n = 2,283). 

of the tarsus and middle toe. These two couplets were then united at slightly 
higher mean correlation to each other than this foursome was to wing length. The 
last to be joined for flighted species (i.e., the least correlated with other dimensions 
within species) was tail length (Fig. 16). 

A similar exercise for 22 flightless species of rallids (total n = 1,245) indicated 
generally higher correlation coefficients between pairs of the six external mea- 
surements within flightless species (0.47 < r < 0.77), and revealed a similar pair 
of fundamental couplets of bill and pelvic dimensions (Fig. 17). However, wing 
length was correlated more tightly with the pelvic couplet in flightless taxa than 
the latter was to the pair of bill measurements. Together these five dimensions 
were joined last by tail length, but at a slightly higher correlation than for flighted 
confamilials (r at last linkage approximating 0.30 and 0.45 in flighted and flight- 
less species, respectively). Despite the limited dimensionality of the suite of ex- 
ternal measurements, weak evidence was found that external measurements of 
flightless taxa are generally more highly correlated with each other than their 
pairwise counterparts in flighted taxa, and that wing length followed pelvic di- 
mensions more closely in flightless species than in flighted relatives. 
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Culmen h•ngth 

Bill height 
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Middle-toe length 
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0.52 
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0.51 

Wing length 

0.29 
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FIG. 17. Dendrogram depicting hierarchy of pairwise associations among six external measure- 
ments for 22 flightless species of Rallidae based on a cluster analysis of the pooled within-species 
correlation matrix (pooled n = 1,245). 

RATIOS AND PROPORTIONS 

Wing loadings.--Estimates of wing loadings for 33 species of Rallidae (g/cm 2) 
were available from the literature and various combinations of direct measurement 

(Table 9), and a first examination confirmed that wing loadings were associated 
directly with body mass among fiighted species within avian families (Hartman 
1961; Greenewalt 1962). Although these figures reveal that wing loadings of 
rallids averaged lower than members of most other nonpasseriform families hav- 
ing a minority of flightless members (e.g., Anatidae, Podicipedidae, Phalacrocor- 
acidae, and Alcidae [Hartman 1961; Livezey and Humphrey 1986; Livezey 1988, 
1989d, 1990, 1992a, 1993c]), rails were characterized by high wing loadings 
relative to mean body masses (Hartman 1961: fig. 6). Of the species of Rallidae 
for which estimates of wing loading were feasible (Table 9), only two were flight- 
less (Porphyrio hochstetteri and Porzana atra). Both of the flightless examples, 
especially massive P. hochstetteri, affirm the predicted increase in wing loadings 
with loss of flight. The estimate for P. hochstetteri (2.76 g/cm 2) also exceeded 
the estimated threshold of flightlessness of 2.5 g/cm 2 of Meunier (1951), a critical 
value that did not incorporate information on relative masses of the pectoral mus- 
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TABLE 9. Wing loadings (g.cm -2) of selected species of Rallidae. Taxonomy and 
sequence follow Livezey (1998). Summary statistics are mean +_ standard devi- 
ation and range, with sample size for wing areas in parentheses. Where associated 
body masses were not available, numerator of estimates were means compiled for 
corresponding species and sex (Appendix 1). 

Taxon Wing loading Basis for estimate 

Porphyrio poliocephalus 0.79 
-- (1) 

Porphyrio madagascariensis 0.63 -+ 0.05 
0.604).66 (2) 

Porphyrio melanotus 0.93 +- 0.04 
0.90-0.95 (2) 

Porphyrio hochstetteri 2.76 
-- (1) 

Porphyrula martinica 0.50 
-- (12) 

Aramides ypecaha 0.66 
-- (1) 

Aramides cajanea 0.63 -+ 0.10 
0.554).77 (4) 

Sarothrura boehmi 0.30 

-- (1) 
Rallus limicola 0.39 _+ 0.02 

0.3743.41 (3) 
Rallus aquaticus 0.96 ñ 1.93 

0.40-0.67 (24) 
Rallus longirostris 0.73 -+ 0.06 

0.66-0.77 (5) 
Rallus elegans 0.63 -+ 0.29 

0.42-0.84 (2) 
Gallirallus pectoralis 0.46 -+ 0.05 

0.434).52 (5) 

Gallirallus striatus 0.39 

-- (1) 
Gallirallus philippensis-group 0.60 ñ 0.09 

0.514).76 (8) 
Laterallus leucopyrrhus 0.36 

-- (1) 
Laterallus albigularis 0.36 

-- (16) 
Crex crex 0.49 

-- (1) 
Porzana porzana 0.40 + 0.01 

0.40-0.41 (2) 
Porzana carolina 0.53 -+ 0.04 

0.484).57 (4) 
Porzana pusilla 0.30 _+ 0.07 

0.254).35 (2) 
Porzana fiuminea 0.42 

0.4243.43 (2) 
Porzana tabuensis 0.31 ñ 0.01 

0.304).32 (2) 
Porzana atra 0.58 _+ 0.04 

0.544).68 (10) 
Porzana fiavirostra 0.41 -+ 0.02 

0.40-0.43 (2) 
Amaurornis olivaceus 0.53 +- 0.03 

0.514).56 (2) 
Amaurornis ruficrissus 0.54 ñ 0.04 

0.514).57 (2) 

Spread wing with associated body mass (sex un- 
determined) 

Wing areas with associated body masses (1 male, 
1 female) 

Spread wing (female) and area of undetermined 
sex, both without associated body mass 

Area of undetermined sex and without associated 

body mass 
Associated data from Hartman (1961) 

Spread wing with associated body mass (male) 

Spread wing with body mass (1 male); spread 
wings without masses (1 male, 2 females) 

Spread wing with associated body mass (male) 

Spread wings without associated body masses (1 
male, 2 females) 

Wing areas with associated body masses (13 
males, 11 females); Meinertzhagen (unpubl.) 

Spread wings without associated body masses (4 
males, 1 female) 

Spread wing without associated body mass 
(male), and one ratio from Poole (1938) 

Spread wings without associated body masses (2 
males, 2 females), and one ratio from Mtillen- 
hoff (1885) 

Spread wings without associated body mass (fe- 
male) 

Spread wings without associated body masses (2 
males, 5 females, 1 of undetermined sex) 

Spread wing without associated body mass (fe- 
male) 

Hartman (1961) 

Associated data from Magnan (1922) 

Spread wings with associated body masses (1 
male, 1 female); Meinertzhagen (unpubl.) 

Spread wings without associated body masses (22 
males, 1 female, 1 of undetermined sex) 

Spread wing with (male) and without (female) as- 
sociated body masses 

Spread wings with (sex undetermined) and with- 
out (male) associated body masses 

Spread wings with and without associated body 
masses (1 female each) 

Tracings of spread wings with associated body 
masses (3 males, 6 females, I juvenile) 

Spread wings without associated body masses 
(sexes undetermined) 

Spread wings without associated body masses (1 
male, 1 female) 

Spread wings without associated body masses (1 
male, 1 female) 
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TABLE 9. Continued. 

Taxon Wing loading Basis for estimate 

Tribonyx ventralis 0.75 -+ 0.08 
0.64-0.83 (4) 

Gallinula tenebrosa 0.92 + 0.10 

0.81-1.08 (7) 
Gallinula chloropus-group 0.82 -+ 0.11 

0.55-1.07 (72) 
Fulica americana 1.13 -+ 0.18 

0.84-1.35 (8) 
Fulica atra 1.20 -+ 0.17 

1.63-0.84 (36) 
Fulica cristata 1.42 -+ 0.00 

1.42-1.42 (2) 

Spread wings without associated body masses (3 
males, 1 of undetermined sex) 

Spread wings without associated body masses (2 
males, 4 females, 1 of undetermined sex) 

Spread wings with associated body masses (40 
males, 32 females); Meinertzhagen (unpubl.) 

Spread wings without associated body masses (3 
males, 3 females, 2 of undetermined sex) 

Spread wings with associated body masses (21 
males, 15 females); Meinertzhagen (unpubl.) 

Spread wings with associated body masses (2 
males); Meinertzhagen (unpubl.) 

culature. The importance of the latter in the flightlessness of many rallids is 
demonstrated by the estimated wing loading for small, flightless Porzana atra 
(0.58 + 0.04 g/cm2), roughly one fourth of the threshold inferred by Meunier 
(1951). 

Aspect ratios.--For the reasons given above, direct measurements of aspect 
ratios are comparatively rare for most taxonomic families of birds, including the 
Rallidae. Hartman (1961) compiled aspect ratios for the following five flighted 
species of rail (œ _ SD, n): Porphyrula martinica (2.29 + 0.04, 14), Aramides 
cajanea (1.67 - 0.04, 9), Laterallus albigularis (1.65 _+ 0.04, 16), Gallinula 
cachinaans (2.09 _+ 0.03, 11), and Fulica americana (2.32 - 0.10, 9). These 
estimates compared favorably with figures given by Hartman (1961) for repre- 
sentatives of closely related gruiform families: Aramus guarauna (2.55 + 0.50, 
2) and Heliornisfulica (2.07 _+ 0.03, 5). Given that this dimensionless ratio tends 
to decrease with a tendency toward short, broad wings, the rounding of wings 
evident in flightless rallids (see below) suggests that aspect ratios of rallids would 
average lower in flightless members than in their flighted relatives. Because aspect 
ratio is a reflection of maneuverability in flight, changes following the loss of 
flight capacity reflect the indirect effects of selection against nonfunctional struc- 
tures as mediated by ontogeny and not functional adaptations in themselves. 

MULTIVARIATE PATTERNS 

Principal component analyses.--PCA served as a natural launching point for 
multivariate analyses in that it was used to compare differences among means for 
taxa, with within-taxon variation being relegated to the more powerful but as- 
sumption-laden CAs to follow. In comparisons of the externum, PCA was used 
in direct assessments of relationships of variables (Q-mode PCA), relationships 
among taxa based on measurements of study skins (R-mode PCA of skins) and 
remiges (R-mode PCA of remiges), and within-species multivariate dispersion 
common to flighted and flightless taxa (R-mode PCA of pooled within-species 
covariance matrices). 

The general characteristics of the relationships among skin measurements were 
assessed by using separate Q-mode PCAs for flighted and flightless rallids (Table 
10). In a morphometric context, this method tends to ordinate variables by overall 
scale (mean size) on the first component and display relative multivariate com- 
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TABLE 10. Mean correlation coefficients (?) and summary statistics for first two 
principal components of separate Q-mode analyses of correlation matrices for six 
external measurements of 69 righted and 29 flightless species of Rallidae, by 
taxonomic group. Numbers of righted (ns) and flightless species (rig), respectively, 
are given in parentheses after genus names. 

Flighted species (69) Flighfiess species (29) 

Genera (nf, ns) PC-I PC-II PC-I PC-II 

Porphyrio and Porphyrula (14, 2) 0.984 -0.158 0.949 -0.080 
Gymnocrex and Habroptila (2, 1) 0.980 0.138 0.982 0.137 
Eulabeornis, Aramides, Canirallus, and Rougetius 

(7, 0) 0.985 0.106 -- -- 
Cyanolimnas, Ortygonax, and Dryolimnas (4, 2) 0.980 0.186 0.988 0.099 
Rallus, Gallirallus, Cabalus, Tricholimnas, Ha- 

bropteryx, and allies (10, 13) 0.982 0.166 0.983 -0.041 
Atlantisia, Laterallus, Crex, Coturnicops, and Por- 

zana (11, 5) 0.994 -0.008 0.983 0.015 
Amaurornis, Gallicrex, Pareudiastes, Gallinula, 

and Tribonyx (15, 6) 0.996 -0.035 0.970 0.050 
Fulica (6, 0) 0.979 -0.095 -- -- 

Eigenvalue (hl) 67.241 1.090 27.751 0.729 
Percentage of variance explained 97.5 1.6 95.7 2.5 

monalities on the second component (with outliers being relatively independent 
of other variables). In both flighted (69 species) and flightless (29 species) rallids, 
the first component separated three broad scales of skin measurements (Table 10; 
Figs. 18, 19): a comparatively minute measurement (bill height), dimensions of 
intermediate magnitude (lengths of culmen, tarsus, middle toe, and tail), and a 
variable having uniquely great mensural scale (wing length). In both groups, all 
taxa showed very high correlations with the first component (Table 10). However, 
the second components had much lower correlations in taxon space, and the mul- 
tivariate relationships among variables differed between the two groups. Among 
flighted rallids, culmen length was singled out as comparatively independent of 
other skin measurements (Fig. 18), whereas in flightless species tail length was 
uniquely disassociated from other external dimensions (Fig. 19). 

Standard R-mode PCA of the six external measurements for 98 species of 
Rallidae identified three components of particular interest in the present context, 
which together summarized 95% of the total dispersion among species (Table 11). 
Predictably, the first component (PC-I) represented a general size axis having 
strong, positive correlations with all six variables. Scores on this axis were highly 
correlated with mean body masses (Table 11). Accordingly, Porphyrio hochstetteri 
had the highest score on this axis and a collection of tiny crakes were the smallest 
taxa sampled (Fig. 20). Changes in size on PC-I associated with flightlessness 
(Fig. 20) included increases (e.g., P. hochstetteri, Habroptila wallacii, Gallirallus 
australis-group, Tricholimnas sylvestris, T. lafresnayanus, Habropteryx okinawae, 
Porzana atra, Amaurornis ineptus, Tribonyx mortierii, and Pareudiastes spp.), 
decreases (e.g., Dryolimnas aldabranus, Gallirallus wakensis, Cabalus modestus, 
Atlantisia rogersi, and Porzana palmeri), and cases of virtual stasis (e.g., Por- 
phyrio albus, Gallirallus owstoni, and Gallinula nesiotis-group). 

Principal component II and PC-III had very similar eigenvalues, and correla- 
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Plot of six external measurements on first two Q-mode principal components for flighted 
species of Rallidae. 

FIG. 19. 
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Plot of six external measurements on first two Q-mode principal components for flightless 
species of Rallidae. 
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TABLE 11. Correlation coefficients (r) and summary statistics for first four prin- 
cipal components of six external skin measurements (mm) for 98 species of Ral- 
lidae. 

Correlation coefficient (r) 

Variable PC-I PC-II PC-Ill PC-IV 

Culmen length 0.779 0.614 -0.071 -0.085 
Bill height 0.937 -0.201 -0.204 -0.198 
Wing length 0.958 -0.016 0.113 0.187 
Tail length 0.812 -0.073 0.562 -0.125 
Tarsus length 0.974 0.088 -0.061 0.086 
Middle-toe length 0.926 -0.135 -0.099 0.294 

Correlation (r) with body mass (n = 69) 0.910 0.083 -0.198 0.060 
Eigenvalue (hl) 0.746 0.064 0.057 0.030 
Percentage of variance explained 82.0 7.0 6.3 3.3 

tions between these two components and the original variables suggest that the 
comparatively modest proportions of total variance summarized by PC-II and PC- 
III together display changes in body proportions orthogonal to size (not depicted). 
PC-II contrasted culmen length with bill height and middle-toe length, whereas 
PC-III contrasted bill height with tail length. With respect to these shifts in ex- 
ternal shape, changes were diverse in direction, largely as a result of the taxo- 
nomically divergent shifts in lengths of bill and tail, changes that are only mar- 
ginally related to capacity for flight (Table 11). 

A fourth axis (PC-IV) accounted for a significant portion of the variation among 

Skin Specimens 
• A. platen/ 

mass D. aldabranus • / Gymnocrex ß ß 
ß ßH. insignis• -- ß ß•A. ineptus 

C, moaestus --ß •ß • \v H. okinawaß 
ß • T. sylvestrts 

P' P acificus• / P '1 •'tris / . 

ß ß ß G comer/ Flighted Porphyrio 

-3.0 
I I I I I I I I I 

-2.4 -1.8 -1.2 -0.6 0 0.6 1.2 1.8 2.4 3.0 

PRINCIPAL COMPONENT I 

Plot of mean scores for 98 species of Rallidae on first two standard (R-mode) principal Fro. 20. 

components of six external measurements. Flighted species are signified by circles, and flightless 
species are signified by squares. 
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taxa, and principally contrasted lengths of the wing and middle toe with bill height 
and tail length (Table 11). Scores revealed that this dimension augmented the 
discrimination of comparatively natatorial taxa (notably subtribe Fulicarina, es- 
pecially large Fulica) from other taxa, especially those characterized by deep bills 
or elongated tails (e.g., Gallirallus dieffenbachii and Porphyrio hochstetteri). 

An R-mode PCA of pooled within-species covariance matrices of external var- 
iables partitioned intraspecific, multivariate variation common to species included 
in the analysis. This portion of total sample variance accounts for all variance 
other than that attributed to taxon, including both sexual differences and variation 
with sexes for each species. Because CA employs a standardization of data that 
is based on multivariate dispersion described by a pooled within-group covariance 
matrix, examination of the qualities of the variance described is useful. Regardless 
of whether the species included in the estimate of within-group dispersion were 
flighted, flightless, or combined both groups, the first three PCs of the pooled 
within-group covariance matrices were extremely similar (Table 12). In all three 
partitions, PC-I was interpretable as a general size axis and accounted for more 
than 10% more of total variance in flightless species than in flighted species (Table 
12). Furthermore, correlations between corresponding elements of PC-I of the 
standard (R-mode) PCA and those of pooled within-species covariance matrices 
for the six external measurements were similar in eigenstructure whether the latter 
pertained to flighted (r s = 0.77; P < 0.05), flightless (rs = 0.60), or all species 
(rs = 0.60). In all three analyses, PC-1I contrasted tail length with all others. PC- 
III was similar for the three analyses and contrasted wing length with all others 
(Table 12). 

Lengths of the calami and rachises of primary remiges for 41 species of Ral- 
lidae were recorded, either during dissection of pectoral musculature or from a 
small series of critical specimens for which skeletal elements were removed from 
one side of a single skin specimen, with a template for extended wings of rallids 
based on that for Porzana carolina (Fig. 21). A standard PCA of these data (with 
R-matrix) identified three readily interpretable multivariate axes that together sum- 
marized more than 98% of the total variance in these data. PC-I was highly 
correlated with all variables (ri > 0.91, V 1 -- 1 ..... 20), represented a general 
size axis for the 20 dimensions of primary remiges, and was highly correlated 
with mean body masses of these taxa (Table 13; Fig. 22). PC-II was positively 
correlated with lengths of the three outermost primary remiges and negatively so 
with lengths of the five innermost primary remiges, essentially representing rel- 
ative pointedness of the wings (Table 13). PC-Ill represented a contrast between 
lengths of calami and rachises of all but the outermost primary remex. 

A plot of species on the first two components, in which the implied vectors of 
change are shown between flightless taxa and their flighted relatives, revealed that 
modest reductions in overall wing size and a marked shift toward comparatively 
rounded wings (i.e., smaller wings showing trimcation or loss of several outermost 
remiges) characterized changes associated with flightlessness in most taxa (Fig. 
22). Notable exceptions to this general pattern were the dwarfed Dryolimnas al- 
dabranus (substantial reduction in size with no change in shape), and the three 
giant lineages, Gallirallus australis, Nesoclopeus poecilopterus, and Amaurornis 
ineptus (modest increase in size with significant increase in rounding). PC-IV (not 
shown) represented only a modicum of the total variance (Table 13), but this axis 
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FIG. 21. Diagrammatic illustration of the relative positions of remiges in the extended right wing 
of Porzana carolina (CMNH 2007), dorsal view. 

.TABLE 13. Correlation coefficients (r) and summary statistics for first four prin- 
cipal components of lengths of extracted primary remiges for 41 species of Ral- 
lidae. Analysis was based on measurements from single specimens (dissections 
or bone-salvaged study skins) except for five species for which data from two 
specimens were averaged (Porphyrio rnelanotus, P. hochstetteri, Gyrnnocrex 
plurnbeiventris, Porzana tabuensis, and P. atra). In P. hochstetteri, an apparent 
1 lth remex primari was treated as the first remex secundari for comparison of 
outlines (see text). 

Correlation coefficient (r) 

VatSable PC-I PC-II PC-III PC-IV 

Remex primart 10, calamus 
rhachis 

Remex primart 9, calamus 
rhachis 

Remex primart 8, calamus 
rhachis 

Remex primart 7, calamus 
rhachis 

Remex primart 6, calamus 
rhachis 

Remex primart 5, calamus 
rhachis 

Remex >nman 4, calamus 
rhachis 

Remex primart 3, calamus 
rhachis 

Remex pnrnan 2, calamus 
rhachis 

Remex pnrnan 1, calamus 
rhachis 

Correlation (r) with body mass (n = 23) 
Eigenvalue 
Percentage of variance explained 

0.915 0.281 0.153 0.224 
0.924 0.227 0.260 0.088 
0.951 0.247 - 0.043 - 0.053 
0.974 0.085 0.153 -0.113 
0.967 0.185 -0.076 - 0.076 
0.975 0.020 0.125 -0.155 
0.976 0.142 -0.106 -0.048 
0.986 -0.071 0.101 -0.088 
0.981 0.118 -0.113 -0.034 
0.987 -0.105 0.078 -0.069 
0.984 0.022 -0.145 -0.011 
0.982 -0.168 0.064 -0.030 
0.987 -0.003 -0.103 -0.014 
0.976 -0.205 0.060 0.005 
0.982 -0.008 -0.161 0.041 
0.971 -0.224 0.057 0.043 
0.978 - 0.009 -0.185 0.063 
0.965 -0.242 0.054 0.058 
0.974 -0.029 -0.155 0.091 
0.961 -0.229 0.014 0.098 

0.873 -0.196 0.054 0.082 
18.815 0.516 0.309 0.149 
94.1 2.6 1.5 0.7 
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FiG. 22. Plot of mean scores for 41 species of Rallidae on first two st•d•d (R-mode) principal 
components of measurements of ex•acted pfim•y re•ges. Flighted species •e signified by circles, 
flightless species •e signified by squ•es, and infe•ed vectors of change connect flightless species 
and their fiighted relatives. Approximate orientation of vector for me• body mass of taxa is indicated. 
Recons•cted oudines of wings (based on template from Porzana carolina; Fig. 21): A, Po•hyrio 
melanotus (Aus•alian Museum 452); B, Porphyrio hochstetteri (NZNM A-2); C, Nesoclopeus poe- 
cilopterus (BMNH 1940-12-8.8); D, Porzana carolina (CM 6718); •d E• Ariantibia rogerM (AMNH 
320106). 

usefully extracted residual variance in relative length of the 10th primary remex, 
singling out those flightless species having lost this (and only this) quill (Gallir- 
allus owstoni, G. wakensis, and Porzana atra). The next axis (PC-V; not shown 
or tabulated) primarily singled out the only species (Porzana palrneri) analyzed 
that had lost one or more additional primary remiges (see below). 

Inclusion of measurements of extracted secondary remiges added a substantial 
amount of additional information to the comparisons, but because many of the 
taxa lacked a substantial number of the secondary remiges through original prep- 
aration of the specimens, molt, damage, or disease, this extended analysis was 
limited to only 27 taxa. As in the foregoing analysis, PC-I for primary and sec- 
ondary remiges was a well-defined general size axis (eigenvalue = 41.6, -85% 
of total variance) that largely reflected intergeneric differences in body size. How- 
ever, PC-II was a comparatively complex contrast that combined a measure of 
rounding of the wing (i.e., relative lengths of the outer and inner remiges) with 
a measure of lengths of calami relative to associated rachises (the latter reflected 
by Pc-m for primary remiges). 

A plot of the smaller series of taxa (not figured) continned the general trend 
in flightless lineages toward decreased size of remiges, accompanied by an in- 
creased rounding of the wing combined with a reduction in the relative lengths 
of calami. However, patterns in this analysis of higher dimension but lower tax- 
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T•LE 14. Standardized coefficients and summary statistics for first three ca- 
nonical variates and two flighted-flightless contrasts based on external dimensions 
stepwise-selected (P < 0.05) from six skin measurements for 30 taxon-sex groups 
of Porphyriornithini. Porphyrio albus, for which only two specimens of undeter- 
mined sex exist, also was included a posteriori in plots. 

Canonical variate * 
Flightless contrast 

Porphyrio 
Variable I II III Both genera? only$ 

Culmen length -0.119 -0.327 -0.083 0.150 -- 
Bill height 0.889 - 0.654 0.118 1.085 1.198 
Wing length 0.296 0.799 -0.510 -0.392 -0.478 
Tail length -0.168 -0.269 0.929 0.156 0.229 
Tarsus length 0.288 0.020 -0.506 0.169 -- 
Middle-toe length -0.181 0.733 0.756 -0.587 -0.579 

Eigenvalue 65.5 6.54 1.36 9.72 9.27 
Cumulative variance (%) 88.0 96.9 98.7 -- -- 
Canonical R 0.992 0.931 0.759 0.952 0.950 

* Wilks' h (d.f. = 6, 30, 587) = 0.000¾; P18o, 3341 = 53.7 (P < 0.0001). 
? Wilks' h (d.f. = 6, 1,586) = 0.093; F 6 •Sl = 941.2 (P < 0.0001). 
$ Wilks' h (d.f. = 4, 1,457) = 0.097; P•'. 454 = 1,051.7 (P < 0.0001); excluded six species-sex groups of Porphyrula. 

onomic diversity differed from that based only on primary remiges, in that Dry- 
olimnas aldabranus manifested a change in wing shape (as well as a decrease in 
size), and the giant flightless Tribonyx mortierii was shown, in addition to Gal- 
lirallus australis and Nesoclopeus poecilopterus, as having undergone a modest 
general increase in lengths of the remiges. However, the latter three species also 
have undergone increases in body size (not shown in the analyses of remiges), 
which together resulted in a reduction in remex size relative to body size. As in 
the analysis of primary remiges, immediately subsequent components (PC-IV and 
PC-V) emphasized residual variance associated with the loss of one or more of 
the outermost primaries. 

Canonical analyses. Where samples of multiple groups are represented by 
associated suites of attributes or measurements, CA provides a powerful means 
for multivariate discrimination of groups while conserving information on dis- 
persion within groups. Phylogenetic subdivision of taxonomic groups permitted 
the analyses to focus on multivariate differences among comparatively closely 
related taxa, both overall differences and contrasts distilling differences related to 
flightlessness (Tables 14-22; Figs. 23-31). The technique was used as well to 
derive family-wide contrasts of righted and flightless species (Table 23; Fig. 32). 
Furthermore, the technique has the advantage of incorporating information on 
both within-group and among-group variation, especially where augmented by 
ANOVA of scores on the resultant canonical axes (see below), and permitting 
formal, parametric tests of interspecific and intersexual effects through specifi- 
cation of appropriate multivariate analyses of variance (MANOVAs) (Tables 24- 
26). However, the canonical axes generally are less readily interpretable in terms 
of size and shape than those based on PCAs of morphological measurements, 
although this can be overcome to some extent through examination of correlations 
of mean scores on the axes with mean body masses (see below). One affirmation 
of the discriminatory power of CA in the present context was the number of CVs 
in each taxonomic subgroup for which significant interspecific, intersexual, or 
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TABLE 15. Standardized coefficients and summary statistics for first three ca- 
nonical variates and two flighted-flightless contrasts based on external dimensions 
stepwise-selected (P < 0.05) from six skin measurements for 20 taxon-sex groups 
of basal Rallidae. The group comprises Gymnocrex, Habroptila, Aramides, Eu- 
labeornis, Canirallus, and Rougetius. 

Canonical variate* Flighted-flightless contrast 

Variable I II III All genera? Sister genera:• 

Culmen length 0.499 -0.088 0.446 -0.502 -- 
Bill height 0.118 0.552 -0.688 -0.384 -0.763 
Wing length 0.353 -0.700 -0.167 -0.543 0.482 
Tail length 0.268 0.004 -0.590 -- -- 
Tarsus length 0.242 -0.257 0.439 -0.371 -- 
Middle-toe length 0.141 0.814 0.118 -0.249 -0.462 

Eigenvalue 60.66 18.58 14.67 6.63 34.53 
Cumulative variance (%) 59.5 77.7 92.0 -- -- 
Canonical R 0.992 0.974 0.968 0.932 0.986 

* Wilks' X (d.f. = 6, 19, 257) = 0.0000012; /Zn4 ' 1.458 = 123.2 (P •Z 0.0001). 
? Wilks' k (d.f. = 5, l, 257) = 0.1311; P• 223 = 335.4 (P • 0.0001). 
:• Wilks' k (d.f. = 3, 2, 58) = 0.028 l; P3. •6 = 644.5 (P • 0.0001); contrasted flightless Habroptila with two species of Gymnocrex. 

species-sex interaction effects in scores were found through two-way ANOVAs. 
In most instances, significant differences among group means (species, sexes, or 
both) were found on all CVs derived (with the maximum number being six for 
all but the taxonomically depauperate Dryolimnas, the meso-rallids Cyanolimnas 
and Ortygonax, and sampled species of Fulica), including many axes accounting 
for 1% or less of the total variation among groups. 

Interspecific differences in the swamphens (Porphyrio, including flightless 
"Notornis" hochstetteri and P. albus, and Porphyrula) were found on all six CVs 
(ANOVA of scores; P < 0.05). Flightless P. hochstetteri was discriminated from 
flighted congeners on both the first canonical variate (CV-I) and (especially) the 
second canonical variate (CV-II; Table 14; Fig. 23). CV-I was dominated by bill 

TABLE 16. Standardized coefficients and summary statistics for first three ca- 
nonical variates and flighted-flightless contrast based on external dimensions step- 
wise-selected (P < 0.05) from six skin measurements for six species-sex groups 
of pardiralline rallids. Comparisons included two species of Ortygonax and mono- 
typic, flightless Cyanolimnas. 

variable I 

Canonical variate* Flighted- 
flightless 

lI III contrast? 

Culmen length -- -- -- 0.379 
Bill height 0.609 0.166 0.786 -0.723 
Wing length -0.545 -0.007 0.120 0.488 
Tail length -0.594 -0.347 0.510 0.549 
Tarsus length .... 
Middle-toe length -0.287 0.889 -0.022 -- 

Eigenvalue 19.68 1.56 0.79 13.41 
Cumulative variance (%) 89.2 96.3 99.8 -- 
Canonical R 0.976 0.780 0.664 0.965 

* Wilks' X (d.f. = 4, 5, 42) = 0.01019 /520.• 0 = 19.5 (P < 0.0001). 
t Wilks' k (d.f. = 4, 1, 42) = 0.0694; P4.39 = 130.7 (P < 0.0001). 
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TABLE 17. Standardized coefficients and summary statistics for first three ca- 
nonical variates and flighted-flightless contrast based on external dimensions step- 
wise-selected (P < 0.05) from six skin measurements for six species-sex groups 
of Dryolimnas. 

Variable I 

Canonical variate* Flighted- 
flightless 

II III contrast? 

Culmen length -0.859 0.605 -0.140 -0.914 
Bill height 0.206 -0.063 -0.923 0.318 
Wing length 0.908 0.096 0.262 0.834 
Tail length 0.282 -0.150 -0.497 0.369 
Tarsus length 0.132 0.605 0.689 -- 
Middle-toe length .... 

Eigenvalue 20.74 1.44 0.51 10.34 
Cumulative variance (%) 91.2 97.5 99.8 -- 
Canonical R 0.977 0.768 0.582 0.955 

* Wilks' X (d.f. = 5, 5, 89) = 0.0118; •2s. 3•7 = 29.2 (P < 0.0001). 
? Wilks' X (d.f. = 4, 1, 89) = 0.0882 F• 868 = 222.4 (P < 0.0001). 

height and lengths of the wing and tarsus, and strongly correlated with body mass 
(r = 0.98; P << 0.01). CV-I primarily discriminated the two genera, although 
interspecific differences within genera (especially between P. hochstetteri and 
flighted congeners) and sexual differences within species also contributed to the 
variance on this axis (ANOVA of scores; P < 0.05). CV-II primarily distinguished 
flightless P. hochstetteri from all other taxa (Fig. 23). Coefficients of variables 
indicates that this delineation resulted from the relatively short wings and toes of 
the flightless species (Table 14); mean scores on CV-II showed a moderate, neg- 
ative correlation with mean body masses (r = -0.42; P < 0.05). Also notable 

TABLE 18. Standardized coefficients and summary statistics for first four canon- 
ical variates and two flighted-flightless contrasts based on external dimensions 
stepwise-selected (P < 0.05) from six skin measurements for 40 taxon-sex groups 
of "typical" rails. "Typical" rails here comprise Rallini exclusive of Dryolimnas 
(treated separately). General analysis also included samples of three species lack- 
ing adequate numbers of specimens of determined sex (Gallirallus dieffenbachik 
G. sharpei, and Habropteryx okinawae). 

Canonical vailate* 
Flighted-flightless contrast 

All Without 

Variable I II III IV genera? Rallus$ 

Culmen length 0.338 1.047 -0.069 0.385 0.445 -0.230 
Bill height -0.562 -0.557 0.186 0.761 -0.964 -0.578 
Wing length -0.341 0.053 0.086 -0.623 -- 0.271 
Tail length -0.311 -0.001 -0.945 0.007 -- -0.153 
Tarsus length -0.400 -0.287 0.494 -0.654 -0.407 -0.321 
Middle-toe length -0.104 0.399 0.053 0.288 -- -0.274 

Eigenvalue 47.64 13.45 7.61 5.08 5.46 3.51 
Cumulative variance (%) 62.9 80.7 90.8 97.5 -- -- 
Canonical R 0.990 0.965 0.940 0.914 0.919 0.882 

* Wilks' X (d.f. = 6, 41,707) = 0.00001• •246 4.182 = 107.7 (P • 0.0001). 
? Wilks' X (d.f. = 3, 1,707) = 0.1547; Fa. 705 = 1,283.9 (P • 0.0001). 
$ Wilks' X (d.f. = 6, 1,595) = 0.2219; P6. 5.908 = 344.8 (p < 0.0001); excluded eight species-sex groups of Rallus sensu stricto. 
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TABLE 19. Standardized coefficients and summary statistics for first three ca- 
nonical variates and two flighted-flightless contrasts based on external dimensions 
stepwise-selected (P < 0.05) from six skin measurements for 28 taxon-sex groups 
of crakes (Crecini). General analysis also included samples of two species lacking 
adequate numbers of specimens of determined sex (Porzana toonasa and P. sand- 
wichensis). 

Canonical vailate* 
Flighted-fiightless contrast 

Crex and 

Variable I II III All genera? PorzanaS; 

Culmen length -0.201 -0.639 0.087 -0.340 -0.241 
Bill height 0.208 -0.228 -0.639 0.109 -- 
Wing length 0.992 0.507 -0.210 1.101 0.998 
Tail length -0.163 -0.264 0.871 -0.209 -- 
Tarsus length 0.252 -0.263 -0.018 -- 0.139 
Middle-toe length -0.064 -0.337 0.240 -- -- 

Eigenvalue 59.09 11.61 6.21 21.05 14.50 
Cumulative variance (%) 72.7 87.0 94.7 -- -- 
Canonical R 0.992 0.960 0.928 0.977 0.967 

* Wilks' 3. (d.f. = 6, 29, 424) = 0.0001 P•?4 2447 = 81.3 (P < 0,0001), 
? Wilks' 3. (d.f. = 4, 1,417) = 0.0453; P•4,4•4 = 2,179.0 (P < 0,0001); excluded two species for which sex was undetermined. 
$ Wilks' 3. (d,f. = 3, 2, 321) = 0.0645; F3, 3•9 = 1,542.0 (P < 0.0001); excluded Laterallus, Atlantisia, and Coturnicops. 

was the modest shift shown by P. albus toward the uniquely derived position of 
P. hochstetteri on the first two CVs (Fig. 23). The essential differences in pro- 
portions associated with flightlessness indicated by CV-II for swamphens were 
confirmed by canonical contrasts between P. hochstetteri and other taxa (Table 
14). None of the remaining axes augmented the discrimination of flightless P. 
hochstetteri appreciably, although all four showed significant interspecific differ- 
ences in scores, and CV-III and CV-V included significant intersexual differences 
(ANOVA of scores; P < 0.05). 

Ten species of basal rallids representing six genera manifested substantial di- 
versity of form (Table 15). CV-I represented variation among groups of compa- 

TABLE 20. Standardized coefficients and summary statistics for first three ca- 
nonical variates and flighted-flightless contrast based on external dimensions step- 
wise-selected (P < 0.05) from six skin measurements for 14 taxon-sex groups of 
Amaurornis. 

Variable I 

Canonical vailate* Flighted- 
flightless 

II III contrast? 

Culmen length -0.479 -0.292 0.896 0.538 
Bill height -0.353 -0.074 -0.682 0.319 
Wing length -0.396 0.915 -0.231 0.250 
Tail length 0.452 0.118 0.339 -0.449 
Tarsus length -0.368 -0.190 -0.325 0.390 
Middle-toe length 0.023 0.151 0.213 -- 

Eigenvalue 29.40 3.89 1.71 21.26 
Cumulative variance (%) 81.6 92.4 97.2 -- 
Canonical R 0.983 0.892 0.794 0.977 

* Wilks' 3. (d.f. = 6, 13, 256) = 0,0011 •P78 •390 = 43.7 (P < 0.0001). 
? Wilks' 3. (d.f. = 5, 1, 256) = 0.0449; F5,2s 6 = 1,071.3 (P < 0.0001). 



FLIGHTLESSNESS 1N RAILS 117 

TABLE 21. Standardized coefficients and summary statistics for first three ca- 
nonical variates and two flighted-flightless contrasts based on external dimensions 
stepwise-selected (P < 0.05) from six skin measurements for 24 taxon-sex groups 
of moorhens. The group comprised Gallicrex, Tribonyx, Gallinula, and Porphy- 
riornis; general analysis also included samples of two species lacking adequate 
numbers of specimens of determined sex (Pareudiastes pacificus and P. silvestris). 

Canonical variate* 
Flighted-flightless contrast 

Tribonyx 
Variable I II HI All generM- only• 

Culmen length -0.047 0.174 0.341 -0.251 -- 
Bill height -0.394 -0.810 -0.223 -0.641 -0.594 
Wing length -0.333 0.966 -0.188 0.285 0.426 
Tail length -0.215 -0.227 0.085 0.316 -0.343 
Tarsus length -0.790 -0.127 0.213 -0.773 -0.466 
Middle-toe length 0.834 0.064 0.814 0.927 -0.253 

Eigenvalue 26.36 13.30 8.37 2.77 31.72 
Cumulative variance (%) 52.6 79.2 95.9 -- -- 
Canonical R 0.982 0.964 0.945 0.857 0.985 

* Wilks' h (d.f. = 6, 23, 371) = 0.00006; Pm. 2. m = 66.4 (P < 0.0001). 
•-Wilks' h (d.f. = 6, 1, 378) = 0.0449; •6.373 = 172.2 (P < 0.0001); included Pareudiastes. 
$ Wilks' h (d.f. = 5, 1, 129) = 0.0306; Fs. •25 = 792.9 (P • 0.0001). 

rable magnitude to that for swamphens (eigenvalues of 60.7 and 65.5, respec- 
tively), although this axis accounted for a substantially smaller proportion of the 
total variation among groups in the basal rallids (Table 15). Coefficients of var- 
iables (Table 15) and a strong correlation with mean body masses (r = 0.93; P 
<< 0.01) indicated that this variate essentially reflected general body size (Fig. 
24). In light of the standardization to which CA imposes variances, this partition 
of size would correspond to that in addition to variation among specimens within 
groups. CV-II for basal rallids essentially contrasted lengths of the wing and 
middle toe with bill height (Table 15), an axis uncorrelated with body mass (r = 
0.13; P > 0.05). This proportionality placed flightless Habroptila wallacii at one 

TABLE 22. Standardized coefficients and summary statistics for first three ca- 
nonical variates and contrast of "mega" taxa based on external dimensions step- 
wise-selected (P < 0.05) from six skin measurements for 12 species-sex groups 
of coots (Fulica). 

Variable I 

Canonical variate* Flighted- 
flightless 

II IIl contrastS- 

Culmen length .... 
Bill height -0.354 -0.623 - 1.00 0.236 
Wing length 0.597 -0.633 0.562 -0.666 
Tail length 0.216 -0.119 0.109 -0.226 
Tarsus length 0.692 0.500 -0.509 -0.661 
Middle-toe length 0.143 0.571 0.513 -- 

Eigenvalue 30.02 2.29 0.65 21.29 
Cumulative variance (%) 90.6 97.5 99.5 -- 
Canonical R 0.984 0.834 0.628 0.977 

* Wilks' h (d.f. = 5, 11, 200) = 0.0051;•P55.9• = 35.3 (P < 0.0001). 
•- Wilks' h (d.f. = 4, 1, 200) = 0.0449; F< •97 = 1,048.4 (P < 0.0001). 
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FIG. 23. Plot of 30 species-sex groups of swamphens (Porphyrio and Porphyrula) on the first two 
canonical variates for six external measurements. Except for Porphyrio albus, ellipses for groups 
delimit summary statistics for scores (• _+ SD). Approximate orientation of vectors for mean body 
masses of taxa ("mass") and apparent threshold of fiightlessness (T, positioned on the flightless side 
of boundary) are indicated. 
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FIG. 24. Plot of 20 species-sex groups of basal rallids (Gymnocrex, Habroptila, Aramides, Eula- 
beornis, Canirallus, and Rougetius) on the first two canonical variates for six external measurements. 
Ellipses for groups delimit summary statistics for scores (œ _+ SD). Approximate orientation of vector 
for mean body masses of taxa ("mass") and apparent threshold of flightlessness (T, positioned on the 
flightless side of boundary) are indicated. 
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F[•. •5. Plot of six species-sex •roups of m•so-raflids (Or•on• •d Cy•nolimn•) on the first 
two canon•c• v•ates for six ½xte•a] me•urements. Eflips•s for •roups delimit summ• statistics 
for scores (• ß SD). Appmx•mat• orientation of vector fo; m• bod• masses of taxa ("m•s") •d 
app•nt t•shold of fii•hd•ssn•ss (% positioned on • fi]•htl•ss side of bound•) • indicated. 

extreme and its sister genus (Gymnocrex) at the other, with all other included 
genera (Canirallus, Rougetius, Eulabeornis, and Aramides) being intermediate in 
this respect (Fig. 24). Contrasts between H. wallacii and flighted relatives were 
comparatively simple contrasts between wing length and all other included vari- 
ables, axes that were oblique to both CV-I and CV-II, but coefficients indicate 
that the contrast between flighted and flightless species was most similar to CV- 
II discriminating all species-sex groups (Table 15). Of the remaining four canon- 
ical axes, all of which included significant interspecific and three of which in- 
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FIG. 26. Plot of six species-sex groups of white-throated rails (Dryolirnnas) on the first two ca- 
nonical variates for six external measurements. Ellipses for groups delimit summary statistics for scores 
(œ -+ SD). Approximate orientation of vector for mean body masses of taxa ("mass") and apparent 
threshold of flightlessness (•, positioned on the flightless side of boundary) are indicated. 
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FIG. 27. Plot of 40 species-sex groups of typical rails (tribe Rallini exclusive of Dryolimnas) on 
the first two canonical variates for six external measurements. Except for taxa represented by inade- 
quate samples (Gallirallus dieffenbachii, G. sharpei, and Habropteryx okinawae), ellipses for groups 
delimit summary statistics for scores (X - SD). Approximate orientation of vector for mean body 
masses of taxa ("mass") and apparent threshold of flightlessness (% positioned on the flightless side 
of boundary) are indicated. 

cluded significant intersexual differences (ANOVA of scores; P < 0.05), only 
CV-IV contributed substantial separation of flightless H. wallacii from other taxa. 
In large part, this axis reflected the relatively long tarsi and short toes of H. 
wallacii, with secondary discrimination based on the relatively deep bills of this 
flightless species. 

Despite the limited morphometric dimensionality afforded by the two species 
of meso-rallids (Ortygonax and flightless Cyanolimnas cerverai), three CVs were 
extracted that described significant differences among species-sex groups (AN- 
OVA of scores; P < 0.05). CV-I for these meso-rallids accounted for almost 90% 
of the total variance among groups, principally discriminated flightless C. cerverai 
from Ortygonax (Fig. 25), and essentially contrasted wing length with the three 
other variables significantly entered into the model (Table 16). CV-I was not 
significantly correlated with body mass (r -- 0.18; P > 0.05). This first axis was 
similar in composition (but opposite in sign) to a contrast between flightless C. 
cerverai and flighted Ortygonax (Table 16), confirming that CV-I summarized the 
variance associated with flightlessness (and perhaps other intergeneric differenc- 
es). CV-II for meso-rallids accounted for differences between species of Orty- 
gonax and (uniquely for this set of taxa) sexual dimorphism common to all three 
species (ANOVA of scores; P < 0.05), a discrimination largely effected by a 
contrast between lengths of the tail and middle toe (Table 16; Fig. 25) and sig- 
nificantly correlated with mean body mass (r = 0.98; P < 0.01). CV-III for meso- 
rallids represented residual differences between Ortygonax nigricans and the other 
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FIG. 28. Plot of 28 species-sex groups of cr•es (sub,be Crecina) on the first two canonical 
v•ates for six external measurements. Except for t•a represented by inadequate samples (Porzana 
monasa •d P. sandwichensis), ellipses for groups delimit sugary statistics for scores (• • SD). 
Approximate orientation of vector for mean body masses of t•a ("mass") •d app•ent t•eshold of 
flighQessness (•, positioned on •e flightless side of bound•y) •e indicated. 
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l•a. 29. Plot of 14 species-sex groups of bushhens (Amaurornis) on the first two canonical variates 
for six external measurements. Ellipses for groups delimit summary statistics for scores (œ +_ SD). 
Approximate orientation of vector for mean body masses of taxa ("mass") and apparent threshold of 
flightlessness (% positioned on the flightless side of boundary) are indicated. 
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FIe. 30. Plot of 24 species-sex groups of moorhens (Gallicrex, Tribonyx, Gallinula, •d Porphy- 
riornis) on •e first two canonic• v•ams for six exte•al meas•ements. Except for taxa lacMng 
adequate s•ples (Pareudiastes pacificus •d P. silvestris), ellipses for groups delimit summ•y sta- 
tistics for scores (• • SD). Approximate oriemation of vector for mean body masses of taxa ("mass") 
and app•ent •eshold of flightlessness (% positioned on •e flightless side of bound•y) •e indicated. 
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CANONICAL VARIATE I 

FIG. 31. Plot of 12 species-sex groups of coots (Fulica) on the first two canonical vadates for six 
external meas•ements. Ellipses for •oups deli•t summ•y statistics for scores (• • SD). Approxi- 
mate orientation of vector for mean body masses of t•a ("mass") •d provisional t•eshold of 
flightlessness ([•], positioned on •e flightless side of bound•y) •e indicated. 
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TABLE 23. Standardized coefficients and summary statistics for flighted-flight- 
less contrast based on external measurements stepwise-selected (P < 0.05) from 
six variables for 96 species groups of Rallidae. Size of problem dictated that sexes 
be pooled within taxa for analysis. 

Variable Coefficient 

Culmen length -0.642 
Bill height -0.271 
Wing length 0.897 
Tail length 0.064 
Tarsus length -0.081 
Middle-toe length 0.548 

Eigenvalue* 1.65 
Cumulative variance (%) -- 
Canonical R 0.789 

Correlation with body mass (n = 70) 0.745 

* Wilks' k (d.f. = 6, 1, 3,033) - 0.3781; P6. 3.o2s - 829.9 (P • 0.000l). 

two included taxa (ANOVA of scores; P < 0.005) as well as supplemental sexual 
dimorphism (ANOVA of scores; P < 0.000l), an axis that crossed delimitations 
of genus or flight capacity and emphasized relative bill height and tail length 
(Table 16). 

Comparable in its modest dimensionality to the analysis of meso-rallids (Table 
17), the CA of external measurements of Dryolimnas identified three variates 
possessing significant differences among means of species-sex groups (ANOVA 
of scores; P < 0.05). CV-I for Dryolimnas contrasted culmen length with the four 
other variables entered significantly. Of the latter, wing length was the primary 
contributor (Table 17). CV-I was strongly correlated with mean body mass (r = 
0.92; P < 0.01), and placed flightless, dwarfed Dryolimnas aldabranus at the low 
extreme, extinct D. abbotti at an intermediate position, and flighted D. cuvieri at 
the high extreme (Fig. 26). The strong association between reduced body size and 
flightlessness in Dryolimnas (Fig. 26) resulted in a decided similarity between 
CV-I and a contrast between D. aldabranus and its flighted congeners, with the 
latter largely contrasting lengths of the culmen and wing (Table 17). Additional 
interspecific differences, largely distinguishing D. abbotti from its two congeners 
and uncorrelated with mean body mass (r -- 0.47; P > 0.05), were incorporated 
into CV-II for Dryolimnas (ANOVA of scores; P < 0.0001), as were essentially 
all intersexual differences for members of the genus (ANOVA of scores; P < 
0.0001). CV-III for this genus extracted residual differences between D. abbotti 
and its congeners (ANOVA of scores; P < 0.0001), and stressed magnitudes of 
bill height and tail length relative to tarsus length (Table 17). 

The sheer diversity of included taxa, incomplete resolution of phylogeny, and 
the multiple instances of flightlessness in the typical rails (subtribe Rallina, ex- 
clusive of Dryolimnas [Livezey 1998]) rendered simultaneous inference of mor- 
phometric patterns in this group challenging at best, despite the exclusion of 
several flightless allies (e.g., Diaphorapteryx hawkinsi, Aphanapteryx bonasia, 
Erythromachus leguati, and Capellirallus karamu) lacking skin specimens. Inter- 
specific differences in mean scores were highly significant on all six CVs (AN- 
OVA of scores; P < 0.0001), and intersexual differences were significant on the 
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TAXON 
P. palmeri 
A. rogersi 
P. sandw•chensls 
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CANONICAL CONTRAST SCORE 
Dot chart of mean scores for 96 species of Rallidae on a global contrast of flighted and 

flightless taxa for six external measurements. Flighted species are symbolized by circles, flightless 
species are symbolized by squares and emphasized by arrows, and uncertain flight status of Laterallus 
spilonotus is indicated by a hollow square. 
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TABLE 25. Summary statistics for sex-related interaction effects for selected 
flightless species of Rallidae and righted relatives based on stepwise multivariate 
analyses of variance (P < 0.05) of six external measurements. Approximate F- 
statistics correspond to Wilks' k (see text). 

Species-sex interaction Flight-sex interaction 

Taxonomic group P•., P-value P-value 

Porphyrio and Porphyrula F•i, 586 = 4.4 <0.05 •2, 385 = 4.8 
Porphyrio F•l, 437 = 7.2 <0.01 F•2, 456 • 4.9 
Basal Rallidae* F•2, 256 = 5.3 <0.01 F•3, 255 = 11.2 
Habroptila and Gymnocrex F•3,56 = 13.1 <0.0001 F^3.56 = 11.0 
Cyanolimnas and Ortygonax F• 42 = 2.1 >0.15 FI 42 : 0.8 
Oryolimnas F•11 89 = 5.6 <0.05 P•1189 4.1 
Typical Rallidae? F•3, ,05 = 4.8 <0.005 F•2, 706 = 7.4 
Gallirallus and close relatives F•, 593 = 5.8 <0.001 F•i, 595 = 4.1 
Crakes (Crecina) F•2,4•6 = 6.8 <0.005 F•l,417 = 3.1 
Crex and Porzana F•2, 320 = 8.3 <0.005 F•l, 32• = 7.0 
Amaurornis F•l, 256 = 2.5 >0.10 F•, 256 = 2.3 
Moorhens sensu lato$ F•, •5 = 2.7 >0.10 F•2, •vo = 8.3 
Gallinula F•, 206: 6.1 <0.05 F•2, 205: 5.7 
Tribonyxõ F•3, •27 = 12.8 <0.0001 F•, •27 - 12.8 
Fulica F•, 200 = 9.7 <0.005 F2, •90: 8.711 

<0.01 

<0.01 
<0.0001 
<0.0001 
>0.35 

<0.05 
<0.001 
<0.05 
<0.10 
<0.01 

>0.10 

<0.0005 
<0.01 

<0.0001 
<0.0001 

* Paraphyletic series (Gymnocrex, Habroptila, Aramides, Eulabeornis, Canirallus, and Rougetius). 
? Railus, Gallirallus, and close allies, following Livezey (1998). 
• Gallicrex, Pareudiastes, Gallinula (including Porphyriornis), and Tribonyx. 
õ Tests identical for this taxon. 
I[ Fulica gigantea and F. cornuta treated as flightless for this comparison. 

first four CVs (P < 0.0001). CV-I for typical rails conformed with the general 
pattern for other groups in being uniquely highly correlated with mean body 
masses (r -- -0.96; P << 0.01), on which massive Gallirallus australis-group had 
the lowest scores and comparatively petite Cabalus modestus had the highest 
scores (Fig. 27). Coefficients of variables for CV-I indicated that all but culmen 
length varied directly with this index to size, reflecting a variation in bill length 
among included taxa that is unrelated to other external dimensions (Table 18). 

The range of scores shown by flightless taxa on CV-I foreshadowed the diffi- 
culties of delineating species by flight capacity in this group, a complexity ex- 
acerbated by the range of values assumed by flightless species on CV-II and 
subsequent axes. CV-II for typical rails was uncorrelated with body mass (r = 
-0.03; P >> 0.05); essentially contrasted lengths of the culmen and middle toe 
with bill height and tarsus length (Table 18); and amplified the separation of 
groups by flight capacity, sex, and (to a lesser extent) discriminated Railus from 
Gallirallus in general (Fig. 27). A bivariate plot of taxa on the first two variates 
tended to position flightless taxa in the lower left part of the plane and righted 
taxa in the upper right, with a sinuous, diagonally oriented partition between the 
two groups. This nonlinear threshold between righted and flightless taxa indicated 
an ambiguity of flight status for the righted Gallirallus philippensis-group and 
Habropteryx torquatus-group by intrusions into the flightless domain (Fig. 27). 

The third CV further separated flightless taxa in general and Aramidopsis pla- 
teni and Habropteryx insignis in particular (not shown), principally displaying a 
contrast between tail length and tarsus length (Table 18); species with high scores 
were typified by relatively short to obsolescent tails. CV-IV largely contrasted bill 
dimensions with lengths of the wing and tarsus (Table 18), and especially singled 
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out two flightless species (Tricholimnas sylvestris and Cabalus modestus) having 
long bills relative to their limbs. 

No combination of these four axes unequivocably circumscribed the flightless 
species of typical rails in a bivariate space, indicating that despite conformance 
with the generality that flightless rails have relatively short wings, standard ex- 
ternal measurements fail to concisely discriminate flightless members of the typ- 
ical rails (comprising taxa disparate in size and relative lengths of bills, tarsi, and 
tails) from their flighted relatives. This conclusion was supported by explicit uni- 
dimensional contrasts of species in these genera by flight capacity. The contrast 
for all genera of typical rails emphasized culmen length relative to two other 
dimensions (with wing length not being entered significantly) and accounting for 
little more of the among-group variance than that incorporated by CV-IV. A con- 
trast excluding Rallus proved to be an unremarkable index to relative wing length 
accounting for a comparable proportion of the dispersion among group means 
(Table 18). Neither canonical contrast of flighted and flightless typical rails with 
external measurements resolved an ordination in which the two groups were di- 
chotomized. Instead, these attempts educed the inadequacy of such data for di- 
agnosis of flight capacity in these taxa (especially for dwarfed flightless species 
and flighted Habropteryx). The contrast including all genera resulted in the fol- 
lowing sequence of taxa, from lowest to highest mean scores (with males having 
lower means than females in all taxa for which sex was specified): Gallirallus 
australis, G. greyi, Nesoclopeus poecilopterus-group, Habropteryx insignis, H. 
okinawae, H. sulcirostris, H. celebensis, G. owstoni, Tricholimnas sylvestris, T. 
lafresnayanus, Aramidopsis plateni, H. torquatus, G. sharpei, G. dieffenbachii, 
Rallus elegans, G. philippensis-group, G. striatus, G. wakensis, R. longirostris, 
R. aquaticus, Cabalus modestus, G. pectoralis, and R. lirnicola. 

Second only to the typical rails in taxonomic diversity of flightless forms, the 
external measurements of crakes (including Atlantisia, Laterallus, Coturnicops, 
Crex, and Porzana) spanned six CVs showing signficant differences among 
groups. Two extinct, flightless crakes (Porzana sandwichensis and P. monasa) 
were included in the analyses, but because the small samples of specimens avail- 
able for these taxa were of unknown sex (Table 7), these groups were represented 
as single taxonomic groups. All six CVs included highly significant interspecific 
differences in mean scores (ANOVA of scores; P < 0.0001), and the first three 
of these also included significant intersexual differences (P < 0.005). CV-I for 
external measurements of crakes accounted for almost three fourths of the total 

dispersion among groups. Scores on CV-I were highly correlated with mean body 
masses (r = 0.85; P < 0.01), but coefficients of variables indicated that the size 
reflected by CV-I also was influenced by relative wing length (Table 19). Positions 
of taxa on CV-I affirmed this interpretation: small, brevipennate Atlantisia rogersi 
and Porzana palrneri had the lowest scores; intermediate-sized species (including 
P. sandwichensis, P. rnonasa, P. atra, and P. tabuensis) assumed a range of 
somewhat larger scores; and large, strongly flighted Crex crex had the highest 
scores (Fig. 28). 

The second CV essentially accounted for residual differences among groups in 
relative wing length (Table 19) that was uncorrelated with mean body masses (r 
-- -0.30; P > 0.05). Three flightless species (Atlantisia rogersi, Porzana atra, 
and P. rnonasa) had the lowest scores on this axis, followed closely by two other 
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flightless crakes (P. palmeri and P. sandwichensis). The plane spanned by the 
first two variates displayed flighted and flightless crakes neatly partitioned by a 
diagonal line (Fig. 28). The position of Laterallus spilonotus as approaching the 
threshold of flightlessness for crakes was noteworthy, in that observations indicate 
that this species is weakly flighted if not flightless. 

The third CV for crakes largely contrasted bill height with tail length (Table 
19). In addition to amplifying differences among flighted taxa (not shown), this 
axis demarcated flightless species having relatively thick bills and short tails (Por- 
zana sandwichensis and P. palmeri) from others having intermediate (P. atra) or 
opposite proportions (Atlantisia rogersi and P. monasa). Interspecific differences 
(ANOVA of scores; P < 0.0001), unconfounded by intersexual differences (P > 
0.25), also were detected on CV-IV, CV-V, and CV-VI for crakes (not shown). 
Mean scores indicated that none of these last three CVs amended the morpho- 
logical correlates of flightlessness in crakes: CV-IV primarily separated Crex crex 
and Atlantisia rogersi from Porzana flavirostra and P. pusilla, with other species 
being intermediate on this axis; CV-V distinguished Laterallus spilonotus and P. 
flavirostra from other species; and CV-VI principally separated L. leucopyrrhus 
from other crakes. 

In canonical contrasts resolving the essential differences between species-sex 
groups of crakes solely on the basis of flight capacity (one contrast included all 
genera and one was limited to Crex and Porzana), wing length was contrasted 
with variable combinations of other, significantly entered dimensions (Table 19). 
The flight contrast for all genera of crakes, unlike those for typical rails in which 
manifold changes in size were associated with loss flight, displayed an intuitive 
ordination of species. The sequence of species on this variate (Table 19), in order 
of increasing mean score and in which females had lower average scores than 
male conspecifics, was Atlantisia rogersi, Porzana palrneri, Laterallus spilonotus, 
P. sandwichensis, P. rnonasa, P. tabuensis, P. atra, L. leucopyrrhus, P. pusilla, 
Coturnicops noveboracensis, P. olivieri, P. flavirostra, Crex albicollis, P. caro- 
lina, and C. crex. The contrast limited to Crex and Porzana preserved the same 
sequence for included members of these two genera. The logical rankings recov- 
ered for the crakes (excepting the transposition of P. tabuensis and P. atra), in 
stark contrast to those among typical rails, evidently stems from the absence of 
both marked dwarfism and giantism among flightless species, a situation that 
compromised a linear ordination of taxa with respect to capacity for flight. 

The first CV for extemal measurements of species-sex groups of the bushhens 
(Arnaurornis) integrated much of the variation of interest in the present context, 
accounting for 82% of the differences among groups (Table 20), including highly 
signficiant differences both among species and between sexes in mean scores 
(ANOVA of scores; P < 0.0001), being strongly (negatively) correlated with 
mean body masses (r = -0.99; P << 0.01), and reflecting the vast majority of 
the divergence of flightless A. ineptus from its flighted congeners (Fig. 29). How- 
ever, coefficients of variables on CV-I unexpectedly emphasized relative tail 
length as the primary discriminator of flight capacity among groups, with middle- 
toe length contributing negligibly to this axis (Table 20). Predictably from the 
strong correlation between CV-I and body mass, males on average were plotted 
as comparatively more flightless than female conspecifics, a proportionality that 
would be expected to have practical implications for A. ineptus in that no other 
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species of Amaurornis approached the apparent threshold of flightlessness sug- 
gested by external dimensions (Fig. 29). The virtually complete summary of var- 
iation among Amaurornis related to flight capacity by CV-I was confirmed by the 
close similarity of coefficients (irrespective of a reversal of sign) for this contrast 
for the genus (Table 20). 

The second CV for external measurements of Amaurornis conveyed an addi- 
tional 10% of the total variation among groups (Table 20). CV-II essentially rep- 
resented relative wing length not subsumed by CV-I, residual variation that was 
not significantly correlated with mean body mass (r = -0.15; P > 0.05) but 
included significant interspecific differences in scores (ANOVA of scores; P < 
0.0001), and which separated flightless A. ineptus and three righted species (A. 
moluccanus, A. ruficrissus, and A. akool) from three other righted congeners (A. 
olivaceus, A. isabellinus, and A. phoenicurus), with the former group having rel- 
atively shorter wings (Fig. 29). CV-III contrasted lengths of the culmen, tail, and 
middle toe with bill height, wing length, and tarsus length (Table 20); included 
significant interspecific dispersion of means (ANOVA of scores; P < 0.0001); 
and primarily amplified the discrimination of A. phoenicurus and A. akool from 
other Amaurornis. Although CV-IV and CV-VI for Amaurornis provided modest 
but significant discrimination of species (ANOVA of scores; P < 0.01), and CV- 
IV and CV-V contributed additional discrimination of sexes within species (AN- 
OVA of scores; P < 0.01), none of these last three variates highlighted morpho- 
metric corollaries of flightlessness in Amaurornis. 

Another group having multiple flightless members is the moorhens (Gallicrex, 
Gallinula, Pareudiastes, and Tribonyx). All six CVs for external measurements 
of these taxa revealed highly significant interspecific differences (ANOVA of 
scores; P < 0.0001). The first, third, fourth, and fifth variates commingled these 
with significant intersexual differences (ANOVA of scores; P < 0.0001). CV-I 
for external measurements of these taxa accounted for roughly one half of the 
total variation among groups and essentially contrasted middle-toe length with all 
other dimensions (Table 21); mean scores on this axis were highly (negatively) 
correlated with mean body mass (r = -0.78; P < 0.01). The gamut of body sizes 
manifested by flightless moorhens rendered CV-I relatively uninformative con- 
cerning the morphometric correlates of flightlessness, with only the comparatively 
small size and score of flighted Gallinula angulata imposing a suggestion of 
flight-related discrimination based on these data (Fig. 30). 

The second CV for external measurements of moorhens extracted much of the 

interspecific differences associated with flightlessness (Fig. 30). Coefficients for 
this axis revealed that it contrasted wing length and (to a lesser extent) culmen 
length with other dimensions exclusive of the generally contrarian middle-toe 
length (Table 21); mean scores on CV-II were uncorrelated with mean body mass 
(r = -0.04; P 3• 0.05). CV-III for these taxa revealed additional differences 
among species (not shown), in which the comparatively diminutive Gallinula 
angulata had uniquely low scores, most flightless species (Gallinula nesiotis- 
group and Pareudiastes) and Tribonyx ventralis had intermediate scores, and other 
species (including the large, flightless Tribonyx rnortierii) had high scores. 

The remaining three CVs each provided additional discrimination of the two 
species of the flightless Pacific genus Pareudiastes from all other moorhens (add- 
ing 2%, 1%, and 0.5% of total dispersion among groups), regardless of flight 
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capacity of the latter (not shown). These differences did not consider the possible 
contributions of sexual dimorphism in either species of Pareudiastes, because 
neither species in the genus permitted partitioning by sex (Table 7). These last 
three axes particularized slight differences among groups in size-standardized pro- 
portionalities: CV-IV contrasted the lengths of tarsus and tail with the four other 
variables; CV-V contrasted lengths of the culmen and tarsus with other variables; 
and CV-VI contrasted lengths of the culmen and tail with the remaining external 
dimensions. Together these last three variates accentuated the unusually short 
pelvic appendages and tails of Pareudiastes relative to other dimensions, subtle 
residual proportionalities not accounted for by the first three CVs. 

A canonical contrast of righted and flightless moorhens of all genera success- 
fully divided the two groups on a single multivariate axis that contrasted culmen 
length, bill height, and tarsus length with lengths of the wing, tail, and middle 
toe (Table 21). This contrast ranked the species, in order of increasing mean scores 
(with males having lower mean scores than female conspecifics, where determin- 
able), as follows: Pareudiastes silvestris, P. pacificus, Tribonyx mortierii, Gallin- 
ula comeri, G. nesiotis, T. ventralis, Gallicrex cinerea, Gallinula sandvicensis, G. 
pyrrhorrhoa, G. tenebrosa, G. chloropus, G. cachinaans, G. galeata, and G. an- 
gulata. The sequence of taxa on this ordination, inter alia, indicates that among 
the righted species, Tribonyx ventralis most closely approached the proportions 
characteristic of flightlessness in moorhens; among the members of the Gallinula 
chloropus superspecies, insular G. sandvicensis most closely approached flightless 
moorhens in form; and across all taxa, proportions of males tended to approach 
those of flightless taxa more than female conspecifics. A contrast of Tribonyx 
ventralis and flightless T. mortierii differed in composition from that for moorhens 
generally (Table 21), and was a comparatively simple contrast between wing 
length and other variables (exclusive of culmen length, not entered significantly 
in this restricted analysis). 

Although no extant coot (Fulica) is truly flightless, the pronounced negative 
pectoral allometry (Fig. 31) shown by the Andean coots F. gigantea and F. cor- 
nuta, and the similar tendencies inferred for several subfossil congeners (F. new- 
toni, F. chathamensis, and F. prisca) generally considered to have been flightless 
or weakly righted, justify comparable morphometric assessments of this group. 
The 12 species-sex groups of Fulica manifested ample diversity of form (Table 
22), minimally comprising three dimensions for depiction (Fig. 31). The first three 
CVs for external variables of coots included highly significant interspecific dif- 
ferences in scores (ANOVA of scores; P << 0.0001), and marginal differences 
among species were detected (P < 0.05) on CV-IV as well (Table 22). Sexual 
differences within species also were highly significant on CV-I (ANOVA of 
scores; P < 0.0001), with supplemental sexual dimorphism of substantial mag- 
nitude (P • 0.0001) but varying among species (species-sex interaction effects; 
P • 0.005) revealed on CV-III. 

The first CV for Fulica accounted for more than 90% of the total dispersion 
among groups (Table 22), was strongly correlated with mean body mass (r = 
0.98; P << 0.01), and discriminated groups in canonical space through a contrast 
of bill height with other external dimensions exclusive of culmen length. The 
latter variable was not entered significantly in the model for this genus because 
variation in this feature was redundant with interspecific differences in one or 
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more of the variables retained. CV-I primarily discriminated F. gigantea and F. 
cornuta from other, more-typical congeners (Fig. 31). CV-II for coots amplified 
differences between F. armillata and F. gigantea and the four other species (Fig. 
31). This axis was not significantly correlated with body mass (r = -0.23; P > 
0.05) and contrasted lengths of the tarsus and middle toe with the other three 
variables entered (Table 22). CV-III, which contrasted bill height and tarsus length 
with other dimensions (Table 22), augmented the discrimination between sexes to 
varying degrees among species and supplemented the separation of F. alai from 
its congeners (not shown). CV-IV contributed marginal ancillary separation of 
two of the smaller species (F. armillata and F. atra) from other included taxa. A 
canonical contrast between the two large Andean species Fulica and their smaller 
congeners was only marginally enlightening, in that this unidimensional abstrac- 
tion significantly incorporated only four of the six dimensions analyzed, and ac- 
complished this strongly size-related discrimination through a comparatively un- 
intuitive contrast between bill height and three other variables (Table 22). 

Given the general power of CA and the demonstrated efficacy of such analysis 
to distinguish flightless and flighted relatives in most groups of rallids (Tables 
14-22), the feasibility of a canonical contrast between all flighted and flightless 
rails based on the six external measurements was attempted for all sampled taxa 
from the entire family. The resultant analysis, in which sexes were pooled within 
species to accommodate limitations of problem size, identified a single numerical 
abstraction that maximally discriminated the two groups (relative to pooled with- 
in-group variation) across the 96 species of Rallidae sampled (Table 23). The 
canonical axis essentially contrasted culmen length and bill height with lengths 
of the wing and middle toe, in that the standardized coefficients for two of the 
variables were of sufficiently small magnitude to be discounted for purposes of 
interpretation (Table 23). Mean scores on the canonical contrast for all Rallidae 
were moderately correlated with mean body mass (r = 0.74; P << 0.01), that is, 
55% of the variation among taxa (R 2) on this axis was explainable simply by 
body mass. In light of the divergent trends in size associated with flightlessness 
in several of the subgroups analyzed (e.g., Dryolimnas, typical rails, and crakes), 
as well as the probably substantial violation of the statistical assumption of ho- 
mogeneity of within-group covariance matrices across such diverse taxa, it was 
not unexpected that the the discrimination of flightless species throughout the 
family when using the paltry suite of external measurements would be but an 
heuristic exercise (Fig. 32). 

The importance of body size in separating rallids generally and the extraordi- 
nary pectoral reduction in several of the smallest flightless species (e.g., Porzana 
palmeri, P. sandwichensis, Atlantisia rogersi, and Cabalus modestus) resulted in 
the correct grouping of small flightless taxa among other predominantly flightless 
taxa; that is, these taxa had low scores on the canonical contrast (Fig. 32). How- 
ever, although most larger flightless species were shifted toward lower scores than 
would have been predicted on the basis of size alone (e.g., Pareudiastes silvestris, 
Tricholimnas sylvestris, Habropteryx insignis, and Porphyrio hochstetteri), am- 
biguous placements of a number of small, flighted rallids (e.g., Porzana tabuensis, 
Laterallus leucophyrrus, Coturnicops noveboracensis, Gallirallus pectoralis, and 
Amaurornis akool) and large flightless species (e.g., Habroptila wallacii, Neso- 
clopeus poecilopterus-group, Gallirallus australis-group, and Tricholimnas la- 
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fresnayanus) were evident (Fig. 32). The generally massive stature and decep- 
tively long (but subtly modified) wings and tails of the last group of taxa appar- 
ently concealed the flightlessness more readily diagnosable in more narrow tax- 
onomic contexts or on the basis of other, comparatively trenchant, anatomical 
traits. The extremely low score of Laterallus spilonotus, a species of uncertain 
flight status, as well as the relatively high scores of two species of impeachable 
flight status (Gallirallus sharpei and Porphyrio albus) are noteworthy, shortcom- 
ings of the global discrimination notwithstanding (Fig. 32). 

Interpretative complexities of CVs aside, the stepwise procedure that underlies 
stepwise discriminant analysis permits the specification of selected MANOVAs, 
and the subsets of variables significantly entered in these models can be used to 
derive Mahalanobis distances between pairs of groups. Given the statistical power 
of this methodology, documentation of significant differences between naturally 
delimited groups (species or sexes) is readily accomplished in most applications. 

Comparisons of species and sexes in the subgroups of the Rallidae discussed 
above revealed similarly strong structure, in which multivariate differences among 
species and between sexes were highly significant (P < 0.0001) in all cases (Table 
24). Although not strictly comparable, exceptionally high F-statistics tended to 
pertain to interspecific comparisons involving more than one genus. Exceptions 
to this general pattern included the relatively small values associated with two 
groups comprising comparatively similar genera (meso-rallids and crakes), and 
the extraordinarily high F-value deriving from the contrast of the two species of 
Tribonyx (Table 24). The high interspecific F-statistic for Tribonyx is consistent 
with other multivariate comparisons of external measurements within genera or 
those involving several closely related genera where one or more included species 
is flightless (Table 24). Throughout the family, especially where comparisons were 
limited to congeners, the multivariate F-statistic associated with flight capacity 
(or the loss thereof) was generally substantially greater than those deriving from 
overall differences between species irrespective of flight capacity, and substan- 
tially greater than those associated with intersexual differences in the same tax- 
onomic groups (Table 24). That is, the effect of flightlessness on multivariate 
differences in external measurements, regardless of the details of the changes in 
proportions involved, was larger in magnitude than interspecific or intersexual 
differences, complications of intergeneric differences aside. 

Multivariate interaction effects in external measurements within taxa quantified 
differences in magnitudes of effects attributable to one grouping factor (e.g., sex) 
among different values of another grouping factor (e.g., species). In most taxo- 
nomic groups of rallids, species-sex interaction effects were significant (P < 0.05) 
in MANOVAs of external measurements (Table 25). Even those taxa in which 
such effects were not substantiated (Cyanolimnas and Ortygonax, Amaurornis, 
and moorhens), these differences approached significance (0.10 < P < 0.15), with 
marginalities probably reflecting inadequate samples for critical taxa (Tables 7, 
25). This generality of interspecific heterogeneity of sexual dimorphism was con- 
sistent with the spectrum of magnitudes of sexual dimorphism in external dimen- 
sions estimated for the Rallidae sampled, although the pattern of relative mag- 
nitudes was complex (Table 26). A similar heterogeneity in magnitude of sexual 
dimorphism pertained to flight capacity. Multivariate interaction effects between 
flight status and sex were significant (P < 0.05) in external measurements (Table 
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25) for all but two of the same poorly sampled taxonornic subsets identified above 
(Cyanolimnas and Ortygonax, and Amaurornis), with crakes closely approaching 
significance (P < 0.10). These findings suggest that the fabric of interspecific 
patterns in magnitudes of sexual dimorphism were related, at least in part, to the 
confounding interaction between sexual dimorphism and flightlessness (Table 26). 

Summaries of summary statistics pertaining to multivariate sexual dimorphism 
in external measurements (Table 26) revealed flightless species characterized by 
significantly greater sexual dimorphism than righted relatives, summarized by 
Mahalanobis distances (D) between species: Porphyrio hochstetteri with D rough- 
ly twice that for righted congeners, Habroptila wallacii with D at least twice that 
for Gymnocrex spp., Gallirallus owstoni with D roughly twice that of righted 
congeners, Cabalus modestus with D roughly !.5 times that of righted allies, and 
Gallinula nesiotis-group with D roughly 1.5 times that of righted congeners. 
Notable in this context was the exceptional sexual dimorphism of a righted moor- 
hen (Table 26), Gallicrex cinerea, one of a small minority of species of the 
Rallidae showing sexual dichromatism (Livezey 1998). One additional flightless 
species showed suggestively larger dimorphism, Cyanolimnas cerverai with D 
approximately 1.5 times that of Ortygonax spp., but sample sizes undermined 
significance (Tables 25, 26). One flightless species, one inferred to have undergone 
a reduction in overall size, Dryolimnas aldabranus with D no more than one third 
that of righted congeners, showed multivariate dimorphism in external dimen- 
sions of a smaller magnitude than that estimated for righted relatives. However, 
most other flightless rallids, including Gallirallus australis-group, G. wakensis, 
Tricholimnas spp., Aramidopsis plateni, Habropteryx insignis, Atlantisia rogersi, 
Porzana palmeri, P. atra, Amaurornis ineptus, and Tribonyx mortierii, exhibited 
sexual dimorphism in external measurements of magnitudes comparable to those 
shown by righted relatives (Table 26). 

QUALITATIVE CHARACTERS OF PLUMAGE 

General characteristics of plumage.--As exemplified by the storied Cabalus 
modestus, some flightless rallids exhibit a generalized aspect of juvenility in de- 
finitive body plumage. However, this appearance can involve at least two distinct 
classes of characters: retention of plumage patterns similar to those found in 
juveniles of close relatives; and degeneration in gross and microscopic structure 
of the plumage, in which contour feathers (regardless of color pattern) assume a 
weakened or poorly developed aspect. The latter was found in a number of flight- 
less rallids to variable degrees, being significant in flightless members of most 
genera (Table 27). Notably, several extinct rallids of questionable flight status 
(Porphyrio albus, Gallirallus sharpei, and Gallinula comeri) manifested negli- 
gible changes in general plumage structure, a condition consistent either with a 
retention of (probably weak) flight or comparatively recent loss of flight in these 
taxa (Table 27), and Dryolimnas abbotti showed no apomorphies of the plumage, 
consistent with its exclusion from consideration as flightless. The most substantial 
structural changes in body plumage were found in several profoundly derived 
dwarf lineages (e.g., Cabalus modestus, Atlantisia rogersi, and Porzana sand- 
wichensis) and a number of the larger flightless taxa (e.g., Porphyrio hochstetteri, 
Habroptila wallacii, Tricholimnas spp., and Amaurornis ineptus). Unfortunately, 
the condition of the plumage of several extremely derived, subfossil rallids (e.g., 
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Diaphorapteryx hawkinsi, Aphanapteryx bonasia, and Capellirallus karamu) must 
remain the subject of conjecture because of the unavailability of even single feath- 
ers for these taxa. 

An objective assessment of the paedomorphic retention of juvenile plumage pat- 
terns is more problematic. Comparatively obvious examples of paedomorphic plum- 
ages among flightless rallids include those of Gallirallus dieffenbachii, G. australis- 
group, Tricholimnas sylvestris, Cabalus modestus, and possibly Atlantisia rogersi. 
In a minority of cases (e.g., G. dieffenbachii and C. modestus as paedomorphs of 
G. philippensis), retention of juvenile plumages substantiated earlier conjectures 
(Olson 1973a), although in many cases such definitive plumages were as easily 
described as nondescript or cryptic. As noted previously, at least one righted rallid 
(Porphyrula fiavirostris) shows marked paedomorphism of plumage pattern (cf. 
Ripley 1977; Taylor 1998). Equivocations of assessment notwithstanding, clear cas- 
es of paedomorphic plumage patterns in flightless rallids remain few relative to 
other changes of the plumage associated with flightlessness, and can be considered 
among the rarer signatures of paedomorphosis in flightless rails (Tables 27-29), 
and the occurrence in at least one righted species renders this only ambiguously 
indicative of flightlessness in the rails. The early extirpation of a number of the 
more-derived flightless taxa (e.g., Capellirallus karamu, Diaphorapteryx hawkinsi, 
Aphanapteryx bonasia, Erythromachus leguati, and Hawaiian Porzana) precludes 
a knowledge of their plumages. However, the relative osteological apomorphy 
shown by these taxa (below) suggests that at least some of these taxa would show 
comparatively extreme changes in the integument as well. 

Numbers of remiges and rectrices.--Numbers of rectrices and (especially) rem- 
iges vary little within taxonomic families of birds (Gadow 1888; Verheyen 1958; 
Stresemann 1963), and only rarely are reduced in flightless or flight-impaired 
carinates (Livezey 1990, 1993b). Likewise, the vast majority of rallids conserve 
the plesiomorphic numbers of primary remiges (10) and show substantial con- 
servatism with respect to changes in the numbers of rectrices (Livezey 1998), 
including a distinguishable diastema (Pycraft 1899; Steiner 1956). Therefore, the 
general pterylography of most rallids (including a number of flightless species) 
can be approximated by using any righted rallid (Fig. 22) and would conform 
with that described for Fulica atra by Jeikowski (1971). However, such unifor- 
mity, would not extend precisely to numbers of secondary remiges and associated 
coverts (Table 28). A reduction in the number of primary remiges in Porzana 
palmeri was noted by Greenway (1973) and Van Tyne and Berger (1976), and 
additional cases of losses of primary remiges were documented here among other 
flightless rallids (Table 28). Losses of primary remiges in rallids were restricted 
to the distalmost members, as shown by vestigial remiges at the end of the wing 
in P. palmeri and Atlantisia rogersi, and characterized only a minority of flightless 
rallids (Figs. 33-37), a pattern consistent with relative rates of development (Ga- 
dow 1888). Apparent augmentation of the primary remiges in Porphyrio hochs- 
tetteri, suggested by initial appraisals of dissected wings during this study, ulti- 
mately was attributed to a relative shift of the distalmost secondary remex im- 
mediately distal to the wrist, caused by the shortening of the underlying skeletal 
elements and the absence of losses among the distalmost primary remiges. 

Shape and structure of remiges and rectrices.--A series of gross structural 
changes in the flight feathers (remiges and rectrices) was observed to varying 
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T•d•LE 28. Qualitative changes in general structure of body plumage and modal 
numbers of remiges (excluding remicle) of flightless species of Rallidae. Conclu- 
sions are based on comparisons with flighted, close relatives. "Degeneration" of 
plumage refers to loss of rigidity and integrity of margins or contour feathers, 
resulting in increased looseness and semiplumaceous aspect of body plumage. 
Degeneration was classified as negligible, minor, or moderate. Brackets indicate 
weakly substantiated inferences, and dashes indicate that requisite specimens were 
not available (data for Porzana monasa and all subfossil taxa were unavailable). 

Structural Modal Modal number of 
degeneration of number of primary secondary remiges 

Taxon body plumage remiges (change) (change) 

Porphyrio albus Negligible 10 (0) -- 
Porphyrio hochstetteri Moderam 10 (0)•' - 15 (0) 
Habroptila wallacii Moderam 10 (0) -- 
Cyanolimnas cerverai Negligible 10 (0) - 13 (0) 
Dryolimnas aldabranus Negligible 10 (0) -- 
Gallirallus sharpei Negligible 10 (0) -- 
Gallirallus australis Minor 10 (0) 13 (0) 
Gallirallus greyi Minor 10 (0) -- 
Gallirallus dieffenbachii Minor 10 (0) -- 
Gallirallus owstoni Minor 9 (- 1) 13 (0) 
Gallirallus wakensis Minor 9 ( - 1 ) - 11 (- 1 or - 2) 
Tricholimnas lafresnayanus Moderam 10 (0) -- 
Tricholimnas sylvestris Moderam 10 (0) 13 (0) 
Tricholimnas conditicius Moderam 10 (0) -- 
Nesoclopeus poecilopterus Minor 10 (0) -13 (0) 
Nesoclopeus woodfordi Minor 10 (0) -- 
Nesoclopeus immaculatus Minor 10 (0) -- 
Aramidopsis plateni Moderate 10 (0) -- 
Cabalus modestus Moderate 9 (- 1) -- 
Habropteryx insignis Minor 10 (0) -- 
Habropteryx okinawae Negligible 10 (0) -- 
Atlantisia rogersi Moderate 9 (- 1) 11 (- 1)•' 
Porzana sandwichensis Moderate 9 (- 1) -- 
Porzana palmeri Minor 7-8 (-2 or -3) - 11 (- 1) 
Porzana atra Minor 9 (- 1) -12 (0) 
Amaurornis ineptus Moderate 10 (0) -- 
Pareudiastes pacificus Negligible 10 (0) 13 (0) 
Pareudiastes silvestris Minor 10 (0) -- 
Tribonyx mortierii Minor 10 (0) - 13 (0) 
Gallinula nesiotis Negligible 10 (0) -- 
Gallinula comeri Negligible 10 (0) -12 (0) 

* Count reflects interpretation of apparent augmentation of remiges primarii by one as resulting from truncation of manus relative to 
overlying integument (see text). 

'• Based on comparisons with Crex crex, Coturnicops noveboracensis, Laterallus leucopyrrhus, flighted Porzana, and small, fiighted 
Railus. 

degrees among flightless rallids (Tables 27-29; Fig. 38), a diverse pattern of 
apomorphy that corresponds only to a limited degree with other indicators of 
flightlessness (e.g., relative wing length, and osteological changes). Unlike the 
generality applicable to most birds, in which lengths and diameters of primary 
remiges are isometric with body mass whereas flexural stiffness of primary rem- 
iges is negatively allometric with body mass (Worcester 1996), flightless rails 
show considerable variation in such parameters that bear little obvious relationship 
with body mass (Tables 27-29; Fig. 38). 

Generally, flightless rallids more frequently showed changes in ridgity, profile, 
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TABLE 29. Qualitative changes in form and number of rectrices of flightless 
species of Rallidae. Conditions either were treated as binary or were partitioned 
into several categories based on subjective comparisons with flighted, close rel- 
atives: unchanged versus minor, moderate, or major. Magnitude of reduction: mi- 
nor-reduced, but not markedly; moderate--reduced markedly, but tail not ob- 
solete; major--greatly reduced, tail obsolete. Brackets indicate marginal changes, 
and dashes indicate that specimens with developed, undamaged rectrices were not 
available (data for Porzana rnonasa and all subfossil taxa were unavailable). 

Integrity of Modal 
Lengths of Rigidity of vexillae of number of 

Taxon rectrices rectrices rectrices rectrices 

Porphyrio albus -- Reduced Reduced -- 
Porphyrio hochstetteri Minor shortening Reduced Reduced Unchanged 
Habroptila wallacii Minor shortening Reduced Reduced Reduced 
Cyanolirnnas cerverai Minor shortening Unchanged Reduced Unchanged 
Dryolirnnas aldabranus Unchanged Unchanged Unchanged Unchanged 
Gallirallus sharpei Unchanged Unchanged Unchanged Unchanged 
Gallirallus australis Unchanged Reduced Reduced [Unchanged] 
Gallirallus greyi Unchanged Reduced Reduced [Unchanged] 
Gallirallus dieffenbachii Unchanged Reduced Reduced Unchanged 
Gallirallus owstoni Minor shortening Unchanged Reduced [Reduced] 
Gallirallus wakensis Minor shortening Reduced Reduced Unchanged 
Tricholirnnas lafresnayanus Unchanged Reduced Reduced Reduced 
Tricholirnnas sylvestris Minor shortening Reduced Reduced Unchanged 
Tricholirnnas conditicius Minor shortening Reduced Reduced [Reduced] 
Nesoclopeus poecilopterus Unchanged Reduced Reduced [Reduced] 
Nesoclopeus woodfordi Unchanged Reduced Reduced [Reduced] 
Nesoclopeus irnrnaculatus Unchanged Reduced Reduced [Reduced] 
Ararnidopsis plateni Major shortening Reduced Reduced [Reduced] 
Cabalus modestus Major shortening Reduced Reduced [Reduced] 
Habropteryx insignis Moderate shortening Reduced Reduced [Unchanged] 
Habropteryx okinawae Unchanged Unchanged Unchanged -- 
Atlantisia rogersi Moderate shortening Reduced Reduced Unchanged 
Porzana sandwichensis Major shortening Reduced Reduced Reduced 
Porzana palrneri Moderate shortening Reduced Reduced Unchanged 
Porzana atra Minor shortening Unchanged Reduced Unchanged 
Arnaurornis ineptus Major shortening Reduced Reduced Reduced 
Pareudiastes pacificus Major shortening Reduced Reduced Reduced 
Pareudiastes silvestris Major shortening Reduced Reduced Reduced 
Tribonyx rnortierii Minor shortening Reduced Reduced Unchanged 
Gallinula nesiotis Unchanged Unchanged Unchanged Unchanged 
Gallinula corneri Unchanged Unchanged Unchanged Unchanged 

and curvature of the remiges and rectrices than in relative lengths (Tables 28, 29). 
As with the structural changes manifested by the body plumage, several purportedly 
flightless species showed negligible structural changes in the flight feathers (e.g., 
Porphyrio albus and Gallirallus sharpei), and several other species known to be 
flightless also showed minimal changes (e.g., Dryolimnas aldabranus and Gallinula 
nesiotis-group). The most extreme structural changes in flight feathers were char- 
acteristic of Porphyrio hochstetteri, Gallirallus australis-group, Tricholimnas syl- 
vestris, Aramidopsis plateni, Atlantisia rogersi, and Porzana sandwichensis. 

Relative shortening of the remiges, extreme cases of which show tectrices (co- 
veas) that almost completely conceal the underlying remiges, was made more 
conspicuous in some species having disproportionately elongate remiges alulae 
(e.g., the latter were 70 mm long in dissected Nesoclopeus poecilopterus). In those 
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Fro. 33. Diagrammatic illustration of the remiges and tectrices majores of Gallirallus wakensis 
(USNM 289313), dorsal view. 

taxa having remiges truncated relative to the overlying coverts, care is advised in 
measuring wing lengths, in that uncritical handling of the specimen may result in 
the resultant wing lengths being a variable reflection of lengths of remiges or 
coverts. The distinctive increase in relative lengths of the remiges alulae and 
tectrices majores of the remiges primarii et secundarii was accompanied by a 
disproportionately large unguis alularis (alular or wing spurs) in most flightless 
species, with the latter being most notable in the least massive species (Table 27). 
In combination with the disproportionate reduction in distal skeletal elements in 
the pectoral limb (see below), these integumentary signatures of flightlessness 
produce the peculiar aspect of a generally diminutive, distally truncated wing 
bearing loosely structured feathers, in which coverts approach remiges in lengths 
and a disproportionately robust unguis alularis is retained. 

Microstructure offeathers.•The superficiality of the plumage of a bird insured 
that modifications thereof figured in the descriptions of flightless rails from the 

Propß •gg. alas. interram. maj. 
•'• • •/•,• Calamus ram. prim. , 

ß sec. et Ram. primß et • 

u//• tact. sacß dors. tact. primß dors. • 
FIG. 34. Diagrammatic illustration of the remiges and tectrices majores of Nesoclopeus poecilop- 

terus (BMNH 1940.12.8-87), dorsal view. 
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FIG. 35. Diagrammatic illustration of the remiges and tectrices majores of Atlantisia rogersi 
(USNM 320106), dorsal views: A, remiges et tectrices primariorum et secundariorum; and B, detail 
depicting aborted, outermost (10th) remex primafl. 

early ornithological literature to the present day. The loose, hairlike structure of 
the body feathers of flightless species, as well as reduced rigidity of the remiges, 
were noted frequently (e.g., Lowe 1928a; Ripley 1977; P. B.Taylor 1998), whereas 
McGowan (1989:543) performed a comparative survey (including flighted and 
flightless rails) and reported that few structural differences were found between 
flighted and flightless cadnates. Moreover, it is known that the functional prop- 
erties of remiges extend beyond aerodynamics to storage of elastic energy in 
calami (Pennycuick and Lock 1976). 

Possible structural corollades between structure of feathers and terrestrial and 

aquatic habit (Chandler 1916; Rijke 1967, 1968, 1970a, b) were not of obvious 
importance, evidently because degree of such specialization among rallids varied 
little. Nevertheless, variation in the microstructure of remiges existed, vadation 
that produced some of the gross differences detectable in superficial examination. 
Images of ventral and dorsal views of barbae from the vexillum internum of pars 
pennacea (at approximate midpoint of the rachis) of the distal remiges secundadi 
of selected taxa were made with a scanning electron microscope (SEM). Taxa 
imaged by SEM were Gallirallus philippensis, G. australis, Cabalus modestus, 
Nesoclopeus poecilopterus, Tricholirnnas sylivestris, Habropteryx insignis, Later- 
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FIG. 36. Diagrammatic illustration of the remiges and tectrices majores of Porzana atra (AMNH 
9901), dorsal view. 

allus jamaicensis, Atlantisia rogersi, Porzana palrneri, Amaurornis olivaceus, A. 
isabellinus, A. ineptus, Tribonyx ventralis, and T. rnortierii. 

At lower magnifications (Fig. 39), landmarks include crita ventralis (including 
tegmen and villi) and crista dorsalis of barba, with comparatively simple barbulae 
proximales (with rugae proximales having dorsal, gutterlike arcus dorsalis) and 
the comparatively foliate barbula distalis (comprising basis [including dens ven- 
tralis] and pennula [comprising cilia dorsales, cilia ventrales, and ventrally di- 
rected hamuli]). Most flightless rallids tended to have comparatively short bases 

/Ligg. elas. interrein. min. 
/ Calamus, tect. dors. sec. 
/ • , Calamus, rem. sec. 

1 CM / / //Apon. dors. antebr. 

/ 

' /1/ /N !111 Calamus, rein. prim. 
'/ - - 7 • ff•llll•. N Calamus, tect. 

•Ligg• ;::;;rrem. maj 
- I kX½%ro. . 

• • rem. pnm. 
Fro. 37, Diagra•atic i]]us•ation of the re•ges and tec•ces o• Porzana palmeri (BMNH 

1940.12.8.13), including a•ed, oute•ost (10•) remex pdm•, dorsal view, 
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Fro. 38. Illustrations (natural size) of outermost primary remiges (dorsal surfaces) of selected 
members of the Rallidae (right side, unless otherwise indicated): A, Porphyrio melanotus (S¾-452); 
B, Porphyrio hochstetteri (NZNM-1); C, Gymnocrex plumbeiventris (AMNH 545554, left); D, Eu- 
labeornis castaneoventris (AMNH 545692, left); E, Aramides cajanea (CM 4457); F, Rougetius roug- 
etii (AMNH 545411); G, Ortygonax sanguinolentus (USNM 227903); H, Cyanolimnas cerverai 
(USNM 343159); I, Dryolimnas cuvieri (BMNH 1935.10.19.1); J, Dryolimnas aldabranus (BMNH 
1979.10.1); K, Rallicula rubra (AMNH 338586, left); L, Gallirallus philippensis goodsoni (USNM 
542344); M, Gallirallus owstoni (USNM 503792); N, Gallirallus wakensis (USNM 289313); O, Gal- 
lirallus australis (USNM 511701, left); P, Tricholimnas sylvestris (USNM 18407); Q, Nesoclopeus 
(p.) poecilopterus (BMNH 1940.12.8.87); R, Nesoclopeus (p.) woodfordi (AMNH 545539, left); S, 
Habropteryx torquatus (USNM 318003); T, Habropteryx insignis (AMNH 333796, left); U, Atlantisia 
rogersi (USNM 320106); V, Laterallus leucopyrrhus (CM 5322); W, Coturnicops noveboracensis 
(CM 2333); X, Crex crex (USNM 539754); Y, Micropygia schomburgkii (AMNH 323254, left); Z, 
Porzana carolina (CM 6718); AA, Porzana tabuensis (AMNH 10224); BB, Porzana atra (AMNH 
9901, left); CC, Porzana palmeri (BMNH 1940,12.8.13); DD, Neocrex erythrops (AMNH 525544, 
left); EE, Arnaurornis akool (AMNH 142922); FF, Arnaurornis isabellinus (AMNH 546502); GG, 
Amaurornis ineptus (AMNH 265851); HH, Pareudiastes pacificus (BMNH 1874.2.20.38); H, Gallin- 
ula ( c. ) cachinaans (USNM 122197); JJ, Gallinula comeri (BMNH 1922.12-6.221); KK, Tribonyx 
ventralis (AMNH 7081); LL, Tribonyx mortierii (AMNH 10079); MM, Fulica americana (CM 6765). 
Abbreviations for anatomical structures are given in Appendix 3. 

of the barbulae distales and few, only incompletely formed hamuli. These con- 
ditions result in a larger portion of the pars pennacea of respective remiges (and 
other pennae contomae) being pars pennacea sine barbulis (i.e., a broader, loosely 
organized fringe), sections that reduce the zona impendens (regions of adjacent 
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Fla. 38. Continued. 

remiges that overlap and engage in limited interlocking). That is, the essential 
microstructural difference giving rise to the looseness of remiges and pennae 
contornae in general among flightless rallids is, as observed by Lowe (1928a) in 
Atlantisia rogersL that completely formed and functional hamuli were compara- 
tively restricted to the barbulae proximales (especially distally in the vexilium), 
with the barbulae distales bearing imperfectly formed hamuli and therefore ef- 
fecting at most weak interlocking with opposing rugae distales (Fig. 39). Topo- 
graphical variation in the rudimentation of hamulae in remiges (and other pennae 
contornae), both among feathers and tracts and within feathers, appears to account 
for much of the structural "degeneration" manifested to varying degrees in flight- 
less rallids. 

Like other apomorphies of the integument (Tables 27-29), the distribution and 
relative degree of these modifications varied among the flightless rallids, and these 
variable interspecific differences were obscured further by variation among feath- 
ers (with remiges being more strongly structured than other feathers), within feath- 
ers (wear and frictional degradation of microstructure increasing toward the apices 
of feathers), age of individual birds, and the interval since the feather examined 
was produced through molt. Some species (e.g., Tricholimnas sylvestris, Cabalus 
modestus, Atlantisia rogersL and Porzana palmeri) were characterized by pro- 
nounced looseness of hhe body feathers and remiges, a general difference that was 
confounded by the structural effects of wear, age, and preservation of study skins 
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1 

FtG. 39. Anatomical and microanatomical l•atures or' pennae contornae. followed by scanning 
electron microphotographs of sections of barbae from the vexilium internurn of remiges secundarii 
I sixth) (d' selected species of Rallidae (dorsal views unless otherwise indicated): A, Gallirallus 
philippenMs good•tmi (CM 11606). B, G. australiv (CM 24250). C, Cahalus mt•destus (CM 24270), 
D, Tricholimnas sylvestris {AMNH 545306). E, Atlantixia rogersi (AMNH 300590L and F. T•ibomw 
mt•rtierii (AMNH 546453). Abbreviations fi•r anatomical •tructure• are given in Appendix 3. individ- 
ual scales (•) given. 
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(Fig. 39). In addition, segments of some remiges of flighted rallids such as Gal- 
lirallus philippensis or Laterallus jamaicensis can generate aspects at least as 
"loose" or "worn" as those of flightless species such as Habropteryx insignis 
and Amaurornis ineptus, a finding indicative that reliance on single specimens for 
interspecific generalizations is fraught with difficulties. In addition, the qualitative 
comparisons undertaken here were conservative in that close relatives of flightless 
species were used as "controls," for example, Gallirallus philippensis was used 
to represent a typical flighted rail even though this species itself is insular and 
may have undergone limited apomorphic changes convergent with those observed 
in flightless relatives. 

Accordingly, a conclusive comparison would have to be based on stratified 
samples of specimens and feathers, and samples would have to be taken at parallel 
suites of micropositioned excisions in each, with the differences made quantitative 
through counts of key structures per unit length of barbule (e.g, number of com- 
plete hamulae). Quantification and detailed comparisons of structural variation in 
the feathers of rails must await the systematic sampling of series of skins and 
standardized preparations of such specialized surveys (e.g., Rutschke 1960; Brom 
1986; Mtiller and Patone 1998; Dove 2000). 

Comparably modest modifications of the microstructure of contour feathers 
were documented in Strigops by Livezey (1992b). The structural apomorphies 
found in flightless members of the Rallidae were qualitatively similar but much 
less extensive than those documented for ratites; the latter show additional struc- 

tural changes and extraordinary degrees of modification of feathers throughout 
the plumage (McGowan 1989). The extreme apomorphies of the body feathers of 
ratites were among the most readily diagnosed sources of taxonomic variation 
and functional corollaries in surveys of the avian integument (Chandler 1916; 
Stresemann 1932; Sick 1937), and provide a standard for diagnoses of apomorphy 
in flightless members of other avian groups (Brom and Prins 1989). 

Miscellaneous features of the integument.--Comparatively prominent ungues 
alulares and use of them by nestlings have been noted in several flightless rallids, 
for example, Gallirallus australis (Beauchamp 1998b) and Atlantisia rogersi 
(Lowe 1928a). Although relatively large on the generally diminutive wings of 
flightless rails (Figs. 33-37), ungues alulares are present in all rallids (Livezey 
1998) and are known from a number of avian families (Wetmore 1922b; Tordoff 
1952; Rand 1954; Stephan 1992), and use of the claw in locomotion has been 
documented in flighted rails as well (e.g., Coturnicops noveboracensis and Gal- 
linula chloropus [P. B. Taylor 1998]). The relevance of the disproportionately 
robust ungues alulares and tectrices majores of the remiges primarii and (espe- 
cially) secundarii in the wings of highly derived, flightless rallids to avian devel- 
opmental patterns and paedomorphosis is considered below. 

MORPHOMETRICS OF SKELETAL CHARACTERS 

UNIVARIATE MORPHOMETRICS 

Interspecific differences among means.--Summary statistics of skeletal mea- 
surements for modern and subfossil rallids (Tables 30-33), directly partitioned by 
sex directly or (for subfossil species) indirectly by using K-means clustering (see 
details under multivariate statistics), revealed a diversity of variational scales per- 
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taining to taxonomic group, sex, and flight capacity. Salient differences in means 
and variances were subjected to formal statistical testing (two-way ANOVA) 
where samples allowed; pairwise comparisons (Bonferroni t-tests) and informal 
comparisons with other groups followed. As a rule, statistical significance of dif- 
ferences was high for skeletal comparisons, a reflection of both manifold diversity 
of form and the precision of skeletal measurements (the latter were conducive to 
low within-group variances and increased statistical power). Unfortunately, skel- 
etal data were less widely available than measurements of study skins, precluding 
statistical comparisons for a number of taxa (e.g., Gyrnnocrex spp., Ortygonax 
spp., Cyanolimnas cerverai, Tricholimnas lafresnayanus, Amaurornis ineptus, Fu- 
lica chathamensis, and F. newtoni). However, subfossil remains permitted infor- 
mal consideration of a number of taxa not available as study skins. As in the 
comparisons of external measurements, the focus here remains on those compar- 
isons related to loss of flight or those in which an unexpected absence or mag- 
nitude of differences was indicated. Differences among taxa will be considered 
first, whereas intersexual differences in means and variances are considered under 
sexual dimorphism. 

Three species of greater swamphens (Porphyrio; n = 105) were sampled in 
sufficient quantity to permit formal statistical comparisons of skeletons (P. mad- 
agascariensis, P. melanotus, and flightless P. hochstetteri), with unassociated sub- 
fossil remains for one other flightless congener (P. mantelli) available for informal 
consideration (Tables 30-33). Interspecific differences were highly significant 
(ANOVA; P -< 0.0001) in all 41 dimensions analyzed (only a subset of which 
are tabulated). A posteriori pairwise comparisons (within sexes) revealed that 
these interspecific effects were due largely to the distinct characteristics of flight- 
less P. hochstetteri, although most variables differed less dramatically but signif- 
icantly (Bonferroni t-tests, P < 0.05) between the two flighted taxa as well (P. 
rnelanotus was generally larger than P. madagascariensis, especially males). In 
comparison with its more-typical congeners, flightless P. hochstetteri was char- 
acterized by being larger in dimensions of the skull, scapula, coracoid, furcula 
height, sternal widths, two dimensions of the pelvic girdle, and proximal segments 
of the pelvic limb, but absolutely smaller in least depth of the carina sterni and 
lengths of the alar and pedal phalanges (Tables 30-33). These differences were 
shared and generally of greater magnitude in the extinct, generally larger P. man- 
telli. Available elements indicate that the poorly represented P. kukwiedei had 
undergone comparable or greater pectoral reduction (Tables 30-33). 

Comparisons of lesser swamphens (Porphyrula; n = 42) confirmed significant 
interspecific differences (ANOVA; P < 0.01) in all 41 of the dimensions analyzed, 
with P. fiavirostris averaging the smallest of the three species (Tables 30-33), a 
pattern consistent with mean body masses (Appendix 1) and notable relative to 
the paedomorphic plumage pattern of this species (Livezey 1998). Summary sta- 
tistics of extinct Aphanocrex podarces, qualitatively allied with Porphyrula (Liv- 
ezey 1998), indicate that this species was distinguished by a comparatively large 
cranium and only weakly reduced pectoral elements (Tables 30-33). 

Of the basal genera of rallids (Livezey 1998), samples of skeletons permitted 
the formal analysis of only three taxa (n = 69)--Habroptila wallaciL Aramides 
cajanea-group, and A. ypecaha)-•of which only the first is flightless. Limited 
mensural data for additional taxa permitted limited informal comparisons (Tables 
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T•LE 31. Univariate summary statistics (œ _+ SD (n)) for six measurements 
(mm) of the pectoral girdle of modem and subfossil species of Rallidae, by species 
and sex. Provisional sex groups or approximations are enclosed by brackets. Su- 
perspecies within Porphyrio, Aramides, Railus, Habropteryx, Amaurornis, Gal- 
linula, and Fulica follow Livezey (1998). 

Scapula 
Taxonomic group Sex length Coracoid length 

Swamphens 
Porphyrio madagascariensis M 62.2 + 1.4 (8) 36.0 -+ 1.8 (8) 

F 59.2 + 2.7 (9) 35.5 -+ 1.6 (9) 
Porphyrio melanotus M 67.6 -+ 2.5 (32) 40.5 + 1.7 (33) 

F 62.2 -+ 2.3 (19) 37.6 -+ 1.1 (20) 

Porphyrio mantelli [M] { 73.3 + 4.1 (5) 46.0 -+ 2.0 (5) [F] - 41.2 (1) 
Porphyrio hochstetteri M 75.6 + 3.4 (13) 43.0 -+ 1.7 (14) 

F 72.2 _+ 2.1 (16) 41.3 + 1.2 (18) 
Porphyrula alleni M 42.9 + 2.7 (3) 24.4 -+ 1.1 (3) 

F 38.5 -+ 1.6 (5) 23.0 -+ 2.4 (5) 
Porphyrula martinica M 46.4 -+ 1.3 (15) 26.6 + 0.7 (15) 

F 44.2 _+ 1.7 (I4) 25.6 -+ 0.9 (14) 
Porphyrulafiavirostris M 33.8 + 0.8 (3) 20.1 -+ 0.6 (3) 

F 32.5 (1) -- 

Wallace's Rail and allies 

Habroptila wallacii M 51.6 -+ 0.7 (3) 32.7 +- 0.6 (3) 
F 48.7 + 2.3 (3) 31.1 -+ 0.4 (3) 

Cave-rails and allies 

Eulabeornis castaneoventris -- 56.5 (1) 34.3 (1) 
Aramides ypecaha M 60.1 -+ 2.9 (4) 40.2 + 1.0 (4) 

F 56.9 + 1.7 (8) 38.4 -+ 1.I (8) 
Aramides cajanea-group M 49.3 -+ 1.5 (24) 31.2 -+ 1.1 (27) 

F 47.6 -+ 1.8 (24) 30.1 + 1.5 (23) 
Canirallus oculeus -- 41.0 (1) 26.1 (1) 
Canirallus kioloides -- 36.5 -+ 1.4 (3) 23.1 + 0.4 (3) 
Nesotrochis debooyi -- 57.5 (1) 33.1 (1) 
Nesotrochis steganinos -- -- -- 

Zapata Rail and allies 
Cyanolimnas cerverai -- 31.8 (1) 18.9 -+ 1.2 (3) 
Ortygonax sanguinolentus -- 41.5 (1) 23.1 (1) 

White-throated rails 

Dryolimnas cuvieri M 43.0 -+ 1.6 (3) 25.8 + 0.3 (3) 
F 43.0 _+ 2.3 (3) 26.3 -+ 1.4 (3) 

Dryolimnas aldabranus M 35.0 -+ 1.0 (10) 22.0 -+ 0.5 (10) 
F 33.3 + 0.6 (6) 20.5 -+ 0.4 (6) 

Dryolimnas abbotti -- -- 23.7 (I) 

Railus sensu stricto 

Railus aquaticus M 36.9 -+ 1.2 (17) 21.0 + 0.7 (17) 
F 34.9 -+ 1.7 (21) 19.9 -+ 0.7 (21) 

Railus limicola M 33.1 + 1.1 (20) 18.6 -+ 0.5 (21) 
F 30.6 -+ 1.4 (I6) 17.2 + 0.8 (I8) 

Railus ibycus [M] -- 18.4 +- 7.7 (8) 
[F] -- 16.2 + 4.5 (5) 

Railus longirostris-group M 46.3 -+ 1.4 (17) 27.8 -+ 0.9 (17) 
F 44.2 -+ 2.1 (15) 26.6 -+ 1.0 (16) 

Railus elegans-group M 51.0 -+ 1.9 (22) 30.6 -+ 1.0 (25) 
F 48.1 -+ 1.3 (12) 28.7 + 0.5 (11) 

Railus recessus [M] { 40.6 + 2.3 (6) 23.9 -+ 0.5 (14) [F] - 21.7 q- 0.7 (6) 
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TABLE 31. Extended. 

Sternum 

Carina length Length 

Corpus 

Least width 

Carina depth 

Oblique Perpendicular 

55.623.0(9) 62.2-+3.0(9) 13.3---0.8(9) 
53.4-+3.4(9) 57.4-+4.5(9) 12.9+-1.0(9) 
64.3-+4.0(31) 70.0-+4.0(29)14.0-+1.1(32) 
58.1-+2.7(20) 63.2-+2.9(20)13.8-+1.1(20) 

51.4 -+ 2.7 (10) 65.8 ñ 3.4 (10) 24.6 -+ 2.6 (11) 
49.0 -+ 2.0 (17) 62.9 -+ 2.3 (17) 23.5 -+ 1.3 (18) 
36.2 +- 4.3 (2) 38.4 -+ 4.3 (2) 8.9 -+ 0.6 (3) 
30.3 +- 2.3 (5) 34.0 -+ 1.9 (5) 9.3 -+ 2.0 (5) 
39.6 -+ 2.3 (15) 41.3 -+ 1.7 (15) 9.1 -+ 0.4 (15) 
38.2 -+ 2.4 (14) 40.4 -+ 2.2 (15) 8.6 -+ 0.6 (15) 
28.4 +_ 0.2 (3) 30.9 -+ 0.8 (3) 6.8 -+ 0.8 (3) 

29.0 (1) 32.2 (1) 7.6 (1) 

49.6 -+ 2.9 (3) 56.3 -+ 2.3 (3) 
46.0 +- 0.8 (3) 52.0 -+ 0.5 (3) 

50.5 (1) 52.8 (1) 
76.1 -+ 2.4 (4) 73.8 -+ 1.7 (4) 
76.6 -+ 4.6 (8) 73.6 -+ 3.0 (8) 
58.4 +- 2.9 (23) 57.7 -+ 2.9 (24) 
57.6 -+ 2.9 (23) 57.1 +- 2.8 (23) 

48.3 (1) 46.3 (1) 
43.5 -+ 1.8 (3) 45.5 -+ 2.2 (3) 

10.6 
9.9 

0.4 (3) 
0.9 (3) 

20.7 -+ 1.0 (9) 15.7 -+ 0.9 (9) 
20.4 -+ 1.0 (9) 15.3 -+ 0.8 (9) 
22.8 -+ 1.3 (32) 17.0 -+ 1.1 (31) 
21.1-+1.3(20) 16.3-+1.3(20) 

{ 21.1 + 2.0(12) { 6.5-+0.9(10) 
20.7 +_ 1.6 (11) 7.6 -+ 1.1 (10) 
20.5 -+ 0.8 (17) 7.1 -+ 0.8 (17) 
13.1 -+ 0.6 (3) 11.4 -+ 1.0 (3) 
12.9 +_ 0.7 (5) 10.7 -+ 0.5 (5) 
14.5 -+ 0.6 (15) 12.7 -+ 0.7 (15) 
14.1 -+ 0.8 (15) 12.3 -+ 0.8 (15) 
10.7 -+ 1.1 (3) 90.1 -+ 0.7 (3) 

12.0 (1) 10.0 (1) 

12.6 -+ 1.2 (3) 6.3 -+ 0.7 (3) 
12.5 _+ 0.5 (3) 6.1 -+ 0.5 (3) 

11.7 (1) 14.8 (1) 12.3 (1) 
15.1 ñ 2.0 (4) 19.1 -+ 1.1 (4) 18.6 -+ 0.9 (4) 
14.5 -+ 0.6 (8) 17.4 -+ 1.5 (8) 16.7 -+ 1.7 (8) 
10.3 -+ 0.9 (26) 14.0 -+ 0.8 (25) 13.1 -+ 0.7 (24) 
10.2 -+ 0.8 (23) 14.0 -+ 1.0 (24) 13.0 -+ 1.0 (23) 

10.5 (1) 12.3 (1) 12.3 (1) 
8.2 -+ 0.1 (2) 12.5 -+ 0.6 (3) 10.7 -+ 0.9 (3) 

11.6 (1) 10.7 (1) 5.2 (1) 

25.4 (1) 30.0 (1) 8.8 (1) 9.1 (1) 4.2 (1) 
40.1 (1) 41.6 (1) 7.4 (1) 13.8 (1) 12.3 (1) 

7.8 -+ 0.7 (3) 
7.9 -+ 0.6 (3) 
7.5 -+ 0.2 (10) 
6.6 -+ 0.2 (5) 

7.5 (1) 

13.3 +- 1.7 (3) 12.5 -+ 1.3 (3) 
13.1 -+ 1.7 (3) 12.3 -+ 1.5 (3) 
10.7 -+ 0.5 (7) 8.0 ñ 0.3 (7) 
10.0 +_ 0.4 (5) 7.7 -+ 0.4 (5) 

11.3 (1) 11.1 (1) 

36.2 -+ 1.2 (17) 37.8 -+ 1.1 (17) 
33.8 -+ 1.6 (20) 35.7 -+ 1.4 (19) 
31.5 -+ 1.1 (20) 33.1 -+ 1.1 (19) 
28.8-+1.6(12) 30.9+-0.6(15) 

48.3 +- 4.2 (16) 49.9 -+ 3.1 (16) 
45.5 -+ 2.7 (16) 47.2 +- 2.2 (17) 
55.1 -+ 2.7 (25) 54.9 -+ 2.2 (24) 
50.6 +- 2.2 (10) 51.0 -+ 1.8 (11) 
30.5 -+ 1.4 (6) 35.0 -+ 1.1 (6) 
27.7 -+ 0.7 (15) 32.2 -+ 1.0 (15) 

45.7 -+ 0.9 (3) 46.3 -+ 2.6 (3) 
43.8 +- 4.5 (3) 44.1 -+ 3.8 (3) 
31.0 -+ 1.7 (7) 35.2 -+ 0.7 (10) 
30.1 -+ 1.0 (5) 33.9 -+ 0.6 (6) 

41.4 (1) 41.3 (1) 

5.6 +- 5.2 (17) 12.8 -+ 0.6 (17) 11.6 -+ 0.5 (17) 
5.2 -+ 0.3 (19) 12.3 -+ 0.6 (19) 11.2 -+ 0.7 (19) 
5.3 -+ 0.4 (20) 11.9 -+ 0.6 (19) 10.9 -+ 0.7 (19) 
4.9 -+ 0.3 (17) 11.7 -+ 0.6 (13) 10.5 +- 0.7 (13) 

7.6-+ 0.9(4) { 8.1 -+ 0.6 (7) { 4.1 -+ 0.4 (7) 
6.3 -+ 1.1 (16) 16.2 _+ 1.1 (17) 15.4 -+ 1.1 (17) 
5.9 -+ 0.6 (17) 15.5 -+ 1.0 (16) 14.5 -+ 0.9 (16) 
7.0 -+ 0.6 (22) 17.1 -+ 0.8 (24) 16.4 -+ 0.6 (24) 
6.5 -+ 0.6 (11) 16.3 -+ 0.9 (10) 15.6 -+ 0.8 (9) 
7.5 -+ 0.5 (6) 11.6 -+ 1.0 (6) 8.4 -+ 0.6 (6) 
7.2 -+ 0.6 (15) 10.6 -+ 0.2 (15) 7.5 -+ 0.5 (15) 
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TABLE 31. Continued. 

Scapula 
Taxonomic group Sex length Coracoid length 

Gallirallus and allies 

Gallirallus pectoralis-group -- 
Gallirallus striatus M 

F 

Gallirallus australis M 
F 

Gallirallus greyi M 
F 

Gallirallus philippensis-group M 
F 

Gallirallus dieffenbachii [M] 
[FI 

Gallirallus owstoni M 
F 

Gallirallus wakensis M 
F 

Tricholimnas lafresnayanus -- 
Tricholimnas sylvestris M 

F 

Nesoclopeus poecilopterus* -- 
Cabalus modestus [M] 

IF] 
Capellirallus karamu [M] 

[FI 
Habropteryx torquatus-group M 

F 

Habropteryx okinawae -- 

Problematic subfossil rails 

Aphanapteryx bonasia [M] 
[F] 

Erythromachus leguati -- 
Diaphorapteryx hawkinsi [M] 

IF] 

Atlantisia and allies 

Atlantisia rogersi -- 
Mundia elpenor [M] 

IF] 
Laterallus leucopyrrhus M 

F 

Coturnicops noveboracensis M 
F 

Crex crex M 
F 

Crex albicollis M 
F 

Gray crakes and allies 
Porzana palmeri M 

F 

Porzana carolina M 
F 

Porzana pusilla M 
F 

Porzana tabuensis M 

30.7 + 1.0 (7) 17.3 + 0.6 (8) 
37.4 + 1.3 (3) 23.3 + 2.2 (4) 
37.7 + 0.3 (2) 21.8 + 0.2 (2) 
51.4 + 1.9 (17) 32.4 -+ 1.0 (18) 
45.4 -+ 1.3 (13) 28.7 -+ 1.1 (12) 
49.9 + 3.8 (4) 31.2 + 2.5 (4) 
44.8 -+ 1.6 (4) 28.5 + 1.1 (4) 
39.8 -+ 1.8 (15) 22.8 -+ 1.1 (16) 
39.3 + 1.9 (20) 22.4 + 0.9 (21) 
36.9 + 1.1 (19) 23.1 -+ 0.6 (23) 
34.3 + 1.1 (9) 21.3 + 0.5 (12) 
40.8 -+ 1.9 (14) 22.7 + 1.2 (13) 
38.8 + 1.6 (18) 21.3 -+ 0.8 (16) 
29.1 + 0.8 (20) 16.4 + 0.6 (19) 
28.2 + 0.9 (10) 15.6 + 0.3 (10) 

-- 23.5 (1) 
45.3 -+ 2.6 (4) 26.1 -+ 0.5 (4) 
41.8 + 0.6 (2) 24.3 + 0.8 (2) 

49.0 (1) 28.0 (1) 
22.1 - 0.8 (14) 12.6 - 0.4 (14) 
20.0 + 0.5 (14) 11.6 + 0.3 (14) 

28.0 (1) 15.3 -+ 0.4 (7) 
24.1 + 0.9 (3) 13.7 +- 0.1 (2) 
42.9 -+ 0.3 (4) 26.0 -+ 0.6 (4) 
40.2 + 1.5 (8) 23.7 -+ 0.9 (8) 

42.0 (1) 26.8 (1) 

38.6 + 0.2 (2) 
50.5 -+ 2.9 (3) 32.1 - 1.2 (5) 

64.6 - 2.0 (21) 40.6 q- 1.8 (21) 
58.9 + 1.6 (12) 37.0 -+ 1.6 (24) 

18.9 + 1.2 (6) 10.6 + 0.5 (7) 
15.6 q- 0.2 (5) 

25.6 q- 0.7 (4) 14.8 - 0.4 (11) 
24.8 q- 0.6 (7) 14.7 -+ 0.5 (7) 
23.6 q- 1.1 (21) 14.2 q- 0.8 (20) 
27.5 - 1.4 (15) 15.8 + 0.7 (115) 
25.6 q- 1.8 (19) 14.8 q- 0.4 (20) 
43.5 - 2.1 (13) 22.1 + 1.0 (13) 
41.5 q- 1.8 (11) 21.5 q- 0.6 (11) 
33.1 q- 2.7 (2) 20.1 + 0.8 (2) - 
34.2 q- 0.8 (2) 19.3 q- 0.8 (2) 

19.8 + 1.2 (6) 11.0 + 0.2 (6) 
19.3 q- 0.7 (6) 10.6 q- 0.3 (6) 
32.3 + 1.3 (13) 17.2 + 0.5 (15) 
30.6 q- 1.2 (15) 16.4 q- 0.3 (15) 
26.2 q- 1.8 (9) 14.4 q- 0.9 (10) 
25.0 + 1.5 (14) 13.8 + 0.8 (15) 
24.5 +_ 1.1 (5) 14.4 q- 0.2 (5) 
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TABLE 31. Continued, Extended. 

Sternum 

Corpus Carina depth 

Carina length Length Least width Oblique Perpendicular 

29.5 -+ 2.1 (8) 31.4 -+ 1.6 (8) 4.6 _+ 0.4 (8) 10.2 -+ 0.6 (8) 9.7 
39.3 -+ 4.0 (3) 40.0 _+ 3.0 (3) 5.1 -+ 0.4 (4) 13.0 -+ 1.6 (3) 12.0 
38.5 -+ 2.1 (2) 39.0 -+ 1.6 (2) 5.0 -+ 0.2 (2) 12.6 -+ 1.1 (2) 12.2 
34.0 -+ 1.9 (19) 41.0 _+ 1.9 (19) 11.3 ñ 0.9 (19) 12.7 ñ 1.0 (18) 7.3 
29.9 ñ 1.4 (13) 36.0 ñ 1.8 (13) 10.1 -+ 1.0 (13) 10.6 -+ 1.0 (13) 6.1 
32.9 + 1.1 (4) 40.3 - 1.4 (4) 11.6 - 0.9 (4) 10.8 --- 2.2 (4) 5.7 
29.8 + 0.9 (4) 35.7 -+ 1.7 (4) 10.1 -+ 0.6 (3) 10.5 -+ 2.0 (4) 5.6 
40.9 -+ 2.5 (14) 40.8 _+ 1.8 (15) 6.9 -+ 0.9 (15) 13.1 -+ 1.1 (15) 12.6 
41.9 -+ 3.1 (21) 41.3 -+ 2.6 (20) 6.3 -+ 0.8 (21) 13.3 -+ 1.0 (20) 12.5 
30.3 --+ 1.5 (20) 36.2 ñ 1.4 (20) 9.5 - 0.5 (20) 12.6 ñ 0.7 (20) 8.5 
27.8 -+ 1.2 (9) 33.0 -+ 0.9 (9) 9.0 -+ 0.6 (9) 11.3 -+ 0.6 (9) 7.7 
32.2 ñ 2.0 (14) 36.5 ñ 1.3 (14) 7.5 -+ 0.7 (14) 11.0 -+ 0.8 (14) 8.5 
29.9 ñ 1.8 (18) 34.8 ñ 1.6 (18) 7.5 ñ 0.8 (17) 10.8 ñ 0.65 (18) 8.0 
21.5 -+ 1.1 (20) 23.9 -+ 1.4 (20) 6.8 -+ 0.5 (20) 7.9 -+ 0.6 (20) 5.3 
21.1 -+ 1.9 (10) 23.8 -+ 1.3 (10) 6.6 -+ 0.3 (10) 7.5 -+ 0.4 (10) 5.4 

-- -- 10.5 (1) 13.0 (1) 
34.0 ñ 1.8 (4) 38.3 ñ 1.6 (4) 10.3 ñ 0.9 (4) 11.1 ñ 0.7 (4) 8.1 
30.5 ñ 0.8 (2) 34.9 _+ 0.2 (2) 9.3 _+ 0.8 (2) 11.3 ñ 0.4 (2) 8.5 

44.0 (1) 47.0 (1) 16.0 (1) 12.0 (1) 
12.0 _+ 0.7 (18) 16.3 ñ 0.7 (18) 7.0 _+ 0.5 (18) 6.7 ñ 0.6 (18) 2.9 
10.5 ñ 0.5 (10) 15.0 ñ 0.7 (10) 6.7 ñ 0.5 (10) 6.2 ñ 0.6 (10) 2.4 

{17.1+-0.5(2){23.3-+0.5(3){9.0-+0.7(6){8.1-+1.0(8){1.2 
40.9 ñ 2.1 (5) 43.0 ñ 1.8 (5) 8.2 ñ 0.5 (5) 13.3 ñ 0.8 (5) 11.6 
37.1 -+ 1.8 (8) 39.6 -+ 1.7 (8) 7.5 -+ 0.6 (8) 12.2 -+ 0.8 (8) 10.5 

34.1 (1) 40.0 (1) 10.3 (1) 12.7 (1) 

{ [37.0](1)? { [52.0](1)? { 15.9-+ 3.6(4) { 15.9-+2.9(5) { 7.5 
32.9 ñ 4.3 (3) 41.5 -+ 2.1 (3) 10.7 -+ 0.3 (3) 12.4 -+ 0.8 (4) 8.1 
52.2 -+ 2.4 (13) 60.0 -+ 2.0 (13) 16.9 -+ 1.2 (13) 13.2 -+ 1.4 (13) 5.8 
42.2 ñ 3.9 (12) 55.0 ñ 3.3 (12) 15.2 ñ 1.1 (12) 12.8 -+ 1.2 (12) 5.5 

7.7 -+ 0.9 (8) 12.5 ñ 0.8 (8) 5.7 ñ 0.3 (8) 6.4 ñ 0.6 (8) 2.4 

16.4ñ 1.0(8){ 20.2-+ 1.3(8){ 6.7-+0.6(12, { 5.2-+0.4(13){ 2.4 
22.0 -+ 1.2 (7) 24.7 ñ 1.5 (7) 6.1 ñ 0.4 (6) 8.6 -+ 0.5 (7) 6.8 
20.6 -+ 1.5 (17) 23.9 -+ 1.4 (17) 5.8 -+ 0.4 (18) 8.4 -+ 0.5 (18) 6.4 
24.3 ñ 1.4 (12) 26.6 ñ 1.1 (12) 5.8 -+ 0.3 (11) 10.8 ñ 0.3 (12) 9.5 
23.3 ñ 1.0 (14) 25.6 ñ 1.1 (13) 5.5 -+ 0.3 (16) 10.3 -+ 0.5 (16) 9.2 
44.0 -+ 0.4 (12) 40.7 -+ 1.6 (13) 6.3 -+ 0.5 (13) 14.4 -+ 0.9 (13) 14.4 
42.6 ñ 1.9 (11) 39.4 -+ 1.7 (11) 6.4 -+ 0.8 (11) 13.8 -+ 0.8 (10) 13.8 
34.5 -+ 0.8 (2) 35.9 - 2.2 (2) 5.6 - 0.1 (2) 11.5 -+ 0.1 (2) 10.2 
32.0 -+ 1.3 (2) 34.3 -+ 1.3 (2) 6.7 -+ 0.4 (2) 11.2 -+ 0.1 (2) 10.2 

11.1 ñ 0.7 (6) 14.3 -+ 0.6 (6) 5.9 -+ 0.5 (6) 5.7 -+ 0.7 (6) 3.9 
10.9 ñ 0.7 (5) 14.5 ñ 0.9 (5) 5.5 -+ 0.5 (5) 5.9 ñ 0.9 (5) 3.8 
27.5 -+ 1.3 (12) 29.0 -+ 1.1 (12) 7.6 -+ 0.6 (14) 11.2 -+ 0.5 (12) 10.4 
25.7 ñ 1.6 (14) 27.3 -+ 1.2 (14) 7.0 -+ 0.5 (15) 11.0 -+ 0.8 (15) 9.9 
23.3 -+ 2.6 (7) 25.0 -+ 1.9 (7) 5.0 -+ 0.5 (8) 9.6 -+ 0.9 (9) 8.8 
21.0 -+ 2.2 (15) 23.4 -+ 1.5 (15) 5.0 -+ 0.6 (14) 9.4 -+ 0.6 (15) 8.4 
19.4 ñ 1.1 (4) 23.0 -+ 1.0 (5) 5.2 -+ 0.5 (5) 8.3 ñ 0.4 (5) 6.5 

ñ 0.6 (8) 
-+ 0.9 (3) 
-+ 1.1 (2) 
-+ 0.6 (18) 
ñ 0.8 (13) 
-+ 0.5 (4) 
-+ 0.2 (4) 
ñ 1.0 (15) 
-+ 1.0 (20) 
-+ 0.6 (20) 
-+ 0.6 (9) 
-+ 0.7 (14) 
+- 0.8 (18) 
-+ 0.8 (20) 
-+ 0.5 (10) 
7.0 (1) 
+- 1.0 (4) 
-+ O. 1 (2) 
8.5 (1) 
-+ 0.9 (18) 
-+ 0.3 (10) 
ñ 0.4 (8) 

-+ 1.1 (5) 
-+ 0.8 (8) 
8.5 (1) 

-+ 2.9 (6) 

-+ 1.1 (4) 
ñ 0.7 (13) 
+- 0.9 (12) 

-+ 0.1 (7) 
+- 0.4 (12) 

-+ 0.4 (7) 
_+ 0.5 (18) 
ñ 0.5 (12) 
-+ 0.6 (16) 
ñ 0.9 (13) 
-+ 0.8 (10) 
-+ 0.5 (2) 
-+ 0.3 (2) 

-+ 0.4 (6) 
-+ 0.4 (5) 
-+ 0.4 (12) 
-+ 0.6 (15) 
-+ 0.7 (9) 
-+ 1.0 (15) 
-+ 0.8 (5) 
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TABLE 31. Continued. 

Scapula 
Taxonomic group Sex length Coracoid length 

F 24.1 _+ 1.0 (6) 14.0 _+ 0.4 (6) 
Porzana atra M 27.1 (1) 15.5 (1) 

F 25.5 -+ 1.9 (3) 14.5 -+ 0.3 (2) 
Porzanafiavirostra M 30.6 + 1.5 (16) 17.9 -+ 0.7 (17) 

F 29.9 + 1.0 (16) 17.5 -+ 0.7 (18) 

Porzana piercei [M] { 17.5 (1) 11.3 + 0.2 (9) [F] 10.6 -+ 0.1 (5) 
Porzana keplerorumS -- -- -- 
Porzana severnsiS -- 22.6 (1) 12.2 (1) 

Waterhens 

Amaurornis olivaceus M 43.0 + 1.1 (5) 25.1 -4- 0.8 (5) 
F 40.9 -+ 0.8 (4) 24.2 -+ 1.3 (4) 

Arnaurornis moluccanus M 41.3 + 1.6 (3) 23.5 -4- 1.0 (3) 
F 37.9 +- 0.5 (2) 21.8 -+ 0.5 (2) 

Amaurornis phoenicurus M 41.9 -4- 1.4 (15) 24.9 + 0.8 (16) 
F 39.9 + 1.9 (15) 23.6 -+ 0.9 (15) 

Amaurornis ineptus* -- 57.0 (1) 36.0 (1) 
Moorhens and allies 

Gallicrex cinerea M 55.5 -+ 2.3 (8) 30.8 -+ 1.6 (8) 
F 45.7 + 0.1 (2) 25.3 -+ 1.3 (2) 

Pareudiastes pacificus* -- 33.0 (1) 20.0 (1) 
Tribonyx ventralis M 55.7 -+ 1.5 (25) 29.8 + 1.0 (24) 

F 52.0 + 2.3 (19) 27.9 +- 1.3 (19) 
Tribonyx mortierii M 64.7 _+ 1.2 (8) 35.6 -+ 1.2 (8) 

F 63.9 -+ 3.0 (9) 35.0 -+ 1.6 (9) 

20.2 + 0.7 (12) Tribonyx hodgenorum [M] 37.2 + 2.2 (3) - 
[F] - 18.5 -+ 0.7 (8) 

Gallinula nesiotis -- 46.1 -+ 1.6 (5) 24.9 -- 1.3 (5) 
Gallinula comeri -- 49.1 + 1.0 (4) 26.5 -4- 1.0 (4) 
Gallinula tenebrosa M 60.3 + 1.9 (6) 33.4 + 0.8 (6) 

F 58.8 -+ 2.6 (8) 32.1 -4- 1.1 (8) 
Gallinula chloropus M 49.8 -+ 3.6 (8) 27.0 -+ 2.1 (10) 

F 48.0 -+ 3.3 (16) 26.5 - 1.9 (19) 
Gallinula cachinaans M 52.6 -4- 2.0 (12) 29.4 -+ 1.1 (12) 

F 49.3 -+ 2.5 (8) 27.5 -4- 0.9 (9) 
Gallinula sandvicensis -- 47.2 -+ 0.9 (4) 26.9 -+ 0.5 (5) 

Coots 

Fulica armillata -- 66.1 -+ 2.8 (4) 36.1 +- 1.9 (4) 
Fulica cornuta -- 88.1 -+ 2.3 (2) 48.6 + 1.3 (2) 
Fulica gigantea M 87.1 + 2.9 (6) 48.4 -+ 1.3 (6) 

F 79.6 -+ 6.2 (5) 45.4 + 2.2 (5) 
Fulica americana M 60.3 + 2.5 (17) 32.7 _+ 1.4 (17) 

F 55.9 -+ 2.3 (15) 30.5 -+ 1.2 (15) 
Fulica alai M 60.8 -+ 2.8 (7) 32.1 _+ 1.7 (7) 

F 55.5 -+ 3.3 (7) 29.4 -+ 0.9 (8) 
Fulica atra (atra-group) M 62.6 -+ 2.2 (15) 33.7 + 1.7 (15) 

F 61.1 +- 2.5 (21) 32.5 -+ 1.6 (22) 
Fulica chathamensis [M] 76.0 -+ 2.2 (19) 44.0 -+ 1.4 (18) 

[F] 71.0 -+ 1.5 (7) 41.5 -+ 0.9 (14) 

42.4 + 1.3 (13) Fulica prisca [M] 76.0 + 2.8 (2) - [F] - 39.6 -+ 1.6 (4) 
Fulica newtoni -- -- [41.0 (1)]õ 

* Measurements taken on elements during myological dissection. 
•- Measurement estimated from photographs of mounted specimen at Mauritius Institute taken by J. Hume. 
$ Samples based in part on measurements tabulated by Olson and James (1991). 
õ Measurement based on Mourer-Chauvir6 et al. (1999: fig. 131). 
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TABLE 31. Continued, Extended. 

Co•us 

Carina length Length Least width 

Carina depth 

Oblique Perpendicular 

18.4 + 1.1 (6) 22.0 _+ 0.8 (6) 5.0 _+ 0.5 (6) 8.6 +- 0.7 (6) 6.9 -+ 0.7 (6) 
15.5 (1) 21.8 (1) 6.4 (1) 10.1 (1) 5.8 (1) 

15.2 +- 0.3 (3) 21.8 + 0.5 (3) 6.2 +_ 0.6 (3) 9.4 +- 0.1 (3) 5.7 -+ 0.2 (3) 
27.1 +- 1.0 (13) 30.5 + 0.7 (13) 6.9 _+ 0.6 (12) 10.1 +- 0.5 (15) 8.2 +- 0.6 (15) 
27.1 +- 1.3 (17) 30.4 _+ 1.3 (16) 6.6 _+ 0.5 (16) 10.0 +- 0.4 (16) 8.0 -+ 0.4 (16) 

-- -- -- 5.2 (1) 1.6 (1) 
12.0 (1) 18.3 (1) 13.1 (1) 7.0 (1) 1.0 (1) 

39.2 +- 0.8 (4) 41.9 +_ 0.9 (5) 9.4 _+ 0.6 (5) 11.1 +_ 0.8 (4) 9.1 +- 0.4 (4) 
37.7 -+ 0.9 (4) 40.9 +_ 0.6 (4) 8.9 _+ 1.0 (4) 10.6 +-- 0.7 (3) 8.6 +- 0.4 (3) 
38.7 +- 2.7 (3) 40.6 +- 2.8 (3) 8.3 +- 0.4 (3) 13.2 -+ 0.6 (3) 11.9 -+ 0.7 (3) 
36.5 -+ 0.7 (2) 39.3 +_ 0.1 (2) 8.4 + 0.1 (2) 12.7 _+ 0.5 (2) 10.8 +- 0.4 (2) 
42.8 -+ 2.4 (16) 43.6 +_ 2.0 (16) 8.5 _+ 0.6 (16) 12.5 _+ 0.9 (16) 11.5 +_ 0.8 (16) 
39.4 -+ 2.0 (15) 40.3 _+ 1.8 (15) 7.7 _+ 0.6 (15) 11.8 + 0.7 (15) 11.1 _+ 0.5 (15) 

50.0 (1) 54.0 (1) 23.0 (1) 12.5 (1) 8.0 (1) 

59.7 ñ 3.4 (8) 57.4 _+ 3.1 (8) 7.5 +_ 0.7 (8) 
48.3 ñ 5.7 (2) 47.8 _+ 4.7 (2) 5.4 _+ 0.9 (2) 

24.0 (1) 32.0 (1) 10.0 (1) 
54.8 ñ 2.5 (26) 51.5 _+ 1.8 (25) 14.4 _+ 1.0 (25) 
50.1 +_ 3.0 (19) 47.5 _+ 2.6 (18) 13.2 _+ 0.8 (19) 
54.0 _ 2.0 (9) 55.8 +- 1.7 (9) 20.8 +- 1.4 (9) 
51.6 ___ 2.4 (9) 54.2 _+ 2.4 (9) 19.4 _+ 0.6 (9) 

25.0(1) { 27.6(1){ 13.1(1) 
34.6 _+ 2.4 (5) 38.9 +_ 2.4 (5) 14.1 +_ 1.5 (5) 
38.6 +_ 1.2 (4) 42.3 _+ 2.1 (4) 15.9 +_ 0.6 (4) 
60.1 _+ 1.6 (6) 57.8 +_ 1.9 (6) 15.6 +_ 0.9 (6) 
59.3 - 1.6 (8) 55.5 +_ 3.4 (8) 15.5 +_ 1.1 (8) 
46.6 _+ 3.0 (10) 45.4 +_ 3.0 (10) 12.7 +_ 1.3 (10) 
44.5 _+ 3.4 (18) 43.4 _+ 3.1 (18) 112.1 _+ 1.0 (19) 
50.5 +_ 2.6 (12) 48.8 _+ 0.8 (12) 14.5 +_ 0.8 (12) 
46.7 _+ 2.6 (8) 45.5 +_ 2.3 (8) 14.0 _+ 1.3 (8) 
42.1 +_ 1.3 (4) 41.1 +_ 1.1 (4) 14.0 + 0.7 (3) 

64.6 _+ 3.7 (4) 62.7 _+ 3.7 (4) 22.6 +_ 1.3 (4) 
84.8 +- 2.9 (2) 82.7 _+ 1.6 (2) 30.7 -+ 2.1 (2) 
84.7 +_ 2.8 (6) 85.6 +__ 2.4 (6) 30.7 +- 1.1 (6) 
80.0 _+ 4.8 (5) 78.7 _+ 5.6 (5) 27.7 _+ 2.9 (5) 
56.1 +_ 3.0 (17) 54.6 +_ 2.3 (17) 19.1 _ 0.7 (17) 
51.5 _+ 2.3 (12) 50.0 _+ 1.8 (12) 17.1 +_ 1.2 (15) 
55.5 +- 2.1 (7) 54.2 +_ 1.8 (6) 18.7 +- 1.2 (7) 
49.9 +- 3.3 (7) 49.7 + 3.2 (7) 17.5 +_ 0.8 (7) 
60.2 _+ 2.4 (15) 57.0 _+ 2.2 (15) 18.8 + 1.0 (15) 
58.0 _+ 3.1 (22) 55.0 _+ 2.5 (22) 18.2 _+ 1.2 (21) 
72.8 _ 1.8 (19) 72.9 +_ 1.7 (19) 27.2 + 1.1 (19) 
68.7 _+ 2.5 (5) 70.1 _+ 1.6 (5) 26.0 _+ 0.7 (5) 

64.9_+2.9(4) { 66.1 _+ 2.9 (4) { 27.7_+ 1.4 (5) 
66.5 (1) 65.3 (1) 20.0 (1) 

16.1 -+ 0.8 (8) 15.7 _+ 1.0 (8) 
14.2 -+ 0.9 (2) 13.4 +- 0.8 (2) 

12.0 (1) 7.0 (1) 
17.1 m 0.8 (25) 16.2 +- 0.7 (25) 
16.0 + 0.9 (19) 15.0 -+ 0.8 (19) 
13.2 -+ 1.2 (9) 9.6 +- 1.2 (9) 
13.2 -+ 0.7 (9) 10.4 + 1.3 (9) 

7.5 (l) __• 
11.8 +- 0.7 (5) 8.3 +- 0.7 (5) 
12.0 + 0.8 (4) 8.5 -+ 0.8 (4) 
17.9 +- 1.2 (6) 16.9 -+ 0.4 (5) 
17.1 -+ 1.0 (8) 15.8 -+ 1.0 (6) 
15.7 +- 1.2 (10) 14.6 --+ 1.1 (10) 
14.7 +- 1.3 (19) 13.7 -+ 1.4 (19) 
15.9 -+ 0.6 (12) 15.1 -+ 0.7 (12) 
15.3 +- 1.1 (8) 13.9 +- 0.8 (8) 
14.0 +- 0.6 (5) 12.8 -+ 0.8 (5) 

19.0 +- 2.2 (4) 16.7 + 1.9 (3) 
27.8 -+ 1.2 (2) 22.5 -+ 1.4 (2) 
23.9 -+ 1.4 (6) 20.1 -+ 0.8 (3) 
23.0 -+ 1.3 (5) 20.0 +- 1.3 (4) 
18.3 -+ 0.7 (16) 16.6 -+ 0.8 (16) 
17.5 --- 0.7 (15) 15.4 -+ 0.8 (14) 
18.2 -+ 0.7 (6) 15.7 +- 1.0 (7) 
16.8 +- 1.2 (7) 14.8 +- 0.8 (7) 
18.5 +- 1.0 (15) 16.8 -+ 0.9 (15) 
18.4 +- 1.1 (22) 16.5 +- 1.1 (21) 
20.0 + 1.0 (19) 15.6 +- 1.3 (19) 
18.7 + 0.4 (5) 15.2 + 0.6 (5) 

{ 19.8 -+ 1.4 (7) { 14.3 +- 1.8 (7) 
19.9 (1) 17.0 (1) 
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30-33). Nonetheless, interspecific differences in these three species were highly 
significant (P < 0.0001) in all skeletal dimensions compared. Summary statistics 
revealed that H. wallacii was comparable to or slightly smaller than medium- 
sized A. cajanea in pectoral dimensions, but comparable to or slightly smaller 
than large A. ypecaha in other measurements, with this combination of differences 
accounting for the interspecific effects and together reflecting the pectoral reduc- 
tion of H. wallacii (Tables 30-33). Other less well-represented taxa of "basal" 
rallids (Tables 30-33) either were comparable to Aramides in general body form 
(e.g., Eulabeornis), were distinctly smaller but displayed the proportions typical 
of flighted rallids (e.g., Canirallus and Rougetius), or showed variably strong 
indications of pectoral reduction at least as great as that evident in Habroptila 
(e.g., Nesotrochis spp.). 

Two species of white-throated rails (Dryolimnas cuvieri and D. aldabranus; n 
-- 22) were amenable to formal comparisons of skeletons (two-way ANOVA), 
with only limited, informal comparisons of summary statistics feasible for extinct 
congener D. abbotti (osteologically limited to subfossil remains) and two poorly 
represented meso-rallids (Ortygonax sanguinolentus and flightless Cyanolimnas 
cerverai). Formal comparisons of skeletal variables of flighted Dryolimnas cuvieri 
and flightless D. aldabranus revealed a pattern of divergence distinct from those 
indicated for flightless swamphens or basal rallids (Tables 30-33). Interspecific 
differences were significant (P < 0.05) in all but 3 of the 41 variables compared 
(bill length and the two furcular widths), averaging larger in respective sex-groups 
in D. cuvieri in the other 38 dimensions. Summary statistics for D. abbotti indi- 
cated that D. abbotti was intermediate to its two extant congeners in size, with 
relative sizes indicating that D. abbotti did not share the disproportionate reduc- 
tion in selected pectoral dimensions indicated for D. aldabranus (Tables 30-33). 
Similar assessments of summary statistics revealed that Cyanolimnas cerverai was 
larger than Ortygonax sanguinolentus in dimensions of the pelvic apparatus but 
substantially smaller than its flighted relative in available pectoral dimensions 
(Tables 30-33). 

Typical rails (Rallus, Gallirallus, Tricholimnas, and Habropteryx) having ad- 
equate samples for two-way analysis of skeletal dimensions comprised 11 species 
(n = 327), of which 4 (T. sylvestris, G. australis-group, G. owstoni, and G. 
wakensis) were flightless. An additional nine taxa were included for informal 
comparisons because they were represented by samples too limited for formal 
analysis or were represented only by unassociated subfossil elements (Tables 30- 
33). These were congeners of the foregoing taxa, members of allied genera (Ne- 
soclopeus, Cabalus, and Capellirallus), or specimens of three problematic, mono- 
typic genera most comparable morphologically with typical rails (Diaphorapteryx, 
Aphanapteryx, and Erythromachus). Among those amenable to two-way ANOVA, 
taxon effects were highly significant in all 41 skeletal variables (P < 0.0001). 
Consideration of summary statistics of other, less well-represented taxa added to 
the interspecific differences in osteological dimensions. Most notable were the 
modest pectoral changes of Rallus recessus; pronounced relative pectoral reduc- 
tions indicated for flightless R. ibycus (cf. G. owstoni), Nesoclopeus poecilopterus 
(cf. T. sylvestris), G. dieffenbachii (cf. G. wakensis), Habropteryx insignis, and 
H. okinawae; and the extreme pectoral reductions of Cabalus modestus and Ca- 
pellirallus karamu (Tables 30-33). Summary statistics compiled here for C. mo- 
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destus and G. dieffenbachii (Tables 30-33) compared very closely to those for 
samples (not partitioned to sex) presented by Trewick (1997b). 

Crakes (Laterallus, Coturnicops, Crex, and Porzana) having adequate samples 
for two-way analysis of skeletal dimensions comprised 10 species (n = 213), of 
which 2 (P. atra and P. palmeri) were flightless. A number of additional species, 
either congeneric with the aforementioned taxa or members of allied taxa, were 
available for comparisons of summary statistics but were represented by unsexed 
specimens or disassociated subfossil elements not suitable for two-way statistical 
comparisons (Tables 30-33). These secondary species included a number of 
flightless forms: Atlantisia rogersi, "Atlantisia" elpenor, P. sandwichensis, P. 
monasa, P. pierceL P. rua, P. astrictocarpus, and five other Porzana from the 
Hawaiian Islands. Those taxa permitting two-way comparisons manifested sig- 
nificant interspecific differences in all 41 skeletal dimensions (ANOVA; P < 
0.05). Comparisons of summary statistics for these taxa and those not subjected 
to formal analyses revealed that a considerable range in general body size is 
encompassed by crakes, ranging from the smaller subfossil endemics of the Ha- 
waiian Islands (P. menehune and P. ziegleri) to the comparatively large species 
of Crex (Tables 30-33). Flightless species, regardless of whether samples per- 
reitted two-way comparisons, showed variably pronounced but significant pectoral 
reduction. The most pronounced diminutions of pectoral elements (relative to 
nonpectoral dimension) were present in A. rogersi and most of the subfossil Ha- 
waiian Porzana, and notably less substantial reductions were found in P. atra and 
P. piercei (Tables 30-33). 

Only two taxa of bushhens (Amaurornis) were represented adequately for two- 
way analysis (A. phoenicurus and A. olivaceus-group). Three others (A. akool, A. 
isabellinus, and flightless A. ineptus) were limited to data permitting only informal 
comparison against the summary statistics of these benchmark, flighted groups (n 
= 45). Despite the limited disparity between the two species subject to two-way 
analyses (both flighted and of medium size), 19 of 41 skeletal dimensions showed 
significant interspecific differences (ANOVA; P < 0.05). Summary statistics for 
congeners represented by very limited samples indicated that A. akool was smaller 
and A. isabellinus of approximately equal overall size to the better-sampled spe- 
cies (Tables 30-33). However, to the extent permitted by the very limited skeletal 
data available, flightless A. ineptus departed substantially from the proportions of 
its flighted congeners, being much larger in cranial and pelvic dimensions but 
approximately equal to or slightly smaller in pectoral dimensions. 

Six taxa of moorhens (sensu lato) were represented by samples (n -- 153) 
suitable for two-way analysis (Gallicrex cinerea, Gallinula chloropus-group, G. 
tenebrosa, G. comeri, Tribonyx ventralis, and T. mortierii), with four others hav- 
ing limited data permitting limited, informal comparisons (Pareudiastes pacificus, 
T. hodgenorum, G. nesiotis, and G. sandvicensis [Tables 30-33]). This diverse 
assemblage manifested highly significant intersexual differences in all 41 of the 
skeletal dimensions compared (ANOVA; P < 0.05). Summary statistics for these 
taxa and those not amenable to formal analyses revealed that flightless species 
tended to be larger than flighted relatives in all but pectoral dimensions (Tables 
30-33), a generality epitomized by the contrast between the comparatively well- 
sampled flighted T. ventralis and its flightless congener T. mortierii. 

Only two taxa of coots (Fulica) were amenable to two-way ANOVA (F. amer- 
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icana and F. atra [n = 69]). Four other species were sampled for which available 
specimens permitted one-way ANOVA among taxa (F. armillata, F. gigantea, F. 
cornuta, and F. alai In = 32]), and three more (comprising the only flightless 
species in the genus) were represented by samples of subfossil elements of mar- 
ginal, subanalytical quality (F. chathamensis, F. prisca, and F. newtoni [Tables 
30-33]). Despite a predictable affinity between the two well-represented species 
of Fulica, interspecific differences were significant (P < 0.05) in all but 2 of the 
41 skeletal dimensions compared, with the Eurasian F. atra averaging slightly but 
significantly larger (sex for sex) than F. americana of the New World (Tables 
30-33). One-way comparisons of the enlarged series of six species confirmed 
highly significant interspecific differences (P < 0.0001) in all 41 skeletal dimen- 
sions, reflecting in large part the differences in overall size between F. gigantea 
and F. cornuta and other species of coots. Summary statistics for the three sub- 
fossil species indicated that these species were comparable in overall size to the 
two large Andean species (e.g., dimensions of the skull and pelvic limb), but 
showed relative reductions in most pectoral measurements (Tables 30-33). 

Differences in group variances.--In the greater swamphens (Porphyrio), dif- 
ferences in group variances (two-way Levene's tests) of skeletal dimensions large- 
ly were restricted to interspecific variation. Significant differences among species 
were found in 14 of 41 measurements compared (P < 0.05), whereas intersexual 
effects and species-sex interaction effects were significant (P < 0.05) in only 6 
and 3 variables, respectively (Tables 30-33). The interspecific differences derived 
principally from the comparatively large variances of some measurements in P. 
hochstetteri; large size and the proportion of skeletons assigned to sex a posteriori 
render this pattern less than compelling. Among the lesser swamphens (Porphy- 
rula), differences in group variances achieved significance (P < 0.05) among 
species and between sexes in six and one measurements, respectively. Some var- 
iables (notably depth of the carina sterni) showed greater relative variation than 
others (e.g., lengths of limb elements), notably in some dimensions of compara- 
tively late-ossifying elements in flightless species. For example, coefficients of 
variation (SD/œ) for perpendicular depth of the carina sterni approximated 5% in 
flighted species, but was 10% or more in flightless Porphyrio (Table 31). 

Three taxa of basal rallids were formally compared (Aramides cajanea-group, 
A. ypecaha and Habroptila wallacii). Very few significant differences in within- 
group variances (two-way Levene's test; P < 0.05) were found in the 41 skeletal 
dimensions, with only interspecific effects in 3 variables, intersexual effects in 1, 
and species-sex interactions in 2. Neither these nor the summary statistics for 
other, poorly represented basal taxa indicated meaningful patterns in variances. 
However, as in the swamphens, some variables (notably carina depths of the 
sternum) showed higher relative variances than other dimensions, especially in 
flightless species (Tables 30-33). 

The two species of white-throated rails amenable to formal analyses (Dryolim- 
nas cuvieri and D. aldabranus) manifested significant interspecific differences (P 
< 0.05) in within-group variances in 10 skeletal dimensions, intersexual differ- 
ences in 4, and species-sex interaction effects in 5 (4 of which also showed 
significant main effects). These effects were comparatively frequent in dimensions 
of the cranium, pectoral girdle, and proximal pectoral limb (Tables 30-33). In- 
formal comparisons of summary statistics for extinct D. abbotti and the two poor- 
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ly represented meso-rallids (Ortygonax sanguinolentus and Cyanolimnas cerverai) 
revealed no obvious patterns in within-group variances. Comparisons of coeffi- 
cients of variation (SD/œ) indicated no obvious heterogeneity among variables in 
relative variances within Dryolimnas, whereas data were too few for assessments 
of Cyanolimnas or Ortygonax. 

For the typical rails permitting two-way analysis of within-group variances, 
significant interspecific effects (Levene's tests, P < 0.05) were found in all but 4 
of the 41 skeletal dimensions. Exceptions were ulna length, least depth of the 
carina sterni, maximal width of the furcula, and length of pedal digit III, all of 
which tended to high variance in all rails and were prone to somewhat inflated 
measurement error. Intersexual differences in group variances were significant in 
only nine dimensions, with 'species-sex interactions limited to one of these. Ex- 
amination of summary statistics indicated that many of the interspecific effects 
were due to the anomalously high variances for the small sample of Tricholimnas 
sylvestris (in part a reflection of increased measurement error attending the inclu- 
sion of mounted skeletons), the variably inflated variances of the polytypic Railus 
longirostris and polymorphic Gallirallus australis, and the probably artifactually 
low variances for the minimal sample available for G. wakensis (Tables 30-33). 
The additional species not included in formal comparisons revealed no informa- 
tive departures from the commonalities pertaining to the foregoing species, bear- 
ing in mind the limitations and conditions on these estimates. Notable once again 
in all typical rails was the higher relative variation of a subset of the variables, 
especially the two depths of the carina sterni; coefficients of variation (SD/•) for 
the latter generally approximated (where samples were partitioned by sex) twice 
those of other dimensions, for example, lengths of appendicular elements (Tables 
30-33). 

The 10 species of crakes (Laterallus, Coturnicops, Crex, and Porzana) having 
adequate samples for two-way analysis of within-group variances in skeletal di- 
mensions (Levene's tests; P < 0.05), of which 2 (P. atra and P. palmeri) were 
flightless, showed interspecific differences in variances in 29 of 41 variables. No 
dimensions showed significant (P > 0.05) intersexual heterogeneity in group var- 
iances, and only two (both of which also showed interspecific differences) man- 
ifested significant species-sex interactions in group variances. Those skeletal var- 
iables showing significant heterogeneity of variances included dimensions of all 
parts of the skeleton, and did not indicate any meaningful functional patterns 
(Tables 30-33), evidently resulting in large part from variances in a few com- 
paratively large, widespread species (e.g., Crex crex and C. albicollis). Summary 
statistics for the taxa of crakes not amenable to formal two-way comparisons did 
not suggest marked, meaningful heterogeneity in group variances. 

The two adequately represented taxa of bushhens (Amaurornis olivaceus-group 
and A. phoenicurus) manifested significant intergpecific effects (P < 0.05) in 24 
of 41 skeletal dimensions in two-way Levene's comparisons of within-group var- 
iances. Summary statistics indicated that much of this heterogeneity reflected the 
modest mensural differences evident among the two taxa included within the A. 
olivaceus-group (A. olivaceus proper and A. moluccanus), and hence were not of 
relevance to flightlessness in the genus (Tables 30-33). Intersexual differences 
(five instances) and species-sex interaction effects (four instances) in group var- 
iances were limited to dimensions scattered throughout the skeleton. 
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The six taxa of moorhens and allies that were represented by skeletal samples 
permitting two-way analysis of group variances (Levene's tests; Gallicrex cinerea, 
Gallinula chloropus-group, G. tenebrosa, G. comerg Tribonyx ventralis, and T. 
mortierii) showed significant interspecific effects for 33 of 41 skeletal variables 
compared. Two of these variables also manifested significant intersexual and spe- 
cies-sex interaction effects (both shaft widths of appendicular elements). With 
respect to the intersexual differences, the only grouping apparent in lacking in- 
terspecific effects were several dimensions of the sternum, an element notorious 
for comparatively high components of variance attributable to individual devel- 
opmental anomalies and vagaries of measurement. Summary statistics for four 
other species in this group for which samples precluded formal analyses indicated 
no additional noteworthy patterns (Tables 30-33). 

The two species of coots permitting two-way analyses of group variances (Fu- 
lica atra and F. americana) showed significant (P < 0.05) interspecific effects in 
12 of 41 skeletal dimensions compared; intersexual and species-sex interaction 
effects were negligible, and were significant (P < 0.05) in only 2 and 1 of 41 
variables, respectively. One-way comparisons of the larger set of six species of 
Fulica were not informative indicators of intraspecific variances in that there was 
no assurance of comparability of taxa with respect to the relative proportions of 
sexes within each. 

UNIVARIATE SEXUAL DIMORPHISM 

Univariate differences between the sexes in skeletal measurements, as indicated 
by corresponding effects in two-way ANOVA, revealed that sexual dimorphism 
of the skeleton is characteristic of rails. Subfossil species were not subjected to 
these formal two-way comparisons, but summary statistics (Tables 30-33) per- 
mitred informal assessments of dimorphism in those taxa provisionally partitioned 
into sexes based on K-means clustering (detailed below). 

The greater swamphens (Porphyrio) manifested highly significant dimorphism 
of all skeletal measurements that were compared (P < 0.05), with species-sex 
interaction effects significant (P < 0.05) in 22 of the 41 dimensions as well. 
Pairwise comparisons (Bonferroni t-tests) and summary statistics (Tables 30-33) 
indicated that P. melanotus was characterized by exceptionally high sexual di- 
morphism relative to the other two species tested. Where samples permitted con- 
fident estimates, sexual dimorphism in subfossil P. mantelli appeared to exceed 
that of P. hochstetteri and to approach the magnitude found for P. melanotus 
(Tables 30-33). Lesser swamphens (Porphyrula) showed significant intersexual 
differences (P < 0.05) in 14 of 41 dimensions compared, with 4 of these (and 2 
others) showing significant species-sex interaction effects (P < 0.05). Summary 
statistics and pairwise comparisons indicated that these effects largely reflected 
the comparatively low sexual dimorphism evident in the limited sample of P. 
flavirostris (Tables 30-33). 

The three taxa of basal rallids amenable to formal two-way analyses (Aramides 
cajanea-group, A. ypecaha, and Habroptila wallaciD showed significant (P < 
0.05) intersexual differences in 15 of 41 skeletal dimensions, with species-sex 
interaction effects also significant (P < 0.05) in 4 of these (Tables 30-33). Ex- 
amination of summary statistics for these taxa and other, less well-represented 
taxa indicated that sexual size dimorphism was generally evident in both the large 
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A. ypecaha and flightless H. wallacii, and suggested that sexual dimorphism was 
substantial in flightless Nesotrochis (Tables 30-33). 

The two species of white-throated rails subjected to two-way ANOVAs of 
skeletal dimensions (Dryolimnas cuvieri and D. aldabranus) showed significant 
(P < 0.05) intersexual differences in 26 of 41 variables. Two dimensions of the 
coracoid showed both interspecific and species-sex interaction effects, in this case 
reflecting sexual dimorphism only in D. aldabranus. Informal comparisons of 
summary statistics for Cyanolimnas cerverai indicated that sexual dimorphism 
was comparable in magnitude to that evident in most other rallids; limited samples 
available for extinct D. abbotti and Ortygonax sanguinolentus precluded assess- 
ments of sexual dimorphism (Tables 30-33). 

For typical rails for which samples permitted two-way analysis, intersexual 
differences were detected (P < 0.05) in all but 1 of the 41 skeletal dimensions 
compared; species-sex interaction effects also were significant in all but 1 of these 
and were detected in 1 additional dimension as well. Accordingly, it can be in- 
ferred that skeletal dimensions show strong sexual dimorphism in these taxa, and 
that the magnitude of this dimorphism varies among taxa. Examination of sum- 
mary statistics (Tables 30-33) and a posteriori pairwise comparisons indicated 
that the heterogeneity of sexual effects principally reflected the comparatively 
great dimorphism of a minority of species (e.g., Gallirallus australis-group and. 
G. wakensis) and the comparatively low dimorphism (relative to within-group 
variances) evident in several others (e.g., Tricholirnnas sylvestris, G. philippensis, 
G. striatus, and G. owstoni). Among the species for which formal analysis was 
not possible, K-means clustering of subfossil elements into provisional sex groups 
revealed exceptional dimorphism throughout the skeleton in Diaphorapteryx 
hawkinsi, previously misconstrued as anomalously high intraspecific variation un- 
related to gender (Andrews 1896b; Cracraft 1973a), and comparably extreme bi- 
modality in bill lengths of Aphanapteryx bonasia (Tables 30-33). 

The 10 species of crakes (Laterallus, Coturnicops, Crex, and Porzana) having 
adequate samples for two-way analysis of skeletal dimensions (ANOVA), 2 of 
which (P. atra and P. palrneri) were flightless, only 28 of 41 skeletal dimensions 
showed significant intersexual effects (P < 0.05), One of these showed significant 
species-sex interaction effects (P < 0.05). The only obvious pattern in these 
differences was the absence of sexual dimorphism in measurements of the furcula 
and pelvis; both of the latter elements were prone to comparatively high individual 
variation (e.g., variation in numbers of vertebrae synsacrales), and this may have 
undermined the tests. None of the other crakes not included in formal analyses 
showed notable departures from the general pattern of modest but significant 
sexual dimorphism of skeletal dimensions (Tables 30-33). 

Samples permitted assessments of skeletal sexual dimorphism in only two tax- 
onomic groups having comparable body sizes (Amaurornis olivaceus-group and 
A. phoenicurus), but significant intersexual differences (ANOVA; P < 0.05) were 
confirmed in 33 of 41 skeletal dimensions analyzed. Three additional variables 
showed significant species-sex interaction effects, indicating that one of the two 
species showed sexual dimorphism whereas the other did not. Summary statistics 
(Tables 30-33) revealed that A. phoenicurus was characterized by more substan- 
tial sexual dimorphism than A. olivaceus-group in the latter cases, in part because 
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of the higher within-group variances that resulted from the pooling of two allos- 
pecies in the latter taxon. 

The six taxa of moorhens and allies represented by samples suitable for two- 
way ANOVA (Gallicrex cinerea, Gallinula chloropus-group, G. tenebrosa, G. 
comeri, Tribonyx ventralis, and T. mortierii) showed significant intersexual effects 
in all 41 skeletal dimensions that were compared (P < 0.05), with 17 variables 
also showing significant species-sex interaction effects (indicative of differences 
in magnitude of sexual dimorphism among species). A posteriori pairwise com- 
parisons (Bonferroni t-tests) revealed that the latter reflected the extraordinarily 
high sexual skeletal dimorphism of G. cinerea (one of the few rallids showing 
sexual dichromatism of the plumage), substantial but intermediate sexual dimor- 
phism of Tribonyx ventralis and (to a lesser extent) T. mortierii, and compara- 
tively modest sexual differences in other taxa of moorhens (Tables 30-33). In G. 
cinerea, skeletal dimensions of males generally were at least 10% larger than 
those of female conspecifics (Tables 30-33). Data were too limited for even qual- 
itative assessments of sexual dimorphism (Tables 30-33) in four other moorhens 
represented (Pareudiastes pacificus, Tribonyx hodgenorum, Gallinula nesiotis, 
and G. sandvicensis). 

The two species of coots (Fulica) for which samples permitted two-way anal- 
yses showed significant intersexual differences in 40 of 41 skeletal dimensions 
that were compared, of which 16 also manifested significant species-sex inter- 
action effects (indicative of interspecific differences in magnitude of sexual di- 
morphism). Summary statistics and a posteriori pairwise comparisons documented 
that where sexual dimorphism varied in magnitude between species, mean sexual 
differences generally were larger in the small F. americana than in F. atra (Tables 
30-33). Summary statistics for two subfossil species amenable to K-means clus- 
tering (F. chathamensis and F. prisca) indicated that sexual dimorphism was at 
least as great in these two flightless species as in the smaller, flighted congeners 
(Tables 30-33). 

UNIVARIATE SKELETAL GENERALITIES 

Comparisons of skeletal dimensions by way of univariate protocols revealed 
that flightlessness is associated with shortening of wing elements and comparable 
or greater diminution of the sternum relative to other osteological portions of the 
body (e.g., skull and pelvic limb). Most instances of flightlessness and concom- 
itant reductions in relative size of the pectoral apparatus were accompanied by 
increases in overall body size, which in combination with the relative pectoral 
truncation or approximate stasis created in many flightless taxa an aspect of en- 
largement of the body in which the pectoral apparatus appeared retarded. Excep- 
tions to this generalization were apparent dwarfed lineages (e.g., Gallirallus wak- 
ensis, Atlantisia rogersi, and most flightless Porzana), in which lineages evidently 
underwent overall decreases in body size accompanied by even more pronounced 
pectoral reductions. Still other flightless taxa were distinguished by other excep- 
tional apomorphies unrelated to the pectoral apparatus, including decurvature of 
the bill (e.g., Gallirallus dieffenbachii, Aphanapteryx bonasia, Erythromachus le- 
guati, and Diaphorapteryx hawkinsi), combined in some with extraordinarily pro- 
nounced sexual dimorphism (e.g., Aphanapteryx and Diaphorapteryx). Some in- 
dications also were found that some dimensions of skeletal elements directly re- 
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lated to flight and subject to comparatively late ossification (e.g., carina sterni) 
showed higher relative variation (coefficients of variation, SD/œ), especially in 
flightless species, than the majority of skeletal dimensions compared (e.g., lengths 
of appendicular elements). 

The major subgroups of flightless birds can be delimited by the combined 
differences in lengths of the pectoral and pelvic limbs or relative appendicular 
size associated with the loss of flight, although these more-inclusive metrics will 
exclude a number of taxa that remain imperfectly represented for one or more 
critical limb elements (e.g., Porphyrio mantelli, Cyanolinrnas cerverai, Habrop- 
teryx okinawae, Arnaurornis ineptus, and Fulica newtoni). Mean SWL and SLL 
revealed three main partitions among flightless rallids, based on approximations 
compared among congeners or closely related genera: flightless species showing 
absolute increases or virtual stasis in SWL with increased SLL, that is, species 
showing allometric giantism (e.g., Porphyrio hochstetteri, Habroptila wallacii, 
Gallirallus australis-group, Tricholimnas sylvestris, Porzana atra, and Gallinula 
comeri); flightless species showing absolute decreases in both SWL and SLL, that 
is, species having undergone generalized dwarfism (e.g., Dryolirnnas aldabranus, 
Gallirallus owstoni, G. wakensis, Cabalus modestus, Atlantisia rogersi, Porzana 
palrneri, and P. rnenehune); and flightless species showing evolutionary disjunc- 
tion between pectoral and pelvic limbs, in which absolute decreases in SWL are 
combined with virtual stasis or increases of SLL, that is, those species having 
undergone pectorally reductive giantism (e.g., Gallirallus dieffenbachii, Capellir- 
allus kararnu, Diaphorapteryx hawkinsi, Tribonyx mortierii, and Fulica chatha- 
mensis). 

Although a useful preliminary summary, the complexity of changes within and 
between appendages and other parts of the skeleton, and the potential for such 
associated changes for obscuring evolutionary changes in form, point to the need 
for explicitly bivariate and multivariate comparisons to summarize and ordinate 
changes associated with flightlessness. The shortcomings of such a simplistic, 
univariate classification are indicated as well by the frequency of species falling 
ambiguously close to two of the three groups (e.g., Porphyrio hochstetteri, Gal- 
lirallus australis, Tricholimnas sylvestris, "Atlantisia" elpenor, and Gallinula 
comeri). Still others preclude confident assignment because of uncertainties con- 
cerning the most closely related, righted taxon against which to make compari- 
sons (e.g., Aphanapteryx bonasia). This univariate approach fails to discern the 
nuances of possibly changing proportions that accompanied overall increases in 
limb lengths, let alone the composite diversity of such that derive from a consid- 
eration of both limbs and other anatomical regions across lineages. More-sophis- 
ficated methods are required to elucidate the underlying correlative complexes 
that generate these disparate flightless phenotypes, and to quantify nonredundantly 
the magnitudes and directions of the associated interspecific and intersexual shifts. 

HIERARCHICAL CORRELATION STRUCTURE 

Bivariate correlation coefficients (r) among variables within species typically 
reflect developmentally constrained subsets of morphometric space (e.g, Power 
1971; Cracraft 1976a; Livezey 1989c; Johnston 1992a), and are among the most 
familiar indices to intimacy of relationships between pairs of variables. Cluster 
analyses of variables based on pooled within-species correlation matrices for 
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FIG. 40. Dendrogram depicting hierarchy of pairwise associations among 41 skeletal measurements 
for 43 flighted species of Rallidae based on a cluster analysis of pooled within-species correlation 
matrix (pooled n = 817). 

flighted and flighdess species (Figs. 40, 41) summarize intraspecific, pairwise 
correlations between variables or groups of variables across taxa, here partitioned 
by flight capacity. The phenogram for skeletal variables of flighted taxa (Fig. 40) 
summarized average correlations within 43 species (total n = 817); that for flight- 
less taxa (Fig. 41) depicted the hierarchy of correlations between the same skeletal 
variables for 8 species (total n = 179). These figures revealed a number of closely 
correlated groups of variables that were common to both flighted and flightless 
taxa, including lengths of major elements of the pectoral and pelvic limbs; widths 
of the major limb elements, most closely linked within elements and limbs; and 
width and length of the cranium (Figs. 40, 41). Also similar between the two 
phenograms were the greater correlations among lengths of appendicular ele- 
ments, regardless of which limb was involved or proximity of the element to the 
trunk within the appendage (Figs. 40, 41). Commonalities between the two groups 
also included variables characterized by comparatively low correlations with other 
skeletal dimensions. These loosely associated variables principally involved 
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FiG. 41. Dendrogram depicting hierarchy of pairwise associations among 41 skeletal measurements 
for eight flightless species of Rallidae based on a cluster analysis of pooled within-species correlation 
matrix (pooled n = 179). 

widths of the elements of the pectoral girdle (sternum, coracoid, and especially 
furcula). 

Generalities of intraspecific correlations that differed with flight capacity were 
of special interest. Of the four measurements of the skull, all four were tightly 
intercorrelated in the flightless taxa (Fig. 41), whereas only width and length of 
the cranium were highly correlated in the flighted taxa (Fig. 40). More intuitive, 
however, was the comparatively loose correlation between sternal lengths and the 
depth of the carina sterni in flightless rallids. Together with widths within the 
pectoral girdle, these variables were among the last to be clustered with all other 
skeletal dimensions in the flightless taxa (Fig. 41), whereas in flighted rallids the 
former were closely correlated with appendicular lengths (Fig. 40). Flightless 
rallids also were distinguished from flighted species in the comparatively low 
correlations between lengths of the two phalanges of the major alar digit and 
other appendicular lengths; length of the distal phalanx in flightless rallids was 
especially poorly correlated with other skeletal dimensions (Fig. 41). Both of the 
latter generalities established a low intraspecific association between the lengths 
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of the sternum and distalmost alar elements and other skeletal dimensions com- 

mon to all eight flightless rallids analyzed. 

INTRA-APPENDICULAR SKELETAL PROPORTIONS AND RATIOS 

Proportions within pectoral lirnb.--Univariate comparisons demonstrate that 
flightless rallids tend to be characterized by truncated pectoral elements (Table 
34), although the magnitudes of these reductions vary among taxa and can be 
obscured by concomitant changes in overall body size and sexual dimorphism to 
a limited degree (Tables 30-33). However, with all such potentially confounding 
factors held constant, the possibility remains that such flightlessness-related re- 
ductions may not occur to the same degree in each element, thereby effecting 
changes in skeletal proportions, and these alterations of proportions may vary 
taxonomically or with changes in overall body size. Two-way ANOVA of pro- 
portions within the pectoral limb and ratios of elements between appendages re- 
vealed that, regardless of taxon or element in question, interspecific differences 
were highly significant for most (P < 0.0001), although often numerically small 
(with most differences being less than 3% of total appendicular length). Despite 
the comparatively precise differences such bivadate metrics revealed between 
species, intersexual or species-sex interaction effects in these ratios and propor- 
tions were not significant (P >> 0.05). Moreover, in only a minority of instances 
were interspecific differences in variances among taxonomic or sex groups sig- 
nificant (Levene's tests; P < 0.05), further simplifying generalizations. This in- 
ferential clarity permitted the following summaries to focus narrowly on taxo- 
nomic differences in means, with special emphasis on patterns of differences 
between flighted and flightless relatives. 

Rails capable of flight tend to possess pectoral limbs in which the primary 
skeletal segments decrease monotonically in contributory proportions proximo- 
distally. That is, within the alar skeleton, proportions of total SWL decrease from 
a maximum in the brachium (humerus), through the parallel elements of ulna and 
radius (antebrachium), the proximal manus (carpometacarpus), and with the least 
segments being the distalmost elements or phalanges of the major digit (Tables 
30-33). This array of proportions (Pr) of the humerus, ulna, carpometacarpus, 
and proximal and distal phalanges of the major digit can be summarized algebra- 
ically for flighted members of the Rallidae as (Fig. 42): 

Pr (humerus) >-- Pr (ulna) >> Pr (carpometacarpus) >> Pr (proximal phalanx) 

>-- Pr (distal phalanx), 

wherein magnitudes of the inequalities are symbolized as >> • 0.1, > • 0.05, 
and >-- • 0-0.03. In addition to those taxa for which samples permitted formal 
two-way analyses, proportions for exemplary specimens for most other osteolog- 
ically known rallida agreed with these general patterns, and the combined tallies 
of taxa examined were 67 flighted and 20 flightless species. Exceptions to this 
familial generality exist. For example, Rallus longirostris exhibits alar proportions 
in which the first proportion is unusually high (37%), and the first proportion is 
unusually small (0.34%) in all members of the subtribe Rallina (Rallina, Rallicula, 
and Sarothrura). The segment manifesting the greatest uniformity among flighted 
rallids is that for the carpometacarpus (Table 34), the proportion for which was 
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0.20-0.21 for 65 of 67 flighted rallids (with exceptions being 0.25 for Gallinula 
tenebrosa and 0.22 for Tribonyx ventralis). 

The proportions of skeletal elements within the wing underwent variably pro- 
nounced modifications associated with the loss of flight (P < 0.0001 for inter- 
specific effects, unless otherwise noted, in two-way ANOYAs of proportions), 
but several general patterns emerged that were shared by a number of the flightless 
taxa having adequate osteological samples (Table 34; Fig. 42). Estimates of alar 
proportions based on single specimens of Aramides calopterus and A. saracura 
closely conformed to those for the two well-sampled species of Aramides (Table 
34). Interspecific, flightless-associated differences in alar proportions were ex- 
tremely slight in Dryolirnnas (Table 34). The flighted profile of proportions among 
eight flighted species of Rallus and Gallirallus (Table 34) was mirrored by single 
exemplars of three species of Rallina, one species of Rallicula, and three species 
of Sarothrura. Unfortunately, incomplete resolution of phylogenetic relationships 
within these taxa precluded pairwise assessments of these shifts. Nevertheless, 
broad comparisons indicated increases in brachial proportions and decrease in the 
carpometacarpus and digits proportions in the wings of flightless members of the 
tribe (Table 34). 

Eight flighted crakes possessed alar proportions closely similar to that for other 
flighted rallids (Table 34), with all but one of these segments encompassed by 
the four flighted species of Porzana alone. In addition, the proportions of another 
five flighted species of crakes represented by single exemplars (Crex egregia, 
Micropygia fiaviventer, Porzana porzana, P. fiurninea, and P. fusca) conformed 
with these intervals as well. Proportions in the wings of two flighted bushhens 
(Arnaurornis phoenicurus and A. olivaceus-group) agreed with those of other 
flighted rallids, but differed from those for one skeleton of the flightless congener 
A. ineptus (Table 34). Similar patterns pertained to four flighted moorhens and 
allies, despite substantial differences in overall size. Four species of coots (Fulica) 
of typical size were consistent with moorhens in alar proportions (Table 34). 
Proportions of three additional species of coots (F. rufifrons, F. leucoptera, and 
F. cristata) represented by single exemplars also fell within these ranges. Pro- 
portions for F. gigantea and F. cornuta suggested slight shifts (P < 0.0005), most 
notably a relative increase in the antebrachium (Table 34). Estimates for unas- 
sociated subfossil elements of F. chatharnensis indicated that the species had 
undergone only modest shifts toward those typical of flightless rallids, that is, a 
slight relative elongation of the brachium and a foreshortening of the antebrachi- 
um and manus. 

Proportions within pelvic lirnb.--Although less obviously pertinent to compar- 
isons related to flight capacity, changes in pelvic proportions associated with the 
loss of flight were sought among those taxa having sufficient samples. Fortunately, 
the same combination of favorable statistical properties found for the pectoral 
limb characterized the pelvic appendage. Unless otherwise indicated, interspecific 
differences were highly significant (two-way ANOVA; P < 0.0001) and hetero- 
geneity of variances was not significant (Levene's test; P > 0.05). As for the 
assessments of lengths and proportions within the pectoral limb, unavailability of 
requisite elements precluded estimates for a number of taxa, both modern and 
subfossil forms (Table 35). 

blighted rails showed modest differences in the proportions within the pelvic 
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FIG. 42. Two series of bar charts depicting mean appendicular proportions within the major skeletal 
segments of the pectoral appendage of selected flighted and flightless species of Rallidae. A, Porpbvrio 
melanotus, P. hochstetteri, Aramides cajanea. Habroptila wallacii. Dr volimnav curieri. D. aldttbranns, 
Gallira//us philippensis. G. dieJ]bnbachiL G. ausIra/is. G. owstoni. G. w[l]•ert•'i.s, C[lb[llu• modestus. 
Tricbolintna•' .•vlvestt'is, and Nesochq•etts poeciloptertts. B, Ralhts aquaticus. Aphanal•ter3z• bonasia. 
Lateralhts lettcopltyrrhus. "Atlantisia" rogersi. "Atlantisia" elpenor, Porzana atra, P. pttbneri, Tri- 
bonyx ventralis, T. rnortierii, Gallintda cltlorolms, G. comer'i, Fulica atrYl, and F. cltathamensis. Di- 
rections of inferred shifts in flightless rails are indicated by enclosed signs; + = increase, ++ = great 
increase, 0 = no change, - = decrease, and -- = great decrease. 

limb, which although small, were critical tbr assessments of shifts related to the 
loss of flight. SLL, on the other hand, varied greatly at all taxonomic levels and 
between the sexes (two-way ANOVA; P < 0.0001), and showed moderately pro- 
nounced interspecific heterogeneity in within-group variances as well (Levene's 
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tests; P < 0.001). Nevertheless, most flighted rallids possessed a suite of propor- 
tions within the pelvic limb that are summarized as follows (Table 35; Fig. 43): 

Pr (femur) •<Z Pr (tibiotarsus) >> Pr (tarsometatarsus) 

-> Pr (digit III, exclusive of phalanx ungualis), 

wherein magnitudes of the inequalities are symbolized as •: and >> • 0.15, > • 
0.10, and -> • 0-0.05. The most notable exception to this generality pertained to 
the long toes of Porphyrula and Fulica. The middle toes of other flighted rallids 
averaged only 17.4-23.0% (Table 35). 

Within Porphyrio, the large, flightless Porphyrio hochstetteri was characterized 
by proportions differing markedly in all segments of the pelvic limb exclusive of 
the tarsometatarsus (Fig. 43): elongated femur, elongated tibiotarsus, unchanged 
tarsometatarsus, and truncated middle toe. Among the basal rallines, flightless 
Habroptila wallacii had proportions that did not differ interspecifically for the 
tibiotarsus and presented no clear parallels in comparison with two flighted species 
of Aramides and two flighted species of Canirallus (Table 35). 

Among typical rails, Dryolimnas showed virtually identical proportions within 
the pelvic limb regardless of flight capacity (Table 35). Among the typical rails 
that were analyzed, eight flighted species of Rallus, Gallirallus, and Habropteryx 
manifested comparatively diverse pelvic proportions. Of the four flightless mem- 
bers of this group that were formally compared, only G. owstoni had proportions 
that fell within all four intervals established for flighted species. Tricholimnas 
sylvestris deviated from flighted relatives only in tarsometatarsal proportions, 
whereas tiny G. wakensis departed from the pelvic proportions of flighted relatives 
in two or more of the (nonfemoral) segments (Table 35; Fig. 43). Disassociated 
subfossil elements provided estimates of proportions for seven additional allied 
rallids (Rallus ibycus, R. recessus, G. dieffenbachii, Cabalus modestus, Capellir- 
allus karamu, Aphanapteryx bonasia, and Diaphorapyteryx hawkinsi). Except for 
R. recessus, all of the latter were characterized by pelvic proportions similar to 
comparatively derived, flightless rails, despite a remarkable range in overall size 
(Table 35; Fig. 43). 

Eight flighted species of crakes (Coturnicops, Crex, Laterallus, and Porzana 
of diverse size) spanned a comparatively broad spectrum of pelvic proportions 
(Table 35). Although there was a tendency for the three flightless crakes thtat 
were analyzed (Atlantisia rogersi, Porzana atra, and P. palmeri) to possess rel- 
atively short femora and long tibiotarsi, the pelvic proportions of the three flight- 
less taxa manifested sufficient heterogeneity so as to obscure patterns simply 
attributable to flight capacity (Table 35; Fig. 43). Subfossil elements of "Atlan- 
tisia" elpenor provided estimates of pelvic proportions that (at least for the tibi- 
otarsus) were consistent with flightlessness. However, similar estimates for sub- 
fossil Porzana piercei departed from proportions encompassed by flighted con- 
geners only in its slightly truncated tarsometatarsi and elongated digits (Table 35). 

Two flighted species of Amaurornis manifested close similitude of pelvic pro- 
portions in which interspecific differences in tibiotarsal and tarsometatarsal seg- 
ments were atypically low (P < 0.01 and P < 0.005, respectively). These pro- 
portions were very similar to those exhibited by the aberrant moorhen Gallicrex 
cinerea (Table 35). Gallinula revealed a numerically small but distinct shift in 
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FiG. 43. Bar charts depicting mean appendicular proportions within the major skeletal segments 
of the pelvic appendage of selected flighted and flightless species of Railidac: Porphyrio melanotux, 
P. hochstetteri. Galliralhts philipl•enxis. G. australœ¾, G. wakensix, Laterallus leucophyrrhus, Atlantisia 
rogersi. "Atlantisia" elpenor. Porzana tabuensis. P. palrneri. Gallinulo chloroptts. G. comeri. Tri- 
bonvx ventralix. T. mortierii. Fttlica atra. F. chathamensis. and F. gigatttca. Directions of inlbrred 
shifts in flightless rails as in Figure 42. 

proportions, in which two flighted species shared virtually identical pelvic pro- 
portions, shifts extended further still by flightless G. comefl. A parallel suite of 
pelvic proportions characterized Tribonyx; fiighted T. ventralis showed relatively 
truncated fernoral segments and elongated toes in comparison with corresponding 
dimensions of flightless T. mortlcfii, and both species of Tribomw differed from 
Gallintda by similar differences in proportions (Table 35: Fig. 43). 

Among the highly aquatic coots (Fttl&xt), four species of typical size shared a 
well-defined suite of pelvic proportions that diverged from those of all other 
rallids, with the most marked features being the relatively short femora and elon- 
gate toes (Fig. 43). F. gigantea and F. cornuta differed only slightly from their 
smaller congeners. Estimates based on disassociated subfossil elements of F. 
chathamcrisis and F. prisca revealed that these extinct taxa possessed pelvic limbs 
of comparable size and similar skeletal proportions to those of the two large 
Andean species (Table 35). 

htteral•pendicular ratios: hu,teru.• versus jbmur.--Given the l•nctional rela- 
tionships between major wing elements and flight capacity (Table 34; Fig. 42) 
and between major skeletal elements of the leg and overall size (Table 35; Fig. 
43), ratios involving elements from both appendages hold a potential for a com- 
paratively simple index to flight capacity that would be robust to a reasonable 
range of body size. A further advantage of such ratios is that these effectively 
correct for size within taxa, rendering intersexual differences or species-sex in- 
teractions insignificant (two-way ANOVA: P > 0.05). thereby increasing power 
of interspecific comparisons. The comparative commonness of the humerus and 
femur (either is the most likely to be retained in trunk skeletons of modern spec- 
imens or as subfossil remains [available for 112 species of Rallidae; Fig. 44•) 
makes these proximal elements logical candidates to derive such a ratio. Only 
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FIG. 44. Ratios of humerus length divided by femur length for 106 species of Rallidae, plotted 
against log-transformed mean body masses or estimates thereof (Table 8). Flighted species are de- 
picted as circles and flightless species are depicted as squares. Stippled •one delimited by smoothed 
boundaries approximates the threshold of flightlessness ('q, positioned on the flightles• side of bound- 
ary). Alten•ative threshold ('r2) admits subfossil Fulica tbr inclusion among flighted taxa. 

where fundamental functional differences characterize compared taxa can such 
ratios become significantly ntisleading. 

For flighted species of Railidae represented by reasonable samples, mean ratios 
of the lengths of humeri and femora (within individuals) manilasted significant 
diagnostic potential lbr most genera (Table 35). Although doubt remains as to the 
flight capacity of the extinct coots (F. chathamensis, F. prisca. and F. newtoni). 
the exceedingly high ratios for these species (Table 35) reveal this ratio to be 
uninformative for classification of flight capacity for species of large size and 
natatorial specialization (Fig. 43). Excluding several estimates lbr species repre- 
sented by single skeletal specimens. only a l•w large. terrestrial species (e.g., 
Ararnides) had mean values for this ratio coincident with the threshold value of 

0.9. The estimate for Rallu.•' recessus of Bermuda (0.92) suggests that this species 
was approaching flightlessness, but a determination of genuine flightlessness is 
not possible on the basis of this single index (Table 35). 

Accordingly, excluding Fulica and noting the caveat regarding Aramides, the 
humerus to femur ratio averages 0.90-1.41 for flighted melnbers of the Rallidae, 
and 0.58-0.90 for flightless confamilials (with the maximum lbr flightless taxa 
pertaining to nanitic D. aldabramts), and evidently provides a useful index for 
discriminating flighted front flightless species of rails. That is, flighted species are 
characterized by humerus to femur ratios in excess of 0.9, and flightless species 
generally have a ratio less than 0.9 (some considerably less). However, caution is 
advisable for flighted species that are large and cursorial (e.g., Aramides) or pos- 
sess pelvic appendages adapted lbr diving {Fulica). 
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MULTIVARIATE COMPARISONS 

K-means cluster analyses.•This method effected the provisional partitioning 
of sufficiently represented samples of subfossil elements into provisional sex- 
groups for comparison with modem species. For most elements and taxa, such 
partitions were made with high statistical significance (Tables 36, 37). In most 
taxa, intersexual differences in the vast majority of skeletal measurements ap- 
proximated 5% (Tables 30-33), a finding in agreement with intersexual differ- 
ences in skeletal measurements in a variety of other carinate birds (Livezey and 
Humphrey 1984a; Livezey 1989b-d, 1992a, b, 1993b), but greater than that of 
the virtually monomorphic Alcidae (Livezey 1988). 

Although statistics for the clustering were not tabulated, a number of subfossil 
rallids permitted the provisional allocation of bill lengths into gender classes. In 
most of these taxa, sexual dimorphism of bill lengths was inferred a posteriori to 
be of unremarkable magnitude (cf. Porphyrio mantelIL Railus ibycus, and Fulica 
chathamensis). Despite the recognition of substantial dimorphism generally in 
Diaphorapteryx hawkinsi, previously cited simply as intraspecific variation (An- 
drews 1896b; Cracraft 1973a), the apparent dimorphism in bill lengths of this 
species is remarkable (Table 30; Fig. 45). K-means clustering of skulls of D. 
hawkinsi resulted in highly significant differences in bill lengths (skeletal analogue 
of culmen length) between provisional sex groups, regardless of whether partitions 
were based on complete skulls (four measurements; F = 107.6; d.f. = 1, 51; P 
<< 0.001) or solely on bill lengths (F = 126.7; d.f. = 1, 51; P << 0.001). Both 
of these F-statistics were at least four times those for intersexual differences in 

other cranial dimensions compared for this species (Table 30). This disparity in 
F-values (statistics that are squared standardized differences between groups) con- 
curs with differences in group means: bill lengths differed by a factor of 10% 
(-9 mm), whereas the average difference between three other skull measurements 
for the same sample and partitions was 5% (Table 30). Based on general trends 
in ramphothecas of rallids, this magnitude in skeletal bill lengths corresponds to 
at least an intersexual mean difference of 2 cm in life. 

A comparable degree of bill dimorphism was indicated in the much smaller 
sample of elements for Aphanapteryx bonasia (F = 480.2; d.f. = 1, 3; P < 0.001; 
Table 30). Also, Gtinther and Newton (1879) alluded to exceptionally great var- 
iation in bill length among specimens of Erythromachus leguati and raised the 
possibility of sexual dimorphism, but samples available in the present survey were 
not adequate for confirmation of the probable dimorphism that this variation prob- 
ably reflects (Table 30). Mean bill lengths for similarly sorted subsamples of 
Cabalus modestus suggested slightly increased sexual dimorphism in this taxon 
as well, especially if mean difference in bill length (4 mm) is considered relative 
to the generally small skeletal dimensions of this taxon (Tables 30-33), a pattern 
also indicated by the moderate bimodality in lengths of premaxillae of C. mo- 
destus presented by Trewick (1997b: fig. 5). 

Principal component analyses.--As a means of direct examination of relation- 
ships among variables, separate Q-mode PCAs of skeletal data were conducted 
for partial skeletons of flighted and flightless rallids (Table 38). As with similar 
analyses of anatomical measurements (e.g., Johnston 1992a, b), this method or- 
dinated variables by overall scale (mean size) on the first component and dis- 
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FIG. 45. Histogram of skeletal bill lengths of Diaphorapteryx hawkinsi, as partitioned into provi- 
sional sex groups by using K-means cluster analysis (males 95.7 _+ 3.2, females 86.7 _+ 2.9). Skulls 
of presumptive male and female specimens are depicted above (BMNH 3278 and 3293.1, respectively). 
Key points of difference are indicated. 

TABLE 38. Mean COlTelation coefficients (•) and summary statistics for first two 
principal components of separate Q-mode analyses of correlation matrices for 35 
measurements from "reduced" skeletons of 39 flighted and 23 flightless species 
of Rallidae, by taxonomic group. Numbers of flighted (n/) and flightless species 
(ng), respectively, for each taxonomic group are given in parentheses. 

Flighted species (39) Flightless species (23) 

Genera (n•) ng) PC-I PC-II PC-I PC-II 

Porphyrio and Porphyrula (5, 2) 0.993 
Habroptila (0, 1) -- 
Aramides and Canirallus (4, 0) 0.997 
Dryolimnas (1, 1) 0.999 
Rallus, Gallirallus, Cabalus, Tricholimnas, 

Habropteryx, and allies (8, 10) 0.996 
Atlantisia, Laterallus, Crex, Coturnicops, 

and Porzana (8, 5) 0.997 
Arnaurornis, Gallicrex, Pareudiastes, 

Gallinula, and Tribonyx (7, 3) 0.997 
Fulica (6, 1) 0.993 

Eigenvalue (hi) 38.672 
Percentage of total variance explained 99.2 

0.008 0.992 0.013 
-- 0.997 0.006 

-0.020 -- -- 

-0.042 0.993 -0.087 

-0.061 0.993 0.013 

-0.029 0.99l 0.035 

0.023 0.993 -0.048 
0.108 0.983 -0.141 

0.131 22.638 0.172 
0.3 98.4 0.7 
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FIG. 46. Plot of 35 skeletal measurements on first two Q-mode principal components for fiighted 
species of Rallidae. 

played relative multivariate commonalities on the second (with outliers being 
relatively independent of other variables). In both flighted (39 species) and flight- 
less (23 species) rallids, the first component separated three broad partitions of 
skeletal measurements on the basis of overall scale (Table 38; Figs. 46, 47): a 
series of comparatively minute measurements (shaft widths of appendicular ele- 
ments), measurements of intermediate magnitude (capital widths of appendicular 
elements and lateromedial widths and depths of axial elements), and a collection 
of measurements having variably large means across species (lengths of appen- 
dicular and axial elements). In both groups, all taxa showed very high correlations 
with the first component (Table 38), a finding consistent with the general impor- 
tance of mensural scale in comparisons of variables. 

However, the second Q-mode components derived for the two groups were 
characterized by much lower correlations with taxonomic vectors, and the mul- 
tivariate relationships among variables differed between the two groups. In flight- 
ed rallids, least width of the corpus sterni was identified as comparatively inde- 
pendent of other skeletal measurements (Fig. 46). Reconsideration of sternal shape 
in rallids confirmed that the relative width of this element varied considerably 
among genera of Rallidae, regardless of flight status (Livezey 1998; Table 31). 
However, in flightless species, minimal (perpendicular) depth of the carina sterni 
was uniquely disassociated from other skeletal dimensions (Fig. 47), which is 
predictive of a relatively prominent role for depths of the carina sterni in the 
separation of flighted and flightless taxa in standard multivariate analyses. 

Primarily for purposes of providing a comparatively detailed overview of skel- 
etal anatomy most intimately associated with foraging and diet, an R-mode PCA 
was performed based on an enriched suite of 21 measurements of skulls (most of 
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which were not approximated in the PCAs of whole skeletons) and an enlarged 
series of 95 species representing most modem genera of Rallidae. As for most 
morphometric applications involving anatomical dimensions, PC-I for detailed 
skulls was indicative of overall size, here of the skull, and strongly correlated 
with mean body mass (Table 39). Accordingly (Fig. 48), the smallest species of 
rail (both least massive and having small skulls) had the lowest scores on PC~I 
(e.g., Sarothrura and crakes) and a majority of taxa were of intermediate size. 
The several taxa plotted with highest scores either were known to be both massive 
and to possess skulls of comparatively great size (e.g., Porphyrio hochstetteri), 
or represented extinct taxa having large skulls but for which body masses are not 
known (Porphyrio mantelli and Diaphorapteryx hawkinsi). Plots of putative male 
and female specimens of hyperdimorphic Diaphorapteryx hawkinsi revealed these 
means to be as far apart as those of different species in many other genera (Fig. 
49). 

The second PC was typical of strongly defined axes of shape (Table 39). PC- 
II comprised those variables that reflected length of the bill (e.g., lengths of the 
mandibula, maxilla, and parts thereof). These were contrasted with length of the 
cranium proper and most widths of the skull. Simply stated, PC-II reflected rel- 
ative bill length, a dimension uncorrelated with body mass (Table 39). Taxa with 
relatively long, typically decurved bills (e.g., Capellirallus karamu, Aphanapteryx 
bonasia, and Erythromachus leguati) scored highly on this component, whereas 
taxa with short, deep bills (e.g., Porphyrio and members of the subtribe Fulicar- 
ina) were assigned low scores (Fig. 48). Basal genera and typical rallids were 
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TABLE 39. Correlation coefficients (r) and summary statistics for first three prin- 
cipal components of 21 detailed measurements of skulls for 95 species of Rallidae. 

Correlation coefficient (r) 

Variable PC-I PC-II PC-Ill 

Maxilla, total length 
Height at zona flexoria craniofacialis 
Prenarial length 
Postnarial length 
Prenarial height 

Cranium, length 
Width 

Height 
Zona flexoria craniofacialis, width 
Apertura nasale, length 

Maximal width 

Os nasale, processus maxillaris, 
rostrocaudal width 

Ramus maxillaris, minimal height 
Pila supranasalis, width at midpoint 

Width at rostral terminus 
Width at caudal terminus 

Mandibula, total length 
Length of symphysis 
Maximal height at angulus 
Height at margo caudalis of symphysis 
Width at margo caudalis of symphysis 

Correlation (r) with body mass (n = 83) 
Eigenvalue (hi) 
Pementage of variance explained 

0.835 0.532 0.054 
0.963 - 0.037 O. 129 

0.885 0.369 -0.146 
0.848 -0.283 0.111 
0.933 -0.306 -0.077 
0.943 O. 137 O. 196 
0.952 0.072 O. 103 
0.955 0.066 O. 167 
0.955 -0.089 O. 143 
0.590 0.750 0.261 
0.845 -0.126 0.278 

0.713 -0.493 0.163 
0.883 -0.356 -0.094 

0.951 - 0.060 - O. 122 
0.958 -0.072 -0.046 
0.930 0.005 O. 150 
0.851 0.508 0.090 
0.818 0.437 -0.313 
0.969 0.033 0.071 
0.945 -0.162 -0.124 
0.918 - 0.278 - 0.084 

0.917 -0.066 0.373 
3.058 0.489 0.095 

77.2 12.3 2.4 

clustered at appealingly intermediate scores on both PC-I and PC-II (Fig. 48). 
Although a number of exceptional positions in the bivariate plot were occupied 
by flightless rallids possessed of either large skull size or relatively long bills, or 
both (e.g., C. karamu, E. leguati, A. bonasia, Diaphorapteryx hawkinsi, and flight- 
less Porphyrio), most flightless rallids (e.g., flightless Gallirallus, crakes, and 
moorhens) were unremarkable in the proportions of their skulls and fell among 
flighted congeners (Fig. 48). 

An R-mode PCA of means of 41 cranial and postcranial measurements for 55 
species was maximally effective in dimensional reduction, encapsulating approx- 
imately 95% of the multivariate variation in the first two components alone (Table 
40). As in most analyses, PC-I for complete skeletons conveyed general skeletal 
size (Table 40), and scores on the axis were directly related to mean body masses 
for species (r -- 0.97; P << 0.01). Only two variables were distinctly lower in 
correlation with PC-I, length of the rostrum maxillae (bill length) and minimal 
(perpendicular) depth of the carina sterni, both of which had been singled out by 
Q-mode PCA as incorporating comparatively large components of independent 
variances. PC-II for complete skeletons contributed another 5% of the total dis- 
persion among taxa, and correlations indicated this axis to be a contrast between 
dimensions of the pectoral apparatus (excluding only stemal width and several 
variable shaft widths) and all other skeletal dimensions (Table 40). Scores on PC- 
II were weakly negatively correlated with mean body masses (r = -0.31; P < 
0.05). Although PC-II and PC-tit contributed small but informative interspecific 
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FIG. 48. Plot of mean scores lk)r 95 •cies of Rallidae on firsl two standard (R-mode) principal 
components of 21 measurements of the skull. Approximate orientation of vector lk*r mean body mass 
of taxa is indicated. Flighted s•cies are symbolized by circles, flightless by squares, and threshold- 
flightless Fulica by triangles. Inset line drawings (not to •ale): Porpbvrio hocb•tetteH (USNM 
612797); Aramides cajanea (CM 10049): Sarotltrltra rufit (CM 10452): Rctlllt.• limicoht (CM 11027): 
CttpeHirttHtts •arttttttt (Canterbury Museum 20615): Dhtphorapteo't ha•v•bts'i (BMNH A-3078}: 
Aphttttaple•:x' bottasia (Mauritius Institute, mounted skeleton on exhibit lacking s•cimen la•l); Por- 
zana •rolina (CM 13777); Gallintda chloropus (CM 13041 ); and Fulica americana (CM 13870). 

dispersion among skeletons, neither was germane to morphological changes as- 
sociated with flightlessness (Table 40). 

A bivariate plot of PC-I and PC-11 l•r complete skeletons (Fig. 49), respec- 
tively, provided a clear and intuitive partitioning of general skeletal size and 
relative pectoral size. Moreover, scores on PC-11 alone permitted a linear cutoff 
point between flighted and flightless rallids (Fig. 49). This value for PC-II that 
serves as a provisional threshold of flightlessness (x), approximately -0.20. is 
especially interesting in that flight status was not included in the definition of 
axes (as it was in canonical contrasts targeting flight capacity), and therefore the 
clarity of separation of flightless rallids is an emergent property of the interspecific 
variation in skeletal data as opposed to specified a priori. Although the distribution 
of scores on PC-I was not surprising, essentially reflecting the skeletal size, the 
positions of taxa on PC-II, the inferred changes associated with flightlessness, and 
the relationship between the latter and body size provided a succinct summary 
heretofore not attained (Fig. 49). Flightless taxa spanned a continuum of apo- 
morphy, as reflected by scores on PC-II, in which taxa showing comparatively 
slight apomorphy (e.g., Drk.'olitnnas aldabranus, Porzana atra, and Fulica chath- 
amensis) fell immediately below the emergent threshold of -0.20, extremely de- 
rived species fell at or near scores of -2.0 or more (Porphyrio hochstetteri, 
Habroptila wallaciL Gallirallus australis, Cabalus modestus, Aphanapteryx bon- 
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Fro. 49. Plot of mean scores for 55 species of Railidac on first two standard (R-mode) principal 
components of 41 measurements of complete skeletons. Flighted species are symbolized by circles, 
flightless by squares, and threshold-flightless Fulica by triangles. Inferred vectors of change connect 
flightless species and their flighted relatives. Approximate orientation of vector for mean body masses 
of taxa ("mass") and apparent threshold of flightlessness (x, positioned on the flightless side of 
boundary) are indicated. 

asia, Atlantisia rogersi, and "Atlantisia" elpenor), and comparatively mainstream 
flightless taxa (Gallirallus dieffenbachii, G. owstoni, G. wakensis, Tricholimnas 
sylvestris, Porzana palmeri, Gallinula comeri, and Tribonyx mortierii) fell in be- 
tween these extremes (Fig. 49). 

Although only a comparatively small number of taxa qualified for this analysis, 
plotting of inferred "vectors of change" between flightless taxa and their closest 
flighted relatives was feasible (Fig. 49). The magnitudes of these inferred changes 
varied to some degree from the rankings of relative apomorphy indicated by 
simple scores on PC-II in that the starting points represented by flighted taxa also 
varied to a limited degree (Fig. 49). Comparatively minor shifts were indicated 
for Porzana atra and Dryolimnas aldabranus, whereas the shift suggested for 
Fulica chathamensis was moderately large despite its marginal position with re- 
spect to the threshold of flightlessness (,; Fig. 49). Correspondences between 
relative apomorphy (i.e., score on PC-II) and inferred magnitudes of total change 
became increasingly strong with increases in one or both of PC-I and PC-II, a 
predictable outcome given that points corresponding to extreme apomorphy only 
could be attained by substantial shifts beyond the inferred threshold (,) of flight- 
lessness (Fig. 49). 

An R-mode PCA of reduced suites of skeletal measurements deleted only six 
measurements but permitted the inclusion of seven additional, critical taxa. These 
new taxa included several additional flightless species (Porphyrio mantelli, Rallus 
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TAm. E 40. Correlation coefficients (r) and summary statistics for first four prin- 
cipal components of 41 skeletal measurements for 55 species of Rallidae. 

Correlation coefficient (r) 

Variable PC-I PC-II PC-III PC-IV 

Rostrum maxillae, length 0.716 -0.367 0.473 -0.113 
Cranium, length 0.925 -0.307 0.181 -0.047 

Maximal width 0.910 -0.348 0.091 -0.003 

Height perpendicular to palate 0.943 -0.266 0.098 -0.022 
Sternum, length of carina 0.916 0.340 0.131 -0.074 

Length of corpus 0.960 0.205 0.136 -0.066 
Minimal width of corpus 0.853 -0.132 -0.468 -0.157 
Oblique depth of carina 0.909 0.334 0.011 -0.031 
Minimal depth of carina 0.706 0.687 0.091 -0.032 

Furcula, height 0.982 0.010 0.033 -0.032 
Minimal width at midpoint 0.935 0.002 -0.101 0.081 
Maximal width at midpoint 0.910 0.074 -0.078 -0.205 

Scapula scapus length 0.987 0.099 -0.045 -0.029 
Coracoid, length 0.995 0.041 0.044 -0.028 

Crista articularis width 0.983 -0.057 -0.100 -0.081 

Humerus, length 0.990 0.093 -0.007 -0.022 
Intertubercular width of caput 0.996 0.041 -0.005 -0.027 
Minimal width at midpoint 0.996 0.040 0.024 0.003 
Maximal midpoint width 0.993 0.076 0.017 -0.007 

Radius, length 0.970 0.191 0.009 0.010 
Minimal width at midpoint 0.901 0.014 -0.058 0.347 
Maximal midpoint width 0.996 -0.015 -0.001 -0.011 

Ulna, length 0.977 0.179 0.020 0.007 
Minimal width at midpoint 0.995 0.007 -0.016 0.017 
Maximal midpoint width 0.994 0.029 0.037 -0.006 

Carpometacarpus length 0.974 0.207 -0.012 0.022 
Digitalis majoris 

Phalanx proximalis length 0.968 0.197 -0.035 0.074 
Phalanx distalis length 0.954 0.224 -0.042 0.084 

Synsacral length 0.978 -0.111 -0.063 -0.095 
Pelvis, interacetabular width 0.908 -0.335 -0.010 -0.013 
Femur, length 0.963 -0.190 0.142 0.002 

Caput width 0.961 -0.251 0.051 -0.054 
Minimal width at midpoint 0.958 -0.255 0.069 -0.038 
Maximal width at midpoint 0.962 -0.251 0.047 -0.028 

Tibiotarsus, length 0.978 -0.131 -0.008 0.076 
Minimal width at midpoint 0.960 -0.259 0.057 0.011 
Maximal width at midpoint 0.968 -0.230 0.025 -0.017 

Tarsometatarsus, length 0.958 -0.124 0.060 0.121 
Craniocaudal width at midpoint 0.971 -0.216 -0.012 0.034 
Lateromedial width at midpoint 0.935 -0.291 -0.007 0.126 

Digit III length (excluding unguis) 0.937 0.023 -0.152 0.136 

Correlation (r) with body mass 
(n = 47) 0.968 -0.311 -0.121 -0.063 

Eigenvalue (hi) 6.137 0.352 0.121 0.063 
Percentage of variance explained 89.7 5.1 1.8 0.9 

recessus, Capellirallus karamu, Diaphorapteryx hawkinsi, Porzana severnsœ and 
Tribonyx hodgenorum). As for PC-I for complete skeletons, here PC-I depicted 
general skeletal size, and summarized 86% of interspecific dispersion (Table 41). 
Scores on this axis were strongly correlated with mean body mass (r = 0.77; P 
<< 0.01), and were virtually identical to relative positions on PC-I for complete 
skeletons (Fig. 50). 
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TABLE 41. Correlation coefficients (r) and summary statistics for first four prin- 
cipal components of 35 measurements from "reduced" skeletons for 62 species 
of Rallidae. 

Correlation coefficient (r) 

Variable PC-I PC-II PC-HI PC-IV 

Rostrum maxillae, length 0.671 -0.409 0.535 -0.189 
Cranium, length 0.922 -0.327 0.158 -0.016 

Maximal width 0.889 -0.394 0.068 0.026 

Height perpendicular to palate 0.938 -0.288 0.079 -0.010 
Humerus, length 0.984 0.131 -0.123 -0.048 

Intertubercular width of caput 0.993 0.087 -0.009 -0.027 
Minimal width at midpoint 0.994 0.069 0.011 0.004 
Maximal midpoint width 0.992 0.085 0.012 -0.008 

Radius, length 0.950 0.266 -0.029 -0.027 
Minimal width at midpoint 0.910 0.045 -0.030 0.350 
Maximal midpoint width 0.994 -0.009 -0.016 -0.011 

Ulna, length 0.955 0.259 -0.018 -0.022 
Minimal width at midpoint 0.992 0.063 -0.035 0.023 
Maximal midpoint width 0.989 0.104 0.008 0.022 

Carpometacarpus length 0.945 0.302 -0.050 0.003 
Scapula scapus length 0.984 0.117 -0.055 -0.029 
Coracoid, length 0.993 0.077 0.038 -0.018 

Crista articularis width 0.985 -0.027 -0.103 -0.038 

Sternum, length of carina 0.902 0.375 0.089 -0.064 
Length of corpus 0.956 0.227 0.102 -0.066 

Minimal width of corpus 0.830 -0.206 -0.471 -0.159 
Oblique depth of carina 0.889 0.344 0.006 -0.083 
Minimal depth of carina 0.597 0.787 0.064 0.020 

Synsacral length 0.970 -0.150 -0.075 0.101 
Pelvis, interacetabular width 0.902 -0.346 -0.017 -0.066 
Femur, length 0.961 -0.219 0.101 0.031 

Caput width 0.953 -0.286 0.036 -0.015 
Minimal width at midpoint 0.951 -0.285 0.043 0.003 
Maximal width at midpoint 0.955 -0.279 0.024 0.005 

Tibiotarsus, length 0.976 -0.142 -0.022 0.040 
Minimal width at midpoint 0.950 -0.296 0.042 0.033 
Maximal width at midpoint 0.962 -0.258 0.011 -0.003 

Tarsometatarsus, length 0.955 -0.110 0.028 0.068 
Craniocaudal width at midpoint 0.957 -0.266 -0.003 0.036 
Lateromedial width at midpoint 0.913 -0.356 0.001 0.125 

Correlation (r) with body mass 
(n = 48) 0.774 -0.410 -0.291 0.182 

Eigenvalue (hi) 5.361 0.560 0.120 0.053 
Percentage of variance explained 86.0 9.0 1.9 0.8 

The second PC for reduced skeletons summarized an additional 9% of inter- 

specific variation. Scores on this axis were weakly (negatively) correlated with 
body mass (r = -0.41; P < 0.05). Coefficients for variables on PC-II were 
extremely similar, respectively, to those for PC-II for complete skeletons, and 
indicated that the axis represented a contrast between the pectoral skeleton and 
other dimensions (Table 41). PC-III and PC-IV for reduced skeletons, based on 
coefficients of variables (Table 41) and plots of scores, were not informative 
concerning flightlessess. Of the taxa newly added for multivariate consideration, 
most striking in position were the extreme apomorphy of Capellirallus karamu, 
Porzana severnsi, and (to a lesser extent) Diaphorapteryx hawkinsi (Fig. 50). The 
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F][d. 50, Plot of mean scores for 62 species of Rallidae on first two standard (R-mode) principal 
components of 35 measurements of partial ("reduced") skeletons. Inferred vectors of change connect 
flightless species and their flighted relatives. Approximate orientation of vector for mean body masses 
of taxa ("mass") and apparent threshold of flightlessness (% positioned on the flightless side of 
boundary) are indicated. 

inferred shifts for C. karamu and D. hawkinsi were augmented by a significant 
apparent decrease and increase, respectively, in overall size (Fig. 50). The mod- 
erately greater shifts on both PC-I (general skeletal size) and PC-II (relative size 
of pectoral skeleton) inferred for the extinct Porphyrio mantelli in comparison 
with extant P. hochstetteri (Fig. 50) are interpretable as largely a shift attributable 
to the common ancestor of these sister taxa before the vicariant separation of the 
North and South islands of New Zealand (Livezey 1998). The large Rallus re- 
cessus from Bermuda manifested a small reduction in overall size (PC-I) in con- 
junction with the modest shift toward reduction of the pectoral apparatus (PC-II), 
and although limited in magnitude, the latter was sufficient to place this taxon 
confidently among flightless rallids (Fig. 50). 

An R-mode PCA of sterna alone permitted a narrowly focused examination of 
interspecific trends associated with flightlessness in this justifiably focal element, 
and also admitted a considerable number of additional species to the comparisons. 
Accordingly, a PCA of mean sternal measurements for 109 species of Rallidae 
identified two PCs that summarized essentially all variation in this single element 
(Table 42). PC-Is for sterna, which accounted for more than 99% of the total 
variance of the data set, reflected size sensu lato and were strongly positively 
correlated (P < 0.01) with mean body masses (Table 42). Magnitudes of the 
correlations indicated that one variable (least stemal width) was substantially less 
closely correlated with this axis than were other measurements analyzed (Table 
42). Residual variance in least sternal width, melded with a contrast between 
oblique depth of the carina sterni and essentially all other variables (with perpen- 
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TABLE 42. Correlation coefficients (r) and summary statistics for first two prin- 
cipal components of five sternal measurements (mm) for 109 species of Railidac. 

Coreelation coefficient (r) 

Sternal variable PC-I PC-II 

Carina length 0.844 0.426 
Corpus length 0.772 0.547 
Corpus least width 0.496 0.828 
Carina oblique depth 0.853 0.414 
Carina perpendicular depth 1.000 -0.000 

Correlation (r) with body mass 
(n = 83) 0.673 0.804 

Eigenvalue (hi) 1,707.03 0.29 
Percentage of variance explained >99.9+ <0.1 

dicular width of the carina sterni being rendered redundant), characterized PC-II 
for sterni (Table 42). Alternatively interpreted, PC-II represented relative carina 
depth, reflecting information on position and perpendicular depth of the carina. 

A bivariate plot of scores for taxa on PC-I and PC-II for sterna was highly 
informative (Fig. 51). First, flightless and flighted taxa were demarcated by a 
gently curving line, one oriented roughly diagonally and having a positive first 
derivative (Fig. 51). Second, the large species of coots (Fulica) occupied unique 
positions to the middle and upper right of the plot. Two subgroups of this genus, 
comprising the three subfossil taxa (F. chathamensis, F. prisca, and F. newtoni) 
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FIG. 51. Plot of mean scores for 109 species of Rallidae on first two standard (R-mode) principal 
components of five measurements of sterna. Approximate orientation of vector for mean body masses 
of taxa ("mass"), and apparent thresholds of flightlessness (x• and x•, including and excluding subfossil 
Fulica among flightless taxa, respectively) are indicated, with the symbol x positioned on the flightless 
side of boundary. 
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and the two extant forms (F. gigantea and F. cornuta), suggest the further sub- 
division of the plane described by the two sternal components, in which the 
subfossil Fulica occupy a zone between the two large Andean coots and all man- 
ifestly flightless rails (Fig. 51). Third, within the flightless species, taxa range 
from forms having sterna only slightly deviating from those of flighted confam- 
iliaIs to those characterized by comparatively extreme apomorphy (i.e., taxa to 
the upper left of the plot). The latter include several comparatively small species 
(e.g., Porzana severnsi and Capellirallus karamu) and a few moderately large 
taxa (Diaphorapteryx hawkinsi and flightless Porphyrio). 

A suite of R-mode PCAs of the pooled within-species covariance matrices for 
flighted, flightless, and all species of Rallidae was performed primarily as a means 
of ascertaining the strong congruence between the first component (within-species 
size, used in standardizing distances in CAs, below) and those derived in inter- 
specific contexts (among-species size, above); and to gain a multivariate insight 
into the structure of bivariate correlations suggested by a cluster analysis of var- 
iables with two of the same matrices (Figs. 40, 41). Although PC-I in the within- 
species context generally is specified by a size axis having scores strongly posi- 
tively correlated with all of the original variables, more detailed examination of 
magnitudes of correlations generally reveals that these PC-Is are far from iso- 
metric (Table 43). This outcome indicates that correction for within-species size 
will not remove all size-related information in many comparisons (e.g., CAs of 
species-sex groups). Nonetheless, correlations between the PC-Is of the standard 
(R-mode) analysis and those of pooled within-species covariance matrices for the 
41 skeletal measurements were similar in eigenstructure, whether the latter per- 
tained to flighted (rs = 0.42; P = 0.01), flightless (rs = 0.39; P < 0.05), or all 
species (rs = 0.42; P = 0.01). 

The first PCs for the within-species covariance matrices revealed that correla- 
tions among skeletal variables exclusive of sternal dimensions are slightly stronger 
with respect to size in flightless species than in flighted species (Table 43). Al- 
though fewer taxa were incorporated into the matrix for the former, this general 
pattern suggests that a greater proportion of skeletal variation in flightless rails 
(including dimensions of wing elements) is attibutable to simple (intraspecific) 
size, with the notable exception of the comparatively independent sternal dimen- 
sions (Table 43). However, in both groups, PC-I conformed with eigenvectors 
consistent with general size axes, with only a minority of measurements having 
low enough correlation coefficients with this component to indicate unusually high 
measurement error (e.g, widths of the furcula). The components for the matrix in 
which all species were pooled converged closely to those for flighted species, 
with a slight increase in some correlations deriving largely from the comparatively 
strongly defined PC-I for flightless taxa (Table 43). Subsequent components varied 
little among the partitions, although flightless rails were characterized by a PC-II 
in which a more strongly negative contrast in most pelvic dimensions was man- 
ifested (Table 43). 

Appendicular allomorphosis.--Allometric slopes (/•) relating lengths of pectoral 
elements with overall body size were higher in flightless species than in their 
flighted relatives in several previous ornithological applications (Livezey and 
Humphrey 1986; Livezey 1989d) and studies of mammals (Christiansen 1999). 
This pattern was interpreted to reflect relative ontogenetic rates at terminus of 
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TABLE 44. Intraspecific allometric coefficients (/• _+ SE) or allomorphosis of 
three skeletal pectoral elements with corresponding first principal component (PC- 
I) of nonpectoral dimensions, by species and sex, for three righted species and 
flightless relatives in three taxonomic tribes of Rallidae. 

Pectoral element (proximal ---> distal) 

Species Sex (n) Humerus Ulna Carpometacarpus 

Porphyrio melanotus Males (33) 0.05 + 0.01 0.05 --- 0.01 0.05 -+ 0.01 
Females (20) 0.02 _+ 0.01 0.01 -+ 0.01 0.02 +_ 0.01 

Porphyrio hochstetteri Males (12) 0.08 + 0.02 0.10 -+ 0.02 0.11 + 0.04 
Females (18) 0.10 _+ 0.01 0.11 +_ 0.01 0.11 + 0.02 

F(6, 75), P-value 31.2 (<0.0001) 61.6 (<0.00001) 74.5 (<0.00001) 

Gallirallus philippensis Males (16) 0.03 + 0.01 0.03 -+ 0.02 0.03 -+ 0.02 
Females (19) 0.03 + 0.01 0.05 -+ 0.01 0.05 + 0.02 

Gallirallus owstoni Males (14) 0.12 -+ 0.02 0.12 -+ 0.02 0.13 + 0.02 
Females (18) 0.08 + 0.02 0.09 +- 0.02 0.13 -+ 0.04 

Gallirallus australis- Males (28) 0.15 + 0.03 0.16 + 0.03 0.24 + 0.04 
group Females (22) 0.12 -+ 0.02 0.12 +_ 0.02 0.17 _+ 0.03 
F(10, 105), P-value 51.3 (<0.00001) 38.8 (<0.00001) 37.2 (<0.00001) 

Porzana tabuensis Both (11) 0.04 --- 0.01 0.04 _+ 0.01 0.06 -+ 0.02 
Porzana palmeri Both (12) 0.03 + 0.01 0.05 + 0.01 0.08 -+ 0.02 

F(2, 19), P-value 44.0 (<0.00001) 56.9 (<0.00001) 15.9 (<0.0001) 

Tribonyx ventralis Males (24) 0.04 -+ 0.02 0.05 +- 0.02 0.06 + 0.02 
Females (19) 0.03 + 0.01 0.04 +_ 0.01 0.03 -+ 0.01 

Tribonyx mortierii Males (10) 0.10 -+ 0.04 0.12 +- 0.05 0.11 + 0.06 
Females (11) 0.11 _+ 0.08 0.11 + 0.10 0.19 +_ 0.11 

F(6, 56), P-value 5.2 (<0.005) 23.6 (<0.0001) 31.7 (<0.0001) 

growth (i.e., sampled by skeleton at fledging); flightless birds were interrupted at 
an earlier point in ontogeny of the pectoral apparatus, an inference that goes 
beyond mere documentation of the relatively reduced size of these components, 
In each set of assessments, limb elements were analyzed relative to positions of 
specimens on PC-I of skeletal dimensions exclusive of the appendage under scru- 
tiny. Differences in allometric relationships were tested by using standard F-sta- 
tistics for two-parameter linear regressions and comparisons of estimates of al- 
lometric slopes in light of respective standard errors of these estimates. The stan- 
dard transformation of all metrics to natural logarithms for allometric analyses 
precluded a confounding of simple interspecific differences in overall size with 
the trends of interest. Samples of complete skeletons for each included species- 
sex group were only adequate for three groups comprising both flighted and flight- 
less species: Porphyrio melanotus and P. hochstetteri; Gallirallus philippensis, G. 
owstong and G. wakensis; and Tribonyx ventralis and T. mortierii (Table 44). A 
fourth comparison also was performed for an additional pair of taxa for which 
samples precluded subdivision of the sexes (Porzana tabuensis and P. palmeri), 
but these small crakes manifested comparatively small intersexual differences in 
skeletal measurements (Tables 30-33). 

Allometric patterns of pectoral elements within species of Porphyrio (Table 
44), regardless of sex, consistently revealed that the major skeletal segments of 
the wing were undergoing more rapid growth (i.e., had higher slopes) in flightless 
P. hochstetteri than they were in smaller, flighted P. melanotus (F-statistics com- 
paring regressions; P < 0.0001). Direct pairwise comparisons of allometric slopes 
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(/•) revealed, within elements and sexes, that values for flightless P. hochstetteri 
were roughly 1.5-2.0 times those for P. melanotus, but sexes within species were 
described by similar allometric slopes (Table 44). Examination of the limited data 
suggested a trend for increasingly large differences in allometric slopes between 
respective species-sex groups as one passes from proximal to more distal elements 
(i.e., humeri to carpometacarpi). This pattern results solely from increases in 
slopes in flightless P. hochstetteri (Table 44), and is consonant with the general 
avian signatures in which appendicular growth is initiated earliest proximally and 
last distally (e.g., Levinton 1988). 

Identical comparisons made for typical rallids (Gallirallus) documented quali- 
tatively identical, but quantitatively more pronounced patterns (F-tests; P < 
0.00001). Within elements, slopes for intraspecific scaling were two to five times 
as great in the two flightless taxa (G. owstoni and G. wakensis) as in flighted G. 
philippensis. Intersexual differences within species were not significant. The mag- 
nitude of increase in allometric slope in flightless species increased as compari- 
sons of elements proceeded from proximal to distal elements (Table 44). 

Flighted and flightless Porzana, samples of which were too meager for sex- 
specific analyses, revealed little concerning relative appendicular allomorphosis 
(Table 44). Interspecific differences (sexes pooled) were significant for the entire 
model (i.e., the paired estimates of intercepts and slopes; P < 0.0001). Compar- 
isons and slopes and errors thereof revealed that the interspecific differences per- 
tained to the intercepts, and species differed in mean lengths of pectoral elements 
(Tables 30-34) but not in the slopes at terminus of growth. One pattern suggested 
by the comparisons within Porzana shared by those for other genera was a modest 
increase in slopes as one moves distally through the pectoral limb, a shift more 
pronounced in flightless P. palmeri (Table 44). 

Pectoral allomorphosis for Tribonyx confirmed most of the the patterns revealed 
in those for Porphyrio and Gallirallus (Table 44). As in those other genera, al- 
lometric slopes (/•) for flightless T. mortieri exceeded those for respective groups 
of flighted T. ventralis by more than two times (Table 44), and accounted for a 
substantial proportion of the overall differences between allometric models for 
species (F-statistics; P < 0.005). Also in common with the other two sex-specific 
comparisons, intersexual differences were negligible, but unlike comparisons for 
Porphyrio and Gallirallus, allometric slopes remained virtually constant across 
elements and did not manifest any indication of proximal-to-distal gradients in 
ontogenetic schedules (Table 44). 

Parallel comparisons of allomorphosis for pelvic elements (Table 45) revealed 
pronounced differences in allometric slopes, but unlike trends in pectoral allo- 
morphosis, these manifested a distinctly different and less redundant pattern in 
slopes. In Porphyrio, flightless P. hochstetteri was characterized by nonsignificant 
allomorphosis in lengths of pelvic elements (/• • 0), whereas flighted P. melanotus 
maintained significant allomorphosis in lengths of leg elements (Table 45). Sexes 
within species were alike in all comparisons. An ontogenetic interpretation of 
these marked differences in static allomorphosis would suggest that although in- 
dividuals of the smaller, flighted P. melanotus maintained modest but significant 
elongation of pelvic elements at the terminus of skeletal growth, specimens of 
the larger, flightless P. hochstetteri had reached asymptotic, essential stasis of 
pelvic development at the terminus of growth (Table 45), despite its overall per- 
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TABLE 45. Intraspecific allometric coefficients (/• + SE) or allomorphosis of 
three skeletal pelvic elements with corresponding first principal component (PC- 
I) of nonpelvic dimensions, by species and sex, for three flighted species and 
flightless relatives in three taxonomic tribes of Rallidae. 

Pelvic element (proximal --> distal) 

Species Sex (n) Femur Tibiotarsus Tarsometatarsus 

Porphyrio melanotus Males (33) 0.082 - 0.029 0.078 +_ 0.026 0.077 _+ 0.030 
Females (20) 0.060 - 0.035 0.069 + 0.027 0.069 -+ 0.027 

Porphyrio hochstetteri Males (12) -0.001 -+ 0.005 0.007 - 0.007 0.008 + 0.008 
Females (18) -0.005 +- 0.007 -0.000 -+ 0.006 0.009 -+ 0.007 

F(6, 75), P-value 39.1 (<0.00001) 21.7 (<0.00001) 13.0 (<0.00001) 

Gallirallusphilippensis Males (16) 0.036 - 0.011 0.041 +- 0.013 0.062 -+ 0.014 
Females (19) 0.023 - 0.008 0.021 +_ 0.006 0.024 + 0.008 

Gallirallus owstoni Males (14) 0.032 -+ 0.009 0.032 + 0.009 0.040 + 0.010 
Females (18) 0.019 + 0.008 0.018 + 0.007 0.022 +- 0.010 

Gallirallus australis- Males (28) 0.116 + 0.020 0.094 -+ 0.016 0.106 -+ 0.027 
group Females (22) 0.084 _+ 0.011 0.083 -+ 0.012 0.093 +- 0.018 
F(10, 105), P-value 39.9 (<0.00001) 46.3 (<0.00001) 33.9 (<0.00001) 

Porzana tabuensis Both (11) 0.071 + 0.062 0.039 - 0.065 0.026 -+ 0.111 
Porzana palmeri Both (12) 0.022 -+ 0.008 0.030 -+ 0.010 0.027 + 0.012 

F(2, 19), P-value 2.1 (>0.10) 1.2 (>0.30) 2.4 (>0.10) 

Tribonyx ventralis Males (24) 0.013 -+ 0.014 0.007 +- 0.015 -0.006 -+ 0.022 
Females (19) 0.007 +- 0.015 0.025 + 0.016 0.018 _+ 0.015 

Tribonyx mortierii Males (10) 0.069 +- 0.034 0.066 + 0.032 0.079 -+ 0.048 
Females (11) -0.055 -+ 0.035 -0.057 -- 0.039 -0.085 -+ 0.044 

F(6, 56), P-value 16.8 (<0.00001) 7.7 (<0.00001) 8.3 (<0.00001) 

amorphic pelvic skeleton (Tables 30-33; Figs. 8, 9). No evidence was found of 
a proximal-to-distal increase in allometric slope late in skeletal development in 
either species of Porphyrio. 

In Gallirallus, a very different picture emerged in pelvic allomorphosis (Table 
45). Across all elements and in both sexes, flighted G. philippensis and G. owstoni 
showed virtually identical patterns in slopes of allomorphosis (Table 45), indi- 
cating that both taxa extended limited elongation of pelvic elements until the 
terminus of skeletal growth. Flightless G. australis revealed a very different pat- 
tern in pelvic allomorphosis (Table 45): estimates of slopes (/•) were approxi- 
mately three to four times as large as those for respective estimates in G. philip- 
pensis or G. owstoni, and within G. australis, slopes for males averaged roughly 
25% higher than those for female conspecifics. These figures suggest that the 
peramorphic pelvic elements of large, flightless G. australis were undergoing 
rapid elongation at the terminus of skeletal ontogeny. G. australis was similar to 
its two congeners in the uniformity of slopes across all three pelvic elements 
(Table 45). By contrast, the marginally useful samples available for Porzana ta- 
buensis and P. palrneri were uniform regarding pelvic allomorphosis, indicating 
no signficant differences among models of allomorphosis for any of the three 
pelvic elements (Table 45). Moreover, where slopes indicated significant regres- 
sions, the models did not deviate meaningfully from those for other groups. 

Pelvic allomorphosis in flighted Tribonyx ventralis and flightless T. rnortierii 
revealed yet another pattern of ontogeny at the terminus of skeletal growth (Table 
45), in which both species showed extremely limited to insignificant al!ometric 
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slopes (/•) in all three major elements of the pelvic appendage. Slightly greater 
slopes tended to characterize males relative to females of both species (Table 45). 
In summary, however, it seems that elongation of the principal skeletal elements 
of the pelvic appendage of Tribonyx, regardless of sex or flight status, had reached 
their respective, different asymptotes before or approximately coincident with 
terminus of development, and that the pronounced peramorphosis of the pelvic 
limb characteristic of flightless T. mortierii (Tables 30-33) is effected compara- 
tively early in ontogeny. 

Taken together, these examples substantiate a generality in the variation among 
adults that is consistent with the relatively early attainment of asymptotic size in 
the pelvic limb that contrasts to variable degrees the earlier stage of development 
of the pectoral limb in flightless rallids. This disparity of relative development of 
the two locomotory units mirrors the earlier, rapid growth of the pelvic apparatus 
and delayed, generally slower growth of the pectoral apparatus in birds generally 
(Butler and Bishop 1999). This pattern also contributes further evidence of pae- 
domorphosis in flightless rails by extending support for this hypothesis to intra- 
specific scaling in skeletons of righted and flightless relatives. 

Canonical analyses.--As for the parallel applications for external dimensions, 
CAs provided the most powerful separation of associated suites of skeletal mea- 
surements for samples partitioned by species and sex, and comparisons that con- 
formed most closely with distributional assumptions were limited to closely re- 
lated taxa. Interpretation of the canonical axes themselves (descriptors maximizing 
differences among group means relative to within-group variances) is of second- 
ary priority to the quantification of differences. The latter was exacerbated in the 
case of skeletal measurements in that different subsets of the variables were re- 

tained through the stepwise-selection procedures in the various taxonomic groups, 
an unpredictability worsened by small sample sizes for a number of the taxa 
compared. This complication overlays a common condition in which such variates 
meld information on size and shape. 

Nevertheless, the general differences among groups reflected by these axes were 
interpretable through a two-stage procedure: first, determination of general chang- 
es in proportions among anatomical regions through an examination of the general 
pattern of signs of the coefficients for corresponding variables (Tables 46-52); 
and second, comparisons of signs and magnitudes of coefficients for measure- 
ments within regions or individual skeletal elements retained by the stepwise 
procedure in light of relative differences among univariate group means of skeletal 
measurements (Tables 30-33). These interpretations were limited largely to those 
axes summarizing discrimination of flightless taxa from righted relatives. Avail- 
ability of associated samples of skeletal specimens limited these comparisons to 
only seven major taxonomic groups, and reduced the numbers of genera and 
species represented within most of these partitions. For example, among basal 
rallids, Habroptila was represented by only four skeletal specimens, and the most 
closely related genus against which it could be compared skeletally was Aramides. 

A CA of skeletal measurements of Porphyrio (four righted and one flightless 
species; n = 108) and Porphyrula (three righted species; n = 42) extracted seven 
CVs incorporating significant interspecific variation (ANOVA of scores; P ( 
0.0001). Five of the first eight CVs included significant (P (0.05) intersexual 
variation, and nine of the total of 15 variates revealed significant species-sex 
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TABLE 46. Standardized coefficients and summary statistics for first two canon- 
ical variates and two flighted-flightless contrasts for skeletal measurements step- 
wise-selected (P < 0.05) from 41 variables for 16 species-sex groups of Porphy- 
rionithini. 

Flighted-fiightless 
Canonical variate* contrast 

Variable I II All taxM' Porphyrio$ 

Maxilla length -0.451 -0.054 0.390 0.577 
Cranium, length -0.054 -0.017 -- -- 

Maximal width -0.439 -0.323 0.422 0.450 

Height perpendicular to palate 0.095 0.404 -- -- 
Sternum, length of carina 0.579 -0.166 -0.459 -- 

Length of corpus -0.471 0.007 0.394 -- 
Minimal width of corpus -0.276 -0.076 -- 0.468 
Minimal depth of carina 0.360 0.157 -- -0.389 

Furcula, height -- -- -0.390 -- 
Minimal width at midpoint 0.008 0.126 -- -- 
Maximal width at midpoint .... 0.451 

Scapula scapus length -0.100 -0.191 -- -- 
Coracoid, length 0.393 -0.309 -- -- 

Crista articularis width -0.097 -0.047 -- -- 

Humerus, intertubercular width of caput 0.211 0.702 -- -0.556 
Maximal width at midpoint 0.787 0.041 -0.751 -0.960 

Radius, length -0.267 0.505 0.813 -- 
Ulna, length -- -- -0.871 -- 

Minimal width at midpoint 0.043 0.067 -- -- 
Digitalis majoris, phalanx proximalis 

length 0.458 0.449 -0.466 -0.833 
Synsacral length -0.294 0.256 0.279 0.447 
Pelvis, interacetabular width -0.363 -0.149 -- -- 
Femur, length -0.961 -0.031 1.105 1.093 

Minimal width at midpoint -0.729 -0.164 0.573 0.820 
Tibiotarsus, length 0.315 -0.301 -0.546 -0.731 

Maximal width at midpoint -- -- 0.423 0.868 
Tarsometatarsus, length 0.354 0.243 -- -- 

Lateromedial width at midpoint -0.285 -0.054 0.237 -- 
Digit III length 0.208 0.165 -0.455 -- 

Eigenvalue 352.18 98.60 226.55 242.31 
Cumulative variance (%) 75.8 97.1 -- -- 
Canonical R 0.999 0.995 0.998 0.998 

* Wilks' k (d.f. = 25, 15, 134) < 10 ?; P375.1.471: 10.0 (P,• 0.0001). 
'• Wilks' k (d.f. 16, 1, 134) = 0.00439;f•6.119 = 1,685.0 (P < 0.0001). 
•; Wilks' k (d.f. = 14, 1, 98) = 0.00411; F1,•8 • = 1,471.1 (P < 0.0001). 

interaction effects (P < 0.05), indicating that sexual differences were evident in 
a subset of the species on the corresponding axes. The CVs were based on a 
subset of 25 variables selected stepwise from the total of 41 skeletal measurements 
analyzed (Table 46). Despite the inference of variation among mean scores of 
species-sex groups in more than one half of the total suite of variates extracted, 
the great majority of total variation among groups and the entirety of that per- 
taining to flightlessness was summarized by the first two CVs (Table 46; Fig. 52). 

The first CV for skeletons of swamphens alone accounted for threefourths of 
the dispersion among groups (Table 46). CV-I primarily discriminated flightless 
Porphyrio hochstetteri from all other taxa (Fig. 52); scores on this axis were 
strongly (negatively) correlated with mean body mass (r = -0.85; P < 0.01). 
Interpretation of CV-I based on the coefficients of variables retained (Table 46) 
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TABLE 47. Standardized coefficients and summary statistics for first two canon- 
ical variates and flighted-flightless contrast for skeletal measurements stepwise- 
selected (P < 0.05) from 41 variables for six species-sex groups of basal rails 
(Habroptila and Aramides). 

Canonical vatlate* 
Flighted-flighfless 

Variable I II contrastt 

Cranium, length 0.370 0.713 -1.108 
Maximal width 0.519 -0.221 -- 

Sternum, length of carina -- -- -1.046 
Length of corpus -- -- 1.040 
Oblique depth of carina -- -- -0.740 
Minimal depth of carina - 1.470 0.019 1.814 

Furcula, height 0.686 -0.303 -- 
Minimal width at midpoint 0.106 -0.639 -- 
Maximal width at midpoint -0.728 0.161 0.558 

Coracoid, length -0.575 -0.230 -- 
Humerus, intertubercular width of caput -0.573 -0.663 1.215 

Minimal width at midpoint -0.220 -0.342 -- 
Radius, length -- -- -0.868 

Minimal width at midpoint 0.093 0.181 -- 
Maximal width at midpoint -0.635 -0.004 0.807 

Ulna, minimal width at midpoint 1.013 -0.022 -0.683 
Carpometacarpus length 1.927 0.132 - 1.131 
Digitalis majoris, phalanx proximalis length -0.540 -0.219 0.906 
Femur, length 1.583 0.931 - 1.680 

Width of caput 1.037 0.399 - 1.032 
Maximal width at midpoint -- -- -0.698 

Tibiotarsus, length - 1.239 - 1.205 1.336 
Tarsometatarsus, length - 1.509 0.811 1.655 

Lateromedial width at midpoint 0.867 -0.216 -- 
Digit III length -0.077 - 1.157 -- 

Eigenvalue 54.49 30.94 46.04 
Cumulative variance (%) 61.7 96.7 -- 
Canonical R 0.991 0.984 0.989 

* Wilks' k (d.f. = 20, 5, 60) = 0.00008;,P•0o, 2o• = 12.2 (P ',• 0.0001). 
'k Wilks' k (d.f. = 17, 1, 60) = 0.0213; F•7.• = 119.2 (P < 0.0001). 

revealed that this axis distinguished P. hochstetteri from other swamphens on the 
basis of its larger skull (especially the more massive bill and broader cranium), 
relatively smaller pectoral girdle (emphasizing the disproportionately reduced ca- 
rina sterni and relatively broad coracoid), a diminutive pectoral limb (including 
the relatively short, narrow proximal elements and the absolutely reduced ele- 
ments of the manus), a substantially enlarged pelvis and leg (weighting the robust 
femur especially heavily), and absolutely shorter toes. These shifts in proportions 
not only reflected the diminution of the pectoral apparatus in flightless P. hochs- 
tetteri, but also highlighted the shifts within the pelvic limb associated with in- 
creased terrestrial habitus (i.e., relative reductions in the tibiotarsus, tarsometatar- 
sus, and toes) and megacephaly associated with herbivory (Fig. 9). In this context, 
it is noted that flighted species of Porphyrio were slightly more terrestrial in 
general body form than the species of Porphyrula, which are smaller (Fig. 52). 
Canonical contrasts were broadly consistent with CV-I in the signs of the variables 
retained, although the narrowed scope of these comparisons even further limited 
the number of measurements that could be included without redundancy and in- 
curting the statistical problems associated with multicolinearity (Table 46). 



212 ORNITHOLOGICAL MONOGRAPHS NO. 53 

TABLE 48. Standardized coefficients and summary statistics for two canonical 
variates and flighted-flightless contrast based on skeletal measurements stepwise- 
selected (P < 0.05) from 41 variables for four species-sex groups of Dryolimnas. 

Canotlical variate* 
Flighted-flightless 

Variable I 11 contrast? 

Maxilla length 3.149 - 1.160 -- 
Cranium, length -- -- 3.154 

Maximal width -8.157 4.011 -- 

Sternum, length of carina -- -- 8.909 
Length of corpus 8.562 1.165 -- 
Minimal width of corpus 3.992 - 1.230 -- 

Furcula, minimal width at midpoint - 6.714 0.110 - 8.547 
Maximal width at midpoint 0.450 -2.357 -- 

Coracoid, crista articularis width 2.555 1.132 -- 
Humerus, length 3.961 1.133 9.373 
Femur, length -- -- 9.493 

Width of caput -3.946 -0.259 -- 
Maximal width at midpoint -- -- -7.365 

Tibiotarsus, length 0.188 -4.206 -- 
Maximal width at midpoint -- -- 3.292 

Tarsometatarsus, length -- -- -6.654 
Craniocaudal width at midpoint 1.768 -1.698 -- 
Lateromedial width at midpoint -- -- -9.672 

Eigenvalue 1,932.72 61.13 5,599.06 
Cumulative variance (%) 96.9 99.9 -- 
Canonical R 0.999 0.992 1.000 

* Wilks' k (d.f. = 11, 3, 16) < 0,00001;•P33,•a = 38.2 (P •: 0,0001). 
? wilks' k (d.f. = 9, 1, 16) = 0.00018; F9. s = 4,976.9 (P < 0.0001). 

The second CV for swamphens added another 21% of the dispersion among 
groups in skeletal measurements (Table 46) and largely separated the lesser swam- 
phens (Porphyrula) from the greater swamphens (Porphyrio), with lesser discrim- 
ination of P. hochstetteri from its congeners, or of sexes within species (Fig. 52). 
The primary contrast between genera resulted in a moderate correlation with mean 
body mass (r = 0.74; P < 0.01). The remaining 13 variates extracted together 
accounted for less than 3% of the dispersion among groups, and served mainly 
to discriminate among the flighted species of Porphyrio. Mean scores indicated 
that none of these remaining variates revealed important discrimination of flight- 
less Porphyrio hochstetteri or substantive sexual dimorphism peculiar to this spe- 
cies, hence these lesser axes will not be considered further. 

Analysis of skeletons of basal rallids, including flightless Habroptila wallacii 
(n -- 4) and two flighted species of Aramides (n -- 62), extracted five CVs based 
on 20 of the 41 skeletal measurements compiled (Table 47). Of these five axes, 
three (CV-I, CV-II, and CV-IV) included significant differences (P < 0.001) 
among species in mean scores, two (CV-I and CV-IV) incorporated significant 
intersexual differences (P < 0.0005) across species, and three (CV-III, CV-IV, 
and CV-V) included significant species-sex interaction effects (P < 0.0001), in- 
dicating sexual dimorphism in a subset of the included taxa. CV-I for basal rallids 
summarized more than one half of the total dispersion among groups (Table 47), 
was directly correlated with mean body mass (r = 0.99; P < 0.01), and explained 
most of the skeletal distinctness of flightless Habroptila relative to Aramides (Fig. 
53). Coefficients for CV-I indicated that the axis was a subtle commingling of 
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TABLE 49. Standardized coefficients and summary statistics for first three ca- 
nonical variates and two flighted-flightless contrasts based on skeletal measure- 
ments stepwise-selected (P < 0.05) from 41 variables for 23 species-sex groups 
of "typical" rails (subtribe Rallina, excluding Dryolimnas). A single taxon lacking 
sexual partitioning was included (Gallirallus pectoralis-group). 

Flighted-flightless 
Canonical variate* contrast 

Variable I II III All taxa? No RailusS 

Maxilla length 0.429 0.215 0.772 0.249 -0.224 
Cranium, length -0.139 -0.124 -0.282 -- -- 

Maximal width -0.580 -0.006 -0.212 -0.670 -0.536 

Height perpendicular to palate -0.265 -0.100 -0.044 -- -- 
Sternum, length of carina 0.492 -0.368 0.082 0.480 0.435 

Length of corpus -0.358 -0.343 0.167 -- -- 
Oblique depth of carina 0.282 0.236 0.075 0.279 -- 
Minimal depth of carina -- -- -- 0.144 0.362 

Furcula, height 0.056 0.137 0.085 -- -- 
Minimal width at midpoint -0.031 -0.157 -0.262 -- -- 

Scapula scapus length -0.279 0.289 0.069 -- -- 
Coracoid, length -0.329 -0.161 0.033 -- 0.404 

Crista articularis width 0.023 0.113 -0.110 -- -- 

Humerus, length 0.209 -0.650 0.416 -- -- 
Intertubercular width of caput 0.254 0.154 0.316 0.281 -- 
Minimal width at midpoint -0.052 0.087 0.232 -- -- 
Maximal width at midpoint -0.042 0.027 -0.073 -- -- 

Radius, length -0.251 -0.247 -0.167 -- -- 
Minimal width at midpoint -0.084 0.087 -0.014 -- -- 
Maximal width at midpoint 0.115 -0.160 0.064 -- -- 

Ulna, length 0.840 -0.592 -0.904 0.557 0.940 
Minimal width at midpoint 0.191 0.148 0.023 -- -- 
Maximal width at midpoint -0.060 -0.122 0.149 -- -- 

Carpometacarpus length 0.036 0.183 -0.047 -- -- 
Digitalis major, phalanx proximalis length -0.015 -0.338 -0.285 -- -- 

Phalanx distalis length 0.230 0.256 -0.090 -0.408 -0.542 
Synsacral length -0.141 -0.210 0.188 -- -- 
Pelvis, interacetabular width -0.045 -0.083 -0.300 -0.292 -- 
Femur, width of caput -0.422 -0.050 -0.251 -0.394 -- 

Minimal width at midpoint 0.153 0.153 0.093 -- -- 
Tibiotarsus, length - 1.065 0.678 0.269 -0.981 - 1.028 

Minimal width at midpoint 0.221 0.079 -0.050 -- -- 
Maximal width at midpoint 0.148 -0.408 -0.175 0.229 0.344 

Tarsometatarsus, length 0.646 -0.552 0.241 0.809 0.702 
Craniocaudal width at midpoint -0.091 0.056 0.200 -- -- 
Lateromedial width at midpoint -0.276 0.086 -0.107 -0.353 -0.473 

Digit III length 0.301 0.954 0.220 -- -0.554 

Eigenvalue 154.89 30.93 28.87 17.93 14.81 
Cumulative variance (%) 67.2 80.6 93.1 -- -- 
Canonical R 0.996 0.984 0.983 0.973 0.968 

* Wilks' 3. (d.f. = 6, 22, 293) < 0.00001; •'792.4.972 = 10.5 (P • 0.0001). 
? Wilks' 3. (d.f. = 14, 1, 286) = 0.0528; •4.273 = 273.0 (P < 0.0001). 
$ wilks' 3. (d.f. = 12, 1, 146) = 0.0588; F•2. m = 166.6 (P < 0.0001). 

proportions that confounded discrimination of genera with significant discrimi- 
nation between species of Aramides (Fig. 53). Characteristics distinguishing Ha- 
broptila were its relatively robust cranium (especially relative to its bill), markedly 
small pectoral girdle (especially the depth of the carina sterni), distal reduction 
of the pectoral limb (principally in the major digit), and a disproportionately 
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TABLE 52. Standardized coefficients and summary statistics for three canonical 
variates and contrast between "typical" and "mega" taxa based on skeletal mea- 
surements stepwise-selected (P < 0.05) from 41 variables for nine species or 
species-sex groups of coots. Three species also were included in the general 
analysis for which partitioning by sex was not possible (including Fulica gigantea 
and F. cornuta). 

Canonical variate* 
Flight 

Variable I II III contrast? 

Maxilla length -0.321 0.634 0.461 -0.711 
Maximal width 0.057 0.067 -0.671 -- 

Height perpendicular to palate 0.131 -0.731 -0.728 0.548 
Sternum, length of carina -0.008 -0.857 0.217 -- 
Furcula, maximal width at midpoint 0.098 0.648 0.302 -0.393 
Coracoid, crista articularis width 0.100 0.537 -0.175 -- 
Humerus, length -0.167 - 1.043 - 1.202 -- 

Minimal width at midpoint -- -- -- 0.440 
Radius, minimal width at midpoint 0.161 -0.177 0.514 -- 
Ulna, length -0.365 -0.871 3.471 -- 

Minimal width at midpoint .... 0.553 
Carpometacarpus length 0.483 1.187 - 1.271 -- 
Pelvis, interacetabular width -0.629 0.239 0.060 -0.707 
Femur, length -0.171 1.568 0.703 -- 

Width of caput -0.186 -0.830 0.064 -- 
Minimal width at midpoint -0.369 -0.092 -0.055 -0.390 
Maximal width at midpoint 0.017 0.526 -0.303 -- 

Tibiotarsus, length 0.065 -0.949 - 1.110 -- 
Minimal width at midpoint -0.271 0.623 -0.206 -- 

Tarsometatarsus, length -0.852 0.053 0.136 -- 
Craniocaudal width at midpoint 0.007 0.482 0.786 -- 
Lateromedial width at midpoint .... 

Digit III length 0.923 0.030 -0.446 0.403 

Eigenvalue 34.68 5.54 3.73 9.93 
Cumulative variance (%) 73.1 84.8 92.7 -- 
Canonical R 0.986 0.920 0.888 0.953 

* Wilks' k (d.f. = 20, 8, 92) < 0.00•08;•16o,$$ 9 = 8.8 (P < 0.0001). 
? Wilks' k (d.f. = 8, 1, 95) = 0.09152; Fa,ss = 109.2 (P < 0.0001). 

elongated pelvic limb in which the femur is enlarged relatively more than distal 
elements (Table 47). A canonical contrast limited to differences pertaining to 
faculty of flight in basal rallids, although reversed in sign, indicated a similar suite 
of proportional shifts (Table 47). 

The second CV for basal rallids contributed an additional 35% of the total 

dispersion among groups (Table 47). This axis primarily discriminated Aramides 
ypecaha from the other two species, with lesser discrimination between A. cajanea 
and Habroptila wallacii (Fig. 53). The extreme position of massive A. ypecaha 
resulted in a strong, negative correlation between mean scores on CV-II and body 
mass (r = -0.97; P < 0.01). However, the comparatively small component of 
CV-II attributable to the discrimination of H. wallacii does not justify a detailed 
examination of this axis (Table 47). The three remaining CVs accounted for van- 
ishingly small fractions of dispersion among groups and no vital insights into 
skeletal changes associated with flightlessness in Habroptila (Table 47): CV-III 
summarized sexual differences within Aramides; and CV-IV and CV-V principally 
depicted minuscule, residual sexual dimorphism confined to Habroptila. 
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FIG. 52. Plot of 16 species-sex groups of swamphens (Porphyrio and Porphyrula) on first two 
canonical variates for stepwise-selected subset of 41 skeletal measurements. Ellipses for groups delimit 
summary statistics for scores (œ _+ SD). Approximate orientation of vector for mean body masses of 
taxa ("mass") and apparent threshold of flightlessness (x, positioned on the flightless side of boundary) 
are indicated. 
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Plot of six species-sex groups of basal rallids (Habroptila and Aramides) on first two 
canonical variates for stepwise-selected subset of 41 skeletal measurements. Ellipses for groups delimit 
summary statistics for scores (œ - SD). Approximate orientation of vector for mean body masses of 
taxa ("mass") and apparent threshold of flightlessness (-r, positioned on the flightless side of boundary) 
are indicated. 
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FIG. 54. Plot of six species-sex groups of white-throated rails (Dryolimnas) on first two canonical 
variates for stepwise-selected subset of 41 skeletal measurements. Ellipses for groups delimit summary 
statistics for scores (œ _+ SD). Approximate orientation of vector for mean body masses of taxa 
("mass") and apparent threshold of flightlessness (x, positioned on the flightless side of boundary) 
are indicated. 

Given the lack of associated skeletal material for Dryolirnnas abbotti, only four 
species-sex groups of white-throated rails (Dryolirnnas; n = 20) were available 
for analysis, limiting the dimensionality of the canonical space to three (Table 
48). On these axes, interspecific and intersexual effects were highly significant 
(ANOVA of scores; P < 0.0001) on CV-I and CV-II, with CV-III including only 
intersexual differences (P < 0.05). 

The first CV for white-throated rails alone accounted for more than 96% of the 

total dispersion among the four species-sex groups (Table 48) and included the 
great majority of the discrimination between righted Dryolirnnas cuvieri and 
flightless D. aldabranus (Fig. 54). Scores on this axis were directly correlated 
with mean body masses of the four groups (r = 0.99; P < 0.01). The limited 
samples and few groups in this comparison limited the number of skeletal vari- 
ables retained nonredundantly in the discrimination of these two similar congeners 
to only 11 of 41 skeletal variables, rendering direct interpretation of coefficients 
for CV-I of Dryolimnas problematic (Table 48). What can be inferred regarding 
D. aldabranus concerns relative lengths of the bill and cranium, a diminutive 
pectoral girdle (summarized primarily through dimensions of the sternum and 
coracoid), a relatively short pectoral limb (with humerus length most efficiently 
reflecting a reduction approaching uniformity throughout the appendage), and the 
retention of robust pelvic limb (especially well summarized by widths of femur 
and tarsometatarsus) in the face of an overall reduction in size that accompanied 
the loss of flight (Tables 30-33). 

A canonical contrast confined to interspecific differences affirmed these inter- 
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FIG. 55. Plot of 23 species-sex groups of "typical" rails (Railus, Oallirallus, and allied genera) 
on first two canonical variates for stepwise-selected subset of 41 skeletal measurements. Except for 
taxa represented by composite mean vectors plotted a posteriori (Gallirallus dieffenbachii and Cabalus 
modestus), ellipses for groups delimit summary statistics for scores (X ñ SD). Approximate orientation 
of vector for mean body masses of taxa ("mass") and apparent threshold of flightlessness (T, positioned 
on the flightless side of boundary) are indicated. 

pretations, although the inclusion of only nine variables in the axis minimized its 
interpretability (Table 48). Consonant with patterns in most other taxonomic 
groups, sexual dimorphism on CV-I was such that males, in comparison with their 
female conspecifics, were shifted in proportions toward those characteristic of 
flightless taxa (Fig. 54). The CV-II for skeletons of Dryolimnas integrated residual 
interspecific and intersexual differences uncorrelated with mean body masses (r 
-- -0.15; P > 0.05), and contributed only 3% of the total dispersion among 
groups (Table 48). The modicum of intersexual discrimination afforded by skeletal 
CV-III for Dryolimnas did not merit detailed consideration (Table 48). 

The myriad forms of typical rails (subtribe Rallina [Livezey 1998]), even after 
the separate consideration of one member genus (Dryolimnas), span a rich spec- 
trum of skeletal size and shape. CAs were performed to discriminate 11 species 
that permitted sex-specific discrimination (i.e., accounting for 22 groups) and 1 
species (G. pectoralis) for which sexes were not determinable, bringing the groups 
defined a priori (n = 316) to a total of 23 (Table 49). Also, mean measurements 
for three extinct taxa lacking associated skeletons (Gallirallus dieffenbachii, Ca- 
balus modestus, and Aphanapteryx bonasia) were evaluated a posteriori for plot- 
ting (Fig. 55). Fifteen CVs for skeletal measurements of typical rails were ex- 
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tracted, based on 36 of the 41 measurements submitted for analysis, of which 13 
displayed significant interspecific differences in mean scores (P < 0.05). Inter- 
sexual differences were found on 8 of the 15 CVs (including the first 7), with 
significant species-sex interaction effects on 12 (including 6 of the first 7), 4 of 
which were accompanied by significant interspecific effects. These findings in- 
dicate that at least a subset of the taxa showed sexual dimorphism on all but CV- 
VIII. As in other taxonomic groups, the preponderance of variation among groups 
was summarized by the first few CVs; for typical rails, the first three axes alone 
summarized more than 93% of the total dispersion among groups (Table 49). 

The first CV for skeletons of typical rails accounted for roughly two thirds of 
the total dispersion among groups (Table 49), revealed highly significant inter- 
specific and intersexual differences in scores (P < 0.0001), included substantial 
separation of flighted and flightless species (Fig. 55), and its scores were highly 
(negatively) correlated with mean body masses (r = -0.90; P < 0.01). Coeffi- 
cients for variables on CV-I (Table 49) revealed that the axis distinguished groups 
having low scores (predominately flightless) by a contrast in proportions that 
emphasized robust skulls (especially cranium), sterna having carinae relatively 
reduced, pectoral appendages characterized by disproportionately truncated ante- 
brachial elements (with secondary weight placed on relative shortening of the 
marius), and pelvic limbs having disproportionately elongated tibiotarsi and trun- 
cated tarsometatarsi and digits. On CV-I, Gallirallus australis-group, Aphanap- 
teryx bonasia, Tricholirnnas sylvestris, and G. dieffenbachii had the lowest scores 
(i.e., the most extreme proportions), whereas several other flightless species char- 
acterized by less extreme shifts in form and (to a lesser extent) small body size 
(e.g., Gallirallus wakensis, and especially Cabalus modestus) occupied positions 
on CV-I comparable to those of many flighted species (Fig. 55). As noted in many 
other contexts, scores on CV-I tended to place males, relative to their female 
conspecifics, more in the direction of flightless taxa (Fig. 55). 

The second CV for skeletons of typical rails contributed an additional 13% of 
total dispersion among groups, included highly significant interspecific and inter- 
sexual differences in scores (P < 0.0001), and scores on CV-II were not correlated 
with mean body masses (r -- -0.04; P > 0.05). CV-II amplified discrimination 
among both flighted and flightless members, and (a posteriori) proved critical in 
the discrimination of Cabalus modestus, the high score for which proved to be 
maximal (Fig. 55). Coefficients for variables on CV-II indicated that higher scores 
were associated with relative elongation of the bill, especially pronounced trun- 
cation throughout the pectoral girdle and appendage (especially marked in ante- 
brachial elements), unremarkably proportioned pelvic limbs, and (to a lesser ex- 
tent) small size generally (Table 49). 

The third CV for typical rails added almost as much separation among groups 
as CV-II for these taxa (detailed above), and scores on CV-III included both 
interspecific and intersexual effects (ANOVA of scores; P < 0.0001). However, 
examination of positions of groups on CV-III revealed that this axis primarily 
discriminated Rallus (especially R. elegans and R. longirostris) from Gallirallus, 
Tricholirnnas, and Habropteryx, regardless of the flight status of the latter taxa. 
Scores for the remaining variates likewise affirmed that the skeletal proportions 
critical to the discrimination of flightless members of the typical rails largely were 
subsumed by the first two CVs (Fig. 55), an interpretation consistent with the 
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eigenvalues and coefficients of canonical contrasts of typical rallids grouped strict- 
ly by flight capacity (Table 49). 

Ten species of crakes in four genera (Crex, Laterallus, Coturnicops, and Por- 
zana) were represented by samples of skeletons partitioned into sex groups for 
CAs, to which was added a single species (Atlantisia rogersi) lacking information 
on sex. In addition to these groups defined a priori, a single extinct taxon ("At- 
lantisia" elpenor) was plotted a posteriori by using a composite of mean mea- 
surements. The 21 groups formally analyzed (n = 205) sustained the definition 
of 15 CVs, based on 30 of 41 skeletal variables analyzed, of which 10 included 
significant differences among species (ANOVA of scores; P < 0.05). Intersexual 
differences were found as significant main effects (P < 0.05) on only 4 of the 
15 CVs, although species-sex interaction effects were significant (P < 0.05) in 
scores on 11 of the 15 axes. The latter combination of findings indicated that 
multivariate sexual dimorphism in skeletons of crakes was generally less pro- 
nounced than in most other subgroups of the Rallidae, and that (where present) 
it tended to be peculiar to individual genera or species of the tribe. 

The first CV for skeletal measurements of crakes accounted for slightly more 
than one half of the total dispersion among groups (Table 50) and included highly 
significant differences in mean scores among species (P < 0.0001) but not be- 
tween sexes (P > 0.35). Scores on this axis were significantly correlated with 
mean body masses of groups (r = 0.64; P < 0.01). Positions of taxa on CV-I 
revealed that this axis integrated much of the variation attributable to flight ca- 
pacity; mean scores for all flightless taxa were less than -11, whereas those for 
flighted crakes where greater than -8 (Fig. 56). Coefficients for CV-I indicated 
that this axis distinguished flightless crakes from their flighted relatives by a 
combination of the following features: relatively long bills, shortened pectoral 
appendages (disproportionately reduced in distal elements), generally diminutive 
pectoral girdles having disproportionately shallow carinae, pelvic limbs relatively 
large but unremarkable in proportions, and (in extreme cases) small overall body 
size (Table 50). 

The second CV of skeletal measurements of crakes added another 25% of the 

total dispersion among groups (Table 50), and included highly significant inter- 
specific and intersexual differences (ANOVA of scores; P < 0.0001). Scores were 
significantly (negatively) correlated with mean body masses of groups (r = -0.68; 
P < 0.01). Positions of taxa on CV-II indicated that this axis substantially aug- 
mented the separation of flightless species (Fig. 56), in which flightless species 
tended to have higher mean scores than flighted taxa (with Coturnicops being 
exceptionally high among the latter). Coefficients of variables for CV-II further 
separated flightless taxa from most flighted relatives through differences in relative 
proportions within the distal segments of the wing, comparatively subtle propor- 
tions within the pectoral girdle (including the relationship between length and 
depth of the carina sterni), and modest differences in proportions within the pelvic 
limb in which proximal elements tended to be slightly longer relative to more- 
distal elements (Table 50). 

Together, the first two CVs for skeletons of crakes encompassed the dimensions 
critical to the discrimination of flightless species (Fig. 56). Subsequent axes (e.g., 
CV-III and CV-IV) summarized significant taxonomic (principally residual inter- 
generic) differences (ANOVA of scores; P < 0.0001), but these did not bear on 
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FIO. 56. Plot of 20 species-sex groups of crakes (Subtribe Crecina) on first two canonical variates 
for stepwise-selected subset of 41 skeletal measurements. Except for a taxon represented by a com- 
posite mean vector plotted a posteriori ("Atlantisia" elpenor), ellipses for groups delimit summary 
statistics for scores (.• -+ SD). Approximate orientation of vector for mean body masses of taxa 
("mass") and apparent threshold of flightlessness (x, positioned on the flightless side of boundary) 
are indicated. 

the discrimination of taxa by flight capacity. This inference is consistent with the 
variance incorporated by canonical contrasts targeting the essential differences 
associated with the faculty of flight, as were the broad interpretations permitted 
by the coefficients of variables in these lower-dimensional analyses (Table 50). 
Consequently, the CVs for crakes subsequent to CV-I and CV-II will not be 
detailed. 

Samples of skeletons of moorhens of known sex were available for Gallicrex 
cinerea, four species of Gallinula sensu stricto (G. chloropus, G. cachinaans, G. 
tenebrosa, and G. corneri), and both modem species of Tribonyx. A small series 
of Gallinula sandvicensis of undetermined sex (n = 5) also was sampled (Tables 
30-33). To maximize the information derived, CAs were performed with all 15 
groups (n = 144) comprising 14 species-sex groups amenable to both one-way 
(interspecific) and two-way (species-sex) ANOVA of scores, plus one additional 
species group suitable only for one-way (interspecific) comparisons of scores. 

The first 7 of the 14 CVs for the skeletons of moorhens included significant 
interspecific differences in mean scores (P < 0.0001). Significant intersexual dif- 
ferences (P < 0.05) were detected on the first, fourth, fifth, eighth, and 10th CVs. 
CV-I for skeletons of moorhens accounted for approximately 50% of the total 
dispersion among groups (Table 51) and largely served to distinguish flightless 
Tribonyx rnortierii from other species (Fig. 57). The comparatively large size of 
this flightless species resulted in a strong (negative) correlation between scores 
on CV-I and mean body masses of the groups (r -- -0.89; P < 0.01). The 
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FIG. 57. Plot of 15 species-sex groups of moorhens (Gallicrex, Tribonyx, and Gallinula) on first 
two canonical variates for stepwise-selected subset of 41 skeletal measurements. Ellipses for groups 
delimit summary statistics for scores (.• _+ SD). Approximate orientation of vector for mean body 
masses of taxa ("mass") and apparent threshold of flightlessness ½r, positioned on the flightless side 
of boundary) are indicated. 

pertinence of CV-I to flight capacity also is consistent with the intermediate po- 
sition of weakly flighted Gallinula (Porphyriornis) comeri (Fig. 57). Coefficients 
of variables on the axis, which retained 19 of 41 measurements analyzed, indi- 
cated that this dimension principally distinguished T. mortierii by a combination 
(Table 51) of its relatively massive skull, disproportionately short antebrachium 
and carpometacarpus, relatively shallow carina sterni and diminutive furcula, and 
large pelvic limb especially characterized by an elongated femur and truncated 
toes. Although fewer variables were retained in the canonical contrasts of flight 
for moorhens, which were performed both for all species and for Tribonyx alone, 
the general patterns of signs and magnitudes of coefficients conformed generally 
with those of CV-I (with slight, oblique influence by those reflected by CV-II) 
for all taxa (Table 51). 

The second CV for skeletons of moorhens summarized an additional 30% of 

the dispersion among groups and largely discriminated flighted Tribonyx ventralis 
from all other species regardless of general size or flight capacity (Fig. 57). Ac- 
cordingly, scores on CV-II were not correlated with mean body masses (r = 0.19; 
P > 0.05) and the proportions reflected by this axis were not informative about 
the morphological corollaries of flightlessness (Table 51). The third CV-III con- 
tributed another 15% of the intergroup dispersion for moorhens (Table 51), and 
principally discriminated Gallicrex cinerea from all other taxa (not shown). Of 
the remaining CVs for moorhens, the CV-V was notable for its discrimination of 
Gallinula comeri from other taxa. Coefficients for this minor axis (not tabulated) 
indicated that weakly flighted or flightless G. comeri was distinguished from other 
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F•G. 58. Plot of nine species-sex groups of coots (Fulica) on first two canonical variates for 
stepwise-selected subset of 41 skeletal measurements. Except for a taxon represented by a composite 
mean vector plotted a posteriori (Fulica chatharnensis), ellipses for groups delimit summary statistics 
for scores (œ -+ SD). Approximate orientation of vector for mean body masses of taxa ("mass") and 
provisional threshold of flightlessness ([x], positioned on the flightless side of boundary) are indicated. 

moorhens (including T. mortierii) by a unique proportion dominated by relative 
lengths of the radius and tarsometatarsus. 

Skeletal samples of coots (Fulica) permitted only three species to be compared 
within a two-way (species-sex) context (Tables 30-33). Restriction of analyses 
to one-way comparisons of species permitted the inclusion of F. armillata (n = 
4) and the two large Andean species F. gigantea and F. cornuta (n -- 10 and 2, 
respectively). Therefore, CAs of skeletons of Fulica were performed that discrim- 
inated nine groups, comprising all six species (n -- 101); for those taxa adequately 
represented (F. americana, F. alai, and F. atra; n -- 85), groups were partitioned 
with respect to both species and sex. Comparisons of scores a posteriori were 
based on corresponding one-way (interspecific) and two-way (species-sex) AN- 
OVAs of six species and six species-sex groups, respectively. Six of the eight 
CVs for skeletons of coots included significant (P < 0.01) interspecific differences 
in scores; five of these also manifested significant (P < 0.05) differences between 
the sexes of the three species permitting such comparisons. 

The first CV for skeletons of Fulica accounted for almost three fourths of the 

total dispersion among groups (Table 52), was strongly (negatively) correlated 
with mean body masses (r -- -0.97; P < 0.01), and provided the vast majority 
of the discrimination between F. gigantea and F. cornuta and other species (Fig. 
58). Coefficients for the 20 of 41 skeletal variables significantly retained in the 
discrimination of coots for CV-I (Table 52), in conjunction with univariate com- 
parisons of these measurements (Tables 30-33), revealed that the large coots were 
distinguished from other coots by a combination of their relatively large bills, 
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pectoral appendages showing slight relative truncation, and pelvic limbs having 
disproportionately longer tarsometarsi and short toes (Table 52). 

The second CV for skeletons of coots contributed an additional 11% of the 

total intergroup dispersion (Table 52), and principally ordinated Fulica atra and 
F. armillata at the low extreme; F. gigantea at an intermediate position; and F. 
cornuta, F. americana, and F. alai among the highest scores (Fig. 58). Scores on 
CV-II were not significantly correlated with mean body masses (r = 0.27; P > 
0.05). Coefficients for included variables indicated that this axis largely integrated 
relative bill length and proportions among elements within each limb (Table 52). 

The remaining six CVs for skeletons of Fulica together accounted for only 
15% of the total multivariate dispersion among group means (Table 52). Summary 
statistics for scores on the four of these lesser axes including significant interspe- 
cific differences in scores effected the following discriminations: CV-III primarily 
separated F. cornuta from F. armillata, with other species being intermediate; 
CV-IV distinguished F. alai and F. atra from F. armillata, with other taxa as- 
suming intermediate scores; and CV-V and CV-VI primarily amplified the sepa- 
ration of F. cornuta from its congeners. As such, none of these variates merit 
detailed consideration in the context of skeletal changes in Fulica associated with 
the generalities of giantism and reduced flight capacity. 

Mean measurements for extinct, purportedly flightless Fulica chathamensis in- 
dicated that this species closely resembled F. cornuta in the skeletal proportions 
displayed by CV-I and CV-II (Fig. 58). However, F. chathamensis on CV-III 
showed greater similitude with F. gigantea and (especially) F. armillata than with 
F. cornuta (Table 52). Examination of the available data for the inadequately 
represented F. prisca and the poorly known F. newtoni suggests that these forms 
also would be positioned in relative proximity to F. cornuta and F. gigantea on 
these canonical axes (Tables 30-33). 

Informative dimensions recorded from skeletal specimens and patterns of dif- 
ferences associated with flightlessness across taxonomic groups permitted a ca- 
nonical contrast of of complete skeletons of all 52 species of Rallidae sampled 
with respect to flight capacity, resolved a single discriminatory axis that incor- 
porated 25 of 41 variables, and provided highly significant discrimination of spe- 
cies by flight class (Table 53; Fig. 59). Scores on this contrast, with several 
additional subfossil species plotted a posteriori), were only weakly correlated with 
body mass (r -- 0.29; P -- 0.05), that is, only 8% (g 2) of the variance in scores 
is shared by mean body masses (Table 53). 

Relative positions of species on this contrast successfully placed radically de- 
rived, flightless taxa of diverse size (e.g., Atlantisia rogersL Cabalus modestus, 
and Aphanapteryx bonasia) at one extreme and righted, generally large species 
(righted Porphyrio, Fulica, and Gallinula) at the other. Intervening taxa followed 
a largely intuitive order with respect to apomorphy, but only loosely suggestive 
of body size (Fig. 59). Coefficients for included variables were consonant with 
the contrasts commonplace within taxonomic subgroups, in which dimensions of 
the pectoral apparatus (especially antebrachium and sternum) were of opposite 
sign to other skeletal dimensions (Table 53). Noteworthy is that, with the excep- 
tion of Porzana tabuensis, all taxa having mean scores greater than -3.5 were 
flightless, and that all of the large coots (Fulica) fell among other large, righted 
taxa, with F. chathamensis having a mean score of 3.8 (Fig. 59). A canonical 
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T^BI•E 53. Standardized coefficients and summary statistics for flighted-flightless 
contrasts based on skeletal measurements stepwise-selected (P < 0.05) from 41 
variables for 52 species and 97 species-sex groups of Rallidae. Taxa lacking sexual 
partitioning were included as single samples in contrast of species-sex groups (Gal- 
lirallus pectoralis-group, Atlantisia rogersL Gallinula corneri, G. sandvicensis, Fu- 
lica armillata, F. cornuta, and F. gigantea), and adequately represented subfossil 
taxa were scored a posteriori (Gallirallus dieffenbachiL Cabalus modestus, Aphan- 
apteryx bonasia, "Atlantisia" elpenor, and Fulica chathamensis). 

Coefficients by grouping 

Variable Species* Species-sex? 

Maxilla length -0.322 -0.298 
Cranium, length -0.315 -0.313 

Maximal width -0.214 -0.219 

Height perpendicular to palate 0.111 -- 
Sternum, length of carina 0.557 0.393 

Minimal depth of carina 0.242 0.268 
Scapula scapus length -0.121 -- 
Humerus, length -0.242 -0.239 

Intertubercular width of caput 0.224 0.216 
Minimal width at midpoint 0.159 0.187 
Maximal width at midpoint 0.137 -- 

Ulna, length 0.497 0.368 
Minimal width at midpoint -- 0.120 
Maximal width at midpoint 0.149 -- 

Carpometacarpus length 0.389 0.257 
Digitalis majoris, phalanx proximalis length 0.152 0.192 

Phalanx distalis length - 0.117 - 0.150 
Pelvis, interacetabular width -0.210 -0.208 
Femur, length - 0.137 - 0.132 

Width of caput -0.366 -0.324 
Minimal width at midpoint - 0.191 - 0.245 

Tibiotarsus, length -0.239 -0.248 
Minimal width at midpoint -0.207 -0.205 

Tarsometatarsus, length -- 0.161 
Craniocaudal width at midpoint -0.139 -0.095 
Lateromedial width at midpoint - 0.172 -0.150 

Digit III length 0.497 0.467 

Eigenvalue 13.11 ? 14.80'• 
Canonical R 0.964 0.968 

Correlation with body mass$ 0.287 -0.068 

* wilks' 3. (d.f. = 25, 1,997) < 0.0708; P2• 9?3 = 510.4 (P • 0.0001). 
? Wilks' 3. (d.f. 23, 1,950) < 0.0633; P231928 597.1 (P • 0.0001). 
$ n = 48 for species group; n = 90 for species-sex groups. 

contrast of complete skeletons in which groups were partitioned both by species 
and sex (Table 53) resolved a similar ordination of taxa. A notable difference was 
the finding that males of most species tended to have lower scores (i.e., were 
closer to flightless taxa) than their female conspecifics, with the sexes for some 
taxa (e.g., Gallirallus australis-group and Tricholimnas sylvestris) being separated 
from each other by one or more groups from other taxa. 

Canonical contrasts of all members of the family Rallidae by flight capacity, 
based solely on the basis of sternal dimensions, provided similar insights. Whether 
for species groups or species-sex groups, these comparisons emphasized the 
prominence of the carina sterni relative to other dimensions of the element (Table 
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TAXON 
A. rogersi 
C. modestus 

A. bonasia 

M. elpenor 
P. palmeri 
G. australis-gp. 
H. wallacii 

P. hochstetteri 

G. dieffenbachii 
P. atra 

T. sylvestris 
G. wakensis 

G. owstoni 
T. mortieri 

D. aldabranus 
P. tabuensis 
G. comeri 

L. leucopyrrhus 
H. torquatus-gp. 
G, pectoralis 
A. olivaceus 

A. cajanea 
R. limicola 

R. aquaticus 
P. flavirostra 

D. cuvieri 

R. Iongirostris 
C. albicollis 

P. pusilia 
G.philippensis 
G. striatus 
P. flavirostris 

R. elegans 
P. carolina 

A. phoenicurus 
G. sandvicensis 

A. ypecaha 
C. noveboracensis 

P. pulverulentus 
P. martinica 

P. alleni 

F. chathamensis 
T. ventralis 

P. madagascariensis 
G. chloropus 
C. crex 
P. ellioti 
P. melanotus 

G. cachinaans 

G. tenebrosa 

F. gigantea 
F. armillata 

G. cinerea 

F. alai 

F. atra 

F. americana 

F. cornuta 

Complete 

l•- 
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ß 

ß 

ß 
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FIG. 59. Dot chart of mean scores for 52 species of Rallidae on a global canonical contrast of 
fiighted and flightless taxa for a stepwise-selected subset of 41 skeletal measurements (five additional 
species plotted a posteriori). Flighted species are symbolized by circles, flightless species are sym- 
bolized by squares and emphasized by arrows, and taxon of uncertain flight status is shown as hollow 
squares. 
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TABLE 54. Standardized coefficients and summary statistics for fiighted-fiight- 
less contrast based on sternal measurements stepwise-selected (P < 0.05) from 
five variables for 52 species groups and 97 species-sex groups of Rallidae. Taxa 
lacking sexual partitioning were included as pooled samples (Gallirallus pecto- 
ralis-group, Atlantisia rogersi, Gallinula comeri, Fulica armillata, F. cornuta, 
and F. gigantea), and adequately represented subfossil taxa were scored a pos- 
teriori (Porphyrio mantelli, Eulabeornis castaneoventris, Railus ibycus, R. reces- 
sus, Gallirallus dieffenbachii, Habropteryx okinawae, Cabalus modesms, Capel- 
lirallus karamu, Aphanapteryx bonasia, Erythromachus leguati, Diaphorapteryx 
hawkinsi, "Atlantisia" elpenor, Porzana severnsi, Amaurornis ineptus, Gallinula 
nesiotis, Tribonyx hodgenorum, Fulica chathamensis, F. prisca, and F. newtoni). 

Coefficient by grouping 

Sternal variable Species* Species-sex•c 

Length of carina 1.138 0.905 
Length of corpus -0.533 -0.412 
Minimal width of corpus -0.253 -0.272 
Oblique depth of carina 0.145 0.222 
Minimal depth of carina 0.431 0.495 

Eigenvalue 6.01 5.38 
Canonical R 0.926 0.918 

Correlation with body mass$ 0.612 0.548 

* Wilks' k (d.f. = 5, 1, 1,057) < 0.1426; Psx 1,o$ 3 = 1,266.1 (P •g• 0.0001). 
t Wilks' k (d.f. = 5, 1, 1,008) < 0.00001; F,•,0o• = 1,080.5 (P •g• 0.0001). 
•c n = 48 for species groups; n = 94 for species-sex groups. 

54). Reduced dimensionality permitted the inclusion of a number of other extinct 
taxa in the plots, notably the extremely derived taxa Porzana severnsi, Capellir- 
allus karamu, and Railus ibycus (Fig. 60). Positions of taxa on this intuitively 
appealing ordination were consistent with other ordinations. Reduced informa- 
tivehess of these anatomically restricted contrasts, in part, led to an increased 
confounding with mean body mass (r = 0.61; P < 0.01), in which 38% (R 2) of 
the variance in sternal scores was explainable simply by body size (with flightless 
species tending to be smaller than flighted species in the sampled taxa for which 
body masses were available). 

As for skin specimens, examination of effects of interest in stepwise MANO- 
VAs of skeletal variables confirmed highly significant differences among species, 
between sexes, or associated with loss of flight (Table 55). Not unexpectedly, 
differences among species tended to exceed in magnitude those between sexes 
(Table 55). Although the number of genera assessed for flight effects was reduced 
for skeletons, substantial effects attributable to the loss of flight were confirmed 
for Porphyrio, crakes, and Tribonyx. An exceptionally large estimate for inter- 
specific or flight-related effects in Dryolimnas may be in part an inflation related 
to small sample sizes (Table 55). 

Interaction effects in MANOVAs of skeletal measurements indicated that in- 

tersexual differences varied among species or between flight classes in all taxo- 
nontic subgroups, with especially notable species-sex interaction effects docu- 
mented for Gallirallus and allies, Tribonyx, and (cognizant of the caveat regarding 
sample sizes) Dryolimnas (Table 56). Substantial interactions between flight class 
and sex in skeletal measurements were detected for the typical rails and Dryolim- 
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TAXON 
P. severnsi 

A. rogersi 
C. karamu 
C. modestus 

P. paimeri 
M. elpenor 
P. atra 

R. ibycus 
T. hodgenorum 
G. wakensis 
P. tabuetlsis 

L. leucopyrrhus 
A. bonasia 

G. australis-gp. 
P. pusilia 
E. leguati 
G. dieffenbachii 
R. recessus 
P. flavirostra 
G. noslotus 
D. hawkinsi 
C. noveboracensis 

T. sylvestris 

G. owstoni 
D. aldabranus 
H. okinawae 
P. hochstetteri 
G. comeri 

P. flavirostris 
P. carolina 

A. olivaceus-gp. 
G. pectoralis 

A. ineptus 
H. torquatus-gp. 
R. aquaticus 
P. martinica 
G. sandivensis 

A. phoenicurus 
E. castaneoven•ris 

G. chloropus 
P. pulverulentus 
G. striatus 

D. cuvieri 

G. cachinaans 

F. prisca 
F. americana 

P. madagascariensis 
T. ventralis 

A. cajanea-gp. 
R. Iongirostris 
F. chathar•ensis 
C. crex 

F. atra 
P. melanotus 

Sterna 

G. tenebrosa 
F. newtoni 

R, olegaris 
G, cinerea 

F. gigantea 
A. ypecaha • 
F. cornuta • 
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CANONICAL CONTRAST SCORE 

FIG. 60. Dot chart of mean scores for 52 species of Rallidae on a global canonical contrast of 
flighted and flightless taxa for a stepwise-selected subset of five sternal measurements (19 additional 
species plotted a posteriori). Flighted species are symbolized by circles, flightless species are sym- 
bolized by squares and emphasized by arrows, and taxa of uncertain flight status are shown as hollow 
squares. 
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TABLE 56. Summary statistics for sex-related interaction effects of selected 
flightless species of Rallidae and flighted relatives based on stepwise multivariate 
analyses of variance (P < 0.05) of 41 osteological measurements. Approximate 
F-statistics correspond to Wilks' • (see text). 

Species-sex interaction Flight-sex interaction 

Taxonomic group P., • P-value P•, a P-value 

Porphyrio and Porphyrula •2, •33 = 8.2 <0.0005 •6, 129 = 5.5 <0.0001 
Porphyrio F•4,95 = 4.3 <0.005 F•,98 = 2.2 >0.10 
Habroptila and Aramides F•4, 57 = 5.2 <0.001 F•22, 39 = 1,490.2 <0.0001 
Dryolimnas* F•10, 7 = 126.9 <0.0001 = F•0, 7 = 126.9 <0.0001 
Typical Railidac? F•4, 283 = 9.2 <0.0001 F•4, 283 = 6.9 <0.0001 
Gallirallus and close relatives F•ll, •36 = 15.2 <0.0001 F•4,143 = 5.8 <0.0005 
Crakes (Crecina) F•,•83 = 4.3 <0.05 F•,183 = 2.6 >0.10 
Crex and Porzana F5 •2• = 4.5 <0.001 F2 124 = 3.1 <0.05 
Gallinula and Tribonyx P•3',llS = 11.7 <0.0001 P•4',1,4 = 7.4 <0.0001 
GallinulaS; F•8, 50 = 4.5 <0.0005 F•4, 54 = 5.7 <0.001 
Tribonyx F•10,1 = 10.5 <0.0001 = F•0. l = 10.5 <0.0001 
Fulica F3,77 = 5.7 <0.005 --õ -- 

* Flight-sex interaction effect equivalent to species-sex interaction in this two-species context. 
? Railus, Gallirallus, and close allies. 
• Samples of flightless Gallinula (Porphyriornis) comeri limited to single represents of each sex. 
õ Not possible because the "mega" species of Fulica treated as flightless were not partitioned to sex. 

nas, with the latter being suspiciously large (Table 56). Estimators of multivariate 
sexual dimorphism in species having minimally adequate samples (e.g., Habrop- 
tila not included) indicated a pattern of variation in dimorphism (Table 57) that 
differed in several important ways from that indicated by skin measurements 
(Table 26). Notable among the taxa permitting assessments by using both skin 
and skeletal data were Porphyrio hochstetteri, which showed comparatively high 
dimorphism in skin measurements not demonstrated in skeletal variables, Dry- 
olimnas aldabranus, which showed suspiciously high sexual dimorphism in os- 
teological dimensions but comparatively low dimorphism in external measure- 
ments, and Porzana palmeri, which had high sexual dimorphism in skeletal var- 
iables but only modest dimorphism in skin specimens. 

Flightless species for which the two data sets indicated similar patterns in rel- 
ative dimorphism were Gallirallus owstoni (dimorphism was comparatively high 
in both data sets), and Gallirallus australis-group and Tribonyx mortierii (with 
dimorphism in both species being unremarkable regardless of data set). Also no- 
table was the exceptionally great sexual dimorphism shown by Gallicrex cinerea 
(Table 57), one of the few (flighted) species of Rallidae also possessing sexual 
dichromatism, a finding consistent with the estimate based on skin measurements 
(Table 26). In a few cases (e.g., T. mortierii), MANOVA documented highly 
significant flight-sex interaction effects (Table 56) but intersexual distances were 
of unremarkable magnitude (Table 57). These apparent discrepancies reflect the 
fact that the former incorporates differences in the direction of multivariate di- 
morphism (i.e., relative contributions of variables), whereas intersexual distances 
measure simple magnitude of dimorphism within each species. 

QUALITATIVE CHARACTERS OF THE SKELETON 

A number of skeletal apomorphies tended to be associated with flightlessness 
in rallids (Figs. 61-66), although flightless taxa manifested great variability in 
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FIG. 61. Illustrations of sterna and furculae of Railus 1ongirostrix (CM 11353) and Gallirallus 
australis (USNM 19021), with flightlessness-related apomorphies indicated (letters corresponding to 
Tables 56 and 57): A, sternum of R. 1ongirostris (lateral aspect of facies muscularis; facies visceralis 
concealed above); B, sternum of G. australis (lateroventral oblique aspect of facies muscularis); aspect 
furcula (cranial aspect); C, furcula of R. 1ongirostris (cranial aspect); and D, lhrcula of G. australis 
(cranial aspect). See Appendix 3 for expireration of abbreviations for anatomical features (those in 
brackets are concealed from view). By S. Townsend. 

these features (Tables 58-64). A number were shared as well by the flightless 
gruiform Aptornis, although problems of comparability attended coding a number 
of features for this perhaps uniquely apomorphic genus, a member of the sister- 
group of the suborder Grues (Livezey 1998). 

Nine qualitative characters of the sternum were found in at least one species 
of flightless rallid (Figs. 61, 62), rmlging from several features of the carina sterni 
that were forrod in almost all flightless species (notably excluding subfossil Fu- 
lica) to a feature of the corpus sterni unique to Porzana severnsi (Table 58). One 
of these, a deepening of impressio m. sternocoracoidei on the processus craniola- 
teralis of the corpus sterni (Table 58: character H), is confounded in some flight- 
less rallids by a disproportionate elongation of the processus craniolateralis itself. 
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Irnpr. Jig. acrocor. cot. -- __ 

Fac. art. soap. cor. -- 

A Fac. lat. scap. • 

Corpus scapulae • • Ang. scap.-cor. (C) 

ßscap. 

Fac. art. hum. 

cot. 

Coracoideum 

B 

Fac. art. clav. 
col. 

Ang. med. cor. 

I•J 
1 cM 

scap.-cor. 

Marg. dors. scap 

Fac. med. scap. 

Coil. scap. 

-- Fac. dors. cor. 

Marg. vent. soap. 

-- Ang. lat. cor. 

FiG. 62. Right coracold and scapula of Railus longirostris (CM 11353) in articulation: A, lateral 
aspect; and B, roedial aspect. Acute angulus scapulocoracoidei (Table 60) of flighted rallids shown 
(letter corresponding to Table 58). See Appendix 3 for explanation of abbreviations for anatomical 
features. By S Townsendß 

Neither of these apomorphies were reflected in the modest suite of measurements 
analyzed in the morphometric comparisons (e.g., Tables 3 l, 40-42, 46-54; Figs. 
49-60). General aspects of the sterna of comparatively derived flightless rails are 
distinguished by a combination of three primary conformational shifts: extension 
of the processus craniolateralis; a retreat of the carina sterni (indicated by both a 
reduction in depth and a caudal displacement of the apex carina): and a truncation 
of the caudal margin of the element, acting especially on the central margo cau- 
dalis of corpus sterni and disproportionately less on both processes caudolaterales 
(Fig. 67). 

None of these characters were found to be unequivocally diagnostic of flight- 
lessness in rallids, that is, none were shared by all flightless rallids and found in 
no fiighted confamilial (Livezey 1998). To the extent that the sternum of com- 
paratively distantly related Aptornis could be compared with those of members 
of the Rallidae, the former showed substantial but not extreme apomorphy of 
these sternal features (Table 58). This interspecific range of sternal apomorphy 
identified several taxa showing extreme degrees of osteological changes that 
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A B Cot. scap. cor. Acrom. scap. (A) 
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FIG. 63. Right coracoid and scapula of Gallirallus auxtralis (USNM 19021) wi• flighdessness- 
related apomo•hies indicated (letters co•esponding to Tables 58 •d 59): A, coracoideum (dors• 
aspect); B, coracoideum (vent• aspect); •d C, scapula (lateral aspect). See Appendix 3 for expla- 
nation of abbreviations for •atomic• feat•es. The tuberc• tendo proxim•is m. expansor secun- 
dariorum •able 58, character B) is not evident. By S. Townsend. 

would be mirrored by other pectoral elements (e.g., Cabalus modestus, Capellir- 
allus karamu, and Atlantisia rogersi), as well as several showing minimal change 
(e.g., subfossil Fulica). The three endemics from Bermuda (Rallus ibycus, R. 
recessus, and Porzana piercei) showed moderate to strong apomorphy of the 
sternum (Table 58). However, with the exception of apomorphies of the humerus, 
these three extinct rallids show only minor qualitative changes in other pectoral 
elements (below). Alternative comparative methods applied to sterna include a 
canonical contrast of measurements (Table 54; Fig. 60) and a broader suite of 
diagrams of the element for rallids (Fig. 67). 

Five such features of the furcula (Fig. 61) were tallied for flightless rallids, all 
of which were possessed by a substantial majority of the species as well as Ap- 
tornis (Table 59). Three of five apomorphies of the scapula (Figs. 62, 63) were 
shared by the majority of flightless rallids and Aptomis (Table 60), with two being 
restricted to flightless Po•phyrio and Diaphorapteryx and noncomparable in Ap- 
tornis. Flightlessness-related apomorphies of the coracoid (Figs. 62. 63) were 
distributed much more sparsely among rallids; only Capellirallus karamu was 
typified by all four. Few of these features were comparable in the uniquely con- 
formed coracoid of Aptornis (Table 61). 

Enlargement of the angulus coracoscapularis (Table 62; Fig. 62), long recog- 
nized in the ratites and many flightless carinates {e.g., Owen 1879; FQrbringer 
1888, 1902; Kn/Spfli 1918; Nauck 1930a; Kaelin 1941; Livezey 1989d, 1992a) 
and inferred by some to be paedomorphic in rails (e.g., Olson 1973a), was con- 
firmed as indicative of flightlessness in a number of rallids. especially those show- 
ing profound anatomical changes in general (e.g., Po•phyrio hochstetteri, Gallir- 
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FIG. (34. Right humerus, ulna. and radius of Railus Iongirostri.• (CM 11353) with fiightlessness- 
related apomorphies indicated (letters corresponding to Tables 61 and 62): A. humerus (caudal aspect}: 
B, humerus (cranial aspect): C, ulna (ventral aspect): and D, radius (dorsal aspect). See Appendix 3 
for explanation of abbreviations for anatomical features. By S. Townsend. 

alhts australis-group. Athmtisia rogersi, and Porzana pahneri). Angles exhibited 
by flightless rallids lbrmed a virtual continuum of states l¾om acute to obtuse. 
However, a number of other flightless rallids showed such modest changes as to 
prevent confident assignment to one of the two broad apomorphic classes of 
angles (right and obtuse). The pectoral girdles of many more taxa were not pre- 
served in articulation and precise reconstructions were not feasible (e.g, most 
subfossil species and many modern species for which articulated skeletons were 
not available). Nonetheless, the tendency toward enlargement of this angle in 
flightless lineages was sustained, especially among those taxa showing both pec- 
toral reduction and increased body size (Table 62). 

Qualitative apomorphies of the humerus observed among flightless rallids (Figs. 
64, 65) were comparatively numerous (15 features; Table 63), and included char- 
acters found in almost all species assessed (e.g., reduced depth of fossa pneu- 
motricipitalis, and increased depth of fossa m. brachialis) to several that were 
limited to relatively few taxa (e.g., obsolesence of cristae pectoralis et bicipitalis, 
and marked angularity of proximal surface of facies caudalis of corpus). Where 
comparable, most of these apomorphies also characterized Aptornis (Table 63). 
As in most other apomorphies of skeletal elements, several taxa were exceptional 
in showing almost all of the lEatums (some to an extreme degree, e.g., Cabalus 
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FIG. 65. Right humerus of Gallirallus australis (USNM 19021) with flightlessness-related apo- 
morphies indicated (letters corresponding to Table 61}: A, humerus (caudal aspect}: and B, humerus 
(cranial aspect). See Appendix 3 tbr explanation of abbreviations tbr anatomical lEatures. By S. Town- 
send. 
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FIG. 66. Right ulna and carpometacarpus of Gallira//us au.¾trali.¾ (USNM 19021) with flightless- 
ness-related apomorphies indicated (letters corresponding to Table 62): A, ulna (dorsal aspect); B, 
carpometacarpus (dorsal aspect); and C, carpometacarpus {ventral aspect) See Appendix 3 lbr expla- 
nation of abbreviations tbr anatomical tEamres. By S. Townsend. 
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TABLE 58. Apomorphies of sterna of flightless species of Rallidae and Aptor- 
nithidae, based on subjective comparisons with close, flighted relatives. Codes are 
absent (C)), present (x), extreme (xx), or not comparable (NC). Apomorphies 
are identified by corresponding letters.* Brackets indicate marginal conditions and 
dashes that specimens were not available. Sternal data were completely lacking 
for Porphyrio kukwiedei, Nesotrochis debooyi, N. picapicensis, Porzana astric- 
tocarpus, P. ziegleri, P. rnenehune, P. ralphorurn, P. sandwichensis, and Tribonyx 
repertus. 

Flightlessness-related apomorphy of s•rnum* 

Species A B C D E F G H I 

Porphyrio mantelli 
Porphyrio hochstetteri 
Habroptila wallacii 
Nesotrochis steganinos 
Cyanolimnas cerverai 
Dryolimnas aldabranus 
Rallus recessus 
Rallus ibycus 
Gallirallus australis 

Gallirallus greyi 
Gallirallus dieffenbachii 
Gallirallus owstonii 
Gallirallus wakensis 
Tricholimnas lafresnayanus 
Tricholimnas sylvestris 
Nesoclopeus poecilopterus 
Cabalus modestus 
Capellirallus karamu 
Habropteryx okinawae 
Aphanapteryx bonasia 
Erythromachus leguati 
Diaphorapteryx hawkinsi 
Atlantisia rogersi 
"Atlantisia" elpenor 
Porzana piercei 
Porzana palmeri 
Porzana atra 
Porzana keplerorum 
Porzana severnsi 
Amaurornis ineptus 
Pareudiastes pacifica 
Gallinula nesiotis 
Gallinula comeri 

Tribonyx mortierii 
Tribonyx hodgenorum 
Fulica chathamensis 
Fulica prisca 
Fulica newtoni 

Aptornithidae 
* A, carina sterni reduced ventrally, margo ventralis straight; B, spina ex•:rna bifurcated to obsolete, associated with medial separation 

of sulci articulares coracoidei; C, carina sterni, apex carina, and margo cranialis dorsocaudally shifted; D, carina sterni, apex carina 
bifurcate; E, carina s•rni, margo cranialis, sulcus cadnee deepened; E carina stemi, caudal terminus on facies musculads relatively 
cranial, producing abbreviamd planum postcarinale; G, corpus sterni, margo caudalis, and trabecula mediana poorly ossified, shortened; 
H, corpus sterni, processus craniolateralis, impressio m. sternocoracoidei extraordinarily deep, suggesting relatively large m. sternocor- 
acoideus reducing kinesis of articulatio sternocoracoidale; I, corpus stemi, irregular fenestrae perforating basin, reflecting incomplete 
ossification. 
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TABLE 59. Apomorphies of claviculae of flightless species of Rallidae and Ap- 
tomithidae, based on subjective comparisons with close, flighted relatives. Codes 
are absent (¸) or present (X). Apomorphies are identified by corresponding let- 
ters.* Brackets indicate marginal conditions and dashes that specimens were not 
available. Clavicular data were completely lacking for Porphyrio kukwiedei, Ne- 
sotrochis spp., Tricholimnas lafresnayanus, Rallus ibycus, Habropteryx okinawae, 
Erythromachus leguati, Porzana astrictocarpus, P. piercei, subfossil Porzana 
from Hawaii, P. sandwichensis, Tribonyx repertus, T. hodgenorum, and Fulica 
newtoni. 

Flightlessness-related apomorphies of claviculae* 

Species A B C D E 

Porphyrio rnantelli X C) X C) X 
Porphyrio hochstetteri X C) X C) X 
Habroptila wallacii X X X X X 
Cyanolimnas cerverai C) [x] C) x -- 
Dryolimnas aldabranus C) C) C) C) C) 
Railus recessus 0 0 0 0 0 
Gallirallus australia X X X X X 

Gallirallus greyi X • X X X 
Gallirallus dieffenbachii X • C) C) X 
Gallirallus owstonii 0 [X] 0 0 0 
Gallirallus wakensis ¸ X ¸ C) X 
Tricholimnas sylvestris X X X X X 
Nesoclopeus poecilopterus X X X X X 
Cabalus modestus X X X X X 

Capellirallus karamu -- X X X X 
Habropteryx okinawae X -- C) X X 
Aphanapteryx bonasis X X C) 0 • 
Diaphorapteryx hawkinsi X X X X X 
Atlantisia rogersi X X X X X 
"Atlantisia" elpenor X X X X [X] 
Porzana palmeri X X X X 0 
Porzana atra [X] 0 0 0 0 
Amaurornis ineptus X X X X X 
Pareudiastes pacifica X -- X X X 
Gallinula nesiotis C) 0 X 0 X 
Gallinula comeri 0 0 X 0 X 
Tribonyx mortierii 0 X ¸ [ X ] 0 
Fulica chathamensis C) X 0 X X 
Fulica prisca C) X 0 X X 

Aptornithidae X -- X X X 

* A, scapus claviculae, torsion or craniocaudal compression, especially dorsally; B, extremitas stemalia claviculae, reduction or loss 
of processus (dorsalis) interclavicularis; C, scapus claviculae, increase in lateral divergence, especially dorsally; D, scapus claviculae, 
reduction of width ventrally; E, scapus claviculae, reduction or loss of craniocaudal curvature. 

modestus, Capellirallus kararnu, Diaphorapteryx hawkinsh Aphanapteryx bona- 
sis, and Atlantisia rogersi), whereas other taxa showed comparatively few (e.g., 
Dryolirnnas aldabranus, Gallirallus owstoni, and Fulica newtoni). 

Flightlessness-related features of the more-distal alar elements comprised two 
features of the ulna and three of the carpometacarpus (Table 64; Fig. 66). The 
two ulnar characters were shown by roughly one third of the flightless rallids for 
which this element was available. Those taxa showing this element were among 
the taxa consistently showing qualitative apomorphies throughout the pectoral 
apparatus (e.g., Porphyrio hochstetteri, Gallirallus australia-group, Cabalus rno- 
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TABLE 60. Apomorphies of scapulae of flightless species of Rallidae and Ap- 
tornithidae, based on subjective comparisons with close, flighted relatives. Codes 
are absent (C)), present (x), extreme (x x), or noncomparable (NC). Apomorphies 
are identified by corresponding letters.* Brackets indicate marginal conditions and 
dashes that specimens were not available. Scapular data were completely lacking 
for Porphyrio kukwiedei, Nesotrochis picapicensis, Tricholimnas lafresnayanus, 
Habropteryx okinawae, Aphanapteryx leguati, Porzana astrictocarpus, subfossil 
Porzana from Bermuda and from Hawaii (exclusive of P. severnsi), P. sand- 
wichensis, Amaurornis ineptus, Tribonyx repertus, and Fulica newtoni. 

Flightlessness-related apomo•phies of scapula* 

Species A B C D E 

Porphyrio mantelli 
Porphyrio hochstetteri 
Habroptila wallacii 
Nesotrochis debooyi 
Nesotrochis steganinos 
Cyanolimnas cerverai 
Dryolimnas aldabranus 
Rallus recessus 

Rallus ibycus 
Gallirallus australis 

Gallirallus greyi 
Gallirallus dieffenbachii 
Gallirallus owstoni 
Gallirallus wakensis 
Tricholimnas sylvestris 
Nesoclopeus poecilopterus 
Cabalus modestus 

Capellirallus karamu 
Habropteryx okinawae 
Aphanapteryx bonasia 
Diaphorapteryx hawkinsi 
Atlantisia rogersi 
"Atlantisia" elpenor 
Porzana piercei 
Porzana atra 
Porzana palmeri 
Porzana severnsi 
Pareudiastes pacifica 
Tribonyx hodgenorum 
Tribonyx mortierii 
Gallinula nesiofis 
Gallinula comeri 
Fulica chathamensis 

Fulica prisca 

Aptornithidae 

* A, extremitas cranialis scapulae, acromion reduced, rounded; B, coilurn scapulae, modal reduction or loss of tuberculum m. expansor 
secundariomm; C, magulus coracoscapularis, enlargement from acute to obtuse; D, synostosis coracoscapularis (infrequent); E, co•pus 
scapulae, modal "timaging" caudally. 

desms, Capellirallus karamu, Aphanapteryx bonasia, Erythromachus leguatL and 
Diaphorapteryx hawkinsi, but not Atlantisia rogersi). Two of the three carpo- 
metacarpal apomorphies showed similar distributions, whereas one (partial occlu- 
sion of spatium intermetacarpale) was only typical of the sister-species Porphyrio 
rnantelli and P. hochstetteri (Table 64). 
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TABLE 61. Apomorphies of coracoidea of flightless species of Rallidae and Ap- 
tornithidae, based on subjective comparisons with close, flighted relatives. Codes 
are absent (¸), present (x), extreme (x x), or noncomparable (NC). Apomorphies 
are identified by corresponding letters.* Brackets indicate marginal conditions and 
dashes that specimens were not available. Coracoidal data were completely lack- 
ing for Porphyrio kukwiedei, Nesotrochis steganinos, N. picapicensis, Erythro- 
machus leguatL Porzana astrictocarpus, P. piercei, subfossil Porzana from Ha- 
waii (exclusive of P. severnsi), P. sandwichensis, Amaurornis ineptus, and 
Tribonyx repertus. 

Flightlessness-related apomorphies of coracoidea* 

Species A B C D 

Porphyrio mantelli X 
Porphyrio hochstetteri X C) C) C) 
Habroptila wallacii 
Nesotrochis debooyi 
Cyanolimnas cerverai X 
Dryolimnas aldabranus 
Rallus recessus C) C) C) C) 
Rallus ibycus X 
Gallirallus australis X 
Gallirallus greyi X 
Gallirallus dieffenbachii C) C) C) C) 
Gallirallus owstoni C) C) C) C) 
Gallirallus wakensis 
Tricholimnas lafresnayanus X 
Tricholimnas sylvestris X 
Nesoclopeus poecilopterus [ X ] ¸ -- -- 
Cabalus modestus X 
Capellirallus karamu X X X X X 
Habropteryx okinawae X 
Aphanapteryx bonasia X 
Diaphorapteryx hawkinsi X 
Atlantisia rogersi X 
"Atlantisia" elpenor 
Porzana piercei C) C) C) C) 
Porzana palmeri C) C) C) C) 
Porzana atra 
Porzana severnsi C) C) C) C) 
Pareudiastes pacifica X 
Tribonyx hodgenorum X 
Tribonyx mortierii 
Gallinula nesiotis C) C) C) C) 
Gallinula comeri 
Fulica chathamensis 
Fulica prisca 
Fulica newtoni ¸ -- ¸ -- 

Aptornithidae NC NC NC X 

* A, corpus coracoidei, margo mediails bowed; B, extremitas stemalis coracoidei, margo medialis, 
extremitas stemalis coracoidei, facies dorsalis, impressio m. sternocoracoidei shallow (X) or virtually 
tremitas sternalis coracoidei, margo lateralis, processus lateralis lacking. 

"crista mediaIls" obsolete; C, 
indistinguishable (X X); D. ex- 

INTERSPECIFIC SCALING BETWEEN APPENDICULAR CROSS SECTIONS AND LENGTHS 

Whichever of the competing principles posited to explain interspecific trends 
in relative robustness of skeletal appendicular elements (e.g., symmorphosis, elas- 
ticity, or margins of safety), the profound reduction in stress experienced by pec- 
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toral elements of flightless birds predictably should be associated with reductions 
in strength of the structural constituents of the wing. General shortening and 
reductions in width of most flightless rallids, although diverse in magnitude (Ta- 
bles 30-33), was verified directly, but interspecific trends in widths (or preferably 
estimates of cross section or circumference) relative to lengths required special 
techniques. Accordingly, a suite of traditionally familiar and widespread allome- 
tric analyses was employed, in which interspecific scaling of estimated cross- 
sectional areas with corresponding lengths of major appendicular elements were 
compared between flighted and flightless rails (Table 65). 

However, patterns indicated by these assessments were not predictable from a 
superficial estimate of likely functional stresses and other parameters, which 
would lead to the comparatively intuitive expectation that flighted species should 
show scaling of appendicular robustness of the pectoral limb that is greater than 
that of flightless confamilials, whereas the opposite expectation would pertain to 
pelvic elements. Confounded in part by the impossibility of strict pairwise com- 
position of the taxonomic samples in each class (e.g., the existence of a number 
of genera containing only flighted or flightless rails, several quite distinctive mor- 
phologically), as well as proportionately greater pure error, several elements did 
not conform with the simple predictions. Among the pectoral elements compared, 
scaling of robustness of humeri did not differ significantly between groups, and 
ulnae showed slightly higher scaling of robustness in flightless species than in 
flighted species (Table 65). Among pelvic elements subjected to this approach, 
the femur did not conform with expectations based on predicted stress, and 
showed slightly higher scaling of robustness in flighted species than in flightless 
(Table 65). If representative, these departures from logical expectation may in- 
dicate that the shortening of antebrachial elements undergone by flightless line- 
ages led by ontogenetic canalization to disproportionately stout elements (at least 
in comparatively small and large species), and that the stress to which femora are 
subjected in takeoff and landing by flighted rails supersede ambulatory stresses 
in flightless rallids. 

PECTORAL MUSCULATURE 

DESCRIPTIVE MYOLOGY 

Scope and emphasis.--Traditional descriptions of the origins, corpora, and in- 
sertions of each muscle of the pectoral girdle and limb of one or more exemplars 
of the rallids that were dissected, the vast majority of which would duplicate the 
accounts provided by Rosser (1980) for Fulica, were waived for this analysis. 
Instead, descriptive accounts of the pectoral musculature of rails dissected in this 
study are limited to differences apparently associated with the loss of flight, in- 
cluding comparisons with myological study of other flightless birds (e.g., Livezey 
1990, 1992a, b); general differences among taxa that were not reported by Rosser 
(1980) for Fulica americana or McGowan (1986) for Gallirallus australis, with 
secondary reference to the works by Fisher and Goodman (1955) and Berger 
(1956a) on Grus and to Vanden Berge (1970) on the Ciconiiformes; anomalous 
variation within taxa; and differences between findings made from the present 
work and the descriptions by Lowe (1928a), Rosser (1980), and McGowan (1986). 
The accounts that follow generally treat proximal muscles before distal muscles, 
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TABLE 62. Angulae coracoscapulares of adequately represented species of Ral- 
lidae, allocated into one of three ranges: acute (<90ø), approximately right (--90ø), 
or obtuse (>90ø). Brackets indicate estimate based on disarticulated elements; 
asterisks mark flightless species. 

Taxa Angulus coracoscapularis 

Swamphens 

Porphyrio porphyrio-group Acute 
Porphyrio rnantelli* Obtuse (slight) 
Porphyrio hochstetteri* Obtuse (slight) 
Porphyrula alleni Acute 
Porphyrula martinica Acute 
Porphyrula fiavirostris Acute 

Wallace's Rail and allies 

Gymnocrex plumbeiventris Acute 
Habroptila wallacii* Right 

Cave-rails and allies 

Eulabeornis castaneoventris Acute 

Aramides ypecaha Acute 
Aramides cajanea-group Acute 
Canirallus oculeus Acute 
Canirallus kioloides Acute 

Zapata Rail and allies 
Ortygonax sanguinolentus Acute 
Ortygonax nigricans Acute 
Pardirallus maculatus Acute 

White-throated rails 

Dryolimnas cuvieri Acute 
Dryolirnnas aldabranus* Acute (approaching right) 

Rallus sensu stricto 

Rallus aquaticus-group Acute 
Rallus limicola Acute 

Rallus longirostris-group Acute 
Rallus elegans-group Acute 

Gallirallus and allies 

Gallirallus pectoralis Acute 
Gallirallus rnuelleri Acute 
Gallirallus striatus Acute 

Gallirallus australis* Right (approaching obtuse) 
Gallirallus greyi* Right (approaching obtuse) 
Gallirallus philippensis-group Acute 
Gallirallus owstoni* Right (slight) 
Gallirallus wakensis* Right 
Habropteryx torquatus-group Acute 

Problematic subfossil rails 

Aphanapteryx bonasia* [Right or obtuse] 
Erythromachus leguati* -- 
Diaphorapteryx hawkinsi* [Obtuse] 

Atlantisia and allies 

Atlantisia rogersi* Right (approaching obtuse) 
Laterallus jarnaicensis Acute 
Laterallus leucopyrrhus Acute 
Coturnicops noveboracensis Acute 
Crex crex Acute 
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TABLE 62. Continued. 

Taxa Angulus coracoscapularis 

Gray crakes and allies 
Porzana palmeri* Right (approaching obtuse) 
Porzana carolina Acute 
Porzana albicollis Acute 

Porzana pusilla Acute 
Porzana tabuensis Acute 
Porzana toonasa* -- 

Porzana atra* Approximately right 
Porzana fiavirostra Acute 

Waterhens 

Amaurornis olivaceus-group Acute 
Amaurornis phoenicurus Acute 
Amaurornis ineptus* Approximately right 

Moorhens and allies 

Gallicrex cinerea Acute 

Tribonyx ventralis Acute 
Tribonyx mortierii* Right 
Gallinula nesiotis* Right 
Gallinula comeri* Right 
Gallinula tenebrosa Acute 

Gallinula chloropus-group Acute 
Coots 

Fulica armillata Acute 

Fulica cornuta Acute (slightly enlarged) 
Fulica gigantea Acute (slightly enlarged) 
Fulica americana-group Acute 
Fulica atra Acute 

and consider superficial elements of the musculature before deeper elements. 
Throughout an effort was made to relate myological features to associated ar- 
thrological and osteological characters. 

Essential comparisons of musculature.-•Initial preparation for dissection un- 
derscored the disparity of gross appendicular robustnessness in extremely derived 
examples of flightless rails) e.g., Atlantisia rogersi [Fig. 68]) and foreshadowed 
corresponding diminution of the underlying pectoral musculature. The largest of 
the pectoral muscles (m. pectoralis pars stemobrachialis [thoracica]) manifested 
the most pronounced differences in robustness between flighted and flightless 
relatives on superficial examination (Figs. 69-72). Prime examples of well-dif- 
ferentiated muscles throughout the pectoral girdle and limb were those of migra- 
tory Coturnicops noveboracensis and (to lesser degree) Crex crex, especially rel- 
ative to body size. In all rallids, origiones m. pectoralis were extensive, with the 
primary origo being from the facies stemi, despite the generality that rallids have 
comparatively small mm. pectoralis et supracoracoideus (Hartman 1961; Rayner 
1988a). 

Origo m. pectoralis also extended to the ventral portions of the costae stemales 
(Fig. 72) (pars costobrachialis of Simic and Andrejevic [1963, 1964] and adopted 
by Vanden Berge and Zweers [1993]) and the lateroventral margins of the cla- 
viculae (pars stemobrachialis [in part] of Simic and Andrejevic [1963, 1964]). 
The belly of m. pectoralis sensu lato also enveloped the ventral surfaces of the 
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TABLE 64. Qualitative changes in ulnae and carpometacarpi of flightless species 
of Rallidae and Aptomithidae, based on subjective comparisons with flighted, 
close relatives. Codes are absent (¸), present (X), extreme (X X), or noncompa- 
rable (NC), with direction indicated by associated sign. Apomorphies are identi- 
fied by corresponding letters. Brackets indicate marginal conditions and dashes 
that specimens were not available. 

Flightlessness-ralated apomorphies* 

Ulna Carpometacarpus 

Species A B A B C 

Porphyrio rnantelli 
Porphyrio hochstetteri 
Porphyrio kukwiedei 
Habroptila wallacii 
Nesotrochis debooyi 
Nesotrochis steganinos 
Cyanolimnas cerverai 
Dryolimnas aldabranus 
Rallus recessus 
Rallus ibycus 
Gallirallus australis 
Gallirallus greyi 
Gallirallus dieffenbachii 
Gallirallus owstoni 
Gallirallus wakensis 
Tricholimnas lafresnayanus 
Tricholimnas sylvestris 
Nesoclopeus woodfordi 
Cabalus modestus 

Capellirallus karamu 
Habropteryx insignis 
Habropteryx okinawae 
Aphanapteryx bonasia 
Erythromachus leguati 
Diaphorapteryx hawkinsi 
Atlantisia rogersi 
"Atlantisia" elpenor 
Porzana piercei 
Porzana astrictocarpus 
Porzana palmeri 
Porzana atra 
Porzana ziegleri 
Porzana menehune 
Porzana keplerorum 
Porzana severnsi 
Amaurornis ineptus 
Tribonyx hodgenorum 
Tribonyx mortierii 
Gallinula nesiotis 
Gallinula comeri 
Fulica chathamensis 
Fulica prisca 
Fulica newtoni 

Aptornithidae 
* Ulna: A, extremitas proximalis ulnae, processus cotylaris dorsalis and cowlaris ventralis disproportionately large; B, corpus ulnae, 

relative craniocaudal curvature great (+) or lessened (-). Carpometacarpus: A, extremitas proximalis carpometacarpi, processus pisi- 
formis reduced; B, corpus carpometacarpi, spafium intermetacarpale, partial occlusion by osseus lamina (Porphyrio (m.) hochstetteri, 
NZNM 24057); C, extremitas distalis carpometacarpi, cranially directed curvature. 
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coracoid and mm. supracoracoideus et coracobrachialis caudalis (Figs. 71-72). 
However, in a minority of flightless species, reduction of m. pectoralis pars ster- 
nobrachialis (thoracica) extended to the skeletal elements from which origo m. 
pectoralis arose; for example, in Nesoclopeus poecilopterus, pars thoracica was 
confined largely to the sternum, barely extending onto the lateral surfaces of the 
ventral ends of the adjacent costae stemales. In all flightless species, m. pectoralis 
pars stemobrachialis (thoracica) was reduced in all dimensions to varying degrees, 
notably length, width, and depth of the belly, changes that were roughly propor- 
tional to reductions of the underlying sternum. M. pectoralis pars stemobrachialis 
(thoracica) was extremely thin in Atlantisia rogersi, but nonetheless extended 
laterally to include the ventral extremities of the costae stemales. 

Masses of the two major breast muscles (mm. pectoralis et supracoracoideus) 
displayed a predictable general pattern of relative reduction with the loss of flight 
in members of the Rallidae (Figs. 69-73). Whether based on the few published 
data for fresh specimens or estimates based on birds dissected in the present study, 
the proportion of mean body mass composed by ram. pectoralis et supracoracoi- 
deus in flighted rallids was approximately two to eight times (on average three 
to four) greater than that in flightless relatives (Tables 66, 67). The decrease in 
relative mass of breast muscles necessarily was most marked in those flightless 
species in which breast muscles were absolutely smaller, but mean body mass 
was larger, than in flighted relatives (e.g., Porphyrio hochstetteri, Habroptila wal- 
lacii, Cyanolimnas cerverai, Gallirallus owstoni, Tricholimnas sylvestris, Neso- 
clopeus poecilopterus, Porzana atra, Tribonyx mortierii, and Gallinula comeri). 
Smaller decreases in relative mass of breast muscles were indicated in flightless 
lineages characterized by larger body size and absolutely larger (but relatively 
smaller) breast muscle masses, that is, those with pronounced negative allometry, 
but absolute increases in mass of breast muscles pertains (e.g., Gallirallus aus- 
tralis-group, Habropteryx okinawae, and Amaurornis ineptus). Perhaps most no- 
table were the decreases in relative masses of breast muscles indicated for several 

flightless taxa having small overall body masses than their flighted relatives (i.e., 
those in which dwarfism is inferred), in that these taxa showed substantial de- 
creases in the former despite an overall reduction in body size that obscured to 
some extent the diminution of breast musculature (e.g., Dryolimnas aldabranus, 
Gallirallus wakensis, and probably Atlantisia rogersi). 

The pectoralis complex also included a distinct pars subcutanea thoracica and 
variably differentiated, generally indistinct pars propatagialis in all rallids exam- 
ined (Figs. 69-71). For example, pars subcutanea thoracica was well developed 
and extended 35 mm obliquely lateroventrad in flightless Nesoclopeus poecilop- 
terus. The fibers that act primarily on tendo propatagialis, nominally constituting 
pars propatagialis, formed a vaguely distinguishable portion of the laterocranial 
extremity of m. pectoralis, confined to a region lateral to the furcula. As Mc- 
Gowan (1986) observed in Gallirallus australis, m. pectoralis pars propatagialis 
was only weakly discernible in most rallids, regardless of taxon or flight capacity 
(Fig. 74). For example, pars propatagialis was at least as well differentiated in N. 
poecilopterus and Atlantisia rogersi as in most flighted species dissected, although 
in A. rogersi the propatagial slip lacked a tendon entirely, with the insertio pro- 
patagialis comprising only fleshy fibers. By contrast, pars propatagialis was stout 
in Pareudiastes pacificus but small and distinctly tendinous in Porzana palmeri. 
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1 CM 

FIG. 67. Diagrammatic illustrations of sterna (corpus sterni) of •lected species of Rallidae, later- 
oventral views: A, Porphyrio melemotus (BMNH 1872-10-25-25): B, P. hocbstetteri (BMNH 11574-9-3); 
C, Porpbyrula etlle•ti (BMNH 1961-11-1): D, Eulabeornis cast•meoventris (CSIRO 30): E, Aretmides 
ypecabet (BMNH 1898-12-3-95): F, Cetnirallus kioloides (BMNH 1929-8-4.1 I ): (;, Setrotbruret elegett•s 
(BMNH 1997-34-1); H, Drvolimnem abbotti (BMNH 1910-4-8-1); I, D. aldabranus (BMNH 
1989-38-4): J, Amaurolimna.v concolor (BMNH 1847-6-16-86); K, R,Ilus etquaticus (BMNH 
1986-36-4): L, Gallirallus etustredis (BMNH 11596-2-16-40); M, Tricbolinmas sylvestris (BMNH 
1939-12-9-3705): N, Latercallus leucopvrrhus (BMNH 1967-1-3): O~ Athmti.•'iet rogerxi (BMNH 
1924-1-2-2); P, Porzema pusilla (BMNH 1897-5-10-2); Q, P. petitned (BMNH 1972-1-63): R, Ametu- 
rorni.v pboenicurux (BMNH 1993-5-1 ); $, Gallinulet cbloropu,•' (BMNH 1975-93-1 ); T, G. (n.) nesiotis 
(BMNH 1952-3-14): U, G. (n.) comeri (BMNH 1974-19-2); V, Tribonyx ventralis (BMNH 1966.50-7); 
W, T. mortierii (BMNH 1970-4.2); X, Fulicet etmericemet (BMNH 1977-151.3). 
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U• • -• 
FiG. 67. Continued. 

The second-largest pectoral muscle (m. supracoracoideus) showed negligible 
interspecific variation in the extent of the origin, with the substantial diH•rences 
in bulk of the muscle instead corresponding to the extent of the membrana ster- 
nocoracoclavicularis craniomedially and the relative depth and length of the carina 
sterni (specifically impressio m. supracoracoideus) caudomedially (Figs. 72-74). 
M. supracoracoideus was weakly developed in Gallira!lus wakensis and Atlantisia 
rogersi, with the condition in the former being especially striking in light of the 
comparatively larger body size of the species. However, in flightless and dimin- 
utive Porzana palmeri (Fig. 74), m. supracoracoideus was disproportionately large 
relative to the overlying m. pectoralis pars sternobrachialis (thoracica). 

TABLE 65. Statistics of interspecific allometry (Y = aX •') of estimated cross- 
sectional areas with lengths of major appendicular elements for flighted and flight- 
less species of Rallidae. 

Flighted species (n = 40) Flightless species (n = 25) Intergroup ditli•rence 

lnlercepl .Slope Intercept .Slope Significance 
Element I•} Ib -+ SE) Idl (b •+ SE} E value IP) 

Humerus -5.95 2.02 _+ 0.07 -6.95 2.19 -+ 0.07 1.94 >0.15 
Radius 6.55 1.97 -+ 0.12 -5.93 1.92 - 0.13 11.52 <0.0001 

Ulna -5.14 1.88 -+ 0.04 -5.08 1.92 -+ 0.09 21.57 <0.00001 

Femur -8.14 2.43 _+ 0.06 -7.60 2.37 +_ 0.07 7.55 ,-0.005 
Tibiotarsus -7.18 2.08 +_ 0.06 -8.25 2.28 _+ 0.08 26.24 <0.00001 

Tarsometatarsus -5.52 1.98 _+ 0.08 6.42 2.19 _+ 0.14 24.21 <0.00001 
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Cub. 

Ung. dig. alu. Rein alu. 

FIG. 68. Corpus of Atlantixia roger, i (DMNH 20762), lateral view with l•athers removed, illus- 
trating gross relative si•e of pectoral appendage. Anatomical abbreviations are defined in Appendix 3. 

Perhaps the most striking aspect of the superficial breast musculature associated 
with flightlessness in rallids was the relative position of the articulatio sterno- 
clavicularis (i.e., of the apophysis furculae and apex carina stemi) and the asso- 
ciated caudal extension and orientation of insetrio m. cucullaris capiris pars clav- 
icularis (Figs. 69-72, 73). In most flightless species having undergone significant 
reduction of the carina stemi, the apex carina was positioned caudad relative to 
the corpus stemi, with the pila carinae sloping caudomediad to the overlying 
musculature. In those taxa manifesting this condition, the articulatio stemoclavi- 
cularis was shifted COtTespondingly caudad, as were the bilaterally paired bellies 
of m. cucullaris capitis pars clavicularis (Figs. 69-72). This repositioning of skel- 
etal and muscular structures in flightless rallids resulted in a variably striking 
ventral aspect in which the angulus defined by the furcula is comparatively acute 
and accentuated by the identically oriented m. cucullaris capiris pars clavicularis, 
with the latter producing a chevron-shaped aspecl in ventral view (Figs. 69-72). 

Dorsally, the superficial layers of muscles showed modest, but taxonomically 

M. long. col. vent 1•,,•¾1•!!• i. cuc. cap. clavlc. M. supracor 

(deep) . L/i!½I gl,;/ •, /• . Ineg .... t 

M. pect st .M. pect. costobra 
M. pact. subcut. ' •.• •IF] • ' • 

Marg. vent. car. ster. 

F[•. 69. Pectoral musculature ofAt/cmti•ia rogerM (DMNH 20762), breast, •uperficial layer, ventral 
view. Anatomical abbreviations are defined in Appendix 3. 
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M. cuc. cap. clavic. 

M. pect. propat. i• • 
M, pect. subcut. thor. •'7// I 

M. hum.-tric, 

M. supracor. 

1 Cbl 

Marg. vent. car. ster. 

M. pect. sternobra. / 

Plan. postcram ster. -- 

FIG. 70. Pectoral musculature of Porzana palmeri (BMNH 1940.12.8.13), breast, superficial layer, 
ventral view. Anatomical abbreviations are defined in Appendix 3. 

varying alterations associated with the loss of flight (Figs. 75-87). Mm. latissimus 
dorsi partes cranialis et caudalis were thinner in flightless species, with less ob- 
vious narrowing of sheets as well. However, the specimen of Gallirallus australis 
dissected here was unusual, in that origiones mm. latissimus dorsi cranialis et 
caudalis were essentially continuous, lacking the distinct, variably broad separa- 
tion between partes cranialis et caudalis found in all other rallids. The two bellies 
became distinct distally, with the insertions being of typical conformation. Other 
variations in this muscle complex included the apparently bipartite conformation 
of m. latissimus dorsi cranialis in Habropteryx okinawae (each having origins of 
7 mm width). M. latissimus dorsi pars propatagialis was well developed in Tri- 
cholirnnas sylvestris (origo 6 mm, insertio 9 mm). This specimen of T. sylvestris 
also included several dermal components craniad to m. latissimus dorsi propata- 
gialis, which originated in the dermis of the laterocervical region and were inter- 
preted to represent m. cucullaris capitis pars propatagialis. Similar proximal der- 
mal components of the propatagium were detected in Nesoclopeus poecilopterus 

M. cuc. cap. clavic. 

M. cor.-bra. caud. 

(deep) 

M. pect. 

M. pect. subcut. thor. 

M. pect. costobra. 

M. supracot. (deep) 

Marg. vent. car. ster. 

1CM 

FIG. 71. Pectoral musculature of Pareudiastes pacificus (BMNH 1874.2-20.38), breast, superficial 
laye• dorsolateral view. Anatomical abbreviations are defined in Appendix 3. 
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M peet. subcut thor. 

M. cuc. cap. propat 

cap clavic M. peet. propa• I •'•"• M cuc M. bic. bra propat 

Li9- propat. elas. 

Apon. vent. antebr LI9. propat. 
:• Clawcula 

Apon. ulncarp-rem , 
M. a bd. a lu .... t. •/• '-.• i• .•. •• • st er 

M. fl .... I•u • •••• •%••• 7/• • Mar 9 vent M. add. alu. / car ster. 

disl. Symp. metacarp. / sternobra 

Phal. dist. #. 

t•.• Ligg. elas. Rem sec. dig. maj. 
' interrem. ma I. 

• Rem. prim ur M. exp. sec., pars dist. Trab. med ster. 
IVt. exp. sec., tendo prox. 

M. hum -tric. 

FIG. 72. Pectoral musculature of Gallinula comeri (BMNH 1922-12-6-221), breast and extended 
wing, •uperficial layer (remiges attached), ventral view. Anatomical abbreviations are defined in Ap- 
pendix 3. 

M. supracor. 

Cap. hum. / 
• Clawcula 

M. cor.-bra. caud. 

Costa -- Crus 

t CM 
M. pect 
costobra., ori9o 

(superficial) 
Trab inter. steL Cartila9o 

furc. 

,,/Apex car. ster. 

Marc. vent. car 
/ ster. 

M. pect. 
sternobra., orlõo 
(superficial) 

FIG. 73. Pectoral musculature of Gallintda comeri (BMNH 1922-12-6-221 ), breast, deep layer (with 
extent of overlying m. pectoralis indicated by stippled overlay), ventral view. Anatonfical abbreviations 
are defined in Appendix 3. 
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TABLE 66. Masses (g) of fresh breast muscles of species of Rallidae. Estimates 
were based on single specimens unless sample size (n) follows mean. Percentages 
of body mass were based on species means (Appendix 1) if figures for dissected 
specimens not given. Flightless species are marked by asterisks. 

Mass (n > 1), % of mean body mass 

M. supra- 
Taxon M. pectoralis coracoideus Source 

Porphyrio melanotus 
Porphyrio hochstetteri* 
Porphyrula martinica 

Aramides cajanea-group 
Gallirallus philippensis-group 
Gallirallus owstoni* 

Laterallus albigularis 
Crex crex 

Amaurornis ineptus 
Gallinula chloropus-group 
Fulica (a. ) americana 

93.5 (33), 9.8% 12.9 (33), 1.4% 
34.9 (3), 1.4% 9.8 (3), 0.4% 
-- (3), 8.9% -- (3), 1.1% 
-- (6), 8.6% -- (6), 1.3% 
-- (6), 8.6% -- (6), 1.3% 
[11.4], 5.8% [2.2], 1.1% 
15.8 (5), 6.9% 1.8 (0.8%) 

-- (6), 7.0% -- (6), 1.3% 
[24.3], 15.7% [3.4], 2.2% 
--22, 2.4% -- 
-- (3), 10.2% -- (3), 1.5% 
-- (3), 8.2% -- (3), 1.2% 

B. Reid fide McNab (1994a) 
B. Reid fide McNab (1994a) 
Hartman (1961) 
Hartman (1961) 
Hartman (1961) 
B eauchamp (1987a) 
S. L. Olson fide McNab 

(1994a), amended by single 
specimen 

Hartman (1961) 
Beauchamp (1987a) 
B. McNab (pets. comm.) 
Hartman (1961) 
Hartman (1961) 

(Fig. 85). These relatively small derreal components may occur in all rallids to 
variably limited degrees, but these tiny patagial slips were detected only in some 
of the largest specimens dissected, which in this study coincidentally were flight- 
less. 

However, contrary to the description by McGowan (1986), m. latissimus dorsi 
pars metapatagialis was present and broad in Gallirallus australis and all other 
rallids, and typically was a single-layered sheet of narrower width arising from a 
portion of the underlying origo m. latissimus dorsi caudalis (Figs. 75-77, 79, 84, 
86-87). In Porzana palmeri, m. latissimus dorsi metapatagialis was represented 
only by a thin, fiberless fascia having a 5-mm origo and extending obliquely 1- 
5 mm laterad to the spinae dorsales vertebrales, inserting in the proximal margin 
of the metapatagium (Figs. 76, 79). However, this muscle was reasonably robust 
in other flightless rallids; for example, it was broad, well developed, and fibrous 
throughout in Nesoclopeus poecilopterus. 

Musculus rhomboideus superficialis extended significantly craniad to m. latis- 
simus dorsalis pars cranialis, whereas margo cranialis of m. rhomboideus profun- 
dus approximated that of m. latissimus dorsi pars cranialis in all rallids examined 
(Figs. 76-80). The fibrous portions of m. rhomboideus superficialis and (espe- 
cially) m. rhomboideus profundus began comparatively caudad in some flightless 
species (e.g., one of two specimens of Porphyrio hochstetteri, Habroptila wallacii, 
Gallirallus australis, Habropteryx okinawae, Atlantisia rogersi, Porzana palmeri, 
and Tribonyx mortierii). However, m. rhomboideus profundus was well developed 
in the flightless taxa Dryolimnas aldabranus, Nesoclopeus poecilopterus, Atlan- 
tisia rogersL and Pareudiastes pacificus, as in the fiighted taxa Coturnicops nov- 
eboracensis, Laterallus leucopyrrhus, Amaurornis olivaceus, Tribonyx ventralis, 
and Fulica americana (Figs. 76, 77, 79, 88-91). Several other variants were noted 
in m. rhomboideus superficialis: fibers were limited to the lateral half of the fascia 
in the cranial half of the belly in Gallirallus owstonL and fibers were lacking in 
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TABLE 67. Masses (g) of dehydration-corrected, fluid-preserved breast muscles 
of selected species of Railidac. Data were derived during dissections performed 
in present study, unless otherwise noted. Flightless species are preceded by as- 
terisks. Estimates were based on single specimens except for Porphyrio rnelano- 
tus, P. hochstetteri, and Atlantisia rogersi (n = 2 each). Masses of muscles re- 
moved from one side were doubled to estimate total raw masses. Intraspecific 
comparisons (five flighted and two flightless species) of fresh and fluid-preserved 
masses of the two breast muscles revealed that the former averaged 1.64 _+ 0.36 
and 1.66 - 0.57 times as large as the latter, respectively (approximate factor of 
5/3 for each). This factor was used to correct the figures presented. Percentages 
of body mass were based on unweighted averages of sex-class means presented 
in Appendix 1. Those based on estimated body masses (Table 8) are enclosed by 
square brackets. 

Corrected mass (percentage of body mass) 

Taxon M. pectoralis M. supracoracoideus 

Porphyrio melanotus 109.9 (11.2) 13.5 (1.4) 
*Porphyrio hochstetteri 37.8 (1.4) 10.1 (0.4) 
Gymnocrex plumbeiventris 29.7 (10.2) 5.0 (1.7) 

*Habroptila wallacii 17.2 [1.9] 4.6 [0.5] 
Aramides cajanea 46.9 (11.2) 9.2 (2.2) 
Ortygonax sanguinolentus 20.8 (15.2) 3.3 (2.4) 

*Cyanolimnas cerverai 5.3 [2.2] 1.0 [0.4] 
Dryolimnas cuvieri 33.0 (13.7) 6.6 (2.7) 

*Dryolimnas aldabranus 14.9 (8.1) 3.3 (1.8) 
Rallus aquaticus 19.5 (17.0) 4.3 (3.7) 
Rallus limicola 13.9 (16.7) 2.0 (2.4) 
Rallus elegans 46.5 (13.2) 6.6 (1.9) 
Gallirallus philippensis 25.4 (12.8) 5.3 (2.7) 

*Gallirallus australis 29.7 (3.3) 7.9 (0.9) 
*Gallirallus owstoni 12.2 (5.4) 2.3 (1.0) 
*Gallirallus wakensis 2.1 [1.9] 0.5 [0.4] 
*Tricholimnas sylvestris 10.9 (2.2) 3.3 (0.7) 
*Nesoclopeus poecilopterus 16.5 [3.4] 6.6 [1.4] 
Habropteryx torquatus* 18.2 (7.4) 3.3 (1.3) 

*Habropteryx okinawae 21.1 (4.9) 5.6 (1.3) 
*Atlantisia rogersi'• 0.8 (2.1) 0.2 (0.5) 
Laterallus leucopyrrhus? 3.6 (8.1) 1.0 (2.2) 
Coturnicops novaboracensis 7.3 (13.0) 1.3 (2.4) 
Crex crex 20.8 (13.7) 3.6 (2.4) 

*Porzana palmeri 1.0 (2.2) 0.3 (0.7) 
Porzana carolina 8.3 (10.2) 1.3 (1.6) 
Porzana fiavirostra* 6.9 (8.3) 2.0 (2.4) 
Porzana tabuensis 4.3 (10.2) 0.7 (1.6) 

*Porzana atra 3.3 (4.3) 0.7 (0.9) 
Amaurornis olivaceus* 12.9 (6.7) 2.6 (1.4) 

*Amaurornis ineptus 36.0 (3.7) 9.6 (1.0) 
*Pareudiastes pacificus 7.6 (--) 1.7 (--) 
Tribonyx ventralis 57.4 (14.3) 8.9 (2.2) 

*Tribonyx mortierii 21.1 (1.6) 5.0 (0.4) 
*Gallinula comeri 17.5 (3.4) 3.6 (0.7) 
Gallinula chloropus-group* 26.4 (7.9) 5.0 (1.5) 
Fulica (a.) americana 68.3 (11.2) 8.3 (1.4) 

Mean; range percentage (n) 
Flighted species (15) 12.9; 10.2-17.0 2.2; 1.4-3.7 
Flightless species (16) 3.3; 1.4-8.1 0.8; 0.4-1.8 

* Muscle masses were suspiciously low because specimens were captive, emaciated, or immature at time of death. These data were 
excluded from summary tallies. 

•- A single pair of data (0.32 and 0.02, respectively) reported by T Cassidy and A. C. Kemp fide McNab (1994a), were excluded 
because both were substantially lower than my own estimates and details of dissection were not available. 
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M. cor.-bra. caud. Clavicula 

M. supracor. 
Crist. delt. 
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M. bic. bra. hum. Marg. vent. 
car. ster. 

M. bic. bra. 

Trab. med. ster. 

Costa 

Trab. inter. ster. 1 CM 

F•G. 74. Pectoral musculature of Porzana palrneri (BMNH 1940.12.8.13), breast, deep layer, ven- 
tral view. Anatomical abbreviations are defined in Appendix 3. 

a 20-mm segment in the middle of the belly in Amaurornis ineptus. In G. aus- 
tralis, the cranialmost 9 mm of the 45-mm origin of m. rhomboideus superficialis 
was entirely without fibers, comprising a simple, translucent fascia between the 
processes dorsales vertebrales and the scapus scapulae. 

In all rallids, mm. serratus superficialis pars cranialis et caudalis were embedded 
in a common fascia, the density of which varied significantly with flight capacity 
and body size (Figs. 76, 77, 79, 88-91). Indicative of the variation inherent in 
this muscle complex was the uniquely two-layered, four-parted m. serrams su- 
perficialis caudalis in Aramides cajanea. M. serratus superficialis metapatagialis 
was present (but readily overlooked without careful removal of fat and use of 
muscle stain) in all rallids; for example, in Porzana palmeri the tiny dermal slip 
was fibered but had a maximal width of 2 mm at origo costalis. 

M. lat. dots. metap. 

M. iliotroch. caud. , M. rhom. sup. 
M. iliotib. cram M. lat. dors. caud. 

M. lat. dors. cran. 

M. iliotib. lat.• 
M. cuc. cap. propat. 

M. intercost. ext. 

M. serr. sup. metap. 

M. obl. ext. abdom. 

M. serr. sup. cran. 

i CM 

M. pect. propat. 

M. cuc. cap. clavic. 

M. pect. subcut. thor. 

M. pect. sternobra. 

lZlG. 75. Pectoral musculature of Atlantisia rogersi (DMNH 20762), breast and back, superficial 
layer, lateral view. Anatomical abbreviations are defined in Appendix 3. 



258 ORNITHOLOGICAL MONOGRAPHS NO 53 

N1. thorn. Sup. 

M thom. prol. (deep) 
M. lat. dors. metap. % • 

ß Fac. lat. scap 

M. delt. propat. 
M. delt. rnaj. 

M. serr. sup. roetap. M. scap.-tric. 

FIG. 76. Pectoral musculature of Porzana palrneri (BMNH 1940-12-8-13). articulatio omalis. mid- 
dle layer, dorsolateral view. Some details of dotsum. damaged in primary ,pecimen. were based on 
partial dissection of supplementary specimen USNM 290223. Anatomical abbreviation• are defined 
in Appendix 3. 

Numbers of fasciculi composing m. serratus profundus showed reduction in 
some taxa regardless of flight status (Dryolimnas aldabranus, Tricholimnas svl- 
vestris, Nesoclopeus poecilopterus, Ra!!us aquaticus, Ga!!ira!!us philippensis, G. 
wakensis, Habropter3'x torquatus, H. okinawae, Coturnicops not'eboracensis, 
Crex crex, Lateral!us !eucopyrrhus, Porzana spp., Arnaurornix ineptus, and Pa- 
reudiastes pac•cus) from the count of six typical of the rallids examined, in part 
varying with body size. Lesser variation was detected in the number of fasciculi 
composing m. serratus superficialis caudalis (with the typical condition being 
three), but no association with flight capacity was evident in this pattern (Figs. 
88-91). Moreover, the functional impact of this variation in either m. serratus 

(deep) - . . M. lat. dors cran. 

M. ,at dots. •etap 7•• ,•• M scap-tric. 
--• M. hum.-tric 

ß "' M. $err. sup. rnetap. 

1CM M. lat. dots. caud. 

FIG. 77. Pectoral musculature of Pareudiastes paciJicux (BMNH 1874-2-20-38). dotsum. regio 
omalis, and proximal brachium• dorsolateral view, superficial layer, with selected components of deep 
layers indicated by overlay. Anatomical abbreviations are defined in Appendix 3. Arrowheads mark 
positions of vertebrae thoracicae 
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FIG. 78. Pectoral musculature ofAtlantisia rogersi (DMNH 20762), articulatio omalis, dorsolateral 
view. Anatomical abbreviations are defined in Appendix 3. 

superficialis or m. serratus profundus is unclear, in that although a high number 
might distribute the adductive action over a greater portion of the scapus scapulae, 
the total power of the adduction could be offset by substantial, possibly compen- 
satory, variation in the sizes of the remaining fasciculi. 

Contrary to the inference by McGowan (1986), both caput dorsale and caput 
ventrale of m. subcoracoideus were present in Gallirallus australis, as in other 

M. rhorn. 

sup. 

M. lat. dors. cram 

Scapula 
(deep) 

-- M. cuc. cap.propat. 
M. cuc. cap. interscap. 

M. delt. propat. 

-- M. scap.-hum. cran. 

M. delt. propat. cran. 
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M. rhom. -- M. scap.,tric. 
(deep) 
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M. long. M. lat. dors. caud. 
M. scap.-hum. caud. 

M. serr. sup. caud, (deep) 

M. iliotib. cran. M. lat. dors. metap. 
1 CM 

]•'IO. 79. Pectoral musculature of Porzana palmeri (BMNH 1940.12.8-13), back and proximal bra- 
chiurm dorsal view, superficial layer, with selected components of deep layers shown in stippled 
overlay. Anatomical abbreviations are defined in Appendix 3. Arrowheads mark positions of vertebrae 
thoracicae. 
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, , / M. pect. sternobra., insertio 
1 CM • / Crist. delt. hum. 
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•. 80, Pectoral musculature o[ P•re•gi•te• p•ci•c• (•N• ] 874.2.20,38), •icu•ado omnis, 
superficial layer, do•so]ate•] •iew. A•atomical abbreviations •e defi•ed i• Appendix 3. 

rallids examined (Figs. 88-91). However, in one specimen of Porphyrio hochs- 
tetteri, m. subcoracoideus caput mediale was extremely thin and poorly distin- 
guished, and in this species m. sternocoracoideus was reduced to an afibrous, 
tendinous fascia. In all of the species compared, the adductive action of m. ster- 
nocoracoideus was stabilized by a closely adjacent complex of ligamenta stero- 
coracoidea. Other comparatively occult muscles of the pectoral girdle (e.g., min. 
subscapularis caput laterale and scapulohumeralis cranialis) also were present in 
all rallids studied, although of these two bellies, measurement of only the former 
was possible and this required abduction of the humerus from the scapula for 
access (Figs. 83, 88-91). Manipulation of the shoulder girdle was difficult in all 
specimens dissected, in that the articulatio omalis (shoulder) was reinforced 
strongly by the combined effects of the ligamenta acrocoracoclaviculares, cora- 
coscapulares, procoracoclaviculares, acromioclaviculares, scapuloclaviculares, ac- 
rocoracohumerale, coracohumerale dersale, et scapulohumerales (Vanden Berge 
and Zweers 1993). This complexity of ligamenta can be envisioned more simply 
by noting that it essentially comprises dorsoventral pairs of ligamenta (further 
strengthened by a few caudal or cranial constituents) uniting each pair of osseous 
elements that enclose the cavitas glenoidalis (scapula, coracoideum, and humerus). 

Muscles aligned along the brachium proper, m. biceps brachii, m. biceps pro- 
patagialis, and m. triceps brachii (both partes scapulotriceps et humerotriceps), as 

M. cuc. cap. propat. 

M. delt. maj., origo 
Ceracol M, cor.-bra. cran, 

M. rhom. 

(deep) M. bic. bra. cor. 

M. rhom. delt. min. vent. 

M. delt. min. dors. 

, M. delt. maj. 

I CM M. scap.-tric. 
M. hum.-tric. 

FIG. 81. Pectoral musculature of Gallirallus wakensis (USNM 289313), articulatio omalis, middle 
and deep layers, dorsolateral view. Anatomical abbreviations are defined in Appendix 3. 
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M. delt. ram. vent. 
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FIG. 82. Pectoral musculature of Porzana palrneri (BMNH 1940-12.8-13), back and proximal bra- 
chium and regio omalis, superficial layer, dorsal view. Some anatomical details damaged in primary 
specimen were based on partial dissection of supplementary specimen USNM 290223. Anatomical 
abbreviations are defined in Appendix 3. 

well as obliquely oriented m. deltoideus major, tended to be disproportionately 
slender in the most severely derived flightless species (Figs. 72, 77-82, 85-87), 
with at least the first three tending toward strips of uniform width as opposed to 
fusiform bellies in flightless taxa (e.g., Ga!!ira!!us wakensis and Ga!!inula com- 
eri). However, no reductions were obvious in relative sizes of m. biceps brachii 
et propatagialis in some flightless rallids (e.g., Pareudiastes pacijqcus). Contrary 
to the report by Beddard (1898:323), Ga!!ira!!us australis (his OcYdromtt$ earlei) 
possessed a typically contbrmed m. biceps pars propatagialis. No significant sub- 
divisions of origo m. humerotriceps were detected in this study, whereas such 
have been described by other investigators (McGowan 1986; Vanden Berge and 
Zweers 1993). As affirmed by previous myological descriptions of members of 

M. delt. min. vent. 

Tull. brac. cot. • M. delt. min. dots 

•••- M. delt. p ropat. cran. M. delt. maj., or,go F-•• . scap.-hum. cran. >•.....• -•. (deep) 

M rhom Sup i'•./.• •-•%-.•.•-.•_•_-•.. C rist. delt. hum. 
Coil. scap. 

M. thom prof. M. scap.-tric. 

(deep) //./ , sc.•ap•M. lat. dors. caud ' 
\ lat. (deep) 

FIG. 83. Pectoral musculature ot' Tricholintnas svh'estris (USNM 18407), articulatio omalis, su- 
perficial and deep layers, dorsolateral view. Anatomical abbreviations are defined in Appendix 3. 
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the Gruiformes (e.g., Fisher and Goodman 1955; George and Berger 1966; Rosser 
1980; McGowan 1986), m. coracotriceps was not detected in any of the rallids 
examined here. Other aspects of the brachial and cubital musculature for rallids 
in the present study were consistent with those of previous works (e.g., Rosser 
1980; McGowan 1986), and included involvement of retinaculum m. scapulotri- 
cipitis with origio m. scapulotriceps, absence of os sesamoideum m. scapulotri- 
cipitis, insertions of m. scapulotricipitis on the apex dorsoproximalis of the ulna 
(impressio m. scapulotricipitis) and m. humerotricipitis on the olecranon, and 
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Fxo. 85. Pectoral musculature of Nesoclopeus poecilopterus (BMNH 1940.12.8.87), back and ex- 
tended wing (remiges removed), superficial layer, dorsal view. Anatomical abbreviations are defined 
in Appendix 3. 
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F[•. 86. Pectoral musculature of Atlantisia rog•rxi (DMNH 20762), back and extended wing, 
superficial layer (remiges removed), dorsal view. Anatomical abbreviations are defined in Appendix 3. 

united by the ligamenturn tricipitale, and presence of two differentiable capita 
coracoideum et humerale for m. biceps brachii (Fig. 72). 

Musculus dehoideus pars major was present and conspicuously developed in 
all rallids examined, but in no specimen were capita cranialis et caudalis clearly 
distinguishable; the muscle inserted proximafly by fleshy fibers directly attaching 
to the humerus and distally by a variably extensive tendinous aponeurosis (Figs. 
78, 81-83). Mm. deltoideus minor capita dorsalis et ventralis were poorly differ- 
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FIG. 87. Pectoral musculature of Gallinula t'o•neri (BMNH 1922-12-6-221) back and extended 

wing, superficial layer (remiges attached), dorsal view. Anatomical abbreviations are defined in Ap- 
pendix 3. 
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F•6. gg. Pectoral musculature of Ne•oclope•.• poecilopt•r• (B•NH 1940-12-8-87), rcgio omalis, 
superficial layer, roedial vic•. Anatomical abbreviation• are defined in Appendix 3. 

entiated in some taxa, notably several flightless species (e.g., Habropteryx oki- 
nawae), a condition also observed in some flighted taxa (e.g., H. torquatus). 
Capita dorsalis et ventralis of m. deltoideus minor were virtually indistinguishable 
in Gallinula comeri and the juvenile specimen of G. (c.) cachinaans, whereas the 
two capita were distinct in the adult specimen of the G. crieropus complex; 
whether two capita were distinguishable or not, the muscle inserted on tuberculum 
dersale humeri (Figs. 78, 81-83). 

As noted by McGowan (1986) for Gallirallus australis, all parts of the fine 
musculature of the propatagtum were present in flightless rallids, and provided 
only quantitative changes in muscle bellies or extents as evidence of reduced 
function (Figs. 72, 85-87). Partes radialis et ulnaris of tendo brevis of m. deltoi- 
deus propatagialis, caput caudale were variably distinguishable craniad to the 
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F•O. 89. Pectoral musculature ofAtlandsia roNersi (DMNH 20762), regio omalis, suFrficial layer, 
roedial view. Anatomical abbreviations are defined in Appendix 3. 
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FIo. 90. Pectoral musculature of Porzana palmeri (BMNH 1940.12.8.13), regio omalis, superficial 
layer, roedial view. Anatomical abbreviations are defined in Appendix 3. 

antebrachial musculature in all rallids, being clearly separable in some (e.g., one 
Porphyrio hochstetteri). In all species, caput caudale (formerly pars brevis of m. 
tensor propatagialis) showed distinct but tightly coherent tendons of insertion for 
the radius and ulna. M. deltoideus propatagialis tended to be narrow and thin in 
flightless species, especially relative to body size. In Porzana palmeri, the fibers 
of the proximal belly were restricted to the proximal portion. 

As was especially clear in the century-old, but well-preserved specimen of 
Nesoclopeus poecilopterus, a cranialmost complex of tendons of the propatagium 
comprising separate components was typical of all rallids examined (Fig. 85). 
Proximally, the fleshy belly of m. deltoideus propatagialis (formerly m. tensor 
propatagialis) gave rise to ligamentum propatagiale (formerly comprising tendo 
longus and tendo brevis), which was joined by tendo m. biceps propatagialis near 
the divergence of ligamentum limitans cubiti (formerly tendo brevis) of m. del- 
toideus propatagialis (Fig. 85). Tendo m. biceps propatagialis remained distinct 
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FIG. 91. Pectoral musculature of Gallinula comeri (BMNH 1922.12-6.221), regio omalis, super- 
ficial layer, medial view. Anatomical abbreviations are defined in Appendix 3. 
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from, but tightly ensleeved with, ligamentum propatagiale throughout much of 
the length of the propatagium, uniting immediately proximal to their common 
insertion by broad tendinous fascia on the manus. The distinctness of tendo m. 
brachialis propatagialis distal to the bifurcation of both caput craniale and caput 
caudale of m. deltoideus pars propatagialis was considered by Rosser (1980) to 
be unique to the Rallidae among the Gruiformes. A significant expanse of pars 
elasticurn (elasticity of which was conserved for more than a century in spirit) 
also was confirmed within the distal portion of ligamentum propatagiale of Ne- 
soclopeus poecilopterus (Fig. 85). 

Musculus expansor secundariorum is largely dermal in nature but comprising 
origins on two elements of the pectoral girdle, passing along the brachium, su- 
perficial and deep bellies on the proximocaudal portion of the antebrachium (com- 
posed of smooth muscle), and inserting on the remiges secundarii via the liga- 
menta interremigales (Berger 1956b; Vanden Berge and Zweers 1993). This mus- 
cle (including proximal tendon, and deep and superficial distal bellies), which acts 
primarily to maneuver the secondary remiges, was present in all rallids including 
flightless species (Figs. 85, 87). The origin of m. expansor secundariorum on the 
scapula, inferred to be unique among gruiform families by Rosser (1980), was 
present in all rallids studied (Figs. 88-91). The tuberculum on the scapula that 
marked this origin varied considerably (detectable in skeletal specimens), and 
showed a slight tendency toward reduction associated with flightlessness (Olson 
1973b). In Atlantisia rogersi, the distal tendon (inserting serially on the calami 
of the remiges secundarii) was extremely fine and delicate, and the tendon of 
origin on facies dorsalis of the coracoid was not bifurcated as in most other rallids 
(Figs. 88, 89, 91), including such flightless species as Habropteryx okinawae and 
Pareudiastes pacificus. Where the tendon was single, it arose with ligamentum 
sternoprocoracoideum from the pila coracoidea. The second point of origin for 
the tendon (where present) arose from processus craniolateralis sterni within a 
tendinous fascia shared by both tendons of origin. 

The dorsal muscles of the antebrachium revealed similarly suggestive but non- 
diagnostic corollaries of flightlessness confounded by interspecific differences in 
body size (Figs. 85-87, 92-94). The flexor and extensor musculature of the dorsal 
antebrachium was covered by dense, translucent fascial sheets, the aponeurosis 
dorsalis antebrachii, which was tightly adherent proximally to the ligamentum 
limitans cubiti. Cranially, capita dorsale et ventrale of m. extensor carpi radialis 
were tightly united in most rallids studied, especially the flightless taxa (e.g., 
Porphyrio hochstetteri). Typically, the complex comprised a comparatively trun- 
cated, thin caput dorsale and a longer caput ventrale that was fused proximally 
with its ventral counterpart and tightly bound but differentiable as the capita 
narrowed distally to tendons of insertion (Fig. 95). Exceptional again among 
flightless rallids was Pareudiastes pacificus, in which caput dorsale was compa- 
rable in the length of its fibrous portion to that of caput ventrale. Deep to this 
complex was m. supinator, which revealed a similar pattern in which flightless 
taxa tended to have relatively thin, distally truncated bellies not confidently de- 
fined without the use of muscle stain (Figs. 92-95). 

Between the radius and ulna in dorsal perspective, a subtly challenging group 
of muscles was found to be similar in the rallids studied here and elsewhere 

(Rosser 1980; McGowan 1986), and in other neognathus birds generally (Berger 
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•o. 92. Pectoral musculat•e ofAtlantisia rogersJ (DMNH 20762), distal brachJum, amebrachJum, 
and proxi•l manus, superficial layer, dorsal view. Anatomical abbrevJmJons •e defined Jn Appen- 
dix 3. 

1966; George and Berger 1966). These muscles were m. extensor longus digiti 
majoris (with only pars proximalis being found in rallids) and capita radiale et 
ulnare of m. extensor longus alulae (Figs. 93-95). Challenges of access to these 
muscles within the spatium radio-ulnare, difficulty in differentiation of the two 
capita of m. extensor longus alulae, and reliable measurement of the proximalmost 
portion of caput ulnare of m. extensor longus alulae dominated the comparisons. 
Limited variation was observed in these muscles in the taxa compared, with the 
most notable being variation in the relative lengths of the two capita. Lengths of 
the capita generally were comparable and seemed largely an artifact of the position 
of the bifurcation of the capita near the midpoint of the antebrachium (Fig. 95). 
The comparable sizes of these capita and difficulty of study may explain dis- 
agreements in the literature. Rosser (1980) characterized caput radiale as short 
and caput ulnare as long in Fulica americana, whereas the account and illustration 
by McGowan (1986) for Gallirallus australis were ambiguous with respect to 
relative sizes. Distally the two capita unite to form a single tendon, passing 
through the sulcus tendineus of extremitas distalis radii to fuse with insertio m. 
extensor carpi radialis (Figs. 92-95). 

Among the caudal muscles of the dorsal aspect of the antebrachium, flightless 
species tended to show comparatively longer, more dense fusion of the tendons 
of origins and insertions of mm. extensor digiti communis et extensor carpi ul- 
naris. These conditions also were observed in some flighted taxa (e.g., Gymnocrex 
plumbeiventris). However, in all of the rails studied, the bulk and distal extent of 
the fibrous portions of m. extensor digiti communis and m. extensor carpi ulnaris 
appeared truncated, with the former primarily occupying the proximal third of the 
antebrachium and the latter replacing it in width for the middle third of the an- 
tebrachium (Figs. 92-94). M. extensor carpi ulnaris had two proximal points of 
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]•G. 93. Pectoral musculature of Porzar•z palmeri (BMNH ]940-12.8.]3), distal brachium, ante- 
brachium, and proximal manus, dorsal views: A, superficial layer; and B, deep layer. Anatomical 
abbreviations are defined in Appendix 3. 

attachment•picondylus dorsalis humeri and retinaculum m. extensorius carpi 
ulnaris. The tendon of insertion of m. extensor carpi ulnads, together with that 
of m. extensor digitorum communis, passed through the incisura tendinosa ulnads 
and then under ligmentum m. extensorius carpi ulnads on the dorsum of the 
carpus to their respective insertions: processus intermetacarpalis for m. extensor 
carpi ulnads, and apex cranioproximalis of phalanx proximails digiti majoris for 
m. extensor digitorum communis (Figs. 92-95). Deep to these two contiguous 
muscles in all taxa studied was a well-developed m. ectepicondylo-ulnaris, which 
showed a marked tendency to extend farther distad on facies cranialis of the ulna 
in flightless species, as interpreted below (Figs. 92-95). 

The smallest muscle distal, caudodorsal antebrachium was m. ulnometacarpalis 
dorsalis, comprising two variably distinct capita (dorsale et ventrale), as noted by 
Rosser (1980) for Fulica americana. The two capita were generally distinguish- 
able in the rallids examined, especially in those taxa in which the origin of m. 
extensor digiti minoris extended proximad along margo caudalis of the carpo- 
metacarpus to demarcate the two capita (Figs. 92-95). These capita remain with- 
out formal recognition by Vanden Berge and Zweers (1993), evidently because 
of the range of variation in the partitioning provided by the variably intrusive 
origo m. flexor digiti minoris. In ventral view, this muscle is completely covered 
by the dense aponeurosis ulnocarporemigalis. 
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Fro. 94. Pectoral musculature of Gallinula comeri (BMNH 1922.12.6.221), distal brachium, an- 

tebrachium, and proximal manus, dorsal views: A, superficial layer; and B, deep layer. Anatomical 
abbreviations are defined in Appendix 3. 

As for the dorsal antebrachial musculature, the flexor and extensor musculature 
of the ventral antebrachium is covered by dense, translucent fascial sheets, the 
aponeurosis ventralis antebrachii, which is adherent to the prominent ligamentum 
humerocarpale throughout. Distally this aponeurosis blended with the dense, fanlike 
covering of the ventral surface of the carpus and base of os metacarpale minus, 
aponeurosis ulnocarporemigalis and the anchoring retinaculum flexohum (Fig. 72). 
Of the cranial musculature on the ventral surface of the antebrachium (Figs. 96- 
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FIG. 95. Pectoral musculature of Habroptila wallacii (USNM 506649), distal brachium, antebra- 
chium, and proximal manus, deep layer, ventral view. Anatomical abbreviations are defined in Ap- 
pendix 3. 
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FIG. 96. Pectoral musculature of Cyanolirnnas cerverai (USNM 343159), distal brachium, ante- 
brachium, and proximal manus, superficial layer, ventral view. Anatomical abbreviations are defined 
in Appendix 3. 

99), m. pronator superficialis appeared relatively large in some flightless rallids, 
extending essentially to the extremitas distalis of the foreshortened radius (e.g., 
Gallirallus australis and Pareudiastes pacificus). Parallel conditions were evident 
in m. brachialis (ventral view) and m. ectepicondylo-ulnaris (dorsal view) relative 
to the underlying ulna (Figs. 98B, 99B). Both conditions were suggestive of an 
evolutionary truncation of underlying skeletal elements without a proportionate 
shortening of muscles having extensive origins along these elements. The relatively 
large m. brachialis of flightless rallids also was reflected in the conspicuously deep 
impressio m. brachialis noted in skeletal specimens (Figs. 64, 65). 
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FIG. 97. Pectoral musculature ofAtlantisia rogersi (DMNH 20762), distal brachium, antebrachium, 
and proximal marius, superficial layer, ventral view. Anatomical abbreviations are defined in Appen- 
dix 3. 
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FIG. 98. Pectoral musculature of ?orzaaa pal•½H (BM[N• ]940.]2-8.]3), distal bracbium, ante- 
brachium, and proximal marius, ventral views: A, superficial layer; and B, deep layer. Anatomical 
abbreviations are defined in Appendix 3. 
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FIG. 99. Pectoral musculature of Gallinula comeri (BMNH 1922.12.6.221), distal brachium, an- 
tebrachium, and proximal manus, ventral views: A, superficial layer; and B, deep layer. Anatomical 
abbreviations are defined in Appendix 3. 
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Among the caudal components of the musculature of the ventral antebrachium, 
variation in m. flexor digitorum superficialis merits special attention. Tendo m. 
flexor digitorum superficialis was very weakly developed in Cyanolimnas cerv- 
erai, such that the width of the overlying ligamentum humerocarpale was less 
than one half of that of muscle belly proper, resembling the superficial tendinous 
fascia giving rise to the tendon of insertion of m. pronator superficialis (Fig. 96). 
This condition was in marked contrast to the normal condition in neognathous 
birds in which the ligamentum humerocarpale completely envelopes the muscle 
belly ventrally (Figs. 97-99), with the tendon of insertion of m. flexor digiti 
superficialis diverging from the enclosing ligamentum only at its craniodistal ex- 
tremity where it passes beneath (with tendo insertii m. flexor digitorum profundus) 
the retinaculum flexorium on facies ventralis of os carpi ulnare (e.g., Fisher and 
Goodman 1955; Berger 1966; George and Berger 1966; Vanden Berge 1970; 
Livezey 1990, 1992a, b). Throughout much of the length of the ligamentum hu- 
merocarpale, a variably dense tendinous fascia (septum humerocarpale) extended 
caudally from margo caudalis of the ligamentum to the ventral bases of the rem- 
iges secundariorum (Fig. 72). Distally, the two tendines mm. flexores digitorum 
passed through a tendinous sheath (retinaculum flexorium) proximal to their re- 
spective insertions. The tendon of m. flexor digiti superficialis inserts on apex 
cranioventralis of phalanx proximalis digiti majoris (Rosser 1980), and that of m. 
flexor digiti profundus, passes around processus pisiformis of the extremitas prox- 
imalis carpometacarpi to insert on phalanx distalis digiti majoris (Figs. 96, 98, 
99; Vanden Bdrge and Zweers 1993). 

Caudal and parallel to m. flexor digitorum superficialis and the closely asso- 
ciated ligamentum humerocarpale was m. flexor carpi ulnaris (Figs. 96-99). In 
all of the rallids compared here, and in previous studies of rallids (Rosser 1980; 
McGowan 1986) and other neognathous birds (e.g., Fisher and Goodman 1955; 
Berger 1966; George and Berger 1966), this muscle comprised partes cranialis et 
caudalis, with the latter being renamed pars remigalis by Vanden Berge and 
Zweers (1993). The approximately parallel arrangement of fibers of pars cranialis 
and the oblique orientation of fibers in pars caudalis (remigalis), relative to the 
dividing septurn humerocarpale, was evident in all species studied, as were the 
insertions of pars cranialis on processus muscularis of os carpi ulnare and that of 
pars caudalis on ligamentum elasticum interremigale minor (Figs. 72, 96-99). 

The smallest component of the deep, caudal musculature of the antebrachium, 
m. ulnometacarpalis ventralis, generally occupied less than one quarter of the 
length of the ulna, lying almost completely obscured by the immediately overlying 
and adherent m. flexor digitorum profundus (Figs. 96-99). Although small in all 
rallids studied, this muscle was particularly thin and proximally restricted in flight- 
less species (Fig. 100). Tendo m. ulnometacarpalis ventralis passed through sulcus 
tendineus on facies ventralis of os carpi radiale, beneath tendo m. extensor meta- 
carpi radialis, and angled dorsad to insert on facies ventralis of extremitas prox- 
imalis carpometacarpi. 

Muscles of the manus (including the digits) manifested only limited variation 
that tended to be associated with flightlessness, including components positioned 
on the dorsal (Figs. 101-107) and ventral aspects (Figs. 108-110) of the distal 
wing. Most muscles of this distalmost segment of the wing differed interspecifi- 
cally only in size, and this was confounded by differences in body size among 
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species. These qualitatively invariant muscles included mm. interosseus dorsalis 
et ventralis, m. adductor alulae, m. flexor alulae, m. abductor digiti majoris, and 
m. flexor digiti minoris (Figs. 101-110). Qualitative variation was most notable 
in two muscles inserting on phalanx proximalis digiti alulae--mm. abductor alulae 
(comprising capita dorsale et ventrale) and m. extensor brevis alulae. M. abductor 
alulae caput dorsale showed considerable variation, being bi- or trilobate and 
extending distocaudally to partly cover m. extensor brevis alulae in one specimen 
of Porphyrio hochstetteri and in Gallirallus australis (Figs. 101, 102). M. exten- 
sor brevis alulae manifested additional variation, most notably a tendency toward 
reduction in some flightless species (e.g., this muscle was vestigial in Gallirallus 
wakensis and Atlantisia rogersi). However, other details of the distalmost mus- 
culature of the wing were uniform in all rallids examined, regardless of flight 
capacity. Such structural details that showed minimal to no variation within or 
among species included the tightly associated bellies of muscles on the ventral 
aspect of the alula (Figs. 108-110), and a bifurcated tendon of insertion of m. 
interosseus dorsalis on phalanx proximalis dlgiti majoris (Figs. 105, 106). 
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F•G. 101. Pectoral musculature of Porphyrio hochstetteri (NZNM-2), distal antebrachium, carpus, and 
proxima1 marius, superficial layer, dorsal view. Anatomical abbreviations are defined in Appendix 3. 
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Fie. 102. Pectoral musculature of Habropteryx okinawae (UMMZ 225360), detail of distal ante- 
brachium, carpus, and proximal manus, superficial layer, dorsal view. Anatomical abbreviations are 
defined in Appendix 3. 
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FIG. 103. Pectoral musculature of A, Oallirallus australis (USNM 511701), and B, Porphyrio 
hochstetteri (NZNM-1), distal antebrachium, carpus, and proximal manus, superficial layer (dorsal 
view) showing conformational variation in mm. extensor brevis alulae et abductor alulae caput dotsale. 
See Appendix 3 for explanation of abbreviations for anatomical features. 
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FIG. 104. Pectoral musculature of Atlantisia rogersi (DMNH 20762), distal antebrachium, carpus, 
and manus, superficial layer, dorsal view, tendo longus detached at insertion. Anatomical abbreviations 
are defined in Appendix 3. 

ALLOMETRY OF BREAST MUSCULATURE 

Reductions in the relative or (in extreme cases) absolute reductions in the major 
breast muscles (mm. pectoralis stcrnobrachialis ½t supracoracoidcus) of flightless 
rails were responsible for the most visually conspicuous and functionally obvious 
of the changes related to the loss of flight ½vinccd by myological dissections 
(Tables 66, 67). At an interfamilial scale, the members of the Railidac (even in 
studies confined to fiightcd species) appear as moderately distant outlicrs from 
the allomctric relationship for mass of breast muscles with body mass, falling 
distinctly below points for most other avian families (Hartman 1961; Greenewalt 
1962; Rayncr 1988a). 

The present analysis provided an opportunity for an examination of such al- 
lomctry at a finer scale, at least with respect to fiightl½ssn½ss across a number of 
genera (Table 66). Fitting of allomctric relationships for fiightcd and flightless 
species of Rallida½ revealed virtual isomctry between mean masses for the breast 
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FIG. 105. Pectoral musculature of Porzana palmeri (BMNH 1940-12.8.13), detail of distal ante- 
brachium, carpus, and proximal manus, superficial layer, dorsal view. Anatomical abbreviations are 
defined in Appendix 3. 
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muscles with the entire body, and each model manifested high statistical precision 
(P < 0.0001 for all). The standard linear models for masses of breast muscles 
relative to mean body mass (MB) for flighted rallids (n = 15) were: 

mass (m. pectoralis) 

-- -1.88 + (0.97 _+ 0.05)MB (r = 0.98; F•.•3 = 351.0), 

mass (m. supracoracoideus) 

= -3.30 + (0.89 +__ 0.08)Ma (r = 0.95; F•.•3 = 125.4), and 

mass (am. pectoralis et supracoracoideus) 

= -1.67 + (0.96 + 0.05)Ma (r = 0.98; F•,•3 -- 317.4). 

The corresponding models for flightless rallids (n = 16) were: 

mass (m. pectoralis) 

= -3.10 + (0.92 _+ 0.05)M• (r = 0.92; Fl,]4 = 76.9), 

mass (m. supracoracoideus) 

-- -4.66 + (0.95 +_ 0.10)Ma (r = 0.92; FL• 4 = 81.6), and 

mass (am. pectoralis et supracoracoideus) 

-- -2.91 + (0.96 +- 0.10)MB (r = 0.92; FL• 4 = 79.5). 

Despite the obvious similarity in allometric slopes (/•)-•e mean for two sep- 
arate muscles was 0.93 for both flighted and flightless species--the allometric 
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FIG. 107. Pector• muscula•e of Gallinula comeri (B• 1922.12.6.221), •s• •tebmc•um, 
c•us, •d m•us, supe•cial layer, dors• view. •ato•c• abbreviations • defined in Ap•ndix 3. 
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FIG. 108. Pectoral musculature of Atlantisia rogersi (DMNH 20762), distal antebrachium, carpus, 
and manus, superficial layer, ventral view. Anatomical abbreviations are defined in Appendix 3. 

relationships for corresponding muscles differed markedly between flighted and 
flightless rails: m. pectoralis (F = 53.4; d.f, -- 2, 27; P < 0.00001), m. supra- 
coracoideus (F = 23.6; d.f. = 2, 27; P < 0.00001), and combined (F = 48.7; 
d.f. = 2, 27; P < 0.00001). As with the allometry between with length and body 
mass, these findings are consistent with pairs of allometric relationships showing 
virtually geome[rical isometry (when using geometric-mean estimates for com- 
bined muscles, b -- 0.99) and common slope, but in which flighted and flightless 
taxa differ appreciably in intercepts. The resultant transposition of allometric in- 
tercepts (d) in these relationships for which the common slope (b) is essentially 
equal to 1.0 (isometry) precludes the evaluation of the scale ratio (s) of White 
and Gould (1965), in that the exponent of the function under these circumstances 
is undefined (i.e., the exponent includes a divisor of 1 - b, here being zero). In 
lieu of this formal parameterization, comparison of the mean masses of breast 
muscles reveals that mm. pectoralis et supracoracoideus of flightless rallids av- 
eraged about one fourth and one third, respectively, of those of flighted rallids 
(Table 67), and the foregoing models confirm that these differences are maintained 
isometrically. 
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FIG. 109. Pectoral musculature of Porzana palmeri (BMNH 1940.12.8.13), detail of distal ante- 
brachium, carpus, and proximal manus, superficial layer, ventral view. Anatomical abbreviations are 
defined in Appendix 3. 
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FiG. 110. Pectoral musculature of Gallinula corneri (BMNH 1922.12.6.221), distal antebrachiura, 
carpus, and manus, superficial layer, ventral view. Anatomical abbreviations are defined in Appendix 3. 

MULTIVARIATE ANALYSES OF MYOLOGICAL MEASUREMENTS 

Analytical issues. With few exceptions, data for each species were derived 
from single dissected specimens. This reduced the precision of positions of taxa 
in analyses derived from these data, for example, as compared to PCA of mean 
skeletal measurements. Also, limitations of dissections to the pectoral limb re- 
suited in components indicative of general size being limited to that of the pectoral 
musculature, as opposed to a more inclusive assessment based on the entire mus- 
culature (including axial and pelvic components). The only exception to the prob- 
lem of generality of size in comparisons of muscle measurements was analysis 
of residuals of measurements from mean body masses of the taxa concerned (see 
below). Third, the myological work generated a comparatively high dimension- 
ality of measurements (81 variables), which, although informative and balanced 
against a reasonable representation of taxa, made for complexity of interpretation 
and comparison of multivariate axes. For these reasons, as well as emergent pat- 
terns described below, three different variants of PCA were applied to the myo- 
logical data. The nontraditional analyses were chosen in particular to rectify the 
confounding of size and shape caused by outlying flightless taxa (PCA*) or the 
restriction of muscle measurements to those of the pectoral apparatus (PCA or 
residuals from mean body mass). Findings confirmed through all three methods 
were considered the best-substantiated of the myolometric inferences. 

Standard principal component analysis (PCA).•The first standard PC for mus- 
cle measurements was characteristic of axes descriptive of general size, having 
high, positive correlations with all measurements (Table 68) and a very high 
correlation with mean body masses of the taxa included (rl = 0.89, V i = 1 ..... 
p; P << 0.01). PC-I alone accounted for more than 80% of the total dispersion 
among points (Table 68). Taxa were ordinated on this axis in a manner largely 
consonant with mean body mass, with tiny Atlantisia rogersi having the smallest 
score and Porphyrio spp. having the largest scores (Fig. 111). However, a modest 
obliquity of scores on PC-I with respect to body mass was evident at the largest 
extreme, however, in that Porphyrio melanotus had a slightly higher score on PC- 
I than its larger, flightless congener P. hochstetteri; a similar, modest transposition 
also pertained to flighted and flightless species of Tribonyx (Fig. 111). 

The second PC-II for muscle measurements was defined by lesser correlations 
of both positive and negative sign (Table 68), and scores on this axis were sig- 
nificantly but less strongly correlated with mean body masses (r = 0.33; P = 
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0.05). However, the latter association explained the aforementioned discrepancies 
between scores on PC-I and body mass, in that the vector sum of correlations 
between the first two PCs and body mass revealed that body mass was oriented 
diagonally within this plane, and that taxa were ordinated along this line in a 
manner consistent with body mass (Fig. 111). Positions of flightless rails on PC- 
II mirrored to a significant extent the foreshortening of underlying skeletal ele- 
ments that characterized these taxa, but a portion of the variance expressed by 
PC-II involved facets of the pectoral musculature not directly related to those of 
the associated skeleton (Table 68). 

Correlation coefficients revealed that PC-II principally contrasted one dimen- 
sion of the serratus complex and dimensions of the major muscles of the breast 
(m. pectoralis) and propatagium (m. biceps pars propatagialis) with the widths of 
origins of two components of the serratus complex (mm. serrams superficialis 
cranialis et profundus), one muscle acting on the brachium (m. latissimus dorsi 
pars caudalis), widths of the origins or bellies of three muscles acting on the 
antebrachium (mm. biceps brachii caput coracoideum, humertriceps, et pronator 
profundus), two dimensions of muscles acting on the manus and digits (mm. 
extensor metacarpi radialis pars ventralis et abductor alulae pars dorsalis), and the 
width of the origin of the major dermal slip acting on the metapatagium. These 
correlations indicate that flightless taxa had disproportionately reduced breast and 
biceps muscles (relative to a sample of muscles scattered throughout the pectoral 
apparatus) in comparison with their flighted relatives. The positions of juveniles 
relative to adult conspecifics (two species) implied comparatively minor shifts in 
parallel to those normative of flightless species, and suggested that a portion of 
the myological changes characteristic of flightless species reflected immaturity or 
were interpretable as paedomorphic (Fig. 111). 

Residual myological shifts not included in PC-II, but showing consistent di- 
rectionality with flightlessness, were relegated to PC-Ill (Table 68). Correlation 
coefficents for the third component primarily contrasted a muscle acting on the 
proximal antebrachium (m. brachialis) and two alular muscles (mm. extensor 
brevis alulae et adductor alulae) with a minority of muscles acting principally to 
restrain the scapula, brachium, and propatagium (Table 68). As on PC-II, flightless 
species tended to have higher scores on PC-III than their flighted relatives, indi- 
cating that loss of flight is accompanied by a disproportionate reduction in the 
bulk of m. brachialis and much of the alular musculature. The myological com- 
monalities of flightless species on the two shape axes (PC-II and PC-III) were 
obfuscated by the diverse initial conditions approximated by their respective 
flighted relatives and the range of body sizes represented, and were only obvious 
when the inferred vectors of change between pairs of flighted and flightless rel- 
atives were superimposed on plots (Fig. 112). The latter vectors of approximate 
shift displayed a strong similarity of change associated with flightlessness (sig- 
nified by the virtually uniform directionality of left-to-right shifts shown by flight- 
less taxa on this shape plot), within which a minority of taxa (Cyanolirnnas cerv- 
erai, Gallirallus wakensis, Atlantisia rogersi, Porzana palmeri, and Pareudiastes 
pacificus) were inferred to have undergone variably pronounced reductions in the 
overall bulk of the pectoral musculature in conjunction with the changes in shape 
(Fig. 112). An additional insight provided by this bivariate depiction of shape of 
the pectoral musculature is that the differences in position between two juvenile 



280 ORNITHOLOGICAL MONOGRAPHS NO. 53 

TABLE 68. Correlation (r) and summary statistics for first three standard principal 
components of 81 measurements of pectoral muscles for 35 species of Rallidae, 
grouped following Raikow (1985a). Taxa are represented by single dissections, 
with the exception of Porphyrio melanotus, P. hochstetteri, Atlantisia rogersi, 
and Porzana palmeri (points based on averaged from two specimens). Also plot- 
ted (Figs. 111, 112) but not used in derivation of components were juvenile 
specimens of Habropteryx torquatus and Gallinula chloropus. Abbreviations for 
muscles are given in Appendix 3. 

Correlation coefficient (r) 

Variable by primary element* PC-1 PC-II PC-Ill 

Patagia and respiration 
M. lat. dors. metap. MOW 0.801 0.255 0.075 
M. serr. sup. metap. MOW? 0.709 -0.012 0.171 
M. pect. subcut. thor. IW 0.803 0.026 -0.041 
M. sternocor. MOW 0.880 0.088 -0.093 

M. delt. propat. MOW 0.790 -0.168 0.158 
FBL 0.944 -0.017 0.118 
MBW 0.865 -0.152 0.039 

M. delt. propat. tend. brev. IW 0.756 0.017 0.326 
M. bic. propat. FBL 0.867 -0.004 0.101 

Scapula 
M. rhom. sup. MOW 0.930 0.078 0.064 
M. thom. prof. MOW 0.936 -0.036 0.002 
M. serr. sup. cran. MOW 0.796 0.408 -0.002 
M. serr. sup. caud. MOW? 0.700 -0.285 0.271 
M. serr. prof. MOW? 0.856 0.217 0.314 

Humerus 

M. lat. dors. cran. MOW 0.888 0.144 0.134 
M. lat. dors. caud. MOW 0.823 0.322 0.233 

M. scap.-hum. cran. MOW 0.834 0.094 0.079 
M. scap.-hum. caud. TBL 0.929 0.067 0.104 
M. subscap. med. MOW 0.899 0.164 -0.043 
M. subcor. vent. MOW 0.800 0.176 -0.012 
M. subcor. dors. MOW 0.854 0.184 0.132 

M. pect. sternobra. TBL 0.987 0.020 -0.006 
MBW 0.932 -0.225 -0.071 
Mass 0.935 -0.312 -0.038 

M. supracor. TBL 0.975 0.026 -0.032 
MBW 0.897 -0.304 -0.103 
Mass 0.959 -0.159 -0.061 

M. cor.-brach. cran. FBL 0.909 0.141 0.075 
MBW 0.854 0.133 0.117 

M. cor.-brach. caud. FBL 0.936 0.114 0.077 

M. delt. maj. cran. et caud. MOW 0.657 0.029 0.442 
IW 0.943 -0.075 0.071 
TBL 0.976 -0.030 0.003 
MBW 0.930 -0.053 0.073 

M. delt. min. dors. TBL 0.917 0.089 -0.091 
M. delt. min. vent. TBL 0.965 -0.008 -0.043 

Antebrachium 

M. bic. bra. cor. MOW 0.801 0.283 -0.030 
TBL 0.984 0.013 -0.145 

M. biceps brach. hum. TBL 0.960 0.047 -0.008 
MBW 0.798 -0.278 0.312 

M. scap.-tric. TBL$ 0.983 0.058 -0.070 
MBW 0.892 0.042 -0.014 

M. hum.-tric. TBL$ 0.986 0.021 -0.006 
MBW 0.886 0.202 0.008 

M. brach. IW 0.859 0.089 -0.324 
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Correlation coefficient (r) 

Variable by primary element* PC-1 PC-II PC-Ill 

M. pron. sup. FBL 0.936 -0.036 -0.041 
MBW 0.908 0.027 0.055 

M. pron. prof. FBL 0.969 0.004 -0.034 
MBW 0.893 0.215 0.007 

M. ect.-uln. FBL 0.958 -0.025 -0.010 
M. sup. FBL 0.956 0.040 -0.077 

Proximal manus 

M. flex. carp. uln. cran. FBL 0.971 -0.028 -0.083 
MBW 0.830 0.166 0.099 

M. flex. carp. uln. caud. FBL 0.943 -0.017 -0.172 
M. ulnomet. dots. FBL 0.939 -0.014 0.044 
M. ulnomet. vent. FBL 0.891 0.023 -0.124 
M. ext. metacarp. tad. dots. FBL 0.946 0.043 -0.082 

MBW 0.893 0.027 0.178 
M. ext. metacarp. tad. vent. FBL 0.977 -0.000 -0.029 

MBW 0.878 0.233 0.113 

M. ext. metacarp. uln. FBL 0.956 -0.002 -0.149 
MBW 0.920 -0.002 0.052 

Digiti 
M. flex. dig. sup. FBL 0.970 -0.086 -0.079 

MBWõ 0.919 -0.013 -0.038 
M. flex. dig. prof. FBL 0.961 -0.083 -0.129 

MBW 0.934 -0.102 0.003 
M. ext. dig. comm. FBL 0.967 -0.016 -0.025 

MBW 0.891 0.171 -0.074 

M. ext. long. dig. maj. prox. FBL 0.943 -0.033 -0.130 
M. ext. long. alu. uln. FBL 0.930 0.037 -0.128 
M. ext. long. alu. rad. FBL 0.910 0.191 -0.060 
M. ext. brev. alu. FBL 0.816 0.147 -0.422 
M. abd. alu. dors. FBL 0.853 0.281 -0.055 
M. abd. alu. vent. FBL 0.882 0.068 -0.036 
M. add. alu. OW 0.872 0.088 -0.277 
M. flex. alu. FBL 0.854 0.081 0.091 

M. abd. dig. maj. FBL 0.949 -0.064 -0.007 
M. inteross. dots. FBL 0.934 -0.101 -0.167 
M. inteross. vent. FBL 0.947 -0.092 -0.112 

MBW 0.876 0.192 -0.190 

M. flex. dig. min. FBL 0.944 -0.148 -0.006 

Correlation (r) with body massll 0.891 0.328 0.059 
Eigenvalue (hi) 13.546 0.445 0.355 
Percentage of variance explained 80.3 2.6 2.1 

* Dimensions abbreviated as follows: MOW, maximal width at origo; IW, width at insertio; FBL, length of fibrous belly, or belly 
exclusive of tendines; TBL, total length of belly and tendines; MBW, maximal width of belly; Mass, total mass of damp, detached 
muscle. 

? Summed over all fasciculi. 

$ Distal limit taken to be apex of angulus of elbow. 
õ Defined as width at midpoint of the enclosing ligamentum humerocarpale. 
II n = 35. 

specimens of fiighted rails (Habropteryx torquatus and Gallinula chloropus) and 
their adult counterparts were of similar direction as the shifts shown by adult 
specimens of flightless relatives, confirming that paedomorphosis of the muscu- 
lature includes both size and shape components (Fig. 112). 

Modified principal component analysis (PCA * ).-•An alternative method to the 
preceeding is the modified version of PCA (PCA*), in which the tendency for 
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Plot of mean scores for 35 species of Rallidae on first two standard (R-mode) principal 
components of 81 measurements of the pectoral musculature. Flighted species are symbolized by 
circles, flightless species by squares, and a single juvenile specimen of Habropteryx torquatus by a 
triangle. Inferred vectors of change connect flightless species and their flighted relatives. Approximate 
orientation of vector for mean body masses of taxa ("mass") and approximate threshold of flight- 
lessness (-•) are indicated. 

outlying, flightless species to confound the partitioning of size from flightlessness- 
related shape was countered (see Appendix 2). For the myolometric data, this 
method defined a first modified component (PC-I*) that corresponded to general 
size, and did so more clearly than the first component for the standard PCA (Table 
69) in that both the correlation coefficients between original variables and PC-I* 
frequently were higher and the correlation between scores on PC-I* and mean 
body mass was decreased only negligibly (r = 0.87, P << 0.01; a reduction of 
only 0.02). Positions of taxa on PC-I*, although broadly congruent with rankings 
by mean body mass, are best understood when it is recalled that this size metric 
reflects general size of pectoral muscles, which may have changed variously with 
overall body size among lineages (Fig. 113). 

The second modified component (PC-II*) conveyed the multiplicity of variables 
manifesting changes in the loss of flight, contributed another 5% of the total 
variance in the data set, and was not significantly correlated with body mass (Table 
69). Correlation coefficients for the axis were mostly positive but of widely var- 
iable magnitudes, with dimensions of only two derreal slips (min. pectoralis sub- 
cutaneous thoracicus et biceps propatagialis) having negative correlations of con- 
siderable magnitude. The combined positions of taxa on PC-I* and PC-II* re- 
vealed five broad classes of trajectories related to the loss of flight (Fig. 113): 
taxa having undergone decreases in overall size of pectoral musculature (PC-I*) 
and increases in the proportions indicated by PC-II* (e.g., Tricholimnas sylvestris, 
Porzana palrneri, Pareudiastes pacificus, and Gallinula corneri); taxa having un- 
dergone decreases in overall size of pectoral musculature (PC-l*) and decreases 
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F•G. 112. Plot of mean scores for 35 species or' Rallidae on the second and third standard (R- 
mode) principal components of 81 measurements of the pectoral musculature (i.e., the two primary 
axes of "shape"). Flighted species are symbolized by circles, flightless species by squares, and juvenile 
specimens of Habropte(vx torquatus and Gallinula chloropus by triangles. Approximate orientation 
of vector (or mean body •ss of mxa and approximate threshold of flightlessness (•*) am indicated. 

in the proportions indicated by PC-II* (e.g., Cyanolimnax cerverai, DL•,olimnas 
aldabranus, Gallirallus wakensis, and Atlantisia rogersi); taxa having undergone 
increases in overall size of pectoral musculature (PC-I*) and increases in the 
proportions indicated by PC-II* (e.g., Habropteryx okinawae); taxa having un- 
dergone increases in overall size of pectoral musculature (PC-I*) and decreases 
in the proportions indicated by PC-II* (e.g., Habroptila wallacii and Nesoclopeus 
poecilopterus); and a taxon that underwent a modest decrease in overall size of 
the pectoral musculature and virtually no change in proportions depicted by PC- 
II* (Porphyrio hochstetteri). 

The third modified component (PC-Ill*) accounted for another 3% of the total 
variance and, like PC-II*, was uncorrelated with body mass, and scores indicated 
that the axis included important information concerning the transition to flight- 
lessness (Table 69). Perusal of the correlations indicated that this axis essentially 
contrasted the dimensions of a suite of muscles including the major breast muscles 
(min. pectoralis sternobrachialis et supracoracoideus). several major flexors and 
extensors of the digitus majoris (min. flexor digiti superficialis. flexor digiti pro- 
fundus, et interossea), and two derreal slips (min. latissimus dorsi metapatagialis 
et biceps propatagialis) with a diverse assemblage of muscles from throughout 
the pectoral apparatus (most notably min. serratus superficialis pars cranialis, la- 
tissimus dorsi pars caudalis, extensor metacarpi radialis pars ventralis, and most 
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TABLE 69. Correlation coefficients (r) and summary statistics for first three cus- 
tom principal components (PC*) of 81 measurements of pectoral muscles for 35 
species of Rallidae, grouped following Raikow (1985a). Taxa are represented by 
single dissections, with the exception of Porphyrio melanotus, P. hochstetteri, 
Atlantisia rogersi, and Porzana palmeri (points based on averages from two spec- 
imens). Also plotted (Fig. ! 14) but not used in derivation of components were 
juvenile specimens of Habropteryx torquatus and Gallinula chloropus. Abbrevi- 
ations for muscles are given in Appendix 3. 

Correlation coefficient (r) 

Variable by primary element* PC-1 * PC-II* PC-Ill* 

Patagia and respiration 
M. lat. dors. metap. MOW 0.748 0.496 -0.309 
M. serr. sup. metap. MOW? 0.719 0.189 -0.075 
M. pect. subcut. thor. IW 0.846 -0.155 -0.052 
M. sternocor. MOW 0.859 0.449 -0.079 

M. delt. propat. MOW 0.780 0.291 0.185 
FBL 0.931 0.351 0.076 
MBW 0.847 0.453 0.245 

M. delt. propat. tend. brev. IW 0.813 -0.443 -0.102 
M. bics. propat. FBL 0.885 0.033 0.019 

Scapula 
M. rhom. sup. MOW 0.900 0.593 -0.149 
M. rhom. prof. MOW 0.898 0.630 0.148 
M. serr. sup. cran. MOW 0.788 0.371 -0.631 
M. serr. sup. caud. MOW? 0.702 0.020 0.329 
M. serr. prof. MOW? 0.864 0.136 -0.467 

Humerus 

M. lat. dors. cran. MOW 0.871 0.386 -0.268 
M. lat. dors. caud. MOW 0.828 0.191 -0.535 

M. scap.-hum. cran. MOW 0.804 0.395 -0.118 
M. scap.-hum. caud. TBL 0.913 0.381 -0.134 
M. subscap. med. MOW 0.866 0.586 -0.245 
M. subcor. vent. MOW 0.792 0.341 -0.277 
M. subcor. dors. MOW 0.843 0.393 -0.308 

M. pect. sternobra. TBL 0.974 0.715 0.009 
MBW 0.902 0.572 0.548 
Mass 0.909 0.489 0.798 

M. supracor. TBL 0.959 0.546 0.045 
MBW 0.880 0.292 0.717 
Mass 0.933 0.537 0.574 

M. con-brach. cran. FBL 0.897 0.455 -0.310 
MBW 0.861 0.224 -0.308 

M. con-brach. caud. FBL 0.926 0.344 -0.240 

M. delt. maj. cran. et caud. MOW 0.687 -0.032 -0.111 
IW 0.940 0.227 0.266 
TBL 0.953 0.681 0.184 
MBW 0.921 0.509 0.167 

M. delt. min. dors. TBL 0.886 0.678 -0.135 
M. delt. min. vent. TBL 0.933 0.736 0.069 

Antebrachium 

M. bic. bra. cor. MOW 0.764 0.535 -0.363 
TBL 0.964 0.745 0.056 

M. biceps brach. hum. TBL 0.941 0.541 -0.061 
MBW 0.834 -0.284 0.460 

M. scap.-tric. TBL$ 0.955 0.843 -0.099 
MBW 0.863 0.624 -0.015 

M. hum.-tric. TBL$ 0.968 0.756 0.000 
MBW 0.877 0.488 -0.374 

M. brach. IW 0.809 0.745 -0.086 
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TABLE 69. Continued. 

Correlation coefficient (r) 

Variable by primary element* PC-l* PC-II* PC-III* 

M. pron. sup. FBL 0.927 0.419 0.167 
MBW 0.909 0.276 -0.060 

M. pron. prof. FBL 0.961 0.544 0.074 
MBW 0.869 0.572 -0.387 

M. ect.-uln. FBL 0.956 0.358 0.145 

M. sup. FBL 0.930 0.698 -0.052 

Proximal manus 

M. flex. carp. uln. cran. FBL 0.951 0.648 0.165 
MBW 0.838 0.370 -0.277 

M. flex. carp. uln. caud. FBL 0.917 0.662 0.122 
M. ulnomet. dors. FBL 0.920 0.362 0.129 
M. ulnomet. vent. FBL 0.866 0.562 -0.031 

M. ext. metacarp. rad. dors. FBL 0.917 0.684 -0.075 
MBW 0.904 0.260 -0.049 

M. ext. metacarp. rad. vent. FBL 0.960 0.649 0.075 
MBW 0.882 0.312 -0.474 

M. ext. metacarp. uln. FBL 0.939 0.634 0.077 
MBW 0.920 0.219 0.038 

Digiti 

M. flex. dig. sup. FBL 0.951 0.655 0.318 
MBWõ 0.889 0.650 -0.020 

M. flex. dig. prof. FBL 0.939 0.573 0.351 
MBW 0.936 0.296 0.339 

M. ext. dig. comm. FBL 0.954 0.625 0.079 
MBW 0.872 0.499 -0.276 

M. ext. long. dig. maj. prox. FBL 0.926 0.508 0.184 
M. ext. long. alu. uln. FBL 0.900 0.655 -0.014 
M. ext. long. alu. rad. FBL 0.905 0.349 -0.384 
M. ext. brev. alu. FBL 0.774 0.614 -0.072 
M. abd. alu. dors. FBL 0.831 0.280 -0.342 
M. abd. alu. vent. FBL 0.878 0.353 -0.078 
M. add. alu. OW 0.860 0.587 -0.107 
M. flex. alu. FBL 0.885 0.076 -0.196 

M. abd. dig. maj. FBL 0.937 0.483 0.185 
M. inteross. dors. FBL 0.904 0.663 0.310 
M. inteross. vent. FBL 0.922 0.618 0.314 

MBW 0.860 0.465 -0.267 

M. flex. dig. min. FBL 0.946 0.330 0.165 

Correlation (r) with body massll 0.870 -0.171 -0.137 
Correlation (r) with PC-I* -- -0.410 0.173 
Eigenvalue (hl) 11.020 0.838 0.460 
Percentage of variance explained 73.1 5.6 3.5 

* Dimensions abbreviated as follows: MOW, maximal width at origo: IW, width at insertio; FBL, length of fibrous belly, or belly 
exclusive of tendines; TBL, total length of belly and tendines; MBW, maximal width of belly; Mass, total mass of damp, detached 
muscle. 

•' Summed over all fasciculi. 
$ Distal limit taken to be apex of angulus of elbow. 
õ Defined as width at midpoint of the enclosing ligamenturn humerocarpale. 
II n = 35. 

muscles acting on the alula). Examination of relative scores revealed that flightless 
species tended to have lower scores on PC-III* than did their flighted relatives 
(Fig. 113). 

Scores on PC-III*, taken together with those on the other shape-axis PC-II*, 
revealed that transitions to fiightlessness were accompanied by a two-dimensional 
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FIG. 113. Plot of mean scores for 35 species of Rallidae on the first two modified (R-mode) 
principal components (PCA*) of 81 measurements of the pectoral musculature. Inferred vectors of 
change connect flightless species and their flighted relatives. Approximate orientation of vector for 
mean body mass of taxa is indicated. 

space descriptive of relative proportions of pectoral musculature, and that encap- 
sulated a semicircular radiation of shifts in shape, including (Fig. 114): species 
that underwent variable decreases on PC-II*, and modest (e.g., Cyanolimnas cerv- 
erai, Dryolimnas aldabranus, and Nesoclopeus poecilopterus), moderate (Ha- 
broptila wallacii, Gallirallus wakensis, and Tribonyx mortierii), or pronounced 
decreases (Atlantisia rogersi) on PC-III*; species showing limited change on PC- 
II* and moderately large decreases on PC-HI* (e.g., Porphyrio hochstetteri, Gal- 
lirallus australis, and G. owstoni), shifts most similar to that differentiating ju- 
venile Gallinula and Habropteryx from adult conspecifics; and species showing 
variably pronounced increases on PC-II*, and either no change (Habropteryx oki- 
nawae), moderate decreases (e.g., Tricholimnas sylvestris, Porzana atra, and Gal- 
linula comeri), or a large decrease (Porzana palmeri) on PC-III*. 

Principal component analysis of residuals from body mass (PCAImass).-•A 
final refinement was made to remove size as intuitively understood from subse- 
quent dimensions interpretable as shape, whereby all variation attributable to mean 
body masses was defined as size and residuals therefrom were subjected to stan- 
dard PCA for definition of shape (Table 70). The variance in muscle measure- 
ments attributable to mean body mass accounted for almost two thirds of the total 
myolometric dispersion, was highly significant for all dimensions (16.9 < F• < 
221.1, P < 0.0005), and provided an predictable ordination of species by overall 
size (Fig. 115). 

The first PC for the residuals of body mass (PC-IImass) axis accounted for 
more than one half of the residual variance (Table 70). Correlation coefficients 
for variables were all positive but ranged in magnitude from 0.11 to 0.95, a 
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FIG. 114. Plot of mean scores for 35 species of Railidac on the second and third modified (R- 
mode) principal components (PCA*) of 81 measurements of the pectoral musculature (i.e., the two 
primary axes of "shape"). Flighted species are symbolized by circles, flightless species by squares, 
and single juvenile specimens of Habropteryx torquatus and Gallinula chloropus are indicated by 
triangles. Approximate orientation of vector for mean body masses of taxa ("mass") and approximate 
threshold of fiightlessness (7, positioned on the flightless side of boundary) are indicated. 

condition characteristic of first shape components that are not strictly orthogonal 
to the associated size axis (Table 70). Furthermore, positions of flightless taxa in 
comparison with their flighted relatives indicated that this first component for 
residuals largely served as a distillation of shifts associated with the loss of flight, 
in which flightless taxa tended to have markedly lower scores (Fig. 115). In 
combination with the changes in overall size inferred previously, these shifts pro- 
duced a downward radiation of flightless taxa in the bivariate plot, the magnitudes 
of which reflected both the starting position represented by the flighted taxon and 
the ending position signified by the flightless relative (Fig. 115). Magnitudes of 
correlation coefficients indicated that the essential contrast achieved by this axis 
was a contrast between the comparatively massive muscles of the breast, pectoral 
girdle, and proximal wing elements and those of the manus, digits, and associated 
derreal components (Table 70). 

The second PC for residuals from body mass (PC-IIImass) accounted for one 
tenth of the variation summarized by the first residual axis (described above). 
Although both it and the third component for residuals (PC-III[mass) provided 
additional discrimination of flightless taxa from their flighted relatives, these mi- 
nor components of the transitions provide no significant insights and are relegated 
to supplements to the overall distances compared below. 

SALIENT FLIGHTLESSNESS-RELATED TRENDS IN PECTORAL MUSCULATURE 

Qualitative signatures.--Despite the structural complexity of the musculature 
of the avian pectoral girdle and wing (more than 55 muscles or parts thereof), 
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TABLE 70. Correlation coefficients (r) and summary statistics for first three prin- 
cipal components of residuals of 81 measurements of pectoral muscles from 1Oge- 
transformed mean body masses (PCA I mass) for 35 species of Rallidae, grouped 
following Raikow (1985a). Taxa are represented by single dissections, with the 
exception of Porphyrio rnelanotus, P. hochstetteri, Atlantisia rogersi, and Porzana 
palrneri (points based on averages from two specimens). Also plotted (Fig. 115) 
but not used in derivation of components were juvenile specimens of Habropteryx 
torquatus and Gallinula chloropus. Abbreviations for muscles are given in Ap- 
pendix 3. 

Correlation coefficient (r) 

PC-I PC-1I PC-HI 

Variable by primary element* (residual) (residual) (residual) 

Patagium and respiration 
M. lat. dors. roetap. MOW 0.307 0.107 0.341 
M. serr. sup. roetap. MOW? 0.504 -0.262 0.194 
M. pect. subcut. thor. IW 0.507 0.214 0.108 
M. sternocor. MOW 0.601 0.163 -0.022 

M. delt. propat. MOW 0.632 -0.139 0.195 
FBL 0.781 -0.322 0.053 
MBW 0.773 0.046 0.178 

M. delt. propat. tend. brev. IW 0.460 -0.417 0.258 
M. bic. propat. FBL 0.539 -0.427 -0.164 

Scapula 
M. rhom. sup. MOW 0.654 -0.188 -0.152 
M. rhom. prof. MOW 0.757 -0.056 -0.124 
M. serr. sup. cran. MOW 0.115 0.207 0.178 
M. serr. sup. caud. MOW? 0.507 -0.579 -0.320 
M. serr. prof. MOW? 0.364 -0.423 0.457 

Humerus 

M. lat. dors. cran. MOW 0.430 -0.163 0.167 
M. lat. dors. caud. MOW 0.313 -0.105 0.525 

M. scap.-hum. cran. MOW 0.479 -0.142 0.047 
M. scap.-hum. caud. TBL 0.656 -0.336 -0.198 
M. subscap. reed. MOW 0.600 0.010 -0.009 
M. subcor. vent. MOW 0.367 0.121 -0.089 
M. subcor. dors. MOW 0.500 0.009 0.379 

M. pect. sternobra. TBL 0.935 -0.000 -0.012 
MBW 0.922 -0.020 -0.103 
Mass 0.953 0.017 -0.092 

M. supracor. TBL 0.884 0.011 -0.077 
MBW 0.862 0.024 -0.201 
Mass 0.932 0.119 -0.034 

M. cor.-brach. cran. FBL 0.602 0.043 0.223 
MBW 0.527 -0.256 -0.024 

M. cor.-brach. caud. FBL 0.659 -0.250 -0.026 

M. delt. maj. cran. et caud. MOW 0.366 0.229 0.607 
IW 0.812 -0.261 -0.119 
TBL 0.907 -0.101 -0.078 
MBW 0.843 0.077 0.207 

M. delt. min. dors. TBL 0.679 0.220 -0.079 
M. delt. min. vent. TBL 0.855 0.075 -0.084 

Antebrachium 

M. bic. bra. cor. MOW 0.304 0.088 -0.061 
TBL 0.925 -0.007 -0.164 

M. biceps brach. hum. TBL 0.803 -0.126 -0.236 
MBW 0.692 -0.404 0.107 
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Correlation coefficient (r) 

PC-I PC-11 PC-Ill 

Variable by primary element* (residual) (residual) (residual) 

M. scap.-tric. TBL$ 0.916 0.097 -0.170 
MBW 0.668 0.121 0.235 

M. hum.-tric. TBL$ 0.940 -0.038 -0.099 
MBW 0.628 0.092 0.401 

M. brach. IW 0.590 0.462 -0.175 

M. pron. sup. FBL 0.820 -0.085 -0.098 
MBW 0.718 0.084 0.351 

M. pron. prof. FBL 0.879 -0.012 -0.033 
MBW 0.611 0.294 0.546 

M. ect.-uln. FBL 0.843 -0.127 -0.101 

M. sup. FBL 0.815 0.054 -0.206 
Proximal manus 

M. flex. carp. uln. cran. FBL 0.896 0.030 -0.227 
MBW 0.413 0.123 0.366 

M. flex. carp. uln. caud. FBL 0.837 0.191 -0.177 
M. ulnomet. dors. FBL 0.798 -0.088 0.038 
M. ulnomet. vent. FBL 0.717 0.180 -0.002 

M. ext. metacarp. rad. dors. FBL 0.762 0.184 -0.028 
MBW 0.678 0.012 0.453 

M. ext. metacarp. rad. vent. FBL 0.894 -0.008 -0.111 
MBW 0.521 0.127 0.498 

M. ext. rnetacarp. uln. FBL 0.837 0.135 -0.238 
MBW 0.731 -0.076 -0.029 

Digiti 
M. flex. dig. sup. FBL 0.915 -0.007 -0.214 

MBWõ 0.716 -0.022 -0.177 
M. flex. dig. prof. FBL 0.892 0.052 -0.263 

MBW 0.804 -0.052 -0.243 

M. ext. dig. comm. FBL 0.896 0.035 0.090 
MBW 0.586 0.351 0.275 

M. ext. long. dig. maj. prox. FBL 0.801 0.106 -0.243 
M. ext. long. alu. uln. FBL 0.763 0.282 0.078 
M. ext. long. alu. tad. RBL 0.613 0.188 0.129 
M. ext. brev. alu. FBL 0.489 0.658 -0.089 
M. abd. alu. dors. FBL 0.293 0.358 0.242 
M. abd. alu. vent. FBL 0.596 0.016 0.006 
M. add. alu. OW 0.676 0.293 -0.164 
M. flex. alu. FBL 0.571 0.010 0.150 

M. abd. dig. maj. FBL 0.847 -0.032 -0.071 
M. inteross. dors. FBL 0.848 0.096 -0.219 
M. inteross. vent. FBL 0.876 0.049 -0.134 

MBW 0.521 0.340 -0.101 

M. flex. dig. min. FBL 0.818 -0.069 -0.053 

Eigenvalue (Xl) 3.197 0.362 0.302 
Percentage of variance explainedl{ 51.5 5.8 4.9 

* Dimensions abbreviated as follows: MOW, maximal width at origo: IW, width at insertio; FBL, length of fibrous belly, or belly 
exclusive of tendines; TBL, total length of belly and tendines; MBW, maximal width of belly; Mass, total mass of damp, detached 
muscle. 

? Summed over all fasciculi. 
•: Distal limit taken to be apex of angulus of elbow. 
õ Defined as width at midpoint of the enclosing ligamentum humerocarpale. 
II Percentages of residual variance for regression on log-transformed mean body masses of species (n = 35), with the regression 

accounting for 63% of the total variance. 
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FIG. 115. Plot of mean scores for 35 species of Rallidae on the first two (R-mode) principal 
components of residuals of 81 measurements of the pectoral musculature corrected for mean body 
masses. Flighted species are symbolized by circles, flightless species by squares, and a single juvenile 
specimen of Habropteryx torquatus is indicated by a triangle. Approximate orientation of vector for 
mean body masses of taxa ("mass") and approximate threshold of flightlessness (x, positioned on the 
flightless side of boundary) are indicated. 

qualitative distinctions between 17 flightless rails and 20 flighted confamilials 
were few. Undoubtedly, this uniformity stemmed in part from obfuscation of 
subtle details by the vagaries of sex, age, provenance, and preservation of the 
specimens examined. Some aspects of the musculature suggestive of reduction 
(e.g., robustness of the muscle bellies, extent of the fibrous portion of the muscles 
relative to adjacent skeletal elements, or development of tendons) characterized a 
number of flightless rails but defied precise description or comparison among 
species of different body sizes. Also, even flighted rails are notable for compar- 
atively small pectoral musculature and disproportionately large pelvic muscles 
(Hartman 1961; Greenewalt 1962, 1975). For example, out of more than 80 
(flighted) avian taxa compiled by Hartman (1961: table 3), the single rallid sam- 
pled (Laterallus albigularis) had the smallest relative mass of pectoral muscles 
and the second-highest relative mass of pelvic muscles. Accordingly, loss of flight 
left few qualitative signatures on the pectoral musculature of rails to be revealed 
through intrafamilial comparisons (cf. Lowe 1928a; McGowan 1986), a finding 
consistent with comparable myological studies of other carinate birds (e.g., Liv- 
ezey 1989d, 1990, 1992a, b), penguins excepted (Lowe 1933; Schreiweis 1982). 
Also profoundly different in the magnitudes of flightlessness-related muscular 
changes were those noted for ratites, which include losses of entire muscles and 
parts thereof (Farbringer 1888; Lowe 1928b; McGowan 1982). 

The most conspicuous qualitative features of flightless rails concern the sub- 
stantial reduction of m. pectoralis pars sternobrachialis (thoracica), a feature per- 
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haps most readily revealed by a dorsoventral shallowness of the carina sterni, 
caudal shift of the apex carina, articulatio sternoclavicularis, and associated con- 
formational changes in m. pectoralis pars sternobrachialis (thoracica) et m. cu- 
cullads capitis pars claviculads (Figs. 69-72). Parallel reductions in robustness 
and extent also characterized m. supracoracoideus (Figs. 73, 74), conformational 
apomorphies reflected only to a limited extent by the impressio m. supracoracoi- 
deus on the underlying sternum (Figs. 61, 67). Shortening and reductions in the 
fibrous portions of several patagial slips (mm. latissimus dorsi pars metapatagialis 
et serratus superficialis pars metapatagialis), as well as reductions in fibrous por- 
tions of mm. rhomboideus profundus were secondary indicators of flightlessness 
in rallids. Other, less uniformly distributed muscular characters indicative of flight- 
lessness (Figs. 69-110) included distinctly feeble or truncated bellies of the bra- 
chium (e.g., mm. biceps brachii, scapulotriceps, et deltoideus major), antebrachi- 
um (mm. extensor digiti communis, extensor carpi ulnads, et flexor ulnometa- 
carpalis ventralis), and manus (e.g., m. extensor brevis alulae). Conversely, several 
muscles of the antebrachium (mm. pronator superficialis, brachialis, et ectepicon- 
dylo-ulnaris) appeared in situ to be hyperdeveloped in some flightless rallids, 
evidently an aspect stemming from the reduction of the underlying radius and 
ulna in these species. This condition of one of these antebrachial muscles (m. 
brachialis) represents the myological counterpart of a notable osteological feature 
of most flightless rails, the relatively deep and extensive impressio m. brachialis 
(Table 64). 

Quantitative comrnonalities.--Perhaps the most striking myological finding was 
that flightless rallids have breast muscles that comprised an average of 2.2% of 
their body masses, an estimate 9-13% less than that inferred for flighted confam- 
ilials (Table 67). This average difference compares favorably with published fig- 
ures for fresh muscles weights, being intermediate between the extremely small 
relative muscle masses for Porphyrio hochstetteri and the only slightly reduced 
muscle masses reported for Gallirallus owstoni (Table 66). Both sets of data are 
doubly remarkable in light of the fact that even flighted rallids as a group have 
small breast muscles in comparison with other families of neognathous birds 
(Hartman 1961), a generality that would tend to diminish the cladty of differences 
between subgroups of the family in this regard. 

Comparatively subtle but nonetheless informative patterns emerged from the 
multivadate analyses of linear measurements of pectoral muscles (Tables 68-70; 
Figs. 111-115). In all multivariate assessments, most flightless species were in- 
ferred to have undergone variably large increases in general size, with a minority 
of rails (Dryolimnas aldabranus, Gallirallus wakensis, and Cabalus modestus) 
and crakes (e.g., Atlantisia rogersi and Porzana palrneri) manifesting modest 
dwarfism (Figs. 111-115). Despite modest interpretational challenges posed by 
varying partitions of shape by different algorithms (PCA, PCA*, and 
PCAlresiduals from mass) and a tendency for the first two approaches to con- 
found size of some of the pectoral muscles with general size, flightless taxa gen- 
erally were characterized by disproportionate reductions in the major breast mus- 
cles (mm. pectoralis sternobrachialis et supracoracoideus), dermal slips associated 
with the propatagium (m. biceps propatagialis) or metapatagium (m. serrams su- 
perficialis metapatagialis), and a suite of flexors and extensors acting on the digiti 
majoris et alulads. These shared patterns reveal that flightlessness tends to affect 
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the major, calorically expensive breast muscles most intensively, followed by the 
(much smaller) pectoral muscles that have little or no function in the absence of 
the demands of flight, for example, patagial slips and muscles acting on the manus 
and digits that are critical for aerial maneuverability (Tables 68-70). Across all 
myological analyses, these overall shifts in muscular shape were comparatively 
great in Porzana palmeri and Atlantisia rogersi, and comparatively slight in Dry- 
olimnas aldabranus, Habropteryx okinawae, and Gallinula comeri, with other 
flightless taxa having undergone moderately large but variable shifts in propor- 
tions (Figs. 111-115). 

SUMMARY OF APOMORPHY IN FLIGHTLESS RAILS 

QUALITATIVE AND UNIvARIATE METRICS 

A number of variably interrelated indices to the changes undergone by flightless 
rails have been presented. Such indices to changes in body mass and measure- 
ments of the externum provide robust, synthetic insights into apomorphy (Table 
71), with the most intuitively obvious being absolute and relative changes in body 
mass. The latter fell into three broad groups of inferred change: dwarfed species 
having undergone variably pronounced decreases of approximately one tenth to 
three fourths of the mass of respective flighted relatives (e.g., Dryolimnas alda- 
branus, Rallus recessus, Gallirallus wakensis, Cabalus modestus, Atlantisia ro- 
gersi, most subfossil Hawaiian Porzana, and Tribonyx hodgenorum); species 
showing only limited size changes, having undergone increases up to a doubling 
of the mass of respective flighted relatives (e.g., Cyanolimnas cerverai, Rallus 
ibycus, Gallirallus dieffenbachii, G. owstoni, Capellirallus karamu, Habropteryx 
okinawae, "Atlantisia" elpenor, four Porzana spp., Pareudiastes silvestris, Gal- 
linula nesiotis-group, and Fulica newtoni); and (c) truly giant species having 
attained masses 2-10 times those of their putative flighted relatives (e.g., Por- 
pryrio mantelli-group, Habroptila wallacii, Nesotrochis debooyi, Gallirallus aus- 
tralis-group, Tricholimnas lafresnayanus, Aphanapteryx bonasia, Erythromachus 
leguati, Diaphorapteryx hawkinsi, Porzana monasa, Amaurornis ineptus, Tribo- 
nyx mortieri, and Fulica chathamensis-group). 

However, estimated changes in body mass (Table 71) were conditioned on the 
designation of flighted relatives for each flightless rail, and alternative choices 
can significantly modify the inferred shifts. Some alternatives are plausible on 
phylogenetic and biogeographic grounds. For example, proposal of either Rallus 
limicola or a member of the R. longirostris-elegans complex as sister-group to 
either of the subfossil Rallus from Bermuda is reasonable on biogeographical 
grounds; the taxon used as primary species for comparison was made from the 
standpoint of parsimony of size differences (i.e., small R. ibycus with R. limicola, 
and large R. recessus with comparatively maritime R. longirostris). However, 
comparison of both subfossil species of Rallus from Bermuda with small R. lim- 
icola implies that R. recessus underwent an increase of 170% (as opposed to a 
31% decrease), whereas use of large R. longirostris for both comparisons leads 
to the inference that R. ibycus underwent a decrease of 65% (instead of a 23% 
increase). Substitution of R. elegans for R. longirostris, evident sister-taxa of 
similar size (Livezey 1998; Appendix 1), resulted in negligible changes in these 
estimates. 
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Another external character having obvious implications for flight capacity is 
relative wing length (Fig. 15), which for most flightless taxa (for which these data 
were available) also showed absolute reductions in comparisons with flighted 
relatives despite substantial increases in body size in some (Table 71). Exceptions 
were among the taxa showing giantism (e.g., Gallirallus australis-group, Tri- 
cholirnnas lafresnayanus, and Arnaurornis ineptus). More reliable indices to flight 
capacity were departures of wing lengths of flightless species from those predicted 
for flighted rails of equal body masses (Fig. 15) or comparisons of ratios of wing 
lengths to cube roots of respective body masses (Table 71). The latter measures 
confirmed variable reductions in relative wing lengths of flightless rails, with 
residuals from the predicted length for a flighted rail of equal mass generally 
indicating greater reductions in larger species than the ratio with body mass be- 
cause the former took into account the allometry of these two variables (Fig. 15), 
and the latter tended to minimize inferred shifts through comparison of closely 
related taxa (Table 71). 

Among the array of structural changes in body feathers of flightless rails (Tables 
27-29), the simplest indicator of integumentary apomorphy is number of primary 
remiges, an index that classifies Gallirallus owstoni, G. wakensis, Cabalus mo- 
destus, Atlantisia rogersi, Porzana sandwichensis, P. palrneri (extreme), and P. 
atra as having undergone notable changes among taxa for which study skins are 
available (Table 28). Most other apomorphies of the integument concerned mag- 
nitudes of qualitative changes and shortening of primary remiges (Table 71). 
These indices provided mutually consistent estimates of apomorphy of remiges 
in flightless rallids, defining a continuum with weakly modified species (e.g., 
Dryolirnnas aldabranus, Arnaurornis ineptus, and Gallinula comeri) at one ex- 
treme, and species showing highly derived remiges (e.g., Porphyrio hochstetteri, 
Cyanolirnnas cerverai, Gallirallus australis, G. wakensis, Atlantisia rogersi, and 
Tribonyx rnortierii) at the opposite pole (Table 71). 

Although truncation of the tail typified most flightless rails, size of the glan- 
dulae uropygiales does not decline uniformly with flightlessness (Johnston 1988), 
and there was greater variation in changes in lenths of the tail than of the wing 
(Table 71). A substantial portion of this variation was accounted for by the con- 
founding effects of changing body size, whereby reductions corrected for relative 
body masses confirmed reductions in the vast majority of flightless rallids (Table 
71). Exceptions to this generality, in which flightless taxa had longer tails relative 
to their body mass than their flighted relatives, were Gallirallus australis (large), 
Gallirallus dieffenbachii (marginal), and Tricholirnnas lafresnayanus (intermedi- 
ate). Perhaps more informative were those taxa showing remarkably pronounced 
shortening of the tail: Habroptila wallacii, Cyanolirnnas cerverai, Ararnidopsis 
platenL Habropteryx insignis, Porzana sandwichensis, P. palrneri, P. rnonasa, 
Arnaurornis ineptus, and Pareudiastes pacificus (Table 71). 

Straightforward skeletal and myological changes having obvious import for 
flight capacity generally confirmed the patterns of relative apomorphy evinced by 
the foregoing external differences, but cast light on some shifts not obvious in 
the externum (Table 72). Although most species showing larger changes in ex- 
ternal wing lengths (Table 71) also were characterized by commensurate shifts in 
SWLs (e.g., Gallirallus dieffenbachii, G. owstonL G. wakensis, Cabalus modestus, 
and Porzana palrneri [Table 72]), there were notable departures from this con- 
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gruence of metrics, including species having large reductions in external wing 
lengths but only modest truncation in skeletal wing elements (e.g., Habroptila 
wallacii, Tribonyx mortierii, and Gallinula comeri), and species characterized by 
only limited shortening of the external wing but having undergone substantial 
reductions in the underlying skeleton (e.g., Dryolimnas aldabranus). However, 
these varying discrepancies between external and SWLs belied a distinct modality 
in the shifts in skeletal proportions within the wing that accompanied flightless- 
ness, in which relative lengths of the brachium (humerus) increased, relative 
lengths of the antebrachium (ulna and radius) or proximal manus (carpometacar- 
pus) significantly decreased, and the proportions of the remaining elements tended 
to show marginal increases or lesser reductions (Table 72). Also, Porphyrio hochs- 
tetteri and Aphanapteryx bonasia were characterized by aberrant pectoral pro- 
portionalities in which the distalmost elements (phalanges of digiti majoris) man- 
ifested the greatest reductions in relative contributions to SWL (Table 72). 

By contrast, reductions in skeletal lengths of the pelvic appendage were not 
obscured by overlying, specialized feathers, and corresponded rather closely with 
relative changes in body mass. A notable deviation from this correspondence was 
the disproportionate elongation of the leg in Fulica chathamensis, a diving species 
in which pelvic propulsion would be at a premium (Tables 71, 72). However, 
proportions of the four major skeletal segments within the pelvic limb displayed 
diverse changes that were partitionable into three broad classes: species in which 
proportions of the proximal segments increased and the distal segments decreased 
(most taxa compared), species in which the reverse pattern was manifested (e.g., 
most Gallirallus spp., Tricholimnas sylvestris, and Cabalus modestus), and species 
in which the contributions of the proximal and distal extremities increased while 
the intermediate two segments decreased in relative proportions (e.g., Rallus iby- 
cus and R. recessus). Four exceptional sets of pelvic proportionalities also were 
found (Table 72): Dryolimnas aldabranus (essentially no change detected), Dia- 
phorapteryx hawkinsi (dominated by decreased contribution by tarsometatarsus 
and increased contribution by the middle toe), Capellirallus karamu (four seg- 
ments alternated between increased and decreased proportionalities), and Fulica 
chathamensis (decreased relative length of middle toe while all other segments 
accounted for larger proportions of the pelvic limb). 

Elements of the pectoral skeleton revealed a subset of flightless taxa as showing 
comparatively more qualitative apomorphies in most of those elements available: 
Habroptila wallacii, Gallirallus australis-group, G. dieffenbachii, Tricholimnas 
sylvestris, Cabalus modestus, Capellirallus karamu, Aphanapteryx bonasia, Ery- 
thromachus leguati, Atlantisia rogersi, and Porzana severnsi (Tables 58-64). Tal- 
lies of these across elements confirmed this ranking of relative change related to 
flightlessness, one that was only loosely correlated with change in body size 
(Tables 71, 72). 

Reductions in relative masses of breast muscles in flightless species showed 
substantial concordance with the metrics of apomorphy based on skins and (es- 
pecially) skeletons (several taxa were not available for dissection), singling out 
Porphyrio hochstetteri (extreme), Habroptila wallacii (extreme), Cyanolimnas 
cerverai, Gallirallus australis, G. wakensis, Atlantisia rogersi, Amaurornis inep- 
tus, and Tribonyx mortierii as having undergone the greatest reductions (Table 
67). Slightly more sophisticated indices that incorporated information concerning 
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the masses of breast muscles or body masses of close righted relatives affirmed 
most of these initial assessments (Table 72), identifying species showing the great- 
est reductions in breast muscles (e.g., P. hochstetteri, G. amstrails, G. wakensis, 
and T. mortierii), and revealing the small breast muscles of several others as the 
result, in part, of small initial or derived body sizes (e.g., A. rogersi and Porzana 
palmeri). 

MULTIVARIATE METRICS 

A summary of multivariate distances, estimated separately for study skins, rem- 
iges, skeletons (complete, partial, skulls, and sterna), and pectoral musculature by 
using PCA (Table 73),z permitted an assessment of general extremity of flightless 
taxa (distances from the centroid for all rallids analyzed) and apomorphy related 
to flightlessness (distances from respective righted relatives). Estimates of mul- 
tivariate apomorphy also were possible for some taxa based on CA (Tables 74, 
75; Figs. 32, 59, 60). Moreover, rank correlations provided a means for comparing 
these indices against each other across species. Finally, these metric estimators of 
extremity and apomorphy can be related to patterns of qualitative and univariate 
apomorphy in the integument (Tables 27-39, 71) and skeletal elements (Tables 
58-64, 72) to provide a synthesis of the diverse manifestations of flightlessness 
that occur among the members of the Rallidae. Inasmuch as the distances deriving 
from PCAs permitted the inclusion of a substantially greater number of flightless 
taxa than those from CAs (the former required only a vector of mean dimensions), 
the former are considered as a primary means of comparison; the sample-based 
statistics associated with the CA-based Mahalanobis distances were treated largely 
in a confirmatory capacity (Tables 74, 75). 

Euclidean distances based on PCAs revealed largely consonant indications of 
flightlessness-related apomorphy. That is, certain flightless species tended to have 
a comparatively large Dr regardless of data set, whereas others tended to show a 
comparatively small D r in most or all data sets (Table 73). Sample sizes permit- 
ting, this general correspondence resulted in significant rank correlations among 
distances between flightless species and their righted relatives (Dr) regardless of 
the data upon which the distances were based: skins versus skeletons (r, -- 0.36; 
P < 0.10), skins versus partial skeletons (rs -- 0.44; P < 0.05), skins versus sterna 
(rs = 0.35; P < 0.10), remiges versus partial skeletons (r s -- 0.55; P < 0.05), 
skeletons versus partial skeletons (rs = 0.83; P < 0.001), partial skeletons versus 
skulls (r s = 0.46; P < 0.05), and partial skeletons versus sterna (rs = 0.79; P < 
0.001). Only distances between related taxa (Dr) based on the pectoral muscula- 
ture showed no significant correlations with those based on all other data sets, 
although this partly reflected the small sample sizes available for such compari- 
sons (n = 12-16). These metrics identified a subset of flightless species as having 
undergone both the greatest apomorphic changes and coming to occupy extreme 
morphometric positions within the Rallidae for multiple data sets: Porphyrio 
hochstetteri (extreme), Habroptila wallacii, Tricholimnas lafresnayanus, Cabalus 
modestus, Aramidopsis plateni, Aphanapteryx bonasia (extreme), Diaphorapteryx 
hawkinsi (extreme), Porzana sandwichensis, P. severnsi, and Amaurornis ineptus 
(Table 73). These patterns agreed broadly with Mahalanobis distances based on 
skins and skeletons, with the correspondence being lessened by the reduced role 
of size (by correction for pooled within-species covariances) in the latter (Tables 
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74, 75). This correspondence accounted for significant rank correlations between 
apomorphy (Dr) and extremity (Dc) for most several data sets sharing adequate 
numbers of taxa for comparison: skins (r s -- 0.43; P < 0.01), remiges (rs = 0.72; 
P < 0.005), skeletons (rs = 0.44; P < 0.05), partial skeletons (rs = 0.44; P < 
0.05), sterna (r s = 0.35; P < 0.05), and pectoral musculature (rs = 0.34; P < 
0.10). 

Accordingly, it is clear that loss of flight in the Rallidae is not identified with 
any single sine qua non of anatomy or evident from any single metric abstraction. 
Instead, flightlessness in the Rallidae is manifested by a somewhat variable con- 
stellation of morphological features, many of which are cryptic and not discernible 
in cursory examination of skin specimens, but which are collectively conducive 
to limited similarity in gross appendicular proportions and obscured to some de- 
gree by differing initial conditions (i.e., plesiomorphic states) and inferred changes 
in body size (i.e., apomorphies) associated with the loss of flight. 

CORRESPONDENCE ANALYSIS OF FORM AND CIRCUMSTANCE 

An analytical segue between the shifts in form associated with the loss of flight 
and generalizations of the environmental circumstances under which these evolved 
was provided by a correspondence analysis of summary metrics for flightless 
rallids and parameters of the islands that these species inhabit(ed). This method 
reduces the multivariate associations among categorical variables to comparatively 
few axes (Appendix 2), thereby permitting a simultaneous display of apomorphy 
of flightless rallids and characteristics of habitats. However, unlike conventional 
multivariate techniques such as PCA and CA estimates of missing data were 
impossible, and therefore a variate-rich correspondence analysis was necessarily 
limited to 19 species for which information was comparatively complete (Table 
76). The resultant bivadate plot of the correspondence analysis (displaying the 
associations summarized in the first 2 of 19 axes) represented roughly one fourth 
of the total associations among the 19 species and nine categorical descriptors of 
islands (Table 76). This finding indicated that the dimensionality of associations 
among apomorphy of species and characteristics of islands was understandably 
complex and not readily distilled into a subspace spanned by only a few synthetic 
axes. Nevertheless, display of one fourth of this multitude of associations in a 
single plot revealed several noteworthy generalizations (Fig. 116). 

Interpretation of plots of multiple correspondence analyses merits special com- 
mentary, in that the disposition of points with respect to axes (and the quadrants 
defined thereby), the relative distances among points, and the distances of points 
from the origin (intersection of the two axes shown in the plot) all bear on the 
nature and intensity of associations depicted (Greenacre 1984). To begin with, 
constellations of points at comparatively great distances from the origin represent 
associations of relatively high significance; similarly, points clustered near the 
origin reveal little if anything about associations among the variables (and their 
values) involved. Accordingly, confining attention to outlying groups of points 
indicated that a group of four points at the high end of axis I (Porzana palmeri, 
P. atra, small skeletal changes, and large distances between islands and nearest 
continent) contributed much to the information conveyed by this dimension. Sev- 
eral other variables approached significance in this direction (small change in wing 
and warm temperate islands). Two other less-compact groups of values were po- 
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FIG. 116. Bivariate plot of four morphological (triangles) and five ecogeographical (circles) vari- 
ables for 19 flightless species of Railidac on the first two axes from a correspondence analysis. Flighted 
species are symbolized by circles and flightless species are symbolized by squares. 

sitioned at low values of axis I (Fig. 116), one in which points scored highly on 
axis II (Porphyrio hochstetteri, Gallirallus australis, and huge island areas) and 
another characterized by low scores on axis II (Habroptila wallacii, Amaurornis 
ineptus, Tribonyx mortieri, very large island areas, and aquatic habitats). Two sets 
of characteristics had positions bordering on membership in the latter two con- 
stellations: near the former (Nesoclopeus poecilopterus, medium isolation of is- 
land, and large changes in skeletons and masses), and near the latter (Cyanolimnas 
cerverak large changes in wings, and large island areas). Taken together, these 
comparatively disparate clusters of associated taxa and variables indicate that axis 
I displayed a comparatively large partition of total association attributable to a 
contrast between small, only moderately apomorphic crakes of well-isolated, 
warm islands and moderately massive, largely aquatic rallids of diverse relation- 
ships inhabiting very large islands (Fig. 116). 

A slightly less important partition of total association was summarized on axis 
II (Table 76), which was dominated by two clusters of points having high values 
on this axis (Fig. 116). One was in the upper left quadrant (Porphyrio hochstetteri, 
Gallirallus australis, and islands having immense areas), and one was in the upper 
right quadrant (Gallirallus dieffenbachii, G. owstoni, Cabalus modestus, and me- 
dium areas of islands). These two groups of characteristics were countered graph- 
ically principally by two essentially isolated taxonomic points having moderately 
low scores on axis II (Habroptila wallacii and Pareudiastes pacificus), with sev- 
eral other parameters or taxa having scores on axis II bordering on membership 
(Porzana atra, P. palmeri, small skeletal changes, and large isolation distances 
of islands). These opposing groups reveal axis II to be essentially a contrast 
between four New Zealand endemics and several, widely scattered rallids of other 
areas of the Pacific region (Fig. 116), groups that appear to be distinguished 
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largely by differences in areas and relative isolation of the respective islands 
inhabited. 

The approximate sphericity of associations among the axes derived from cor- 
respondence analysis (Table 76), the generality of the inferences possible from 
the two most explanatory axes, and the finding that the majority of taxa and 
parameters of inhabited islands fell so close to the origin as to be of negligible, 
shared association (Fig. 116), confirmed that flightless rails encompass a remark- 
able diversity of form and have succeeded in a wide variety of ecological circum- 
stances. With the exception of a few comparatively intuitive, salient gradients 
among these features, flightless rallids and the islands upon which they evolved 
are shown to defy succinct numerical summary or multivariate interpretation. 
Further insights and generalities synthetic of taxa and circumstances will require 
more focused and novel means of interpretation that incorporate supplementary 
ontogenetic and ecological information specific to the problem at hand. 

DISCUSSION 

GROSS RAMIFICATIONS OF FLIGHTLESSNESS IN RAILS 

GIANTISM, DWARFISM, AND STASIS 

ß.. variety in size ... would, in a corresponding degree, render the act of flight 
more difficult and laborious. Consequently, if that act were not needed for the ac- 
quisition of food, it might seldom or never be exercised in the absence of any enemy 
from which it would offer a way of escape. By long disuse of the wings, continued 
through successive generations, those organs, agreeably with Lamarck's theory of 
the 'Origin of Species,' would become enfeebled, and ultimately atrophied to the 
degree exemplified in Apteryx and Dinornis. The legs, then monopolizing the func- 
tions of locomotion, would attain, through the concomitant force and frequency of 
exercise, proportional increase of power and size. Under these conditions may be 
comprehended, by verce causce, the origin of the great flightless Anserine ... Cne- 
miornis calcitrans. It has become such through no choice or selection, but by a 
combination of circumstances enforced, with operative conditions of organic vitality, 
first taught us by the immortal author of the 'Philosophie Zoologique.' ... The same 
course of cognition, so guided, leads to the same conclusion as to the origin of 
Notornis, of Aptornis, [and] of Dinornis. The tendency to variation in size and pro- 
portions, after the reduction and loss of wings, leads to minor modifications of such 
flightless genera .... The genus Notornis is now known to be represented by species, 
living in the present generation of New-Zealand colonists, in localities nearly one 
hundred miles apart, and which have belonged to a once gregarious family.--Owen 
(1882: 693-694) 

In the first instance [raphids and flightless rallids] the absence of enemies on the 
insular areas inhabited by them leads to the loss of the power of flight through the 
reduction of the wing by disuse, or by the natural selection of the less strongly flying 
individuals; by this profound change of habit the organism is thrown out of equilib- 
rium with its environment, and variations, eliminated under ordinary circumstances, 
survive. The reason why these variations tend towards an increase of bulk may be 
that the expenditure of energy is much less.--Andrews (1896b:77) 

In the broadest sense, environment is so complex and subtle that the optimum 
may shift in what appears at first sight to be a stable environment. Thus, animals 
capable of self-directed locomotion the optimum for size shows a tendency to shift 
slowly in one direction, toward larger size, a tendency that may be cotinteracted by 
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other influences and abruptly reversed, but is nevertheless usual in the evolution of 
such groups. Even though individual animals may be perfectly adapted at a particular 
size level, in the population as a whole there is a constant tendency to favor a size 
slightly above the mean. The slightly larger animals have a very small but in the 
long run, in large populations, decisive advantage in competition for food and for 
reproductive opportunities and in escaping enemies.--Simpson (1944:85-86) 

Adaptations for flight carry certain disadvantages, particularly those that go along 
with comparatively small size.•olbert (1955: ! 71) 

Body size has often been portrayed as one of the most direct links between mi- 
croevolution and macroevolution.--Jablonski (1996:256) 

Patterns and agents of change in size.--The ecological importance and evo- 
lutionary implications of body size have been obvious to biologists as long as 
reasonably precise estimates of size have been available, and there exist a number 
of reviews of the general patterns and implications of both giantism (Haldane 
1928; Guthrie 1984) and dwarfism (Pregill 1986; Roth 1990, 1992; Hanken and 
Wake 1993; Lister 1996; Miller 1996; Anderson and Handley 2002), the latter 
notably among Amphibia (Hanken 1984, 1985; Trueb and Alberch 1985; Yeh 
2002). Comfortably consistent with the capitalistic view of more being better, 
Cope's law (macroevolutionary increase in size within a lineage) received excep- 
tional attention from the evolutionarily inclined and was based principally on 
trends toward greater body size evident in many fossil assemblages of vertebrates 
(Cope 1885, 1896; Newell 1949; Kramer 1960; Forster 1964; Gould 1970a; Stan- 
ley 1973; Bonner 1974; Pennycuick 1975; Hayami 1978; Brown and Maurer 
1986; LaBarbera 1986; Benton 1990; Carroll 1997; Lindenfors and Tullberg 
1998). Simpson (1944) noted that evolutionary increases in body size have been 
inferred from the fossil record of vertebrates so commonly that relative size came 
to be used as a criterion of ancestry, whereby large fossil taxa were disqualified 
as plausible ancestors of smaller taxa. Unfortunately, much of the reasoning ap- 
plied by Simpson (1944:85-86) to this generality was characterized by group- 
selectionist arguments, and focused on marginal advantages of large size for a 
minority of individuals (this contributing to long-term increases in size), while 
maintaining mean body size of the population at a lower adaptive optimum (there- 
by preserving present fitness of the group). An idiosyncratic explanation of gi- 
antism proposed by Edinger (1942) involved a pathology of the pituitary gland 
(i.e., an acromegaly afflicting entire lineages). 

With few exceptions, the primacy of body size with respect to the ecological 
parameters of organisms has been substantiated by diverse empirical studies 
(LaBarbera 1986, 1989; Jablonski 1996), despite diverse trends in size among 
anatomical elements obscured by patterns of body mass (e.g., McGillivray 1985). 
These studies include those bearing on the coexistence of closely related species 
of birds (Nudds and Wickett 1994) and flightless rails (Olson 1975b, 1986), there- 
by providing a comparatively sound basis for arguments requiring size-related 
selection in birds as a premise. Evolutionary increases in size are not only com- 
paratively common, but the apparent magnitudes of such changes were interpreted 
by L0vtrup et al. (1974) as contradicting the assumption that mutations effecting 
large changes are necessarily deleterious (Fisher's axiom). 

The intensity of natural selection on body size among adult birds was docu- 
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mented convincingly through a report by Bumpus (1899) of weather-related mor- 
tality in Passer, data subsequently were subjected to a series of increasingly refined 
analyses (Harris 1911; Calhoun 1947; Grant 1972a; Johnston et al. 1972; O'Donald 
1973; Lowther 1977; Pugesek and Tomer 1996). The evolutionary impact of such 
a punctuated episode has been balanced by a number of direct quantifications of 
natural selection on body size and allometric correlates over longer periods (Fleisch- 
er and Johnston 1982; Grant and Grant 1987, 2000), works that were bolstered by 
the confirmation of heritable variation in body size (Grant 1983b; Noordwijk 1984; 
Price et al. 1984a; B. R. Grant and P. R. Grant 1989), but conditional on a com- 
parative paucity of data bearing directly on the relationship between ontogeny and 
adult size and fitness (Gebhardt-Henrich and Richner 1998; Schew and Ricklefs 
1998) possibly confounding effects of introgression (Faivre et al. 1999). However, 
it is noteworthy in this regard that no convincing evidence has been marshaled to 
validate Cope's rule for avian taxa (Damuth 1993), despite the fact marginal evi- 
dence for a positive relationship between mean body size and caloric dominance 
has been marshaled for birds (Brown and Maurer 1986; Juanes 1986; Cotgreave 
and Harvey 1992). Empirical evidence for convergent changes in both increased 
and decreased size in Cerion was presented by Gould (1984). 

McKinney and McNamara (1991) discussed both giantism and dwarfism as 
targets of selection in heterochrony, and the empirical evidence for the greater 
frequency with which large body size is favored over small size. Large body size 
is generally favored where competition among consumers is important relative to 
efficiency of resource use (Maynard Smith and Brown 1986) and on islands (Case 
1978c). Important exceptions include the vulnerability of large lineages under 
conditions of major environmental perturbation or where large size magnifies 
exposure to predation, including that by humans (McKinney and McNamara 
1991). The evolution of body size can be viewed in both micro- and macroevo- 
lutionary scales, although most attention has been paid to the latter (Maurer et al. 
1992; Sheldon 1993). Changes in body size inferred for most, if not all, insular 
flightless birds have been interpreted to represent anagenetic (as opposed to clad- 
ogenetic) trends (McKinney 1990a, b; Whittaker 1998). These general arguments 
become more diffuse under the scrutiny of finer-scale changes and the capacity 
for specific developmental fields to undergo independent evolutionary change 
(McKinney and McNamara 1991). 

A preoccupation with evolutionary change and related preconceptions regarding 
trends in body size were undermined further by substantive consideration of the 
evolutionary bases of macroevolutionary stasis (Grass6 1977; Stanley 1979, 1990; 
P. G. Williamson 1981; Charlesworth and Lande 1982; Charlesworth et al. 1982; 
Levinton 1982a, 1983; Wake et al. 1983; Barnard 1984; Wilkens 1993). These 
were paralleled by study of the mechanisms underlying evolutionary invariance 
(Vermeij 1974; Williamson 1987; Steams 1993), and the bradytelic lineages were 
envisioned as examples of retarded evolutionary change (Simpson 1953a; Cracraft 
1984). 

Generalities of giantism.-•McKinney (1988b:333) cited environmental corre- 
lates fostering larger body size in animals, including regularly abundant food (all 
taxa), cooler temperatures (many vertebrates), large prey size (predators), season- 
ality (all), and postarboreality in vertebrates (see also Fogden 1972; Levinton 
1982b; Martin 1996). The latter, which implies a relaxation of selectively main- 
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tained size limitations related to locomotion, parallels several corollaries of avian 
flightlessness. To these McKinney and McNamara (1991:376) added several more 
factors of possible relevance to birds: low-nutrient food (after abundant food), 
and sexual selection (after seasonality). Increased body mass has obvious impli- 
cations for centers of mass, ambulatory balance, posture, arthrological accom- 
modation within limbs, and tendency toward graviportality (Alexander 1971, 
1977a, 1980, 1983a, b, 1984, 1985a, b). 

These implications entail a downside for large body size in multiple parameters 
of life history. For example, most modes of locomotion (with an exception being 
diving) are more expensive in absolute terms for individuals of large body mass, 
and therefore flightlessness ameliorates a major component of these disadvantages 
for birds. A general relationship between brain size and body mass, although 
taxonomically variable, exemplifies the potential for overly simplistic inferences 
regarding evolutionary trends in body size (Bennet and Harvey 1985a, b). In- 
creased size can affect factors of safety both with respect to avian flight (Vogel 
1988) or its loss (Alexander 1984). Moreover, selection for change in size may 
lead to changes in shape as a by-product of constraint (Gould 1966; Clutton- 
Brock and Harvey 1979; Pagel and Harvey 1989; Riska 1989; McKinney and 
McNamara 1991; Kozlowski 1996). Finally, even where selective advantages of 
large size are established, genetically determined covariance structures can con- 
strain evolutionary change (Schluter 1996a), and environmentally imposed vari- 
ation can retard or negate the realization of significant changes (Larsson et al. 
1998). However, there is overwhelming evidence that insularity per se is associ- 
ated with changes in body size (either increased or decreased), with shifts in part 
attributed to the implications of body size for community structure and an accom- 
modation by colonists to other residents of the island. Attribution to insularity of 
changes in body size is difficult, in part because typical shifts vary with taxonomic 
group and initial body sizes, and are fostered by diverse ecological circumstances 
(McNab 2001). For example, Forster (1964) and Lomolino (1985) summarized 
data for insular mammals and found that small species tended to undergo in- 
creased body size, whereas large species tended to become smaller after coloni- 
zation. 

Generalities of dwarfism.--Increasingly, evolutionary decreases in body size, 
or dwarfism' have been the subject of study (Marshall and Corruccini 1978; Price 
and Grant 1984; Griffith 1990; Bush 1993; Alexander 1996a; Rieppel 1996). That 
profound decrease in size can accompany colonization of islands is beyond rea- 
sonable doubt, perhaps best substantiated by the dwarfed elephant of Malta (Ele- 
phas falconeri), which underwent a reduction of 75% in height to approximately 
I m at adulthood (Lister 1993, 1996). Despite bringing needed balance to the 
theory of body size, some investigations involving dwarfisms (notably those of 
insular mammals) have been characterized by interpretational excesses regarding 
postcolonizational selection, an underemphasis concerning possible plesiomorphy 
or founder effects on differentiation and speciation, and a prevalence of ad hoc 
explanations (Berry 1998; Grant 1998c). Nevertheless, phylogenetically sound 
examples of miniaturization among birds are known. For example, small size of 
the hummingbirds (Trochilidae) poses thermodynamic challenges while conferring 
locomotory advantages for foraging through size-contingent apomorphy of the 
flight mechanism (e.g., Cotton 1996). For the minority of rallids manifesting 
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dwarfism in association with flightlessness, there is a possibility that body size is 
inversely related to rate of speciation (Dial and Marzluff 1988; Searle 1996), that 
is, dwarfism might hasten other apomorphic changes traditionally accorded tax- 
onomic recognition. However, the relationship between ontogeny, size, and evo- 
lutionary rates is a complex one (Arthur 1982a; Atchley and Hall 1991), and most 
perceived evolutionary trends derive from higher-order comparisons. 

Insularity, changes in size, and fiightlessness.--Owen (1866a:70) compared the 
large size of Raphus cucullatus and Pezophaps solitaria with numerous flightless 
representatives of six taxonomic families of ratites, penguins (Aptenodytes), wa- 
terfowl (Cnemiornis), alcids (Pinguinus impennis), and several gruiforms (Aptor- 
nis and Porphyrio mantelli), and elevated the importance of flightlessness to avian 
body size to an unprecedented level, concluding that these examples "... point 
to the disuse of wings in flight as the main condition of increase of size in species 
of birds .... "In that many of the species cited and most flightless birds are both 
insular and appear to have undergone increases in body size (Livezey and Hum- 
phrey 1986; Livezey 1988, 1989a-d, 1990, 1992a, b, 1993a-c), one might expect 
that clear generalities would emerge regarding changes in size in flightless rails 
on islands. Based on mammals, an island rule unified the advantages of both 
giantism and dwarfism in the absence of continental competitors and predators to 
effect a shift in mean masses of taxa in insular mammaliam communities toward 

an intermediate optimum (-1 kg), a selection regime that tends to make small 
species larger and large species smaller and acts most intensively on taxa of either 
extreme in size (Van Valen 1973b; Damuth 1993). The approximate optimum for 
mammals of 1 kg exceeds the body masses of all but the most massive of flighted 
rails (e.g., Porphyrio, Aramides, and Fulica), and if such an intermediate optimum 
existed for insular avian communities the value probably would be substantially 
lower. 

Even if global patterns of change in body size are substantiated, the underlying 
causes of insular giantism and dwarfism (nanism) remain in dispute, with pro- 
posed candidates for insular tetrapods including intraspecific competition, inter- 
specific competition (including character displacement), relaxed predation (e.g., 
absence of all but aerial predators) or absence of predation (Brown and Wilson 
1956; Schoener and Gorman 1968; Williams t972; Cox and Moore 1993; Rey- 
ment 1983; Schiile 1993; Adler and Levins 1994). Recently, Polo and Carrascal 
(1999) inferred that body size tended to be larger in birds characteristic of open 
habitats than those in woodlands, especially among ground-foraging species, im- 
plying that increases in body size may be especially favored on arid islands sup- 
porting habitats at early successional stages. These apparently contradictory ex- 
planations at least share the view that shifts are interpreted as a selective response 
to the body sizes of other colonists, available prey, and predators, with a largely 
untested role for directional selection toward local optima (e.g., Schoener 1975; 
Schwaner and Sarre 1988; Diamond et al. 1989; Forsman 1991; Cox and Moore 
!993). However, most assessments of such shifts unfortunately may be confound- 
ed by other, variably controversial but competition-neutral generalities concerning 
body size, including Bergmann's and Allen's rules (Calhoun 1947; Snow 1954, 
1958; Williamson 1958; James 1968, 1970; Kendeigh 1969, 1970, 1972, 1976; 
Power 1969, 1970a, b; McNab 1971; Niles 1973; Murphy 1985; Zink and Remsen 
1986; Geist 1987; Rising 1988; Johansson et al. 1998), and tend to lead to ad 
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hoc scenarios that resort to special pleading where particular data fail to fit general 
expectations (Whittaker 1998), and many were conceived without consideration 
of extinct, potentially critical components of insular communities (Pregill 1986). 

However, no specific selective trade-off has been demonstrated for insular birds 
(Damuth 1993), and if any pattern is evident among flightless rails it would be 
an opposite one (Table 71): lineages characterized by large body size tend to 
become exceptionally so (e.g., Porphyrio and Fulica). Lineages characterized by 
intermediate initial body sizes vary in direction of change (e.g., Dryolimnas, Cy- 
anolimnas, Gallirallus, and Gallinula). However, lineages characterized by small 
initial body sizes vary from modest giantism to dwarfism (e.g., Atlantisia and 
Porzana). Tree-based explorations (Figs. 12-14), multivariate analyses (Tables 11, 
13-22, 40-42, 46-52; Figs. 15, 20, 22-31, 49-58), and pairwise comparisons 
with most plausible sister-species (Tables 71, 72) indicate that most flightless 
species of the Rallidae, regardless of geographical distribution, underwent similar 
changes in body size, with the majority of taxa assuming greater body sizes with 
the loss of flight (Table 8; Appendix 1). Several groups indicated approximate 
stasis in mean body masses or dwarfism with flightlessess--Dryolimnas, Railus, 
Aphanapteryx, and Erythromachus, and Porzana (P. monasa being an exceptional 
case of size increase). In summary, for most Rallidae, large species tend to get 
larger with the loss of flight (with two notable exceptions being stasis in Railus 
and slight dwarfism in Dryolimnas), and small crakes (especially Porzana) tend 
to modest dwarfism with flightlessness. 

This counterindication of rails and birds generally is at least consistent with 
two alternative proposals: higher vagility of birds may increase the likelihood of 
the eventual immigration of avian competitors (i.e., a reduction in effective iso- 
lation); and the multitude of size-related parameters in birds is complicated further 
by the impact of increasing size on flight capacity (see below). Whatever the 
underlying cause of the diversity of change evident of flightless rails, the pro- 
cess(es) is (are) manifested in the extraordinary range of size and inferred changes 
thereof shown by flightless rails in many taxonomic groups (Tables 8, 9, 11-23, 
38-54, 65, 68-71; Figs. 15, 20, 22-32, 44, 48-60). Of the three alternative classes 
of change in body size that attend the loss of flight in birds (decrease, stasis, or 
increase [Fig. 117]), flightlessness in association with increased body size (Fig. 
117A) is most common in many taxonomic groups (including the Rallidae). This 
finding suggests that loss of flight in concert with increased size is either of greater 
selective advantage, ontogenetically parsimonious, or both. In some groups, flight- 
lessness evidently derives from the enlargement of body size accompanied by 
negatively allometric increases in the pectoral apparatus (e.g., some Tachyeres), 
with actual reduction in wing size (if any) occurring subsequent to attaining the 
threshold of flightlessness 0')- Flightlessness by such allometric giantism (Fig. 
117A), which essentially requires only general size increase with the pectoral 
apparatus undergoing increase not commensurate with the complement of the 
corpus, can be derived dynamically from first principles by using relatively 
straightforward methods (Appendix 5), and can be depicted by a phase plane 
illustrative of a two-dimensional system of differential equations in which trajec- 
tories of approach to the threshold • are readily specified by ratios of allometric 
coefficients pertaining to change in size of the body and the pectoral limb (Fig. 
118). 
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i•G. 117. Hypothetical evolutionary pathways leading to flightlessness in bivariate space defined 
by body size (initial values symbolized by IX.) and size of the pectoral apparatus, in which selection 
intensity varies directly with IX. - IX•: A, giantism, initially character/zed by allometric increase in 
size but undergoing a key evolutionary innovation or event (n) from flighted Bauplan upon crossing 
the threshold of flightlessness 'r to attain optimal, flightless body size IX•; B, stasis, character/zed by 
initial departure (allometric reorganization) from flighted Bauplan through size-neutral reduction in 
pectoral apparatus to cross the threshold of flightlessness ß while maintaining the same body size 
= IX•; and C, dwarfism, initially character/zed by allometric decrease in size but undergoing a departure 
(allometric reorganization) from flighted Bauplan to permit crossing the threshold of flightlessness 
to attain smaller, optimal flightless body size IX.. Each evolutionary scenario is accompanied by an 
"clock diagram" corresponding to the shifts in size, shape, and age through heterochrony in the 
flightless species (see text), after Gould (1977)ß 
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F•G. 118. Phase-plane for system of differential equations depicting evolutionary increase in body 
mass (M), that is logistic with respect to optimal body mass (Ix) and interrelated change in size of the 
pectoral apparatus (P), the latter multiplicatively logistic both with respect to change in M and the 
threshold of flightlessness (-). Trajectories for two initial positions and two values of ratios of scaling 
parameters are approximated. See Appendix 5 for explicit development of system and the derivation 
of trajectories under selected scaling parameters and initial conditions. 

PECTORAL ALLOMETRY AND FLIGHTLESSNESS: FALLING OFF THE LINE 

The bird's case is of peculiar interest. In running, walking or swimming, we con- 
sider the speed which an animal can attain, and the increase of speed which increas- 
ing size permits of. But in flight there is a certain necessary speed--a speed (relative 
to the air) which the bird must attain in order to maintain itself aloft, and which 
must increase as its size increases .... The principle of necessary speed... accounts 
for... why larger birds have a marked difficulty in rising from the ground, that is 
to say, in acquiring to begin with the horizontal velocity necessary for their sup- 
port .... For the fact is that the heavy birds must fly quickly, or not at all.--Thomp- 
son (1961:30-31; emphasis in original) 

There has been, in my opinion, mistaken emphasis on the non-adaptive nature of 
simple allometric trends in phylogeny. Proportions produced by constant ct values 
[allometric intercepts] need not be viewed as by-products of size increase brought 
to expression without selective modification of genetic shape factors; constant ct may, 
rather, reflect an ordered set of proportions specifically selected to accommodate 
absolute magnitude at each step of phyletic size increase .... allometric trends are 
as subject to evolutionary alteration as are morphological features. If increasing size 
would lead to inadaptive proportions, allometric parameters may be modified to 
allow further phyletic growth.--Gould (1966:618-619) 

Allornetry of avian fiight.-•Although flight is a comparatively speedy and gen- 
erally economical means of transport (Tucker 1970, 1973a; Schmidt-Nielsen 1972; 
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Rayner 1981, 1988a, b, 1990), and can provide an important vantage point for 
display, search, and orientation, flight is enormously consumptive of energy in 
birds per unit time (Berger and Hart 1974; Bishop 1997). High energetic demand 
is especially true of those groups in which flight is maintained by comparatively 
constant flapping of the wings or those having larger body sizes or induced drag 
(Raveling and LeFebvre 1967; Ellington 1984; Raynet 1985a, 1988a, b, 1993, 
1995). These groups of power fliers include the great majority of flightless cari- 
nates. In the latter group, the threshold of fiightlessness reduces to a failure to 
achieve takeoff, because this entails overcoming the acceleration of gravity as 
well as generation of forward thrust (Marden 1987; Tobalske and Dial 2000). 
Challenges of takeoff and an essential role of head winds for achieving necessary 
air (flight) speed also are shared by the large members of the Procellariiformes 
(Warham 1977, 1996; Pennycuick 1982, 1989), a group employing slope-soaring 
flight, possessed of high aspect ratios, and among which fiightlessness is unknown 
(Table 4). The capacity of the pelvic limb to contribute upward thrust and forward 
velocity assists in overcoming the challenge of takeoff in many groups, including 
the tubenoses (Heppner and Anderson 1985; Bonser and Raynet 1996; Warham 
1996; Earls 2000). Power required to remain airborne drops precipitously after 
takeoff, and only begins to increase again at velocities significantly in excess of 
the energetic optimum for a species (Blem 1999). Once airborne, level flight can 
be sustained as long as velocity is sufficient to generate necessary lift, a relation- 
ship central to the determination of optimal flight speed for a given taxon (Hed- 
enstr6m and Alerstam 1995; Thomas and Hedenstr6m 1998) and that underlies 
the typically high velocities maintained by heavy-bodied power fliers (Cottam et 
al. 1942; Pennycuick 1968, 1996, 1997, 1998b). 

Classic syntheses of essential aerodynamic parameters in birds (Hamilton 1961; 
Hartman 1961; Greenewalt 1962, 1975) established virtual isometry of wing 
length and wing area with body mass in modern taxa (Fig. 119), that is, the slopes 
closely approximated those expected on geometric grounds (/• -- 1/3 and 2/3, 
respectively), with the hummingbirds (Trochilidae) excepted on the basis of their 
unique flight in which lift is generated on both downward and recovery strokes 
of the wings (Epting and Casey 1973; Feinsinger and Chaplin 1975; Feinsinger 
et al. 1979; Epting 1980). Although differing significantly in allometric relations 
between wing length and body mass (F -- 51.2; d.f. = 16, 599; P < 0.00001), 
diverse taxa of power fliers manifest marked similarity in a close approach to 
isometry (Fig. 119). Likewise, flighted birds collectively manifest isometry be- 
tween masses of the major breast muscles (mm. pectoralis et supracoracoideus) 
with body mass (Hartman 1961; Greenewalt 1962). This degree of conformity in 
gross body proportions among birds, together with the demonstrable implications 
of these for flight, strongly suggests intensive underlying stabilizing selection in 
Aves (Rayner 1996). Nonetheless, variation in such vital parameters is evident 
among taxa within taxonomic families and among larger taxonomic groups (Fig. 
119). Some taxonomic groups of birds are characterized by transpositional shifts 
in allometry of wing size, by which increases in body size among flighted mem- 
bers are accompanied by comparatively profound changes in conformation or 
intercept (Meunier 1959a, b; Gould 1966). 

Relative robustness of the pectoral musculature has functional implications of 
comparable magnitude to the relationship between body mass and wing size. 
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FIG. 119. Allometric relationship between mean wing length and mean body mass for selected 
taxonomic families of modern Aves, depicting the relative position of the Rallidae and several related 
families. Flightless members are indicated by squares. 

Rails, even flighted species, are characterized by relatively small breast muscles 
(Hartman 1961; Rayner 1988a). The major breast muscles (mm. pectoralis et 
supracoracoideus) compose only 7-12% of total body mass in rallids, whereas in 
birds generally these account for at least 15% of body mass. A commensurate 
diminution of the other muscles of the pectoral apparatus the "rest" muscles of 
Hartman (1961)--also typifies the Rallidae, a generality accompanied by com- 
paratively heavy wing loadings and small tail areas (Hartman 1961; Rayner 
1988a). Therefore, despite the general validity of relatively short wings as prima 
facie evidence of avian flightlessness, diagnoses of flight capacity based on this 
criterion among the Rallidae require supplementary information on other influ- 
ential anatomical parameters (e.g., relative mass of pectoral muscles and structure 
of remiges), in that some rallids unexceptional in relative wing length are flightless 
(Table 9; Fig. 15). 

Accordingly, flight capacity (qb) can be symbolized as a function of three gen- 
eral parameters: 

• -- g (M•, Lw, P/), 

where M• is body mass, Lw is the lift provided by the wing surfaces, and P/is 
power provided by pectoral musculature (in turn a function of bulk, histology, 
and distribution of composite muscles), with the latter being affected by cardio- 
vascular capacity (in turn a function of heart rate, basal metabolic rate [BMR], 
and aerobic efficiency). The limiting requirements placed on lift for takeoff affect 
the values for lift (Lw) and power (P•) most severely. Of these essential compo- 
nents, the lift (Lw) provided by the wings is most difficult about which to gen- 
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eralize, because it is a complex function of several variables of the bird and its 
environment. Based on the pioneering work by von Helmholtz (1874), lift has 
been determined to be a function of the area of the wings (Aw), density of the air 
(9), velocity of the bird through the air' (U), and a lift coefficient (CL), and has 
been approximated as (Pennycuick 1969; Tucker 1973a; Schmidt-Nielsen 1984): 

L w = o/2AwU2CL. 

This estimate is further complicated by the inverse effect of flight speed on in- 
duced drag (proportional to U-2), and the fact that both lift and drag vary with 
the shape of the wing (the latter varying substantially among taxonomic groups 
of birds). 

It has been predicted theoretically and confirmed empirically that the morpho- 
metric space bounding those avian body forms that should be capable of flight 
can be defined broadly in terms of a suite of functional parameters that vary 
allometrically with body mass (Table 77; Fig. 120): isometric scaling of wing 
length (M}/3) and wing area (M•/3), closely similar to that realized for rails and 
other birds (Table 77; Hartman 1961; Greenewalt 1962), in comparison with the 
upper bound permitting powered flight (Meunier 1951); a lower bound for fre- 
quency of wingbeats (M•/6; von Helmholtz 1874; Rayner 1988a), with the cor- 
responding upper bound for frequency of wingbeats (M•/3; Pennycuick 1968, 
1975; Lighthill 1977); and the power available (M/• '72) and required for flight 
(M} .ø) as a function of body mass (Pennycuick 1969; Calder 1974; Rayner 1988a). 
The maximal body mass for a bird capable of flight (roughly 12 kg) evidently 
coincides with the intersection of the differentially allometric increases in power 
required and available for flight (Tucker 1974, 1975, 1977; Rayner 1988a; Nor- 
berg 1996; Butler and Bishop 1999; Brown et al. 2000), a size approximated by 
the largest extant flying birds, for example, the Trumpeter Swan (Anseriformes, 
Anatidae: Cygnus buccinator) and Kori Bustard (Gruiformes, Otididae: Ardeotis 
kori). 

These fundamental allometric relations define a morphological window or mor- 
phospace of avian body forms that should be capable of flight (Fig. 120). Nev- 
ertheless, many flightless species fall within these limits, underscoring the reality 
that excluded factors are influential and that care must be used in the interpretation 
of multiple allometric relationships for organisms (e.g., Kozlowski 2000). Mor- 
phological parameters that vary with body size and impinge on flight capacity 
include wing loadings, minimum air speeds to overcome drag and maintain lift, 
relative thickening of appendicular bones, and rigidity of remiges (Table 77). 
Ecophysiological correlates of body size (notably thermodynamic, metabolic, and 
ecological) are of comparable consequence and considered below (Peters 1983; 
Calder 1984; Schmidt-Nielsen 1984; Tributsch 1984). 

Larger species exhibit much narrower ranges of flight patterns in normal and 
migratory contexts than smaller species, with the comparatively massive species 
tending to closely approximate speeds of maximal energetic efficiency in normal 
locomotion (Bruderer and Boldt 2001). This suggests that functional tolerances 
bearing on flight capacity become increasingly stringent at higher body masses, 
both within and among taxa, being more permissive regarding pectoral reduction 
in small arboreal insectivores (Olson 1994). This boundary phenomenon is ex- 
emplified by the temporary flightlessness experienced by large individuals of spe- 
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FIG. 120. Bivariate plot of allometric relationships between observed wing lengths (excluding 
Trochilidae, approximated separately as ellipse), power for flight (available and required), and wingbeat 
frequency (maximal and minimal) with mean body mass for fiighted Aves. Plot is intended to be a 
heuristic illustration of three parameters bearing on flight capacity across a range of body masses, and 
largely reflecting relative scaling of parameters and the documented impossibility of avian flight at 
body masses greater than -12 kg (see text). Approximate range of body masses of species of Rallidae 
is shown. 

cies near the threshold (v) following periods of intensive feeding (e.g., Tachyeres 
patachonicus [Humphrey and Livezey 1982; Livezey and Humphrey 1986]). Oth- 
er power fliers that approach the threshold of flightlessness include eiders (So- 
materia [Guillemette 1994]) and loons (Gaviidae), notably large Gavia adamsii 
(Preston 1951; Savile 1957, 1958, 1962, pers. comm.; Norberg and Norberg 
1971). 

Parallels of nonavian fiight.--The complex of interrelationships that enable 
powered flight undoubtedly contributed to the evolutionary rarity of this mode of 
locomotion, which is known to have arisen only three times among tetrapods, in 
the Pterosauria, Aves, and Chiroptera (Vermeij 1987). However, this delicate bal- 
ance of relationships has been disrupted secondarily so as to render multiple avian 
groups apomorphically flightless (Table 4). Foraging niche and the morphological 
prerequisites for aerial maneuverability have imposed some convergences between 
insectivorous bats (Chiroptera) and aerial-feeding birds (e.g., Apodidae and Hi- 
rundinidae), as opposed to sit-and-wait predators (McNab and Bonaccorso 1995), 
notably comparatively low body masses, light wing loadings, and absence of 
flightlessness in the latter avian taxa (U. M. Norberg 1986). Body masses of bats 
(Mammalia: Chiroptera) are no greater than 1.5 kg, an upper bound evidently 
imposed both by aerial maneuverability and (in many Chiroptera, but few of the 
massive Pteropus) size-related selective constraints on echolocative frequency (U. 
M. Norberg 1981a, b, 1987, 1994; Norberg and Rayner 1987; Jones 1996). Re- 
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ductions in pectoral limbs in other tetrapods related to changes in locomotion or 
transport strategies, although they probably share similar ontogenetic underpin- 
nings (Rayner 1996), manifest distinctly different morphological patterns (Table 
78). 

Variation in fiighted and flightless rails.--No modern rallid approaches the 
upper limit of body mass permitting avian flight (12 kg), and only a few species 
(e.g., Fulica gigantea and F. cornuta) approach the threshold of flightlessness so 
closely as to vary in performance. Also, relative wing lengths and theoretically 
attainable frequencies of wingbeats in modern members of the family Rallidae 
evidently are not limiting with respect to flight capacity (Greenewalt 1962). Rails 
are unremarkable among other terrestrially specialized power fliers in the inter- 
specific relationship between wing length and body mass (Figs. 119, 120), and 
on this basis seem an unlikely source for a multitude of flightless members. De- 
spite reports emphasizing the brevipennate condition of some flightless rallids 
(e.g., Habropteryx okinawae [Kuroda 1993]) and Porphyriornis comeri [Eber 
1961]), few taxa qualify as marked outliers from the allometric relation charac- 
teristic of flighted confamilials (Figs. 119-121). Notable deviations from the norm 
for the Rallidae on the basis of external dimensions include (Table 71; Fig. 15) 
Habroptila wallacii, Gallirallus australis, Tricholimnas sylvestris, T. lafresnay- 
anus, Habropteryx insignis, Porzana toonasa, and Tribonyx mortierii. 

As detailed below, most flightless rails appear to have lost the capacity for 
flight by other means, notably reductions in the pectoral musculature (source of 
power behind air speed) in combination with maintenance or increases of total 
body mass. Members of the family Rallidae as a whole tend to have comparatively 
weak breast musculature (Hartman 1961; Greenewalt 1962), among which flight- 
less rails fall well below the isometry between masses of mm. pectoralis et su- 
pracoracoideus and body mass typical of flighted members (Table 77). This shift 
in distribution of body mass has important implications for allocation of resources 
by flightless rails (McNab 1994a, 2001), representing an evolutionary strategy 
incompletely conveyed by the morphological parameters normally descriptive of 
flight capacity (Figs. 117, 119, 120). This explanatory shortcoming primarily 
stems from the omission of other critical physiological and ecological correlates 
of body mass, notably thermodynamic efficiency and ecological implications of 
body size (Calder 1974; Lindstedt and Calder 1981; Peters 1983; Schmidt-Nielsen 
1984). 

FINE-SCALE MANIFESTATIONS OF FLIGHTLESSESS IN RAILS 

INTEGUMENTARY CHANGES 

In the most adult example [of Atlantisia rogersi] ... there is still a very evident air 
of immaturity; and this impression is borne out by the discovery that the remiges or 
wing-feathers, as regards the development of the rami and radii, exhibit microscop- 
ically a stage of evolution which has not advanced beyond that seen in the body or 
contour-feathers of such a volant form as Rallus aquaticus .... the rami and radii of 
the wing-feathers of other truly flightless rails present a similar want of development 
or juvenility, a condition of things which seems to be intimately connected with the 
subject of flightlessness .... --Lowe (1928a:106) 
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The possession of embryonic or larval characters in the adult does not necessarily 
prove that the possessor is primitive, for it is equally if not more likely to be due to 
neoteny, and therefore phylogenetically secondary. Lowe has revealed the most in- 
teresting fact that the plumage of the ostrich and of the penguin remains throughout 
life in the condition of the down plumage of the chicks of flying birds. Since the 
wings of the ostrich and other so-called flightless birds and of penguins must have 
been derived by degeneration from those of flying birds, it is to be concluded that 
these embryonic and larval features have been secondarily prolonged and retarded 
by neoteny in the evolution of flightless birds and penguins from flying birds.--de 
Beer (1951:99-100) 

Shapes of wings and remiges.--Several refinements in the shape of wings are 
known to have aerodynamic implications in birds (Sundevall 1886; Sy 1936; 
Stolpe and Zimmer 1939b), including turbulence-reducing notches in the caudal 
margin of the extended wing (Drovetski 1996), marked asymmetry of vexillae of 
remiges (Feduccia and Tordoff 1979), and other structural details (R. ,•. Norberg 
1985; U. M. Norberg 1990). In light of the nonfunctional variation in remiges 
and wing shape that characterize at least some flightless rails (e.g., Lowe 1928a; 
McGowan 1986), it is not surprising that some of the most conspicuous aerody- 
namic features of the wing have undergone variably pronounced degradation 
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among more-derived taxa (Tables 13, 27, 28; Figs. 22, 38, 39). Several of the 
most conspicuous apomorphies of flightless rails (e.g., rounding of the extended 
wing [Fig. 22] and differential reductions in lengths and number of remiges [Ta- 
bles 27, 28; Figs. 38, 39]) are interrelated. Based on the pterylographical com- 
parisons by Lowe (1928a) for Atlantisia rogersi and that by Jeikowski (1971) for 
Fulica, the preliminary comparisons feasible herein (Figs. 33-37) confirm that 
modest losses of tectrices throughout the wing accompanied the general short- 
ening of the appendage and the losses of one or more remiges primarii in some 
flightless species. 

The disproportionate reduction or outfight losses of the distalmost remiges pri- 
marii is one of the most widespread convergences of the integument among flight- 
less cadnates, including the Laysan Duck (Anas laysanensis [Moulton and Weller 
1984; Livezey 1993a]) and Auckland Islands Teal (Anas aucklandica [Livezey 
1990]). Based on the length of the vestigial carpometacarpus and apparent absence 
of the ossa digiti majoris of the gruiform Aptornis, a maximum of one to three 
(probably diminutive) remiges primarii could have been retained (Livezey 1994). 
This contrasts with the 10 remiges primadi (excluding the remicle) found in Rhyn- 
ochetos and evidently plesiomorphic for the Gruiformes (Livezey 1998). Whether 
these changes in the numbers of remiges and tectrices in flightless gruiforms were 
(are) associated with shifts or increased variation in patterns or schedules of molt 
typical for the order (Stresemann and Stresemann 1966) is not known. A number 
of the qualitative changes in relative lengths of remiges and the unguis alularis 
have heterochronic underpinnings, and are considered below (see Ontogeny). 

Microstructural changes in remiges.---A preliminary survey of samples of the 
vexilla of remiges secundarii of selected flightless rails with SEM not only con- 
firmed the descriptions by Lowe (1928a) for Atlantisia rogersi, but these com- 
padsons augmented the microapomorphies of remiges of flightless rails and ex- 
tended the record of these features to many additional taxa (Fig. 39). Notable 
among these was the general reduction (especially in the distal portions of the 
vexilium) in number of functional hamulae (i.e., curvature fully developed and 
effecfing secure locking of opposing rugae of adjacent feathers), with the ho- 
mologues assuming the appearance of cilia in the remiges. These findings differ 
from the conclusions drawn by McGowan (1989) from a microscopic compadson 
of remiges of seven flightless carinates (Atlantisia rogersi, Gallirallus australis, 
Pygoscelis adeliae, Tachyeres leucocephalus, Strigops habroptilus, Compsohal- 
ieus harrisi, and Rollandia microptera) with those of fiighted relatives (Gallirallus 
philippensis, Tachyeres patachonicus, Nestor norabills, Hypoleucos olivaceus, and 
Rollandia rolland) and several palaeognathous taxa. McGowan (1989:543) came 
to a conclusion at odds with the present study: "... flight loss in carinates is 
accompanied by little or no change in the structure of the primary feathers, and 
this parallels the situation seen in the wing musculature, flightless species having 
pectoral muscles that are almost identical with those of their flying relatives .... " 
The latter inference may have resulted, at least in part, from inclusion of flightless 
species that use their wings for aquatic propulsion (e.g., Tachyeres and Pygos- 
celis), while undersampling the Rallidae. 

Shapes of tails and rectrices.--In addition to the involvement of the tail in 
flight (Balmford et al. 1993; Thomas 1993, 1996a, b), this structure has been co- 
opted in a number of avian lineages for secondary purposes, notably sexually 



328 ORNITHOLOGICAL MONOGRAPHS NO. 53 

selected ornamentation (Alatalo et al. 1988; Barnard 1991; Thomas and Balmford 
1995; Fitzpatrick 1997). Accordingly, the conformation and maneuverability of 
the tail often represent a selective compromise among aerodynamic and etholog- 
ical functions (Fitzpatrick 1999; M011er and Hedenstr6m 1999). This evolutionary 
trade-off is analogous to other traits serving multiple roles, for example, structures 
serving both as ornaments and armaments (Berglund et al. 1996), compromises 
most conspicuous in taxa (e.g., Trochilidae and Hirundinidae) combining strong 
sexual dimorphism with highly refined aerodynamics (Evans et al. 1994; R. 
Norberg 1994; M011er et al. 1995, 1998; Evans and Thomas 1997; Barbosa and 
M011er 1999; Buchanan and Evans 2000; Park et al. 2000). 

The dual roles of aerodynamic utility and ornamentation vary in importance 
throughout the Rallidae (Taylor 1996), and in flightless taxa the gross structure 
of the tail is consistent with relaxation of the former and variably pronounced 
intensification of the latter sources of selection. Absolute and relative changes in 
tails of flightless rails exceeded those in wing lengths, in large part because some 
flightless rails appear to have undergone elongation of the tail (Table 71). How- 
ever, structural changes in the rectrices of flightless rails tended to parallel those 
of remiges to a greater extent (Table 29). Evidently, sexual selection acting on 
the tail as ornament primarily targets length and overall conformation, whereas 
the relaxation of selection for aerodynamic function tended to proceed unimpeded 
to effect a reduced investment in microstructural integrity. 

In other flightless birds, reduction in the size and microstructural integrity of 
the tail varies substantially, but typically conforms with the general trend evident 
in flightless rails toward diminished length and stiffness (Livezey 1990, 1993a, 
b). However, the tails of the aquatic Galapagos Cormorant (Compsohalieus har- 
risi) are quite robust and those of flightless steamer-ducks (Tachyeres spp.) have 
undergone only modest shortening, evidently in both cases related to hydrody- 
namic function of the tail (Livezey and Humphrey 1986, 1992; Livezey 1992a). 
The tail of the Kakapo (Strigops habroptilus) is elongate and stiff, and apparently 
is a sexually selected ornament (Livezey 1992b). Predictably, the ratites present 
diverse but generally more substantive structural changes in the tail, in which 
rectrices vary greatly in length (primarily related to ornamentation) but retain 
little structural integrity, and in most taxa a reduction in the underlying pygostylus 
is evident (Rtippell 1977). Although the latter may represent a reversal related to 
the secondary loss of flight, the basal position of the ratites among Neornithes, 
the evolutionary transformation of the pygostylus (Gatesy and Dial 1996b), and 
other structural tolerances pertaining to the origin of flight (Peters and Gutmann 
1985) make the determination of this polarity problematic. The variably substan- 
tive reductions in tails found in flightless rails are consistent with relaxation of 
structural aspects having aerodynamic implications, notably those pertaining to 
the provision of ancillary lift and reduction of drag (Maybury et al. 2001; May- 
bury and Rayner 2001; Evans et al. 2002), conditioned by those aspects beating 
on the utilization of the tail for display. 

Variation in body plumage.--In comparison to the structural changes substan- 
tiated by the remiges of flightless rails (Tables 27, 28; Figs. 38, 39), the micro- 
structure of the contour feathers of the rest of the body was conspicously com- 
promised in only the most derived, strongly paedomorphic taxa (e.g., Cabalus 
modestus and Atlantisia rogersi). These most extreme cases among rallids did not 
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exhibit changes as profound and widespread as were indicated for the Dodo (Ra- 
phus cucullatus [Brom and Prins 1989]) or the ratites (McGowan 1989). Other 
possible but unassessed changes in integumentary anatomy (Rawles 1960; Stet- 
tenheim 1972; Spearman and Hardy 1985), including conservative changes in 
ptilosis (Miller 1924) or pterylography (Nitzsch 1840), would appear to be have 
been likely in those taxa showing the most profound anatomical changes (e.g., 
Diaphorapteryx and Aphanapteryx). 

CRANIAL MORPHOTYPES 

General avian patterns.--Allometry evident in the vertebrate (especially avian) 
skull (Erdmann 1940; Van der Klaauw 1948, 1951, 1952; Bamikol 1952; Simonetta 
1960; Bock 1964, 1966; Emerson and Bramble 1993; Hanken and Hall 1993) 
indicates that some cranial proportionalities are explainable as by-products of var- 
iation in size. Moreover, a number of flightless members of other avian families 
(Table 4) manifest variably similar changes in morphology with the loss of flight 
(Table 79) (e.g., change in body size [increases in most taxa], elongation and cur- 
vature of bill [Aptornis], and relative elongation and robustness of the pelvic limb 
largely correlated with increased body size [most taxa]) that are similar to those 
inferred for flightless rallids (Tables 71, 72). In that convergences (exclusive of 
those in the pectoral apparatus) largely stem from a tendency toward increased size 
(Figs. 119-121), the implications of which are discussed elsewhere, few of these 
merit special consideration. One exception is the variable tendency toward elon- 
gation and decurvature of the bill in some flightless rails, examples of which in 
other taxonomic families include the gruiform Aptornis, perhaps symplesiomorphic 
in part with Rhynochetos (Livezey 1998), and flightless ibises (Threskiornithidae), 
for which inferences of changes in bill length and decurvature have been made for 
various flightless taxa and for flighted, insular representatives (Olson and Wetmore 
1976; Olson and James 1991; Mourer-Chauvir6 et al. 1995a, b). 

Patterns among the Rallidae.--Some aspects of cranial shape were correlated 
with morphometric size among rails (Fig. 48). For example, a great majority of 
the smallest skulls (many of the crakes) also were characterized by short bills 
(Table 30), and with few exceptions (e.g., Cabalus modestus and Capellirallus 
karamu), taxa possessing relatively long, decurved bills also were of intermediate 
or large body size (Fig. 48). Despite the availability of remarkably detailed in- 
formation on the early ontogeny of most qualitative cranial features in at least 
one rallid (Fulica atra [Macke 1969]), no quantitative data are available on de- 
velopment of the skull in the Rallidae; therefore the possible role of intraspecific 
scaling in patterns of variation among species cannot be explored. However, much 
of the variation in relative bill length was orthogonal to overall size of skulls 
(Table 41; Fig. 48), and models explanatory of cranial diversity in rails exceed 
mere corollaries of allometry. Notable also were the sizes of the minority of taxa 
manifesting exceptional sexual dimorphism in bills (Cabalus modestus [small 
body size], Erythromachus leguati [moderately small], Aphanapteryx bonasia 
[moderately large], and Diaphorapteryx hawkinsi [large]), a pattern also sugges- 
tive of independence of bill and body sizes and perhaps more closely associated 
with certain insular conditions (detailed below). The generally low diversity of 
cranial form among insular endemics in the Rallidae compared to such radiations 
as the drepanidids (Amadon 1950; Baldwin 1953; Richards and Bock 1973; Rai- 
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kow 1977; James and Olson 1991), geospizine finches (Lack 1945, 1947a; Bow- 
man 1961, 1963; Boag and Grant 1984; Grant 1986), and meliphagid honeyeaters 
(Keast 1968; Diamond et al. 1989) presumably reflects the distribution of insular 
rallids, in which divergence of form in sympatry (e.g., Chatham and Hawaiian 
islands) is the exception rather than the rule. 

One cranial feature typical of a minority of rails, supraorbital depressions for 
the salt or nasal glands (sulcus supraorbitalis glandula nasalis), was not encoded 
by the measurements employed herein. This osteological feature reflects the rel- 
ative size of a (generally bilobed) bilaterally paired gland related to maintenance 
of electrolytic equilibrium, and in some species contributes to direct voiding of 
excess salts in alkaline or marine environments (Schmidt-Nielsen and Kim 1964; 
Carpenter and Stafford 1970; Hughes 1970; Peaker and Linzell 1975; Holmes 
and Phillips 1985). These depressions were observed in the mangrove-dwelling 
Eulabeornis castaneoventris, estuarine populations of Railus longirostris (Olson 
1997), and the formerly lagoon-dwelling Fulica chathamensis (Beddard 1898; 
Millener 1980). Although many aspects of the skull can be phylogenetically in- 
formative (Mtiller 1964; Livezey 1998), ecologically informative cranial variation 
that derives from changes in aqueous salinity can contribute to exceptionally high 
intraspecific variation in the sulcus supraorbitalis (Marples 1932; Siegel-Causey 
1990). This environmentally induced variation might undermine the reliability of 
the character for purposes of phylogenetic inference at lower levels (e.g., among 
partitions of a widely distributed, variably migratory rallid; but see Olson 1997), 
although gross aspects of the feature may be useful at higher phylogenetic scales 
(Livezey 1998) and indicative of the environments in which sedentary, flightless 
rails lived (e.g., Fulica chathamensis vs. F. prisca [Millener 1980, 1981]). 

PECTORAL SKELETON 

ß.. with further atrophy of the pectoral muscles, the keel should disappear from the 
sternum and leave no trace, as it has done is several genera of birds otherwise 
structurally distinct, as, for example, in Struthio, Rhea, Dromaius, Casuarius, Ap- 
teryx, and Dinornis, are Aptornis and therewith Notornis [Porphyrio hochstetteri] to 
be likewise included in the subclass 'Ratitce' of a binary ornithological system?- 
Owen (1882:692-693; numbers for footnotes excluded) 

Pectoral girdle.--The avian sternum displays remarkable diversity of form 
(Parker 1864; Ftirbringer 1888), and the functional and taxonomic implications 
of this morphological variation have attracted considerable study by anatomists 
from both descriptive and ontogenetic standpoints since the middle of the 19th 
century (e.g., Parker 1868; Lindsay 1885; Hommes 1924; Fell 1939; Klima 1962; 
Lidauer et al. 1985). The exceptional attention given the developmental patterns 
of the avian sternum was engendered, in large part, by the comparatively late 
ossification of the element in modern birds, a distinction that not only facilitated 
limited ontogenetic inferences, but that qualified the element as among the most 
likely skeletal structures to reveal signatures of heterochrony (Owen 1882; Parker 
1894; Andrews 1896a; Glutz von Blotzheim 1958; Livezey 1995a). Variation in 
sterna among flightless rallids was significant (Table 60; Figsß 51, 67), with no- 
table changes associated with reduction of loss of flight capacity numerous and 
discernible without precise quantification (Figsß 8, 9, 61); many of these changes 
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were convergent with those typical of flightless members of other carinate families 
(Livezey 1989a-d, 1990, 1992a, b, 1993a-c). 

In contrast, the furcula showed only subtle changes in shape in flightless rallids, 
although overall robustness underwent a marked decrease in some of the more 
derived taxa (Table 61; Fig. 61). Similarly, the furcula remained relatively typical 
in conformation in Raphus cucullatus and Pezophaps solitaria (Livezey 1993b), 
whereas this element varies considerably in some taxonomic groups in both flight- 
ed and flightless members and at both interspecific and intraspecific levels (Glenny 
and Friedmann 1954; Glenny 1959). This plasticity of the claviculae suggests a 
comparatively great potential for evolutionary change and relaxation of selection 
acting on this element (Witte et al. 1990; Travis 1994), although the functional 
importance of the furcula for flight documented in Sturnus by Jenkins et al. (1988) 
suggests that the comparative uniformity in other groups such as the Passeriformes 
is maintained selectively. 

Exclusive of reduction in the carina sterni (Table 60), an enlargement of the 
angulus coracoscapularis (Table 64) is the most frequently cited character shared 
by most flighfiess carinates (Owen 1879; Fiirbringer 1888, 1902; Kntpfli 1918; 
Nauck 1930a; Kaelin 1941; Livezey 1989d, 1992a). In light of the morphogenesis 
of the avian pectoral girdle (Nauck 1930b; Howell 1937), the divergence of this 
articulation is probably paedomorphic (Livezey 1995a), at least among carinate 
groups. Systematic comparison of elements revealed convergent changes in the 
scapula and coracoideum of flightless rails (Tables 62, 63). Lambrecht (1931) and 
Fisher (1945) considered the relevance of the "anterior intermuscular line" of the 
coracoideum for flight capacity; this feature is synonymous with linea intermus- 
cularis ventralis on facies ventralis of the corpus coracoidei, and corresponds to 
the variably conspicuous margin between the impressiones of mm. supracoracoi- 
deus et coracobrachialis caudalis. Although a trend in the position of this line 
may be discernible at the highest taxonomic levels, it is of no use at or below 
familial level in modern birds, and showed no consistent differences between 
flighted and flightless rails. 

Pectoral appendage.--The most extreme reductions of the pectoral limb are 
found among the ratites (flightless Palaeognathae). In the manus, the carpometa- 
carpi of adult ostriches (Struthionidae), rheas (Rheidae), casuaries (Casuariidae), 
and Dromornithidae retain complete, distinguishable ossa metacarpalia (although 
variably synostotic for some of their lengths), whereas those of emus (Dromaii- 
dae), kiwis (Apterygidae), and elephant birds (Aepyornithidae) are variably syn- 
ostotic with the distal antebrachium and lack distinct ossa metacarpalia and the 
spatium intermetacarpale (Owen 1841; Parker 1892; Pycraft 1900; Rich 1979; 
McGowan 1982). The only birds in which it is beyond reasonable doubt that 
complete loss of the pectoral limb occurred were the extinct moas (Dinomithi- 
formes [Oliver 1949; Anderson 1989; but see Forbes 1892f]). However, the early 
description of Aphanapteryx bonasia by Milne-Edwards (1869), at which time 
there were no pectoral elements or skins for study, suggests that he incorrectly 
entertained the possibility of genuine winglessness in this rail. For example, 
Milne-Edwards (1869:260) stated of the included painting of Aphanapteryx by 
Hoefnagel (ca. 1610) that "No indication of wings is to be seen," although he 
later stated (1869:270) "The feathers of the wings are too slight and offer far too 
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little resistance to have been of use in flight; and, besides this, the wings them- 
selves are rudimentary." 

Outright loss of skeletal elements aside, multiple changes in dimensions (Tables 
32), relative proportions (Tables 34, 35), and qualitative features of the pectoral 
skeleton (Tables 58-64) characterized flightless rails. Several of the features found 
in virtually all flightless rallids--for example, truncation of the skeletal elements 
of the wing relative to the rest of the body (especially in distal elements) and 
several qualitative features of major elements (e.g., a comparatively distinct im- 
pressio m. brachialis ulnaris and moderately conspicuous conformational changes 
in the carpometacarpus)--are characteristic of flightless or flight-impaired water- 
fowl, including steamer-ducks (Tachyeres [Livezey and Humphrey 1986, 1992]), 
Auckland Islands Teal (Anas aucklandica [Livezey 1990]), Auckland Islands Mer- 
ganser (Mergus australis [Livezey 1989b]), Chatham Islands Merganser (Mergus 
sp. [Millener 1999]), and the extinct seaducks of the genus Chendytes (Livezey 
1993c). Whether any of the quantitative or qualitative changes associated with 
reduced flight capacity occur in the "flight-impaired" rail Laterallus spilonotus 
(Ripley 1977; Fjeldsfi 1981; P. B. Taylor 1998), or if the suggestive behavior of 
this species is entirely behavioral and related to tameness shared with a number 
of insular species (Humphrey et al. 1987), cannot be determined currently because 
of an inexplicable lack of anatomical specimens. 

A subset of these features also appear in incipient stages in several taxa nearing 
the threshold of flightlessness (in order of decreasing apomorphy): Mareca rna- 
recula of Amsterdam Island (Martinez 1987; Olson and Jouventin 1996), Eury- 
arias finschi of New Zealand (Worthy 1988a, 1997a), Laysan Duck (Anas lay- 
sanensis), and Hawaiian Duck (Anas wyvilliana). Several additional recently ex- 
tinct or subfossil insular dabbling ducks, including Coues' Gadwall (Mareca coue- 
si [Livezey 1993a]) and Anas theodori of Mauritius Island (Newton and Gadow 
1893), also show indications of pectoral reduction based on ratios of mean wing 
lengths divided by tarsus lengths (Livezey 1993a). However, this trend of pectoral 
shifts is far from universal among insular anatids (Lack 1970b; Weller 1980). 
Eaton's Pintail (Anas eatoni), Marianas Duck (A. oustaleti), Andaman Teal (A. 
albogularis), Galapagos Pintail (Anas bahamensis galapagensis), and South Geor- 
gia Pintail (A. (g.) georgica) show no obvious changes in relative wing length or 
sternal size (Weller 1975, 1980; Stahl et al. 1984; Livezey 1993a). 

Not all insular anseriforms exhibit only subtle or incipient skeletal apomorphies 
indicative of flightlessness. For example, the the extinct, flightless geese of Hawaii 
(Thambetochen, Ptaiochen, and Chelychelynechen) possessed carpometacarpi in 
which the narrowed spatium intermetcarpale was occluded (Olson and Wetmore 
1976; Olson and James 1991), evidently through ossification of the membrana 
between mm. intersossea dorsalis et ventralis (Olson and James 1991; Livezey 
1996a). Of comparable scale in pectoral apomorphy is the extinct Cnemiornis of 
New Zealand, a goose possessed of massive size, truly vestigial carina sterni, and 
extraordinarily reduced elements of the pectoral limb (Hector 1873a, b; Owen 
1875; Livezey 1989a; Worthy et al. 1997). Pectoral reduction of a magnitude at 
least as great as shown by the foregoing genera characterized the foot-propelled 
diving duck Chendytes (Livezey 1993c). 

Aside from the Rallidae, flightlessness was associated with the most profound 
morphological changes in the extinct Adzebill (Aptornithidae: Aptornis) of New 
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Zealand, the sister-group of the weakly flighted Rhynochetos (Livezey 1998). The 
unique truncation of the distal segments of the ossa metacarpalia majus et minus 
of Aptornis, as well as the reduction or loss of most of the features typical of the 
proximal portion of the carpometacarpus (Livezey 1994), represent structural re- 
duction of a greater magnitude than that described for flightless rails or for mem- 
bers of any other carinate order (Owen 1875; Sinclair and Farr 1932; Olson and 
Wetmore 1976; Livezey and Humphrey 1986; Millener 1988, 1989; Millener and 
Worthy 1991; Olson and James 1991). There is no indication that the variably 
synostotic phalanx digiti alulae of Aptornis functioned as a combative spur (Liv- 
ezey 1994), because the element shows none of the distal rugosity or thickening 
typical of the spurs derived from os metacarpale alulare or os carpi radiale in 
some other taxa (Rand 1954). An alternative interpretation of this feature in Ap- 
tornis based on conservative aspects of avian ontogeny is presented below (see 
Ontogeny). 

Retention of complete, but variably derived elements of the manus also char- 
acterizes flightless carinates that are (or were) obligate wing-propelled diving birds 
(the penguins [Sphenisciformes], plotopterids [cf. Pelecaniformes], and flightless 
alcids [Charadriiformes]), flightless birds in which the loss of the capacity for 
aerial flight was accompanied by employment of the forelimb as a propulsive 
organ in aquatic locomotion (Kelso 1922; Olson and Hasegawa 1979, 1996; Ban- 
nasch 1986a, b, 1987; Livezey 1988, 1989c; Raikow et al. 1988). 

Microstructural likelihoods.--The impact of size and locomotive strain on mi- 
crostructural characteristics (e.g., histology) has been recognized for decades 
(Rensch 1948), but a paucity of quantitative data for the pectoral appendage of 
birds persists. This deficiency of data is critical, in that if structures undergoing 
reductive evolution are subject to the optimization of relative investments or sym- 
morphosis (Taylor and Weibel 1981; Alexander 1984, 1998a; Ricklefs 1998; Wei- 
bel et al. 1998; Weibel 2000), then parallel shifts in modal robustness of pectoral 
elements should be associated with the loss of flight. That is, if the reasoning 
generally applied to the pelvic limb concerning apparent margins of safety are 
substantiated empirically (cf. Gans 1979), then the economics of reductions in 
these margins in such critically important structural elements in birds may be 
critical. Given the evidence for the role of heterochrony in pectoral reduction in 
flightless birds, such economics in margins of safety would correspond well with 
the inclusion of symmorphosis as one component at the histological level of 
constraint in avian development proposed by Ricklefs et al. (1998). 

PELVIC SKELETON 

That mere shortness of wing and length of leg are no true characters of a natural 
group, even when the legs are adapted for swift course on dry land, is evinced by 
the singular short-winged Rail (Brachypteryx) at present existing in New Zealand, 
and which probably was manifested on a larger scale by the allied genus Notornis, 
which unquestionably belongs to the Rallidce rather than to the Struthionidce.--Owen 
(1848b:374; comparing Gallirallus with the ratite Dinornis) 

Shifts in pelvic robustness and proportions.--Pelvic characteristics typical of 
large, variably cursorial birds adapted to walking on firm substrates represent the 
predicted endpoints for the hindlimb in terrestrial birds after the loss of flight. 
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These expectations apply to most rallids, the comparatively natatoffal genus Fu- 
lica excepted. Generalities typical of avian taxa reliant on ambulatory movements 
include heavy skeletal elements in the pelvic appendage and relatively short tar- 
sometatarsi and digits (Storer 1971a), with increased tibiotarsal proportions as 
lineages undergo cursoffal specialization (Blechschmidt 1929; Engels 1938a, b; 
Maloiy et al. 1979; Bochenski 1989). In general, flightless rallids having predom- 
inately terrestrial habits conformed with the predicted shift (Fig. 43). The pelvic 
proportions of Rapbus cucullatus and Pezophaps solitaria showed distinctly dif- 
ferent shifts in pelvic proportions characterized by modest shifts toward gravi- 
portality (Prange et al. 1979; Alexander 1984, 1985b; Currey and Alexander 
1985). R. cucullatus had disproportionately short tarsometatarsi, whereas P. so- 
litaria had disproportionately short digits, but both possessed substantially more 
robust pelvic elements (Livezey 1993b). In neither species is disproportionate 
shortening of the femur characteristic of more-specialized terrestrial birds (Gatesy 
1991). 

Consistent with expectations for aquatic forms (Raikow 1970, 1973; Livezey 
1986a, b; Faith 1989), flightlessness in Fulica was accompanied with dispropor- 
tionate elongation of the tibiotarsus and digits, with these augmentations being 
superimposed on the specialized proportions already characteristic of righted 
members of the genus (Fig. 43). This shift predictably opposes those typical of 
waterbirds in which flightlessness is associated with increased dependence on 
terrestrial locomotion (e.g., insular Anas), in which hindlimbs assumed a com- 
promise between natatorial efficiency (Stolpe 1932; Raikow 1970, 1973, 1985a; 
Storer 1971a; Bruinzeel et al. 2000) and modest ambulatory refinements (Livezey 
1990, 1993a). The differences t in shifts shown by insular dabbling ducks and the 
flightless coots (Fig. 43) strongly indicate that the latter had moved toward in- 
creased specialization of aquatic movements in their lacustrine and estuarine hab- 
itats as opposed to a shift toward increased exploitation of uplands. The large 
body size, elongation of the pelvic limb (particularly the tibiotarsus), and long, 
narrow pelvis of Fulica in general, and congeners approaching flightlessness in 
particular, are shared by a number of flightless taxa (e.g., Hesperornithiformes, 
grebes, cormorants, Tachyeres, and Chendytes) in which members also are (or 
were) proficient foot-propelled divers (Townsend 1909, 1924; Dabelow 1925; Liv- 
ezey and Humphrey 1986; Livezey 1989d, 1992b, 1993c). 

Although proportions within the pelvic limb and allometry in ratites (Cracraft 
1976a, b; Alexander 1983a, b; Worthy 1988b; Cubo and Casinos 1997; Abour- 
achid and Renous 2000) can be considered extreme examples of appendicular 
specialization for terrestrial locomotion, these diverse, comparatively enormous 
taxa encompass a diverse continuum from graviportal to cursorial forms. A few 
flightless rallids tend toward graviportal pelvic limbs and shortening of toes (e.g., 
Porphyrio mantelli-group, Diaphorapteryx hawkinsi, and Tribonyx mortierii), but 
none approaches the apomorphic extremity of the ratites or rapbids (Raikow 
1985a; Livezey 1993b). Penguins (Sphenisciformes) represent an extreme in pel- 
vic proportions associated with primary reliance on wing-propulsion for loco- 
motion and relegation of the hindlimb for infrequent ambulation and protracted, 
erect stance during nesting (Livezey 1989c), specializations that produced con- 
vergent pelvic proportions consistent with those characteristic of cursorial land- 
birds (Storer 1971 a). 
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Margins of safety in pelvic limb.--An emerging body of evidence confirms a 
strong correlation structure among skeletal elements within species or among in- 
dividuals of closely related species (Selander and Johnston 1967; Schnell 1970a, 
b; Baker 1975; Johnston 1976b; Zink and Winklet 1983; Termaat and Ryder 1984; 
Jehl et al. 1990), an intraspecific generality that was confirmed for rails. In birds 
and other terrestrial tetrapods, widths of appendicular elements (and bulk of as- 
sociated musculature) and the microstructural correlates of bone strength corre- 
spond generally with body mass and the loads that these elements routinely bear 
(Pennycuick 1967; Alexander et al. 1984; Currey 1984; Currey and Alexander 
1985; Campbell and Marcus 1992; Bennett 1996)ß These correlations are inter- 
pretable in terms of the functional requirements and similarities of dynamic strain, 
elasticity, and margins of safety (McMahon 1975a, b, 1984; Alexander 1977a, b, 
1980, 1984, 1985a, 1990a, b, 1996b, 1998a; Anderson et al. 1979, 1985; L0vtrup 
and Mild 1979; Lanyon 1981; Biewener 1982, 2000; Rubin and Lanyon 1984), 
although details are disputed (Garland 1983). 

Although correlation structures of flightless rails differed from that for flighted 
confamilials to a limited extent, notably in the degree of intercorrelations among 
dimensions of the pectoral apparatus (Figsß 40, 41), a strong covariance structure 
was evident among lengths of appendicular elements that was significantly in- 
dependent from a similarly pronounced covariance among widths of appendicular 
elements (Tables 44, 45; Figs. 46, 47). Also, multivariate comparisons of rallids 
confirmed strong, covarying contributions of pelvic dimensions to general skeletal 
size applicable to both flighted and flightless species, whereas pectoral dimension 
predictably included variation related to flightlessness that was largely orthogonal 
to that in the pelvic limb (Tables 40, 41; Figs. 49, 50). Similarly, pelvic dimen- 
sions contributed consistently to group-wise CVs most closely correlated with 
mean body masses (Tables 14-23, 46-53; Figs. 23-32, 52-59)ß In short, despite 
a conservative, primary complex of correlations common to the Rallidae, signif- 
icant independence of covariance structures of pectoral and pelvic dimensions 
was evident, a decoupling that was magnified in the flightless speciesß 

PECTORAL MUSCULATURE 

ß.. all the muscles and flesh of the breast are made for the benefit and increase 

of the movement of the wings, with that bone of the breast all in once piece, which 
provides the bird with great power, with the wings woven of thick nerves and other 
very strong ligaments of cartilage and skin very strong with various muscles .... 
so much strength is provided for power beyond the ordinary support of the wings, 
it needs in its place to double and triple the movement in order to flee from its 
predators or pursue its prey.•Leonardo da Vinci (1505: folio 16, recto; translation 
by Marinoni 1976:73) 

ß.. during the earlier stages of the process of reduction [of the pectoral apparatus 
of insular species], such birds might be expected to resemble in the state of their 
organs of flight our domesticated ducks.•Darwin (1868:286-287) 

Indeed, one of the most surprising results obtained in comparing the flying mecha- 
nism of rails known to be truly flightless, such as Atlantisia and Ocydromus [Gal- 
lirallus australis], with rails which are known to make long migratory journeys .... 
is the discovery that the patagial differences as regards perfection of mechanism 
were very slight or vague whether the subject dissected was flightless or the reverse. 
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But one would have been naturally inclined to think that if ... the gradual loss 
of flight by default really lead[s] to such radical change in the structural details of 
the barbules described .... so much the greater would have been the effect upon 
ß.. the patagium of Atlantisia with its associated muscles .... Nothing of the sort 
appears to have happened, except that ... the great pectoral [m. pectoralis sterno- 
brachialis] is obviously thin and feeble .... ---Lowe (1928a:121) 

General avian patterns.--Among the first naturalists to consider the functional 
anatomy of birds, Leonardo da Vinci (1505) recognized that the musculature of 
birds must meet both routine and extreme demands, that is, proficiency merely to 
become airborne is not enough, but birds in typical environments must be able 
to execute maneuvers for evasion of predators, foraging, display, and access to 
nesting sites. Despite advances in evolutionary inferences for diverse anatomical 
systems in birds (e.g., Bock 1979, 1990; Zweers 1979; Dullemeijer 1980), much 
remains to be learned of the mechanics of avian flight, a state of affairs clearly 
demonstrated by recent discoveries concerning the functional importance of the 
pectoral muscles, tendons, and skeletal elements involved (Goslow et al. 1989; 
Dial et al. 1991; Dial 1992; Vazquez 1992, 1994). In recent decades, significant 
insights have been gained into the power generated by the breast muscles in 
(typical flapping) flight (Simpson 1983; Dial and Biewener 1993; Tobalske and 
Dial 1996; Dial et al. 1997) and the role of elastic-strain energy stored in muscles 
and other tissues (Alexander and Bennett-Clark 1977)ß It is in this investigational 
context, bolstered by the descriptive myological examinations of the flightless 
rallids Atlantisia rogersi (Lowe 1928a) and Gallirallus australis (McGowan 
1986), that the effects of flightlessness on pectoral musculature are to be assessed. 

Flightlessness and pectoral musculature.--Apomorphy of the pectoral mus- 
culature of flightless rails is substantially less than the profound changes evident 
in the ratites (Owen 1841; Farbringer 1888; Lowe 1928b; McGowan 1982, 1986), 
with changes in rails associated with flightlessness being limited largely to re- 
ductions in size (Figs. 69-115). For example, the smallest relative masses of 
pectoral muscles of flightless rails (Tables 66, 67) are an order of magnitude 
greater than that for the Brown Kiwi (Apteryx australis), which is estimated to 
compose only 0.13% of total body mass in the latter (P. R. Millener fide McNab 
1996). 

However, findings in the present study indicate that McGowan (1986) was 
mistaken in his conclusion that Gallirallus australis lacks one of the two capita 
of m. subcoracoideus typical of nonpasseriform birds (cf. Figs. 88-91), and lacks 
m. serratus superficialis pars metapatagialis (e.g., Figs. 77, 87). However, perhaps 
more importantly, morphometric analyses of the externum (Tables 7, 11, 14-23, 
71; Figs. 20-32), skeleton (Tables 30-33, 40-42, 46-54, 72; Figs. 42-54), and 
pectoral musculature (Tables 66-70; Figs. 111-115) of G. australis and other 
flightless rallids presented here demonstrate that the reductions in the pectoral 
apparatus of flightless rails are generally substantial, and in most taxa are accom- 
panied by notable qualitative differences in the integument (Tables 27-29; Figs. 
33-39), skeleton (Tables 58-64; Figs. 61-67) and major pectoral muscles (Figs. 
70-110). Although the apomorphies of flightless rails are dwarfed by those found 
in ratires, and cognizant of variation in pectoral musculature among flighted avian 
taxa (Gladkov 1937b; Nair 1954a, b; Berger 1966), the findings of the present 
study decisively contradict the statement by McGowan (1986:343) that "... there 
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is nothing in the skeleton [of G. australis] today to suggest that they are flight- 
less." 

Relative sizes of the major breast muscles (rnm. pectoralis and supracoracoi- 
deus) are reflected to a large extent by the depth of the carina sterni. This rela- 
tionship reliably indicates approximate reductions in the relative bulk of breast 
muscles in flightless rails (Figs. 51, 60, 70-74). Similar patterns of parallel struc- 
tural changes in the sternum and the muscles that originate on the sternum parallel 
the capacity for flight in a number of flightless carinates, including grebes (Liv- 
ezey 1989d), a cormorant (Livezey 1992a), a parrot (Livezey 1992b), steamer- 
ducks (Livezey and Humphrey 1986), and several other anseriforms approaching 
the loss of flight capacity (Livezey 1989b, 1993a). A relationship of this kind 
evidently can be extended to several extinct, flightless carinates for which direct 
measurements of muscles are not feasible (Livezey 1988, 1989a, 1993b, c). For 
righted birds, m. pectoralis tends to be correlated with body mass (e.g., Marsh 
and Storer 1981) and generally constitutes approximately 15.5% of total body 
mass (Hartman 1961), although seasonal atrophy of pectoral muscles, like that 
documented in grebes (Piersma 1988; Gaunt et al. 1990), may complicate inter- 
specific comparisons. As noted by Darwin (1868) and Wiglesworth (1900), a 
continuum of pectoral reduction occurs among domestic varieties of the Red Jun- 
glefowl (Gallus gallus [Hartman 1961]), Muscovy Duck (Cairina moschata [Hart- 
man 1961]), and Common Mallard (Anas platyrhynchos [Livezey 1993a]), line- 
ages that demonstrate the efficacy of artificial selection on traits of diminished 
utility. Despite substantial differences in ontogenetic patterns in altricial and pre- 
cocial birds, suspected differences in the relative development of pectoral and 
pelvic muscles have not been demonstrated (Konarzewski et al. 1998). 

Changes in the size and conformation of muscles other than the major breast 
components are manifest in the more derived of flightless carinates. Several such 
were found in the flightless rails examined, including m. cucularis capitis pars 
clavicularis and several other comparatively small muscles, with several species 
including a suite of notable changes in the mean size or apparent variation in the 
musculature of the wing (e.g., Porzana palmeri and Atlantisia rogersi; Figs. 70, 
74-76, 78, 79, 84, 86, 93, 97). Substantial muscular apomorphy likely character- 
ized the extinct and exceptionally derived Cabalus modestus, Capellirallus kar- 
ainu, Diaphorapteryx hawkinsi, Aphanapteryx bonasia, Erythromachus leguati, 
and dwarfed Porzana from Hawaii. Although data on nonskeletal anatomy of 
members of the extinct Raphidae are few or lacking, available information indi- 
cates that a diversity of other characteristics of righted species of the family 
Columbidae (Hartman 1961; Greenewalt 1962; Ricklefs 1973; Aulie 1983), in- 
cluding details of the pelvic musculature (Cracraft 1971), functional morphology 
of the tail (Baumel 1988; Baumel et al. 1990), rectrices (Balmford et al. 1993), 
and neuroanatomy of the pectoral musculature (Dial et al. 1987), may have un- 
dergone significant changes in Raphus cucullatus and Pezophaps solitaria as well 
(Livezey 1993b). The extreme reduction of the pectoral skeleton of the extinct 
gruiform Aptornis indicates that muscles that typically insert (at least in part) on 
the manus (e.g., m. deltoideus pars propatagialis and m. flexor carpi ulnaris [Rai- 
kow 1985a; McGowan 1986]) would have undergone profound truncation, mod- 
ification of insertiones, or complete loss. Such radical changes are known among 
modern taxa only in the ratites (McGowan 1982). Unfortunately, absence of soft 
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tissues for Aptornis precludes critical myological comparisons and direct study of 
the functional implications of such anatomical changes (cf. Emerson 1978, 1984, 
1988), about which the remaining skeletal elements can only provide indirect, 
variably misleading clues (McGowan 1986). 

Histological and biochemical likelihoods.---Anatomical differences define 
broad limits on performance capacities in living organisms. However, an under- 
standing of the functional changes imposed by evolutionary apomorphy in the 
pectoral musculature, however, could be improved through comparisons of inter- 
specific differences in histology (George and Nair 1957, 1959a-c; Nene and 
George 1965; Maier 1983). An inkling of the importance of such fine-scale chang- 
es can be gained by taxonomic differences in biochemical composition of muscles 
(Nair 1952) and the effects of seasonal variation in ultrastructure of breast muscles 
documented in some migratory birds (Rosser and George 1986, 1987; George et 
al. 1987; Gaunt et al. 1990; Evans et al. 1992). Optimally, this would be carried 
out in combination with consideration of architectural differences (Gans and Bock 
1965) and empirical assessment of ontogeny of the muscles involved (Ricklefs 
and Webb 1985; Gaunt and Gans 1990; Choi et al. 1993; Ricklefs et al. 1994; 
Choi and Ricklefs 1997; Dietz and Ricklefs 1997). In addition, biochemical 
changes may pertain to pectoral reductions. Kaplan (1964) found that the con- 
centration of lactase dehydrogenase in the breast muscles of the Laysan Duck 
(Anas laysanensis) was substantially less than that of a wild Common Mallard 
(A. platyrhynchos). Study of specimens at comparable stages in the annual cycle 
is critical in that molt entails substantial expenditures of energy, during which 
individuals must lose and regenerate approximately 25% of lean body mass over 
a short period of time (J. R. King 1981; Blem 1999). 

Anecdotal evidence provides a general idea of the magnitude of the implications 
of histological change on activity patterns and individual flight performance. 
Langston and Rohwer (1996) inferred a relationship between timing of molt and 
breeding in albatrosses (Diomedeidae). Both of these processes have been shown 
to have critical impacts on composition of muscles and energy balances, and these 
are interrelated with the reattainment of the capacity of flight and the timing of 
breeding and migration in many righted species (Woolfenden 1967; Ankney 
1984; Rosser and George 1985, 1987; Panek and Majewski 1990; Holmgren and 
Hedenstr6m 1995; Murphy 1996; Swaddle and Witter 1997; Brown and Saunders 
1998). Whether such contingencies underlie, at least in part, variation in the chro- 
nology of molt in Fulica americana (McKnight and Hepp 1999), is not known. 
Nevertheless, the obvious implications of these considerations for the liberation 
represented by the loss of flight in insular birds are substantial (see below). 

SEXUAL DIMORPHISM: INTERPLAY OF PHYLOGENY AND FUNCTION 

... the bill [of Erythromachus leguati] ... is curved in exactly the same manner 
and to the same degree as in A. broecki [Aphanapteryx bonasia] ... and varies 
extraordinarily in length, being in some specimens one third shorter than in others. 
The extremity of the longer beaks... is more conspicuously curved than that of the 
shorter ones ... throughout the series of bones at our disposal a marked difference 
in size may be traced; but whether the short bills belong to smaller individuals, or 
whether the difference in length of beak and in size generally is attributable to sex, 
we are unable to say.--Gtinther and Newton (1879:432) 
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As already mentioned, there is considerable individual variation in size, both in 
the skull and other portions of the skeleton of this species [Diaphorapteryx hawk- 
insi]. Indeed, Mr. Forbes has suggested that there may really be several distinct 
species... there is, in fact, only one .... These considerable individual differences 
in the size of the skull and mandible are accompanied by equal differences in the 
dimensions of the other portions of the skeleton .... Most flightless birds appear to 
be subject to this great variability; for instance, it is well marked in Didus, Pezo- 
phaps, Erythromachus .... In different skulls of Diaphorapteryx the beaks are com- 
monly dissimilar, not only in size but also in form (degree of curvature, etc.) .... 
--Andrews (1896b:76-77) 

One may conjecture that this is due to sexual selection in favour of more powerful 
males [in flightless Tachyeres pteneres relative to flighted T. patachonicus] being no 
longer counteracted by natural selection in relation to efficiency of flight. Huxley 
(1943:286; based on data presented by Murphy 1936) 

In all but two measurements Diaphorapteryx hawkinsi exhibits the greatest vari- 
ability of the four rail species, . ... The great variability of D. hawkinsi may be 
correlated, at least in part, with the advance [sic] state of wing reduction (relative 
to leg length) in this flightless species .... It is a generally accepted assumption 
that when there is a tendency to lose certain structures through a lineage, the intensity 
of selection on that structure is reduced and an increase of variability follows. 
--Cracraft (1973a:99) 

PHYLOGENETIC BASELINES 

Methodological limitations.--In light of many explanations proposed for avian 
sexual dimorphism (phylogenetic inertia, baseline body mass, mating systems, 
intersexual partitioning of foraging niche, and territoriality), the possibility that 
flightlessness may interact with these or other influential factors is very real. 
However, before a consideration of evidence for an effect of flightlessness on 
sexual dimorphism in rails, the more widespread and better-documented effects 
of phylogeny, sexual selection, and body size in birds must be assessed. Absent 
a widely accepted, well-supported, and taxonomically inclusive phylogenetic hy- 
pothesis for modern birds, rigorous assessments of historical limits and potenti- 
alities of general morphological parameters within Aves (including sexual di- 
morphism) remain unattainable. Fortunately, in some cases the distribution of the 
attributes of interest and the phylogenetic precision required are such that patterns 
are comparatively obvious and robust with respect to choice of formal analytical 
protocols (see below for methodological challenges). Furthermore, in some of the 
following discussion, issues of sexual size dimorphism and sexual dichromatism 
are treated separately, a necessity given the sometimes divergent correlations be- 
tween these components of intersexual differentiation and other parameters of 
interest in some taxonomic groups (Sigurj6nsd6ttir 1981; Reynolds and Sztkely 
1997). 

Preliminary overview for the Rallidae.--The phylogenetic analysis by Livezey 
(1998) provided at least a basic framework for broad patterns of sexual dimor- 
phism in higher taxa of the Rallidae and other closely related gruiform families. 
Despite the substantially larger body sizes of the cranes, limpkins, and trumpeters 
(Gruoidea [Archibald and Meine 1996; Bryan 1996; Sherman 1996]) and the 
paucity of data on body masses of the sister-family of the rails (Fig. 11), the 
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Heliornithidae (Alvafez del Toro 1971; Bertram 1996), the modal-magnitudes of 
intersexual differences in mean body mass among members of the Rallidae (Ap- 
pendix 1) indicate no substantial family-wide departure from the magnitude of 
sexual size dimorphism typical of most neognathous birds, in which the mean 
mass of males is roughly 1.15-1.25 that of conspecific females (Livezey and 
Humphrey 1984a). Accordingly, the majority of rallids can be considered either 
to require no causal or evolutionary assessment in this respect because these taxa 
simply retain the plesiomorphic condition; or whatever the selection regime(s) 
that is (are) responsible for this widespread ratio of sex-specific size in neognath- 
ous birds, it extends to the majority of species of the Rallidae regardless of flight 
capacity. 

Two basal members of the moorhens and coots (subtribe Fulicarina) are ex- 
ceptions to this general pattern, both monotypic and flighted: Gallicrex and Por- 
phyriops, in which the mean mass of males is approximately 1.5 times that of 
females (Appendix 1). Although well above average for neognathous birds (Ralls 
1976; Amadon 1977), substantially greater dimorphism characterizes a small mi- 
nority of taxa scattered among several families, notably the Galliformes and An- 
seriformes (Sigurj6nsd6ttir 1981; Lindtn and V•iis•inen 1986; McCraken et al. 
2000). Several extinct flightless species, including several possibly close relatives 
of Gallirallus (Fig. 12) were characterized by exceptionally great skeletal dimor- 
phism indicative of substantial intersexual differences in body mass (Table 8), 
and include Diaphorapteryx, Aphanapteryx, and Erythromachus. Excluding three 
species in two sister-genera (Gymnocrex and Habroptila) that are suggestive but 
compromised by samples of specimens (Tables 5, 7, 30-33), there are no sub- 
stantiated examples of reversed or female-larger sexual (size) dimorphism among 
the Rallidae, a minority phenomenon that characterizes most Falconiformes (Sny- 
der and Wiley 1976; Andersson and Norberg 1981; Mueller et al. 1981; Safina 
1984; Paton et al. 1994) and some Charadriiformes (Jehl and Murray 1986; Catry 
et al. 1999). 

Intersexual differences in linear external measurements of rallids demonstrated 

herein (Tables 7-8, 14-22, 24-26; Figs. 52-55), whether univariate or of greater 
dimensionality, are broadly comparable in magnitude and form to those reported 
for many other neognathous taxa (excluding traditional taxonomic revisions), de- 
spite a preoccupation among the latter regarding geographic variation and climate 
(Gould and Johnston 1972), a predilection for passefine taxa, or a perspective of 
sexual dimorphism as a factor confounding interspecific diagnoses (e.g., Packard 
1967; Power 1969, 1970a, b, 1979; James 1970, 1983; Johnston 1969, 1973; 
Johnston and Selander 1971, 1973; Grant 1979a, b). Similarly, intersexual differ- 
ences in skeletal dimensions of rails in the present study (e.g., Tables 30-35, 46- 
52, 57; Figs. 23-31, 45, 48) were consistent with the comparatively rarer set of 
counterparts for other avian taxa with respect to magnitudes and orientation of 
multivariate sexual dimorphism documented for other avian taxa (Niles 1973; 
Campbell and Saunders 1976; Hamilton and Johnston 1978; Baker and Moeed 
1979, 1980; Ross and Baker 1982; Handford 1983; Gibson et al. 1984; Schluter 
and Grant 1984a, b; McGillivray 1985; Rising 1987; Johnston 1992a, b; Engel- 
moer and Roselaar 1998). However, unlike a small minority of avian taxa, rails 
lack clear cases of single dimensions being larger in the otherwise smaller sex, 
as has been reported for bill lengths (externally measured) of Huias (Callaeidae: 
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Heteralocha acutirostris) by Burton (1974) and cranial widths of Great Horned 
Owls (Strigidae: Bubo virginianus) by McGillivray (1985). 

A modest but intriguing body of evidence documents ecological segregation of 
the sexes within species on the wintering grounds, which in some species includes 
differential preferences for habitat (Lynch et al. 1985; Morton 1990; Ornat and 
Greenwood 1990). A perspective on insular colonization by rallids as comparable 
to vagrancy resulting in geographically novel migratory stopovers or wintering 
grounds (see below) exposes the potential of such intersexual differentiation of 
niches for the facilitation of sexual dimorphism of insular endemics, including 
those of the Rallidae (e.g., Diaphorapteryx hawkinsi). Furthermore, such inter- 
sexual partitioning of feeding niches might increase the likelihood of successful 
colonization of islands by small vagrant flocks by broadening the utilization of 
available habitats on the island. Clearly, the plausibility of this mechanism awaits 
the demonstration of such intraspecific partitioning of habitats among members 
of the Rallidae, because studies heretofore have involved arboreal passedfies. 

Also of interest is sexual dichromatism, intersexual differences in plumage 
pattern and coloration of soft parts, aspects of appearance other than simple size 
that serve to distinguish the sexes (Badyaev et al. 2001a, b). Once again, only a 
minority of the species of the Rallidae deviate from sexual monochromatism, the 
norm for the Gruiformes (Livezey 1998). Conspicuous sexual differences in plum- 
age or soft parts are limited among the rallids to two instances: a clade comprising 
two flighted genera (Rallicula and Sarothrura) in the tribe Sarothrudfni, in which 
sexual differences in size are not noteworthy; and the monotypic Gallicrex, char- 
acterized as well by substantial sexual size dimorphism (Livezey 1998; Appendix 
1). Unlike intersexual differences in size, sexual dichromatism is associated large- 
ly if not completely with sexual selection and signaling of status within and (less 
importantly) between species (Green 2000). A positive correlation between the 
phenotypes favored by sexual and natural (sensu stdfcto) selection is intuitive, and 
balance or mutual complementarity has been documented in some natural popu- 
lations (e.g., Price 1984a, b; Sz6kely et al. 2000). The potential for traits favored 
by sexual selection in opposition to those directly advantageous is underscored 
by a framework of hypotheses premised on a negative fitness of sexually selected 
traits, that is, the handicap principle (Zahavi 1975; Zahavi and Zahavi 1997). 

ECOLOGICAL IMPLICATIONS OF SEXUAL DIMORPHISM 

Primary ecofunctional hypotheses.--Ligon (1999: table 2.1) listed seven direct 
benefits associated with mate choice that accrue to the fitness of females: defense 

of territories and included resources by males, provision of care and protection 
of females by males, provision of parental care to offspring, efficiency with re- 
spect to the costs of searches for mates, avoidance of interspecific hybridization 
and associated reduction in fitness of offspring, favorable selection pertaining to 
differential viability or quantity of sperm of males, and avoidance of sexually 
transmitted diseases or parasites. Of these proposals, those related to intersexual 
partitioning of foraging niche (Selander 1966; Shine 1989a, b), including terres- 
trial (Kilham 1965; Ligon 1968; Holyoak 1970; Wallace 1974; Hogstad 1976, 
1977, 1978; Williams 1980; Ross and Baker 1982; Holmes 1986) and aquatic 
habitats (Jehl 1970; Oksanen et al. 1979; Nudds et al. 1981; Nudds and Kaminski 
1984), and effects of body mass on seasonal mobilization of energy for repro- 
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duction (Downhower 1976), sexual differences in parental investment (Trivers 
1972; Cabana et al. 1982; Hughes and Hughes 1986; Wesolowski 1994), and 
paternal territoriality (Price 1984b; Livezey and Humphrey 1985a, b; Livezey 
1987) appear to be plausible candidates for the Rallidae. Where of sufficient 
magnitude, sexual size dimorphism can carry implications for metabolic rates 
(Wijnandts 1984; Masman et al. 1986; Maloney and Dawson 1993), but there is 
no evidence as yet of this among rallids. Even where ecological differences are 
inferred to be involved intersexual differences in morphology (but see Mueller et 
al. 1981), the latter instead can reflect competition between the sexes or indepen- 
dent shifts by the sexes toward distinct phenotypic optima that are devoid of 
intraspecific competition (Shine 1989a). 

Although sexual dimorphism is significant in external and skeletal dimensions 
and exhibits a complex array of magnitudes within and between genera (Tables 
24-26, 55-57), some functional or ecological interpretations emerged. The rela- 
tive importance of territoriality to increased body size in males appears to be 
comparatively great for aquatic rallids (e.g., swamphens, moorhens, and coots) 
nesting and feeding in open, lacustrine habitats (Gullion 1953b; Fjeldsfi 1973; 
Craig 1976; Searcy 1982; Petrie 1984, 1986, 1988; Hunter 1987a; Cave et al. 
1989; Badyaev and Qvarnstr6m 2002), a component that in turn is intensified 
through sexual selection in "arms races" within and between species (Dawkins 
and Krebs 1979). Defense of feeding and nesting territories is primarily a re- 
sponsibility of males in many taxa, and has been implicated as a primary factor 
(Nice 1941; Tinbergen 1957; Brown 1964, 1969; J. H. Kaufmann 1983; Price 
1984a, b). However, territoriality may not be simply a matter of body size and 
combative prowess (cf. Dawkins and Krebs 1979), in that more subtle patterns 
of deterrence can be effective (Stamps and Krishnan 2001) and interspecific re- 
lationships can be ameliorated through cooperation with other species (Dugatkin 
1997). The role of thermodynamic advantages in sexual dimorphism of rallids-- 
which are implicated in patterns of dimorphism among higher-order groups of 
vertebrates (Greenwood and Wheeler 1985) and inferred (Johnston and Selander 
1973; Johnston and Fleischer 1981) for Passer--also remains wholly untested. 

Rensch's rule revisited.--As detailed in the foregoing analyses, a significant 
tendency exists among members of the Rallidae for intersexual differerences in 
body mass to vary directly with body mass; that is, rails appear to conform with 
Rensch's rule. The proposed generality by Rensch (1950, 1959, 1960), although 
apparent in a number of taxonomic groups (Clutton-Brock 1985; Leutenegger and 
Cheverud 1985; Fairbairn 1997), is not without controversy (Reiss 1986, 1989; 
Abouheif and Fairbairn 1997). For example, Sigurj6nsd6ttir (1981) found that 
mean body size and sexual size dimorphism in Falconiformes were inversely 
correlated, a finding consistent with frequent departure from Rensch's rule in 
groups showing female-larger dimorphism (Fairbairn 1997). 

Also inferred in the present study was the inconsequence of flight status to the 
general, family-wide relationship between intersexual differences in body mass 
and mean masses of species. Therefore, it appears that sexual mass dimorphism 
of rails, whatever the ecological or selective basis of the phenomenon or flight 
status of the species compared, increases allometrically with body size. 
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SEXUAL SELECTION AND SEXUAL DIMORPHISM 

Phylogenetic perspectives.-•Explorations of several morphological parameters 
of interest here have been attempted by using the phenetic networks by Sibley 
and Ahlquist (1990). Notable among these was a comparative study of the Char- 
adriiformes, the likely sister-order of Gruiformes (Livezey 1998), by Sz6kely et 
al. (2000) that indicated that sexual selection was associated more closely with 
sexual dimorphism than feeding ecology. H/Sglund (1989) inferred that lek mating 
systems did not promote male-biased sexual dimorphism in birds generally (i.e., 
dimorphism in which males are larger than females, as in the Rallidae and most 
Aves), a finding Nylin and Wedell (1994) considered overly negative in light of 
the heterogeneity among different taxonomic groups, a needless strictness in crit- 
ical values adopted, and the likely obfuscation of pattern caused by recoding a 
continuum of magnitudes of sexual dimorphism into a binary character for use 
of the test of Ridley (1983). Similarly, in otherwise comparable tests for a cor- 
relation between mating system and sexual size dimorphism in birds, H/Sglund 
(1989) concluded that the correlation was not supported, whereas Oakes (1992) 
subjected the same data to a different statistical criterion and considered similar 
significance values to be confirmatory of such a correlation. 

Also of interest are generalities drawn from phylogenetically oriented assess- 
ments for more-limited avian taxa, for example, those of single taxonomic orders 
or families. Bj/Srldund (1991) found equivocal evidence of a correlation between 
sexual dimorphism and mating system in grackles (Quiscalus) by using a method 
conditional on ancestral reconstructions, with one discrete character of interest. 
Webster (1992) assessed the same correlation in an enlarged data set for grackles 
and used a method that employed nondirectional metrics and continuous coding 
of polygyny. For the simple comparisons he found strong correlations, but, with 
standardized body size he found no support for the correlation and concluded that 
allometry accounted for the apparent relationship. Clearly, even if a phylogenetic 
tree is taken to be accurate, distributions and methodological details can render 
robust inferences problematic (Sil16n-Tullberg and Temrin 1994). 

Sexual selection and body size.---A substantial body of theory rests on models 
and studies of single species or small numbers of closely related taxa. Key among 
these ideas are the fundamental principles by which choices of mates between the 
sexes (i.e., intersexual selection) and competition among members of the same 
sex for mates (i.e., intrasexual selection) influence patterns of mating and effect 
changes in genotypic and phenotypic frequencies through time (O'Donald 1962, 
1980, 1983; Selander 1965, 1972; Emlen and Oring 1977; Payne 1984; Bradbury 
and Davies 1987). The essential principle relevant for typical avian groups is that 
males compete to varying degrees and under different mating systems to win 
sexual access to females, with the latter often effecting a selective influence 
through choice of mate(s), typically via female choice. The latter tends to be of 
increased potency where sex ratios strongly favor females (O'Donald et al. 1974; 
Yom-Tov 1976; Lande 1980a; Kirkpatrick 1982a; Arnold 1983; Burley 1985; 
Eberhard 1996). Sexual selection often acts in combination with typical agencies 
of natural selection that act differentially on the sexes (Parker 1983; Greenwood 
and Wheeler 1985; Price and Grant 1985; but see Weatherhead and Clark 1994). 
Blanckenhorn et al. (1995) discussed an extreme case in a heteropteran insect in 
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which sexual dimorphism reflects a balance between selective optima related to 
foraging and mating. In light of the subtle complexity of the means and covariates 
of sexual selection, Ghiselin (1974) warned against ad hoc explanations of the 
evolutionary bases for parameters of reproduction, including sexual dimorphism. 

The influence of sexual selection on sexual dimorphism is related directly or 
indirectly to mating systems, reproductive investment, selection regimes, and ge- 
netic covariance, and an important role of sexual selection in the evolution of 
parental care and sexual dimorphism in birds is well established (Cabana et al. 
1982; Cooke and Davies 1983; Hughes and Hughes 1986; Bradbury and Davies 
1987; Halliday 1987; Lande 1987a; Partridge and Endler 1987; Davies 1991; 
Arnold and Duvall 1994; Badyaev et al. 2001c). However, some predictions re- 
lated to sexual selection (e.g., increased intensity in colonial species leading to 
accelerated speciation [Marzluff and Dial 1991; Birkhead and M011er 1992]) have 
not been supported by phylogenetically controlled assessments (Mooers and 
M011er 1996). Clearly, sexual dimorphism is but one part of the milieu of repro- 
ductive parameters that interact in diverse ways to delimit the reproductive strat- 
egies of birds, and there may be important differences in the hormonal underpin- 
nings of sexual dimorphism among avian taxa (Emerson 2000). For example, 
sexual size dimorphism can be correlated positively with sexual dichromatism, 
and correlated either positively or negatively with parental investment in Galli- 
formes, Anseriformes, and Falconiformes (Sigurj6nsd6ttir 1981). 

Among the Rallidae, one of the traditionally recognized variables implicated in 
differential sexual selection and concomitant variation in sexual dimorphism that 
appears to be important is mating system (Appendix 6). Of the life-historical 
variants represented, infrequent polygamy reported for several genera (e.g., Por- 
phyrio, Coturnicops, Crex, Porzana, Tribonyx, and Gallinula) appears not to have 
effected exaggerated sexual size dimorphism (Tables 7, 26; Appendix 1). More- 
over, sexual size dimorphism of the greatest magnitude among extant members 
of the Rallidae (e.g., that found in Gallicrex cinerea) is associated with monogamy 
(Appendix 6); the marked differentiation between the sexes in this taxon appears 
to enhance capacities for territorial interactions between males (P. B. Taylor 1996, 
1998). Although flight capacity does not appear to be associated with departures 
from normal size dimorphism among extant rallids, there are examples of extinct, 
flightless rails that appear to have been characterized by sexual size dimorphism 
of exceptionally great (e.g., Aphanapteryx, Erythromachus, and Diaphorapteryx) 
and typical (Porzana spp., Tribonyx hodgenorum, and Fulica chathamensis) mag- 
nitudes (Table 8). Although those showing exaggerated dimorphism show evi- 
dence of intraspecific partitioning of niche, the potential influence of flightlessness 
and mating system on dimorphism must remain the subject of speculation. 

Sexual selection and sexual dichromatism.•Despite the significant functional 
importance and energetic implications of sexual size dimorphism, intersexual dif- 
ferences in plumage pattern and ornamentation--sexual dichromatism--tradition- 
ally have attracted at least as much attention from early naturalists (e.g., Darwin 
1859, 1871; Huxley 1914, 1938a-c, 1943) and modem ornithologists (e.g., An- 
dersson 1982, 1994; Barnard 1991; Oakes 1992; Petrie 1992; Andersson and 
Andersson 1994; M0tler and Birkhead 1994; Berglund et al. 1996; M011er and 
HedenstriSm 1999). The conspicuousness of sex-specific ornamentation (and as- 
sociated displays) in turn engendered substantial interest in the evolutionary im- 
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plications of the absence of such features in certain taxa or demographic groups 
within taxa, especially with respect to diminished detectability or deception of 
conspecifics (Rohwer 1978, 1983a, 1986; Rohwer et al. 1980; Burley 1981; Roh- 
wer and Ewald 1981; Flood 1984; Studd and Robertson 1985; Lyon and Mont- 
gomerie 1986; Montgomerie and Lyon 1986; Hill 1988, 1996; Rohwer and Butch- 
er 1988; Butcher and Rohwer 1989; Thompson 1991; Zack and Stutchbury 1992; 
Chu 1994; Piper 1997; Conover et al. 2000). 

The essential generalities of the concept as applied to Aves is that many or all 
external intersexually differentiated phenotypic traits, especially those of an or- 
namental nature and conferring negligible advantage or functionality detriment, 
are likely candidates for sexually selected features. These structural signals of the 
phenotype, in combination with those serving both as sexually selected "badges" 
and one or more functional requirements (Berglund et al. 1996), are the targets 
of directional selection by potential mates, and therefore serve primarily or wholly 
to gain access to mates and thereby enhance reproductive fitness (Andersson 
1994). Examples of "honest" signals (i.e., reliably indicative of fitness) include 
asymmetry of wing-patches in Common Chaffinches (Fringilla coelebs [Jablonski 
and Matyjasiak 2002]) and bill color in Common Moorhens (Fenoglio et al. 2002). 
Taxonomic differences in sexual dichromatism among avian taxa stem in part 
from variation in the proximate mechanism(s) that produce plumage color (estro- 
gen, testosterone, luteinizing hormone, and nonhormonal factors), of which the 
latter three are candidates for the Rallidae (Kimball and Ligon 1999). 

Conceived by Darwin (1871) to be fundamentally distinct from traits modeled 
by natural selection (those pertaining to survival), these features constitute special 
refinements for the proximate concern of mating. Subsequently, the complexity 
of roles of natural and sexual selection acting on traits increasingly has been 
recognized (Andersson 1994). Nevertheless, the distinct dimensions of sexual se- 
lection remain critical, a status perhaps best revealed by the evidence and theory 
that sexually selected traits can serve as strongly attractive ornaments in. oppo- 
sition to functional considerations, at times possibly leading to otherwise mal- 
adaptive extremes (Fisher 1930, 1958; Andersson 1994; Ligon 1999). The pos- 
sibility that such signals of fitness can be otherwise disadvantageous led to the 
handicap principle (Zahavi 1975; Zahavi and Zahavi 1997), in which perseverance 
despite such impediments is a significant component of the signal of interest. 
Intense sexual selection and associated ornamentation are characteristic of species 
in which males display in traditional arenas or leks for the sole purpose of at- 
tracting mates and typically show pronounced sexual dimorphism, reduced or 
obsolete parental care, and (in some species) intense aggressive behavior (Brad- 
bury 1981; Bradbury and Gibson 1983; Payne 1984; Wiley 1991; but see H6glund 
1989). Evidently, structural requirements of such ornamentation can be so strin- 
gent as to select strongly against asymmetric growth; that is, frequency of (typi- 
cally stress-related) asymmetry is suppressed in costly ornaments (Ligon 1999). 
Despite a broad empirical base for the concept, exceptions and counter-intuitive 
findings are known. For example, Ligon (1999: table 4.1) cited examples of plum- 
age ornamentation of males that experimental data indicated were not of impor- 
tance to selection of birds as mates by female conspecifics, some of which may 
pertain to some male rallids (coloration and elongated tails). 

The possibility that polyandrous mating may be related to the unique, pro- 
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nounced sexual dichromatism synapomorphic for the clade comprising Rallicula 
and Sarothrura and autapomorphic in Gallicrex cinerea (Livezey 1998) merits 
study (Appendix 6). Comparatively subtle sexual dichromatism or sex-specific 
differences in aspect that may serve as signals of status in social contexts are 
more common among rallids than in other groups of birds. To these rare distinc- 
tions might be added simple differences in dimensions that may be evident in the 
field but confounded by age-related variation, for example, differences in bulk, 
wing lengths, depth of brightly colored bills, or ungues of wings and feet (Carroll 
1963c; Visser 1976; Fjeldsfi 1977; Craig et al. 1980; Fullagar and Disney 1981). 
Sexual selection favoring small but fat individuals was documented in Gallinula 
chloropus by Petrie (1983), a trait that covaries significantly with ability to acquire 
and defend territories, which is in turn related to reproductive success (Petrie 
1984, 1986, 1988). Comparatively modest sexual dichromatism (most frequently 
involving differences in bill color), possibly confounded by protracted retention 
of femalelike subdefinitive plumages in some first-year individuals, is evident in 
some crakes (Porzana porzana, P. parva, and P. carolina). Whether this repre- 
sents the delayed acquisition of adult plumage before the attainment of compet- 
itive condition or inadequately understood geographic variation is not clear. The 
latter condition is accorded added significance in light of the permanent paedo- 
morphosis in plumage pattern in both sexes of several rallids, including a flighted 
swamphen (Porphyrula fiavirostris) and several flightless species (Cabalus mo- 
destus and Atlantisia rogersi). Clearly, only the latter cases can be attributed to 
selectively neutral covariates of paedomorphosis targeting the pectoral apparatus 
(see below). Whether the several extinct, flightless rallids that showed substantial 
sexual size dimorphism also were characterized by sexual dichromatism (at least 
in bill color), unfortunately, never will be known, precluding potentially important 
insights into the social ramifications of flightlessness. 

SEXUAL DIMORPHISM AND FLIGHTLESSNESS 

Taxa other than the Rallidae.--Upon first analysis, the secondary loss of flight 
may seem only remotely related to mating systems, sexual selection, and sexual 
dimorphism. A number of notable exceptions are known among insects, in which 
some taxa comprise castes or sexual groups that differ (among other character- 
istics) in the capacity for flight (Roll 1986a-c, 1994b, 1995; Roff and Fairbairn 
1991). Although no comparable instances of intraspecific or intersexual partitions 
of avian taxa with respect to flight are known, several avian species approach this 
condition. Among steamer-ducks (Anatidae: Tachyeres), a genus comprising three 
flightless species and one flighted species, the largest males of the Flying Steamer- 
Ducks (T. patachonicus) are flightless for considerable periods of time (Humphrey 
and Livezey 1982; Livezey and Humphrey 1986), evidently a result of selection 
for large body size for maintenance of territories, in part effected by sexual means 
(Livezey and Humphrey 1984a, 1985a, b). The most extreme sexual size dimor- 
phism of any anseriform bird characterizes the lek-breeding Musk Duck (Anati- 
dae, Oxyurini: Biziura lobata), in which the mean body mass of males is ap- 
proximately three times that of females (McCracken et al. 2000). The resultant 
wing loadings render flight difficult if not impossible in the heaviest males (Hobbs 
1956; Dickison 1962; Lowe 1966). Finally, the flightless Auckland Islands Teal 
(Anas aucklandica), despite smaller body size and vestigial sexual dichromatism, 
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is characterized by greater sexual size dimorphism than its flighted congeners 
(Livezey 1990). 

Although sexual dimorphism can be functionally decisive for males in species 
of waterfowl near the threshold of flightlessness, insularity per se is not known 
to be influential in this regard (Weller 1980). For example, magnitude of sexual 
dimorphism in insular Anas did not differ from that inferred for continental rel- 
atives (Livezey 1993a), in contrast to the comparatively great size dimorphism 
documented in some insular species (Selander 1966; Wallace 1978) and the in- 
creased sexual size dimorphism that sometimes accompanies the evolution of 
flightlessness (Livezey 1989b, 1990, 1992a). Estimates of mean body masses of 
male and female Chendytes lawi (2,820 and 2,360 g, respectively) indicated that 
mass dimorphism in Chendytes was substantial but closely approximated that of 
extant members of the Mergini (Livezey 1993c). 

Among flightless species exclusive of waterfowl, sexual dimorphism in body 
size in the Galapagos Cormorant is the greatest of all modern members of the 
family (Livezey 1992a). Likewise, the single flightless species of parrot (Psitta- 
cidae: Strigops habroptilus) is characterized by uniquely great sexual size dimor- 
phism (Livezey 1992b). Intersexual differences in size were inferred to have been 
substantial in the Dodo (Raphidae: Raphus cucullatus) by Livezey (1993b). Sex- 
ual dimorphism in the related Solitaire (Pezophaps solitaria) equaled or exceeded 
that of any other carinate species of bird (Amadon 1959, 1977; Ralls 1976; Liv- 
ezey and Humphrey 1984a) and led Strickland (1859) to conclude that the sexes 
of P. solitaria represented two distinct species (Livezey 1993b). Pronounced sex- 
ual dimorphism and evidently protracted developmental periods of the extinct 
raphids suggest that sexual and ontogenetic differences in niche characterized both 
species (Selander 1966; Werner and Gilliam 1984; Shine 1989a, b). The sexually 
dimorphic metacarpal spurs of male P. solitaria (Rand 1954), which frequently 
showed evidence of mended fractures, strongly indicated that combat occurred 
among males (Livezey 1993b). Accordingly, it seems likely that at least P. soli- 
taria was polygynous and perhaps lek-breeding, and that the extraordinary sexual 
dimorphism in this species was functionally permissible in part because of flight- 
lessness and its insular habitus (Livezey 1993b). Tarsal spurs of male galliforms 
are functionally analogous to the sexually dimorphic carpal spurs of Pezophaps 
and some anseriforms (e.g., Tachyeres), being sexually dimorphic, age-related, 
and larger in polygynous species (Davison 1985; Sullivan and Hillgarth 1993). 
The aerodynamic implications of some sexual ornamentation involving the rec- 
trices of birds (Andersson and Andersson 1994; Balmford et al. 1994; M011er and 
Birkhead 1994; Fitzpatrick 1999; M011er and Hedenstr6m 1999) lend support to 
the proposal that flightlessness granted additional latitude for evolutionary chang- 
es in shape in response to sexual selection. The latter interpretation accorded well 
with the widespread view (e.g., Colbert 1955; Yapp 1962a; Sibley and Ahlquist 
1990; Feduccia 1995, 1996) so well articulated by King and King (1979:2, em- 
phasis added): "So restrictive are the anatomical requirements of flight that, even 
when the flightless birds are included, the entire class of Aves presents greater 
uniformity of general structure than many single orders of fishes, amphibians and 
reptiles." 

Sexual differences in appearance (exclusive of size) also show variable patterns 
with respect to insular endemism and flightlessness. One hypothesis held that the 
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reduced sexual dichromatism of insular ducks represents the adaptive loss of iso- 
lating mechanisms rendered superfluous in the absence of sympatric, closely re- 
lated species that might pose difficulties for selection of conspecific mates (Sibley 
1957; Johnsgard 1963; Lack 1970b; Weller 1975, 1980). However, at the very 
least, the frequency of interspecific hybridization in waterfowl suggests that these 
mechanisms, if real, are remarkably ineffectual (Williams 1983; Livezey 1991). 
For example, insular reductions in dichromatism instead may be a correlate of 
increased involvement by males of insular endemics in brood-rearing (West-Eber- 
hard 1983; Ketterson and Nolan 1994). This interpretation is consistent with the 
biparental attendance of broods typical of insular Anas (Weller 1980) and gen- 
erally associated among anatines with reduced sexual dichromatism (Kear 1970; 
Lack 1974). 

Evidence within the Rallidae.--In contrast to the general pattern of sexual di- 
morphism in the Rallidae, several flightless species suggest parallels to the ex- 
aggerated sexual dimorphism of flightless endemics in other nonpasseriform fam- 
ilies (Table 8; Appendix 1). Although significant interactions between the statis- 
tical effects of sex and flight capacity were inferred in most genera (Tables 25, 
56), consistent with the hypothesis that flightlessness permits greater intersexual 
differentiation under many circumstances, these translated into comparatively 
modest mean differences in specimens (Tables 7, 30-33). Badyaev and Martin 
(2000) found evidence of strong directional selection for different sexual optima 
in selected features in recently colonized populations of House Finches (Carpo- 
dacus mexicanus). This dynamic evidently varies among conspecific populations, 
extends to covariance structures (Badyaev and Hill 2000; Badyaev et al. 2001a), 
and works in concert with sexually divergent patterns of growth (Badyaev et al. 
2001a, b). Given the greater antiquity of divergences giving rise to flightless 
rallids, it is reasonable to expect that scenarios of this kind may have occurred 
in multiple dimensions of flightless rails, a likelihood furthered by the associations 
among paedomorphosis, great sexual dimorphism, and flightlessness (McNamara 
1995; see below). 

More dramatic and functionally interpretable were the cases of exceptional 
dimorphism inferred for several extinct flightless rallids, notably Aphanapteryx 
bonasia, Erythromachus leguati, and (especially) Diaphorapteryx hawkinsi (Ta- 
bles 8, 30-35; Fig. 45). References to extraordinary intraspecific variation in bill 
lengths of D. hawkinsi were noted by Andrews (1896b) and Cracraft (1973a). 
The latter also inferred that Gallirallus dieffenbachii and Fulica chathamensis 
exhibited unusually high variances, but interpreted this as increased variance as- 
sociated with reductive evolution as opposed to flightlessness-related increase in 
sexual dimorphism. Furthermore, sexual dimorphism of the bill indicated in these 
subfossil rails may have been increased substantially by differences in the over- 
lying integument, as in the extinct, extraordinarily dimorphic Huia (Heteralocha 
acutirostris [Burton 1974]). Taking the integument into consideration indicates 
that the intersexual difference in culmen lengths of D. hawkinsi was at least 2 cm 
(--20% of bill length), a difference unique for the family and undoubtedly having 
functional implications. 

MANIFOLD APOMORPHY OF FLIGHTLESSNESS IN RALLIDS 

There are birds which never fly. These are ostriches, among the terrestrial birds; 
and the penguins, and the manchots, among the aquatic; their wings are so small 
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that they appear only to possess them, that they may not form too marked an ex- 
ception to the rules of resemblance in the different classes of animals.--Cuvier 
(1802:540, emphasis in original) 

The New Zealand birds afford instructive examples of the progressive loss of the 
volant faculty, with concomitant modifications of the parts of the skeleton giving 
origin to the pectoral muscles. The keel progressively shrinks from Porphyrio to 
Tribonyx, thence to Notornis, Aptornis, Stringops [sic], Apteryx, [and] Dinornis.-- 
Owen (1882:696) 

ß . . in Nesolimnas [G. dieffenbachii] we have an annectant form linking the flying 
to the flightless rails. In its plumage, in the condition of its sternum, and in many 
other points, it reminds us of Hypotaenidia [flighted Gallirallus], while, on the other 
hand, in the reduction of its wings and the consequent modification of its hind-limb 
it approaches Ocydromus [G. australis-group]. The existence of such an intermediate 
type seems to give strong support to the opinion... that the Ocydromine rails have 
originated from forms capable of flight at a comparatively recent date and in the 
islands they now inhabit.--Andrews (1896c:271) 

Yet these rails [Porzana palmeri, P. sandwichensis, P. atra, Dryolimnas alda- 
branus, and Porphyriornis nesiotis-group] .... generally regarded as 'flightless,' ... 
would appear to be 'flightless,' not from any physical or anatomical handicap, as 
seems evident from the dissection, but because they have lost the faculty of flight 
or the will to fly from simple disuse of the wings .... On the other hand, there are, 
or were, certain Rails [Gallirallus australis, Aphanapteryx, and Diaphorapteryx] ... 
which I am much inclined to think do not or did not fly because they have not or 
had not acquired the structural details necessary for that function.--Lowe (1928a: 
110) 

Loss of limbs is one of the most extreme morphological changes in the history 
of tetrapods, yet it has evolved repeatedly in amphibians, reptiles, birds, and mam- 
mals.--Lande (1978:73; presumably in reference to the Dinornithiformes, the only 
avian group in which wings evidently were lost entirely) 

Even if we had a complete fossil record for the species, we still could not determine 
the point in time when Wekas [G. australis] became flightless because there is noth- 
ing in the skeleton today to suggest that they are flightless. Indeed, the rails as a 
group tend to be reluctant fliers, and this has more to do with their behaviour than 
with any shortcomings in their anatomy.--McGowan (1986:343) 

Apart from some of the rails of New Zealand and the Chatham Is., insular rails 
usually exhibit little morphological diversity. Other than the adaptations associated 
with flightlessness and the generally more robust hindlimbs associated with being 
more terrestrial, rails appear to require little in the way of adaptations to insular 
environments, so depending on the ancestral genus, flightless rails tend to differ 
among themselves mainly in plumage, size, and amount of reduction in the flight 
apparatus. Morphologically and probably behaviorally, one flightless rail is much 
like another and the Hawaiian species are unexceptional.--Olson (1999:2) 

RELATIVE APOMORPHY OF FLIGHTLESSNESS IN RAILS 

Simple indices.--Although students of flightless rails differed in the relative 
magnitudes or phylogenetic implications of morphological changes that they per- 
ceived, each recognized a range in the magnitudes of changes manifested by the 
flightless members of the Rallidae. These shared perceptions of a continuum of 
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change were based on impressions drawn from variably limited subsets of known 
flightless rails, and none of these authors attempted an explicit ranking of the taxa 
considered. Would such a ranking of flightless rails by relative apomorphy be 
feasible and informative? At least for those taxa represented by adequate speci- 
mens, a number of comparative measures can be derived that serve to order taxa 
by inferred magnitude of change (Tables 71-75). Some of these offered substantial 
intuitive simplicity (e.g., changes in relative wing length, modifications in struc- 
ture and numbers of remiges, or qualitative changes in skeleton), others were 
confounded by the effects of sample size on estimates of "distance" (Tables 71- 
75), and most were contingent on the reliability of the taxa inferred to be most 
closely related to each flightless species. Although pairwise comparison of flight- 
less rails with their closest righted relatives or phylogeny-based comparisons offer 
the advantage of explicit historicism, such approaches offer no explict ranking of 
all flightless species relative to a single metric or criterion. 

Simple metrics for such comparisons (e.g., the ratio of wing length divided by 
mean body mass, that is, wing loading) at least are simple to calculate (where 
data are available), have an intuitive appeal, and are applicable across flightless 
and righted taxa in multiple taxonomic families. Comparability across a wide 
range of taxonomic groups not only permits wide comparative surveys but seems 
appropriate in that the vast majority of the morphological changes that are attrib- 
utable to flightlessness in rails (e.g., multiple expressions of pectoral reduction) 
are convergent with those of at least a minority of flightless members in other 
avian families (Tables 4, 79). Several apomorphies possessed by some flightless 
rallids in which the relationship to flightlessness is more ambiguous (e.g., change 
in body size) or characteristic of only a minority of avian lineages in which the 
loss of flight was comparatively ancient (e.g., pronounced hypertrophy of the 
pelvic limb, or truncation of pedal digits) also have parallels in other avian groups 
(Raikow 1985a; Table 79), although precedent for changes in body mass with 
loss of flight exists (Livezey and Humphrey 1986; Livezey 1988, 1989a, d, 1990, 
1992a, b, 1993b, c). In fact, changes in body size at all phylogenetic scales in 
birds is so widespread as to defy a single explanation, and examples of substantial 
change in body size among righted members of other taxonomic families are 
known, including Biziura lobata (Anatidae: Oxyurini), the Gruidae, and some 
passerines (Livezey 1995b, 1998; Zink 1986). Despite a sentiment expressed by 
some that size is a nuisance variate to be corrected before interspecific compari- 
sons (e.g., Burnaby 1966; Mosimann and James 1979; Darroch and Mosimann 
1985; Sampson and Siegel 1985; James and McCulloch 1990), herein both size 
and shape are considered to be relevant to evolutionary changes associated with 
flightlessness. 

Multivariate ordinations.---In addition to the comparatively simple univariate 
and bivariate indices to change between species-pairs referenced above (Tables 
71-75), several multivariate, taxonomically inclusive ordinations of righted and 
flightless species by relative apomorphy were performed. Specifically, these were 
the canonical contrasts of study skins, complete skeletons, and sterna that included 
all taxa for which requisite data were available. Canonical contrasts by design 
derive a single axis that maximally discriminated rallids by presumptive flight 
status, but inherently summarized the total variance attributable to flight capacity 
(standardized by pooled within-species covariances) without a partitioning of 
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components of that total variance attributable to size or shape (Tables 23, 53, 54; 
Figs. 32, 59, 60). 

A canonical contrast of species by flight capacity with six standard measure- 
ments of study skins incorporated almost two thirds of the total standardized 
variation among species (Table 23), and effectively contrasted wing length and 
middle-toe length with three of four of the remaining measurements (with tail 
length proving of marginal utility). Not surprisingly, wing length was significantly 
more influential in this contrast than the covarying middle-toe length (Table 23); 
the latter evidently served as an index to body size that is comparatively inde- 
pendent of flight capacity. A dot-chart of 96 rallid taxa by their scores on this 
canonical contrast placed several small flightless crakes (Porzana palmeri, Atlan- 
tisia rogersi, and P. sandwichensis) and one crake commonly considered flighted 
but inferred to be at least flight-impaired in this study (Laterallus spilonotus) at 
one extreme, and a series of large, flighted rallids of terrestrial and aquatic habit 
(e.g., Gymnocrex rosenbergii, Gallinula (c.) galeata, Fulica gigantea, and F. cor- 
nuta) at the other (Fig. 32). The pattern of symbols indicative of flight capacity 
in the dot-chart clearly reveals that no single value or position on the axis based 
on skin measurements unerringly divided flightless from flighted taxa. The con- 
founding of increasing body size with flight capacity on this axis is evident by 
an examination of the positions of taxa in the plot (Fig. 32), an impression cor- 
roborated by a significant correlation between mean scores and mean body masses 
on the canonical contrast (r = 0.75, P << 0.01). Consequently, although the con- 
trast portrayed a general trend in flight capacity (Fig. 32), the comparatively lim- 
ited information afforded by six measurements of study skins tended to de-em- 
phasize the apomorphy of the larger flightless species (e.g., Porphyrio hochstet- 
teri) relative to smaller species showing only subtle external changes (e.g., Dry- 
olimnas aldabranus). However, in some respects, this bias is welcome, in that 
many measures of flight capacity (e.g., wing loading) are influenced strongly by 
body mass, rendering the discrimination of dwarfed flightless species (e.g., Dry- 
olimnas aldabranus and Gallirallus wakensis) problematic. 

Canonical contrasts of complete skeletons (i.e., those providing 41 measure- 
ments), whether or not sexes were distinguished within species, ranked species 
virtually identically (Table 53), and therefore only the simpler analysis in which 
sexes were pooled was plotted (Fig. 59). Although fewer taxa were represented 
by sufficient material to be included in the analysis, the richer suite of measure- 
ments provided substantially more power with which to discern flight capacity, 
and the resultant contrast of 52 taxa emphasized the magnitudes of several sternal 
and most alar dimensions relative to those entered from the skull and pelvic 
apparatus (Table 53). Scores of species on the skeletal contrast divided flightless 
species from their flighted confamilials with only two exceptions (Fig. 59): Por- 
zana tabuensis was placed marginally within the range of scores for flightless 
species, and extinct Fulica chathamensis was placed well within the flighted spe- 
cies analyzed. The latter finding represents a less compelling departure from ex- 
pectations given that the flight status of this giant, subfossil coot is not known 
with certainty (in fact it may have been capable of labored flight), and its position 
on the contrast reflected in part the modest but significant correlation between 
scores on the contrast and body mass (Table 53). Of the species for which com- 
plete skeletal data were available, Atlantisia rogersi, Cabalus modestus, and 
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Aphanapteryx bonasia were resolved to be the most apomorphic with respect to 
flightlessness (Fig. 59). 

A canonical contrast of five sternal measurements (Table 54) provided a mor- 
phometric synthesis of osteological changes associated with flight status in the 
single element most profoundly indicative of flightlessness, affording a dimen- 
sionality approximating that for study skins, and that emphasized the relative 
robustness of the carina sterni (Table 58). Although empirically impoverished 
relative to comparisons based on complete skeletons, restriction of focus to sternal 
measurements permitted the inclusion of 20 additional species known only from 
very limited, often subfossil remains, many of which were flightless (Table 54; 
Fig. 60). Although considerably more blurring of the division of flight classes 
was evident, misplacements primarily were limited to the scoring of flighted 
crakes (e.g., Porzana tabuensis, P. pusilla, P. fiavirostra, and Coturnicops nov- 
eboracensis) among flightless taxa and the purportedly flightless, subfossil coots 
(Fulica prisca, F. chathamensis, and F. newtoni) among the flighted taxa (Fig. 
60). Once again, a significant correlation between body masses and scores on the 
sternal contrast explained, in part, the positions of the giant, extinct coots (Table 
54), species that may have been capable of heavy flight. Despite these exceptions, 
an informative ordination of rallids by sternal apomorphy was achieved in which 
small, flightless Porzana severnsi, Atlantisia rogersi, Capellirallus karamu, and 
Cabalus modestus occupied one extreme and the ponderous but flighted Fulica 
gigantea, Aramides ypecaha, and F. cornuta defined the opposite pole (Fig. 60). 

Those taxa approaching the threshold of flightlessness (•) based on one or more 
of these canonical contrasts were not completely unanticipated in light of other 
taxonomically global assessments of bivariate or multivariate design (Figs. 15, 
20, 44, 49-51). Some of the taxa traditionally assumed to be flighted (e.g., La- 
terallus spilonotus) may be described more appropriately as flight-impaired or 
verging on flightlessness (cf. Figs. 20, 28), and functionally comparable to other 
flightless rails showing limited apomorphy (e.g., Gallirallus owstoni). Similarly, 
the three subfossil coots justify only a provisional consideration as flightless, and 
would be classified conservatively as capable of weak flight, an allometrically 
compromised capacity comparable to that of the heaviest Flying Steamer-Ducks 
(Humphrey and Livezey 1982; Livezey and Humphrey 1986). This status is con- 
sistent with the inference by Mourer-Chauvir6 et al. (1999) that Fulica newtoni 
was probably capable of flight and that this mobility explained its apparent pres- 
ence on both Mauritius and R6union. The discriminatory power of the analysis 
of study skins would be increased substantially if some means of quantifying 
changes in the shape and microstructure of flight feathers was included. Similarly, 
even limited augmentation of the osteological contrast with measurements of the 
breast musculature would improve the separation of flightless and flighted taxa, 
but availability of data would limit prohibitively the taxa so analyzed. 

MEDIATION OF CHANGE AT AN EVOLUTIONARY CROSSROAD 

As demonstrated above, flightlessness in the Rallidae is manifested anatomi- 
cally in large part by broadly similar shifts in proportions, but that these shifts 
vary substantially in magnitude (Figs. 15, 20, 32, 44, 49-51, 59, 60, 111-115). 
That is, the morphometric apomorphy shown by flightless rallids represents a 
family-wide case of rampant parallelism in manifold, but subtle qualitative chang- 
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es (primarily in the pectoral apparatus) that encompass a wide range of magni- 
tudes. One approach to the apomorphy that characterizes flightless rails (and other 
birds) is premised on a partitioning of morphological changes in relative size into 
two primary components (Fig. 117): size of the pectoral apparatus (P), and size 
of its complement or that of the rest of the avian corpus (pc = M*). Note that, 
for the general case, each of these two components is symbolized as a vector of 
possible subcomponents, permitting the subspecification of anatomical subparts 
that are subjected to different selection regimes or possess different developmental 
parameters. However, for the preliminary explorations below, the two components 
will be considered to be unidimensional entries in vectors of phenotypes (sym- 
bolized by P and M*, respectively). 

In addition to providing a simplified conceptual framework for the essential 
morphological changes that are associated with flightlessness in rails, this bipar- 
titioning is consistent with current theory in which evolutionary trends are con- 
sidered as departures from typical developmental constraints that turn on poised 
bifurcations in morphogenetic trajectories (e.g., Balon 1989; McKinney 1990a, b; 
Brock 2000). Such ontogenetic departures from normal or plesiomorphic devel- 
opmental pathways represent decanalizations--variations from typical ontogenetic 
interrelations--that may be critical for "saltational changes" in body form (Salthe 
1975; Scharloo 1991; Wagner 1997; Wagner et al. 1997; Rice 2000). Experimental 
evidence for reptiles and amphibians (Alberch and Gale 1983, 1985; Raynaud 
1985; Cohn and Tickle 1999) and birds (Coelho et al. 1991, 1992; Mackem and 
Mahon 1991; Nelson et al. 1996; Goff and Tabin 1997) substantiates that such 
ontogenetic reorganizations involve regulatory genes (e.g., Hox genes). A concept 
of bifurcation of potential developmental pathways holds promise as an ontoge- 
netic basis for the production of two selective optima through disruptive selection 
(Barton 1998). 

Lande (1979) provided a quantitative genetic model applicable to this two- 
dimensional case, in which the evolutionary response of a vector of mean phe- 
notypes (z)--in terms of the additive genetic covariance matrix (G), environmen- 
tal covariance matfix (E), the phenotypic covariance matrix (P = G (•) E), and 
the vector of selection differentials (S)--was shown to be: 

z = G.P-1.S. 

This model summarized a plausible means of evolutionary change under the con- 
straints of genetic and environmental covariances (Roff 1992), and clearly implies 
that both intensity of selection and the interrelated constraints of genetic and 
environmental effects contribute to evolutionary response. In the context of avian 
flightlessness in particular, it is intuitively appealing to consider this model in 
terms of evolutionary changes in the two key parameters of interest (P and M*), 
that is, where: 

Upon colonization of an island, the founding population of flighted rails having 
mean phenotype (0t) is predicted to undergo total changes to an ultimate mean 
phenotype (c0). This transition between selective optima generally is envisioned 
to be effected through a number of generations, symbolized by iterations of the 
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process of selection upon each, with possible changes in the selection differentials 
through time (Fig. 117). This process imposes expected shifts in the phenotypes 
of successive generations that reflect simple changes in selection gradients (S) 
acting on the two key parameters of interest; changes in the interrelationships 
specified by the genetic and environmental covariances (G and E, respectively, 
summing to P), that is, the effects of a key ontogenetic reorganization (K) that 
alter the allometry imposed upon selected changes in the pectoral apparatus (P) 
and the rest of the body (M*); or both of the preceding sources of evolutionary 
modification. As depicted in the simple differential system descriptive of mean 
phenotypes subjected to one variant of flightlessness through allometric giantism 
(Fig. 118), simple selection for increased size (i.e., parameterized by S) may drive 
the change in phenotypes until the threshold of flightlessness (•) is reached, after 
which a qualitative alternation in the relationships between components (K, pa- 
rameterized by G) is initiated in subsequent generations through selection or ge- 
netic drift (Roff 2000). 

In the simple two-dimensional case, these various pathways to change ulti- 
mately can produce in combination any of nine major categories of bidimensional 
apomorphy (i.e., for the simple case in which the two components are considered 
to be unidimensional, there are nine combinations of reduction, stasis, or increase 
in each of the two components). Of these nine broad categories of apomorphy 
(g), the three corresponding to evolutionary increases in relative investment in 
pectoral size (P) are candidates not relevant to the question of avian flightlessness. 
Similarly, on both intuitive and empirical grounds, the category of evolutionary 
change that results from decreased nonpectoral body size (M*) and static pectoral 
size (P) also is implicated in flightlessness of rails. On intuitive grounds, the 
remaining five phenotypic classes (g*) that remain (decreased, static, or increased 
nonpectoral size in combination with decreased pectoral size, and increased non- 
pectoral size in combination with static pectoral size) can be associated with 
flightlessness, and most if not all are represented among flightless members of 
the Rallidae (Tables 71, 72). 

Flightlessness in rails largely represents variation in size combined with vari- 
able, evidently paedomorphic pectoral reduction, and the five categories germane 
to the loss of flight correspond closely with the major categories of heterochrony 
(see below). Ideally, with improved knowledge of the environmental circumstanc- 
es that fostered the various morphotypes of flightlessness in rails, it will be pos- 
sible to predict the most likely evolutionary changes associated with flightlessness 
in rails by insular conditions in advance of excavation and recovery of subfossil 
remains. Such an exercise would constitute a genuine test of the classificatory 
model, but in many instances this will not be possible because with the continuing 
passage of time, the quality of subfossil remains has declined. For example, most 
rallids recently described from recovered skeletal elements have not warranted 
inclusion in the present morphometric study (Steadman 1986a, 1988; Steadman 
et al. 1994), and others permit only limited univariate reconstructions (Olson and 
James 1991). 

ONTOGENETIC MECHANISMS UNDERLYING AVIAN FLIGHTLESSNESS 

We cannot form a better idea of it than by imagining a Duck or Gosling enlarged 
to the dimensions of a Swan. It affords one of those cases ... where a species, or 
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a part of the organs in a species, remains permanently in an underdeveloped or 
infantine state .... the Dodo is (or rather was) a permanent nestling, clothed with 
down instead of feathers, and with the wings and tail so short and feeble, as to be 
utterly unsubservient to flight.--Strickland and Melville (1848:33-34; emphasis in 
original) 

ß.. it was a singular fact that this little Rail [Cabalus modestus] should possess in 
its adult plumage the exact dress which might have been expected to characterize 
the young of C. dieffenbachii; even with the evidence now before them it was dif- 
ficult to believe that the birds were fully adult.--Sharpe (1893d:46) 

Finally, I might add that not only do there not appear to be any signs of 'degen- 
eration' in the second category [those considered by Lowe to be secondarily flight- 
less, e.g., Atlantisia rogersi], but there seem to be none in the first [those thought 
primitively flightless, e.g., Diaphorapteryx hawkinsi]. All that seems obvious in the 
latter is a failure to have developed beyond a certain phase, and this seems to be 
especially evident in Atlantisia, where there is an actual advance in the evolution of 
the structure of the barbules in the remiges as we proceed from the juvenile to the 
adult stage.--Lowe (1928a: 113-114) 

ß.. it is clear that the rate of growth of the wing of the non-flying embryo has either 
been already relatively retarded before hatching or the rate of general body-growth 
relatively accelerated .... but my reason for thinking that the flightless condition of 
T. brachypterus [Falkland Flightless Steamer-Duck] is primarily due to some phys- 
iological factor which permanently retards the rate of growth of the wing to a degree 
which is not normal is that the same sort of process exercises its restraining influence 
temporarily in the chicks of Anatidze in general, as also in other groups like the 
Gallinules.-•Lowe (1934:482-483, emphasis in original) 

As we have seen, neoteny need not affect all structures of the body, and may be 
restricted to quite few. A case of this kind is provided by the plumage of the ostrich 
and other flightless birds and penguins, which resembles the nestling down of young 
flying birds. Far from meaning that the ostrich is primitive and that its plumage is 
'recapitulated' in the 'chick' stage of the ontogeny of a bird like a fowl, this series 
must be read exactly the other way .... the ostrich, in retaining in the adult a type 
of plumage characteristic of the young of other birds, is neotenous.•de Beer (1951: 
63-64) 

I also believe that an understanding of regulation must lie at the center of any 
rapprochement between molecular and evolutionary biology; for a synthesis of the 
two biologies will surely take place, if it occurs at all, on the common field of 
development.--Gould (1977:408) 

It is mainly through a net of developmental constraints that natural selection works 
by filtering actual phenotypes out of all possible genotypes .... Unfortunately, to 
this day very little is known about embryonic development.--Jacob (1982:43) 

It's not all heterochrony.--Raff (1996:255) 

STUDY AND GENERALITIES OF AVlAN ONTOGENY 

Investigational motivations and obstacles.--Despite the fundamental role ac- 
corded embryology in the evolutionary synthesis--as a crucial link between ge- 
netics and morphology--a coordinated and strategic pursuit of developmental 
biology in an evolutionary context is conspicuously lacking (Thomson 1985; 
Maynard Smith 1986; Hull 1988)ß Accordingly, McKinney and McNamara (1991: 
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87) relegated all developmental processes leading from the zygote to adult phe- 
notype to an ontogenetic black box. Among ornithologists, the traditional view 
that the anatomical prerequisites for flight severely restricted the limits of per- 
missible anatomical change did little to foment inquiry (King and King 1979). 
Furthermore, the recapitulationist perspective (Garstang 1922; Fink 1982; L0vtrnp 
1989a; Mayr 1994) was adopted by Lowe (1928a, b, 1930, 1933, 1934, 1935, 
1939, 1942) to argue that avian flightlessness represents a recapitulation of traits 
of primitively flightless ancestors. This proposal proved unappealing to ornithol- 
ogists (McDowell 1948; Livezey 1995a) and fundamentally flawed (Gould 1977). 
Despite this professional reticence toward some ontogenetic explanations, land- 
mark works on tetrapods (including Aves) by W. K. Parker (1866, 1868, 1888), 
T J. Parker (1894), Gadow (1888), Hommes (1924), Goodrich (1930), Marples 
(1930, 1932), de Beer (1937, 1940), Fell (1939), Broman (1941), Lillie (1942, 
1952), Montagna (1945), and Gaertner (1949), a trend ornithologically codified 
by Romanoff (1960) and treated quantitatively by Ricklefs (1968, 1969, 1973, 
1979, 1983a, 1984) and Calder (1982b), fostered a renaissance in the study of 
avian ontogeny (Goddard et al. 1993). 

Establishment of empirical baselines.•Considerable progress has been made 
in several areas of avian ontogeny, notably those aspects of development that are 
amenable to comparatively simple descriptive models or revealed through broad 
comparative surveys (e.g., Kirkwood et al. 1989). Basic study of avian develop- 
ment progressed, and among the fundamental ontogenetic generalities of relevance 
to avian flightlessness that emerged was that avian taxa spanned a range of de- 
velopmental patterns in both anatomical and behavioral parameters, all operative 
within a context of environmental variability (Houston and McNamara 1990). 
This diversity subsequently was conceptualized as the altricial-precocial contin- 
uum (Nice 1962; Starck 1989; Konarzewski et al. 1998; Ricklefs and Starck 
1998a, b; Ricklefs et al. 1998; Starck and Ricklefs 1998a-c). 

Fortuitously for the ontogenetic interpretation of avian flightlessness, a system- 
atically motivated tradition of ontogenetic study of ratites persisted throughout 
the 20th century (e.g., Broom 1907; Lutz 1942; Glutz von Blotzheim 1958; Reece 
and Butler 1984; Beale 1985, 1991). Also fortunate in this context was the atten- 
tion paid to the ontogeny of the avian manus (e.g., Stark and Searls 1973; Hinch- 
liffe 1977, 1989; Kieny 1977; Hinchliffe and Griffiths 1983; Hinchliffe and Gum- 
pel-Pinot 1983; PadJan and Chiappe 1998) and the order in which skeletal ele- 
ments ossify (Starck 1998). Another advantage is the recognition that nonheter- 
ochronic mechanisms may assume important roles, at least in part, in some 
evolutionary changes (Shapiro and Carl 2001). 

HETEROCHRONIC PERTURBATION, DEVELOPMENTAL CONSTRAINT, AND EVOLUTION 

ß.. this implies that, if you have a cascade of regulatory genes, with A switching 
on (or off) genes B, C and D, which then switch on E, F, G and H, and so on, the 
one gene you don't muck about with is gene A.--Maynard Smith (1998:14) 

Bauplan as both limit and avenue of change.--The conservatism of early de- 
velopment, both as a Bauplan on which subsequent ontogenetic variations are 
imposed and as a fundamental limit on the evolutionary diversity of body form 
(Scharloo 1991; Amundson 1994), is central to the theory of commitment and 
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the stabilization of form described by Levinton (1988). Accordingly, the evolu- 
tionary importance of development is twofold: as a mechanism for rapid evolution 
of novel phenotypes (Miiller 1990; Raff et al. 1990); and paradoxically, a con- 
servative Bauplan that constrains the possible directions of evolutionary change 
(Alberch 1980; Holder 1983; S. A. Kauffman 1983; Maynard Smith et al. 1985; 
McKitrick 1993). The intimate relationship between the two conceptual frame- 
works is exemplified by the interpretation of vestigial structures as by-products 
of evolutionary shifts along conservative ontogenetic trajectories in morphospace 
(Stone 1997, 1998). The latter is attributed, at least in part, to the limits imposed 
on selected traits by genetic covariances (Cheverud 1984; Wagner 1988a, b; Houle 
1991), a matrix-based parameterization of the limiting role of ontogenetic con- 
straints (i.e., interrelationships of developmental pathways) on evolutionary plas- 
ticity and change (Stearns 1986; Scharloo 1990; Streicher and Miiller 1992; Ar- 
nold 1994; Stone 1996), including the acceleration of speciation (Pfennig and 
Murphy 2002). 

Since the review by Gould (1977), the evolutionary importance of constraints 
and changes in developmental schedules has been the focus of renewed theoretical 
and empirical effort (Atchley 1987; McKinney 1988a, b; McNamara 1990; Raft 
1996). Appreciation of the possibility of escape from a developmental constraint 
and attainment of new, macroevolutionary forms exposed a great potential for 
interspecific divergence mediated by ontogenetic trajectories (Bonner 1968; Jacob 
1977, 1982). The scope of this realization was magnified with the recognition that 
selection for change in size may lead to developmentally canalized, selectively 
neutral or even suboptimal changes in shape (or less frequently, vice versa). The 
issue of by-products of selection for changes in size may be of special relevance 
to the increases in wing loading that accompany increased body mass in many 
avian lineages. Many of the specific evolutionary potentials listed by Maderson 
et al. (1982) and subsequently by McKinney and McNamara (1991) were pro- 
posed in the context of apparently rapid, juvenilized transitions in the fossil re- 
cord, observations that were seminal for the hypothesis of punctuated equilibria 
(Eldredge and Gould 1972; Gould and Eldredge 1977), but that had broader im- 
plications related to rapid changes in size and shape under different environmental 
regimes. Balance in this regard was provided by the proposal by Soul• (1982a, 
b) concerning morphological variation (termed by him "allomery"), that included 
a reduction in variability with size or number of parts; and that extreme pheno- 
types are expected to show higher degrees of morphological asymmetry through 
developmental instability. 

Genetic foundations of ontogenetic change.--Although a role for mutation has 
been documented (Ede 1991), the genetic bases for heterochrony remain largely 
unknown, and the inferred changes in ontogenetic timing have been attributed to 
the action of regulatory genes (Gould 1977; Slatkin 1987). Heterochrony also has 
been implicated in ecological apomorphy (Lawton and Lawton 1986), and con- 
versely, ecological conditions have been implicated in the occurrence of ontoge- 
netic patterns (McKinney 1986; Steams 1989a). The prevalent perspective re- 
garding ontogenetic effects on evolutionary change draws from a broader genetic 
context that includes the timing of genetic actions on evolutionary change (Hal- 
dane 1932), the role of regulatory genes (Maclntyre 1982), actions of genetic 
covariances (Atchley 1984, 1990), and the problem of embryonic "clocks" (Hall 
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and Miyake 1995). Relatively rapid evolutionary changes in form are thought to 
be possible through minor changes in regulatory genes and resultant develop- 
mental ramifications (Goodwin 1982; Raft and Kaufman 1983; Arthur 1984, 
1988; Anderson 1987; Hafner and Hafner 1988; McKinney 1988a, b; Wray and 
Wray 1989; Wray 1992). 

Study of the effects of certain genes in the appendicular primordia of limbless 
and other varieties of domestic fowl, notably Hox genes (e.g., Ghox-4.6, Ghox- 
4.7, Ghox-8, Hoxd-11, and Hoxd-13), renders it likely that heterochronic changes 
of the kinds inferred in the pectoral apparatus of rails are mediated, at least in 
part, through the actions of such mechanisms (Ambros 1988; Coelho et al. 1991, 
1992; Mackem and Mahon 1991; Nelson et al. 1996; Goff and Tabin 1997). A 
recent review by Capdevila and Izpistia Belmonte (2000) stressed that the ultimate 
evolvability of the tetrapod limb may derive from the variations imposed by Hox 
genes, a potential that presumably underlies phylogenetic diversification in birds 
(Nemeschkal 1999). 

Heterochrony: nomenclature and diagnosis.--Shifts in ontogenetic schedules 
over evolutionary time-•heterochrony--as a source of anatomical novelties in- 
creasingly has become recognized (Gould 1982, 1988a; McNamara 1982, 1997; 
Shea 1983; Hall 1984a, b, 1990a, b, 1998; Levinton 1986; Raft and Wray 1989; 
McKinney and McNamara 1991; McKinney and Gittleman 1995; but see Raft 
1996; Rice 1997), from both intraspecific and interspecific perspectives (Reilly 
1997). In recent years these ontogenetic perturbations have been conceived most 
frequently as changes in timing, whereas von Baer (1866) originally partitioned 
such variation with respect to both time and space, the latter being termed "het- 
erotopy" (Zelditch et al. 1993; Zelditch and Fink 1996). Buss (1987) emphasized 
that the moderately late action of heterochrony characteristic of major evolution- 
ary change reflects the conservation of critical, early developmental patterns, 
while permitting comparatively rapid modification of form through variations in 
later stages of ontogeny. 

Heterochrony often can be described by allometry of affected parts (Bonner 
and Hom 1982; Klingenberg 1998); diagnosis of the phenomenon has been ham- 
pered by terminological imprecision (McKinney 1999) and the uncritical exten- 
sion of the concept to any evolutionary change having demonstrable ontogenetic 
bases (which likely would include virtually all evolutionary change in form). In 
the avian context, for example, uncritical acceptance of a superficial aspect of 
"juvenility" as diagnostic of paedomorphosis would label as paedomorphic any 
avian group with relatively long legs (e.g., any wading bird). Accordingly, rigor 
of diagnostic criteria is central. For example, some evolutionary changes in birds 
averred to be heterochronic have led to parallels between taxa as distantly related 
as ratites and passerines (Dawson et al. 1994). An extreme example of such 
terminological extension pertains to the Mesozoic fossil Archaeopteryx, for which 
some of the many profoundly plesiomorphic characters were interpreted as neo- 
tenous by Thulborn (1984). By contrast, heterochrony has been cited as the prob- 
able underlying cause of changes in several righted birds (Fry 1983; Foster 1987; 
McDonald and Smith 1994; Andersson 1999). 

Heterochrony currently is conceived as comprising six major manifestations 
produced by one or more developmental processes acting singly or in combination 
(McNamara 1986; McKinney and McNamara 1991), reformulated in large part 
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FIG. 122. Hypothetical developmental trajectories for three species (a, b, and c) differing in body 
size, shape, or both, as produced by three broad suites of ontogenetic mechanisms, after Alberch et 
al. (1979): A, three trajectories sharing identical orientation and duration but having different initial 
body sizes; B, three trajectories of equal duration and initial conditions but differing in orientation; 
and C, three trajectories sharing initial conditions and orientation but differing in duration. Initial 
morphostates are symbolized by •t and terminal morphostates are symbolized by •o. 

from the clock models of Gould (1977). Three classes of developmental processes 
give rise to peramorphosis or derived overdevelopment: predisplacement or early 
initiation of growth, acceleration or increased rate of growth, and hypermorphosis 
or prolonged growth (Fig. 122). A parallel suite of three mechanisms are credited 
for paedomorphosis or derived underdevelopment: postdisplacement or late ini- 
tiation of growth, neoteny or reduced rate of growth, and progenesis or early 
terminus of growth. Acceleration and neoteny differ from the other mechanisms 
by entailing a dissociation or uncoupling of size and shape in ontogeny (Shea 
1985a). 

The recognition of variable morphological scales in the effects of heterochrony 
has led to a formal distinction between global scales (i.e., affecting whole organ- 
isms) and local scales (affecting subparts thereof) of heterochronic processes (Ja- 
blonski 2000). An alternative dichotomy of terms (systemic and specific, respec- 
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tively) was coined by Hall (1998). The dissociability of heterochrony is a logical 
reflection of the substantive ontogenetic semiautonomy of different local growth 
fields (and resultant anatomical regions) in developing individuals (McKinney and 
McNamara 1991), a generality substantiated and graphically displayed in an avian 
context by Maunder and Threlfall (1972) and O'Connor (1984). This refinement 
is critical for the diagnosis of heterochrony in flightless birds, in that there are 
examples (detailed below) in which the pectoral apparatus manifests paedomor- 
phosis (underdevelopment), whereas the axial components and pelvic apparatus 
show peramorphic (overdeveloped) aspects. However, substitutes for true age 
(e.g., size or other developmental stages) can be misleading with respect to on- 
togenetic changes that involve the surrogate variable (Shea 1988; Jones and Gould 
1999). With few notable exceptions among tetrapods (e.g., Lowe 1928a; Gold- 
schmidt 1940; de Beer 1951), amphibians, notably salamanders (Bruce 1979; 
Semlitsch 1985, 1987, 1990; Semlitsch and Wilbur 1989), include lineages show- 
ing facultative expression and environmental induction of paedomorphosis (Harris 
1987; Jackson and Semlitsch 1993; Whiteman 1994; Whiteman et al. 1996; Ryan 
and Semlitsch 1998). 

EMPIRICAL SUPPORT FOR HETEROCHRONY IN BIRDS 

Now the same sort of temporary retardation of the growth of the wing and its 
feathers occurs normally in the chicks of the Rails and Gallinules (as also in other 
bird groups), and if this retardation is permanently prolonged beyond the normal 
time, as it seems to have been in the Flightless Steamer Duck [cf. Tachyeres pte- 
neres], we might get, I suggest, a condition of fightlessness comparable with that 
seen in the ocydromine Rails of New Zealand [e.g., Gallirallus australis], and in 
Tribonyx, Cabalus, and Diaphorapteryx of the outlying islands, or in the 'Island 
Hens,' Porphyriornis and Atlantisia, of the South Atlantic.--Lowe (1935:426, em- 
phasis added) 

Generalities of avian heterochrony.-•Heterochrony offers an alternative per- 
spective on evolutionary change leading to reduction in size, traditionally envi- 
sioned as "degeneration" or genetically stochastic "wasting" of structures of 
diminished functional utility (Brace 1963; Holdgate 1965; Peters and Peters 1968; 
Peters 1988). The early emphasis on the ontogeny of the avian flight apparatus 
(including feathers) provided a reasonably sound basis for inferences concerning 
processes leading to flightlessness. However, other developmental events also 
identify ontogenetic events of possible diagnostic utility, including patterns of 
ossification within limbs (Mtiller and Streicher 1989; Mtiller 1991) and cranial 
elements (Parker 1866; de Beer 1937; Jollie 1957; Murray 1963; Murray and 
Drachman 1969; Lindtn and V•iis•inen 1986). 

Broad ontogenetic parameters were established for a number of taxonomic or- 
ders of birds pertinent to the study of avian flightlessness, including Galliformes 
(e.g., Lansdown 1970; Hinchliffe and Ede 1973; Hogg 1980, 1982; Druschel and 
Caplan 1991), Anseriformes (e.g., Cain 1970; Wtirdinger 1975; Sedinger 1986), 
Charadriiformes (e.g., Maillard 1948; Weber 1990; Cane 1993), and Passeriformes 
(e.g., Grant 1981a; Boag 1984; Tatner 1984), as well as comparative studies with 
other tetrapods (Kramer 1953; Oudhof 1975; Johnson 1986; Starck 1989). Based 
on general growth patterns, traditional expectations of paedomorphosis acting on 
the pectoral skeleton of birds would include small general size of the pectoral 
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elements, which develop relatively late in avian embryos; disproportionately short 
distal wing elements, a condition shared by embryos of flighted species, and 
dubbed for evolutionary extrapolation as the "law of distal-terminal transfor- 
mation" by Levinton (1988:269); vestigial carina sterni, one of the last skeletal 
structures to ossify in carinates; and obtuse angulus coracoscapularis, a charac- 
teristic of embryos of flighted carinates (Parker 1888; Kulczycki 1901; Kn6pfli 
1918; Marples 1930; Nauck 1930a, b; Schinz and Zangerl 1937a, b; Portmann 
1938; Saunders 1948; Fujioka 1955; Klima 1962; Kieny 1977; Lande 1978; Abs 
1983; Rofstad 1986; Levinton 1988; Milonoff and Linden 1989; Carrier and Leon 
1990). The few data pertinent to timing of development of the pectoral muscu- 
lature are consistent with relatively late growth of the breast muscles in avian 
lineages (e.g., Cochlearius cochlearius [Hartman 1961]). 

With respect to the pectoral skeleton, the avian carpometacarpus represents the 
ankylosis of certain fetal ossa carpi centralia and ossa carpi distalia with the 
proximal termina of the ossa metacarpalia during early postnatal ontogeny (Shubin 
and Alberch 1986). During this process the carpometacarpus passes through a 
stage in which a poorly defined proximal complex and three distal cartilaginous 
elements are discernible (Sieglbauer 1911; Holmgren 1955), events of potential 
diagnostic utility of pectoral heterochrony in birds. Typical avian growth patterns 
include developmental stages at which distal portions of ossa metacarpale majus 
and metacarpale minus and distal ossa digitorum manus are not yet formed (Ham- 
burger and Hamilton 1951); and the developing carpometacarpus comprises a 
proximal complex of the cartilaginous distal carpals and pisiform (corresponding 
to the extremitas proximalis carpometacarpi), a cranial cartilaginous primordium 
of phalanx digiti alulae, and distal cartilaginous precursors of ossa metacarpales 
majus et minus (Hinchliffe 1977; Hinchliffe and Griffiths 1983). With respect to 
the pectoral musculature, the developmental stages of Hamburger and Hamilton 
(1951) provide critical diagnostic events, junctures that are distinguishable in all 
avian species studied in the reviews by Starck and Ricklefs (1998a) and Ricklefs 
and Starck (1998a) regardless of position on the altricial-precocial spectrum of 
ontogeny. Redfern (1989) provided ontogenetic insights regarding primary rem- 
iges that are promising with respect to the recognition of paedomorphosis in birds. 

Evidence in other flightless neognathous birds.--The recognition of "gigantic 
immaturity" in the Dodo by Strickland and Melville (1848) was the earliest rec- 
ognition of ontogenetic change in the evolutionary loss of avian flight (Livezey 
1993b). A number of early references to evolutionary change in ontogeny or 
pectoral agenesis (e.g., the "arrested development" of Owen [1866b:12]) fell 
short of inspiring mechanistic insights and essentially remained simply descriptive 
of relative size. For a diversity of flightless birds, the pectoral appendage was 
described as underdeveloped, a condition currently interpreted as paedomorphosis 
(Lowe 1928a; de Beer 1951; Olson 1973a, b; Feduccia 1980; James and Olson 
1983; Worthy 1988a). 

In the flightless raphids and most other flightless carinates (Livezey and Hum- 
phrey 1986; Livezey 1988, 1989b, d, 1990, 1992a, b, 1993a-c, 1995a), the most 
conspicuous and frequent osteological evidence of paedomorphosis includes a 
reduced or aborted carina sterni and margo caudalis of the corpus sterni, an en- 
larged (but rarely obtuse) angulus coracoscapularis, and the comparatively dimin- 
utive (underdeveloped) pectoral apparatus, especially the major elements of the 
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antebrachium and manus. These generalities also are true of the apomorphic pec- 
toral limbs of the ratites (Cracraft 1974a), in which comparatively pronounced 
phylogenetic differences confound comparisons. Anatomical variation superim- 
posed on features typical of flightlessess include conformation and composition 
of the pectoral girdle (Farbringer 1888) and differences in pelvic limb (Storer 
1945; McGowan 1979, 1982). Several myological characteristics found in flight- 
less carinates in other families (Livezey 1990, 1992a) were consistent with the 
tnmcated pectoral development documented in birds (Gadow 1902; Kirkham and 
Haggard 1915; Kipp 1959). 

Waterfowl (Anseriformes: Anatidae), second only to the Rallidae in number of 
flightless members, run the gamut in degree of morphological changes and con- 
spicuousness of the effects of heterochrony. The extinct moa-nalos of Hawaii 
(Thambetochenini [Livezey 1996a]) represent excellent examples of profound 
pectoral paedomorphosis (including uniquely derived carpometacarpi and remark- 
ably reduced carina sterni) combined with pelvic peramorphosis approaching gra- 
viportality (James and Olson 1983; Olson and James 1991; Livezey, unpublished 
data). Unfortunately, material for study of moa-nalos is limited to subfossil ele- 
ments, precluding detailed assessments of the specific heterochronic processes 
involved. The extant, endemic Nene (Anserini: Branta sandvicensis) of Hawaii, 
although flighted, shares less pronounced morphological changes related to inten- 
sified reliance on terrestrial locomotion (Miller 1937). Flightlessness in three 
flightless species of steamer-duck (Tachyeres brachypterus, T. leucocephalus, and 
especially T. pteneres), although largely attributable to an increase in body size 
without commensurate increase in wing area, also is associated with modest in- 
dications of pectoral paedomorphosis, for example, relatively shallow carina sterni 
and truncated remiges (Livezey 1986c; Livezey and Humphrey 1986). Flightless- 
ness occurs (at least temporarily) in the heaviest male Flying Steamer-Ducks (T. 
patachonicus) in marine populations (Humphrey and Livezey 1982), thereby pro- 
viding limited validation of the hypothesis of developmental loss of flight in 
Tachyeres proposed by Cunningham (1871). Some large anatid waterfowl ex- 
emplify dissociability of parts with respect to the actions of heterochrony (Gould 
1977; McKinney and McNamara 1991), in that they manifest pectoral paedo- 
morphosis in conjunction with cranio-pelvic peramorphosis (Livezey and Hum- 
phrey 1986; Livezey 1989a, 1993c, unpublished data). 

Morphometric positions of immature specimens of insular dabbling ducks (An- 
atini: Anas) indicate that the disproportionately shortened wing elements and shal- 
low carina sterni of A. laysanensis are paedomorphic (Livezey 1993a), features 
that are more pronounced in flightless A. aucklandica (Livezey 1990). Moreover, 
the small body sizes of insular dabbling ducks suggest that progenesis (somatically 
early sexual maturation) is a likely candidate for the underlying heterochronic 
mechanism (Livezey 1990). Progenesis, in which descendant lineages undergo 
generalized termination of growth relative to ancestral patterns, is likely exem- 
plified by the drab alternate plumages and small overall size of insular endemics 
of Anas and other waterfowl (Lack 1970b; Weller 1980; Livezey 1990). In the 
latter, drab plumages qualitatively resemble the juvenal plumages of continental 
relatives (Livezey 1993a). Crypsis of incubating ducks in the presence of aerial 
predators of eggs and ducklings may be a confounding source of selection acting 
on male plumage coloration (Gttmark 1993). Similar patterns are found in some 
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insular hawks (Accipitridae), in which adults of several insular endemics (e.g., 
Aviceda madagascariensis and Buteo brachypterus, both of Madagascar) retain 
definitive plumages similar in aspect to those of immature continental congeners 
(Brown and Amadon 1968; Thiollay 1994). 

Among seaducks (tribe Mergini), mensural data from skeletal elements for 
flightless, fossil Chendytes are consistent with the hypothesis of paedomorphosis 
(Livezey 1993c), although the wing elements of Chendytes do not show qualita- 
tive characters indicative of radical truncation of growth (cf. Parker 1888). Al- 
though most probably caused by neoteny in conjunction with significant hyper- 
morphosis of the rest of the corpus, a conclusive diagnosis of the underlying 
developmental modifications in Chendytes is not possible with available data 
(Gould 1977; McNamara 1986; Fink 1988; McKinney 1988a, b). As with insular 
Anas showing initial signs of pectoral reduction and paedomorphosis (Livezey 
1993a), the Auckland Islands Merganser (Mergini: Mergus australis) and extinct 
congener on the Chatham Islands show remarkably similar, comparatively subtle 
pectoral reductions and indications of paedomorphosis of plumage patterns (Liv- 
ezey 1989b; Millener 1999). 

Among nonrallid gruiforms, the reduced pectoral skeleton of Aptornis, espe- 
cially the general truncation of the distal wing elements, is consistent with pae- 
domorphosis of the pectoral limb (Steiner 1922; B6ker 1927; Marples 1930; Mon- 
tagna 1945; Sullivan 1962). The specific mechanism(s) that produced the pectoral 
paedomorphosis of Aptornis is (are) not determinable with available material (Mc- 
Kinney and McNamara 1991), although the comparatively radical underdevel- 
opment of the carpometacarpus of Aptornis indicates that the ontogenetic shift 
involved was profound (Livezey 1994). The vestigial carpometacarpus of Aptornis 
resembles that of the domestic fowl (Gallus gallus) during stages 27-29 (Sullivan 
1962), which in turn corresponds to embryonic development at 5-6 days of in- 
cubation (Hamburger and Hamilton 1951). 

The specific heterochronic mechanism(s) responsible for the pectoral paedo- 
morphosis cannot be determined without detailed developmental information for 
both righted and flightless relatives (Gould 1977; Alberch 1985; McKinney and 
McNamara 1991), but the degree of effects and diversity of anatomical regions 
affected among extremely derived nonpasseriform neognaths (e.g., Raphus and 
Aptornis) suggest that two or more changes in rates or onset of ontogeny may 
have been involved. The gruiform Aptornis resembled the raphids (Livezey 
1993b) and the Galapagos Cormorant (Livezey 1992a) in showing pronounced 
peramorphosis of the pelvic appendage and cranium in combination with signif- 
icant paedomorphosis of the pectoral limb (Livezey 1994). This pattern of op- 
posite apomorphy in relative size resulting from heterochrony exemplifies the 
developmental dissociability among different growth fields (Gould 1977; McKin- 
ney and McNamara 1991), which in turn underlies the loose correlation or in- 
dependence of evolutionary changes in different morphological complexes within 
lineages (de Beer 1951; Levinton 1988). 

Apparent peramorphosis of body size in the moa-nalos (Olson and James 1991), 
Galapagos Cormorant (Livezey 1992a), Aptornis (Livezey 1994), and raphids 
(Livezey 1993b) presumably is (was) associated with a protracted developmental 
period. This pattern may have been adopted comparatively easily in the raphids, 
given late attainment of locomotory capability by typical columbids (Ricklefs 
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1973); comparatively slow growth rates of tropical species (Ricklefs 1984); reli- 
ance on low-protein food resources (Ricklefs 1979); physiological constraints re- 
lated to interspecific differences in body form (Ricklefs 1969, 1973; Case 1978b); 
insular relaxation of predation-related shortening of developmental periods (Lack 
1968b); and parallel trends toward giantism among insular columbids (Worthy 
2001). The Galapagos Cormorant and many flightless anseriforms combine pec- 
toral paedomorphosis and axio-pelvic peramorphosis (Livezey 1992a). 

In flightless carinates, especially the most extremely apomorphic lineages, char- 
acters of the integument and musculature are preserved more rarely than the 
underlying skeletal elements. An extreme form of pectoral truncation in the wing- 
less variant of domestic fowl included developmentally aborted pectoral muscu- 
lature (Kirkham and Haggard 1915; Waters and Bywaters 1943; Pease 1961; Lan- 
caster 1968; Zwilling 1974; Stevens 1991), and some flightless (nondomesticated) 
birds share some of these morphological changes to varying degrees (Darwin 
1868; Murphy 1938; Hartman 1961). Qualitative paedomorphosis of the pectoral 
musculature was documented in the flightless Galapagos Cormorant (Compso- 
halieus harrisi) by Livezey (1992a; see below), and was inferred indirectly for 
the extinct Raphidae and Aptornis based on comparative osteology (Livezey 
1993b, 1994). Descriptions by firsthand observers and illustrations of live Raphus 
(Hachisuka 1953) suggest that adults were covered largely or completely in down 
but possessed remiges and rectrices, an improbable combination of states that has 
been cited as evidence of paedomorphosis (Strickland and Melville 1848; Hach- 
isuka 1953; Stresemann 1958; Halliday 1978a; Livezey 1993b; but see Brom and 
Prins 1989). At the very least, these accounts indicate that the definitive plumage 
of raphids was characterized by extreme structural apomorphy in which the in- 
tegrity of vanes of contour feathers was severely compromised or obsolete. 

Evidence in flightless Rallidae.--The limited literature on the growth of rallids 
(e.g., Porphyrio, Railus, Porzana, Gallinula, and Fulica) principally established 
that developmental periods vary in part as a function of adult body mass and, 
more importantly, that fledging or acquisition of flight capacity occurs signifi- 
cantly later than other hallmarks of maturation (Steinmetz 1930; Boyd and Alley 
1948; Meanley and Meanley 1958; Sigmund 1958; Meanley 1969; Visser 1974; 
Wilkinson and Huxley 1978; Cordonnier 1985; Kaufmann 1987, 1988, 1989; 
Becker 1990). These data and previous studies confirm the generality of a terminal 
burst of alar growth that is especially pronounced in the Rallidae, in which mat- 
uration of the wing and its feathers occurs long after ambulatory capacity is 
attained and delayed further under nutritional stress (Karhu 1973). Karhu (1973: 
6) concluded for Gallinula chloropus that: "Apparently the growth of wing feath- 
ers occurs independently of the weight increase, but if the chick is undernourished 
the growth of feathers is obviously retarded." Such extrinsic influences on pec- 
toral growth are consistent with the variation in wing lengths reported by Visser 
(1976) for Fulica atra, variation that not only affects young birds before first 
acquisition of remiges, but also induces variation between annual molts among 
adults. The relatively late maturation of the pectoral apparatus in rails essentially 
provides a wide developmental window within which simple truncation or slowing 
of growth can effect a relative reduction in anatomical structures related to flight. 

Available data on the ontogeny of rails (Table 80) indicate that the musculature 
of the pelvic limb in the Rallidae and other Galliformes has development that is 
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accelerated relative to that in other avian groups; constitutes a comparatively large 
portion of body mass at an early age; has proportions that decline with age in 
most species (O'Connor 1984; Starck and Ricklefs 1998c); and remains relatively 
robust in adults, this asymptotic pattern notwithstanding (Hartman 1961). The 
greater allometric slopes of pectoral elements (pectoral allomorphosis) and lower 
slopes for pelvic elements (pelvic allomorphosis) relative to general skeletal size 
within flightless rails (Tables 44, 45) are consistent with the interpretation of 
adults of flightless species as representative of a sample deriving from an earlier 
portion of the pectoral growth curve (Fig. 123). P.B. Taylor (1998) reinforced the 
perception that some flightless rails combined diminutive pectoral limbs with 
oversized pelvic musculature, an observation reaffirmed for some species in the 
present study (Fig. 68). The allegation that flightless rails tend to have dispro- 
portionately robust pelvic musculature is undocumented, at least compared to like- 
sized congeners, may simply be an artifact of comparison with a diminutive pec- 
toral limb, and in any case may be confounded by differences in exercise (Wein- 
stein et al. 1984). The combined effects of these varying contributions are man- 
ifested in a continuum of paedomorphic change in flightless rallids, attainable by 
diverse heterochronic means (Fig. 122) but usefully divisible a posteriori into 
three categories (Fig. 123). 

A great majority of the osteological features of the pectoral apparatus that 
distinguish flightless rails from their righted relatives are consistent with the hy- 
pothesis of underdevelopment or paedomorphosis (Tables 58-62; Figs. 61-67). 
One of the most widespread and conspicuous of anatomical characters indicative 
of flightlessness and characteristic of embryos of righted carinates-•obtuse an- 
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gulae coracoscapulares (e.g., Olson 1973a; Cracraft 1974b)--were cited as early 
as Buller (1873a) for Gallirallus australis. 

Despite substantial variation in the microstructure and pigmentation of feathers 
in modem birds that is at most partly related to flight capacity (Chandler 1916; 
Auber 1957), some qualitative differences in plumage pattern among rallids justify 
consideration with respect to avian ontogeny (Lillie 1942, 1952; Watterson 1942). 
The loose plumage characteristic of Cabalus modestus was noted by many of the 
earlier describers of the taxon, and misled some into concluding that the sample 
of C. modestus comprised a collection of juveniles of Gallirallus dieffenbachii 
(see Introduction). The definitive plumage pattern of Porphyrulafiavirostris close- 
ly resembles that of the juvenal of P. martinica (Ripley 1977; Meyer de Schauen- 
see and Phelps 1978; Taylor 1996), and is consistent with paedomorphosis of the 
plumage without pectoral consequences (Livezey 1998). Other, less obvious ex- 
amples of paedomorphic plumages in rallids may include Rallus wetmorei; a 
thorough assessment of these possibilities must await substantially improved in- 
formation on predefinitive plumages of most genera (e.g., Dickerman and Parkes 
1969; Dickerman and Haverschmidt 1971). There also are inconclusive indica- 
tions of delayed acquisition of definitive adult plumage (perhaps confounded by 
intersexual differences) in a few flighted species of Porzana (Livezey 1998). 

Inferences of heterochrony in birds have not been limited to anatomical char- 
acters. Provine (1983, 1984, 1986) inferred a relationship between retention of 
flapping behavior with flight capacity and the antiquity of its evolutionary loss. 
Such behavioral changes can effect limited caloric economy in the absence of 
morphological changes, and are an example of prospective adaptation (Brock 
2000). Herremans (1990:250) judged Erythromachus leguati to be neotenic with 
respect to its underdeveloped pectoral apparatus. He also concluded that flightless 
Dryolimnas aldabranus was neotenic as compared to flighted D. cuvieri in its 
"astonishing, 'infantile', inquisitive tameness." These and several other forms of 
nonanatomical heterochrony, for example, generalized hypermorphosis and early 
hatching of megapodes (Starck and Sutter 2000), require very different diagnostic 
indicators than required for relative underdevelopment of the pectoral apparatus. 
Rallids differ from raphids at least in the late attainment of locomotory capability 
and reliance on low-protein food resources (Livezey 1993b). 

Available specimens and related data on body mass and development permit a 
particularly detailed comparative analysis of heterochrony in a flightlessness rail, 
Porphyrio hochstetteri (Fig. 124), one for which available data permit calibration 
of ontogenetic events with respect to time and thereby avoid the pitfalls of size- 
based estimates of developmental stage (Godfrey and Sutherland 1995). In com- 
mon with other flightless rallids showing increased body size (e.g., Gallirallus 
australis), the most striking departures in growth shown by flightless P. hochs- 
tetteri from that for flighted P. melanotus are the substantially retarded growth of 
the pectoral apparatus (indexed by masses of mm. pectoralis et supracoracoideus) 
and a substantial protraction of the growth period (Fig. 124). The resultant aug- 
mentation of sexual size dimorphism (Tables 26, 57) in P. hochstetteri also is 
shown (Fig. 124). Multivariate sexual dimorphism in birds typically is initiated 
in early development (Lind6n and V•iis•inen 1986; Rofstad 1986; McGillivray and 
Johnston 1987), and therefore can be altered through heterochrony (McNamara 
1995). The steeper slope of pectoral allomorphosis in the flightless species (Tables 
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FIG. 124. Developmental trajectories for righted and flightless swamphens (Porphyrio), sexes dis- 
tinguished (intersexual dimorphism symbolized by D), spanning interval (weeks) from deposited egg 
to "fledging" in righted P. melanotus and flightless P. hochstetteri. Three ontogenetic dimensions of 
"size" (body mass [g]), "shape" (mass of mm. pectoralis et supracoracoideus [g]), and developmental 
interval (weeks). Display after Alberch et al. (1979). Slopes of ellipsoids of terminal individuals based 
on allometry of pectoral elements relative to separate first principal components for nonpectoral ele- 
ments for species-sex groups, after Livezey and Humphrey (1986: fig. 4) and Livezey (1989d: table 
6), with additional parameters of "offset" and "rate" after Atchley (1987). Differences between the 
ontogenetic trajectories of P. hochstetteri to P. melanotus are reflected by a "clock diagram" corre- 
sponding to the apomorphic shifts in size, shape, and age (see text and Fig. 117), after Gould (1977). 

44, 45) also is depicted, indicative of a comparatively juvenile position of P. 
hochstetteri with respect to pectoral development at the terminus of growth (Fig. 
124). In toto, these data permit the implementation of the "clock model" of Gould 
(1977), in which age (at terminus of growth), shape (relative pectoral size), and 
overall size (body mass) of flightless P. hochstetteri is shown relative to the 
baseline position of the model calibrated for flighted P. melanotus (Fig. 124). 

Pectoral growth axes and alar proportions.--Among flightless rallids, several 
tendencies pertaining to the pectoral integument, in addition changes in remiges, 
merit special consideration with respect to heterochrony. In most examples, sev- 
eral other unusual features emerged as typical: tectrices majores dorsales ap- 
proaching in size that of the underlying remiges (Figs. 33-37), largely covering 
the latter (especially remiges secundarii) in dorsal view (e.g., Tricholimnas syl- 
vestris); disproportionate elongation of the remiges alulae, in some species assum- 
ing the appearance of normal, cranially displaced remiges (e.g., Nesoclopeus poe- 
cilopterus); and retention of a disproportionately robust unguis alularis, especially 
conspicuous in flightless taxa having small body sizes (e.g., Atlantisia rogersi and 
Porzana palmeri). In light of the predominant pattern of pectoral truncation in 
flightless rallids (and other avian groups) in which distal skeletal elements undergo 
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greater relative reductions than proximal segments (Fig. 42; Livezey 1989d, 1990, 
1992a, b, 1993b, c, 1995a), these apomorphies of the overlying integument, on 
initial inspection, were not predictable or consistent with publicized ontogenetic 
generalities. Further study reveled that the first anomaly-•at concerning relative 
lengths of the remiges and associated tectrices--provides evidence of paedomor- 
phosis in that the development of secondary remiges and associated tectrices 
thereof is shifted later than that of primaries (Stresemann and Stresemann 1966; 
Panek and Majewski 1990), exposing the former to the actions of heterochrony 
for a longer period. 

Further investigation revealed that all three of these characteristics, especially 
the relative robustness of the unguis and remiges of the alula, also are consistent 
with the early termination of developmental fields of birds and other tetrapods 
(Alberch and Alberch 1981; Hinchliffe and Gumpel-Pinot 1983; Alberch and Gale 
1983, 1985; Hall 1998). Branching and segmentation of prechondrogenic con- 
densations produce ontogenetic bifurcations in the pectoral limb, in which a pri- 
mary proximodistal axis of development (humerus -• ulna + radius -• digital 
arch) undergoes a shift in orientation to a craniocaudal axis in the distal segment 
(i.e., the digital arch or the carpometacarpus and digits). This favors the initiation 
of earliest growth in the first (cranialmost) digit and sequentially through the 
remaining digits. That is, in the avian case, the axis is oriented as digitus alularis 
(I) -• digitus majoris (II) -• digitus minoris (HI), somewhat complicated by the 
relatively early synostosis of elements within the carpometacarpus in modern birds 
(Prein 1914; Steiner 1922; Montagna 1945; Holmgren 1955; Hinchliffe 1977, 
1989). This axial interruption of growth in the avian wing produces a dispropor- 
tionate truncation of distal elements and a superimposed, secondary trend (pro- 
gressively obvious distally); these lead to unusually well-developed cranial struc- 
tures of the appendage (e.g., features of the alula vs. those of more-caudal digits, 
and tectrices vs. remiges), the very pattern observed among flightless rallids. 

The graphical method of Cartesian transformation described by Thompson 
(1961) offers a means for intuitive display of ontogenetic and evolutionary 
change, and the method reflects uncannily the actual role of morphogenetic fields 
and included "catastrophes" in evolutionary change (Thom 1975, 1983). Use of 
the method of distorted coordinates described by Thompson (1961) in the present 
context would display a flightless rail (e.g., Atlantisia rogersi relative to Laterallus 
jamaicensis) on proximally displaced vertical coordinates (describing lateromedial 
contraction of the wing along the proximodistal axis) in the antebrachium and (to 
a slightly lesser degree) the manus, with an additional upwards (cranial) curvature 
of horizontal coordinates (pertaining to the craniocaudal distortion of the manus). 
Implications of such quantitative shifts along ontogenetic axes for the complete 
loss of fundamental mesodermal elements in the avian pectoral limb are not clear, 
although the truncations of distalmost skeletal elements in at least some ratites 
(Owen 1841, 1879; Cracraft 1974a) and the flightless gruiform Aptornis (Livezey 
1994) are broadly consistent with the primary (proximodistal) axis of develop- 
ment. Extension of such congruence to assertions of universality of distal-to- 
proximal appendicular reductions in birds, analogous to Morse's law for digital 
reduction and its application to early avian evolution (Padian and Chiappe 1998), 
may not be warranted in light of the interrelated effects of multiple ontogenetic 
axes within the pectoral appendage of birds. 
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The relative prominence of ungues alulares in Gallirallus australis (Beauchamp 
1998b) and Atlantisia rogersi (Fraser et al. 1992), detectable from early devel- 
opmental stages, may have attracted attention out of proportion to their locomo- 
tory utility for nestlings, whereas the possible implications of these proportions 
for the relative effects of pectoral heterochrony on the integument and underlying 
skeletomuscular apparatus largely were ignored. A similar relative robustness of 
the digitus alularis characterized the flightless gruiform Aptornis (Livezey 1994) 
and may have contributed to the metacarpal armature of the raphid Pezophaps 
solitaria (Livezey 1993b). Such elaborations of digitus alularis were obsolete in 
flightless members of a number of other carinate families (Livezey and Humphrey 
1986, 1992; Livezey 1989b, d, 1990, 1992a, b, 1993c). 

Throughout the pectoral apparatus of flightless rails and other flightless neog~ 
nathous birds is evidence for a strong ontogenetic integration of skeletal and 
overlying muscular elements. In many respects, the relative sizes of muscles (Figs. 
68-110) exhibit magnitudes that varied in concert with the bones with which they 
were structurally and functionally associated. This musculoskeletal correspon- 
dence was especially marked in muscles with expansive areas of origio(nes)--for 
example, ram. pectoralis et supracoracoideus with respect to the corpus et carina 
sterni (Figs. 67, 69-74), and mm. interosseus dorsalis et ventralis with respect to 
the carpometacarpus (Figs. 106-110)-•in which the bulks of muscle bellies ap- 
pear to be simply a function of the associated bony elements. The probably ar- 
tifactual nature of this correspondence, as opposed to the alternative of functional 
interpretation, is especially conspicuous in muscles having essentially no func- 
tional utility in flightless lineages--for example, mm. interossea, the sole action 
of which is to elevate and retract the digitus majoris relative to the carpometa- 
carpus--but that fully occupy the spatium intermetacarpale that accommodates 
the muscle in all neognathous birds. Accordingly, the growth axes and other 
generalized ontogenetic parameters affecting size and proportions of the pectoral 
limb appear to affect both skeletal and muscular derivatives of the mesoderm 
constrained by strong covariances. 

The importance of these developmental axes in relative robustness of the alula 
and its constituents in flightless carinates explains, in part, an error of myological 
diagnosis in an earlier description of the pectoral musculature of the flightless and 
pectorally paedomorphic Galapagos Cormorant (Compsohalieus harrisi [Livezey 
1992a). In this earlier work, two muscles of the digitus alularis were misidentified, 
in part because of their extraordinary robustness and relative positions on the digit 
of this flightless species. Specifically, the muscle labeled as m. extensor brevis 
alulae by Livezey (1992a: figs. 17, 20, appendix) corresponded instead to m. 
abductor alulae pars dorsalis. Pars ventralis of the latter muscle was labeled simply 
as m. abductor alulae in depictions of the ventral aspect of the manus (Livezey 
1992a: figs. 18, 21), and pars dorsalis of this muscle was considered to be absent 
in this species. Although the position and subdivision of m. abductor alulae vary 
substantially even among flighted, nonpasseriform carinates (e.g., Fisher and 
Goodman 1955; Berger 1956a, 1966; Hudson and Lanzillotti 1964; George and 
Berger 1966; Hudson et al. 1969, 1972; Vanden Berge 1970; Zusi and Bentz 
1978, 1984; Rosser 1980; McKitrick 1991b), the primary source of confusion 
arose from the exceptionally robust, uniquely fusiform and bitendinous m. exten- 
sor brevis alulae in flightless C. harrisi. In this flightless, foot-propelled diving 
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species, this muscle presented an extraordinarily hypertrophied aspect, prompting 
it to be deemed unique to this species and of special functional utility in submarine 
locomotion (Livezey 1992a). However, ontogenetic considerations reveal that the 
disproportionate size of this otherwise minute muscle is likely attributable to the 
profound pectoral paedomorphosis substantiated by other characters in this spe- 
cies. Therefore, the name proposed for this muscle by Livezey (1992a)--m. le- 
vator alulae-•is synonymous with m. extensor brevis alulae, as foreshadowed by 
the nomenclature by Vanden Berge and Zweers (1993:217). 

Apparently, the distal reorientation of the developmental axis of the avian pec- 
toral limb accounts for the generality that the antebrachium is disproportionately 
shorter than the more-distal manus in rallids and most flightless carinates (Fig. 
42; Livezey 1989b, d, 1990, 1992a, b, 1993c), in that the proximodistal gradient 
affecting the proximal elements is retarded in the most-distal elements (carpo- 
metacarpus and digits) by this approximately 90 ø rotation of ontogenetic axes. 
The pectoral limb of the ratites evidently manifests much more pronounced effects 
of paedomorphosis (Livezey 1995a), in which growth of the pectoral skeleton 
trails greatly that of other anatomical regions and is terminated altogether im- 
mediately before (e.g., Dromaius) or shortly after (e.g., other modem ratites) 
synostosis of the carpometacarpal elements (Owen 1841; Parker 1892; Pycraft 
1900; Steiner 1922; Lutz 1942; Lang 1956; Glutz von Blotzheim 1958). 

PHYLOGENETIC IMPLICATIONS OF AVIAN FLIGHTLESSNESS 

The form and structure of these characteristic parts [cranium and leg elements] in 
one of the genera (Dinornis) are so peculiar, that the author does not refer the genus 
to any known natural family of birds. Its location in the order Struthionidce implies 
little more than an arrested development of wings, and an exaggerated development 
of legs, organized for progression on dry land.--Owen (1848a:8) 

ß.. As is well known, there are many types in all orders of Vertebrata which present 
us with rudimentary organs, as rudimental digits, feet or limbs, rudimental fins, teeth 
and wings. There is scarcely an organ or part which is not somewhere in a rudimental 
and more or less useless condition. The difficulty these cases present is, simply, 
whether they be persistent primitive conditions, to be regarded as ancestral types 
which have survived to the present time, or whether, on the other hand, they be 
results of a process of degeneration, and therefore of comparatively modern origin. 
The question, in brief, is, whether these creatures presenting these features be prim- 
itive ancestors or degenerate descendants.---Cope (1885:140-141) 

Dr. Gadow [1893] has, I think, given the true explanation of the likeness of Dia- 
phorapteryx and Aphanapteryx to one another, namely, that it is the result of par- 
allelism of evolution .... The ancestors in the two cases, generalised rails capable 
of flight, were probably of different genera, or, at least, species. In the case of 
Diaphorapteryx this ancestor was most likely some widely spread form, such as 
Hypotaenidia [Gallirallus] philippensis is at the present day, individuals of which 
from time to time reached New Zealand, Lord Howe Island, and the Chatham Is- 
lands, the channels between which may formerly have been narrower than at present. 
The modified descendants of these birds are now referred to the genera Diaphor- 
apteryx, Cabalus, and Ocydromus, the most highly modified forms being the out- 
come of earlier, the less altered of later colonisations.--Andrews (1896b:84) 

ß.. a sharp distinction should be drawn between birds which, except for the reduction 
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of their wings and sternum, are true Carinatce ... such as Didus and Cnemiornis, 
and those flightless forms included in the Ratitce, which, leaving entirely out of 
account their wing-reduction, present numerous primitive characters which render it, 
at least, highly probable that they reached their present degenerate condition a very 
long while ago.--Andrews (1896c:260, in dissension with Milne-Edwards 1896) 

In a similar way other evidence could be adduced tending to show that different 
groups or orders of birds present what is probably a primary constitutional facility, 
or the reverse, for the acquisition of flight in its full powers. And not only this, but 
one seems more and more drawn to the conclusion that such forms as Atlantisia, 

Ocydromus [Gallirallus australis], and Cabalus may be surviving examples--in fact, 
blind-alley representatives of a phyletic line which is distinct from the line I may 
call the modern present-day railß 

In a word, although none of us may believe in the polyphyletic origin of either 
birds or flight, it seems permissible to believe in polyphyletic evolution and to think 
that although the basal avian groups derived an equal potentiality to acquire flight 
out of the factors inherited from the primitive ancestor, all were not equally suc- 
cessful in its application.---Lowe (1928a:113) 

ß.. there are many instances of flightless birds, which have reverted to their original 
environment. There were probably ground or sea birds, however, before flight was 
lost. There is thus a reversal of the direction of evolution, but this does not actually 
contradict the law of irreversibility of evolution, which says that an organ once lost 
can never be regained and that a specialized form can never again become gener- 
alized.--Lull (1935:249) 

ß.. a number of flightless birds [have been] extinguished by colonization of a new 
environment by mammalian carnivores. Re-evolution of flight (contrary to Dollo's 
'law') or a development of great body size and/or extreme leg length would appear 
to have been the paths of escape, but time was insufficient.---Mayo (1983:97) 

EVOLUTIONARY DIRECTIONALITY AND AVIAN FLIGHTLESSNESS 

Unidirectionality of change, orthogenesis, and fiightlessness.--The paleonto- 
logical literature of the 19th and early 20th centuries is replete with references to 
intrinsic tendencies of variously defined phylogenetic lineages to progress unidi- 
rectionally toward one or more macroevolutionary optima or goals, a finalistic 
march toward perfection rooted in the teleological perspectives of Lamarck 
(1809), Agassiz (1857), Nfigeli (1865), and Eimer (1888), a concept widely re- 
ferred to as orthogenesis (Simpson 1944, 1953a; Ghiselin 1980; Gould 1980c; 
Mayr 1980a, b; Grehan and Ainsworth 1985). Although the evolutionary loss of 
flight was not an attractive candidate for orthogenetic interpretation, apparent 
phyletic trends in body size (especially increase) frequently were the subject of 
such speculation, as were examples in which morphological features (e.g., size of 
body, antlers, or teeth) were averred to have orthogenetically exceeded selective 
advantage. In some instances, the concepts of orthogenesis and ultimate overspe- 
cialization were applied to several such trends or characteristics simultaneously 
(e.g., Schindewolf 1950), neither perspective having a legitimate basis in the re- 
alities of natural selection or related optimizations. 

Dollo's law--the improbability of the reevolution of a complex feature (Gould 
1970b; Brooks et al. 1988; Sanderson 1993)--is distinct from the related concept 
of irreversible evolution (Bull and Charnov 1985). Irreversibility is for the most 
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part a methodological assumption, implemented a priori, that absolutely precludes 
reversal from an apomorphic state to one diagnosably indistinguishable from the 
antecedent or plesiomorphic condition, one not necessarily conditional on the 
inherent complexity of the trait involved. In essence, Dollo's law is an ad hoc 
rationalization for a perceived paucity of evidence for such evolutionary reac- 
quisitions. This generalization was made in the absence of requisite phylogenetic 
reconstructions and was conditional on the vague concept of complexity, but 
persisted despite early insights into the genetics of reversals (e.g., Mtiller 1939). 
An example of the confusion between impossible and improbable evolutionary 
reversal and the attribution of exceptional explanatory power to such legalism 
was provided by Schindewolf (1950), as translated by Schaefer (1993:295, em- 
phasis in original): "Unquestionable examples of a once-attained body size being 
secondarily reduced are almost unknown .... Accordingly, the evolution of size 
is, in general, irreversible." Such interpretations are not limited to morphological 
attributes; van Rhijn (1984, 1990) inferred a phylogenetically constrained unidi- 
rectionality of parental care and social organization in birds. 

However, given the emphasis of Dollo's law on the improbability of the "re- 
invention" of complex structures, the apparent absence of a bona fide example 
of a return to the capacity for flight by a formerly flightless lineage is noteworthy 
(Mayo 1983). With the advent of a phylogenetic perspective on evolutionary 
phenomena (MacBeth 1980), Dollo's law can be formalized in terms of the prac- 
tical impossibility of reevolving a complex structure (a special case of homo- 
plasy). In the event that a well-supported, completely resolved, species-level phy- 
logeny for the Rallidae is realized, the distribution of flight capacity among rails 
may offer a definitive test of Dollo's generalization in the face of newly recog- 
nized mediators (e.g., Hox genes). 

Limitations of phylogenetic resolution and evidence of evolutionary rates of 
change aside, if it were to be inferred that no avian example of reversal of flight- 
lessness had been found, it would remain to determine whether this were a re- 
flection of ontogenetic unfeasibility, selective impossibility, or ecogeographical 
circumstance. Would such a revealed pattern imply that to regain the capacity of 
flight was simply a historical artifact of primarily human truncation of flightless 
lineages (i.e., a case of the "actual") or that such reversals were evolutionarily 
precluded (i.e., a reflection of the "possible"), sensu Jacob (1982) ? Unfortunately, 
to distinguish between these two alternatives would require insights into onto- 
genetic and epigenetic programs and the evolutionary latitudes of such forma- 
tional processes, a level of inferential sophistication heretofore not attained. 

The notion of lineage sorting is especially appropriate in the case of flightless- 
ness in the Rallidae, in which an independently acquired trait (flightlessness) is 
strongly associated with extinction in modem times (Mayo 1983:87, above). Such 
differential extirpation may qualify flightless rails as the casualties of "lineage 
sorting" (Vrba 1989; Gould 1990) effected by humans and their commensals, 
thereby denying such lineages the minimal number of generations required to 
recover the capacity for flight even if this were (onto)genetically possible. Nev- 
ertheless, it remains that there is no indisputable evidence of the reevolution of 
flight capacity by a flightless lineage among rails (Livezey 1998) or any other 
avian lineage (Livezey 1986a, c, 1991; Livezey and Humphrey 1986), thereby 
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provisionally removing "reversals" from the factors likely to confound phylo- 
genetic reconstructions in this group. 

Functional integration, evolutionary stability, and fiightlessness.--An early em- 
phasis on the external factors conducive to evolutionary change subsequently was 
balanced by an appreciation of the potentially countering effects of the intrinsic 
complexity of organisms. The importance of architectural constraints acting on 
potential evolutionary change was formalized in recent decades, in part spawned 
by a reaction to the Panglossian view of adaptation (e.g., Gould and Lewontin 
1979; Gould 1980a, b, 1997; but see Dennett 1995). In other words, the functional 
and selective integration of parts within structural complexes was recognized in- 
creasingly as a dynamic component of evolutionary change (Van der Klaauw 
1948, 1951, 1952; Bock and von Wahlert 1965; Whyte 1965; Dullemeijer 1974, 
1980, 1989; Riedl 1978; Wake et al. 1983; Hall 1996; Hansen and Martins 1996; 
Wagner and Altenberg 1996; Arthur 1997; Wagner et al. 1997). 

This growing sense of evolutionary integration led to the discrimination of both 
occupied (Thomas and Reif 1993) and unoccupied morphometric space (Book- 
stein et al. 1985; Schindle 1990) and the notion that the number of realized body 
forms is limited (Gans 1979; Mayo 1983). This perception is a pragmatic parallel 
to the duality of the "actual" being a subset of the diversity conceived to be 
"possible" in the natural world (Jacob 1982; Arthur 1997). A more pragmatic 
and phylogenetic perspective identifies the "actual" as the subset of functionally 
possible, organismal solutions that were realized by a genetically integrated hi- 
erarchy of history (Brooks and Wiley 1988; Lauder 1990). That is, the asymptotic 
distributions of character states observed in natural lineages delimit the variation 
realized within a larger but finite range of evolutionary possibilities (Wake 1991; 
Foote 1994; Wagner 2000). In the morphometric context, the complement of the 
total morphospace defined by components having significant eigenvalues corre- 
sponds to the morphometric space that proved inaccessible to the known diversity 
of taxa, and descriptive of morphotypes structurally unfeasible, ontogenetically 
unattainable, or fatally disadvantaged under actual circumstances (Reyment 1980; 
Reyment et al. 1984). In the context of avian flightlessness, this perspective un- 
derscored the limited combinations of evolutionary circumstances and complex 
integration of parts that can lead to flight, improbable preconditions that poten- 
tially expand the set of successful evolutionary pathways to the surrender of this 
capacity. 

This realization has led to the notion that functionally interrelated features can 
impose mutual selective constraints and evolutionary conservatism; such a com- 
plex of characters was termed an "evolutionarily stable configuration" (ESC) by 
Wagner and Schwenk (2000). This concept bears similarities to a model by Arthur 
(1988), in which ensembles of states that share high ontogenetic interattainability 
require a macromutational change to open a "morphological window" that per- 
mits transformations of states in another such morphogenetic set. The concept of 
an ESC may have special relevance to avian flightlessness, at least in the sense 
that the phenomenon qualifies as the dis-integration of the highly integrated pec- 
toral ESC that makes avian flight possible. This perspective may explain in large 
part the conservative rate of reduction of pectoral structures in many flightless 
rallids, in that selection favoring the retention of any of the components of the 
pectoral ESC (e.g., pectoral muscles for steaming and combat in Tachyeres, and 
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remiges for brooding and rectrices for display in rallids) may retard reductive 
evolution in other parts of this ESC. A view of the avian pectoral apparatus as 
an ESC also is consistent with the nonindependence of phylogenetic changes in 
components of flightless lineages (Livezey 1998). The small number of evolu- 
tionary pathways evidently leading to avian flightlessness is indicative of the 
functional and selective integration of the affected parts, one aspect of design 
limitations that contributes to the likelihood of flightlessness-related homoplasy 
(Wake 1991; Emerson and Hastings 1998). 

FLIGHTLESSNESS AS SOURCE OF HOMOPLASY 

Avian fiightlessness and global homoplasy.-•The confusion of plesiomorphy 
with paedomorphic apomorphy, in part a legacy of the biogenetic aphorism attri- 
buted to Haeckel (1866) and uncritically extended to others (e.g., von B aer 1828; 
Agassiz 1849), evidently induced Lowe (1926, 1928a, b, 1930, 1933, 1934, 1935, 
1939, 1942, 1944) to interpret flightlessness-related characters of many avian 
groups as "primary" or evolutionary recapitulations, with the distinction between 
the two classes not always being clear (Livezey 1995a). Early interpretations of 
the flightlessness and biogeography of modern ratites had a broader, if less ob- 
vious, impact on the ornithological literature pertaining to neoteny and conver- 
gence (see below), as well as the utility of functional characters in phylogenetic 
inference (e.g., Mayr 1969, 1976). 

The endeavors of ornithological systematists have been judged to have been 
plagued by pervasive anatomical homoplasy since decades before the advent of 
modern (cladistic) systematic techniques, an allegation stemming both from the 
morphological limitations purportedly imposed on flighted species by the func- 
tional requirements of flight (e.g., Colbert 1955; King and King 1979; Sibley and 
Ahlquist 1990, Feduccia 1995), and by the morphological similarities averred to 
have accompanied independent evolutionary losses of flight (e.g., Olson 1973a, 
1999; Ripley 1977; Feduccia 1980, 1995). That is, birds were held to be especially 
vulnerable to misleading anatomical similarities related to flight, whether the fac- 
ulty was retained or lost. Unfortunately, the coincidence of unique plesiomorphies 
with (variably convergent) flightlessness-related apomorphies can pose funda- 
mental problems of diagnosis and phylogenetic reconstruction among compara- 
tively closely related species (e.g., Livezey 1986c, 1998). Confirmation of the 
influential potential of characters associated with flightlessness for the phyloge- 
netic reconstruction of the Rallidae (Livezey 1998) accorded with earlier expres- 
sions of concern (e.g., Olson 1973a) and the generality of such deceptive simi- 
larity for "syn-vestigiational traits" (Brock 2000). 

Flightlessness in rails: uniquely rampant parallelism.--With the exception of 
the purported monophyly of three, flightless species in the genus "Atlantisia," 
proposed by Olson (1973b) but rejected by Livezey (1998), monophyly of any 
group of flightless rails has not been established unequivocally to date, polytypic, 
flightless genera such as Nesotrochis and Pareudiastes notwithstanding (but see 
below). The comparatively high frequency of dwarfism in the plesiomorphically 
small flightless Porzana is unlikely to represent mere serendipity, but convergence 
among these congeners, fostered by shared ecological circumstances and phylo- 
genetic commonalities of ontogeny, is as plausible as genuine synapomorphic loss 
of flight and subsequent dispersal among islands by means other than flight. Given 
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these likelihoods and precluding that unassailable support for monophyly of a 
flightless rallid clade is forthcoming, the multiple instances of flightlessness in 
the Rallidae qualify as a uniquely rich instance of parallelism involving a critical 
functionality, born of a common, if bifurcated, ontogenetic pathway. 

This phenomenon of "rampant parallelism" of flightlessness is distinct in fre- 
quency and ontogenetic details from the convergent losses of flight in of most or 
all other neognathous taxa. Despite demonstration of flightlessness-related ho- 
moplasy in the Rallidae (Livezey 1998), even a cursory examination of the anat- 
omy of flightlessness in other avian families reveals that the anatomical ramifi- 
cations differ substantially among higher taxonomic groups (Livezey 1988, 
1989a-d, 1990, 1992a, b, 1993a, b, 1994), a generality especially obvious in 
comparisons of the anatomy of flightless paleognathous and neognathous birds 
(Lutz 1942; Lang 1956; Cracraft 1974a; Livezey 1995a; Lee et al. 1997; Abour- 
achid and Renous 2000). Accordingly, a nomenclature that reflects these realities 
is advisable because it is useful to refer to the anatomically similar, ontogenetically 
comparable flightlessness within the Rallidae as parallelism; whereas convergence 
should be reserved for the diagnosibly distinct shifts responsible for flightlessness 
in other avian families sharing broadly comparable pectoral function (e.g., ratites, 
anatids, grebes, ibises, cormorants, raphids, and parrots; Table 4); and analogy is 
used for those losing flight through unique pectoral specialization (e.g., penguins 
and alcids; Table 4). 

This phenomenon of "rampant parallelism" pertaining to rallids is doubly re- 
markable in light of the diversity of forms and inferred changes of flightless taxa 
(Figs. 15, 20, 22-31, 42-44, 49-58, 111-115), the diversity of insular habitats 
occupied (Figs. 6, 116; see below), and the relative simplicity of the fundamental 
and malleable ontogenetic mechanism that generates this spectrum of functionally 
similar, morphological diverse changes (Figs. 117, 121-124). Accomplishment of 
a well-resolved, rigorously supported, species-level phylogeny will allow an as- 
sessment of the imprint of history on present-day distributional patterns and 
"structural" aspects of sympatric populations, and permit a conclusive test of the 
assumption that all instances of flightlessness in the Rallidae, otherwise rare for 
Aves, were truly independent events. 

CLADOGENETIC COROLLARIES: Is THERE SPECIATION AFrER FLIGHTLESSNESS? 

As will be seen .... the characters of this group [ratites] are to a considerable extent 
negative characters. They are for the most part such characters as are correlated with 
the loss of the power of flight. We need not, therefore, lay too much stress upon 
them as indicative of the naturalness of the group.---Beddard (1898:493) 

But flightlessness seems to confer no special favors upon the possessors, and flight- 
less birds seem to have traveled into an evolutionary box canyon compared to their 
flying relatives .... Flightlessness may arise in almost any group where the inability 
to fly is not a current disadvantage.--Wing (1956:162) 

Paedomorphs and ancestry.--In a section intruigingly entitled "Paedomorphs: 
Not Necessarily the Best Ancestors," McKinney and McNamara (1991:345) con- 
sidered the relative likelihood of the persistence and cladogenesis of paedomor- 
phic lineages in nature. In other words, are the short-term gains realized by het- 
erochrony necessarily in the long-term evolutionary interest (sensu subsequent 
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phylogenetic diversification) of the lineage so modified? In extreme cases of pae- 
domorphosis, the reductions in structural faculties seem likely to limit the capacity 
of the lineage to accommodate substantial environmental changes (e.g., blind, 
apigmentary, cavemicolous salamanders), but evolutionary arguments turning on 
hypothetical changes and potentials are problematic (McKinney and McNamara 
1991). The characterization of flightless avian lineages as "terminal" by Gould 
(1966) echoed the general view of flightlessness as limiting in the evolutionary 
sense, and that species so afflicted, and confronted with predaceous immigrants 
or the catastrophes likely at geological time-scales, probably would not undergo 
speciation. Alternatively, the propensity for cladogenesis appears to be a heritable 
character of some taxonomic groups (Savolainen et al. 2002), perhaps enhanced 
by differentiation among niches within demes (Bolnick et al. 2003), and the for- 
mer diversity of flightless Rallidae (Gallirallus and Porzana) suggests that the 
most widespread genera may have been endowed accordingly. 

Ratites and phylogenetic perspectives on fiightlessness.--The prevailing view 
that each instance of avian flightlessness was acquired independently and therefore 
convergent had its genesis in the first century of study of the modem ratites-- 
the large flightless, paleognathous birds of the Southern Hemisphere (e.g., ostrich, 
rheas, emu, cassowades, kiwis, and moas). Beginning with Merrem (1813), early 
systematists separated the ratites from other birds on the basis, at least in part, of 
the possession of acadnate sterna (e.g., Lesson 1831; Huxley 1867). F'drbringer 
(1888) was the first to challenge this traditional classification, and he argued 
explicitly that the similarities shared by ratites were the products of convergence 
and that each ratite lineage evolved independently from ancestors as yet unknown. 
This proposal of polyphyly was questioned by Gadow (1893), Newton (1896), 
and Beddard (1898), whereas other workers found the hypothesis persuasive (e.g., 
Pycraft 1900; Wetmore 1930, 1951, 1960b; McDowell 1948; Mayr and Amadon 
1951; Storer 1960b, 1971b; de Beer 1964; Falla 1964; Moreau 1966). 

Lowe (1926, 1928b, 1930, 1935, 1942) drew attention to the possible impor- 
tance of ontogeny and phylogeny in the evolution of ratites, but his often recap- 
itulationist views received a cool reception (Livezey 1995a). As noted by Mc- 
Dowell (1948:522) in a review of the palate of ratites: "Percy Lowe has advanced 
a theory that ... the ratites diverged from the avian stem at a time when the 
power of flight had not yet been attained but the fore-limbs had become rather 
wing-like. This theory would necessitate believing that birds had at some stage 
of evolution sacrificed the use of their anterior limbs in order to acquire flight at 
a considerably later date, a teleology not acceptable to post-Lamarckian students 
of evolution." McDowell (1948) linked the hypothesis of polyphyly of ratites 
supported by most of his contemporaries with an inference, credited (p. 543) to 
E. Mayr, that the pectoral changes of ratites were the result of "neoteny." The 
hypothesis of polyphyly was considered by McDowell (1948) to be consistent 
with the palatal diversity he noted in the ratites, the latter reflected by the heading 
(p. 536) "The Impossibility of Defining the Palaeognathous Palate." McDowell 
(1948) concluded that each major ratite lineage (i.e., tinamiform, casuadiform, 
apterygiform, and struthioniform lines) evolved both their palatal anatomies and 
those changes related to flightlessness independently. Although a secondary role 
of "adaptation" in these convergent characters was entertained by McDowell 
(1948), he envisioned "neoteny" as playing a critical role in avian flightlessness, 
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not only in the pectoral reduction(s) of ratites, but also in those of flightless 
carinates (e.g., Spheniscidae, Raphus cucullatus, and Strigops habroptilus). 

In addition to virtually equating pectoral reduction in flightless birds with pae- 
domorphosis, McDowell (1948:540-541) extended the role of "neoteny" to other 
organ systems and taxa: 

There are numerous examples in zoology of neoteny having worked morphological 
reversals. Examples are the Sphenisci [penguins], where neoteny has produced a less 
fused, and therefore more reptilian, tarsometatarsus (see Simpson, 1946),... neoteny 
is usually not limited to a specific organ. Thus, neotenic persistence of gills in the 
'perennibranchs' is accompanied by neotenic skull-characters and muscular charac- 
ters, and neoteny in the tarsometatarsus of the Sphenisci is accompanied by late 
obliteration of the cranial sutures. We may, therefore, expect that the neoteny of the 
wings of ratires might affect the palate .... Neoteny might easily explain such a 
palatal characteristic as the imperfect fusion of the halves of the prevomer .... ne- 
oteny could also explain the pterygoid-prevomer contact, the heart of Pycraft's def- 
inition of the 'Palaeognathae.' 

Romer (1968), after considering other recent discussions of the matter (Hofer 
1955; Simonetta 1960; M[iller 1961, 1963; Bock 1963; Meise 1963), deemed the 
dismissal of the similarities among ratites by McDowell (1948) an unjustified 
defense of the prevalent hypothesis of polyphyly. Decades later, the origins of 
moas from flightless anseriforms and of kiwis from flightless ibises were sug- 
gested (Olson 1983; but see Livezey 1995a), thereby providing yet another variant 
on the polyphyletic phylogenesis of ratites from among neognathous birds through 
neoteny. Similarly, anatomically naive appeals to heterochrony were made in sup- 
port of preliminary molecular evidence presented by H'mlid and Arnason (1998), 
which suggested the evolutionary derivation of the Ostrich (exclusive of other 
ratites) from within neognathous birds, a radical inference contradicted by con- 
temporary analyses of DNA sequence data (H•irlid et al. 1997, 1998; Tuinen et 
al. 1998, 2000) but indicative of a residual predisposition for the traditional view 
of ratites as polyphyletic. 

Much support of the polyphyly of ratites originated before the acceptance of 
continental drift (Vuilleumier 1975), considered by Serventy (1960:101-102) to 
be hypothetical and "... unnecessary to account for recent and extinct bird and 
mammal distributions." Lingering resistance to the naturalness of the ratites 
turned on a constellation of arguments involving anatomical characters not related 
to flightlessness (e.g., the palate), confusion regarding phylogenetic methodology 
(e.g., Houde and Olson 1981; Feduccia 1985; Houde 1988), or premature infer- 
ences based on preliminary sequence data (H'firlid and Arnason 1998). Mayr 
(1976:465) joined those advocating the likely homoplasy of characters averred by 
some (e.g., Cracraft 1972, 1974a) to be supportive of the monophyly of ratites, 
stating: "If several groups of running birds lose their power of flight indepen- 
dently, acquire large size, and specialize entirely in running, one would expect 
them to acquire the ratite complex of characters even if the stem species of this 
assemblage did not have these characters." The course of this debate was paral- 
leled by the odyssey of an individual systematist, Walter Bock, who passed from 
support for monophyly (Bock 1963, 1976), to advocacy of polyphyly (Bock and 
B[ihler 1988), and finally to an admission of indecision (Bock 1992). 

A growing consensus among avian phylogeneticists places the ratites as mono- 
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phyletic and the sister group of other modern (neognathous) birds (Cracraft 1974a, 
1986, 1988b; Cracraft and Mindell 1989; Lee et al. 1997; Tuinen et al. 1998, 
2000; Groth and Barrowclough 1999; Haddrath and Baker 2001), obviating spec- 
ulations concerning the misdirection of reconstructions of higher-order avian phy- 
logeny by homoplasy generated by convergent ontogenetic changes. Also, the 
minority view that the flightlessness of ratites is primitive (Chandler 1916; Lowe 
1928b, 1935; McGowan 1979, 1982, 1986) has been countered by phylogenetic 
reconstructions including nodes basal to the Neornithes (e.g., Cracraft .1986, 
1988b; Chiappe 1995a; Padian and Chiappe 1998). Nonetheless, the hypothesis 
that flightlessness among the ratites was acquired convergently would color for 
decades subsequent perspectives on the evolutionary ease with which flightless- 
ness can arise in avian lineages and thereby obfuscate phylogenetic inferences 
(Livezey 1995a), especially where such assessments were made in the absence of 
explicit phylogenetic hypotheses and primitive calibrations of absolute time (e.g., 
Feduccia 1980, 1996; Olson 1983). 

Speciation involving flightless neognathous birds.--A counterexample to the 
traditional view of avian flightlessness as a phylogenetic dead end is provided by 
the flightless steamer-ducks (Anatidae: Tachyeres), a genus comprising four spe- 
cies having a predominately continental distribution for which there is consider- 
able support for monophyly of the three flightless members (Livezey 1986c; Cor- 
bin et al. 1988). If this phylogenetic reconstruction is correct, the hypothesis 
confirms the intuitive plausibility of avian cladogenesis following flightlessness, 
that is, that flightlessness can be plesiomorphic at least for clades of neognathous 
species having largely continental distributions (Livezey and Humphrey 1992). 
However, some examples among other flightless neognaths can be inferred to have 
arisen independently from flighted ancestors even in the absence of a robust phy- 
logenetic hypothesis for the groups, because each is the sole flightless member 
of its taxonomic genus or family (e.g., Rollandia rnicroptera, Podilyrnbus gigas, 
Podiceps taczanowskii, Anas aucklandica-group, Mergus australis-group, Cornp- 
sohalieus harrisL and Strigops habroptilus [Livezey 1989b, d, 1990, 1992a, b]), 
and each evidently evolved either on oceanic islands (most species) or under 
quasi-insular conditions of high-altitude lakes (Podicipedidae). A small number 
of neognath families include more than one flightless member for which phylo- 
genetic hypotheses are essential for confident reconstructions of speciation pat- 
terns, including the Alcidae (Livezey 1988) and Raphidae (Livezey 1993b). The 
remaining instances of flightlessness among neognathous birds are those in which 
entire taxonomic families (or orders) are (were) flightless (e.g., Diatrymidae, Ap- 
tornithidae, Phorhusrhacidae [Table 4]). Also among the latter are the penguins 
(Spheniscidae), in which all known fossil and modern species are (were) flightless 
members and that approach the flightless Rallidae in number of species (Livezey 
1989c). The problem in the latter cases of clade-wide flightlessness is reduced to 
the reconstruction of events leading to flightlessness in the flighted ancestors of 
each group (Livezey 1994, 1995a, 1998). 

Despite the comparatively great frequency of flightlessness in the Rallidae, 
reconstructions of this kind remain speculative without knowing the exact se- 
quence of the loss of flight and speciation events (Livezey 1998). Speciation in 
the Rallidae appears to conform with the broad profile for the traditional allopatric 
mode (Bush 1975), although likely scenarios in some instances seem to contradict 
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traditional assumptions of the geographical scales typical for birds (Diamond 
1977a). Likely cases of vicatiance events initiating speciation of flightless rails 
include apparent sister taxa in regions having undergone coalescence or substan- 
tially reduced separation during glacial periods of low sea levels (Cooper 1989; 
Craw 1988; Livezey 1998; Whittaker 1998; Craw et al. 1999): Porphyrio mantelli 
and P. hochstetteri; Gallirallus australis and G. greyi; and Gallinula nesiotis and 
G. comeri. Of these, the first two couplets (P. mantelli-group and G. australis- 
group) may qualify as avian examples of continental speciation (sensu Diamond 
1977a) on the mega-island of New Zealand. Geological events of greater antiquity 
(e.g., movements and coalescence of tectonic terranes in New Zealand [Craw 
1988; Cooper 1989; Humphties and Parenti 1999]) probably are germane only to 
deeper nodes in the Rallidae, for example, relationships between endemics of the 
Chatham Islands (Andrews 18•6b, c; Craw 1988; Livezey 1998). 

Speciation or radiations of flightless rails within single archipelagoes--"intra- 
archipelagal speciation" of Diamond (1977a)---is likely for at least some of the 
Porzana of Hawaii (Table 3) or the Gallinula nesiotis-group of the Tristan da 
Cunha Islands. However, as with all taxonomic groups possessed of low dispersal 
capacities, cladogenesis requiring dispersal among islands would be limited to 
comparatively short distances for flightless landbirds (Selmi and Boulinier 2001). 
Speciation of flightless rails within the Chatham Islands remains a distant possi- 
bility, and the relegation of rails endemic to the Chathams to subspecific status 
(e.g., Gallirallus philippensis dieffenbachii [Ripley 1977]), in fact, may reflect a 
reluctance by many taxonomists to recognize diversification of flightless avian 
clades within limited geographical areas. Assumptions of this kind seem especially 
tenuous in light of the variation within single islands shown by some flighted 
passerines (e.g., Zosterops borbonicus complex) in the Indian Ocean (Gill 1973). 

The majority of speciation events among the Rallidae that ultimately evolved 
flightlessness likely involved colonization of islands by continental species, with 
a few being attributable to the "insular speciation" of Diamond (1977a); the latter 
is speciation via dispersal and allopatfic speciation between two archipelagoes. 
Given the importance of flotsam transport (Heatwole and Levins 1972) and the 
successful colonization of oceanic islands by tortoises, lizards, and rodents (Carl- 
quist 1965, 1966, 1974, 1980; M. Williamson 1981; Grant 1998a-c; Whittaker 
1998), it is difficult to dismiss out of hand the dispersal among islands, followed 
by differentiation, of flightless rallids. Moreover, asynchronous temporal variation 
in resources may select for dispersal dimorphism, in which a single species may 
comprise two or more dispersal phenotypes conducive to speciation (Mathias et 
al. 2001). Although not documented in birds, such polymorphism in dispersal 
would appear especially plausible for rallids having undergone widespread insular 
radiations. 

Given the precarious or extinct status of many flightless rails, data bearing on 
colonization by rafting in flightless rails may be based optimally using other 
ecologically similar tetrapods. For example, shrews (Mammalia: Insectivora, Sor- 
icidae) may offer some insights into the role of such colonizations in island groups 
(Peltonen and Hanski 1991). Diversification within flightless lineages of rails after 
dispersal by rafting would be especially likely among elements in isolated island 
grcmps (e.g., the Hawaiian Islands), outlying satellites of major island groups (e.g., 
Chatham Islands, Norfolk Island, Lord Howe Island, and New Caledonia), and 
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between members of innumerable island groups of the South Pacific (M. William- 
son 1981; Grant 1998a-c; Whittaker 1998), perhaps by stepping-stone dispersal. 
Candidates for dispersal and speciation after flightlessness include Porphyrio al- 
bus (cf. P. mantelli-group) and possibly the unnamed, flightless Porphyrio of New 
Ireland (Steadman et al. 1999); a complex of endemic taxa of New Zealand and 
the Chatham Islands (Gallirallus australis, G. dieffenbachii, Cabalus modestus, 
Capellirallus karamu, and Diaphorapteryx hawkinsi), perhaps confounded by gla- 
cial coalescence among islands followed by differential, anthropogenic extinc- 
tions; the complex of Porzana that formerly inhabited the Hawaiian Islands, in 
which rafting of flightless forms would be at least as likely as multiple invasions 
by righted congeners from distant sources; and the Pareudiastes moorhens, en- 
demic to islands in the Solomon and Samoan groups (Olson 1975a; Ripley 1977), 
between which are interposed a number of potential stepping-stone islands (Gilpin 
1980). 

GEOGRAPHICAL CONTEXTS OF FLIGHTLESSNESS IN RAILS 

This curious form [in reference to Cabalus modestus] must not, however, be regarded 
as a change produced by long isolation, but rather as an old form preserved from 
destruction by isolation.--Hutton (1872c:238) 

Considering the restricted powers of locomotion of the several genera above cited 
[Notornis = Porphyrio, Ocydromus = Gallirallus and Tricholimnas], it may be in- 
ferred that the lands yielding examples of such flightless birds were not, in their 
primitive days, separated by such breadths of ocean as that which divides the South 
Island from Lord Howe's Island, or as that known as 'Cook's Straits'.--Owen (1882: 
695) 

Thus as regards flightless rails there would appear to be two categories, a primarily 
flightless and a secondarily flightless category. The first would appear to have been 
preserved in such insular extensions of continental land-masses as 'Lemuria' and 
'Antipodea,' because there were no carnivorous foes to extinguish them, such as 
subsequently extinguished their flightless progenitors on the main continental land- 
masses; the second category we suggest was derived from volant ancestors, and 
found their way to such oceanic islands as are represented in the Polynesian groups. 
Here also they found no carnivorous foes---or, at any rate, no carnivorous mammals. 
Hence, they, too, have been preserved; but being originally volant they are still 
potentially volant, and have nearly lost the power to fly by default, having retained 
all their original volant armature. It may also be that they belong to a more recent 
geological period.---Lowe (1928a:113) 

... flightlessness, comparable in skeletal and feather structure to that exhibited by 
many breeds of domestic fowl, has arisen among island birds of several orders where 
the absence of enemies lifts the penalty from such a trend .... --Murphy (1938: 
537) 

ß.. the occurrence of an animal on an isolated island presupposes a lack of enemies 
and a reduction of the danger from epidemics. Such a habitat would therefore guar- 
antee undisturbed evolution and favor the development of large size... the gigantic 
birds of New Zealand (Dinornithidae, Moas) and Madagascar (Aepyornithidae) .... 
The absence of hostile predators, of course, is not the cause of size increase or any 
other kind of overspecialization and degeneration ... lack of predators on oceanic 
islands would only explain why large types have been preserved and could grow 
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larger there and not elsewhere, which is not consistently the case anyway.--Schin- 
dewolf (1950; translated by Schaefer 1993:305-306) 

On oceanic islands, evolution is faster than immigration. On continental islands... 
immigration is faster than evolution.--M. Williamson (1981:167) 

... the evolution of flightlessness would be most likely to occur in species that face 
the greatest restriction in resources, so it would be most common on smaller islands 
(i.e., with the small resources) and in those species with the greatest resource re- 
quirements (i.e., in larger endotherms).--McNab (1994a:640) 

BIOGEOGRAPHICAL REALMS: PATTERNS AT A GLOBAL SCALE 

Regions of special biogeographical relevance for flightless rails include New 
Zealand (Williams 1962, 1973; Cracraft 1975, 1980; Salmon 1975; Beauchamp 
1989), other South Pacific islands (Smithers and Disney 1969; Rich 1981; Rich 
et al. 1983; Schodde et al. 1983; Richardson 1984; Pauley 1990; Adler 1992; 
Goodman et al. 1995), Australia (Ridpath and Moreau 1966; Horton 1972; Rich 
1975), Hawaii (Perkins 1913; Mayr 1943; Pratt 1979), islands of the (especially 
southern) Atlantic (Rand 1955; Pieper 1985; Ashmole and Ashmole 1997), and 
islands in the Indian Ocean, including the Mascarenes (Strickland and Melville 
1848; Adler 1994). The family Rallidae possesses one of the widest global dis- 
tributions of any terrestrial group of tetrapods (Olson 1973a; Livezey 1998), and 
although this suggests that the group is amenable to large-scale analysis (e.g., 
Craw et al. 1999) or more traditional assessments by geographic realms (e.g., 
Wallace's line [Mayr 1944]), advances will require a fully resolved phylogeny. 

Nevertheless, with respect to distributions of clades within the Rallidae and 
allies, several patterns are evident (Fig. 11; Livezey 1998): Southern-Hemispheric 
distributions characterize a preponderance of the grniform families related to the 
Rallidae (e.g., Cariamidae, Eurypygidae, Rhynochetidae, and Aptornithidae), and 
largely Neotropical or equatorial ranges characterize others (e.g., Psophiidae, Ar- 
amidae, basal Gruidae, and Heliornithidae); Southern-Hemispheric origins extend 
also to most basal flighted lineages within the Rallidae (e.g., Himantornis, Gym- 
nocrex, Eulabeornis, Canirallus, Anurolimnas, Rallicula, and Sarothrura); and 
predominately southern affinities are shown by a majority of genera, in which 
only a minority of members (typically of included crown-groups) are distributed 
in the Northern Hemisphere (at least seasonally), a number of which include one 
or more flightless members (e.g., Porphyrio, Porphyrula, Rougetius, Rallina, Ral- 
lus, Gallirallus, Laterallus, Crex, Coturnicops, Porzana, Amaurornis, Gallircrex, 
Gallinula, and Fulica). These broad, largely phylogenetically congruent patterns 
effectively define limits within which distributional variation of a local scale (es- 
sentially within-clade or error variance) is expressed, much of which is not rig- 
orously testable against current phylogenetic reconstrnctions, a prerequisite for 
alternatives for the intuitive proposals of past decades (e.g., Larson 1957; Vuil- 
leumier 1970, 1973, 1975; Beauchamp 1989). Only provisional biogeographic 
explorations are possible for such focal groups as Gallirallus and Porzana (Figs. 
12, 13). Several clades of generic or higher rank retain obvious geographical 
conguence and include one or more flightless members (Livezey 1998)--Gym- 
nocrex + Habropteryx, Aramides + Nesotrochis, Ortygonax + Cyanolimnas, 
Amaurornis, and Tribonyx--and merely document the diversity of patterns. 
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The biogeographic patterns of flightless rails are principally a phenomenon of 
insular immigration and endemism (Fig. 6), with larger-scale inferences limited 
to the comparatively high incidence of flightlessness (perhaps indicative of on- 
togenetic propensity) in some groups (e.g., Gallirallus and Porzana). The essential 
importance of insular biogeography to the evolution of flightlessness among the 
species of Rallidae is magnified further by former presence. of long-extinct flight- 
less rails on additional islands (e.g., Steadman 1989a, b, 1993a, b, 1995, 1997a, 
b; Worthy et al. 1999), the limiting factor of which appears to be the preserva- 
tional qualities of sand dunes, caves, or lava tubes in these localities as opposed 
to those of the rails themselves (e.g., Olson 1978, 1991; Carr 1980; Steadman 
1986b, Schubel and Steadman 1989). Emergent patterns are that most, if not 
essentially all, habitable oceanic islands at one time supported population(s) of 
flightless rails, most of which became extinct before ornithological inventory; and 
no species of Rallidae would have evolved flightlessness under circumstances 
exclusive of oceanic islands, the inadequately known distribution and status of 
Tribonyx repertus notwithstanding. 

Of the primary patterns and predictions of insularity (Table 81), most are ap- 
plicable to a substantial degree to the evolutionary shifts inferred for flightless 
rails (Tables 7-9, 11, 13-26, 30-35, 39-42, 46-57, 68-70; Figs. 15, 20, 22-32, 
42-44, 49-60, 111-115; Appendices 1, 6, 7). However, some changes were not 
predictable even broadly with respect to quantitative or qualitative changes, for 
example, those evident in bills both interspecifically and intersexually (Figs. 45, 
48). Still other comparisons revealed a diversity of changes (Tables 69-74; Figs. 
121-123) that defied simple application of previously formulated rules of insular 
change (Table 81). 

Simple biogeographic opportunity leads predictably to the preponderance of 
flightless species being from Pacific Oceania, because the number of islands rep- 
resenting the number of potential evolutionary "incubators" for flightless rallids 
is maximal (Fig. 6) and coincides with the distributional pool of several genera 
characterized by great vagility (Gallirallus and Porzana). Also, there is a possi- 
bility that tropical islands host(ed) more flightless species by means of an ame- 
lioration of population bottlenecks than occurred at higher latitudes (cf. Elton 
1946; Janzen 1967; Miller 1967, 1969; Vermeij 1974; Arthur 1982b; DuBowy 
1988; but see Nudds 1982), thereby fostering more founder-effect speciation 
events (Templeton 1980; Charlesworth and Smith 1982; Nei et al. 1983; Barton 
and Charlesworth 1984; Barton 1989, 1998; Provine 1989; Willis and Orr 1993; 
Gavrilets and Hastings 1996; Slatkin 1996; Charlesworth 1997; Grant 1998a), 
even in the absence of concomitant genetic drift (Whitlock 1995, 1997). On the 
other hand, in tectonically active regions, oceanic islands may undergo frequent 
episodes of low population size resulting from tsunamis and volcanism (MacAr- 
thur and Wilson 1967; Nunn 1994), moderate bottlenecks that may hasten genetic 
drift through reduced genetic diversity (Barton 1998). 

Among the few higher-order biogeographical patterns involving flightless ral- 
lids are the unsurpassed diversity of sympatric, flightless Porzana (Olson and 
James 1991) in the Hawaiian Islands (Tables 2, 3; Fig. 10), and an almost com- 
plementary diversity of flightless rallids in several clades other than Porzana in 
the New Zealand region (Table 2). The latter,. in which the Chatham Islands 
formerly supported a remarkable diversity of endemic flightless rails relative to 
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land area (Millener 1999) and diversity of habitats (Fig. 7), involved at least six 
genera other than Porzana having endemic flightless representatives (Table 2). 
Perhaps the most surprising aspect of the avifauna of the Chathams is the apparent 
absence of a flightless swamphen (Porphyrio) or crake (Porzana), with the former 
being especially notable in light of the presence of the genus throughout the rest 
of the region (Ripley 1977; P. B. Taylor 1996, 1998). Intermittent connection of 
habitable islands clearly influenced insular faunas (Mielke 1989; Nunn 1994; 
Whittaker 1998: fig. 2.3), and may be among the key factors leading to sympatry 
of closely related, flightless rails within archipelagos. 

At one extreme, processes germane to flightless rallids are ancient isolations 
among large land masses, for example, the tectonic separation of New Zealand 
from Australia dating to approximately 60 million years ago; and subdivision of 
much lesser age within these major masses, for example, both those between 
Tasmania and the Australian mainland, and division of the three main constituent 
islands of New Zealand, dating to approximately 20,000 BP (Craw et al. 1999). 
The latter geological subdivisions, in turn, had clear implications for flightless 
rallids: isolation of Tasmania almost certainly initiated the differentiation of flight- 
less Tribonyx mortierii from T. ventralis; and separation of the North and South 
islands within New Zealand undoubtedly initiated the differentiation of the flight- 
less sister-taxa Porphyrio mantelli and P. hochstetteri, and the parallel diversifi- 
cation of flightless Gallirallus greyi and G. australis. More complex correspon- 
dences among endemic rallids and greater New Zealand, although of perennial 
interest and study (Fleming 1962, 1975, 1979; Brown et al. 1968; Atkinson and 
Bell 1973; Bull and Whittaker 1975; Craw 1988; Cooper 1989; Southey 1989; 
Atkinson and Millener 1991; Millener 1991, 1999; McFadgen 1994; Craw et al. 
1999), remain largely conjectural (e.g., Figs. 12, 13). 

"Hot-spot" archipelagos present a special case of spatiotemporal dynamics in 
oceanic islands, in which member islands are displaced by movements of under- 
lying tectonic plates, with the youngest (and typically the largest) islands in each 
being under volcanic augmentation while positioned over the "hot spot" of the 
island chain. Both the Hawaiian Islands (Carson and Clague 1995; Windley 1995) 
and Galfipagos Islands (Simkin 1984; Christie et al. 1992; Rasmann 1997) are 
examples of hot-spot archipelagos, in which member islands are moving east to 
west or west to east, respectively, and decrease in area over time through subsi- 
dence and erosion as they move away from the hot spot. Both island groups 
include members having ages of -5 X 106 years, although volcanic activity has 
occurred in both over longer periods (-20 X 106 years), suggesting that extant 
populations had origins on now-submerged (extinct) islands (Carson and Clague 
1995; Rasmann 1997). 

Remarkably, this comparative wealth of geochronological data has provided 
few insights into the evolution of flightless rallids or other birds endemic to the 
Hawaiian or Galfipagos islands. At best there appears to be a poor correspondence 
between the relative apomorphy of the flightless anatids and rallids and geological 
ages of the Hawaiian Islands (Table 3; Olson and James 1991; Livezey 1993a, 
1996a, 1998), a finding plausible given the likelihood of multiple colonizations 
of one or more islands by fiighted ancestors and subsequent exchanges of fiighted 
and flightless descendants among islands (Fig. 10). A similar state of affairs at- 
tends the distribution of the endemic flightless cormorant of the Gal•pagos, which 
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corresponds to that of prey and associated oceanic currents as opposed to antiquity 
of islands upon which this profoundly apomorphic species nests (Livezey 1992a). 
The degree of apomorphy of flightless rallids of the Mascarenes (Fig. 6; Cheke 
1987; Cowles 1987; Mourer-Chaurvir6 et al. 1999), as with other geologically 
intractable complexes of islands (e.g., outlying islands of New Zealand region 
[Figs. 7, 12]), are amenable to little more than speculation. Estimates drawn from 
DNA sequences have shown geochronologically consistent patterns of coloniza- 
tion, differentiation, and dispersal from older to newer islands (with variable 
amounts of reverse colonizations) for a number of radiations of Hawaiian plants 
(e.g., Funk and Wagner 1995; Givnish et al. 1995; but see Lowrey 1995; Wagner 
et al. 1995), insects (Asquith 1995; DeSalle 1995; Shaw 1995), and several birds 
(Tarr and Fleischer 1995). 

INSULARITY: EVOLUTION AT LOCAL SCALES 

In any case there can be little doubt that these rails became flightless in the islands 
they now inhabit, and cannot therefore be regarded as evidence of the former exten- 
sion of land; in other words, they are of no value in determining former geographical 
conditions, since they are themselves the outcome of the present one.--Andrews 
(1896b:84) 

If... [Falco novaeseelandiae] were plentiful it must have been a great inducement 
for the old swamp-hens [ancestral Porphyrio mantelli] to stay in the scrub, until at 
last they were too lazy to fly, especially those that had escaped a knock or two from 
the hawks. Then, with mates of like experience, there is no mystery about the found- 
ing of this notable family--a branch of which exists in the white swamp-hen of 
Norfolk Island [P. albus].--Henry (1899:54, emphasis added) 

Isolation from potential enemies or rivals may permit unusual specialization, as in 
flightless island birds, or encourage variability and degree of adaptive radiation, as 
in the fish of certain African lakes or the marsupials of Australia.--Huxley (1943: 
129) 

Insularity is moreover a universal feature of biogeography.---MacArthur and Wil- 
son (1967:3) 

Historical background.--Unlike the ratites, penguins, and at least some flight- 
less members of several other neognathous families of aquatic birds (e.g., Tach- 
yeres and Podicipedidae), flightlessness in the Rallidae is interrelated inextricably 
with insularity. Although this obvious association has led to simplistic explana- 
tions bordering on clicht, islands increasingly have been recognized as providing 
unique opportunities into evolutionary insights (Murphy 1938; Mayr 1967; Her- 
remans 1990). Islands represent natural experiments involving the interactions of 
colonization, divergence, and extinction, permutations of tractable size, varying 
complexity, estimable age, and comparatively reduced faunal and floral diversity, 
and barriers to dispersal that may both prevent invasion but also effect isolation 
and therefore hasten the processes of divergence and speciation (Grinnell 1914, 
1917; Mayr 1947; Williams 1953; Lomolino 1984; Hengeveld 1997; Manne et 
al. 1998; Whittaker 1998). Insular biogeography has been imbued with a rever- 
ence for islands as isolated and pristine relicts of nature, qualities ironic in light 
of a history of human degradation and destruction. 

Both naturalistic reverence and empirical interest in islands have deep historical 
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roots. Important works include the attentions of Darwin (1859) and Wallace 
(1880), and were sustained by regular revisitations to the topic to the present day 
(Buller 1894; Gulick 1932; Lack 1949, 1975, 1976; Carlquist 1965, 1974, 1980; 
Diamond 1976). A modern analytical study--that of MacArthur and Wilson 
(1967)--was to mark a major rejuvenation of the study of things insular. Not 
without controversy, the model has been criticized on several points, especially 
regarding naivet6 in assumptions regarding estimation of historical patterns of 
extinction and immigration based solely on current faunal richness (Gilbert 1980; 
Grant and Abbott 1980; Pregill and Olson 1981; Gotelli and Abele 1982; Brown 
and Gibson 1983; Graves and Gotelli 1983; Gotelli and Graves 1996), estimates 
of turnover (Nilsson and Nilsson 1983), extension of the framework to paleon- 
tological contexts (Hoffman 1985; Jablonski 1991; Hallam and Wignall 1997), 
covariance among predictor variables (Johnson 1975), or interpretational excesses 
of coefficients (Gould 1979; Rey et al. 1982). Perhaps most troubling were in- 
stances where advocates of the paradigm, faced with inconsistencies from predic- 
tions, conveniently attributed discrepancies to "nonequilibrial" conditions (Abbott 
and Grant 1976; Connor and Simberloff 1978, 1979, 1984; Strong et al. 1979; 
Connell 1980; Wiens and Rotenberry 1981; Wiens 1982, 1984, 1989; Simberloff 
1983a, b; Gilpin and Diamond 1984; Strong et al. 1984; Masters and Rayner 
1993). Despite these shortcomings, the theory formalized by MacArthur and Wil- 
son (1967) provided a natural conceptual segue between population-level pro- 
cesses and evolutionary timescales, distilling a myriad of accidents and processes 
to a dynamic balance between immigration and extinction and resultant turnover 
of taxa (Lynch and Johnson 1974; Brown and Kodric-Brown 1977; Lomolino 
1996). The elegance of the model spawned an extraordinary literature of descrip- 
tive and hypothetico-deductive studies, many of which confirmed generalities at 
least broadly applicable to flightless rails (Table 81). 

From a phylogenetic perspective, the equilibrium paradigm was fundamentally 
inadequate for issues of deep time, in which the roles of colonization and extinc- 
tion rates were minor in comparison with those of vicariance events for clades of 
potential membership, relationships within clades, and biogeographical distribu- 
tions of members. The original conceptualization by MacArthur and Wilson 
(1967) emphasized the dynamic process acting on islands, in which islands func- 
tioned as urns among which species were moved with probabilities indicative of 
colonizing abilities and withdrawn in accordance with estimated extinction rates. 
However, hints at uses of the model for deeper histories and broader geographic 
scales were included by MacArthur and Wilson (1967), and these led to contro- 
versial and largely ad hoc extensions to modern faunal distributions, among which 
was the proposal of the "taxon cycle" of islands and archipelagos (Wilson 1961; 
Greenslade 1968; Ricklefs 1970, 1972a, b; Ricklefs and Cox 1972, 1978; Sim- 
berloff 1974; Mayr and Diamond 1976; Cox and Ricklefs 1977; Roughgarden 
and Pacala 1989; Ricklefs and Bermingham 1999). 

Does the concept of taxon cycles hold promise for flightless birds in general 
and flightless rails in particular? This paradigm places highly apomorphic species 
endemic to single islands (e.g., flightless birds) in the twilight of the term of 
survival of a lineage in an archipelago (i.e., stage IV of the cycle), and flightless 
rallids are consistent at least with respect to longevity of species. A review by 
Grant (1998a) of the foremost points of concern regarding taxa colonizing islands 



FLIGHTLESSNESS IN RAILS 391 

also was of relevance to flightlessness in rails; these included relationships be- 
tween insular characteristics and emergent evolutionary trends; bases and impli- 
cations of reduced dispersal (e.g., insular insects, birds, and propagules of plants 
[Darlington 1943; Bdfnck 1948; Hesse et al. 1951; Gressitt 1954, 1956, 1961, 
1964; Carlquist 1966, 1974; M. Williamson 1981; Table 81]); patterns and selec- 
tive implications of changes in body size; changes in parameters of reproduction; 
shifts or broadening of ecological niches; and tameness toward recently arrived 
organisms, notably humans. 

Colonization of islands.--Avian dispersal appears to be selectively driven to 
avoid inbreeding and the philopatry and territoriality of established adults moti- 
vates unestablished, typically younger individuals to undertake exploration for 
unoccupied habitat (Greenwood 1980; Greenwood and Harvey 1982; Swingland 
and Greenwood 1983; Johnson and Gaines 1990; Paradis et al. 1998; Colbert et 
al. 2001). Faunal invasions on continents, including those by humans, can be 
viewed as large-scale, short-term analogues of insular colonization (Elton 1958; 
Holdgate and Wace 1959; Cumberland 1965; Wodzicki 1965; Warner 1968; Salm- 
on 1975; Heaney 1978; King 1984; Fitzgerald and Veitch 1985; Meredith et al. 
1985; Cheke 1987; Caughley 1988; Brown 1989; Loope and Mueller-Dombois 
1989; Shigesada 1997). In both contexts, the probability of successful colonization 
by a given species of bird involves both the colonizing abilities of the taxon (e.g., 
maximal flight radius) and the favorability of the island or region involved (Table 
81; Baker and Stebbins 1965; Lewontin 1965; Mayr 1965; Carlquist 1966; Wil- 
liams 1969; van Noordwijk and Scharloo 1981; Parsons 1982). Other potentially 
influential factors are areas of source populations and those of stepping-stone 
islands (MacArthur and Wilson 1967; Gilpin 1980; Le Corre and Kremer 1998). 

Heterogeneity of family-level taxonomic composition of the avifaunas of oce- 
anic archipelagos evinces the disparate colonizing abilities of avian taxa and (to 
a lesser extent) the stochasticity of the underlying processes (MacArthur and Wil- 
son 1967; Whittaker 1998). The Hawaiian Islands were a center of extraordinary 
endemism (notably for Anatidae, Threskiornithidae, Rallidae, Corvidae, Turdidae, 
Meliphagidae, and Drepanididae) and (in nonpasseriform taxa) flightlessness, but 
there is no evidence of any Hawaiian representatives of several families having 
wide distributions and endemism in other archipelagos (e.g., Psittacidae, Col- 
umbidae, Alcedinidae, Picidae, Apodidae, or Caprimulgidae), and several families 
of shorebirds (Charadriiformes) of which members occur regularly as migrants 
but are not resident (James and Olson 1991; Olson and James 1991). Such faunal 
disharmony can be explained in part by the differential penetration manifested by 
different (sub)continental taxa to increasingly isolated island groups (Carlquist 
1965, 1966, 1974; MacArthur and Wilson 1967; M. Williamson 1981; Whittaker 
1998). This gradient emulates a "filter" acting on taxonomic groups. For example, 
rails extend through all seven zones of differential penetration from New Guinea 
eastward through to Easter Island (M. Williamson 1981; Steadman et al. 1994), 
a faculty undoubtedly enhanced by the ability of most rallids to rest on water in 
transit (P. B. Taylor 1998). The extremely isolated Hawaiian Islands hosted (by 
natural means) only 6 of more than 80 extant families of passedfies and a few 
bats, and the former exceeded 12 species of endemic rallids (Olson and James 
1991). The virtual ubiquity of rallids on oceanic islands contrasts with the regional 
kaleidoscope of taxa in the same regions (Olson 1973a; Ripley 1977, M. Wil- 
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liamson 1981; P. B. Taylor 1996, 1998), and a predilection toward peregrination 
by juvenile and migratory rallids seems inescapable as contributory factor. 

Assembly of insular communities.--Insular endemics share several ecobehav- 
ioral traits, including reduced vigilance and inclination to escape (tameness or 
approachability), which sometimes is intruder-specific (Curio 1969; Humphrey et 
al. 1987; McNab 2001); relatively rapid evolutionary divergence, sometimes lead- 
ing to "adaptive radiation" (Price et al. 1984b; Grant 1998b; Schluter 2000a, b); 
decreased competitive ability or broadened ecological niche related to "dishar- 
monious" faunal communities on islands (Feinsinger and Swarm 1982; Alatalo 
and Gustafsson 1988; Martin 1991), thought to be conducive to speciation (Diehl 
and Bush 1989), critical to community structure (Moulton and Pimm 1987), but 
of uncertain causal mechanism (Carrascal et al. 1992); and increased sexual di- 
morphism and elevated interspecific aggression (e.g., Carlquist 1965, 1966, 1974; 
Diamond 1970a, 1981; Lack 1971a, b, 1976; Wallace 1978; Abbott 1980; Fed- 
uccia 1980; Weller 1980; M. Williamson 1981; Schluter 1996b, 2000a, b). Abbott 
(1980: fig. 4) graphically conceptualized the roles of resources, habitat, compet- 
itors, and predators in the general impoverishment of insular avifaunas, empha- 
sizing the dearth of successful colonists. 

Detailed comparisons of the species composition of islands within the equilib- 
rium paradigm (e.g., Diamond 1972; Power 1972, 1975, 1976; Abbott 1974a, b; 
Abbott and Grant 1976; Connor and Simberloff 1978; Juvik and Austring 1979; 
Terborgh and Faaborg 1980; Diamond and Gilpin 1982; Gilpin and Diamond 
1982, 1984; Jarvinen and Haila 1984; Simberloff and Martin 1991) led to attempts 
to explain recurrent patterns in terms of accepted evolutionary principles. These 
explanations emphasize character displacement in both morphological and eco- 
logical aspects (Brown and Wilson 1956; Grant 1972a, b, 1975, 1976, 1978, 
1994a; Bulmer 1974; Eldredge 1974; Grant and Grant 1982; Fjeldsfi 1983b; Di- 
amond et al. 1989; Whitehead and Walde 1993; Schluter 1994, 2000a, b) as a 
result of disruptive selection (Thoday 1972; Smith and Temple 1982). Other spe- 
cial points of interest include directional selection on size and shape of the bill 
(P. R. Grant 1972c; B. R. Grant 1985; Schluter and Smith 1986), magnified eco- 
morphological differences among species or "ecological release" (Fjeldsfi 1983b), 
sympatric speciation (Grant et al. 1976; Grant and Grant 1979, 1983), counter- 
rationalizations of character convergence (Cody 1969, 1973), relationships be- 
tween guild structure and interspecific competition (Schoener 1965, 1984; Grant 
and Schluter 1984; Schluter 1988a; Carrascal et al. 1994; Martin and Thibault 
1996), and consumer-resource dynamics (Morris and Knight 1996). All of these 
mechanisms fall within a broad concept of a coevolutionary fabric among coex- 
isting species (Thompson 1999), but failed to provide parsimonious explanations 
for the surrender of flight. 

Data from study of the flora and fauna of islands have led to a number of 
predictions regarding changes in ecology and morphology under insular regimes, 
many of which proved applicable to flightless rails and other birds (Table 81). 
Much of the literature on the "assembly" of ecological communities on islands 
assumed an important interplay among member taxa (especially within guilds), 
foremost among which has been been interspecific competition, a premise that 
subsequently became the focus of considerable debate (reviewed by Strong et al. 
1984). The classical view holds that avian communities generally are not merely 
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accidental conglomerates of taxa, but instead communities are posited to be se- 
quential assemblages in which each successful colonization is viewed as conso- 
nant with or competitively superior to and former occupants of a niche or guild 
within the insular community. Perhaps most importantly, this perspective empha- 
sized importance of qualities of colonists beyond mere dispersal (MacArthur 1958, 
1968, 1969, 1971, 1972a, b; MacArthur and Levins 1967; Lack 1971a; Cody 
1974, 1985; Cody and Diamond 1975; Pianka 1976; Diamond and Gilpin 1982), 
a shift of particular relevance to flightless birds. 

With the possible exceptions of the Hawaiian and Chatham islands, unlike the 
cases of West Indian Anolis, honeycreepers of the Hawaiian Islands, and the 
geospizine finches of the Galfipagos, however, flightless rails seldom qualify as 
having radiated to fill multiple niches on a single island or island group. However, 
the comparatively great endemism of rails of the Chatham Islands has inspired 
four essentially ad hoc assessments of competition-based community structure and 
differentiation in situ. Andrews (1896b) proposed the first and simplest theory, in 
which the three flightless typical rails of the Chathams were inferred to have 
arrived in order of relative, present-day apomorphy (i.e., Diaphorapteryx hawkinsi 
first, Cabalus modestus second, and Gallirallus dieffenbachii third), predicated on 
the assumption that relative divergence from ancestral conditions can be assumed 
to be indicative of the time that each lineage remained in isolation. Likewise, 
Olson (1975b) speculated that the comparatively modest morphological changes 
evident in G. dieffenbachii relative to its philippensis-like ancestor indicated that 
it was a more recent colonist of the Chathams than C. modestus. In a broader 

study of the avian communities of New Zealand and the Chatham Islands, Atkin- 
son and Millener (1991) interpreted, under the classical assumption that coexis- 
tence implied the maintenance of minimal interspecific differences in niche, that 
the endemic rails of the Chatham Islands and their potential competitors differed 
in one or more essential factors such as body mass, bill shape, or general dietary 
group; however, these authors did not hazard a guess as to which of the three 
taxa of typical rails endemic to the islands arrived first. 

More recently, Trewick (1997b) performed a morphological comparison of two 
flightless rails (Gallirallus dieffenbachii and Cabalus modestus) formerly endemic 
to the Chatham Islands evidently closely related to the Gallirallus philippensis- 
group (sensu lato). Trewick (1997b) agreed that these species probably had gen- 
eralized diets (Falla 1954; Olson 1975b), with moderate specialization of C. mo- 
destus for insectivory suggested by Atkinson and Millenet (1991) excepted. How- 
ever, Trewick (1997b)judged that the comparatively great sexual dimorphism in 
bill length and inferred ecological specialization of C. modestus were likely the 
result of directional selection in the presence of a competitor (G. dieffenbachii) 
and therefore speculated that the specialized body form of C. modestus was evi- 
dence of a more-recent colonization. 

Growing, variably controversial evidence supports the importance of interspe- 
cific interactions as contributory factors in the selection regimes acting on mor- 
phological and behavioral divergence (e.g., MacArthur and Levins 1967; Thoday 
1972; Benkrnan 1989a, 1991, 1993; Schluter 1994; Benkrnan et al. 2001). Nev- 
ertheless, given the speculative and contradictory nature of the ad hoc interpre- 
tations by Olson (1975b), Atkinson and Millenet (1991), and Trewick (1997b), 
one is faced with proposals that selection for divergence could favor either the 
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earlier colonist (wherein a larger deme size might include more potential for 
change) or the later colonist (wherein small deme size might enhance change via 
drift, but founder effect would limit possible avenues of change). Absent a re- 
solved phylogeny (Trewick 1997a; Livezey 1998), the relationship of morpholog- 
ical differences to sequence of colonization and interspecific competition (if any) 
remains beyond empirical test. 

Islands as refugia.--Human-related introductions aside, oceanic islands gen- 
erally are thought of as being predator-free (Carlquist 1965, 1974; Snow 1966; 
Weller 1980; M. Williamson 1981). In reality, most insular birds are vulnerable, 
especially as eggs or hatchlings, to both submarine and aerial predators. Published 
reports include observations of predation on birds by submarine fishes, submarine 
mammals, or other birds (Murphy 1936; Franklin et al. 1979; Fraser 1984; Nils son 
et al. 1985b; Livezey and Humphrey 1986; Livezey 1988, 1989b•t, 1990, 1992a; 
Taborsky 1988; Baird 1991b; James and Olson 1991; Alcover and McMinn 1994; 
Bunin and Jamieson 1996b), with other observations substantiating the importance 
of these and other subaquatic predators of young and adult birds in most maritime 
habitats, whether insular or continental (Legendre 1941; Scheffer 1942; Leach 
1943; Lowe 1943; Taverner 1943; Glegg 1945, 1947; Hamilton 1946; Hewitt 
1950; Harrison 1955; Hindwood 1964; Spellerberg 1975; Brooke and Wallerr 
1976; Kinnear 1977; Endler 1978; Davenport 1979; French 1981; Straneck et al. 
1983; Gilpin 1987; Randall et al. 1988). 

Insular landbirds, as well as the young of seabirds that nest seasonally in the 
Gal•pagos, are vulnerable to aerial predators, including both diurnal hawks and 
nocturnal owls; similar threats pertained to landbirds endemic to the West Indies, 
New Zealand, and Hawaii (Wetmore 1956; M. Williamson 1981; Holdaway 1989, 
1990; Livezey 1990, 1992a, Whittaker 1998). Continental rails are preyed upon 
by diverse taxa (Evens and Page 1986; Motta Junior 1991; P. B. Taylor 1996, 
1998), of which only the mammalian and (to a lesser extent) reptilian components 
were reduced or absent on most oceanic islands. The nearly flightless Laterallus 
spilonotus of the Gal•pagos is preyed upon by the endemic subspecies of Short- 
eared Owl (Asio fiammeus) where sympatric (Franklin et al. 1979). James and 
Olson (1991) identified the extinct owls (Grallistrix spp.) of the Hawaiian Islands 
as important predators of the extinct crake Porzana severnsi. Williams (1960) 
reported that the eggs of one flightless rallid of New Zealand, Porphyrio hochs- 
tetteri, have been preyed upon by another flightless rallid, Gallirallus australis. 
Moreover, fluctuations in water levels may pose the most serious threat to nesting 
success of continental rallids nesting in wetlands (Legare and Eddleman 2001), a 
factor to which many insular rallids would also be vulnerable, especially those 
species (e.g., Fulica) nesting in tidal zones of coastal habitats. 

Galgpagos finches respond to calls or silhouettes of raptors (Curio 1969, 1976), 
an indication of the persistence of such risks for these and other insular landbirds 
of this archipelago. Vigilance and escape behavior have been described in a num- 
ber of continental rallids (Hobbs 1967, 1973; Alvarez 1993; Evens and Page 1986; 
McRae 1997) efficacy of which is conditional on perceptions of risk (Lima and 
Dill 1990). In light of the importance of antipredator strategies for survivorship 
of relatives (Harvey and Greenwood 1978; Woodland et al. 1980; Lima 1993, 
1998) and the rapidity with which new predators can be behaviorally accommo- 
dated by prey (O'Steele et al. 2002), foraging posture, formation of foraging 
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flocks, distribution of nests, and temporary gains in body mass may alter signif- 
icantly vulnerability of adults and nests to predation (Orians 1971; T E. Martin 
1981, 1988a-c, 1992, 1995, 1998; Krause and Godin 1996; Martin and Badyaev 
1996; Veasey et al. 1998). A quantitative assessment of such ethological dimen- 
sions may serve as an indirect indication of the intensity of predation that im- 
pinges on insular rallids, both flighted and flightless, and in conjunction with 
estimates of genetic differentiation from likely source populations and surveys of 
other critical resources (Martin 1987), may provide an insight into the retention 
of flight in the many populations of flighted rails on oceanic islands. 

Given that cryptic coloration can be important in the avoidance of detection 
by predators (Endler 1978; Baker and Parker 1979), the obsolete sexual dichro- 
matism and subdued plumage coloration of insular birds (Grand 1965e; Lack 
1970b; Weller 1980; Livezey 1990, 1993a; Figuerola and Green 2000) probably 
improves concealment from aerial predators, especially during nesting and bipa- 
rental attendance of broods. Given the possibility that cryptic plumages of some 
flightless rails may be obligatory developmental by-products of paedomorphosis, 
these benefits may constitute selective gains post facto. At least one alternative 
explanation for an absence or apomorphic reduction in bright, often sexually di- 
chromatic plumages among insular birds has been advanced: reduced sexual se- 
lection for species identification in depauperate faunas (Sibley 1957; Johnsgard 
1963; Lack 1970b; Weller 1975, 1980). Grant (1965b) suggested that the drab 
plumages of insular passefines may be selectively neutral by-products of reduced 
genetic diversity of founding populations. However, in light of the apparent im- 
portance of aerial predators on insular avifaunas, avoidance of aerial predators 
may be the most likely selective advantage for insular rails so characterized (e.g., 
Gallirallus australis-group and Cabalus modestus). 

Genetic implications: founders, bottlenecks, and dr/ft.--Two phenomena tend- 
ing to reduce genetic variation in the small contingents of immigrants that colo- 
nize oceanic islands--founder effect (limited genetic variation in colonists) and 
drift (stochastic loss of genetic variation within small demes)--are among the 
most widely cited genetic mechanisms responsible for the characteristics of insular 
populations (Table 81), the importances of which are inversely related to deme 
size (Mayr 1954, 1960, 1963; Carlquist 1966, 1974; Dobzhansky 1970; Endler 
1973, 1977, 1982; Barrowclough 1980; Lande 1980b, 1992; Templeton 1980, 
1981; Barton and Charlesworth 1984; Carson and Templeton 1984; Boag 1988; 
see also Keller and Arcese 1998). Whereas the importance of founder effects in 
insular populations is widely recognized, notably with respect to the increased 
likelihood of rapid, innovative evolutionary change in isolated populations 
(Carson and Templeton 1984; Provine 1989; Willis and Orr 1993; but see Fisher 
1930; Barton and Charlesworth 1984), the role of genetic drift has been the subject 
of significant debate on theoretical grounds (e.g., Fisher 1949, 1958; Wright 1969; 
Crow and Kimura 1970). Gillespie (2001) inferred that weakly selected alleles at 
closely linked loci in small populations are subject to "genetic draft" and more 
likely to become fixed than the same alleles in large demes. 

These factors include compounding constraints on demes where immigration 
occurs through sequential colonization of stepping-stone islands (Gilpin 1980; Le 
Corre and Kremer 1998), notably in geographically complex networks such as 
Melanesia and Polynesia (Gressitt 1954, 1956, 1961; MacArthur and Wilson 
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1967); the relationship between founder effect and evolution of altruism (Eshel 
1977); inbreeding (Rowley et al. 1993) and its effect on probability of extinction 
(Hartt and Haefner 1995) and genetic impoverishment in isolated populations 
(Keller et al. 2002); the "founder-flush" theory of speciation (Slatkin 1996); 
possibly countering effects of periodic hybridization among closely related taxa 
(Grant 1994b); and the differentiation of isolates despite the countering effects of 
gene flow (Endler 1974, 1977, 1982; Porter and Johnson 2002). In cases involving 
small islands and relatively mobile organisms, the issue of inbreeding sensu stricto 
is confounded with the genetic implications of small insular demes; for example, 
Miller (1947) inferred that the geographically confined population of Porzana 
palmeri had probably achieved panmixia, and Noordwijk and Scharloo (1981) 
described an analogous situation in Parus on a continental island. 

The broad concept of epistasis--in which the effect of one genetic unit is 
contextual with respect to one or more other such units, resulting in a nonlinear 
phenotypic response involving more than simple, independent, additive effects-- 
offers substantial potential both for preservation of genetic options and realization 
of such options during or after populational bottlenecks (Brodie 2000; Phillips et 
al. 2000; Wolf et al. 2000; Whitlock et al. 2002). With respect to the scenario of 
colonization, evolutionary changes in the normally canalizing effects of epistasis 
among genes (Phillips et al. 2000; Rice 2000) can be hastened by founder effects 
(Goodnight 1987, 1988, 2000; Meffert 2000). Such genetic reorganizations would 
enhance options for capitalizing on heritable diversity preserved through poly- 
morphism and the stability conferred through epistasis (Lewontin and Kojima 
1960; Kelly 2000; Wade 2000), while still being selectively constrained by the 
modified array of genetic interrelationships (Schluter 1996a). 

The phenotypic effects of small deme sizes and the fixation of alleles uncom- 
mon or recessive in source (e.g., continental) populations may account, at least 
in part, for leucistic plumage variants found in insular populations of some wa- 
terfowl (Delacour 1956; Livezey 1992b). Similarly, the comparatively high inci- 
dence of variably expressed leucisticism in rallids (notably Porphyrio melanotus 
and Gallirallus australis-group) of New Zealand (Potts 1870; Buller 1874b, 1875, 
1891, 1896, 1905; Kirk 1880; Handly 1895; Mathews and Iredale 1914; Marchant 
and Higgins 1993) and other Pacific islands (Mayr 1941; Ripley 1977) and the 
reports of buff-colored populations of P. melanotus (Cunningham 1959) are con- 
sistent with reduced genetic diversity leading to expression of rare or recessive 
alleles. With respect to insular variants in Porphyrio, the leucistic plumage of the 
extinct P. albus may reflect fixation of recessive alleles made possible through 
the contributions of founder effects and subsequent genetic drift. Wide variation 
in plumages within the G. australis-group led to early taxonomic confusion, a 
situation complicated further by biogeographic partitioning of this variation within 
the region made possible by substantial sizes of the main islands of New Zealand 
(e.g., Buller 1905; Mathews and Iredale 1914). Deme sizes, genetic drift, and 
founder effects presumably contributed to the variation in plumages of Wekas, 
which includes moderately pronounced melanistic morphs (e.g., most Gallirallus 
"troglodytes") in some regions (Ripley 1977; P. B. Taylor 1996, 1998). Selective 
reasons for melanism (e.g., protection from ultraviolet radiation or crypsis in 
regions dominated by dark substrates) in this and many other avian examples 
have proven elusive (Majerus 1998). 
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An additional, comparatively less-studied potential of founder effects is per 
capita amplification of the impoverished genetic diversity of colonists by the com- 
position of avian migratory flocks by especially closely related individuals (e.g., 
extended family groups). A scenario of insular colonization by a small founding 
flock of comparatively closely related individuals implies an intensification of 
founder effects through inbreeding depression (Fisher 1949; Willis 1996). Also, 
this eventuality predictably would enhance, as explicitly modeled by Eshel (1977), 
the potential of kin selection and related social organizations and reciprocal al- 
truism to contribute to successful establishment (Trivers 1971; Hamilton 1972; 
Levin and Kilmer 1974; West-Eberhard 1975; Hull 1980), redirections of social 
evolution that might foster subsequent differentiation of mating systems, partici- 
pation by reproductive helpers, territoriality, and the correlations among them 
under novel environmental circumstances (Maynard Smith and Ridpath 1972; 
Koenig and Pitelka 1981; Service and Rose 1985; Koenig et al. 1992). 

Although great attention has been paid to the genetic implications of initial 
population size, with the exception of bottlenecks having conservation implica- 
tions (e.g., that of Laysan Duck [Warner 1963, Moulton and Weller 1984]), re- 
ductions in genetic diversity deriving from bottlenecks significantly subsequent 
to colonization have received substantially less theoretical or empirical consid- 
eration. Unfortunately for such simplistic approaches, the genetics of insular pop- 
ulations seldom if ever can be approximated accurately by a scenario in which a 
founding populations of effective size N e undergoes logistic growth with respect 
to some spatiotemporally stable carrying capacity K. Also, not only are mean 
genetic diversities affected by bottlenecks, but likewise genetic variances as well 
(Brakefield 1989). Islands, more so than many continental regions, are subjected 
to destructive or catastrophic events that affect indigenous populations negatively 
to varying degrees, the most severe of which undoubtedly impose pronounced 
population bottlenecks and associated impacts on genetic diversity. 

Of special importance to most oceanic regions of the world, especially the 
tectonically active Pacific Rim, are several classes of natural catastrophes that 
evidently regularly affect oceanic islands--volcanoes, tsunamis (tidal waves), 
earthquakes, and cyclonic storms (Myles 1985; Prager 2000). Of these, tropical 
storms probably produce damage to island ecosystems at comparatively high fre- 
quency but low intensity (Bourrouilh-Le and Taladier 2000). Volcanism, the pro- 
cess responsible for the original emergence of islands in hot-spot archipelagos 
(Christie et al. 1992; Carson and Clague 1995; Windley 1995; Rassmann 1997), 
can cause infrequent but potentially catastrophic events on many oceanic islands, 
and in some cases (e.g., Krakatau, Indonesia) can effectively destroy all terrestrial 
life for a period of time (Diamond 1984c). The important aspect of volcanic 
eruptions is that they, unlike tsunamis and many storms, pose a special threat to 
biotic communities of uplands. Variably extensive landslides occur regularly on 
volcanic islands--a result of unstable edifices, steep slopes, seismicity, and rainfall 
(Keefer 1984; Moore et al. 1989; Urgeles et al. 1997; Glade et al. 2000; Keating 
and McGuire 2000; Smith and Wessel 2000)--some of which are extensive and 
would be fatal to all flightless landbirds throughout the affected altitudinal zones. 
Evidence of high-magnitude earthquakes during prehistoric times in the Pacific 
region suggest that these may pose additional threats to oceanic islands (Atwater 
1987, 1992). Volcanic islands, especially hot-spot archipelagos such as the Ha- 
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waiian Islands, are subject to regular, variably severe local tsunamis generated by 
submarine landslides (Moore et al. 1994a, b; Bryant 2001); endemics of such 
insular refugia would be at risk from the combination of volcanic eruptions from 
above, landslides at mid-elevational habitats, and tsunamis in coastal communi- 
ties. 

At greater timescales, all islands in the Pacific region would be expected to be 
affected by tsunamis of varying magnitudes and frequencies (Johnson and Mader 
1994; Bryant et al. 1997; Dawson and Shi 2000; Keating and McGuire 2000; 
Bryant 2001). The ecological impacts of tsunamis generally would be limited to 
coastal environments where islands are large and include high-altitude regions 
(e.g., Island of Hawaii). Other sites of importance to flightless rails are sufficiently 
low in elevation (e.g., Chatham Islands) that large-scale devastation of the flight- 
less avifauna would be expected to occur at least rarely. Recently it was hypoth- 
esized that giant mega-tsunamis, with run-up distances on island surfaces to el- 
evations in excess of 300 m, occur at comparatively low frequencies (at least) in 
the Pacific region (Moore and Moore 1984; Paskoff 1991; Young and Bryant 
1992; Moore et al. 1994a, b). Although the site originally interpreted to have been 
affected by a megatsunami (Lanai, Hawaiian Islands, ca. 105 PB) remains a subject 
of considerable debate (Nott 1997; Bourrouilh-Le and Taladier 2000; Dawson and 
Shi 2000; Felton et al. 2000), this hypothesis raises the possibility of an additional 
source of rare, extinction-level events for 1ow-elevational islands and bordering 
continental coastlines (Bryant 2001). 

In addition to the possibility of tectonically produced megatsunamis, extremely 
rare but enormously destructive, comet-produced archaeotsunamis have been doc- 
umented (e.g., Alvarez 1997). Anecdotal evidence that tsunamis generated by the 
Deluge Comet (ca. 8,200 BP) affected multiple areas, including the eastern trop- 
ical Pacific, northern Atlantic, and the northern and eastern Indian Ocean (Bryant 
2001). The elevation-conditional impact of tsunamis on oceanic islands logically 
would lead to an expectation that the antiquity of flightless lineages on oceanic 
islands would be directly related to the maximum habitable elevation provided 
by the islands, virtually precluding the long-term persistence of endemic, flightless 
birds on otherwise accommodating, low-lying islands and atolls in tsunami-prone 
regions. Where long-term survival was possible, a major tsunami may lead to an 
opposite evolutionary likelihood, in which the significant population bottleneck 
and ecological changes imposed on the island would be conducive to accelerated 
evolutionary change, including loss of flight in birds (but see L6pez-Fanjul et al. 
2002). 

Antiquity of isolation: differentiation and endemism.--Simpson (1944:110) al- 
leged that the loss of flight in birds typically is characterized by discontinuous 
change in the sense that the transition is marked by no clearly intermediate forms. 
Recognizing the signs of paedomorphosis in some flightless rallids and assuming 
that heterochrony offered a potential for rapid evolutionary change, Olson (1973b: 
34) suggested that the time "... needed to evolve flightlessness in rails can prob- 
ably be measured in generations rather than in millennia." However, changes in 
ontogenetic pathways need not lead to saltatory evolutionary changes (Greenwood 
1989). Worthy (1988a) reported evidence from subfossil remains that revealed 
modest changes in dimensions of pectoral elements in Euryanas finschi (Anati- 
dae), a taxon later judged to have been flightless by Worthy and Olson (2002), 
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and that required approximately 10,000 years. Geological ages of islands place 
upper bounds on the antiquity of residence of endemic taxa, and some studies 
have revealed predictable associations between degree of isolation, size of islands, 
and the degree of observed genetic divergence of faunal novelties (e.g., Johnson 
et al. 2000). 

However, high mobility of birds before the loss of flight, possible complications 
of multiple invasions, phylogenetic uncertainties, successive extinctions of insular 
populations of a widespread taxonomic group, errors in calibration of absolute 
time based on sequence data (Hillis et al. 1996; Swofford et al. 1996), and (to a 
lesser extent) rafting and swimming after the loss of flight likely will prevent 
accurate reconstructions of colonization events even to the precision of 106 years, 
let alone millennia (e.g., Marshall and Baker 1999). Attempts to correlate relative 
apomorphy of extant flightless lineages are confounded by different antiquities of 
isolation and phylogenetic uncertainties deriving from extinction of intermediate 
lineages, as well as the possibility that changes leading to flightlessness may occur 
by gradual or saltatory progressions (Greenwood 1989). Furthermore, the hy- 
pothesis that the loss of flight results from gradualistic change is consistent with 
the intermediate conditions of several semiflightless insular rallids (e.g., Laterallus 
spilonotus), as well as those of some grebes and waterfowl (Humphrey and Liv- 
ezey 1982; Livezey and Humphrey 1986; Livezey 1989b, d, 1990, 1993a). Per- 
haps most discouraging for such historical reconstructions, however, is that even 
if reasonably precise estimates of interpopulational divergences and information 
on ages and movements of islands are available, as in hot-spot archipelagos (Fig. 
10; Christie et al. 1992; Carson and Clague 1995; Windley 1995; Rassmann 
1997), multiple ad hoc scenarios of dispersal and backcrossing will remain plau- 
sible in many cases. 

Uncertainties of taxonomic rank and evolutionary relationships remain even 
where both phylogenetic hypotheses and geochronologies are available (e.g., Cox 
1990; Stem and Grant 1996), in part a result of the obfuscation of history effected 
by microgeographic variation within single islands and populations (e.g., Conant 
1988; P. R. Grant and B. R. Grant 1989; Dennison and Baker 1991; Ryan et al. 
1994; Thorpe et al. 1996; Thorpe and Malhotra 1996, 1998; Grant 1998a), gene 
flow from nearby continental populations (e.g., Edwards 1993), varying regimes 
of natural selection in the short term (Price et al. 1984b), and interspecific hy- 
bridization (Grant and Grant 1996, 1998). Isolation, area, ecological diversity, 
environmental changes, and altitudinal range of host islands enhance endemism 
(MacArthur and Wilson 1967; M. Williamson 1981). These issues take on a spe- 
cial nature for breeding members of the Procellariiformes (Chown et al. 1998a, 
b), the seasonal endemism of which raises the fundamental distinction between 
the selective regimes to which terrestrial, year-round avian residents of oceanic 
islands are subjected, probably none more so than flightless endemics. Finally, 
simply on the grounds of spatial scale, small body size of organisms may favor 
speciation (Bush 1993), an effect perhaps contributory to the diversity of flightless 
Porzana endemic to Hawaii (Olson and James 1991). However, it seems improb- 
able that the ranges of body size found in insular birds would prove crucial as a 
factor in comparison to the ecological conditions and frequencies of natural ca- 
tastrophes of colonized islands. 

Extinction on islands: stochasticity and anthropogenic inevitability.--A ro- 
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mantic view of islands as pristine refugia contrasts vividly with the reality of 
uncounted losses of avian taxa associated with the exposure of naive species to 
introduced threats, often within devastatingly brief periods of time, and the finality 
of extinction (Merton 1978; Terborgh and Winter 1980; Steadman 1997b). Extir- 
pation of insular endemics by humans and their commensals merits comparisons 
with those epidemics that strike all ages and both sexes of many species and for 
which neither ecocultural "remedies" nor "cures" are evident. Flightless rails 
may have persisted for longer periods after human immigration to oceanic islands 
than some larger species, the latter proving more desirable to human immigrants 
for food (Holdaway and Jacomb 2000). 

Anthropogenic extinctions sununarized by Steadman (1995), and documented 
by a number of key paleornithological surveys of islands in the Pacific (Olson 
and James 1982a, b, 1984, 1991; Steadman and Olson 1985; Steadman 1988, 
1993a-c; Steadman et al. 1990; James and Olson 1991; Kirch 2000), South At- 
lantic (Olson 1973b, 1975c), and the Caribbean region (Olson and Wetmore 1976; 
Olson and Steadman 1977, 1979; Olson and Hilgartner 1982; Olson and Wingate 
2000, 2001), not only reveal the magnitude of such destruction, but also suggest 
additional characteristics of species that are predictive of vulnerability. Critical 
findings for Pacific Oceania include (e.g., Steadman 1995; Steadman et al. 1999) 
a preponderance of extirpated species from the Rallidae (extinctions especially 
severe), Columbidae, and Psittacidae, with losses also notable among the Mega- 
podiidae (Poplin and Mourer-Chauvir6 1985; Steadman 1989b, 1993b; Jones et 
al. 1995); flightless endemics prevalent among extinct Rallidae, with examples 
also from Columbidae and Megapodiidae (and a flightless parrot known only from 
New Zealand); Hawaiian Islands supported a uniquely high diversity of finches 
(carduelines) and flightless Anatidae, a diversity in the former group approached 
only by the Galfipagos (although members remained righted in the latter); and 
exclusive of flightless landbirds and seabirds, the avian taxa mostly vulnerable to 
anthropogenic extinction were frugivorous species foraging in the middle to high 
canopy of forests, a dependence rendering them especially sensitive to defores- 
tation. The comparably great diversity of megapodes endemic to Pacific islands, 
some of which were flightless, is explainable in part by the strong flight capacity 
of smaller members of the family to colonize oceanic islands and a notable facility 
to traverse expanses of open water between islands (Jones et al. 1995). 

Ongoing declines of insular rallids (Benson and Penny 1971; Jenkins 1979, 
1983; Forberg et al. 1983; Mills et al. 1984, 1988; Engbring and Pratt 1985; 
Holdaway 1989, 1990; Lloyd and Powlesland 1994; Miller and Pierce 1995) must 
be compared against those documented for some continental confamilials (e.g., 
Corn Crake [Stowe et al. 1993]), most of which in both categories appear to be 
related to loss of habitat. Any assessment of decline also should include docu- 
mented mortality of flightless, insular rails related to human activities that have 
not (yet) placed the species in jeopardy (Taylor and Mooney 1991). As with 
imperiled continental forms, measures to preserve insular endemics (notably rails 
and the Kakapo) emphasize protection of critical habitat, although several criti- 
cally endangered insular forms also require(d) captive breeding, reduction of in- 
troduced predators, supplementary feeding, or mitigation of interspecific compe- 
tition (Pracy 1969; Robertson 1976; Mills et al. 1978, 1980, 1989, 1991; Lourie- 
Fraser 1982; Moors 1982; Moulton and Pimm 1983; Miller and Mullette 1985; 
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Mountainspring and Scott 1985; Powlesland et al. 1992, 1995; Powlesland and 
Lloyd 1994; Clout and Craig 1995; Young 1995; Bramley 1996). Fortunately, 
insular rails do not seem to have suffered demographic acceleration of extinction 
related to highly skewed sex ratios or other parameters that can lower thresholds 
of extinction (Lande 1987b, 1993; Pimm et al. 1988), characteristics that have 
proven critical for a number of introduced and natural avian colonists of islands 
(McLain et al. 1995; Veltman et al. 1996; Trewick 1997c; Legendre et al. 1999). 

The "Blitzkrieg" model of the extirpation of moas in New Zealand, in which 
extirpation required no longer than a century after contact (Holdaway and Jacomb 
2000), suggests that ecomorphological factors, associated by some with "evolu- 
tionary age" of faunas (Gaston and Blackburn 1997a, b; Sadler 1999), merely 
postpone the inevitable in the long term. Although climatic changes and other 
agencies have been implicated in devastation of populations, species, or faunas 
throughout evolutionary time (Emiliani 1982; Donovan 1989; Martin and Stead- 
man 1999), and many basic ecological parameters (including population size, 
migratory habit and body size) remain critical to patterns of commoness and 
vulnerability of species (Lack 1942; Preston 1962a, b; Terborgh 1974; Root 
1988a, b; Pagel and Payne 1996; Gaston and Chown 1999), the impacts of humans 
on insular endemics are numerous and almost uniformly negative (Table 81). 
Grass• (1977:129) observed that: "... man has massacred so many insular species 
that it is hard to know what share of this destruction was caused by other pred- 
ators." 

Comparatively recent human intervention aside, it is useful to consider flight- 
lessness in a larger, strictly evolutionary context. Is flightlessness (on islands) an 
example of a local evolutionary optimum subject to global demise? It seems clear 
that flightlessness contributes to the propensity of proximate (local) extinctions 
through increased vulnerability to predation related to impaired capacity for es- 
cape, as well as reducing access to nest sites, roosting sites, or routes of travel. 
At an ultimate (global) scale, flightlessness may lead toward extinction by limiting 
the dispersion of populations through reduced dispersal capacities and rates, there- 
by reducing the likelihood of colonizing refugia and diminishing the capacity for 
movement among areas in response to changes in habitat quality among locales 
in the short or middle term. If the eventual extinction of flightless lineages of 
rails is comparatively likely, whatever the short-term success of such lineages, 
the apomorphy of flightlessness may serve as a predictor for the "pruning" of 
phylogenetic terminals (lineage sorting), serving as a negative "evolutionarily 
singular strategy" that is phylogenetically influential by way of truncation (Geritz 
et al. 1998). 

Vermeij (1987:40) concluded: "If disallowed variants are often eliminated by 
ecological agencies, environments in which such agencies play only a minor role 
should allow the existence of phenotypes that in most other situations are forbid- 
den." In the context of the present study, the "forbidden phenotype" in question 
is avian flightlessness, and the permissive environment is the isolation afforded 
by oceanic islands. Such conditions of tolerance do not persist indefinitely in a 
changing world, however, and the long-term jeopardy of flightless birds exem- 
plifies the difference between evolutionary changes leading to short-term success 
while hastening extinction over the long-term. Gould (1977) emphasized this dis- 
tinction in scale, and argued that ephemeral environmental opportunities often can 
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be best exploited reproductively by paedomorphic lineages, with the latter clearly 
applicable to many flightless members of the Rallidae. However, it is arguable 
that the vulnerability of insular endemics to exogenic change is the forbidden 
characteristic, not flightlessness per se, given the numerous extinctions of flighted 
birds that have occurred during the same period. 

DEMOGRAPHY OF INSULAR LINEAGES: THE EQUILIBRIUM MODEL REVISITED 

Essentials of classical concepts.--The seminal monograph by MacArthur and 
Wilson (1967) principally forged a conceptual framework within which to relate 
the processes impinging on the flora and fauna of islands, especially the (com- 
paratively short-term) roles of immigration, colonization, evolutionary changes, 
and extinction. Three primary phases of insular evolution were articulated by 
MacArthur and Wilson (1967), although the great majority of their treatise em- 
phasized only the first phase (these were sequenced by Roman numerals in the 
original work): demographic characteristics of species that bear on their aptitude 
as potential colonists, preliminary adaptation to insular environments, and spe- 
ciation and adaptive radiation. These can be recast as a graded series of organismic 
scales of relevance to insular evolution: repeated patterns regarding individuals 
within populations (e.g., Preston 1962a, b), divergent histories of conspecific pop- 
ulations to initial evolutionary changes (e.g., MacArthur and Wilson 1967), and 
long-term, large-scale changes in groups of evolutionary lineages in biogeograph- 
ical regions (e.g., Darlington 1965; Cracraft 1973b, 1980; Craw 1988; Cooper 
1989; Craw et al. 1999). On a faunistic scale, the implications are most obvious 
(MacArthur and Wilson 1967: fig. 22): rates of immigration are inversely related 
to distance from source populations, immigration is accelerated by the existence 
of potential stepping-stone islands, and rates of extinction are inversely related to 
areas and ecological diversities of islands. Accordingly, large continental islands 
are expected to support larger avifaunas than small, isolated islands, but predic- 
tions concerning endemicity and apomorphy such as flightlessness, a trait anti- 
thetical to dispersal, are made less confidently. 

In sum, the models presented by MacArthur and Wilson (1967) primarily tar- 
geted the compositional changes in island communities--notably the countering 
effects of multispecific immigration (/), extinction (E), and survival (S), which is 
the net difference of these--as functions of distances between islands and conti- 

nental source populations (D) and areas of islands (A). Ancillary effects of step- 
ping-stone islands, ecological succession on the islands, and the biogeographic 
region of the source continents also were considered, with only secondary mention 
of the individual taxa that these comprise. Nonetheless, several of the principles 
set forth are fundamental to an understanding of the likelihood of a single colo- 
nizing population surviving to undergo significant evolutionary change, and these 
have formed the basis for a new, growing paradigm of metapopulations (see 
below; Hanski and Simberloff 1997). 

Rudimentary explorations of such single-species scenarios were presented by 
MacArthur and Wilson (1967:68), but unfortunately these led to recursive sets of 
equations to estimate expected time to extinction for a minimal originating prop- 
agule (TK+O, an exercise that required an estimate of K (carrying capacity for the 
species on the island), per capita rates of birth (hx) and death ([xx) at population 
size x. Despite these mathematical hurdles, qualitative generalities emerged, in- 
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cluding expected time to reach carrying capacity (T•:) increases rapidly with K 
and decreases with ratio h/lx; and if K is not very small (a condition anathema to 
establishment), T•: is approximated by a function of the time to extinction of a 
single founding propagule (T 0, that is, T•: -- h(h - tx)T• -- Mr.T•, where r is the 
intrinsic rate of natural increase (Pielou 1977). 

Extensions deriving from insular rails.--Except to the extent that vagility of a 
species covaries with other parameters of interest, distance to the source popu- 
lation is of little relevance to a formal model of the expected colonization, sur- 
vival, and magnitude of evolutionary change of a species on an island. In many 
contexts the probability of a given species reaching a given island can be ap- 
proximated by a Poisson or negative binomial distribution in which scaling pa- 
rameters are functions of distance and area. Following the time at which the 
founding population (e.g., a gravid female or a pair of potential mates) reaches 
the island (defined as tc), survivorship can be assumed to follow an exponential 
decline as a function of time. While the colonizing population persists (evolu- 
tionary change assumed as being zero at time of extinction, te), it would be subject 
to selection. Expected evolutionary change under an approximately constant se- 
lection regime might be hypothesized to follow uniform or exponential distribu- 
tions; more complex or dynamic ramifications of selection, not considered here, 
could enhance realism. Putting aside the issue of immigration, a first approxi- 
mation would derive from the combined outcome of survival and evolutionary 
change, a conditional probability at a given time ti (ti - tc, ti < tE). 

In addition to a prerequisite capacity for long-distance dispersal, species en- 
dowed with facile rates of reproduction and plasticity of ontogenetic parameters 
are predisposed for success as colonists, that is, successful colonization turns 
largely on r-selected traits (MacArthur and Wilson 1967:81, 93). These charac- 
teristics are associated in many taxa with a propensity to some heterochronically 
mediated changes (e.g., Gould 1977; McKinney and McNamara 1991), which in 
turn are implicated in most instances of avian flightlessness (see above). Once 
successfully established, colonizing species appear to shift increasingly toward K- 
selected attributes (e.g., protraction of reproductive life span) that are selectively 
advantageous in comparatively complex, competitive communities, and the math- 
ematical, selection-neutral inevitability that the probability of extinction of any 
population increases asymptotically with time (MacArthur and Wilson 1967:149- 
151, fig. 20A). Although MacArthur and Wilson (1967:151) commented that the 
absence of predators on islands contributes to a freedom to allocate "evolutionary 
attention" to properties which in continental environments would conflict with 
capacity for escape, and went on to outline the three phases through which lin- 
eages undergoing significant evolutionary changes must pass, these authors 
stopped short of modeling the likelihood of evolutionary changes on islands (e.g., 
preconditions favoring flightlessness). 

An elementary formulation of this kind, premised on the assumption that the 
total evolutionary change attained by a lineage before extinction (v) is a function 
of the rate of evolutionary change in the lineage (0u/0t) and the period of time 
over which that the lineage persisted on the island (At = t), can be written: 
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Secondly, the rate of evolutionary change in a lineage is a function both of the 
genetic, epigenetic, morphological, and demographic parameters of the lineage in 
question (e.g., genetic diversity, ontogenetic propensity toward heterochrony, 
body size, specialization for flight, primary mode of foraging, deme size, longev- 
ity, age at reproductive maturity), as well as the interval of time over which this 
rate of change is permitted to operate. The latter interval of survivorship is largely 
a function of the ecogeological characteristics of the island colonized (e.g., geo- 
logical age, distance to source population, total area through time, elevational 
range, susceptibility to catastrophic events, structural diversity and successional 
stage of ecological communities, diversity of competitors and predators, and pres- 
ence of human immigrants and antiquity thereof). Symbolically: 

- g (qualifies of lineage, characteristics of island). 
Ot 

Clearly, the capacity for change possessed by different species varies greatly; 
therefore, a simple examination of these relationships is achieved by the consid- 
eration of a single colonizing taxon. Expected survival of a given avian colonist 
('q)--the inverse of expected extinction (MacArthur and Wilson 1967: fig. 20A)-- 
can be plotted against absolute (geological) time (t) for islands A, B, C, and D 
that differ in selected, influential parameters. Given the inescapable, asymptotic 
decline in expected survival of lineages over time, the curves for colonist 'q on 
islands A-D share a general form, but such curves differ in the time of initiation, 
rapidity of decline, and the asymptote approached. Accordingly, the relative op- 
portunity or expectation for evolutionary change of lineage -q on these islands is 
reflected by the integral of the corresponding curves over the time that the lineage 
persisted. That is, expected total change for species -q on island A for the entire 
interval of time • = t• - t• can be summarized: 

E [A(v)] = g•(A). 

INSULARITY: ISOLATION BOTH Am•uous AND ACCOMMODATING 

Dual challenge of colonization.--The unfortunate opposition of Owen to the 
theory of Darwin, both in general and with respect to the evolution of avian 
flightlessness, was more than a little minted by personal and religious differences 
(Desmond 1982). In light of the prime importance of the theory espoused by 
Darwin (1859) and the anatomical descriptions and discoveries of flightless birds 
by Owen (1870, 1872, 1875, 1879, 1882), this conflict impeded the reciprocal 
illumination requisite for the resolution of evolutionary issues related to avian 
flightlessness, and undoubtedly diminished the importance of flightless birds in 
the maturation of evolutionary biology during the first century of the Darwinian 
revolution. 

As illustrated by the historical view of avian flightlessness as but a single, 
uniform phenomenon of natural history, it can be argued that an overly simplistic 
perspective on the nature of insularity for birds can obscure vital diversity of 
evolutionary mechanism and resultant forms. The selective environments pre- 
sented by islands, permuted across myriad latitudinal gradients and ecological 
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communities, presents at the very least dual prospects for avian colonists, barring 
whole taxonomic groups from long-term membership in these communities while 
nurturing intricate evolutionary diversity in others. Examination of the limited 
data indicates that insular populations of birds are typified by extended survivor- 
ship, a demographic generality associated with resource-dependent depressions in 
reproductive rates (Ashmole 1963c; Ricklefs 1980, 1983b; Faaborg and Arendt 
1992, 1995). Insular conditions in many cases present mutually contradictory 
selection regimes that pose widely variable productivity and sources of sustenance 
on the one hand (e.g., the challenge of desert islands), and provide (at least partial) 
refugia from terrestrial predators on the other hand. In light of this duality of 
insular conditions, one might consider avian flightlessness alternatively to be in- 
dicative of either fragments of desolate habitat (i.e., evolution in extremis) or 
refinements under ecological conditions combining relief from predation pressure 
with a surfeit of unexploited resources (i.e., evolution in refugium). In other 
words, flightlessness may be innovation born of necessity, opportunity, or both. 

Total balances and diverse allocations.--Unfortunately, no simple arithmetic 
or accounting can be applied to the economics of evolutionary changes giving 
rise to avian flightlessness, in that there is no basis upon which to assume equality, 
increase, or decrease in the net balance sheet between resources available to lin- 
eages before and after insular colonization. It is possible to envision specific 
circumstances that would favor one of these alternatives strongly. For example, 
a lineage that underwent a substantial increase in size, a shortening of develop- 
mental period, and an increase in net reproductive investments by adults and only 
a minor reduction (savings) in the pectoral apparatus after colonization could be 
considered well positioned for prosperity under favorable environmental regimes. 
Similarly, counterexamples in which body size declines slightly, the pectoral ap- 
paratus is substantially reduced, and reproductive output is diminished might in- 
dicate that the sacrifice of flight in this species was not sufficient to compensate 
for the total decline in resources faced by the colonists. In short, where the in- 
vestment represented by the pectoral apparatus is postulated as having been sac- 
rificed for other selected parameters to maintain fitness assumes that total energy 
balances remained invariant before and after the loss of flight, a simplistic frame 
of reference that may apply only rarely to actual circumstances. 

TROGLOMORPHY AS CONTINENTAL PARALLEL TO INSULARITY 

The Proteus, an aquatic reptile allied to the salamanders, and living in deep dark 
caves under the water, has, like Spalax [blind mole-rats, specialized fossorial ro- 
dents], only vestiges of the organ of sight, vestiges which are covered up and hidden 
in the same way .... Light does not penetrate everywhere; consequently animals 
which habitually live in places where it does not penetrate have no opportunity of 
exercising their organ of sight, if nature has endowed them with one. Now animals 
belonging to a plan of organization of which eyes were a necessary part, must have 
originally had them. Since, however, there are found among them some which have 
lost the use of this organ and which show nothing more than hidden and covered- 
up vestiges of them, it becomes clear that the shrinkage and even disappearance of 
the organ in question are the results of permanent disuse of that organ.--Lamarck 
(1809, vol. 1; translated by Elliot 1984:116) 

Discovery and distribution.--Beginning with the description of a cave-dwelling 
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TABLE 82. Evolutionary parallels and morphological-ecological convergences 
between avian endemics of oceanic (epigean) islands and endemics of caverns 
(hypogean islands) or troglomorphs, following Cope (1868), Packard (1888), 
Christiansen (1961, 1985, 1992), Poulson (1963, 1985), Barr (1968), Thines 
(1969), Culver (1982), Fong and Culver (1985), Hiippop (1985), Kane and Rich- 
ardson (1985), Romero (1985), Sket (1985), Wilkens (1985, 1986, 1988, 1993), 
Juberthrie (1989), Jones et al. (1992), Howarth (1993), and Culver et al. (1995). 

Character or circumstance 

Comparable evolutionary changes on islands or in caves 

Insular endemics (epigean) Troglomorphs (hypogean) 

"Atrophied" or "regressive" 
anatomical features 

"Hypertrophied" anatomical 
features 

Metabolic and physiological 
changes 

Behavioral and ecological 
changes 

Circumstances accelerating 
changes 

Wings, pectoral apparatus 
Sexual dichromatism 

Body mass, height (most) 

Pelvic limb 

Bill (some) 

Relaxed, conditioned sched- 
ules 

Lowered basal metabolic rate 

Enhanced capacity for fasting 
Lower fecundity (some) 
Increased egg size (some) 
Change in diel activity mode 

(some) 
Increased longevity (most?) 

Broader diet and foraging 
niche 

Harsh environment 

Small size of founding popu- 
lation 

Protracted period of isolation 
Intense directional selection 

Eyes, wings 
Optic lobe 
Pigmentation 
Cuticle, scales 
Body mass, length, flattening of 

corpus 

Elongation of appendages 
Olfactory lobe 
Antennae and tactile organs 
Irregular activity and reproduc- 

tive patterns 
Lowered basal metabolic rate 

Enhanced capacity for fasting 
Lower fecundity 
Reduced egg size 
Relaxation of rhythmicity 

Increased longevity 
Decreased aggregation (some) 
Reduced territoriality 
Broader diet and foraging niche 

Harsh environment 

Small size of founding popu- 
lation 

Protracted period of isolation 
Intense directional selection 

salamander (Proteus anguinus) from the Slovenian karst of Europe (Laurenti 
1768), natural historians discovered thousands of cavernicolous species, many of 
which displayed to varying degrees a suite of apomorphies, including reduction 
or loss of eyes and pigmentation, hypertrophy of tactile sense organs, and elon- 
gation of the body (Culver 1982; Culver and Holsinger 1992; Culver et al. 1995). 
Organisms showing any or all of these convergent changes•omprising a mi- 
nority of amphibians (e.g., Proteus salamanders), insects (e.g., Collembola), crus- 
taceans (e.g., Isopoda), and fishes (e.g., Characidae and Amblyopsidae)•ame to 
be known as "troglodytes"--later subdivided into obligate "troglobites" and fac- 
ultative "troglophiles" (Culver et al. 1995)--and these shared some "troglo- 
morphic" similarities with the more-specialized fossorial mammals (Nevo 1999). 
Early references to troglomorphs in the literature were influenced profoundly by 
the evolutionary views of the various authors, and provided an additional phe- 
nomenological chronicle of the evolution of theory (e.g., Lamarck 1809; Cope 
1868; Packard 1888) in parallel with the treatment of avian flightlessness. In both 
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contexts, early explanations focused on Lamarckian effects of disuse, with sub- 
sequent interpretations turning progressively toward arguments of selective ad- 
vantages of economy (e.g., reductions or loss of any structure requiring substantial 
investment ontogenetically or for maintenance) or reduced vulnerability to injury 
(e.g., loss of eyes). 

Evolutionary analogies and interpretational differences.--Continued study pro- 
vided numerous additional examples of troglomorphy and more detailed charac- 
terization of the salient features thereof (Christiansen 1961, 1985, 1992; Poulson 
1963, 1985; Bart 1968; Thines 1969; Culver 1982; Htippop 1985; Romero 1985; 
Sket 1985; Wilkens 1985, 1986, 1988, 1993; Juberthrie 1989; Jones et al. 1992; 
Howarth 1993). This extended collection of examples revealed the extent of the 
convergent morphological and ecological changes in subterranean isolation (Table 
82), with the most conspicuous change in troglomorphs--reduction or loss of 
sight--also being the one most obviously analogous to the reduction or loss of 
flight in insular birds. Troglomorphic trends, like the more taxonomically inclusive 
trends evident on oceanic islands (e.g., Carlquist 1965, 1966, 1974, 1980), in- 
cluded other, convergent evolutionary shifts (Table 82). Accordingly, caves and 
oceanic islands both came to be viewed as natural evolutionary laboratories char- 
acterized by comparative simplicity of environmental variables occurring in di- 
verse combinations, but both presented interpretational problems (Culver et al. 
1995). As with the study of avian flightlessness, the conspicuousness of the "re- 
gressive" trends among troglomorphs tended to preoccupy early investigators 
(Brace 1963; Peters and Peters 1968; Fong and Culver 1985; Kane and Richardson 
1985; Peters 1988; Christiansen 1992; Wake 1992). However, recent studies of 
troglomorphs differ from those of flightless birds in the significant role accorded 
by some to essentially random genetic variation and neutral mutations in the 
directional changes manifested within small demes of cavernicolous organisms 
(Culver et al. 1995). 

MIGRATORY HABIT AND FLIGHTLESSNESS 

ECOLOGICAL IMPLICATIONS OF MIGRATORY HABIT 

What a paradox; to fly poorly, to occur so widely, and to evolve flightlessness so 
easily!---•pley (1977:15, in reference to the Rallidae) 

Given the omnipresent risk of local extinction, what can a species do about it? 
Briefly there are two types of strategies: either to concentrate on preventing it from 
happening, or else to let it happen and concentrate on reversing it by recolonization. 
The former is the strategy of old colonists, which have lost much of their dispersal 
ability, can rarely reverse local extinctions by recolonization and become restricted 
to stable or extensive habitats where extinction is rare. The latter is the strategy of 
expanding colonists, which have high dispersal rates and can therefore occupy small 
and unstable habitats, recolonizing as extinctions occur.--Diamond (1977b:257) 

That birds can fly is their most important characteristic, and also one of their most 
misleading ones. It is often inferred that the power of flight guarantees birds the 
ability to cross water gaps or expanses of alien habitat that act as barriers to flightless 
animals. In fact, the realization has been growing in recent years that many flying 
birds choose not to fly across barbers of water or alien habitat: they are psycholog- 
ically flightless.•Diamond (1985:18) 
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It requires special conditions for the birds to be able to get by without the capacity 
for flight during the moulting period. Rails and crakes live under cover of tall, dense 
vegetation in marshes and on lakeshores, and cope very well with catching food, 
even though they are flightless for several weeks.--Alerstam (1990:69) 

Generalities ofpattern.--Much of the theory surrounding the evolutionary or- 
igins and geographical patterns of avian migration is grounded in terms of inter- 
specific competition, variability of environments, and the relative costs of long- 
range movements (MacArthur 1959; Ulfstrand 1963; Castro 1968, 1989; Haart- 
man 1968; Lack 1968c; Fretwell and Lucas 1970; Fretwell 1972, 1980; Wilson 

1976; Alerstam and Hfgstedt 1980; Cox 1985; Pienkowski et al. 1985; Piersma 
1987, 1997; Holmgren and Lundberg 1993; Meltofte 1996; Newton and Dale 
1996). Migration and its evolutionary origins must be considered in terms of 
selection acting on individuals and ecological contexts; interspecific comparisons 
of modes of dispersal (e.g., Diamond 1977b, quoted above) can lead, perhaps 
unintentionally, to implicitly group-selectionist arguments. 

The primary selective advantage of migratory habit is considered to be access 
- to spatiotemporally disjoined resources; consideration of increased mortality dur- 
ing migration remains largely anecdotal (e.g., Wiedenfeld and Wiedenfeld 1993) 
and the evolutionary origins remain a point of debate (Alerstam 1990; Berthold 
1993, 1996). Evolution of the migratory habit in birds is favored selectively in 
species inhabiting environmentally unstable and unpredictable ecological com- 
munities, conditions that do not select for high fidelity to natal site and can favor 
prospecting for new, favorable habitats. Where such movements provide access 
to seasonally abundant resources, regular movements (i.e., migration) represent a 
behavioral attribute of substantial selective advantage (Alerstam and Enckell 
1979). Migratory habit represents an extreme among possible modes of dispersal 
and potentially predispositional conditions (Johnson and Gaines 1990), and evi- 
dently evolves only under the most stringent of selection regimes and ecological 
circumstances (Kokko and Lundberg 2001; Mathias et al. 2001). Accordingly, a 
binary classification of migratory status is artificial and obscures a continuum 
within the trait, the latter illustrated by "partial" migration (Lundberg and Aler- 
stam 1986; Lundberg 1987, 1988; Chan 2001). Such artificial treatments render 
problematic the assessment of human-induced changes in habitat on migratory 
species (Sutherland and Dolman 1994; Sutherland 1996), some dimensions of 
which have been confirmed by intraspecific variation in expression (Swingland 
1983; Sutherland 1998) and genetically based, short-term changes in migratory 
behavior (Berthold et al. 1992). Any explanation of avian flightlessness must 
account for the sacrifice of migratory habit as a strategy of potentially critical 
magnitude, with exceptions being limited to penguins (Livezey 1989). 

Physiological demands of migration.--Migration places extreme ecophysiolog- 
ical stresses on birds, and migrational patterns in time and space reflect a complex 
of trade-offs in critical parameters (Salomonsen 1955; Odum et al. 1961; Gauth- 
reaux 1982; Sinclair 1983; Alerstam and Lindstrom 1990; Welham 1992; Aler- 
stam and Hedenstr/3m 1998; Alexander 1998b; Farmer and Wiens 1998; Berthold 
1999). The critical nature of these demands is indicated by the aerodynamic ac- 
commodation of changes in physical environment by migrating birds, for example, 
direction and speed of travel with respect to prevailing winds (Alerstam 1979a, 
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b, 1991; Bloch and Bruderer 1982; Wege and Raveling 1984; Liechti 1995; Butler 
et al. 1997; Liechti and Bruderer 1998), mode of flight (HedenstrOm and Alerstam 
1992; HedenstrOm 1993; Weber et al. 1998a, b), and formation of aerodynamically 
efficient flocks (Heppner 1974). Although the life histories of avian taxa can be 
viewed as a complex of trade-offs among critical resources, each of which is 
subject to natural selection (Perrins and Birkhead 1983; Feder et al. 1987; Blem 
1990, 1999; Perrin 1992; Schmidt-Nielsen 1997), quantification of the net gains 
realized through the termination of migration or (more extremely) flight remains 
a direct if elusive problem. 

One such economic approximation is afforded by the relationship between body 
mass and energetic demands of migration (Masman and Klaasen 1987), anatom- 
ical differences between migratory and nonmigratory populations that are related 
to flight (Fry et al. 1972; Lundgren and Kiessling 1988; Bishop et al. 1996, 1998; 
Rising 2001; Tellefta et al. 2002), simulations of caloric consumption during mi- 
gratory flight (Pennycuick 1998c), and seasonal changes in organs within popu- 
lations (Nisbet et al. 1963; Marsh 1981, 1983, 1984; Lundgren and Kiessling 
1985; Evans et al. 1992; Driedzic et al. 1993; Piersma et al. 1993; Piersma and 
Lindstr0m 1997; Piersma 1998; Piersma and Gill 1998; Kullberg et al. 2002). 
There also is strong direct evidence for the magnitude of the physiological de- 
mands of migration, notably adjustments in metabolic rates (Dawson et al. 1983; 
Kersten and Piersma 1987; Klassen 1996; Weber and Piersma 1996), changes in 
intake of water (Carmi et al. 1992; Klassen 1995), rates of respiration (Crnokrak 
and Roff 2002), and associations with schedules of molt, another seasonal event 
with substantial energetic and aerodynamic implications (Yapp 1962b; Walker 
1970; Owen and Ogilvie 1979; Zwarts et al. 1990; Holmgren et al. 1993; Holm- 
gren and HedenstrOm 1995). The caloric demands of molt are significant (Murphy 
1996), a finding mirrored by the allometric relation by Turcek (1966) that indicates 
that roughly 6% of body mass in birds is comprised by feathers, with smaller 
songbirds reaching proportions twice as high (Table 77). Furthermore, morpho- 
logical subtleties such as the shape of the wings and tail (Kipp 1959; Rensch 
1959; Norberg 1995a, b; Fitzpatrick 1998; Calmaestra and Moreno 2001) also 
appear to have been favored selectively to meet the rigors of migratory habit, 
with mechanical constraints among most aerodynamic parameters imposing in- 
tercorrelations among most such changes (Pennycuick 1978, 1986). 

Perhaps the most direct validation of the energetic investment necessitated by 
flight is the increased storage of fat, proteins, and erythrocytes during migration, 
especially gains before departure and during stopovers and the corresponding 
losses during transit, generalities that are substantiated by an overwhelming body 
of literature (see reviews by Piersma 1990; Zwarts et al. 1990; Lindstr0m 1991; 
Lindstr0m and Alerstam 1992; Lindstr0m and Piersma 1993; Marks and Redmond 
1994; Biebach 1996; Weber and Houston 1997; Jenni and Jenni-Eiermann 1998; 
Weber et al. 1998b). A substantial portion of the investment in pectoral muscu- 
lature for migration involves reinforcement of myofibrils and increased density 
of mitochondria (Evans and Davidson 1990; Evans et al. 1992), parameters known 
to be of functional import to migration from first principles (Pennycuick 1978). 
Increases in body mass before migration typically exceed 30%, and some esti- 
mates range as high as 70% (Lindstr0m and Piersma 1993). Conversion of such 
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stores toward other investments (e.g., breeding, territoriality, or fasting) would 
have obvious implications for waifs in new environments. 

However, energy required for migration is not simply optimized as fuel for 
flight per se, but has implications for general life histories (O'Connor 1981, 1985, 
1990; Pienkowski and Evans 1985; Levey and Karasov 1989; Rogers et al. 1994; 
Karasov 1996; Parrish 1997), aerodynamics (e.g., takeoff, flight speed, maneu- 
verability, and rates of ascent; Tucker and Schmidt-Koenig 1971), and vulnera- 
bility to predation (Metcalfe and Furness 1984; Lima 1986, 1998; McNamara and 
Houston 1990, 1994; Hedenstrfm 1992; Hedenstrfm and Alerstam 1992, 1997; 
Houston et al. 1993, 1997; Witter and Cuthill 1993; Klassen and Lindstr6m 1996; 
Kullberg et al. 1996; Houston 1998; Lind et al. 1999). Moreover, many of the 
relationships between energy stores and mortality during migration also pertain 
to other intervals in the annual cycles of birds, notably mortality during periods 
of thermal extremes, deprivation of moisture, or fasting (Blem 1976, 1990; Cherel 
et al. 1988, 1992, 1993; Houston and McNamara 1993; Levey and Martinez del 
Rio 2001). 

MIGRATION, VAGRANCY, AND COLONIZATION 

Few more versatile or successfully diverse bird families could be imagined than 
these onmivorous, generalized marsh birds--loathe to fly, difficult to stop once in 
the air, and with a curious evolutionary predilection to disregard normal avian rules 
of migration.--Ripley (1977:21-22) 

These marsh birds have an uncanny ability to migrate and apparently 'pop up' 
somewhere else, and they seem to have hardy and persistent patterns for survival.-- 
Ripley (1977:31) 

In summary, because rails and gallinules account for some spectacular instances 
of vagrancy, with some records thousands of kilometers from their known breeding 
range, and because their global distribution pattern indicates that they are champion 
dispersers and colonizers, we the think that extralimital records of these birds should 
be regarded in general as representing wild vagrants unless there is some specific 
reason to think otherwise.--Remsen and Parker (1990:397) 

Distributional and migratory patterns of rails.--Flighted species of Rallidae 
rarely fly for considerable distances except during migration; during much of the 
year, swift and stealthful ambulatory transit evidently suffices for foraging and 
escape for most rallids (Ripley 1977; P. B. Taylor 1996, 1998). Given the extraor- 
dinary implications of flight for anatomy and physiology of birds (e.g., Penny- 
cuick et al. 1988; Blem 1990; Butler and Woakes 1990; Butler 1991; Rayher 
1993, 1996) and the generality that migration (where practiced) represents the 
most protracted, intensive use of flight normally encountered by most avian spe- 
cies (Dorst 1962; Pennycuick 1969; Alerstam 1990; Rayher 1990), an assessment 
of the surrender of migration by most flightless birds (including flightless rallids) 
holds substantial promise for gaining insights into the evolutionary implications 
of this "reductive" evolutionary phenomenon. Potential colonists face the dual 
hurdles of high vagility required to reach islands, and qualities of survivorship 
necessary to maintain a foothold, which in some lineages (e.g., many members 
of the Rallidae) includes the sacrifice of the apparatus by which the colonists 
reached the islands. Differences among taxonomic groups in efficiency of terres- 
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trial locomotion (Bruinzeel et al. 2000) suggest that there is substantial potential 
for ambulatory refinement in lineages freed from the anatomical constraints im- 
posed by flight, and the terrestrial agility of rallids (regardless of circumstance) 
suitably equips the group for refinements of this kind after insular colonization. 

It can be assumed that flightless rallids derive principally or entirely from col- 
onists having at least some, probably considerable, migratory abilities. Moreover, 
migratory habit of founding populations was crucial to the evolution of flight- 
lessness of insular rallids in at least two ways: as enhancement of the opportunities 
for waifs straying to oceanic islands of sufficient isolation to engender flightless 
lineages, and intensification of the selective advantages of surrendering flight on 
islands through the increased economic advantages of reductions or practical loss 
of the robust flight apparatus characteristic of migratory founding populations. 
That is, the large pectoral investment of the "ideal progenitor" of a flightless rail 
has a dual nature in that it both permits the original dispersal and may constitute 
resources after colonization in a manner similar to economics bridging breeding 
and nonbreeding seasons (Doherty et al. 2001). The implication that the plesio- 
motpry of migratory capacity sets the stage for intensified selection in an insular 
context may explain the apparent rapidity with which flightlessness evolves in 
rails, despite the generally weak selection documented in natural settings (King- 
solver et al. 2001). This short-term change within individuals would be rendered 
permanent and more profound through selection for alternative allocations of re- 
sources over subsequent generations, ultimately leading to the complete and per- 
manent loss of flight in those taxa having habits permitting this extreme. 

Vagrancy and permanent migratory stopovers.--Qualification of rails as con- 
summate vagrants is supported by extralimital records for most tribes, including 
Porphyrula martinica (Olson 1972; Siegfried and Frost 1973), P. flavirostris 
(Remsen and Parker 1990), Pardirallus maculatus (Parkes et al. 1978; Dod 1980), 
Rallus caerulescens (P. B. Taylor 1996, 1997, 1998), R. longirostris (Crawford et 
al. 1983), Gallirallus philippensis (Schodde and de Naurois 1982), Coturnicops 
notatus (P. B. Taylor 1998), Porzana marginalis (Taylor 1996, 1997, 1998), Neo- 
crex erythrops (L6v6que et al. 1966; Osborne and Beissinger 1979; Taylor 1998; 
Watson and Benz 1999), Tribonyx ventralis (Braithwaite 1963), Gallinula chlo- 
ropus (Ritter and Sweet 1993; Worthington 1998), and Fulica americana (Pratt 
1987). In combination with a tendency to migrate in flocks (Totdoff and Mengel 
1956; Pulich 1961; Stoddard 1962; Thompson and Ely 1989) and generalized 
feeding habits (see below), this renders them uniquely qualified as potential col- 
onists. 

The potential for migratory movements to foster the discovery and occupancy 
of new habitats holds dual, essentially opposite implications with respect to the 
evolution of flightlessness (Alerstam and Enckell 1979): colonizational, enabling 
the founding population to reach habitable, isolated islands; and postcoloniza- 
tional, being strongly disadvantageous on an oceanic island distant from other 
habitable areas, and hastening selectively favored shifts toward sedentary habit 
and (in some groups) flightlessness. What genetic mechanism(s) would enable the 
retention of such diverse options within the genome of the colonizing species? In 
species showing dispersal (including migration), demographic cohorts frequently 
differ in the timing and destinations of movements and the means by which these 
habits are refined through prospecting (Reed et al. 1999). At least some of the 
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more pugnacious rallids are known to maintain territories away from the breeding 
grounds (e.g., Gallinula [Wood 1974]), and such sequestration of resources during 
the first year of life may render prospecting for nontraditional wintering grounds 
advantageous for immature birds (Matthysen 1993). A distillation of the literature 
on differential migration by Cristol et al. (1999)--in which body size, social 
dominance, and time of arrival may act individually or in combination to deter- 
mine relative migratory radii within species--raises the likelihood that compar- 
atively small, inexperienced, and subordinate birds, especially males (Norris and 
Stutchbury 2002), would be induced to migrate farthest and thereby reach new, 
isolated of habitats more frequently than older conspecifics. An alternative view 
by Greenberg and Mettke-Hofmann (2001) holds that the neophilia of juveniles 
and ecotonal specialists qualifies them as potentially optimal colonists of islands 
(Morse 1971, 1977). 

If the newly attained parcel of habitat is a sufficiently isolated island that per- 
mits year-round habitation, the waifs may not attempt or succeed in returning to 
the traditional breeding grounds. This scenario would be especially likely where 
the colonists are true vagrants that reached the island through a substantial de- 
parture from traditional migratory routes through inexperience, unfavorable con- 
ditions for navigation, strong winds in opposition to the normal direction, or a 
combination of these variables. The influence of prevailing winds on likelihood 
of vagrancy during migratory periods is substantial (Pennycuick 1978), and ge- 
netic or congenital misorientational behavior also may play a critical role (Aler- 
stam 1990; Berthold 1993, 1996). Elkins (1988) proposed that some purported 
examples of vagrancy instead may represent pioneering that is not entirely pas- 
sive, but instead the exploitation of weather-related opportunities to explore be- 
yond normal migratory routes. Failure to depart the island would be more likely 
for individuals lacking well-developed philopatry or navigational skills, a condi- 
tion more typical of immature birds (Reed et al. 1999). The comparatively ex- 
ploratory nature of first migratory passages by young birds also increases the 
probability of vagrancy by immature birds. In addition, females generally show 
greater variation and lower philopatry than males in first migrations (Gauthreaux 
1982; Alerstam 1990). Accordingly, the most likely demographic cohort to serve 
as colonists among rails would be young females. 

Viewed in this way, islands colonized by ostensibly wayward rallids essentially 
amount to permanent migratory stopovers, that is, locations reached during ad- 
verse weather conditions that possessed critical combinations of isolation and 
habitability that favored residency over egress. Moreover, given the likelihood 
that even the short-term atrophy of flight musculature and energy stores would 
preclude a successful departure from a remote island, areas colonized in this way 
can be conceived as well as insular traps for migrational strays. Although some 
avian species show increased dietary plasticity during migration (Parrish 2000; 
Levey and Martinez del Rio 2001), which might persist indefinitely in waifs 
ultimately founding new resident populations, there is evidence of preferences 
and selection by migratory landbirds for specific habitats during stopovers (Moore 
and Aborn 2000; Petit 2000), extending in some taxa to specificities differing 
between sexes and age groups (Woodrey and Chandler 1997; Woodrey and Moore 
1997; ¾ong et al. 1998; Ornat and Greenberg 1990). The latter suggests that a 
substantial number of oceanic islands reached by potential colonists would not 
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sustain permanent populations for extended periods of time, a likelihood increased 
by a prevalence of vagrancy by juveniles. This limitation almost certainly would 
pertain to the numerous, sparsely vegetated atolls in the South Pacific (Nunn 
1994), and represents an upper limit on estimates of pristine endemicity of rallids 
(cf. Steadman 1995). 

Colonists of remote islands, no longer subjected to selection for maintenance 
of migratory ability (and therefore flight capacity), likely would be subjected to 
directional selection on the grounds of somatic economy toward the surrender of 
flight. That is, absence of predators is not the sole agent of selection promoting 
flightlessness in insular rallids. Instead an absence of terrestrial predators is but 
one factor contributing to the relaxation of selection for maintenance of flight in 
those lineages in which aerial foraging and migration can sacrificed. This then 
fosters opportunities for selectively advantageous changes in anatomical invest- 
ments and gains in physiological strategies (see below). The potency of selection 
on body form for purposes of eluding predators can be seen, among other man- 
ifestations, in the morphological "arms race" represented by the wing forms of 
avian predators and their avian prey (e.g., Pennycuick et al. 1994). In this sense, 
anatomical and physiological refinements made possible by flightlessness are the 
adaptive sequelae of economic gains realized by a non-migratory lifestyle in the 
largely predatorfree, but often arduous environments of oceanic islands, the orig- 
inal footholds on which were facilitated by the "irregular or irruptive patterns of 
migration" (Ripley 1977:12) and wide ecological tolerances of many migratory, 
continental rails. 

The perspective of insular colonizations as permanent stopovers raises the pos- 
sibility that documented demographic and ecological characteristics of migratory 
flocks may hold implications for the likelihood of successful establishment of 
founding populations. Evidence of segregation of migratory schedules and routes 
by sex and age (Woodrey and Chandler 1997; Woodrey and Moore 1997; Yong 
et al. 1998; Bensch and Nielsen 1999), as well as habitat (T. E. Martin 1980) 
may suggest avenues for expansion of niches utilized by colonizing species, op- 
portunities countered by habitat and topographic preferences shared by entire spe- 
cies during periods of transit (Farmer and Parent 1997; Kelly et al. 1999). 

Rails as exceptional "weedy" colonists of islands.--Many species of landbird 
have occurred at least rarely as wind-driven waifs at sea (Alerstam 1990; Berthold 
1993, 1996), but only the members of the Rallidae consistently converted these 
long-odds dispersal events to achieve a global distribution rivaling that of any 
other family of terrestrial tetrapods (Olson 1973a). The far-flung distribution of 
rails contrasts with those of several ecologically similar families of shorebirds 
(Charadriiformes), the likely sister-order of the Gruiformes (Livezey 1998). Nu- 
merous genera of semiaquatic forms in the Charadriidae (e.g., Vanellus, Pluvialis, 
and Charadrius) and Scolopacidae (e.g., Scolopax, Lymnocryptes, Gallinago, Li- 
mosa, Numenius, Bartramia, Tringa, Actitis, Heteroscelus, Arenaria, and Calidris) 
include members characterized by strongly migratory habits, terrestrial feeding 
methods, high vagrancy, and a tendency to make migratory stopovers on oceanic 
islands. The absence of a single flightless member in these groups is doubly 
striking in light of the occurrence of species endemic to single islands or archi- 
pelagos-for example, charadriids Charadrius sanctaehaelenae and C. novaesee- 
landiae of St. Helena and Chatham islands, respectively; scolopacids Prosobonia 
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cancellata and P. leucoptera (extinct) of Tuamotu and Tahiti, respectively; scol- 
opacids Coenocorypha pusilla and C. aucklandica of the Chatham and Auckland 
islands, respectively; and haematopodids Haernatopus rneadewaldoi (extinct) and 
H. chathamensis of the Canary and Chatham islands, respectively--all of which 
retain(ed) the power of flight. 

Similarities between the Rallidae and many taxonomic families of Charadri- 
iformes also extend, at least in some taxa, to the semiaquatic foraging habitats 
and specialized exploitation of comparatively challenging invertebrate prey 
(Graves 2001). Some migrant charadriiforms may be constrained stringently to 
follow traditional migratory routes (and thereby avoid vagrancy) in order to ex- 
ploit local, seasonal food resources (Castro and Myers 1993; Clark and Niles 
1993; Botton et al. 1994; Gonzfilez et al. 1996; Engilis et al. 1998), a condition 
that does not pertain to the generally opportunistic foraging habits and transient 
habitats of most migrant rails (Remsen and Parker 1990). However, in spite of 
this potential difference and the possibly greater predatory pressures suffered by 
charadriiforms that typically forage in more open habitats than most rallids, many 
migrant taxa of Charadriiformes presumably had numerous biogeographical and 
general ecological opportunities to follow the Rallidae on the evolutionary path- 
way to flightlessess, but evidently lacked the selection pressure(s) or ontogenetic 
means to do so. 

Can the greater success of insular colonization by rallids be explained, at least 
in part, by a prevalence of r-selected, "weedy" traits by the colonists? Although 
members of the Scolopacidae have a moderate frequency of lek-mating and poly- 
andry, departures both from typical monogamy and biparental care are known in 
some rallids as well (Appendix 6; e.g., Tribonyx and Gallinula [Garnett 1980; 
Gibbs et al. 1994]). Reviews of reproductive parameters (Starck and Ricklefs 
1998d; Ligon 1999) indicated that shorebirds and rails show a comparable range 
of mating systems, nest sites, egg sizes, and developmental parameters. Clutch 
sizes also show broad similarities between the Charadriiformes and Rallidae, with 
the strong modality in the former being four with a minority having smaller mean 
clutch sizes (Piersma 1996a, b). 

However, an analogy of rails as "weeds" among birds gains support from the 
relatively larger clutch sizes of flighted rails most closely related to a number of 
flightless species (e.g., flighted Rallus, Gallirallus, many Porzana, Amaurornis, 
and most Fulicarina). These flighted species average two or more in excess of the 
four-egg clutch typical of other rails and many charadriiforms (Appendix 7), 
whereas the flightless derivates of this fecund minority show reductions in clutch 
sizes to the familial mode of four or fewer eggs. In those rallid genera including 
only a very small number of flightless members (e.g., Porphyrio, Ortygonax, and 
Dryolirnnas), flighted members have more typical clutch sizes. Also consistent 
with the "weed" theory are distributional patterns in these genera indicating that 
comparatively short dispersal events gave rise to flightlessness (Fig. 6). These 
early stages of dispersal and initial colonization, closely consistent with the first 
and second phases defined by MacArthur and Wilson (1967), are followed by a 
variant of the third phase described by these authors in which increasingly K- 
selected attributes for long-term competitiveness, including a sacrifice of flight 
for other attributes, are typical. Finally, the widespread, long-distance vagrancy 
of young rails is related, in part, to an ability to rest on water during transit, a 
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capability (shared by anatids) that improves the likelihood of successful traversal 
of extensive water barriers (P. B. Taylor 1998). 

It may be that only a comparatively small subset of taxa are the flighted sister- 
taxa of the vast majority of flightless species, with the most likely candidates 
being the transcontinental migrants (most from the Northern Hemisphere) that are 
characterized by unusually high fecundities; the latter allow for the strategy (by 
lessened relative penalties) of reproductive investments in vagrancy-prone off- 
spring or (if optimization with respect to reproductive variance pertains) bet- 
hedging. Specific taxa qualifying for flighted members of clades giving rise to 
flightless species by way of long-distance, migratory peregrinations include Rallus 
aquaticus, R. limicola, R. elegans, R. longirostris-group, Gallirallus philippensis- 
group, G. striatus, Laterallus jamaicensis, Coturnicops noveboracensis, Crex 
crex, Porzana carolina, P. porzana, P. parva, P. pusilla, Gallinula tenebrosa, G. 
chloropus-group, Fulica atra, and F. americana). Although these taxa share sev- 
eral critical qualifications for disseminating insular colonists, these rallids presum- 
ably would possess different likelihoods of successful colonization of islands pos- 
sessed of different habitat(s); for example, Rallus would be optimal for marsh- 
lands, Crecina for meadows, and Fulica for open wetlands. All of these high- 
fecundity, long-distance migratory species are consisteni with a general 
correlation between latitude and prevalence of migratory habit in birds (Diamond 
1985). 

Several Pacific rallids have distributions consistent with frequent inter-island 
dispersal and survivorship on islands of diverse habitats (e.g., Gallirallus philip- 
pensis-group and Porzana tabuensis) that qualify as "tramp" species (sensu Di- 
amond 1974; see also McNab 2000), and on empirical grounds appear to include 
or be closely related to insular populations ultimately destined to flightlessness 
(Olson 1973a, 1977; Ripley 1977; Livezey 1998). Although most flightless rails 
were restricted to single small islands or groups thereof (P. B. Taylor 1996, 1997, 
1998), the inclusion of many geologically mature islands and obsolete vagility 
precludes any of these species being considered "supertramps" (sensu Diamond 
1974). By contrast, columbids (e.g., Ducula pacifica) that are typical of a number 
of small, often geologically young islands qualify for the status of "supertramp," 
some of which may be specialized for these habitats through depressed mass- 
specific BMRs and apomorphically small body size (McNab 2000). 

ECOPHYSIOLOGICAL CORRELATES OF FLIGHTLESSNESS IN RAILS 

HOME RANGE AND TERRITORIALITY 

The preadaptation of Rallidae to dispersal to islands, survival on islands, and 
evolution into flightlessness there becomes obvious .... Because they are somewhat 
migratory in their feeding habits and territory-bound as passerine birds typically are, 
Rallidae are likely to occur as stragglers to islands .... On islands they will survive 
because of their broad food tolerances. Their feeding at ground level or in shallow 
water continues .... If an island can support a rail population at all (and evidently 
small islands can), the food supply can be exploited without resort to flight. The 
only further requisite for evolution into flightlessness is then the absence of predators. 
Even flight for evasive purposes may not be necessary.--Carlquist (1974:491) 

General avian predictions and patterns.--Clearly, body size is of fundamental 



416 ORNITHOLOGICAL MONOGRAPHS NO. 53 

importance to basic ecological parameters of terrestrial organisms, both continen- 
tal and insular, and figures prominently throughout the evolutionary theory and 
prime currencies of life-history strategies (size and age at maturity, size and num- 
ber of propagules, and longevity), and the trade-offs among them (Roff 1992). 
Large body size in birds has been shown to be positively correlated with diet 
(Case 1978a), stability of population densities (Brown 1964, 1969; Verner 1977; 
Peters and Wassenberg 1983; Martin 1996), longevity (Botkin and Miller 1974; 
Lindstedt and Calder 1976, 1981; Calder 1982a, 1983a, b; Saether 1989), age at 
which adult body mass is attained (Taylor 1968), size of home range (Harested 
and Bunnell 1979), and mean height of nests (Burger and Trout 1979). Body size 
also tends to be correlated with prey size, especially maximal size of prey (Lev- 
inton 1982b; McKinney 1988b; McKinney and McNamara 1991), dominance- 
mediated foraging efficiency (Brown et al. 1978; Alatalo and Moreno 1987), and 
capacity for fasting (Brown et al. 1978; Cherel et al. 1988). Not surprisingly, 
interactions of these size-related ecological allometries can affect predator-prey 
dynamics (McNamara and Houston 1987; Emerson et al. 1994). 

Large body size is correlated with sizes of territory and home range (McNab 
1963; Schoener 1968; Mace and Harvey 1983). Avian territoriality can serve 
several important ecological functions and may be intra- or interspecific in nature 
(Nice 1941; Tinbergen 1957; Orians and Wilson 1964; Davies 1982; J. H. Kauf- 
mann 1983), and in turn is a major determinant of the distribution of breeding 
birds (Fretwell and Lucas 1970). Where interference competition occurs, whether 
intraspecific or interspecific, large body size generally imparts special advantage 
(Persson 1985; Brown and Maurer 1986). Differences in body size among species 
generally are considered to be critical to the mitigation of interspecific competition 
(Wilson 1975; Roff 1981; P/3ys•i 1983; Simberloff 1983a, b). 

Spatiotemporal ecology of fiightless rallids.--Large body size and fiightlessness 
have important implications for foraging and territoriality in flighted rallids, es- 
pecially those feeding primarily in comparatively open, aquatic habitats, for ex~ 
ample, Porphyrio (Craig 1976, 1977, 1979, 1980b, 1982; Hunter 1987a), Gallin- 
ula (Petrie 1984, 1988), and Fulica (Gullion 1953b; Fjeldsfi 1973, Cave et al. 
1989). In some of these same open-habitat species, aggression between parents 
and offspring also is heightened (Leonard et al. 1988). Accordingly, body size 
and associated territoriality almost certainly characterized some extinct flightless 
rallids, at least those in which habitat permitted visibility and the associated elab- 
oration of visual displays and areal defense (e.g., Fulica chathamensis-group); of 
extant examples, territoriality certainly characterizes Tribonyx mortierii and its 
flighted relative T. ventralis (Ridpath 1972a-c). 

Current populations of flightless endemics for which human-related effects re- 
main negligible (predator-free populations of Gallirallus greyi and Tribonyx mor- 
tieriO substantiate that natural populations of other flightless rails generally may 
have reached high densities. Estimates of population densities of several flightless 
rallids (e.g., Atlantisia rogersi and Porzana palmeri [Baldwin 1947; Fraser et al. 
1992]) indicate that under pristine conditions, flightless rails often constitute one 
of the dominant components of their insular communities. Although the demo- 
graphics of many flightless rallids never will be known, relatively high, stable 
population densities probably characterized large, sedentary species during pris- 
tine times, a speculation consistent with the abundance of preserved subfossil 
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elements of extinct endemics of the Chatham Islands (e.g., Diaphorapteryx hawk- 
insi, Cabalus modestus, and Gallirallus dieffenbachii). High population densities 
characterize many vertebrates endemic to islands (e.g., Kramer and Mertens 1938; 
Kramer 1946; Case 1983), although this parameter is interrelated with other de- 
mographic and ecological conditions (Grant 1998a). Based on the "wild nonpas- 
seriform" model of Lindstedt and Calder (1976) and actual and estimated body 
masses of selected rallids (Table 8; Appendix 1), mean longevities of flightless 
rails, while respectable, do not approach the life spans estimated for such pon- 
derous, sedentary forms as the raphids (Livezey 1993b). 

Evidence for increased levels of territorial activity and (in some taxa) physical 
combat with increased population densities or ecomorphological similarity (Cody 
1969, 1974; Pianka 1976; Abbott 1977; Abbott et al. 1977; Oksanen et al. 1979; 
Wiens and Rotenberry 1981; Arthur 1982b; James and Boecklen 1984; Wiggins 
and M011er 1997) makes it doubly likely that those characteristics of advantage 
in the acquisition and defense of territories--e.g., body size, armature, phenotypic 
"badges" of adulthood, and agonsitic displays (Crawford 1978; Miskelly 1981; 
Rohwer 1982; Eddleman and Knopf 1985; Persson 1985; Alisauskas 1987)- 
would have been especially well developed in flightless rails. In addition to those 
cases known for extant taxa (Gullion 1951; Burger 1973; Ryan and Dinsmore 
1980; Alisauskas 1987; Cave et al. 1989), the cranial indications of a crista fron- 
talis carnosa (a frontal shield) in Diaphorapteryx hawkinsi are consistent with an 
intensification of territorial signals, perhaps seasonally enhanced in coloration 
(Visser 1988), in an insular rail. 

The likelihood of interspecific competition being especially influential on struc- 
tures of insular communities notwithstanding, an alternative means having com- 
parable effects may apply, at least to a limited extent, in the context of birds on 
oceanic islands. This structuring effect is that of apparent competition or com- 
petition for predator-free space (Holt 1977; Jeffries and Lawton 1984; Holt and 
Kotler 1987; Schmitt 1987; Holt et al. 1994; Holt and Lawton 1994; Schmidt and 
Whelan 1998) that emulates at least the spatial ramifications of interspecific com- 
petition in the traditional sense. On oceanic islands, competition for space among 
birds subjected to reduced or negligible predation is obvious and virtually uni- 
versal among pelagic seabirds (including flightless alcids and penguins), in which 
defense of a nest site within a dense aggregation of nesting birds is critical to 
nesting success (Brown 1987; Koenig and Stacey 1990; Ligon 1999). Among 
avian species that are permanent residents of oceanic islands, including flightless 
landbirds (e.g., rails), where predation may be limited to aerial and submarine 
threats, similar competition for favored, concealed nest sites and areas for rearing 
of precocious young also may be important and resemble traditional competition 
within and between species (e.g., Holt 1977; Schmitt 1987; Holt et al. 1994), the 
resemblance may extend to mortality from starvation and predation associated 
with such spatial structuring (McNamara and Houston 1987). Among the flightless 
rails known only from subfossil remains, the coots (e.g., Fulica chathamensis- 
group) are perhaps the most likely candidates for such spatial competition related 
to avoidance of predators of young. 

Comparison with other flightless birds.--Body size has an important role in 
the dispersion and territoriality of other flightless carinates (Livezey 1988, 1989a, 
1990, 1992a, 1993b, c). In the flightless steamer-ducks (Tachyeres), large body 
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size, great sexual dimorphism, year-round residency at a single site, habitats con- 
ducive to great visability, and predictability of resources are associated with 
uniquely intense, evidently multifunctional territoriality (Livezey and Humphrey 
1984a, 1985a, b, 1986; Livezey 1987, 1989e). Whether the extinct, flightless 
raphids defended feeding territories sensu stricto is not clear; although combative 
behavior was conspicuously developed in at least Pezophaps solitaria (Livezey 
1993b), as in other tropical frugivores, seasonality of food supply alone would 
be conducive to large body size (Fogden 1972). 

METABOLISM, THERMODYNAMICS, AND LOCOMOTORY MODULES 

ß.. in the carinate or flying birds loss of flight, while it has occurred (flightless rail, 
penguin, dodo, etc.), is relatively extremely rare. Flightless pterosaurs and bats, on 
the other hand, are inconceivable, as their flight mechanism involves the hind limbs 
which have, as a consequence, largely lost their terrestrial locomotion function; 
whereas birds, being double adapted, can lose their flying powers and still progress 
easily on the ground or in the water, as their legs are not thus involved.---Lull (1935: 
327-328) 

On the other hand, flight frees the tetrapod from the trammels of earth-bound lo- 
comotion; the flying vertebrate is free to move about over areas of considerable size 
and to cross many barriers that limit the movements of land-living animals. These 
advantages of flight need no elaboration; the distribution and success of the modern 
flying birds are indications of the benefits of being able to fly.---Colbert (1955:171- 
172) 

One cannot stress too strongly that of all natural methods of locomotion, flight is 
the most highly expensive of energy; therefore, in any condition under which flight 
is not a necessity for a volant organism, there will be a positive selective pressure 
for flightlessness.•-Carlquist (1974:491) 

In short, we would expect that, on islands, metabolically conservative species 
should do well, because this reduced expense per bird aids their survival through 
stress situations and allows them to exist for long periods of time in this restricted 
situation .... On islands, especially small ones, resistance to extinction becomes all 
important and the nonpasserine characteristics dominate.---Faaborg (1977:911) 

Thus, rails of all sizes and types seem almost equally able to colonize island 
archipelagos .... Multiple invasions of similar stock have occurred, spaced out in 
time as evidenced circumstantially by the resulting divergences in size or other spe- 
cial modifications such as flightlessness .... In individual cases, members of all these 
types or subgroups of rails have developed larger or smaller, longer-billed or shorter- 
billed, or flightless forms to adapt to competitive interspecific situations, a variety 
of food resources, a range from littoral to forest or mountains, and flightlessness for 
an island, predator-free environment.--Ripley (1977:19 -21 ) 

General avian principles.--Once again, physical size of organisms exerts fun- 
damental influence over a variety of characteristics and functions of life. Among 
those of a thermodynamic or physiological nature are the "surface law" or the 
geometric relationship between surface area to volume of three dimensional bod- 
ies with varying body size, that is, surface area of a body increases as the square 
of an increase in linear dimension(s), whereas volume and mass (three-dimen- 
sional corollaries of linear change) vary as the cube (Calder 1984; Schmidt-Niel- 
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sen 1984). The resultant ratio of two-dimensional and three-dimensional corol- 
laries of linear changes--the most frequently cited being the surface: volume ra- 
tio•is imputed to underlie thermodynamic efficiency of large endotherms, in- 
cluding those of the class Aves (Leighton et al. 1966; Walsberg and King 1978). 
This includes influences on metabolic rate (Gray 1981), tolerance of thermal stress 
(Tanner 1949; Scholander et al. 1950a-c; Weathers 1979; Walsberg 1983), rela- 
tionship between energetic efficiency and mortality (Priede 1977), and association 
between BMR and climatic regime (Hails 1983). Similar relationships pertain to 
a wider array of tetrapods (e.g., Herreid and Kessel 1967; Kleiber 1972; Elgar 
and Harvey 1987), although, as with birds, the traditionally cited generalities fall 
far short of total explanatory power (Speakman 1996). Naturally occurring trends 
in these dimensional aspects of organisms typically are attributed to selective 
advantages of thermodynamics related to climatic patterns (Rensch 1948; Schin- 
dewolf 1950; James 1970, 1983; Yarbrough 1971; McMahon 1973; McKinney 
1990a, b). 

In concert with these comparatively direct thermodynamic corollaries of change 
in gross body size, a diversity of other ecophysiological parameters are known to 
vary allometrically with body size (Table 77; Calow 1977; Blueweiss et al. 1978; 
Donhoffer 1986; Sibly and Calow 1986; Barbault 1988), including vulnerability 
to evaporative water loss (Williams 1996a), tolerance of thermal stress, including 
torpor (Scholander et al. 1950a-c; McNab 1966, 1983, 1989; Dawson and Hudson 
1970; Calder and King 1972; Calder 1974; Weathers 1981; Reinertsen 1983; 
Dawson and Marsh 1989; Marsh and Dawson 1989; Brown et al. 1993; West et 
al. 1997), and cardiovascular efficiency (Zeuthen 1953; Lasiewski and Calder 
1971; Grnbb 1983; Maina et al. 1989). Effects of ambient temperature on loco- 
motion and activity levels were documented in birds (Paladino 1985), with torpor 
being an extreme case (McNab and Bonaccorso 1995), but the thermodynamics 
during development differ from those for adults. During ontogeny, the thermo- 
regulatory effects of increasing body size (with body size being a better predictor 
of metabolic rates and thermal conductance than developmental mode) are com- 
plicated by intrinsic changes in physiology, with the rapidity with which ther- 
moregulation is achieved being one of the fundamental differences between avian 
developmental modes (Visser 1998). 

Metabolic rates vary with body size, and although less intuitive than such 
corollaries as the surface: volume ratio, are no less important from functional or 
evolutionary perspectives. Mass-specific BMR--the average rate at which energy 
is consumed by a resting organism at thermoneutrality per unit body mass (Blem 
1999)--is negatively allometric with respect to mean body mass in birds, although 
total BMR may be more critical from an evolutionary standpoint (McNab 1999). 
Therefore, larger species tend to expend less energy per unit mass than smaller 
species under comparable conditions (Kleiber 1932, 1975; Zeuthen 1947; Altman 
and Dittmer 1968; Blum 1977; Gordon 1977; Wilkie 1977; McNab 1983, 1988; 
Donhoffer 1986; Bennett and Harvey 1987; Nagy 1987; Trevelyan et al. 1990). 

In addition to the comparatively obvious implications of such rates for con- 
sumption of energy, other relationships between BMR and avian body form in- 
clude stress resistance, most notably a prediction that reductions in BMR may 
serve as adaptations for populations under environmental stress (Parsons 1987, 
1990, 1993a-c; Djawdan et al. 1997); optimal morphological structure (Economos 
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1979, 1982); dependence of passerinc diversity on food resources (Faaborg 1977); 
practical relevance of 3A exponent of allometry in BMR with body mass (Feldman 
and McMahon 1983); selection in tropical environments (Hails 1983); relative 
brain size (Martin 1981); and response to artificial selection (Jackson and Dia- 
mond 1996). In addition, examination of available data on cardiopulmonary ca- 
pacities of terrestrial birds (e.g., King et al. 1992), cardiovascular rates in birds 
(Calder 1968), skeletal length (Frasier 1984; Daan et al. 1990), and mass-specific 
utilization of energy (Maurer and Brown 1988) suggests fundamental, but less 
well-established relationships with BMRs. Suarez (1996) estimated an upper limit 
for mass-specific metabolic rate, underscoring that high metabolic rates carry at- 
tendant penalties, a reality that is consistent with the tendency for some flightless 
birds to lower BMR if ecologically permissible. 

The period required to attain adult (asymptotic) body mass is the single most 
variable developmental parameter in birds (Schumacher and Wolff 1967a, b; Rick- 
lefs 1968, 1969, 1973, 1979, 1984; McNab 1970; Case 1978b; Rahn 1980). This 
variation in the interval required to attain asymptotic mass is in part a function 
of the allometric decrease in growth rate (K) with increasing adult body mass 
(Me). For avian taxa similar in other respects, this relationship approximates 
(Ricklefs 1979): 

K = aMe b, 

where /• = -0.34 +_ 0.03. The similarity of the allometric coefficient (b) in this 
context, and that relating BMR to body mass (Me) in birds (Schmidt-Nielsen 
1977), is probably an indirect reflection of conformance of both relationships to 
similar, interrelated functions of energetics (Ricklefs 1979). 

Relationship of body size to locomotory efficiency is less clear (Greenewalt 
1977), and is strongly dependent on means of transport and medium. Energetics 
of terrestrial locomotion (Taylor et al. 1971, 1982; Taylor 1973, 1977, 1980; Fedak 
and Seeherman 1979), especially bipedal locomotion (Fedak et al. 1982; Heglund 
et al. 1982a, b; Gatesy and Biewener 1991; Gatesy 1995), involve scale-dependent 
effects (Kokshaysky 1977) and differences in efficiency among taxonomic groups 
(Bruinzeel et al. 2000). However, the preponderance of evidence and arguments 
from first principles suggest a taxonomically varying relationship between max- 
imal metabolic rates (typically manifested in flight) and those at rest (Pennycuick 
1978), a coupling with important implications for the potential of flightlessness 
for BMRs in birds. 

Metabolic implications of fiightlessness in ratites.--Flight is among the most 
energetically demanding activities regularly undertaken by birds (Berger et al. 
1970; Gold 1973; Taylor 1973; Tucker 1973a, b; Goldspink 1977a, b, 1981; 
Schmidt-Nielsen 1977; Torre-Bueno and Larochelie 1978; Raynet 1982; Brack- 
enbury 1984; Castro and Myers 1988), and one that is capable of impressive 
power output, cardiovascular performance, and muscular forces (Bernstein et al. 
1973; Biewener et al. 1992; Bishop and Butler 1995; Norberg 1996; Bishop 1997; 
Dial et al. 1997). As a result, flightlessness entails the foregoing of a regularly 
engaged, burst-consumptive activity, and therefore may permit a heritable reduc- 
tion in BMR and increased allocation of energy to alternate activities, including 
storage of fat for periods of fasting (Calder and Dawson 1978; Ryan et al. 1989; 
McNab 1994a; Grant 1998a). The caloric implications of flightlessness are un- 
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derscored in the dual reductions of BMR and mean body temperature of kiwis 
(McNab 1996). 

Darlington (1943) was one of the first to suggest that conversion of energy 
formerly allocated to flight and its supportive apparatus to other functions is a 
prime selective advantage accruing to flightless lineages in accommodating en- 
vironments. With increased access to living ratires and technology for quantifi- 
cation of physiological activities, data were compiled for ratites that confirmed 
the predicted reduction in metabolic rates (Lasiewski and Dawson 1967; Crawford 
and Lasiewski 1968; Zar 1968b, 1969; Aschoff and Pohl 1970a), somewhat anom- 
alous in Apteryx (Calder 1978; McNab 1996), as well as sexual differences within 
species (Maloney and Dawson 1993) and thermodynamic corollaries of large body 
size (Maloney and Dawson 1994). Although these exceptional examples of avian 
flightlessness were naturally attractive for study, the applicability of findings to 
flightless neognathous birds (including rails) remained in question. 

Inferences for fiightless neognathous birds.---Accordingly, species having un- 
dergone both the permanent loss of flight (and associated energetic and metabolic 
demands) and increased body size are doubly positioned to achieve greater met- 
abolic efficiency. Giantism in combination with flightlessness characterizes a 
flightless megapode (Poplin and Mourer-Chauvir6 1985), flightless steamer-ducks 
(Livezey and Humphrey 1986, 1992), flightless grebes (Livezey 1989d), the Ga- 
lapagos Cormorant (Livezey 1992a), the Kakapo (Livezey 1992b), and the raphids 
(Livezey 1993b). However, efficiency is distinct from total demand, and giantism 
typically entails an increase in the total consumption of energy. Therefore, the 
upper limits on total energy consumption to support baseline activities and size- 
related reductions in efficiency of heat loss (i.e., the downside of the surface: 
volume ratio for large-bodied endotherms) may place an upper evolutionary limit 
on body size in birds (Kendeigh 1972; Kirkwood 1983). Taken in combination, 
flight and its narrowed range of permissible body sizes may represent in some 
ecological contexts both a 1ocomotory blessing and an energetic curse. Therefore, 
broad-scale changes in life history may carry more important implications for 
metabolic parameters than simple phylogeny within the Neognathae. For example, 
Reynolds and Lee (1996) found no significant difference between BMRs of pas- 
sefine and nonpasserine birds, a phylogenetic division having mean differences 
in body mass that probably exceed those of other subdivisions. An attempt to 
assess metabolic trends for members of the class Aves within a phylogenetic 
context found, unlike for mammals, no significant relationship for birds (Ricklefs 
et al. 1996). However, this attempt was limited by a small taxonomic sample, bias 
of the method of phylogenetic contrasts, and reliance on the phylogenetic hy- 
pothesis of Sibley and Ahlquist (1990). 

Seasonal variations in fat deposition and body mass evidently characterized the 
extinct raphids (Livezey 1993b) and possibly enhanced capacity for fasting (Bald- 
win and Kendeigh 1938; King 1972; Pond 1978). This relationship between body 
size and fasting raises the possibility that such advantages are (were) gained by 
the largest flightless rallids (e.g., Porphyrio hochstetteri, P. rnantelIL Gallirallus 
australis, Diaphorapteryx hawkinsL Aphanapteryx bonasia, Fulica chatharnensis, 
and F. newtoni). An increase in absolute caloric demands imposed by increased 
body mass was confirmed intraspecifically in Fulica atra (Hurter 1979), and clear- 
ly holds special relevance for lineages undergoing evolutionary increase in mean 
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TABLE 83. Absolute basal metabolic rates (BMRs; cm 3 [O2]/hour ) and associated 
body masses of species of Rallidae (fide B. McNab, pers. comm.). Taxonomy and 
sequence follows Livezey (1998). Asterisks precede flightless species. 

Taxon Mass (g) BMR Source 

Porphyrio porphyrio* 973 691 McNab 1994a 
*Porphyrio hochstetteri 2,764 1,227 McNab 1994a 
Aramides cajanea 374 276 McNab 1994a 

* Gallirallus australisp 812 331 McNab 1994a 
Gallirallus philippensis$ 172 177 McNab 1994a 

*Gallirallus owstoni 201 165 McNab 1994a 

*Atlantisia rogersi 39 41 Ryan et al. 1989 
Crex crex 96 141 Kendeigh et al. 1977 

*Arnaurornis ineptus 896 247 McNab (unpubl. data) 
*Tribonyx rnortierii 974 624 H. Ellis fide McNab 1994a 

Gallinula tenebrosa 519 454 H. Ellis fide McNab 1994a 

Fulica atraõ 412 367 Kendeigh et al. 1977 

* Assumed to be Porphyrio (p.) melanotus of New Zealand. 
t Assumed to be Gallirallus (a.) hectori of the South Island, New 
•: Assumed to be Gallirallus (p.) assimilis of New Zealand. 
õ Assumed to be Fulica (a.) atra of Eurasia. 

Zealand. 

body size. Similarly, dwarfed species of flightless rallid may achieve a balance 
between the reduced demands on BMR made possible by fightlessness with the 
lessened demands for total energy. Such trade-offs would be of special advantage 
in arduous environments such as those inhabited by the nanitic Gallirallus wak- 
ensis and Porzana laysanensis. Unfortunately, with the exception of the demon- 
stration of modest lowering of BMR in Atlantisia rogersi reported by Ryan et al. 
(1989) and various reductions in BMR (relative to body mass) confirmed or pre- 
dicted for several other flightless neognaths (McNab 1994a; McNab and Salisbury 
1995), the combined investigational demands of vivaria and sophisticated tech- 
nology have limited severely the metabolic data available for flightless rallids and 
other neognaths, including studies of the ontogeny of BMR (Vleck et al. 1980a, 
b; Sutter and MacArthur 1992). For rallids, at least, comparative data for several 
righted species are available (e.g., Visser 1978; Sutter and MacArthur 1992). 

Ongoing work by B. K. McNab (pers. cotton.) indicates that significant caloric 
savings may be realized by relatively modest reductions in BMR. Available data 
for rails (Table 83), in addition to the finding that Amaurornis ineptus has a BMR 
that is roughly 42% of that expected for a righted rail of equal body mass (McNab, 
pers. cotton.), indicate that adjustments of metabolic rate in flightless rails may be 
an important credit in the energetic balance achieved through the sacrifice of flight. 
Given the physiological demands imposed by diving (Woakes and Butler 1986), 
the potential for metabolic economy after achieving flightlessness may be compar- 
atively limited; for example, flightless coots (Fulica) may have accrued smaller 
metabolic benefits of insular existence and associated anatomical apomorphies than 
their terrestrial, flightless confamilials (e.g., Cabalus modestus and Diaphorapteryx 
hawkinsi). Also suggestive are slight reductions in metabolic rates and masses of 
pectoral muscles in righted pigeons inhabiting islands without raptors (Accipiter) 
and especially where resources appear to be limited (McNab 2000, 2001). Predict- 
ably, in light of the relatively modest anatomical changes shown by many flightless 
rails, these savings are (were) less than those evidently realized by some ratites 
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(McNab 1996), but nonetheless are substantial and almost certainly subject to strong 
selection where ecologically permissible. 

FORAGING AND DIET 

I have often speculated on antiquity of islands, but not with your precision, or at 
all under the point of view of Natural Selection not having done what might have 
been anticipated .... With respect to bats at New Zealand ... not having given rise 
to a group of non-volant bats, it is, now you put the case, surprising; more especially 
as the genus of bats in New Zealand is very peculiar, and therefore has probably 
been long introduced .... But the first necessary step has to be shown, namely, of 
a bat taking to feed on the ground, or anyhow, and anywhere, except in the air. I 
am bound to confess I do know one single such fact, viz. of an Indian species killing 
frogs.-•C. Darwin in letter to C. Lyell, 1 September 1860 (F. Darwin 1887, vol. 2: 
128-129) 

The Galapagos cormorant is flightless. But we know that mutants producing m- 
dimentation and other monstrosities may have a partial effect in one case or a max- 
imum effect in another. The interpretation of this case is clear. A single mutant may 
produce any degree of wing mdimentation. If such a mutation occurs in a hawk, for 
example, the resulting monster will not survive. But if it occurs in a such a bird as 
cormorant, which is already organized for catching its food while swimming under 
water, the monstrosity will not be deleterious and might even be of the 'hopeful' 
type if it enhances simultaneously the swimming and diving capacity (by lessening 
friction). Whether a complete or a partial reduction of the wing can take place 
depends upon the habitat .... an island cormorant finds enough fish with very little 
flying; and a Galapagos cormorant can do well without flying at all.-•Goldschmidt 
(1940:393) 

General avian principles.--The vast majority of the members of the class Aves 
retain the capacity for flight, and most of these employ flight as an important 
component of the arsenal of foraging tools, the energetic requirements of that 
figure importantly in total energy balances (King and Farner 1961; Kendeigh et 
al. 1977; Wolf and Hainsworth 1978; Morse 1980; Stephens and Krebs 1986; 
Bryant 1988, 1991, 1997; Maurer 1996; Ricklefs 1996) and that increase directly 
with body mass (Klassing 1998). Movement among foraging sites or pursuing 
prey on the wing is only one of a suite of avian solutions for the procurement of 
food. Feeding niche is influenced significantly by the size of an organism, either 
directly in terms of the size of the furnace to be built and stoked, or indirectly 
through the thermodynamic and metabolic correlates of body size (above). In 
addition, size of the body is related broadly to other structures pertaining to for- 
aging, particularly the size of the mouth parts and digestive tract (Stanley 1973; 
Zweers 1979; Peters 1983; Bednekoff and Houston 1994). Body mass also is 
positively correlated with efficiency of water use in landbirds (Bartholomew and 
Cade 1963; Walter and Hughes 1978; Nagy and Peterson 1988). 

Intensity of competition among avian taxa within guilds typically is reflected 
by similarity of prey and periods of activity. The classical modes of partitioning 
niches b• sympatric insectivorous birds described by MacArthur (1958, 1959), 
and which came to idealize resource partitioning by birds generally, unfortunately 
holds few insights for many terrestrial avian taxa. Regardless, relationships be- 
tween sympatric competitors and predators and the foraging niches and behavioral 
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patterns of insular birds are documented (Diamond 1970a, b; MacArthur et al. 
1972; Atwood 1980; Baker-Gabb 1986; Lffgren 1995; Mettke 1995; Blazquez et 
al. 1997; Mettke-Hofmann 1999). Niche differences among sympatric shorebirds 
may be more relevant for terrestrial groups such as the Rallidae, especially with 
respect to the role of bill shape and leg length in foraging (Baker and Baker 1973; 
Baker 1979), but the seasonality and greater diversity that typify sympatric char- 
adriiforms exceed those of most sympatric rallids (Ripley 1977; P. B. Taylor 1996, 
1998). Differentiation of bill morphology is critical in other groups of variably 
sympatric confamilials such as crossbills (Loxia [Benkman 1987a, b, 1988a, b, 
1989a-c, 1991, 1993; Benkman et al. 2001; Summers et al. 2002]) and syntopic 
combinations of geospizine finches and other landbirds (e.g., Grant 1967, 1981b; 
Grant et al. 1976; B. R. Grant and P. R. Grant 1982, 1989; Schluter 1988a). Such 
radiations involving bill specializations among comparatively closely related, res- 
ident landbirds represent important parallels for relatively short-term diversifica- 
tion of form among phylogenetically constrained, sympatric birds such as rails 
(Bjfrklund 1996). 

Generalities and exceptions of foraging by rallids.•The applicability of the 
term "adaptive radiation" to the flightless members of the Rallidae is debatable, 
but the interrelationship between loss of mobility, genetic isolation, and speciation 
on islands compares favorably with the utility of the concept in other contexts, 
for example, cichlid fishes in historical complexes of lacustrine "islands" (Turner 
1999) and truly insular radiations in other birds (Amadon 1966a; Morse 1975; 
Grant 1981b, 1983c, 1998a, b; Schluter 1994, 1996b, 2000a, b). Extreme dietary 
versatility and plasticity of foraging tactics are the most important aspects of the 
feeding ecology of most rallids (Appendix 6). Even the comparatively vegetarian 
coots (Fulica) include eggs of other aquatic birds as an important component of 
their diet during breeding in some areas (Burger 1973). Opportunism of foraging 
and diet of rallids in general are indicated by a sampler of reported feeding be- 
haviors, including predation on a water snake (Hoff 1975), scavenging (Madden 
and Schmitt 1976), subaquatic capture of mollusks while wading (Kilham 1979), 
consumption of feces of waterfowl (Kear et al. 1980; Phillips 1991; Starks and 
Peter 1991), predation on passeriform birds (Jorgensen and Ferguson 1982), pre- 
dation associated with forays by army ants (Willis 1983), cannibalism (Paullin 
1987), and capture of insects exposed by trampling floating plants (Mfller 1992). 

This diversity of feeding habit and the facility with which rallids colonize 
diverse, isolated patches of habitat certainly disqualifies the rallids as candidates 
for "neophobia" in foraging tactics (Greenberg 1983, 1984a, b, 1990). Also, use 
of unusual habitat (sandstone flats and tidal zones) and anvils for exploiting mol- 
lusks as food by Chestnut Rails (Eulabeornis castaneoventris) is consistent with 
the apparent expansion of foraging niche shown by some flightless endemics 
(below), although at most this species could be considered flight-compromised 
(Woinarski et al. 1998). Variable or incipient shifts toward nocturnal foraging are 
indicated in flightless Cabalus (see below; Travers 1872), and may be suggested 
by the evident origin of intraspecific brood parasitism in flighted Gallinula with 
nocturnal visits to the nests of hosts (McRae 1996a, b). 

Increased dietary breadth in flightless rails occurs both with and without chang- 
es in bill shape. Limited information available for extinct flightless rails indicates 
broad, opportunistic feeding habits. The extinct Porzana palmeri consumed eggs 
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of terns (Sterna) opened by the Laysan Finch (Telespiza cantans), adult and larval 
dipterans, coleopterans, and lepidopterans found on or near avian carcasses (Bald- 
win 1947), and at times also carrion (Blackman 1945). Scavenging associated 
with carcasses may have been critical to the success of the crakes and to have 
(indirectly) fostered flightlessness and pugnacity (Baldwin 1947). Whether or not 
the Laysan Crake was capable of opening eggs unassisted remains a point of 
dispute; some considered the birds capable (e.g., Bailey 1956), whereas others 
demurred (Schauinsland 1899; Fisher 1903; Baldwin 1947). 

More typical of the Rallidae, Cabalus modestus was reported to prey upon 
emerging coleopterans (Hutton 1873a, b). Predation by Wekas on chicks can be 
important sources of mortality for other flightless birds (St. Clair and St. Clair 
1992). Similarly varied and opportunistic feeding habits seem likely for other 
small, flightless rails on tropical islands, including Gallirallus wakensis, G. ows- 
toni, and Hawaiian Porzana. The powerful structure of the bill of Diaphorapteryx 
hawkinsi (Fig. 1) is consistent with the suggestion by Atkinson and Millener 
(1991:174) that "... it would be surprising if neither the Giant Rail [Diaphor- 
apteryx hawkinsi] nor Dieffenbach's Rail [Gallirallus dieffenbachii] preyed on 
petrel chicks or even adult birds." Not all flightless rallids show(ed) broad, di- 
versified feeding habits. The specialized feeding habits of the Takahe•unique for 
Porphyrio in its reliance on alpine grasslands---clearly are related, directly or 
indirectly, to the decline of the species (Reid 1978; Baird 1984, 1985, 1986, 
1991a, 1992; Mills et al. 1984, 1988; Beauchamp and Worthy 1988; Bunin and 
Jamieson 1995). The specialized bill morphologies of Aphanapteryx bonasia, Er- 
ythromachus leguati, and Capellirallus karamu suggest parallel specializations of 
diet, especially given the sexual dimorphism of the former (Table 30), but virtually 
nothing is known of these extinct rails. 

Several apomorphies of the bill shown by a few flightless rails seem only 
indirectly related to the loss of flight, but are notable for having arisen several 
times in flightless rallids and convergently in a number of other avian families 
(Hofer 1945; Bamikol 1952; Zusi 1993): pronounced elongation (e.g., Capellir- 
allus karamu; cf. Apteryx, Ibidorhyncha, Nycticryphes, and multiple scolopacids); 
massive deepening (Porphyrio mantelli-group; cf. moa-nalos [Anatidae] and Dro- 
mas); and strong decurvature (Gallirallus dieffenbachii, Cabalus modestus, Ca- 
pellirallus karamu, Diaphorapteryx hawkinsi, Aphanapteryx bonasia, and Ery- 
thromachus leguati; cf. threskiornithids, multiple charadriiforms, Mesitornis, as 
well as variable numbers of cuculids, coraciiforms, dendrocolaptids, formicariids, 
drepanidids, meliphagids, and mimids). It is noteworthy that most of the flightless 
rallids that possessed strongly decurved bills (e.g., G. dieffenbachii, D. hawkinsi, 
A. bonasia, and E. leguati) evolved on islands lacking other taxa, flightless or 
otherwise, that possessed such specializations (e.g., kiwis, ibises, and curlews). 
The sole exception to this complementarity is Capellirallus karamu, which co- 
existed with apterygids on the North Island of New Zealand. This pattern is 
consistent with the conspicuous absence of a rallid with an elongated bill (e.g., a 
derivative of Railus) on the Hawaiian archipelago, where at least two species of 
flightless ibises (Threskiornithidae) occurred (Olson and James 1991). Birds 
equipped with elongated and strongly decurved bills evidently are able to probe 
and search soft earth and forest litter or shallow water more efficiently for soft- 
bodied prey than those with shorter, straight bills (e.g., Porzana). 
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The remaining specialization of the bill shown by flightless rails--the extraor- 
dinary deepening of the bill of the takahes (Porphyrio mantelli and P. hochstet- 
teri)--is interpretable as an apomorphy that facilitates the efficient use of high- 
elevational grasses and foraging under syntopy with potential competitors. This 
specialization, presumably advantageous under past regimes, is related at least in 
part to the precarious current status of the species, both through climatic reduction 
in such habitats and competition with introduced foragers for remaining resources 
(Turbott 1951a, 1967; Williams 1952, 1960; Reid 1974b, 1978; Mills 1975, 1978, 
1985; Williams et al. 1976; Lavers and Mills 1984; Mills et al. 1984, 1988; 

Beauchamp and Worthy 1988; Bunin and Jamieson 1995). A notable exception 
among flightless rails, and one showing the greatest success in the face of chang- 
ing circumstances, is the Weka (Gallirallus australis-group), which has aug- 
mented the already broad omnivorous diet of its righted congeners (e.g., G. phi- 
lippensis-group) to include comparatively greater numbers of eggs, small birds 
(e.g., nestling procellariiforms), lizards, and carrion, by employing diversified for- 
aging methods (e.g., hammering of wood, entering of nesting burrows and tree 
hollows, and following wild pigs), and ingestion facilitated by a 40-ram gape 
(Marchant and Higgins 1993). 

Comparisons with otherfiightless birds.--In addition to the much-studied eco- 
logical implications of depauperate faunas and vacant niches on islands, ecological 
extremity also is characteristic of many tropical islands (Carlquist 1965, 1974, 
1980), and adaptation to live on such "desert islands" or other environmental 
challenges by insular birds represents a special case of subsistence under extreme 
conditions (Andreev 1999). Many insular birds show exceptionally broad diets. 
Particularly compelling are instances of unique feeding methods in insular birds, 
including comparatively high reliance on egg-eating (Hatch 1965; Harris 1968; 
Bowman and Carter 1971; Grant 1986), sanguinivory (Bowman and Billeb 1965; 
Harris 1968), tool-using (Millikan and Bowman 1967), and parasitism of sea lions 
(Trimble 1976). Among flightless birds, highly specialized herbivory evidently 
characterized the extinct moa-nalos of Hawaii (James 1997). 

The Auckland Islands Teal consumes more animal prey and forages on land 
and at night more frequently than its continental relatives (Livezey 1990). Weller 
(1980) reasoned that the finer bill lamellae of insular waterfowl improved the 
capture of invertebrates. Whether these convergent dietary shifts result from com- 
petitive release in island communities (Lack 1970a, b; Wallace 1978; Weller 1980) 
or are correlates of decreased body size or simply reflect similar food resources 
available on oceanic islands is not clear. A similar pattern characterizes the steam- 
er-ducks (Tachyeres), in which the three, large flightless species have relatively 
or (in some cases) absolutely fewer bill lamellae than their smaller, righted con- 
gener (Livezey 1989e). Unlike the Anatidae, flightless members of the Rallidae 
do not possess elaborate lamellar or other refinements for filtration of aquatic 
prey; the closest approach to these specializations occurs in coots (Fulica). The 
Kakapo is a highly specialized herbivore, a comparatively rare dietary mode in 
birds (Morse 1975; Grajal et al. 1989) that requires a substantial digestive tract 
(Karasov 1990), and encumbers birds with massive ingesta (Dudley and Vermeij 
1992), a characteristic generally associated with large body mass (Morton 1978; 
McNab 1988) and which may have hastened flightlessness in this unique parrot 
(James et al. 1991; Livezey 1992b; Powlesland and Lloyd 1994). 
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Unfortunately, most flightless neognaths are either extinct or poorly known 
ecologically (e.g., extinct anatids and raphids), and remain the subject of specu- 
lation. Whether flightlessness and concomitant anatomical changes were associ- 
ated with a dietary shift in the extinct Auckland Islands Merganser never will be 
known (Livezey 1989b). Based on the meager observational evidence available, 
Rapbus cucullatus and Pezophaps solitaria can be inferred to have been "obli- 
gate," somewhat specialized terrestrial foragers (Sherry 1990), probably relying 
most heavily on fallen fruit. Ingestion of bulky foods by them was facilitated by 
a large crop, and digestion evidently was aided by a powerful gizzard enclosing 
gastroliths (Strickland and Melville 1848; Owen 1866a; Hachisuka 1953; Livezey 
1993b). Diets of the extinct raphids may have been similar to those of the massive, 
probably flightless megapode Sylviornis neocaledoniae of New Caledonia (Poplin 
and Mourer-Chauvir6 1985). Acquisition of gastroliths also was typical of the 
ponderous, herbivorous, flightless moas (Dinornithiformes) of New Zealand (Ar- 
chey 1941; Oliver 1949; A. Anderson 1989). Here again, potential morphological 
specializations that might have permitted more efficient exploitation of available 
foods by rallids (e.g., expansive crops, powerful gizzards, utilization of gastroliths, 
or capacity for digestion of crude vegetable matter) were not an inheritance of 
modern Rallidae. 

Are flightless rails specialists or generalists as foragers?--The preceeding sur- 
vey of foraging habits and diets of righted and flightless rails indicates that the 
majority of species are (were) generalists having unusually broad behavioral rep- 
ertoires for the capture of food. These versatile species include most genera in 
the Rallidae, including the speciose Aramides, Rallus, Gallirallus, Laterallus, Por- 
zana, and Gallinula (Appendix 6). Several genera (notably Porphyrio) comprise 
a majority of species having comparatively broad diets, and a minority of flightless 
members having specialized feeding niches. Although a few more flightless rallids 
possessed specialized bills suggestive of dietary specialization (e.g., Habroptila 
wallacii, Diaphorapteryx hawkinsi, Aphanapteryx bonasia, Erythromachus legua- 
ti, and Capellirallus karamu), rarity or early extinction preclude detailed tests. 
These exceptional species aside, however, it seems clear from available data on 
diet, foraging habits, and morphology that most flightless rails, like their righted 
relatives, can be characterized as generalists, differing perhaps in tendencies to- 
ward opportunism. 

FLIGHTLESSNESS, MOBILITY, AND REPRODUCTION 

General avian principles and sectional organization.--Natural selection hinges 
on differential reproduction, a criterion critical in theoretical explorations of evo- 
lutionary trade-offs (MacArthur 1962; Sanfriel 1975; Alerstam and H6gstedt 
1983; Nur 1988). Despite a comparative wealth of basic data and organizational 
schemes (e.g., classifications of avian mating systems [Ligon 1999]), the deriva- 
tion of an inclusive explanation for the fundamental aspects of avian life histories 
has proven elusive, primarily because of the interrelationships among the param- 
eters of reproduction (e.g., mating system, number of clutches per year, number 
of eggs per clutch, and egg size) and the diversity of selective agents that act 
upon them (Ricklefs 1974, 2000; Bryant and Tatner 1988; Partridge 1989; Bennett 
1997). Reduction in body mass (and associated nutrients) of females during egg- 
laying and incubation has been debated as a proximate index to the costs of 
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reproduction, including for rails (R. •. Norberg 1981; Reznick 1985; Bryant 
1988; Moreno 1989; Steams 1992; Arnold and Ankney 1997; Thomson et al. 
1998). Toward emphasis on information that serves the primary focus of this 
monograph, reproductive biology will be considered with respect to general avian 
principles, patterns in rallids (righted and flightless), and comparisons with shifts 
apparently related to flightlessness in other taxonomic families. 

Mating systems.---Although preliminary analyses based on the phylogenetic hy- 
pothesis of Sibley and Ahlquist (1990) have been attempted (Sil16n-Tullberg and 
Temrin 1994; Temrin and Sil16n-Tullberg 1994, 1995), much of the current knowl- 
edge derives from broad generalizations drawn from the body of monospecific 
studies. Reviews of avian mating systems generally point to the plesiomorphic 
condition of most taxonomic families as being one of monogamy, despite the 
inherent ambiguity of the concept (Wickler and Seibt 1983), with a growing body 
of evidence that polyandry (Faaborg 1981; Ward 2000) and cooperative breeding 
(Emlen 1978; Koenig and Pitelka 1981; Gibbons 1986, 1987; Brown 1987; Ko- 
enig and Stacy 1990; Koenig et al. 1992; Cockburn 1998) are not uncommon and 
in some taxa are intraspecifically variable or coincident (Orians 1969; Verner and 
Wilson 1969; Jenni and Collier 1972; Kendeigh 1972; Jenni 1974; Emlen and 
Oring 1977; Murton and Westwood 1977; Oring 1982; Knoppien 1985; Davies 
1991). 

In addition to the long-recognized importance of mate choice for sexual selec- 
tion and signals of reproductive status in the acquisition of viable primary (and 
possibly extra-pair) mates in many avian taxa (Crawford 1978; Miskelly 1981; 
Rohwer 1982; Eddleman and Knopf 1985; M011er and Birkhead 1994), the critical 
energetic burden of reproduction on adults (King 1973; Calow 1979; Loman 1982; 
Walsberg 1983; Reynolds and Sz6kely 1997) and the related, formerly underap- 
preciated importance of helpers for nuturing of related offspring (Brown 1978) 
have become recognized as critical. Also of broader recognition are the roles of 
mate guarding for evolution of parental care (van Rhijn 1991) and the prevention 
of independent breeding by young adults in early adulthood through cooperative 
breeding (Arnold and Owens 1999). 

Brown (1987) found few useful phylogenetic patterns below familial level in 
the incidence of communal breeding in birds, but concluded that such systems 
are more frequent in taxa (including the Rallidae) at low latitudes, in hot climates, 
and possibly under regimes of unpredictable rainfall. Leisler et al. (2002) estab- 
lished a relationship between cooperative breeding and monogamy and poor hab- 
itats in acrocephaline warblers, in which productive habitats are conducive to 
polygyny, leading to a view of breeding systems as comparatively plastic traits. 
Among the Rallidae, variation in mating system and flight capacity is encountered 
among the basalmost nodes in the family (Livezey 1998; Appendix 6), an obser- 
vation perhaps relevant to the cooperative polyandry of the related family Pso- 
phiidae (Sherman 1995a, b, 1996). However, the sister-family Heliornithidae (Liv- 
ezey 1998) is characterized by monogamy (Percy 1963; Alvarez del Toro 1971). 
Variably pronounced communal breeding systems have been observed in at least 
some of the righted populations of Porphyrio, whereas flightless P. hochstetteri 
evidently practices monogamy, perhaps of life-long duration (Jamieson and Craig 
1987a, b; Craig and Jamieson 1990; Jamieson 1997; Birkhead 1998; Goldizen et 
al. 2000). In Pukekos, an advantage for females from multiple paternity is in- 
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creased paternal care of the nest and brood. Such complex mating systems also 
carry implications for participating males (Ligon 1999), including both positive 
aspects (e.g., mutually advantageous alliances in paternal care) and negative im- 
plications (e.g., sperm competition); the latter may contribute to widespread ter- 
ritoriality among males (Birkhead 1998). Given that a low "cost" of sharing 
males by females with respect to parental care is an important component favoring 
avian polygyny (Searcy and Yasukawa 1995), it is not surprising that polygyny 
is rare among the Rallidae (P. B. Taylor 1996, 1998; Ligon 1999). Polygyny would 
seem to be even more unlikely among flightless rallids, in that the reduced mo- 
bility of males would place more stringent limits on the size of breeding territory 
that could be defended in most cases, thereby increasing the likelihood that po- 
lygyny would prove unfavorable to females simultaneously sharing mates. 

Comparable variation in mating systems, in which variably frequent, sometimes 
serial polyandry has been documented, characterizes a number of other rallid 
genera having members favoring open-water habitats: Porphyrio (e.g., Wettin 
1984), Porzana (Wintle and Taylor 1993; Bockheim and Mezzell 1999), Tribonyx 
(Maynard Smith and Ridpath 1972; Ridpath 1972a-c; Goldizen et al. 1993, 1998a, 
b, 2000), and Gallinula (Garnett 1978, 1980; McRae 1996a, b). Likewise, visual 
signals of reproductive and territorial status (e.g., size and seasonally varying 
coloration of cristae frontales) and age-related variance in reproduction (Gullion 
1951; Crawford 1980) are notable in Gallinula (Eskell and Garnett 1979) and 
more-aquatic Fulica (Visser 1988). The similar frequencies of these departures 
from monogamy in rallids suggest a possible importance of habitat and flight- 
lessness in the adoption of specialized breeding systems. With the exception of 
Tribonyx mortierii, flightless rails for which data are available show no such 
departures from the presumptive familial plesiomorphy of monogamy (Appendix 
6; P. B. Taylor 1996, 1998). To the extent that polygamous matings or reproductive 
groups involve breeding among a restricted subset of individuals, such systems 
would not be favorable on genetic grounds in that small, insular demes would 
intensify the effects of inbreeding depression (MacArthur and Wilson 1967; M. 
Williamson 1981). Adler and Levins (1994) suggested that crowding and ulti- 
mately reduced reproductive effort and favored greater body size follow coloni- 
zation in insular rodents. Both tendencies appear to apply to a number of flightless 
Rallidae (e.g., Porphyrio hochstetteri, Gallirallus australis, Porzana atra, and 
Gallinula comeri [Appendices 1 and 6]). 

As reported for those rallids exhibiting variation in mating system (Appendix 
6), the mating system of the paleognathous kiwis (Apterygidae: Apteryx)--which 
are similar to many rallids in their flightlessness, terrestrial feeding modes, and 
precocial development (Winkler and Walters 1983)--is essentially monogamy 
(Folch 1992; Taborsky and Taborsky 1999). The mating systems of other ratites 
range from monogamy to polyandry, some of which manifest considerable intra- 
specific variation principally related to climate (Folch 1992). Flightless neognaths 
of a number of higher taxa, most of which inhabit(ed) temperate latitudes and 
possess(ed) limited reproductive seasons, conserve(d) plesiomorphic conditions of 
monogamy (Livezey 1988, 1989a-c, 1990, 1992a, b). A notable exception evi- 
dently was Pezophaps of Rodriguez, in which observations of mating-related 
combat among males, possible leks, and carpometacarpal armature strongly in- 
dicate polygyny, in contrast with evident monogamy of the Dodo (Livezey 
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1993b). The plausibility of lek-breeding in the Solitaire is enhanced by the use 
of leks and polygamous mating of the Kakapo, which in combination with a 
highly skewed sex ratio, was to have unforeseen, potentially disastrous implica- 
tions for the preservation of the species (Livezey 1992a). 

Location and structure of nests.-•Nests of terrestrial birds serve multiple pur- 
poses (Martin 1995, 1998; Soler et al. 1998), including enclosure of the clutch 
en mass for incubation, provision of cover from the elements for the incubating 
adult (Williams 1996b), and concealment of the eggs from predators or birds 
(often conspecific) that seek to lay eggs in the nests of others (i.e., nest parasites). 
In addition, predation on nests and eggs holds implications for sexual dichro- 
matism, especially selecting for cryptic plumage patterns in incubating females 
where aerial predators are prevalent (Martin and Badyaev 1996). For similar rea- 
sons, crypsis of nests can be afforded by males feeding incubating females (Martin 
and Ghalambor 1999). The evolutionary ecology of nest parasitism (Yom-Tov 
1980) and brood amalgamation (Weller 1959; Andersson 1984, 2001; Savard 
1987; Eadie et al. 1988; Rohwer and Freeman 1989; Beauchamp 1997) has been 
the subject of comparatively intensive, continuing study. Most recently, models 
presented by Zink (2000) suggested that brood parasitism in birds was favored 
(relative to solitary or cooperative nesting) where relatedness among breeding 
adults was low and parasitic individuals could achieve high fecundity, whereas 
cooperative nesting was favored by high relatedness and low skewness in repro- 
ductive contributions of members of the population. 

Behavior evidently contributory to concealment of nests was observed in nest- 
ing rallids (Arnold 1992a, b), as were relative rewards for defense of nests (Mont- 
gomerie and Weatherhead 1988). The construction of canopied nests among flight- 
ed and flightless rallids of diverse relationships is relatively widespread among 
species nesting on the ground or aquatic vegetation (Appendix 6; Hansell 2000). 
In addition to concealment from potential predators of incubating adults and eggs, 
the frequency of nest parasitism among rallids (Petrie 1986; Lyon 1991, 1993a, 
b; MacRae 1995, 1996b, 1997; Sorenson 1995; McRae and Burke 1996) alone 
may qualify this phenomenon as potentially critical on islands that host(ed) more 
than one species of rail. 

Nesting habits of ratites reveal little about the physical accommodation of in- 
cluded clutches. For example, in struthionids and rheids, several females lay eggs 
in a common nest to be incubated by their shared mate, and the resultant volume 
necessitates a substantial nest bowl (Folch 1992). Among the Anseriformes, too, 
is a relative conservatism of nesting habits with the loss of flight, excepting those 
taxa for which nest sites are unknown (e.g., Cnemiornis and moa-nalos). Common 
to all others (e.g., Tachyeres spp., Anas aucklandica, and Mergus australis) is the 
predictable exclusion of nest sites that make terrestrial approach difficult or that 
are especially vulnerable to detection by aerial predators (e.g., skuas and gulls). 
A conservatism of at least aggregations of nests by the extinct Chendytes (Livezey 
1993c)--possibly plesiomorphic for these apparent relatives of the colonial eiders 
(Anatidae: Somaterina)--may extend the conservatism of nesting habits with the 
evolution of flightlessness (Guthrie 1992). Similarly, nesting habits of flightless 
grebes reflect their limited locomotory capacity in the restriction of suitable nest 
sites to overwater platforms on the narrowly circumscribed, high-altitude lakes of 
each species (Livezey 1989d). Flightless seabirds of two orders, the Great Auk 
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and Galapagos Cormorant, construct(ed) nests characteristic of respective confam- 
ilials, but limited this activity to shorelines approachable on foot from the sea 
(Livezey 1988, 1992a), similar in most respects to those of penguins (Livezey 
1989c). Like penguins and righted cormorants, the Galapagos Cormorant nests 
colonially, although these colonies are comparatively small and only loosely sea- 
sonal (Swarth 1934; Snow 1966; Harris 1973; Livezey 1992a). What is known 
of the nesting habits of the critically endangered Kakapo (Livezey 1992b) and 
the extinct raphids (Livezey 1993b) conforms with this pattern of limited change 
with flightlesseness, in which the terrestrial locations of nests that evolved or were 
conserved under insular conditions provided little protection upon the introduction 
of mammalian (including human) predators. 

Sizes of clutches and eggs.--Investments related to reproduction account for a 
significant portion of the annual energetic budgets of most birds (Meijer and Drent 
1999); may affect development of embryos via composition and size of eggs 
(Byefly 1932; Lack 1968a; Sotherland and Rahn 1987; Ricklefs and Starck 
1998a); and are reflected in decreases in body mass, declines in reserves of protein 
and lipids, and ancillary changes in organs of adults before and during mating 
and nesting periods (Blem 1976, 1990; Jones and Ward 1976; Korschgen 1977; 
Fogden and Fogden 1979; Raveling 1979; Wypkema and Ankney 1979; J. R. 
King 1981; Robbins 1981; Houston et al. 1983; Ankney 1984; Gauthier et al. 
1984; Austin and Fredrickson 1987). These physiological changes may be related 
to decreased immuno-competence (Deerenberg et al. 1997; Weber and Korpim'fiki 
1998). However, suggestions of a disproportionate decrease in body mass in larger 
individuals during breeding evidently represent a statistical artifact (Gebhardt- 
Henrich 2000). 

Fundamental, quantitative reproductive parameters in birds are sizes of clutches 
and dimensions of eggs, if for no other reason than ease of quantification. Despite 
the evident plesiomorphy of oviparity in Aves and Reptilia sensu stricto (Bellairs 
1960), the implications of egg mass for flight led Blackburn and Evans (1986) to 
consider the evolutionary implications of oviparity in birds. These investigators 
concluded that the absence of viviparity among flightless birds (especially ratites), 
and the presence of viviparity in bats (Chiroptera), invalidated a traditional ar- 
gument that the mechanical constraints of flight precluded intrauterine develop- 
ment of embryos in birds (Dorst 1974). Nonetheless, eggs are a critical currency 
of reproduction comprising several important parameters, some of which, notably 
clutch size, have been demonstrated to be heritable in natural populations (Lack 
1947b, c; van Noordwijk et al. 1981; Gustafsson 1986; Findlay and Cooke 1987; 
Gibbs 1988; Godfray et al. 1991). Reiss (1985, 1989) found that larger species 
tend to invest relatively less in their offspring (including propagules) because of 
the comparatively high absolute energetic demands of maintenance of other es- 
sential bodily functions, but the complexity of relationships between body size 
and reproductive parameters (among other critical characteristics of life history) 
may defy simple interpretation (Brown et al. 1978). 

Clutch size is an important and comparatively variable component of avian 
reproductive strategies (Cody 1966; Lack 1968b; Royama 1969; Klomp 1970; 
Yom-Tov and Hilborn 1981; Loman 1982; Cooke et al. 1990). An intuitive re- 
lationship between food supply and clutch size has been inferred in birds (Lack 
1947b, 1948; Hussell 1972). Klomp (1970) argued that selection should favor 
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large clutches, predicting the largest clutches to be the most successful, leading 
to a progressive increase in modal size. The latter prediction differs from the 
traditional expectation that the modal clutch size should approximate the observed 
mode (Lack 1954), a general correspondence that H6gstedt (1980, 1981) recon- 
ciled with field data through an inferred dependence between optimal clutch size 
and quality of accessible habitat. Price and Liou (1989) confirmed the observation 
of Klomp (1970), but concluded that this reflected a correlation between condition 
of the female both to lay eggs and rear young. Reviews of avian clutch size from 
a perspective of life-historical trade-offs included those of Cody (1966), Loman 
(1982), and Charnov and Krebs (1974). Cooke et al. (1990) theorized that clutch 
size should conform comparatively directly with the predictions of fitness pio- 
neered by Fisher (1930) and Wright (1949). Lepage et al. (1998) found enhanced 
fledging success in large clutches in a precocial species. 

An important component of avian reproduction is the trade-off between number 
and size of offspring (Smith and Fretwell 1974; F. C. Rohwer 1989; Vifiuela 1997; 
Sinervo 1999), and a general inverse relationship between these parameters has 
been confirmed for birds (Drent and Daan 1980; Rohwer 1988; Rohwer and Ei- 
senhauer 1989; Roff 1992). Despite intraspecific variation in size and composition 
(Williams 1994), variable correlations have been inferred between egg size and 
body size (Huxley 1927), taxonomic group (Heinroth 1922; Amadon 1943b; Mo- 
reau 1944), relative size of yolk (Sotherland and Rahn 1987), and sexual dimor- 
phism (Weatherhead and Teather 1994), including insular effects (Blondel et al. 
2002) and recruitment (Lundberg and V•iis'finen 1979). 

Among precocial birds, species laying large eggs also tend to produce hatch- 
lings of larger size and greater energy stores, particularly if the enlarged eggs 
contain appreciably more yolk (Lack 1967, 1968a; Ar and Yom-Tov 1978; Carey 
et al. 1980). Such variations in physiological allocations apparently are controlled 
by endocrinological adjustments and may constrain tracking of environmental 
changes (especially in temperate zones) by avian populations (Jacobs and Wing- 
field 2000). Vleck and Bucher (1998) compiled mean compositions of eggs by 
avian order, listing those of gruiforms as averaging 32% yolk, 76% water, and 
having an energy density of 6 kJ.g -•. A direct relationship between egg size and 
survivorship of young has been documented in several species of waterfowl, an 
advantage effected in part by egg size and enhanced skills in foraging and loco- 
motion upon hatching (Hepp et al. 1987; Dawson and Clark 1996; Erikstad et al. 
1998; Anderson and Alisaukas 2001, 2002). 

Large eggs also require longer incubation periods (Worth 1940; Rahn and Ar 
1974; Drent 1975; Thomason et al. 1998), despite considerable variation in the 
relationship between egg size and incubation period at diverse taxonomic levels 
(Nice 1954; Boersma 1982; Ricklefs and Starck 1998a, b; Starck and Ricklefs 
1998b, c), during which there can be higher risk of breakage and predation (Ar 
et al. 1979; Rahn and Paganelli 1989). Lima (1987) and Milonoff (1989) consid- 
ered the risk of predation as critical in the evolution of clutch size and associated 
incubatory demands, and the former was extended to a suite of reproductive 
decisions by Lima and Dill (1990). Shine (1978, 1989b) regarded large size of 
propagules as indicative of the comparative security of eggs during development. 
This hypothesis of the "safe harbor" afforded eggs through incubation and brood- 
ing was judged by Ydenberg (1989) to be applicable to the Alcidae, but that this 
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relative security is balanced against the comparatively higher developmental rates 
of juveniles attainable at sea. Precocial development such as characteristic of the 
Rallidae may suggest that the latter outweighs the former early in life in taxa so 
characterized. 

General parameters of reproduction in the few comparatively typical (i.e., flight- 
ed) members of the Rallidae (Table 80; Appendix 6) are not exceptional for birds 
in general (Lack 1954; Amadon 1964; Alisankas and Ankney 1985); the complete 
absence of information for Rallicula and Amaurornis ineptus is noteworthy. Sim- 
ple comparisons of clutch sizes (Appendix 7) indicate that most flightless lineages 
have undergone decreases in numbers of eggs laid, reductions in fecundity that 
not infrequently represented a halving of modal clutch size. A graphical analysis 
of clutch mass for members of the Rallidae, also including information on egg 
size with clutch size (Fig. 125), principally revealed that investment in clutches 
relative to body mass declined in flightless species having undergone increases in 
the latter. The few flightless species of rail for which reproductive data were 
available showed the opposite trend, in which reproductive investment essentially 
was conserved despite the decrease in body size (Fig. 125). One marginal excep- 
tion to this pattern is the relatively large eggs laid by the flightless Atlantisia 
rogersi (Appendix 7; Rothschild 1928). These findings indicate that reproductive 
investments remained roughly constant in flightless lineages, in which changes in 
relative clutch mass largely reflect changes in body mass. 

Other notable reproductive modalities include the apomorphic extremes of fe- 
cundity shown by a number of comparatively widespread, righted, aquatic, and 
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mid-sized species of the Northern Hemisphere (Rallus aquaticus, R. limicola, R. 
elegans, R. longirostris, Porzana carolina, P. parva, and P. porzana). That is, 
the rallids most familiar to European and North American ornithologists are char- 
acteristically familial extremes in fecundity and (in some cases) total clutch mass 
(Appendix 7). Also, the large eggs of American Coots (Fulica americana) con- 
tained proportionately more yolk than smaller eggs, a characteristic associated 
with higher mean lean dry masses of hatchlings (Alisauskas 1986), although 
clutches contain more eggs than normally can be reared to fledging (Forbes and 
Mock 2000) and vary considerably in the genus (Arnold 1991). 

Other flightless birds vary greatly in the changes indicated for the key repro- 
ductive parameters of clutch and egg size, perhaps the most striking being the 
uniquely great egg size of Apteryx (Reid 1971a, b, 1972, 1977; Calder and Rowe 
1977; Calder 1979, 1991), a proportionality that Reid and Williams (1975) in- 
ferred to reflect an apomorphic reversal in body size shown by the kiwis among 
ratites. Despite great absolute size of eggs of other ratites (e.g., Struthio, and the 
record-holding Aepyornis), neither relative egg size (given the great body mass 
of adults) nor clutch size is exceptional in other ratites (Schfnwetter 1960a; Folch 
1992). 

With the exception of two species of flightless steamer-ducks, which are un- 
remarkable in reproductive characteristics (Livezey and Humphrey 1985a, b), 
flightless neognaths other than rallids are insular. Corollaries of reproduction in 
diverse organisms in insular environments are numerous (Carlquist 1965, 1974; 
Abbott 1980), and examples involve virtually all strategies known for the taxo- 
nomic groups represented (Whittaker 1998). Insular waterfowl (notably Anas) are 
characterized by unusually small clutches of disproportionately large eggs (Schfn- 
wetter 1960b, 1961; Lack 1970b; Weller 1980; Rohwer 1988), consistent with a 
general inverse correlation between life span and simple clutch size among K- 
selected species (Haukioja and Hakala 1979), although decreases in reproductive 
investment relative to body mass are not sustained in most species (Lack 1967). 
However, the massive eggs and small clutches of the Auckland Islands Teal rep- 
resent an extreme example of increased per capita reproductive investment (Weller 
1975; Livezey 1990; Williams 1995), shifts that are indicated to a lesser degree 
in other, comparatively weakly modified Anas of oceanic islands (Livezey 1993a). 

Changes in sizes of eggs or clutches of insular birds also were not demonstrated 
for the Great Auk (Livezey 1988), the Galapagos Cormorant (Livezey 1992a), or 
the Kakapo (Livezey 1992b). Information was not available for the extinct Auck- 
land Islands Merganser (Livezey 1989b) and was only marginal for the raphids 
(Livezey 1993b). The Dodo laid clutches of single eggs (Livezey 1993b). Assum- 
ing that the raphids did not lay overlapping clutches (Burley 1980) and that eggs 
of columbiforms are calorically comparable (Ar and Yom-Tov 1978; Carey et al. 
1980), extrapolations from relationships for members of the Columbiformes and 
other birds (Rahn et al. 1975; Saunders et al. 1984; Robertson 1988) indicate that 
the Dodo and Solitaire invested relatively little in their eggs. 

Parental care and development of hatchlings.---A preliminary analysis of high- 
er-order phylogenetic effects (conditioned on groups delimited by Sibley and 
Ahlquist [1990]) in the evolution of growth rates and mode of development in- 
dicated that body size was the predominant influence on ordinal differences in 
rate (Starck and Ricklefs 1998b); the mode may have been related to develop- 
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mental timing and ultimate size of the nervous system (Ricklefs and Starck 
1998b). An assumption that an observed growth schedule represents a global 
optimum for a given species is unrealistic, and instead reflects a minimum period 
attainable given the phylogenetically constrained and selectively maintained limits 
of metabolism (Kirkwood 1983) and provision of food (Ricklefs 1969, 1973, 
1974; Case 1978b; Drent and Daan 1980). A strong correlation between body 
size and developmental time is both intuitive and well established, with devel- 
opment generally taking absolutely longer and transpiring at a slower rate in large 
species (Ricklefs 1973, 1983a, 1998a, b), despite variable heritability of body size 
(Kruuk et al. 2001). However, other factors have been implicated in the evolution 
of developmental rates, including the relative risks of predation for young at 
different developmental stages (Shine 1978, 1989b; Bosque and Bosque 1995), 
the relative size of adult females (Reiss 1987), comparatively variable levels of 
paternal care (Kendeigh 1952; Maynard Smith 1977; Ridley 1978; Silver et al. 
1985; Clutton-Brock 1991; Ketterson and Nolan 1994; Soler et al. 1998), and 
sex-biased parental care (Lessells 1998). With respect to flightless rails, perhaps 
most promising are the competitive advantages of rapid development and large 
size in K-selected insular environments (Lack 1970a, b; M. Williamson 1981; 
Boyce 1984; Rohwer 1988). 

Beyond the role of parents in development of young are several variables of 
potential importance for rails, including possible contributions of cooperative (of- 
ten polyandrous) breeding and helping behavior among pairs and unmated adults 
(MacRoberts and MacRoberts 1976; Emlen 1978; Faaborg 1981; Koenig and 
Pitelka 1981; Gibbons 1986, 1987; Brown 1987; Koenig and Stacy 1990; Koenig 
et al. 1992; Cockbum 1998; Ward 2000). Helpers related to the breeding pair 
likely increase their probability of occupying the parental territory in subsequent 
years, thereby more than compensating for a delay in individual mating (Stacey 
and Ligon 1987, 1991). However, ecological constraints imposed by critical re- 
sources also are important (Houston 1987; Koenig and Stacey 1990), and argu- 
ments based on inclusive fitness have not been confirmed in some species (de 
Jong 1994), including Porphyrio (Craig and Jamieson 1990). 

Amalgamation of unrelated broods•ither through deposition of eggs in the 
nests of other, typically conspecific pairs (nest parasitism or prehatch amalgam- 
ation [Weller 1959; Yom-Tov 1980; Andersson 1984; Savard 1987; Eadie et al. 
1988; Rohwer and Freeman 1989; Beauchamp 1997; Zink 2000]) or after depar- 
ture from the nests (e.g., formation of crbches or posthatch amalgamation [Ried- 
man 1982; Savard 1987; Eadie et al. 1988]) are not well understood from the 
standpoint of selective advantages; the former is considered among the K-selected 
traits for North American Anatidae by Eadie et al. (1988). In that both prehatch 
and posthatch amalgamation of broods has been observed in at least some rallids, 
especially comparatively aquatic species (Gibbons 1986; Lyon 1991, 1993a, b; 
McRae 1995, 1996a, b, 1997; Sorenson 1995; McRae and Burke 1996), the rel- 
ative frequency of such ancillary activities in the reproduction of flightless rails 
is warranted. Communal nesting, involving nonreproductive helping by often re- 
lated subordinate individuals, is frequent in continental Porphyrio and some mem- 
bers of the Fulicarina as well (Craig 1976, 1977, 1979, 1980a, b, 1984; Krekorian 
1978; Craig and Jamieson 1985, 1988, 1990; Jamieson and Craig 1987a, b; Ja- 
mieson et al. 1994; Lambert et al. 1994; Jamieson 1997). 
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Although the apparemly plesiomorphic condition of monogamy of the Rallidae 
may be primarily explanatory of biparemal incubation, the need for frequem 
changeovers between incubating birds as a means to regulate temperatures of eggs 
(Gram 1982) may be a contributory factor for rails nesting on tropical islands 
(e.g., Gallirallus wakensis and Porzana palmeri). Based on analysis by Livezey 
(1998), the precocial developmere of the Rallidae is plesiomorphic for the Grui- 
formes, with the altffcial condition of the Heliornithidae evidently being derived. 
This agrees with the broad polarities inferred by Starck and Ricklefs (1998a) for 
the order. Hatchlings of members of the Rallidae generally possess downy plum- 
age, early motor and locomotor activity, and at an early age follow and are fed 
by their parents (P. B. Taylor 1996, 1998). Early attainment of locomotor capa- 
bility distinguishes traditional altffcial and precocial groups (Ricklefs and Starck 
1998b; Starck and Ricklefs 1998a) and relative variation in lengths of develop- 
mental period indicate that this parameter plays a fundamental role in the in- 
creased body sizes of many flightless rails (Table 80). In other words, whereas 
dietary limitations may be responsible for the modest dwarfism or approximate 
stasis in adult body sizes of a minority of flightless rails, the variable increases 
in body mass shown by a majority of flightless rallids are produced simply by 
corresponding extensions of growth periods. During the protracted developmental 
periods of the larger flightless species in which the juveniles remain in the com- 
pany of their parents or helpers, learning of complex or specialized techniques 
for foraging may be substantially improved (Heinsohn 1991). 

The evolutionarily intriguing frequency of communal-nesting, pre- and post- 
hatch brood amalgamation in continental Porphyrio, Porphyrula, Gallinula, and 
Fulica (citations above)--typically denizens of open-water habitats-•evidently 
has no strong association with insularity or with flightlessness per se. However, 
it is noteworthy, that examination of limited field data (P. B. Taylor 1996, 1998) 
indicates that these departures from plesiomorphic monogamy are either very 
infrequent or absent in flightless members of two of these genera (Porphyrio 
hochstetteri and Gallinula corneri). Exceptional in this regard are some of the 
vaffably constituted reproductive arrangements documented in Tribonyx rnortierii 
of Tasmania (Goldizen et al. 1993, 2000; Gibbs et al. 1994). The implications of 
this apparent difference are challenging to infer in light of the multiplicity of 
other ecological differences confounding these pairwise comparisons (Ripley 
1977; P. B. Taylor 1996, 1998). 

In most ratites, among which the allocation of duties of incubation and brood- 
care vary considerably, large body size requires that developmemal periods be 
protracted, and young sometimes remain with the attending adult(s) for a year or 
longer (Folch 1992). These generalities do not extend to the comparatively small, 
noctural Apteryx, in which monogamy is the rule, incubation is prolonged by the 
disadvantaged combination of large eggs and low body temperatures of adults, 
and in which the young attain independence (typically within the parental terri- 
tory) several weeks after hatching (Calder 1979, 1991; Folch 1992). The relatively 
high vulnerability of immature individuals of the large, cursoffal ratites (e.g., 
Struthio) to predation evidently is ameliorated to some extent by formation of 
crbches in several taxonomic families, over which adults genetically related to 
one or more of the constituent broods maintain vigilance for several months 
(Folch 1992). 
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With the exception of the Auckland Islands Teal, which is exceptional in the 
parental care contributed by males (Weller 1975; Livezey 1990), consistent dif- 
ferences between continental and insular Anas in parental care are not evident 
(Maynard Smith 1977; Weller 1980; Livezey 1991, 1993a). Predictably, there is 
a limit to total parental investment in dabbling ducks; this is reflected in an inverse 
relationship between number of offspring and per capita investment in offspring 
in insular Anas (Livezey 1990, 1991, 1993a). Unlike insular dabbling ducks (Liv- 
ezey 1990, 1993a), meager evidence suggests that at least some populations of 
flightless steamer-ducks form cr•ches (Humphrey and Livezey 1985), evidently 
to permit coordinated vigilance by adults or the protection afforded to immature 
birds by foraging in groups during their protracted developmental periods. 

Although the species nests in loose colonies, the Galapagos Cormorant does 
not form cr•ches (Livezey 1992a). Pezophaps solitaria may have formed cr•ches 
or social amalgamation of broods (Halliday 1978b; Livezey 1993b), and both 
raphids conformed to at least three of six characteristics shared by species showing 
alloparental care: production of single offspring, prolonged parental care, and 
limited lifetime reproductive output (Riedman 1982). In the comparatively soli- 
tary, polygynous Kakapo, in which the females mated to the same male locate 
nests in loose spatial association, young are raised with individual family units 
(Livezey 1992a). 

FOUR CASE-HISTORIES EXEMPLIFYING PRINCIPLES 

SELECTION OF EXEMPLARS 

A direct association of morphometric proportionalities indicative of flightless- 
ness in the Rallidae (Figs. 32, 59, 60) with positions of species on the r-K con- 
tinuum would provide a direct means with which to associate morphological shifts 
with ecological changes. However, the latter would require data not available for 
most modem flightless rallids and none of those taxa known only from subfossil 
skeletal remains, including detailed information on energy budgets of adults, rel- 
ative alterations of reproductive parameters, and details of developmental rates 
(ontogenetic schedules) of the pectoral apparatus for precise calibration and qual- 
itative diagnoses of heterochrony involved. The latter ontogenetic events are cal- 
ibrated by developmental time as opposed to use of size as a surrogate estimate 
of age (Godfrey and Sutherland 1995). 

Prolongation of developmental periods in rails (fiighted and flightless) seems 
inextricably tied to increased adult body mass, further confounded by the effects 
of environmental stress, caloric throughput, and supplies of nutrients (Brody 1945; 
Ricklefs 1974, 1996; Boag 1987; Beintema and Visser 1989; Dykstra and Karasov 
1993; Starck 1993; Thomas et al. 1993). Whether this relationship in rallids rep- 
resents a departure from the generality described by Carrier and Auriemma (1992) 
for fiighted birds of many avian families, in which time to fiedging (defined 
therein as capacity for flight) evidently was delimited by attainment of definitive 
lengths of appendicular elements, is not clear. The vast majority of rallids (41 
species in 15 genera) can be characterized as follows: young fully leathered at 4 
weeks after hatch, acquisition of remiges completed at 5-6 weeks, and flight 
attained at 7-8 weeks, with "fiedging" being set at roughly 5-7 weeks of age. 
However, those taxa having notably larger body masses for which developmental 
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times are available (P. B. Taylor 1998; Eason and Williams 2001) demonstrate 
that greater body size requires protracted developmental periods, even when re- 
stricting comparisons to righted taxa: Porphyrio porphyrio-group (mean adult 
mass, -550-1,000 g; age at fledging, 10 weeks); Aramides ypecaha (-700 g; 8- 
9 weeks); Eulabeornis castaneoventris (-700 g; 8 weeks); Gallinula chloropus 
and G. tenebrosa (-300 and 500 g; 7-8 weeks); Fulica atra and F. americana 
(-500-850 g; 8-10 weeks); and Fulica gigantea (2,400 g; 16 weeks). 

In lieu of such exhaustive comparisons, infeasible at present, an alternative is 
to perform comparatively detailed eco-ontogenetic contrasts of a minority of 
flightless rails and their righted relatives for which comparative data are available 
(Table 84; Appendix 6). In addition to focusing on taxa for which desired data 
were maximal, contrasts will be made for a diversity of taxonomic groups within 
the Rallidae (four tribes or subtribes) and a range of body masses. 

CASE HISTORIES FROM DIVERSE TAXA, LATITUDES, AND HABITATS 

Swamphens (Tribe Porphyriornithini).•The flightless species involved in this 
comparison (Porphyrio hochstetteri) is the largest of the species to be considered 
in detail here, and examination of the data indicates that the species underwent a 
substantial increase in size concomitant with the loss of flight (Tables 71, 84; 
Appendix 1). In addition, other apomorphies of P. hochstetteri were increased 
sexual size dimorphism (Tables 24, 26, 55, 57), a shift to upland habitats and diet 
dominated by grasses (Gurr 1951; Carroll 1966, 1969; Fordham 1983; Norman 
and Mumford 1985; Clout and Hay 1989) with associated changes in oral anatomy 
(McCann 1964; Suttie and Fennessy 1992), a demographic shift to strongly prev- 
alent (perhaps life-long) monogamy, and a halving of clutch size accompanied by 
only a modest increase in egg size. The comparatively few and massive eggs of 
P. hochstetteri require only several additional days to hatch, and a month passes 
before natal down begins to be replaced by feathers of the juvenal plumage, 
whereas time to fledging and independence of young are approximately three 
times as great as those of its smaller righted congeners (Table 84). 

Assistance by unmated birds of reproductive age, probably related to the mated 
pair and likely related to the modal 1-year delay in first breeding, is typical of 
the flightless species (Table 84), a behavioral pattern also practiced to varying 
degrees in the variably polygamous righted members of Porphyrio and sister- 
genus Porphyrula (Wettin 1984; Hunter 1985, 1987a, b; Coldizen et al. 1993, 
1998, 2000; Jamieson et al. 1994; Lambert et al. 1994; Jamieson 1997; Birkhead 
1998). Definitive plumages are indistinguishable and (in good light) of compa- 
rable gaudiness to that of righted Porphyrio; in shadow all swamphens can appear 
quite dark. On both ecological and demographic grounds, the Takahe typifies a 
shift toward K-selected attributes: larger body size, evidently increased longevity, 
and evidence that the species maintained stable populations at or near carrying 
capacity of a comparatively specialized habitat before human immigration (Table 
84; Fig. 124). 

Typical Rails (Subtribe Rallina).--Employing righted Gallirallus philippensis 
as the primary standard for comparisons (Elliott 1987; Amerson et al. 1995; Rob- 
inson 1995), flightlessness in three of the best-studied typical rails (Gallirallus) 
of the Pacific region (G. australis, G. owstoni, and Tricholimnas sylvestris) pre- 
sents for the most part a coherent suite of ecomorphological changes. In most 
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dimensions of inferred change, the typical rails of the Northern Hemisphere and 
Neotropics (Railus), distinguished ecologically by greater fecundity (excepting R. 
caerulescens) and (in many species) long-distance migratory habit, indicated sim- 
ilar changes by comparison with flightless Gallirallus (Walkinshaw 1937; Kozicky 
and Schmidt 1949; Meanley 1953, 1956, 1969; Meanley and Wetherbee 1962; 
Schmidt 1976; Kaufmann 1977; Johnson and Dinsmore 1985; Zembal and Fanch- 
er 1988; Conway et al. 1994). All species of Gallirallus and the closely related 
Tricholimnas and Nesoclopeus are characterized by monogamous mating systems, 
a plesiomorphy shared by related genera (Ripley 1977; P. B. Taylor 1996, 1998). 

However, the three flightless species in this sample share modest increases in 
body size, a trend of wider phylogenetic prevalence (Fig. 12), and this increase 
in body size was accompanied by variably pronounced enhancements of sexual 
size dimorphism (Tables 24, 26, 55, 57), a 50% reduction in clutch size, and a 
modest increase in the size of the eggs that remain (Tables 71, 84; Appendices 
1, 7). Of the three flightless species detailed here, both Tricholimnas sylvestris 
and the Gallirallus australis-group manifest (possibly synapomorphically) pae- 
domorphic definitive plumages (Fig. 3; Ripley 1977). Whether the apparent cryp- 
sis provided by this comparatively dull plumage entailed selective advantages with 
respect to aerial predators (e.g., Harpagornis moorei, Circus eylesL and Ninox 
novaeseelandiae with respect to adults and young of G. australis [cf. Holdaway 
1989; Atkinson and Millener 1991]) is uncertain, but given evidence that extinct 
Harpagornis preyed on smaller species of moa (Dinornithiformes: Anomalopter- 
ygidae), predation on flightless rails by at least these eagles would appear likely 
(Worthy and Holdaway 1996). Also, the possibility exists that this external pae- 
domorphosis is but an external corollary of a pervasive heterochrony primarily 
targeting the pectoral apparatus (Tables 71-75; Figs. 121, 123). 

Incubation periods are extended in a manner broadly commensurate with the 
differences in body size, whereas all three flightless species are characterized by 
similar (roughly 50%) increases in ages at fledging and slightly less marked ad- 
vancements (roughly 33%) in age at independence (Table 84). As for mating 
systems, no differences in age at first breeding or participation of parareproductive 
helpers distinguished flightless from flighted Gallirallus (Table 84; Appendix 6), 
including G. owstoni (Perez 1968). All three flightless species show dietary 
breadths at least as great as their flighted relatives, with the Gallirallus australis- 
group being notorious for its predation on the eggs of other birds (Ripley 1977). 
With the regrettable omission of the nanitic and potentially exceptional G. wak- 
ensis (Table 71), these summaries support a modest shift in the direction of K- 
selected attributes with respect to basic reproductive attributes, but aspects of 
mating systems and demographic parameters are equivocal in this respect. 

Crakes (subtribe Crecina).--Data permit the inclusion of two sets of compar- 
isons among the crakes--flighted Laterallus jamaicensis versus flightless Atlan- 
tisia rogersi, and flighted Porzana tabuensis versus flightless P. atra and P. pal- 
meri. Change in body size was very similar in all three flightless species (Tables 
71, 84), inferred to be slight increases relative to the close relatives but obscured 
by wider comparisons with flighted crakes (Inskipp and Round 1989; Woodall 
1993; Bookhout 1995; Martinez et al. 1997; Bockheim and Mezzell 1999). The 
foregoing pattern of a substantial reduction in clutch size accompanied by modest 
increases in egg size applies to all of the flightless crakes for which data were 
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available (Table 84; Appendix 7), whereas all of these taxa differ substantially in 
the high fecundity characteristic of migratory crakes of the Northern Hemisphere 
(Walkinshaw 1939, 1940; Meanley 1960, 1965; Kaufmann 1977; Rundle and 
Sayre 1983; Johnson and Dinsmore 1985; Flores and Eddleman 1995; Green and 
Rayment 1996). 

Limitations of information regarding developmental rates notwithstanding, 
there are suggestions of modest protraction of developmental periods in Atlantisia 
rogersi, a weakly supported inference bolstered by the retention of an "immature" 
plumage by at least some individuals for 1 or 2 years after hatching, suggestive 
of delayed acquisition of adult plumage (Flood 1984; Studd and Robertson 1985; 
Fraser 1989; Hakkarainen et al. 1993). In contrast, if the marginal data available 
permit any inferences for Porzana (Table 84), flightless crakes appear to attain 
independence and sexual maturity in a slightly shorter period than their righted 
congeners (Soper 1969; Onley 1982; Kaufmann and Lavers 1987). Virtual uni- 
formity of mating system (limited variation in some other Porzana aside), reduc- 
tion in clutch sizes, slight increases in sizes of eggs and adults, and heterogeneity 
of shifts in developmental periods render a single assessment regarding r-K shifts 
unrealistic. There are modest indications of shifts toward K-selected characteristics 

in Atlantisia rogersi (bolstered by reductions in metabolic rates [Ryan et al. 
1989]), whereas flightless Porzana present a mosaic of r- and K-selected changes 
(Table 84). 

Moorhens (Subtribe Fulicarina).--External similarities of moorhens belie an 
array of subtle social and demographic variations, but interspecific trends and 
generalities are adequate to sustain comparisons of two pairs of congeners (Ap- 
pendices 6, 7)--righted Gallinula chloropus versus flightless G. comeri, and 
righted Tribonyx ventralis versus flightless T. mortierii (Table 84). Mating sys- 
tems within Tribonyx in general and T. mortierii in particular are somewhat com- 
plex, with occurrence of polyandry, polygyny, and communal nesting reported 
(Goldizen et al. 1993, 2000; Gibbs et al. 1994) and complicated by significant 
patterns of dispersal (Goldizen et al. 2002). Likewise, enlarged breeding groups 
have been documented to occur in some Gallinula (Fredrickson 1971; Huxley 
and Wood 1976; Eden 1987; McRae 1996a), whereas mating systems of G. comeri 
are comparatively poorly known, although a role for "honest" signals of fitness 
has been documented (Fenoglio et al. 2002). In light of the variation in behaviors 
confirmed, the crucial comparisons that remain are as much the specification of 
relative frequencies of these behaviors with environmental conditions that influ- 
ence these variations in righted and flightless taxa. Participation by nonrepro- 
ductive helpers, at least in some cases related to territoriality and aggression be- 
tween parents and older offspring, also is not uncommon in both genera (Leonard 
et al. 1988, 1989; Gibbons 1989; Putland and Goldizen 2001). In both couplets 
of moorhens, flightlessness is associated with substantial increases in body mass 
(Tables 71, 84). Tribonyx has no reduction in clutch size, whereas flightlessness 
in Gallinula conformed with the general pattern of reduced fecundity. Both flight- 
less moorhens lay larger eggs than the righted species, despite the disparity in 
clutch sizes, differences with modest, associated increases in incubation (Table 
84). Information on developmental periods is simply inadequate for detailed com- 
parisons, and this deficiency and the variation in other critical aspects of breeding 
ecology permit no confident inferences regarding shifts on the r-K continuum 
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related to flightlessness in moorhens. With respect to feeding ecology, G. comeri 
relied more heavily on upland habitats for foraging than most flighted Gallinula, 
whereas both species of Tribonyx exploit a mixture of wetland and upland habitats 
(Ripley 1977). 

EMERGENT PATTERNS AND THE r-K CONTINUUM 

In the cases detailed above (Table 84) and the majority of cases based on even 
minimal data (Table 71), variably pronounced giantism accompanied the loss of 
flight. In addition, a pronounced majority of cases indicates that several attributes 
conventionally considered to be K-selected•decreased clutch size, increased egg 
size, and protracted developmental periods (Pianka 1970, 1972; Fenchel 1974; 
Stearns 1976, 1977, 1989b, 1992; Western and Ssemakula 1982)--were charac- 
terstic of flightless taxa in comparison with flighted relatives. Exceptions to the 
modality of increased body size (e.g., Dryolimnas aldabranus, Gallirallus wak- 
ensis, and Cabalus modestus [Tables 71, 84]) and protracted developmental pe- 
rods (e.g., some Porzana [Table 84]) exist, and variation precludes confident 
generalizations pertaining to mating systems and participation of helpers in nest- 
ing with respect to the r-K continuum. Despite the frequent suggestion that At- 
lantisia rogersi represents a dwarfed paedomorph, in part related to the status of 
the species as the smallest extant flightless bird (Ryan et al. 1989), the likelihood 
that the taxon is most closely related (Livezey 1998) to equally small flighted 
crakes (e.g., Laterallus jamaicensis) indicates that stasis in body size is the most- 
parsimonious interpretation for A. rogersi (Appendix 1). 

Changes in (nonpectoral) size or qualitative maturity are primarily a function 
of variation in developmental period, whereas relative pectoral development is 
the result of paedomorphosis arising during these variable growth periods, the 
exact mechanisms of which (delayed offset or deceleration, or both) remain un- 
clear and may vary among taxa. Predictably, those lineages showing the majority 
condition in which substantial pectoral paedomorphosis is combined with in- 
creased body size include some of the most extreme examples of relative pectoral 
reduction among the Rallidae (e.g., Porphyrio hochstetterL Diaphorapteryx hawk- 
insi, and Aphanapteryx bonasia). Flighted Porphyrula fiavirostris, which shows 
paedomorphosis of plumage pattern without pectoral consequences, also evidently 
underwent at least a 35% reduction in body mass (roughly 60% if compared to 
P. martinica). 

The misfortune that all possibly flightless coots are extinct and will remain 
poorly known is ameliorated to some extent by the likely similarity of Fulica 
gigantea and F. cornuta to these species in locomotory ability, negligible seasonal 
movements, and perhaps basic ecological tendencies (Johnson 1964, 1965; 
MacFarlane 1975). In light of the pronounced territoriality of coots generally, in 
which pugnacious defense of nests, young, and feeding areas extends beyond 
confamilials (Gullion 1952, 1953b, 1954; Kiel 1955; Kornowski 1957; Navas 
1960; Fredrickson 1970; Fjelds•t 1973; Ryan and Dinsmore 1980; Gorenzel et al. 
1982; Byrd et al. 1985; Cave et al. 1989; Impe and Lieckens 1993), the large 
body sizes of the three subfossil Fulica may represent analogs to the territoriality- 
related increases in body size (and negative allometry of wing size) in steamer- 
ducks (Livezey and Humphrey 1986). Although coots differ from Tachyeres in 
their largely vegetarian food habits (Jones 1940; Driver 1988), like steamer-ducks, 
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the species of Fulica routinely dive during foraging (Jones 1940; Bakker and 
Fordham 1993), thereby enlarging the analogy to the advantages of increased body 
mass to counter buoyancy and increase locomotory efficiency (Livezey and Hum- 
phrey 1984b, 1986). Similarities between the large, possibly flightless Fulica and 
flightless steamer-ducks are striking and include increased body size; negatively 
allometric scaling of wing elements with body mass, resulting in a close approach 
to the threshold of flightlessness; only minimal reductions in flight-related skeletal 
features (e.g., carina sterni); negligible qualitative evidence of paedomorphosis; 
likely importance of protracted developmental periods to attain large adult body 
sizes; and likely advantages of increased body mass related to diving, territoriality, 
thermodynamic advantages in cool climates (at least in the F. chathamensis- 
group), and sexual selection (Livezey and Humphrey 1986). Similar comparisons 
of flightless rails with flightless members of other avian families are tempting 
(Table 79), perhaps the most appealing being those concerning the apparent pro- 
genesis of dwarfed, flightless lineages of the Rallidae such as Dryolimnas alda- 
branus, Gallirallus wakensis, and Cabalus modestus in comparison with that of 
the anatid Anas aucklandica (Livezey 1990). 

As suggested by associations among variables in the correspondence analysis 
(Table 76; Fig. 116), there were relations between these morphological and de- 
velopmental changes and the ecological circumstances under which these oc- 
curred. Although most of the species highlighted in the case studies (Table 84) 
occurred on islands of small size and at low or middle latitudes with no marked 

changes in habits, the two species showing comparatively pronounced shifts from 
r-selected to K-selected traits (Porphyrio hochstetteri and Atlantisia rogersi) also 
were lineages undergoing shifts to upland habitats (tussock grasslands) midlatitude 
islands. The latter shift in habitat also might apply to a third species detailed 
among the case studies (Gallinula comeri), one sympatric with A. rogersi in the 
Tristan da Cunha island group of the South Atlantic (Table 84). 

Gould (1977:10) generalized that progenesis is r-selected, whereas neoteny is 
K-selected. If accurate for the Rallidae, then this generality suggests that the most 
likely heterochronic process underlying pectoral paedomorphosis in most flight- 
less rails is neoteny. This generalization accurately associated the derived char- 
acteristics of the Dodo and Solitaire--substantial increases in body size, deposi- 
tion of fat, developmental period, sexual dimorphism, tameness, and conspicuous 
changes in anatomical proportions related to flightlessness--with the K-selected 
selective regime of a comparatively predictable climate and moderately compet- 
itive ecological community of an isolated, oceanic island (Livezey 1993b, 1995a). 

Stearns and Crandall (1981a) modeled the incidence of delayed maturity (one 
of several life-historical attributes of K-selected communities) based simply on 
selective advantages of increased fecundity and survivorship of young. However, 
such assessments are obscured by a general trend in which a majority of Southern- 
Hemispheric, largely nonmigratory, flighted species in a number of major taxo- 
nomic groups have fewer young in which there is greater parental investment, 
longer periods of parental care, and delayed ages at independence. The latter 
evidently is responsible for a lower mortality of young, especially from predation 
(Russell 2000). The lower mortality of young among Southern-Hemispheric taxa 
of birds evidently is related, at least in part, to stronger responses of parents to 
reduce risks (Ghalambor and Martin 2001). 
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Despite some strong indications that fiightlessness in a number of rails is as- 
sociated with K-selected attributes (Table 84), the correspondence was far from 
uniform, and some weakly substantiated shifts (e.g., shortened developmental pe- 
riods in flightless Porzana) appear to be contradictory. Therefore, a view of rails 
as "generalized" (Olson 1973a; Ripley 1977) is countered by several speciali- 
zations independently evolved by several flightless rails, for example, extreme 
modifications of the bill and changes in body size. 

ADAPTIVE LANDSCAPES AND AvIAN FLIGHTLESSNESS 

Variably intense natural selection has been documented in natural populations 
(Endler 1986; Mitton 1997). One of the most convincing examples of one aspect 
of relative fitness concerned weather-related natural mortality of House Sparrows 
collected by Bumpus (1899), and subsequently reanalyzed (Harris 1911; Calhoun 
1947; Grant 1972a; Johnston et al. 1972; O'Donald 1973; Lowther 1977; Pugesek 
and Tomer 1996). A recent review revealed that gradients (magnitudes of slopes) 
in the literature were greatest among morphological traits and parameters beating 
on reproductive success (Kingsolver et al. 2001), although compelling examples 
of natural selection in birds have been documented in additional taxa (e.g., G. 
Johnson 1987; Schluter 1988b). Adaptive optima for particular characters, al- 
though difficult to quantify empirically, have been assessed directly in natural 
populations of birds where two or more local optima are comparatively close, of 
relatively low dimensionality, or are related intuitively to diet (e.g., Smith and 
Temple 1982; Price et al. 1984; Grant 1985; Schluter et al. 1985; Smith 1990a- 
c, 1991). 

Adaptive landscapes, two-dimensional depictions of the relative fitnesses of 
genotypes as surface contours, were conceptualized first by Wright (1932) and 
extended, among others, by Wright (1940, 1977, 1982), Lande (1979, 1986), 
Kirkpatrick (1982b), Barton and Rouhani (1987), and Barton and Turelli (1987). 
The graphical display of relative fitness in a continuous fashion for two dimen- 
sions allowed a natural depiction of the fitnesses of multiple optima and inter- 
vening forms that were crucial to a burgeoning literature related to evolutionary 
radiations, character divergence, disruptive selection, and peak shifts, which con- 
tinues unabated to the present (e.g., Rouhani and Barton 1987; Grant and Grant 
1993; Price et al. 1993; Wagner et al. 1994; Grant 1998b; Brock 2000; Schluter 
2000a, b). Subsequent theoretical refinements, especially in the areas of epistasis 
and the multiplicative interactions among differentially selective genes, has re- 
vealed that traversing such landscapes can be exceedingly complex and include 
selective "shortcuts" between optima (Cheverud 2000; Phillips et al. 2000; Rice 
2000), and that nonadditive epistasis can alter the covariance structure that spec- 
ifies the topography of the landscape (Wolf et al. 2001). 

Although most applications of adaptive landscapes and related concepts of local 
and global optima have been limited to a single set of conditions or a single 
selection regime, the method lends itself well to the display of change in selection 
related to shifts in time and space. In both evolutionary and geographical senses, 
rails colonizing oceanic islands arrive on new landscapes, which in turn imply 
new and novel evolutionary challenges to the founders. Therefore, in the context 
of flightless rails, a natural application is the hypothetical parsimonious passage 
from the selective optimum for a continental source (ancestral) population to that 
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Continental optimum -- 

Insular optln3un3 

F•G. 12b Hypothetical adaptive landscapes, after Wrighl (1032, 1040, 1077, 1982), for eominemal 
(plesiomorphic) optimum (•) and insular (apomorphic) optimmn ((0), depicting morphological shift 
(6) required after colonization; the latter is simplistically reduced to absolute change in body mass 
(M). encompassing dwarfism. stasis. and giantism. and variably pronounced decrease in relmive pec- 
toral size (P). Example depicts two optima separated by deep trough of prolbundly disadvantageous 
intermediate phenotypes. 

of a (presumably) globally lower, but locally higher selective optimum lbr de- 
scendant (flightless) population on an oceanic island (Fig. 126), and such optima 
can assume diverse suites of changes (Figs. 117, 121). 

This exercise underscores the importance of initial conditions (plesiomorphic 
position in this context) with respect to subsequent changes. Initial conditions also 
can influence the behavior of trajectories under certain selection regimes (e.g., 
Ruelle 1989). Also, polymorphism (see below) in either or both of the populations 
in question (e.g., Smith and Temple 1982; Smith 1990a-c, 1991: Smith and Gir- 
man 2000) would require multiple or variously conjoined optima within the cor- 
responding landscapes. With improved phylogenetic resolution, the insular micro- 
difl•rentiation of the Gallirallus philippensis-group (including G. diej•k•nbachii 
and Cabalus modcstu$) would provide for a particularly compelling use of hier- 
archical shifts in optima. 

The utility of graphical landscapes was extended by Waddington (1957) to the 
context of epigenetics (Hall 1992). In these applications, the surface of the land- 
scape reflects the relative ontogenetic ease of various developlnental pathways, 
and a theoretical ontogeny traversing this landscape tends to lbllow the line(s) of 
least resistance (Meril•i and Bj6rklund 1999), that is, those representative of epi- 
genetically favored trajectories (Rollo 1994; Schlichting and Pigliucci 1998). To- 
pographies can accommodate a number of plausible ontogenetic circumstances, 
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including multiple pathways, and provide for latitude of variation within each 
(Wagner and Misof 1993; Wagner et al. 1997). Such applications also are pertinent 
to the epigenetic determination of the essentially bifurcated ontogenetic pathways 
confronted by embryonic rails, in which the surface of the landscape (and the 
relative likelihoods of the flighted and flightless pathways) vary in large part with 
selection regimes of continental and insular environments. 

BET-HEDGING: VAGRANCY AS MINORITY TACTIC 

Seger and Brockmann (1987:182) posed the following query: "... it seems 
natural to ask whether plants or animals ever sacrifice some of their potential 
fitness in order to reduce their probabilities of complete failure. In other words, 
is there an evolutionary trade-off between expected fitness and the variance of 
fitness?" Such trade-offs are alleged to be examples of "bet-hedging" (Stearns 
and Crandall 1981b; Seger and Brockmann 1987), synonymously referred to as 
"risk-spreading" (den Boer 1968, 1981; Goodman 1984). Given more conven- 
tional mechanisms for the preservation of diversity in life histories (e.g., poly- 
morphism), which in some instances offer an excess of plausible explanations for 
the adaptative nature of variation (Jones et al. 1977), it is not surprising that Seger 
and Brockmann (1987) concluded that bet-hedging is comparatively rare and is 
thought to be possible (sensu qualifying as an evolutionarily stable strategy [ESS]) 
only under narrow conditions. 

Ricklefs (1983b) applied the expression bet-hedging to issues of avian repro- 
duction. Inextricably involved with reproduction in many organisms is the issue 
of dispersal, especially of propagules or variably developed young (Johnson and 
Gaines 1990). The perennial debate concerning the possible selective advantages 
of variation in clutch sizes of some members of the Procellariidae, Sulidae, and 
Alcidae, in which the vast majority result in but one surviving hatchling, may 
represent a case of bet-hedging in that a minimal investment of one or two extra 
or "insurance" eggs (where relative egg size is small) is a hedge for the rare 
seasons in which resources permit the production of two chicks in a single re- 
productive cycle. However, augmentation of clutches to enhance the likelihood 
of successfully rearing a single chick in a normal year would not qualify (Lack 
1954, 1968b; Dorward 1962; Ashmole 1963c; J. S. Nelson 1964; J. B. Nelson 
1978; Cramp and Simmons 1977; Werschkul and Jackson 1979; Ricklefs 1982, 
1993; D. J. Anderson 1989; Marchant and Higgins 1990; Warham 1990; Konar- 
zewski et al. 1998). Perhaps of similar relevance to bet-hedging is the infanticide 
or aggressive neglect (e.g., "tousling") shown by some rallids (notably Fulica) 
toward the youngest members of their broods (or at least members of extended 
broods) in most years, especially in the event of low availability of food. Avoid- 
ance of investment in unrelated progeny in aggregations involving brood parasites 
is an alternative explanation (Horsfall 1984; Lyon 1993a, b). The phenomenon of 
brood reduction through neglect or outright aggression by siblings or parents 
pertains principally to species showing asynchronous hatching and altricial de- 
velopment, and is interpreted by some as a means to maximize survivorship of a 
subset of a clutch or brood (i.e., expected fitness) under stressful conditions (Lack 
1947b, 1954; Ricklefs 1965, 1993; Nisbet and Cohen 1975; Stinson 1979; Richter 
1982; Mock 1984, 1987; Shaw 1985; Mock and Parker 1986; Temme and Char- 
nov 1987; D. J. Anderson 1989, 1990a, b; Pijanowski 1992). 
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Does the concept of bet-hedging hold potential for the hypothesis that rails 
maintain diverse modes of dispersal that contribute to the high frequency of long- 
distance vagrancy and insular endemism in the family? Despite circumstantial 
evidence of dispersal polymorphism in rails, the phenomenon has not been dem- 
onstrated in the family. Evidence that many migratory rallids approach or exceed 
carrying capacities on established breeding grounds, territoriality dominated by 
experienced adults that characterizes traditional wintering grounds (Matthysen 
1993), and migrants (especially first-year birds) that engage in informed pros- 
pecting for new breeding sites (Reed et al. 1999) collectively suggest that the 
exceptionally high vagrancy and insular colonization by rails may represent more 
than mere accidents. An alternative hypothesis, clearly not amenable to testing at 
present, proposes that persistence of a proportion of offspring genetically predis- 
posed to vagrancy--with a low probability of finding new habitable parcels, but 
a comparatively high probability of success if reached--may represent the paren- 
tal investment in a long-odds strategy against the unpredictable success of hatch- 
lings poised to follow traditional migratory routes or committed to often ephem- 
eral, natal habitats (Remsen and Parker 1990). Even if such were demonstrated, 
whether such allocations represent bet-hedging sensu stricto (i.e., optimizing var- 
iance but not mean of fitness) would require sophisticated, long-term investiga- 
tion. 

A METAPOPULATIONAL APPROACH TO AVIAN FLIGHTLESSSNESS 

METAPOPULATIONS AND EVOLUTION OF LIFE HISTORIES 

General tenets.--Recent years have seen a paradigmatic shift from some of the 
central issues of island biogeography (sensu MacArthur and Wilson 1967) and 
classic works on the evolution of life histories (Cole 1954; Maynard Smith 1962, 
1966, 1970; Gadgil and Bossert 1970; Felsenstein 1979; Steams 1982; Caswell 

ß 1983; Bruton 1989) to a perspective of metapopulational ecology (Haila and J'fir- 
vinen 1982; Giles and Goudet 1997; Hanski and Simberloff 1997). Hanski and 
Simberloff (1997) chronicled this conceptual extension of the classic model pro- 
posed by MacArthur and Wilson (1963, 1967) to include quasi-insular subdivision 
of both continental and insular populations (Vandermeer and Carvajal 2001), and 
showed that the latter approach circumvented the treatment of entire species as 
uniformly interconnected demes (Hanski and Gilpin 1997; Hanski 1999). This 
change in paradigms also shifted attention from summary characteristics of com- 
munities (e.g., richness) to fates and attributes of the individual species that com- 
munities comprise, and provided a framework for analyses of ESSs and group 
dynamics that are free of traditional notions of group selection argued by a mi- 
nority (e.g., Van Valen 1971; Hanski and Simberloff 1997) to be crucial for the 
evolution of dispersal. 

Semantics of insular demography employed in metapopulational study under- 
score the conceptual relationship between the two paradigms (Harrison and Taylor 
1997). For example, some of the more realistic models of metapopulation dynam- 
ics have been based on stochastic (MarkovJan) variations on incarnations of step- 
ping-stone models of insularity (Giles and Goudet 1997; Olivieri and Gouyon 
1997). Many of the genetic concepts pertaining to the founding and establishment 
of new, isolated populations apply to the constituent metapopulations of "species" 
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as diagnosed by any of several viewpoints (Hedrick and Gilpin 1997). However, 
preliminary models suggest that influential parameters are sufficiently numerous 
and interactively complex that detailed predictions require information into both 
environmental and demographic stochasticity of a quality rarely achieved in stud- 
ies in natural settings (Barton and Whitlock 1997; Foley 1997). 

Applicability to the Rallidae.---Available information on extant rallids indicates 
that many members meet the suite of preconditions for metapopulational dynamics 
(Gyllenberg et al. 1997; Hanski 1997): patchiness of suitable habitat (Thomas 
1965; Clinchy et al. 2002); vulnerability of even the largest breeding "popula- 
tions" to extinction; patches of suitable habitat are of proximity to permit recol- 
onization; and local "populations" are not completely synchronous in dynamic 
properties (Ripley 1977; P. B. Taylor 1996, 1998). Distributional patterns shown 
by the Rallidae span an extraordinary continuum encompassing single islands, 
large but contiguous areas of undetermined metapopulational dynamics, and dis- 
tributions so highly fragmented as to invite formal recognition of numerous al- 
1ospecies (Ripley 1977; P. B. Taylor 1996, 1997, 1998; Livezey 1998). 

The marked distributional disjunctions of a number of continental species with 
flightless congeners (Ripley 1977; Remsen and Parker 1990; P. B. Taylor 1996, 
1998) further distinguish these clades as candidates for qualification for metapo- 
pulational dynamics. These candidates include Porphyrio porphyrio-group (cf. 
flightless P. mantelli and P. hochstetteri), Aramides cajanea-group (cf. Nesotro- 
chis spp.), Ortygonax sanguinolentus (cf. Cyanolimnas cerverai), Rallus longi- 
rostris-group (cf. R. recessus), Gallirallus philippensis-group (e.g., G. dieffen- 
bachii, G. owstoni, and G. wakensis), Habropteryx torquatus-group (cf. H. oki- 
nawae), Laterallus jamaicensis and Coturnicops noveboracensis (cf. Atlantisia 
rogersi and "Atlantisia" elpenor), Porzana fitsca, P. pusilla, P. tabuensis (cf. 
numerous flightless Porzana), Amaurornis olivaceus-group (cf. A. ineptus), Gal- 
linula chloropus-group (cf. G. comeri and Pareudiastes spp.), and Fulica atra- 
group (cf. F. chathamensis, F. prisca, and F. newtonii). Several of these species 
(e.g., R. longirostris-group, G. philippensis-group, L. jamaicensis, P. tabuensis, 
and G. chloropus-group) are characterized both by fragmented distributions and 
variable migratory tendencies (Crawford et al. 1983; P. B. Taylor 1996, 1998; 
Olson 1997). 

Several other rallids possess distributional subdivisions requisite for metapo- 
pulational structure (P. B. Taylor 1996, 1997, 1998), including Canirallus oculeus 
(several moderately large but well-separated distributional components in conti- 
nental Africa); Aramides calopterus (small, distinct patches in central South 
America); Amaurolimnas concolor (disjunct populations through Central and 
South America); Rallina fasciata (fragmented Malaysian distribution); Sarothrura 
lugens, S. affinis, and S. ayresi (networks of isolated patches throughout Africa); 
Pardirallus maculatus and P. nigricans (fragmented resident populations through- 
out Central and South America); Rallus limicola (variably sized breeding areas 
in North, Central, and South America); Rallus aquaticus-group (fragmented 
breeding populations throughout Eurasia); Gallirallus striatus (multiple distinct 
populations throughout Indo-Malaysian region); G. pectoralis (populations scat- 
tered throughout New Guinea and eastern Australia); Laterallus exilis (several 
disjunct Neotropical natal areas); Coturnicops notatus (extremely scattered breed- 
ing patches throughout South America); Micropygia schomburgkii (three distantly 
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separated, moderately large blocks in South America) and M. fiaviventer (Carib- 
bean and highly partitioned continental distributional range); Porzana cinerea 
(fragmented Indonesian distribution); Porzana erythrops and P. albicollis (patchy 
Neotropical range); Amaurornis phoenicurus (allopatric subspecies throughout 
Indo-Malaysia); and Gallinula tenebrosa (multiple allopatric resident populations 
throughout Australasia). 

Also noteworthy is the limited or nonexistent vagrancy documented (P. B. Tay- 
lor 1996, 1997, 1998) for the tribe Sarothrurini (comprising Rallina, Rallicula, 
and Sarothrura [Livezey 1998]), one of few tribes of the Rallidae lacking flight- 
less members (Table 2; Fig. 11). The fragmentation of distributions and variation 
in migratory habit typical of the Rallidae is reflected in the small minority of 
species that show a contiguous northern breeding distribution coupled with one 
or two, vailably distinct, wintering ground(s), for example, Porphyrula martinica, 
Crex crex, Porzana parva, P. porzana, P. carolina, P. marginalis, Gallicrex ci- 
nerea, and Fulica (a.) americana. Taken as a whole, the distributional patterns, 
exceptional frequency of extralimital records, and variation in migratory habits 
of modem members of the Rallidae strongly suggest a dynamic evolutionary 
history including a subset of key taxa that through colonization by migratory 
strays, came to comprise multiple, largely independent, breeding populations. 
These then founded multiple sedentary allospecies, which if insular and well- 
isolated, typically evolved permanent flightlessness (Remsen and Parker 1990). 

POLYMORPHISM OF FORM AND HABIT 

What evolutionary forces could mold a population's anatomical or psychological 
ability to disperse? Dispersal involves costs and potential benefits. The costs are the 
energy expenditure and risk of death in dispersing. The potential benefits are the 
possibility of finding more available resources than at the point of departure. The 
trade-off between these costs and benefits determines, and natural selection may 
produce, an optimal dispersal strategy. If, for instance .... populations had for any 
reason lower long-term reproductive success on islands .... and if individual[s] ... 
initially differed in their willingness to disperse across water, those that did have 
this willingness would leave fewer descendants, and the genetic basis for this will- 
ingness would eventually be selected out of the source population.--Diamond 
(1977b:252). 

Perhaps the flightlessness gene compensates for the water-crossing gene.---•pley 
(1977:19) 

Evolutionary origin and maintenance of polymorphisms.--Polymorphism, the 
coexistence of discrete alternative phenotypes within populations (Haldane and 
Jayakar 1963; Levins and MacArthur 1966; Gillespie 1973, 1974, 1975, 1981; 
Hartl and Cook 1973, 1976; Christiansen 1974, 1975; Maynard Smith and Hoek- 
stra 1980; Karlin and Campbell 1981; Moran 1992), is considered widely to be 
related to heterogeneity of habitat (E. S. Brown 1951; Levins 1962, 1963, 1968, 
1970; Maynard Smith 1970; Schaffer 1974; Giesel 1976; Hedrick et al. 1976). 
However, Hoekstra et al. (1985) inferred that models of polymorphism induced 
by heterogeneous environments are realistic only where the fitness of the hetero- 
zygote approaches those of the homozygotes favored under their respective op- 
timal environments. Avian polymorphism includes plumage morphs (Huxley 
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1955; Butcher and Rohwer 1989) in geese (Anatidae), evidently maintained prin- 
cipally through sexual selection (Rockwell and Cooke 1977; Rockwell et al. 
1985); herons (Ardeidae), apparently a reflection of differential selection for cryp- 
sis while hunting prey (Holyoak 1973; Murton 1971; Rohwer 1990); and hawks 
(Accipitridae) and jaegers (Stercorariidae), for which the "avoidance-image" hy- 
pothesis has been proposed (Brown and Amadon 1968; Paulson 1973; Arnason 
1978; Furness and Furhess 1980; Rohwer 1983b; Rohwer and Paulson 1987). 

The role of polymorphisms in the evolution of life histories often distinguishes 
those treating "mating" and "trophic" polymorphisms (Roff 1996), although this 
distinction is overly simplistic in that a change in body size primarily related to 
sexual selection can involve a change in trophic status as well. Mating polymor- 
phisms (i.e., those primarily related to mating success) include polymorphisms of 
body size, relative appendicular development, capacity for combat, locomotion, 
and territoriality, and have been documented for insects (Hamilton 1979; Fujisaki 
1992; Roff and Fairbairn 1993), fishes (Nelson 1977), and behaviorally for birds 
(van Rhijn 1973, 1983). Trophic polymorphisms (i.e., those primarily related to 
acquisition of food) have been implicated in environmentally dynamic shifts in 
bill morphs in birds (Smith and Temple 1982; Smith 1987, 1990a, b, 1991, 1993, 
1997; Smith and Girman 2000) and other tetrapods related to heterogeneous re- 
sources (Smith and Skfilason 1996). By contrast, the Cocos Finch (Pinaroloxias 
inornata) comprises distinct "ethomorphs" differing in foraging niches without 
significant differences in form (Werner and Sherry 1987). 

Dispersal polymorphisms.--Of special interest in the context of avian flight- 
lessness are "life-cycle" polymorphisms, which include those of wing develop- 
ment, flight capacity, migratory habit, and ability to escape predators, which are 
documented in greatest detail among insects (Roff 1984, 1990a, 1994b; Liebherr 
1988; Denno et al. 1989; Dodson 1989; Fairbairn and Roff 1990; Masaki and 
Seno 1990; Roff and Fairbairn 1991; Fairbairn 1994) and some amphibians (Har- 
ris 1987; Jackson and Semlitsch 1993). An especially important class of poly- 
morphism pertains to the maintenance of intraspecific variation in dispersal habit 
(e.g., frequency, conditions, and distances) and the evolutionary mechanisms by 
which it is maintained (Balkau and Feldman 1973; Felsenstein 1976; Cornins et 
al. 1980; Cornins 1982; Cornins and Noble 1985; Frank 1986; Cohen and Motro 
1989; Cohen and Levins 1991; Schoener 1991; Olivieri et al. 1995; Barton and 
Whitlock 1997; Hanski 1997; Harrison and Taylor 1997). Metapopulational anal- 
yses have provided insights into the possible origins of migratory behavior, and 
likewise have shed light on the circumstances surrounding the surrender of mi- 
gratory habit (Olivieri and Gouyon 1997). Special attention has been given the 
relationship between the likelihood of migratory or dispersal traits, and interre- 
lations of these with heterogeneity of habitats (Roff 1974, 1975; Denno et al. 
1991; Denno 1994; Hawthorne 1997; Olivieri and Gouyon 1997), plasticity of 
development (Kaplan and Cooper 1984; Lively 1986a; L0vtrup 1989b), demo- 
graphic structure (Lande and Orzack 1988; Kawecki 1993; Gyllenberg et al. 
1997), impacts of genetic "turnover" within populational subunits (Gadgil 1971; 
Maruyama and Kimura 1980; Hedrick and Gilpin 1997), physiological parameters 
during ontogeny (Zera et al. 1994, 1997), relative prevalence of specializations 
for dispersal (Ellher and Shmida 1981; Mathias et al. 2001), implications for 
colonization (Ebenhard 1991; Gotelli 1991; Nichols and Hewitt 1994), and prob- 
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ability of extinction (Richter-Dyn and Goel 1972; Haila and Hanski 1993; Lande 
1993; Foley 1994; Gomulkiewicz and Holt 1995; Foley 1997). 

Olivieri and Gouyon (1997) listed several key findings concerning the poly- 
morphism of "dispersal" conserved within complexes of metapopulations, in- 
cluding: decline in frequency of high-dispersal phenotypes with age of the pop- 
ulation; higher incidence of low-dispersal phenotypes (including wingless forms 
of insects) in stable, isolated patches than in temporary habitats having high but 
ephemeral carrying capacities (Alerstam and Enckell 1979); elevated levels of 
evolutionarily stable rates of dispersal or migration among high-fecundity phe- 
notypes; increased frequency of dispersal (sensu emigration) can be induced by 
conditions within the patch, including high population density and unpredictable 
levels of resources; and correlations among attributes of phenotypes rendering 
predictions complex and at times counterintuitive, for example, winglessness can 
be correlated with emergence time, or high rates of migration can be associated 
with increased selection for perennial habit or increased longevity, the latter in 
opposition to generalities of the "colonizer syndrome" as characterized by Baker 
and Stebbins (1965). 

Although much of the fundamental work on dispersal polymorphism was based 
on insects and plants, the essential generalizations that have emerged extend to 
tetrapods under certain conditions (Hanski and Gilpin 1997). Accordingly, it is 
likely that migration-prone individuals represent nonrandom, genetically distinct 
subsamples of populations, and given the evidence for heritability and respon- 
siveness to selection in such traits (Lindroth 1946; Dingle and Evans 1987; Wilson 
1995; Dingle 1996), these individuals effect shifts in allelic frequences upon 
egress or ingress into conspecific populations (Hanski 1999). If emigration sub- 
stantially exceeds immigration in frequency, as is probable in isolated (e.g., in- 
sular) populations, the associated gene flow would select for reduced rates of 
migration through the disproportionate loss of individuals so predisposed (Hanski 
1999). In general, metapopulational models have shown that whereas migratory 
habit (or dispersal of any kind) is favored where resources show spatiotemporal 
heterogeneity, loss of migratory habit and (in extreme cases) flightlessness is 
favored where resources are more predictable, especially where immigration is 
diminished or negligible (Olivieri and Gouyon 1997; Hanski 1999). These pre- 
dictions have received limited support from avian examples (e.g., Alerstam and 
Enckell 1979). 

Although experimental investigation of the genetics of migration is in its in- 
fancy, migratory and nonmigratory populations within two Eurasian species of 
passerine birds--the Blackcap (Sylvia atricapilla) and the European Robin (Eri- 
thacus rubecula)---have been shown to have genetic bases (Berthold 1988, 1990, 
1991, 1995). Furthermore, migratory and sedentary populations of the Blackcap 
differ in wing shape as well (Lockwood et al. 1998; P6rez-Tris and Tellefta 2001). 
Additional genetic information for these and several other species (e.g., Phoeni- 
curus phoenicurus, P. ochruros, Sylvia borin, and Ficedula hypoleuca) indicate 
that at least primary orientational direction exhibits patterns of inheritance con- 
sistent with polygenic determination and subject to comparatively rapid evolu- 
tionary changes (Berthold et al. 1990, 1992; Berthold 1996). Members of a num- 
ber of avian families also show variation in migratory habit among breeding 
populations (Gauthreaux 1982; Chan 2001), including migratory, continental Wa- 
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ter Pipits (Anthus spinoletta) and coastal, resident Rock Pipits (A. petrosus) of 
the British Isles; Winter Wrens (Troglodytes troglodytes), a circumpolar complex 
including large resident insular forms in the Pribilof and Aleutian islands; Sharp- 
tailed Sparrows (Amrnodrarnus caudacutus-group), considered by some to com- 
prise two allospecies (Greenlaw 1993; Rising and Avise 1993; American Orni- 
thologists' Union 1998); Fox Sparrows (Passerella iliaca), which show an array 
of seasonal movements (Zink 1986); and crossbills (Loxia spp.), for which no- 
madism, morphological and genetic complexity, and far-flung populations char- 
acterize roughly two dozen circumpolar, Mediterranean, Philippine, Japanese, and 
Central American subspecies of Red Crossbills (L. curvirostra-group), and for 
which both migratory continental and resident Hispaniolan populations of White- 
winged Crossbills (L. leucoptera) are noteworthy (Benkman 1988a, 1989a, 1993; 
Groth 1993); and Song Sparrows (Melospiza rnelodia) and Savannah Sparrows 
(Passerculus sandwichensis), including significant variation and extreme forms in 
the Aleutian Islands (Johnson and Ohmart 1973; Aldrich 1984; Rising 2001). 

Variation in flight capacity and migratory habit in Flying Steamer-Ducks (Hum- 
phrey and Livezey 1982; Livezey and Humphrey 1986) and short-term phenotypic 
responses in birds to changing climatic conditions (Gibbs and Grant 1987a, b; P. 
R. Grant and B. R. Grant 1987, 1998, 2000; Grant 1992; B. R. Grant and P. R. 
Grant 1993) enhance the possibility that some members of the Rallidae (e.g., 
Gallirallus philippensis-group and Porzana tabuensis) show metapopulational dy- 
namics with respect to the maintenance of migratory habit and flight capacity. 
This likelihood is consistent with the positions of constituent populations of the 
G. philippensis-group and Habropteryx torquatus-group with respect to the mor- 
phological "threshold of fiightlessness" (Fig. 27). Apparent variation in migratory 
habit (including nonmigratory populations or complex patterns at least as sug- 
gestive of malleability in this regard) occurs in several fiighted species-complexes 
of Rallidae (Porphyrio porphyrio-group, Rallus longirostris-group, Laterallus ja- 
rnaicensis-group, Gallinula chloropus-group), of which at least the R. longirostris 
complex also is alleged to include polymorphism of plumage (Ripley 1977; P. B. 
Taylor 1996, 1998; Olson 1997). Together with a propensity for migratory gre- 
gariousness, indicated by mortality of migrant flocks of rails (Tordoff and Mengel 
1956; Pulich 1961; Stoddard 1962; Thompson and Ely 1989), the variable va- 
grancy of rails (e.g., Olson 1972; Crawford et al. 1983) qualifies them as potential 
insular colonists of the first order. 

Insular colonization and interspecific variation in flight capacity in the Rallidae 
is at least consistent with polymorphism of dispersal habit. Many rallids combine 
migratory habit and exploitation of ephemeral, early-successional habitats such as 
meadows, marshes, and ecotones (Ripley 1977; P. B. Taylor 1996, 1998). This 
association with transient habitats is shared by some insects also showing dispersal 
polymorphism, including variation in flight capacity (E. S. Brown 1951; South- 
wood 1962; Roff 1994b; Denno et al. 1996), in some taxa conjoined with poly- 
morphism in the flight apparatus (Veps'fil'fiinen 1974; J'•vinen and Veps•l•inen 
1976; Harrison 1980; Roff 1986a-c; Kaitala 1988). Moreover, for migration to 
succeed at evolutionary timescales, it would have to be sufficiently plastic (in 
direction, distance, and duration of stays at either or both breeding and nonbreed- 
ing areas) to accommodate the inevitable climatic dynamics related to glaciations, 
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tectonic movements, and catastrophic events (e.g., cyclonic storms [Wiedenfeld 
and Wiedenfeld 1993]). 

PHENOTYPIC PLASTICITY AND EVOLUTIONARY CHANGE 

Threshold traits. Grant (1998d:312-315) posed four major questions con- 
cerning the evolution of vertebrates on islands: Why do some taxa undergo ex- 
tensive radiations and others do not?; Does the temporal diversification of species 
within a radiation approach a uniform rate?; Is evolution on islands especially 
rapid?; and How are these adaptations to be interpreted? With respect to insular 
rails, answers to at least some of these seem to be close at hand. The foregoing 
discussions propose that a polymorphism of dispersal capacity characterizes at 
least a critical minority of the Rallidae, by which critical genetic diversity is 
maintained (at least in part) by strongly partitioned, metapopulational demograph- 
ics. Furthermore, rails were shown to possess unusual capacities for dispersal and 
colonization, leading to an analogy of the Rallidae as including many "weedy" 
species. The likening of rails to invasive, adaptable, and phenotypically plastic 
plants may be especially fortuitous in that plasticity of habit and form in rails 
may be the capacity critical to the success of the Rallidae as colonists subse- 
quently prone to flightlessness. 

Variation not directly attributable to genotype has been demonstrated increas- 
ingly in diverse taxa (e.g., Blanckenhorn 1998; Losos et al. 2000). Variation of 
this kind elevated the concept of phenotypic plasticity from the status of nuisance 
variance to one of several key environmentally interactive, potentially adaptive, 
evolutionary factors influencing phenotype (de Jong 1995). Other factors involved 
in mapping genotypes into ranges of phenotypes include epigenetics, pleiotropy, 
epistasis, and constraint (Bull 1987; Scheiner 1993a, 1998; Gotthard and Nylin 
1995; Hodin 2000; Pigliucci 2001). It is emphasized that a selective role for such 
plasticity does not invoke a neo-Lamarckian evolutionary mechanism (see below), 
but rather a means by which selectively conditioned ontogeny can accelerate ad- 
vantageous, phenotypic response to novel circumstances, which in turn can con- 
tribute to directional shifts and (perhaps) play a role in incipient speciation (Pig- 
liucci 2001). 

Although many familiar examples of avian polymorphism conform with strictly 
Mendelian modes of inheritance, some cases are consistent with polygenic deter- 
mination, including continuous variation that is constrained to two (rarely more) 
discrete states; permanent or delayed change in individuals (i.e., are distinct from 
seasonal polyphenism [Shapiro 1976]); involve a morphological component; and 
are subject to environmental induction. Such polymorphisms are likely to repre- 
sent threshold traits (Roff 1996; Roff et al. 1997). Although some examples of 
threshold traits have shown Mendelian patterns of inheritance, many are polygenic 
and amenable to quantitative genetics (Roff 1986a-c, 1990b, 1994c, d; Falconer 
1989; Roff and Shannon 1993), and examples include protective, trophic, life- 
cycle, or mating polymorphisms. The phenonenon provides for the maintenance 
of temporally varying morphs within populations and sexes (i.e., is not equivalent 
to variably expressed sexual dimorphism), and conditional inductability consistent 
with dynamic selective optima, the details of which often are mediated by onto- 
genetic mechanisms (Roff 1992, 1996). Importantly, threshold traits constrain 
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continuous genetic variation into discrete phenotypes, principally through envi- 
ronmental induction. 

Developmental reaction norms.-•Recently, threshold traits were seen to be but 
one of a larger arsenal of means enabling environmental modification of pheno- 
types (Bradshaw 1973; Smith-Gill 1983; Via and Lande 1985; Stearns 1989c; 
Schlichting and Pigliucci 1998). An important basis for this recognition was the 
theory by Baldwin (1896), subsequently dubbed the "Baldwin effect" (Simpson 
1953b). Phenotypic evolution currently emphasizes the integration of traits within 
phenotypes (Schlichting and Pigliucci 1995, 1998), quantitative expression of 
traits determined by multiple genes (Barton and Turelli 1989; Pigliucci and 
Schlichting 1997), potential advantages of developmental "instability" (Markow 
1994), existence of plasticity (environmentally induced variation) in allometry 
among morphological parts (Schlichting and Pigliucci 1998), and influence of 
environmental cues (as constrained by ecology, mechanics, and development) on 
the mediation of genotypic information through ontogeny (West-Eberhard 1989; 
Bradshaw 1991; Raft et al. 1991; Scheiner 1993a; Nager et al. 2000). This per- 
spective returned appropriate attention to the nongenetic component of pheno- 
types, a conceptualization of long, if underrated standing (van Tienderen and de 
Jong 1994; Schlichting and Pigliucci 1998). 

Although most intensively studied in plants, where environmental influence on 
phenotype was amenable to readily quantified variates (e.g., Bradshaw 1965, 
1973), eventually this complex of evolutionary mechanisms was extended to other 
taxa, including vertebrates (Blouin 1992; Van Buskirk and McCollurn 1997; Losos 
et al. 2000). Geographic variation per se has received much ornithological atten- 
tion (e.g., Gould and Johnston 1972; Niles 1973; Campbell and Saunders 1976; 
Hamilton and Johnston 1978; Johnson 1980; Handford 1983; Schnell et al. 1985; 
Rising 1987; Johnston 1992a, b; Engelmoer and Roselaar 1998), notably for re- 
cently introduced or colonist populations (Baker and Moeed 1979, 1980; Ross 
and Baker 1982), but the potential importance of environmental parameters on 
the ontogenetic bases of such patterns remains largely unexplored (but see James 
1970, 1983). Although environmental influence on development--in utero, after 
egg-laying or parturition, and during postnatal development--has received great- 
est attention in nonavian reptiles and mammals, typically under the rubric of 
"maternal effects" (e.g., Janzen and Paukstis 1991; Janzen 1994, 1995; Rossiter 
1996; Mousseau and Fox 1998; Robert and Thompson 2001), the possibility that 
environmental conditions may play a role in ontogeny is not without precedent 
in birds (James 1983; James and NeSmith 1989). Could developmental reaction 
norms (DRNs) provide an insight into the apparent facility with which the mem- 
bers of the Rallidae undergo suites of anatomical and physiological changes (in- 
cluding flightlessness) after the colonization of oceanic islands? 

The combined roles of genotypic and environmental parameters acting during 
ontogeny to produce genetically delimited plasticity led to a conceptual formal- 
ization in terms of DRNs (de Jong 1990; Gomulkiewicz and Kirkpatrick 1992; 
van Tienderen and Koelewijn 1994; Schlichting and Pigliucci 1998). This view 
holds that many species confronted by spatiotemporal variation in resources and 
conditions possess selectively maintained capacity for mediation of the expression 
of key characters (Arnold and Peterson 2002; Day and Rowe 2002). Such vari- 
ation in states comprises the reaction norm of the species (Hedrick et al. 1976; 
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Hedrick 1986; Lively 1986a; Via and Lande 1987; van Tienderen 1991; Brown 
and Pavlovic 1992; Zhirvotovsky et al. 1996), and examples so endowed include 
species possessed of high-dispersal modes or migratory habit (Fairbairn and Yad- 
lowski 1997) or subject to peripheral isolation (Levin 1970). 

Phenotypic plasticity can vary in magnitude, pattern, rate, ontogenetic interval 
of inductability, or reversibility (Gavrilets and Scheiner 1993; de Jong 1999; Pig- 
liucci 2001; Day and Rowe 2002), and has been considered to be subject to 
selection and related to evolvability of systems (Via and Lande 1985; Via 1987; 
Alberch 1991; Scheiner 1993b, 1998; Wagner and Altenberg 1996). These di- 
mensions raise the possibility that species for which such environmental cues are 
comparatively informative may possess "plasticity genes" that promote ontoge- 
netic responsiveness (Padilla and Adolph 1996; Wagner 1996; Whitlock 1996; 
Pigliucci 1998, 2001; but see Via 1993a, b, 1994; Kaplan and Pigliucci 2001), 
and regulatory genes such as the Hox group may serve in this capacity (Raft et 
al. 1991; Schlichting and Pigliucci 1998). 

Clearly, the magnitude of phenotypic plasticity shown by birds (in which 
growth is limited to a very short period) is far less than that displayed by plants 
(in which growth is protracted if not indefinite) or insects (in which environmental 
effects on ontogeny are better documented and generation times are relatively 
short). Even the limited variation in birds is unlikely to be entirely heritable and 
environmentally inducible, although most is likely to be subject to trade-offs be- 
tween risks of adaptation to local conditions, specialization, and plasticity (Kisdi 
2002; Sultan and Spencer 2002; Vfizquez and Simberloff 2002). Nevertheless, 
several species or complexes thereof possess a combination of characters that are 
at least consistent with the conditions of DRNs, namely, complex morphological 
variation, especially in traits having trophic implications (e.g., bill shape); envi- 
ronmental diversity confronted either through migratory movements, ecotonal 
conditions, or ephemeral habitats; and limited or undetectable genetic differenti- 
ation among morphotypes. Environmental influence on the expression of genes 
has been documented in the Collared Flycatcher (Muscicapidae: Ficedula albi- 
coilis) in several morphometric traits (Meril[i 1997; Meril[i et al. 1994; Meril[i and 
Bj6rklund 1999). Notable additional candidates among birds are the Red Crossbill 
superspecies (Carduelinae: Loxia curvirostra and L. scotica) and the closely re- 
lated Parrot Crossbill (L. pytyopsittacus), which manifest a range of continental 
and insular populations differing in vocalizations and bill type, the latter uniquely 
associated with foraging food resources (Parchman and Benkman 2002), but 
among which genetic differences are often negligible and in some cases not con- 
gruent with morphotypes (Lack 1944; Pulliainen 1972; Knox 1976, 1990; Massa 
1987; Groth 1988, 1993; Benkman 1990; Benkman and Lindholm 1991; Piertney 
et al. 2001). Other taxa showing promise in this regard are the Black-bellied 
Seedcracker (Estrildidae: Pyrenestes ostrinus), which shows spatiotemporal vari- 
ation in geographically restricted morphotypes, especially ecotones (T. B. Smith 
1990a-c, 1991, 1993, 1997; Smith et al. 1997; Smith and Girman 2000); ecotypes 
of the Swamp Sparrow (Melospiza georgiana) manifesting morphological but no 
genetic differentiation (Greenberg et al. 1998); and the ground-finches of the 
Galfipagos (Geospizinae: Geospiza), which have been shown to undergo extreme- 
ly rapid phenotypic shifts (notably bill shape) with changes in temperature, hu- 
midity, food resources in response to E1 Nifio events (Grant 1992). 
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TABLE 85. Environmental (direct) parameters (means and variances) qualifying 
as potential triggers for shifts in developmental reaction norms (DRNs) serving 
in colonization of oceanic islands. Direct changes comprise environmental and 
ecological triggers for DRNs or threshold traits (Pigliucci 2001) that are not con- 
ditional on evolutionary changes in parents in generations subsequent to initial 
colonization. 

Parameter subject Likely phenotypic Changes conducive 
to change attrlbu•s to to arian 

with insularity be affected flightlessness References 

Intensity of predation 

Air temperature 

Air temperature 

Relative humidity 

Abundance of food 

Nutritional quality of 
food 

Seasonality 

Diel photoperiodism 

Environmental stress 

Population density 

Body form, schedule of None obvious 
reproduction 

Incubation, growth rate, Changes in definitive 
allometry body mass (especial- 

ly increase) 
Sex of progeny Males typically more 

massive, inclined to 
flightlessness 

Evaporation from eggs 

Egg size, growth rates 
Egg size, growth rates 

Shorten incubation pe- 
riod, favor paedo- 
morphosis 

Modify size and shape 
Modify size and shape 

Lively 1986b, c; Bron- 
mark and Miner 

1992; Tollrian 1995; 
DeWitt 1998 

James 1983; James and 
NeSmith 1989 

Janzen and Paukstis 

1991; Jansen 1994, 
1995; Robert and 
Thompson 2001 

Rossiter 1996 

Schedule of reproduc- 
tion 

Timing of reproduction, 
growth 

Body mass, reproduc- 
tion 

Body mass, reproduc- 
tion 

Timing of growth stage 

Timing of growth stage Shimizu and Masaki 
1993 

Muscular atrophy Bradshaw and Harwick 
1989; Ward 1994 

Modify size and shape Rossiter 1996 

An extreme consistent with the cumulative results of reaction-norm shifts is 

the eventual loss of migratory habit through the evolution of flightlessness, an 
interpretation bolstered by the qualification of flightlessness as a threshold trait in 
insects on isolated oceanic islands (Dingle et al. 1980; Roff 1996) and the loss 
of migratory habit in some fishes (Roff 1988). Also, examination of preliminary 
data suggests a plausible relationship between the taxonomic prevalence of wing 
dimorphisms among continental insects and the frequencies of permanent flight- 
lessness or winglessness in insular endemics (Shimizu and Masaki 1993). How- 
ever, even if the greater selective risks of permanent traits in longer-lived organ- 
isms stemming from DRNs limit their frequency in birds, the phenomenon holds 
promise as an additional, environmentally reactive means for accelerating shifts 
among morphs within species or metapopulational subdivisions thereof. This like- 
lihood also is fortified by the importance of reaction norms in groups prone to 
paedomorphosis (Denver 1997) or under stressful or novel environments (Brad- 
shaw and Hardwick 1989; Ward 1994). 

Environmentally plastic components of the phenotype that are related to colon- 
izational success in rails deserve first consideration as potential DRNs critical to 
the evolution of flightlessness. Colonists of oceanic islands deriving from long- 
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distance migrants would encounter a wide range of environments that might serve 
directly or indirectly as triggers of genetically bracketed shifts in ontogenetic 
trajectories in subsequent generations. Environmental heterogeneity for polymor- 
phism and contributions by DRNs (Kawecki and Stearns 1993) hold promise for 
heretofore unexplored insights into changes in flightless rails and other insular 
tetrapods (Table 85). 

The suite of phenotypic changes that characterizes flightless rails--including 
changes in morphology, migratory habit, ecology of feeding and reproduction, 
and metabolism--may derive from a highly developed, multifaceted ontogenetic 
plasticity that frees a given genotype to express different ecotypes under different 
environmental circumstances. The applicability of selection-based plasticity to the 
problem of paedomorphosis and flightlessness in rails seems especially promising 
in light of the progress already made with respect to the larger problem of reaction 
norms in body size and age at maturity (e.g., Lloyd 1987; Steams and Koella 
1986). This view of the shift from flighted, "normally" conformed, migratory 
species to insular, paedomorphic, sedentary endemic includes a suite of behavioral 
and morphological characteristics in one or more variably complex reaction 
norms, each triggered by changes in environmental conditions experienced by the 
progeny of the colonists. Effectively, changes in form and habitus are subsumed 
by a shift between continental and insular phenotypes. Even if this extreme, in- 
clusive implementation of the reaction norm to insular endemism of rails is un- 
realistic to some degree, to the extent that environmental plasticity plays a role 
in these shifts (e.g., general body size, pectoral paedomorphosis, pelvic peramor- 
phosis, or migratory habit), the efficacy of natural selection to reduce genetic 
variation in these lineages would be diminished accordingly (Schlichting and Pig- 
liucci 1998). 

AvIAN FLIGHTLESSNESS AS EVOLUTIONARY PHENOIVIENON 

[They] had no call for practising or endeavoring to effect that hardest and most 
strenuous mode of locomotion to obtain sustenance or fulfill any of the conditions 
of preservation of the individual or of the species; they were never scared into the 
violent volant exercise.--Owen (1879, appendix 3:5; in reference to Pezophaps) 

There is no doubt but that the avian [taxonomic] series is in general an ascending 
one.--Cope (1885:345) 

It is therefore evident that the comparison of Atlantisia with other forms presents 
considerable difficulties. This very difficulty, taken with the fact that the almost 
wholly black coloration characteristic of the chicks of the Ralline family is appar- 
ently retained for a much longer time than is usual in immature examples, would 
seem to suggest that Atlantisia is a generalised and so presumably a near represen- 
tative of some more primitive type.--Lowe (1928a:105) 

FLIGHT AS LOCOMOTORY BLESS•G OR ENERGETIC BURDEN 

Pennycuick (1987) listed four uses to which seabirds put flight: foraging, com- 
muting to feeding areas, access to nest sites, and migration (Swingland and Green- 
wood 1983; Alerstam 1990). Flightlessness presumably influenced all of these 
activities in the Rallidae, through restriction of home ranges, augmented capacity 
for fasting associated with increased body size and redirection of energy formerly 
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allocated to flight, improved diving capacity associated with a lifting of flight- 
imposed maximum for body mass (in Fulica), severe constraints on commuting 
distances, limitation of escape behaviors, strict dependence on availability of ac- 
cessible nest sites, and appreciable limitations or impossibility of migration. Most 
of these dimensions of life history evidently also underwent similar changes in 
other flightless carinates (Humphrey and Livezey 1982; Livezey and Humphrey 
1982, 1986; Livezey 1988, 1989a-e, 1990, 1992a, b, 1993a-c, 1995a), especially 
those exclusive of wing-propelled diving birds. 

The letter by Darwin (1860) to Lyell (quoted above, p. 423) raised the philo- 
sophical merit of speculations concerning the absence of examples of flightless- 
ness in insular bats. Lull (1935) deemed flightless bats to be evolutionarily pro- 
scribed because of the involvement of both pectoral and pelvic limbs in the chi- 
ropteran wing (see also Maina 1998), whereas the possession of dual locomotory 
modules in birds liberated of one of the limb pairs from flight function (Gatesy 
and Dial 1996a). These speculations prompt a consideration of those groups of 
birds for which flightlessness is unthinkable, examples of which would include 
widely foraging forms such terns and gulls or aerial foragers such as swifts and 
hummingbirds. A sacrifice of flight capacity appears to hold dire consequences 
for the majority of avian taxa endemic to oceanic islands (e.g., raptors, parrots, 
kingfishers, and passefines), whereas some groups that remained righted (e.g., 
some ground-feeding Geospiza in which interisland dispersal is unimportant) con- 
ceivably could have survived the loss (cf. Emberiza from the Canary Islands 
[Rando et al. 1999]). 

The capacity of rails to exploit diverse and innovative food resources comports 
with a view of rallids as presenting the "profile of an insular colonizer"--a 
coupling of a plesiomorphic capacity for long-distance movements with an apo- 
morphic, contextually economical, (onto)genetic faculty for loss of flight. A return 
through the threshold of flightlessness, a verified example of reversal to flight 
capacity, has yet to be confirmed, and the data required to document such would 
appear to be unlikely to be recovered. The most enlightening substitutes for the 
latter may be extant species that closely approach the threshold--Laterallus spi- 
lonotus and Fulica gigantea--taxa that represent functional analogs to several 
taxa in the Anatidae (Tachyeres patachonicus and Anas chlorotis [Humphrey and 
Livezey 1982; Livezey and Humphrey 1986; Livezey 1990]). 

FLIGHTLESSNESS AS DEGENERATION VERSUS DEVELOPMENTAL ECONOMY 

The functionally diminished pectoral apparatus of some flightless birds, notably 
ratites, prompted a view in which avian flightlessness assumed the role of evo- 
lutionary metaphor for "degeneration" (Lankester 1880; Duerden 1920). This 
antiquated perception in some respects has been reincarnated to be consistent in 
the hypothesis of the selectively neutral loss of "useless" structures through mu- 
tational stochasticity (Brace 1963; Kosswig 1963; Prout 1964; Peters and Peters 
1968; Regal 1977; Peters 1988; Fong et al. 1995), invoked most frequently in the 
context of cavernicolous organisms (e.g., Eigenmann 1909; Culver 1982; Lan- 
gecker et al. 1993; Culver et al. 1995) and subterranean (fossorial) mammals 
(Nevo 1999). These comparatively negative connotations were at least compatible 
with the early view of avian flightlessness as a defense against virtually hopeless 
attempts at dispersal from islands into the open sea (i.e., making the best of a 
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bad situation), a notion deriving largely from studies of insular plants in which 
dispersal of progeny is limited to dissemination of propagules as seeds (Carlquist 
1965, 1966, 1974). 

An opposing view, in which "specializations" (such as appendicular modifi- 
cations) are considered as plausible as thresholds of opportunities as "dead ends," 
was articulated by others (Amadon 1943c; Holmes 1977). Wake (1992) regarded 
the "regressive" evolution of sensory organs in caecilians as innovative, and the 
pectoral reduction in flightless birds on islands can be considered as a means for 
substantial "somatic savings" rendered permissible by a lack of terrestrial pred- 
ators (Wiglesworth 1900; Lowe 1928a; Olson 1973a; Halliday 1978a; M. Wil- 
liamson 1981; James and Olson 1983), an example of economic trade-offs among 
anatomical structures having selective values conditioned by environmental cir- 
cumstance (Perrin and Sibly 1993). This interpretation is consistent with the 
"economy principle" of evolutionary maintenance (Curio 1969), and casts flight- 
lessness as the selective redirection of energy from the pectoral apparatus to other 
demands, for example, caloric reserves (body fat), strengthened pelvic muscula- 
ture, and augmented capacities for reproduction (Olson 1973a, b; Feduccia 1980; 
Livezey 1989b, d, 1990, 1992a, b). Emerson (1986) regarded pectoral paedo- 
morphosis as functionally important in the saltatory capacity of frogs (Amphibia: 
Anura); others considered paedomorphosis in other amphibians as comparable to 
any other developmentally mediated change with respect to fitness (Alberch and 
Alberch 1981; Alberch and Gale 1983, 1985; Alberch 1987). 

Viewed properly, avian flightlessness is a striking example of functional trade- 
offs, comparable to others not striking at the heart of the popular notion of things 
avian, for example, foraging behavior (e.g., Amadon 1950; Richards and Bock 
1973; Pimm and Pimm 1982; James and Olson 1991), reproductive strategies 
(e.g., Lack 1968b; King 1973; Murton and Westwood 1977; Brown 1987; Koenig 
and Stacey 1990; Ligon 1999), and parameters of growth (e.g., Ricklefs 1968, 
1973, 1983a; O'Connor 1984; Reiss 1989; Starck 1993; Starck and Ricklefs 
1998a-c). The evolutionary trade-off represented by pectoral modifications in 
flightless, wing-propelled diving birds such as Mancalla, the Great Auk (Pin- 
guinus irnpennis), and penguins is comparatively intuitive (Wiglesworth 1900; 
Storer 1960a, 1971a; Livezey 1988, 1989c; Raikow et al. 1988; Kooyman 1989; 
Cubo and Casinos 1997). As a result, the alcids and (especially) spheniscids are 
known at least as much for their rapid and energetically efficient submarine move- 
ment (Stonehouse 1967; Kooyman 1975; Hui 1983; Pennycuick 1987), and com- 
plementary structural and physiological changes (e.g., Andersen 1966; Walton et 
al. 1998), as for being aerially flightless. Similar considerations extend to other 
flightless diving birds--Galapagos Cormorant (Livezey 1992a), Auckland Islands 
Merganser (Mergus australis [Livezey 1989b]), and steamer-ducks (Livezey and 
Humphrey 1986). 

The view of reductive evolution, exemplified by avian flightlessness, suggests 
that the morphological revolution of flightless rails is the facility with which 
members of the family ontogenetically implement a suite of phenotypic alterna- 
fives to the continental, righted, often migratory norm to exploit insular environ- 
ments. Relative magnitudes of this "reduction" differ significantly among species 
(Tables 71-75), contrary to the notion that the loss of flight in rallids is universally 
rapid, resulting in two distinct states (e.g., Olson 1973a; Feduccia 1980). In ad- 
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dition, speculations concerning the rapidity of the evolution of flightlessness based 
on the geological ages of occupied islands in hot-spot archipelagos may be mis- 
leading in that ancestral colonists may have originated on older islands in the 
archipelago (including islands no longer emergent) permitting substantially longer 
evolutionary intervals (Sirekin 1984; Carson and Clague 1995). 

PRECONDITIONS, CAUSES, CURRENCIES, AND CONVERGENCE OF CHANGE 

At the outset, it is important to distinguish between preconditions (conditions 
permitting evolution of flightlessess) from selective advantages (selective differ- 
entials promoting flightlessness). Among the preconditions or primitive states, 
exclusive of taxonomic affiliation, that characterized the minority of insular avian 
endemics that eventually evolved flighfiess in situ were several ecological or func- 
tional attributes: foraging was principally or completely nonarboreal and nona- 
erial; nesting was terrestrial or semiterrestrial and for which access was not prob- 
lematic in the absence of flight; and year-round survival was feasible in the ab- 
sence of migration and repeated, short-term, long-distance movements from the 
island. Penguins and flightless alcids clearly represent exceptions to the last con- 
dition (Livezey 1988, 1989c), although it is unlikely that strictly insular taxa of 
penguins evolved flightlessness in situ. For example, the Galapagos Penguin 
(Spheniscus mendiculus), although accommodating life on a tropical archipelago 
(Boersma 1975, 1976), derives from a taxonomic order known to have been flight- 
less from at least the early Cenozoic and principally distributed at the highest 
latitudes of Gondwanaland (Simpson 1946, 1975; Stonehouse 1975; Livezey 
1989c; Williams 1995). 

The analogy of insular colonization by wayward migrants as a permanent stop- 
over provides a useful premise from which to reconstruct the evolution of avian 
flighfiessness on oceanic islands. After initial colonization, isolated lineages pos- 
sessed of the requisite life-historical qualities and (epi)genetic opportunities will 
undergo, to varying extents, changes in morphological and ecophysiological pa- 
rameters during subsequent generations under the new selection regime, the more 
speculative issues of evolutionary rates and irreversibility aside (see above). 
Whether islands are considered environments permitting phenotypes otherwise 
selectively "forbidden" (sensu Vermeij 1987)--for example, by reduced risks of 
predation--or environments conducive to stresses and accelerated evolutionary 
change (sensu Parsons 1993b, 1996)--for example, through limitations of habit- 
able areas and deme size•insular habitats clearly are central to flightlessness in 
rails and of greater evolutionary importance per unit area than are comparable 
continental areas. The widespread colonization of a wide diversity of insular com- 
munities has fostered in rails a rich diversity of form shown by flightless endem- 
ics•both in size and shape (Tables 7, 11, 13-23, 30-33, 40-42, 46-54, 68-75; 
Figs. 15, 20, 22-32, 42-44, 48-60, 111-115)---but the group remains less trac- 
table with respect to geological, ecological, morphological, and phylogenetic di- 
versity than the comparatively heavily studied cases such as the Galfipagos (Dar- 
win's) finches (Geospizinae [Lack 1947a; Bowman 1961, 1963; Grant 1986]) and 
Hawaiian honeycreepers (Drepanididae lAmadon 1950; Bock 1970; Dobzhansky 
1977; Pimm and Pimm 1982; James and Olson 1991]). 

Long-term "success" of flightless species in insular habitats is governed, as 
for any phylogenetic lineage, by the success of evolutionary accommodation to 
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NO CHANGE • NOT APPLICABLE 

.•.NO •' NOT APPLICABLE 
/DECREASE EARLY SEXUAL MATURITY• 

/ ,• YES'---•' ENHANCED REPRODUCTION 

• • •NG • NOT APPLICABLE 

/ • [/ • NO• NOT APPLICABLE 
/ .... X //•OLO •.W.ON•N• 
/ so9 

• / •X• •"G • NOT APPLICABLE 
• • •RESOURCES DEFENDED• 

• NO • NOT APPLICABLE 

(compared to NO RELATIVE OR 
fllghted relative) •ABSOLUTE • NOT APPLICABLE 
• J/REDUCTION 

/ CONFORMAL WITH • NOT APPLICABLE 
/ /GROUP ALLOMETRY 

• /SMALLER / • NG • NOT APPLICABLE 

/ • NOT CONFORMALl / 
/ % I / •NO • NOT APPLICABLE 

/ •1 a•u• • WITH GROUP [/WING-PROPELLED 

• ........ / • •/ •NO • NOT APPLICABLE 

•A"SOLUTELV/ •A OL •.NC - NOTA.PL•CABLE 
REDUCED •ENVIRONMENT YES THERMODYNAMICS 

REDUCED 

METABO)Li•ES •METABOLIc 
RATE ECONOMY 

•G. 127. Dichotomous decision-•ee delineating selective advantage(s) of arian fiight]essness 
based on deviations in body mass (•ong RM]idae, increases in body size typical, decreases or s•sis 
r•e), ch•ges in pectorM app•atus (•ong Rallidae, v•ably profound reductions evident), •d c•- 
didates for functional adv•tages associated with •ese in flightless birds •e indicated at ter•na. 

changing environments, hypothetically depicted as a spatiotemporal shift in se- 
lective optima before and after colonization (Fig. 126). The obvious dependence 
of insular flightless birds on isolation from terrestrial predators is important from 
a historical perspective, but provides few insights into the selection regimes that 
molded the diversity of flightless lineages. Exclusive of the catastrophic effects 
of human immigration, the changes in body form inferred for flightless birds can 
be subjected graphically to a simplistic, two-component "decision-tree" that pro- 
vides a basic framework for delimiting viable candidates for potential selective 
advantages of flightlessness under pristine conditions (Fig. 127). Of these, advan- 
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Environmental 

Parameters 

Attributes of 

Rallid Lineages 

Selection Trends 

and Regimes 

Metapopulational traits, ,• Unpredictable, rich habitats, 
with high fecundity under high juvenile mortality 
favorable conditions. favoring r-selected traits 

• neophilia, migratory flocks. 
Dispersal polymorphism, High mobility, of long- 
reproductive bet-hedging distance vagrancy and 
ma ntain progeny prone hkehhood of reaching •slands 

I. Habitats of continental 

taxa early-successional, 
having high mean, typically 
year-round productivity. 

II. Variance in productivity 
of habitats and resultant _ 

heterogeneity of resources 
in time and space at to colonization, migratory by founding flocks, flight- 

diverse scales. flocks, and •adaptability. related plasticity genes. 
III. Potentially habitable Widest global breeding Founder effect, genetic 

islands eventually •, distribution among arian •-- drift, kin selection, niche 
colonized, via vagrant family, reflection of insular variation with populations, 
flocks, prevailing winds, footholds and "permanent and sexual selection favor 

stepping-stone routes. migratory s•povers." changes in insular demes. 
IV. Novel insular conditions Ontogenetic bifurcations, Small dames and ESC- 

trigger sedentary life- plastic pectoral ESC, and canalized promote shifts in 
histories, investment in "perhaps accelerated 4 pectoral complex, body 
cursorial locomotion, cladogenesls permit size, and symmorphosis- 
refinement of foraging. paedomorphic DRNs. consistent threshold traits. 

V. Reduced predation, high Founder effects, intermit- Tectonic catastrophes (e.g., 
intraspecific and interspecific tent genetic drift, promote tsunamis, volcanoes) and 
competition, aseasonality --.-•-autapomorphies, favor ,• seasonal drought accelerate 
favor changes in ESS's and character displacement, directional phenotypic 
life-history (e.g., K-selected niche breadth, increased change. 
strategies, relaxed BMRs, sexual dimorphism. 

altered niche widths). . . _• 

vl. ,onr 
FIG. 128. Diagram of the environmental and selective parameters impinging on the attributes of 

Rallidae leading to the evolution of flightiessness. Acronyms included (see text for details) are BMR 
(basal metabolic rate), ESC (evolutionarily stable configuration), and ESS (evolutionarily stable strat- 
egy). 

tages related to defense against predators (e.g., protection and concealment of 
nests and young) or combat with conspecifics are least likely to pertain to flight- 
less rails; both were critical for morphological changes associated with flightless- 
ness in steamer-ducks (Livezey and Humphrey 1986). Given the multitude of 
benefits that can accrue to the sacrifice of flight (Fig. 127), the suite of plausible 
mechanisms that perpetuate a capacity among rails to redirect the allocation of 
resources typically directed to flight toward other faculties of advantage under 
novel, insular conditions (Fig. 128), and the diversity of taxonomic groups in 
which flightless members have evolved (Table 4), it may be legitimate to seek 
the environmental circumstances and ontogenetic mechanisms responsible for the 
scarcity of avian flightlessness as opposed to the consistent view of this special- 
ization as an evolutionary oddity or exception. 

Macroevolutionary trends in phylogenetic lineages have received special atten- 
tion since the paradigm proposed by Darwin (1859) assumed a central role in 
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biology. Issues pertaining to the diversification and extinction of lineages, mor- 
phological evolution, and functional trends dominated subsequent literature (cf. 
Huxley 1943, 1953; Simpson 1944, 1953a; Bock 1970, 1979; Salthe 1975; Stanley 
1979; Charlesworth and Lande 1982; Gould 1982; Levinton 1983, 1988; Benton 
1987; Lemen and Freeman 1989; Baum and Larson 1991; Howarth 1991; Hansen 
and Martins 1996; Jablonski 1996, 2000). McShea (1998) listed eight large-scale 
trends or "live hypotheses" exemplified by modem organisms-•entropy, energy 
intensiveness, evolutionary versatility, developmental depth, structural depth, 
adaptedness, size, and complexity. Some of these are comparatively esoteric, and 
several are validated by flightless rails beyond what is typical (if not unavoidable) 
for other organisms, especially tetrapods. Energy intensiveness, after Vermeij 
(1987), is expressed among rails in the morphological trade-offs involving loco- 
motion favored under insular conditions. Evolutionary versatility is of special 
significance to flightless rails in that the ontogenetic plasticity that permits the 
sacrifice of the pectoral apparatus for other ecomorphological refinements is one 
aspect of this concept. Developmental depth, although inescapably germane to 
flightless rails in its emphasis on the hierarchical structure of ontogeny and the 
decrease in admissable variation that characterizes progressively earlier, genera- 
tively entrenched stages (Wimsatt 1986), merits special attention given the influ- 
ence of differentially conservative heterochrony in the morphology of flightless- 
ness. Adaptedness is problematic in currencies and timescales, in that flightless 
rails are successful in terms of taxonomic richness and distribution, but limited 
in ecological dominance by small occupied areas and recent extinctions. Finally, 
size and increases thereof (sensu Cope's role) are clearly relevant to most flightless 
lineages of rails, although neither the selective advantage(s) of these convergent 
changes, rates of change, nor the sequence of events (e.g., whether increase in 
size preceded or led to flightlessness) is known in most instances. 

This literature reveals body size to be focus of study in most macroevolutionary 
studies (e.g., Newell 1949; LaBarbera 1986; Bonner 1988; McKinney 1988b; 
Jablonski 1996; Kozlowski 1996). Apomophies of flightless rails, including in- 
creased body size (where inferred), are consistent in some respects with the tra- 
ditional view that macroevolution is the cumulative outcome of microevolutionary 
processes, in that all degrees of intermediacy are evident in the family and within 
several genera (Figs. 32, 59, 60). This perspective was articulated clearly by (Bock 
1970:712, emphasis in original): "If the sequence of events in a major evolution- 
ary change is outlined properly, then the known mechanisms of microevolution 
will provide a complete explanation for the macroevolutionary change." It is 
likely that this correspondence can be approximated for the comparatively recent 
transitions reflected by flightless rails, in which a comparative wealth of inter- 
mediate forms share critical aspects with the Hawaiian honeycreepers examined 
by Bock (1970). Imperfections of the fossil record and the likelihood that resultant 
artifactual discontinuities that appear to contradict this view have been cited as 
potential flaws in prominent counter-reductionist hypotheses of this kind. An ex- 
cellent example of these debates is the critique by Dennett (1995) of the reliance 
on fossil transitions in the context of speciation, the hypothesis of punctuated 
equilibria (Eldredge and Gould 1972; Gould and Eldredge 1977). These long- 
standing concerns have returned attention to the possibly misleading artifacts of 
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paleontological lacunae in a series of evolutionary topics (e.g., Donovan 1989; 
Wheeler 1992; Kemp 1999). 

Large body size is not the only apomorphy shared by many flightless cadnates 
(Table 78). Large body size compromised the capacity for dispersal in these lin- 
eages-one of several, typically K-selected correlates of insularity shared by 
flightless rails and raphids, among others--but may have bestowed a number of 
correlated, selective advantages. Most notable among the latter is the growing 
substantiation of reduced BMR that attends the loss of flight capacity and its 
physiological demands, documented in Atlantisia rogersi and several other rallids 
and flightless carinates (Ryan et al. 1989; McNab 1994a, unpubl. data). Other 
advantages accruing with the loss of flight may include lower (resting) body 
temperature (Wetmore 1921; McNab 1983) and likely enhanced capacity for fast- 
ing (Livezey 1993b; McNab 2000). Perhaps in part a corollary of increased body 
size, sexual size dimorphism was exceptionally great in some flightless rallids 
(e.g., Diaphorapteryx hawkinsi, Aphanapteryx bonasia, and perhaps incipient in 
Cabalus modestus) and involved differences in body size and changes in propor- 
tions possibly related to foraging. Other apomorphies related to the loss of flight 
in at least some rails and members of other neognathous families include losses 
of remiges; peramorphosis of the skull, trunk, and pelvic limb; and comparatively 
great seasonal variation in deposition of body fat (Livezey and Humphrey 1982, 
1986; Livezey 1993b, 1995a). 

Appendicular reductions in other taxonomic groups of tetrapods, especially 
those entailing functional sacrifice, revealed that comparisons with flightless birds 
fail increasingly with detail (Table 78). Pectoral reduction in some reptiles (e.g., 
snakes), for which the evolutionary reduction and loss of limbs is comparatively 
well manifested in the fossil record (Caldwell and Lee 1997; Greene and Cundall 
2000; Tchernov et al. 2000), was hindered by the plesiomorphic absence of both 
pectoral and pelvic appendages in entire higher taxonomic groups and the typical 
association of limblessness with corporal elongation and fossorial locomotion 
(Lande 1978; Carroll 1997), a deficiency overcome ultimately by classical com- 
parative anatomy (Gressitt 1956; Gans 1975; Presch 1975) and increasingly ex- 
plicit phylogenetic studies (Caputo et al. 1995; Lee 1998; Zaher and Rieppel 1999; 
Wiens and Slingluff 2001). Anatomical changes associated with avian flightless- 
ness are minor, in part related to the plesiomorphy of reduction in the avian 
forelimb, exclusive of simple elongation in some segments (Chiappe 1995a; Pa- 
dian and Chiappe 1998). 

Extreme examples of convergence were provided by invertebrate taxa, primar- 
ily the Insecta (e.g., Jackson 1928; Holloway 1963; Hackman 1964, 1966; Otte 
1979; Harrison 1980; Roff 1986a-c, 1990a, 1991, 1994a-c, 1995; Barbosa and 
Krischik 1989; Sattier 1991; Zera and Mole 1994; Finston and Peck 1995; Hunter 
1995; Marden and Kramer 1995; Zera and Denno 1997). Flightlessness among 
insects was instrumental in the extension of concepts of metapopulations and 
threshold traits to the evolutionary realm of vertebrates, despite the nonhomology 
of the affected structures and issues of comparability of birds and insects, deriving 
from small body sizes, ectothermy, and short life spans of the invertebrates. 

MODERN PERSPECTIVES: REGRESSIVE, PROGRESSIVE, AND NEUTRAL 

The evolutionary innovation of the Rallidae embodied by the colonization of 
oceanic islands combines dispersal, perhaps largely expressed by immatures dur- 
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ing inaugural migratory passages, married to an ontogenetic capacity to convert 
the "anatomical assets" of the flight apparatus into resources necessary for suc- 
cess if flocks stray to insular environments. The first component is a change in 
migratory habit having profound implications for energy budgets, annual sched- 
ules of activities, and physiological cycles. The second component in this "mar- 
riage of capabilities" turns on ontogenetic variation in morphology, in which an 
ontogenetic facility to engage heterochrony gives rise to a unique bifurcation of 
development, that is, a capacity to substantially alter investment in a flight ap- 
paratus that is consistent with an ESC (i.e., sensu Wagner and Schwenk [2000]) 
in most avian lineages. Conservative vestiges of avian developmental schedules 
preclude conversion of the entire pectoral limb to effect this trade-off, although 
moas (Dinornithiformes) most closely approached this level of completeness 
(Owen 1879; Forbes 1892f; Archey 1941; A. Anderson 1989). Nonetheless, the 
variable, lesser exchanges realized by flightless rails evidently were of sufficient 
advantage to effect a distributional revolution in the family. 

The tendency of flightless rallids to shift toward larger size (Table 71; Appendix 
1) and K-type reproductive parameters (Table 84) appears to have contributed to 
the vulnerability of flightiess rails to anthropogenic agencies, in that large size 
(through increased selection as prey) and diminished reproductive potential (there- 
by reducing ability to recover) carry penalties for many avian taxa in the face of 
increased predation (Balouet and Olson 1987; Holdaway and Jacomb 2000). The 
observation that the largest, most reproductively conservative species of flightless 
rail were among the first to be extirpated (Table 2) lends credence to this hy- 
pothesis. This generalization fails for some insular rallids, as species suffered from 
assaults of variable intensities, design, and time frames, including unconscious 
destruction of many species through "siege" by commensals, "collateral dam- 
age" incurred through destruction of habitat (many species), as well as all-out 
"Blitzkrieg" (sensu Holdaway and Jacomb 2000) with focused intent (e.g., Gal- 
lirallus wakensis and Cabalus modestus). In addition, if a given locomotory ca- 
pacity is accepted as an "escalative" stratagem, then flightlessness represents the 
exchange between two potential avenues for realization of proximal benefit; that 
is, flightlessness of rails may qualify as an example of "nonescalative" macro- 
evolutionary change (sensu Vermeij 1987). Taken as a whole, these circumstances 
favored "opportunistic" (short-term) qualities as opposed to refinement of attri- 
butes of colonists for the long-term, including such unforeseen eventualities as 
human immigration (Berry 1992). 

Paedomorphosis is potentially important for evolutionary innovation, a process 
by which "overspecialization" may be avoided and new potentials for cladogen- 
esis attained (de Beer 1951; Hardy 1954; Godfrey 1985; Ayala 1988; Levinton 
1988; Ruse 1992, 1996). Goldschmidt (1940), in reference to the flightless Ga- 
lapagos Cormorant, noted such apomorphy as leading to an example of a "hopeful 
monster." Clearly favorable in original intent, this characterization was to foster 
escalating derision by a number of prominent evolutionary biologists; for exam- 
ple, Hull (1988) attributed to E. Mayr the derogation "hopeless monsters" in 
reference to the hypothesis of Goldschmidt (1940). However, in a review of het- 
erochrony as mechanism of evolutionary change, McKinney et al. (1990:279) 
extended this apellation to "More-than-hopeful Monsters" to renew recognition 
of the evolutionary potential of ontogenetic change. Within this perspective, such 
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"monstrosities" often represent phenomena considered anomalies under conven- 
tional paradigms, natural "outliers" poised to foment scientific advancement (A1- 
berch 1989; Lightman and Gingerich 1991). Also during recent years, circum- 
stances and classes of "monstrosity" conducive to establishment of these diver- 
gent phenotypes have been hypothesized (Alberch 1982a; Arthur 1984; Werner 
and Gilliam 1984; Pimm 1986; McKinney 1988b). 

Interpretation of avian flightlessness as degenerative or deviant in that it rep- 
resents a departure from a natural or essentialist norm appears to have roots in 
an ideal of naturalism (Mayr 1982), and the pervasiv% essentially religious of 
view of the earth in decay (Chambers 1844; Davies 1969; Bowler 1976, 1983; 
Levinton 1983). In time, such evolutionary outliers came to be viewed with re- 
strained optimism. Grant (1998d), citing the swarms of flightless coleopteran 
(Roff 1994a, b; Finston and Peck 1995) and orthopteran (K. L. Shaw 1995) insects 
on islands, admitted that flightlessness is related to sedentariness, geographical 
isolation, and small demes. This led Grant (1998d) to acknowledge that flight- 
lessness in these cases may have been key to phylogenetic diversification, but he 
questioned whether or not flightlessness qualified as a "key innovation." 

Is it fair to single out extinct, flightless birds as "over-specialized?" Are other 
species, when denied essential requirements (e.g., suitable habitat) or presented 
with new, deadly threats (e.g., viruses), and driven to extinction, so judged? In- 
sular endemics were numerous, but human-related change was so pervasive on 
oceanic islands as to render a repeatedly evolved, formerly successful speciali- 
zation a literal "dead end." It may be more logical to consider the latter term as 
an evolutionary pathway (perhaps strongly favored in the short-term) having few 
options (e.g., selectively attainable bifurcations), deemed a posteriori as having a 
low probability of success. 

Many flightless rallids are peramorphic in all but the pectoral appendage, but 
are probably most properly considered functionally paedomorphic (given the im- 
portance of pectoral paedomorphsis for flightlessness and extinction), and as such 
offer little support for the notion that paedomorphs tend to succeed as ancestors. 
Heterochronically generated evolutionary change, strongly evidenced in several 
flightless rails, may be critical in the origin of evolutionary novelties (Mayr 1960), 
the rate of such changes (Simpson 1944), and their phylogenetic patterns (Cracraft 
1984, 1985, 1990; Miiller and Wagner 1991). Furthermore, at least some of the 
flightless rails represent(ed) highly specialized members of insular environments 
that were characterized by extreme morphological and (probably) physiological 
changes. Before the arrival of humans, some may have been dominant consumers 
in their respective, if geographically limited, ecological communities (e.g., pristine 
densities documented for Porzana palmeri). However, in light of the difficulties 
of delimiting the anatomical changes enabling avian flight as a discrete innovation 
(Cracraft 1990), in many respects the characterization of flightlessness as inno- 
vation is similarly problematic. 

The endangered status and extirpation of many birds (flighted and flightless), 
as well the formerly global distribution and diversity of flightless rails, present a 
confusing array of success in the sense of perseverance in the face of human 
devastation. Even if one adopts the extreme view that virtually all habitable oce- 
anic islands at one time supported at least one endemic flightless rail (Steadman 
1995), the global ecological impact of these small populations and the area oc- 
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cupied would have been vanishingly small. Even if limitations of timescales and 
evidence of intermediates are put aside, flightless birds do not permit an easy 
assessment in terms of "evolutionary progress" as conceptualized (or rejected) 
by most scholars (Simpson 1949, 1953a; Huxley 1953; Rensch 1959; Dobzhansky 
1970; K'tihne 1972; Ayala 1974; Fisher 1986; Benton 1987; Gould 1988b, c; 
Nitecki 1988; Rosenzweig and McCord 1991; Ruse 1996). That is, flightless lin- 
eages conform to a widespread view that a sustained trend is prerequisite for a 
consideration of "progressive" change, flightless lineages have descendants that 
have both gained or lost capacities or functions in the process, and the difficulty 
or impossibility of a relative valuation of these trade-offs precludes the prejudi- 
cially loaded attribution of "improvement," "increase," or "betterment" on the 
overall trend in most or all instances (including among the Rallidae). 

Brock (2000) considered that anagenetic changes can be considered "progres- 
sive" in the evolutionary sense, a perspective that does not necessarily include 
assessments of adaptive properties normally implicit in the broader concept of 
"progress" as an emergent property of entire evolutionary systems. By this cri- 
terion, the multiple convergent transitions shown by flightless rails (and other 
neognaths) could be classified as progressive. Extinctions of insular avifaunas 
seem random or "wanton" with respect to the affected taxa or their habit. Well- 
understood exceptions to the ecoevolutionary indiscrimination typical of insular 
extirpations include the decreased extinction rates of high-elevational birds in 
Hawaii that reflect the failure of disease-carrying mosquitoes to live in moun- 
tainous habitats (Scott et al. 1986). However, to the extent that "chance" (i.e., 
changes in parameters not subject to predictability or selection) has played a role 
in the extinction of flightless birds, the insights to be gained from the standpoint 
of evolutionary "progress" or "success" are diminished (Eble 1999). 

A related and more intensively contested issue surrounds the concept of "ad- 
aptation," principally in terms of the implications of the term with respect to 
selection inferred to have acted on historical sequences of events (Gould and 
Lewontin 1979; Gould and Vrba 1982) and the hierarchical level at which the 
underlying selection operates (Williams 1966, 1992; Lewontin 1970; Maynard 
Smith 1976; Alexander and Borgia 1978; Wade 1978; Wilson 1980, 1983, 1997; 
Dawkins 1982; Endler 1986). One of the counterproductive philosophical out- 
comes from the success of neo-Darwinism in the 20th century was the ascension 
of the concept of "adaptation" to a status tantamount to noumenon--an idea not 
amenable to empirical testing but considered essentially omnipotent. In the present 
work, selective advantage(s) of flightlessness are framed in terms of the individ- 
uals expressing the trait in question (i.e., individual selection, as extended via 
inclusive fitness to kin selection), as opposed to benefits gained by a collection 
of unrelated individuals (i.e., group selection [Wade 1978]). This perspective does 
not proscribe the collective effects of individual selection on the differential suc- 
cess of lineages. This emergent corollary at the level of species is sometimes 
referred to as "species selection" or "lineage sorting" (Brock 2000), and marks 
a conceptual distinction critical to the paradigm of metapopulations (Olivieri and 
Gouyon 1997; see above). 

A focal point of debates regarding "adaptation" is the relative importance of 
original and current function (Gould and Lewontin 1979; Gould and Vrba 1982). 
Amundson and Lauder (1994) classified the philosophical interpretations of 
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"function" in terms of the history of natural selection undergone by ancestral 
lineages, current causal properties, and the "selected effects" of a character. 
Amundson and Lauder (1994) also acknowledged the challenges and value of 
historical reconstructions of selection regimes and past function, and cited the 
issue of wing size and flightlessness of some insects in a comparison of these 
competing approaches. The current consensus minimally requires the phyloge- 
netically based exclusion of plesiomorphy and demonstration of selective advan- 
tage of the feature in question for "adaptation" to be inferred (Eldredge and 
Cracraft 1980; West-Eberhard 1986; Taylor 1987; Lemen and Freeman 1989; 
Eldredge 1993; Leroi et al. 1994; Losos and Miles 1994; Vermeij 1994, 1996). 

Accordingly, flightlessness is properly considered an indirect adaptation or "ap- 
tation," in the strict sense, in that no selective advantage (whether involved in its 
origin or simply acting post facto) strictly attends the loss of flight (Frazzetta 
1975; Brandon 1978; Bock 1980; Clutton-Brock and Harvey 1984; Coddington 
1988, 1994; Hailman 1988; Amold 1989; Baum and Larson 1991; Reeve and 
Sherman 1993; Amundson 1996; Larson and Losos 1996). Instead, the economic 
implications of the sacrifice, that is, the gains realized by the redirection of re- 
sources formerly allocated to the flight apparatus and its employment, are the 
features of selective advantage. That selection toward optimization among essen- 
tial dimensions of life histories, changes in body size, or refinements of metab- 
olism to succeed on oceanic islands leads toward changes that reasonably would 
be considered "adaptive" seems inescapable. The critical point is not to mistake 
the aspects sacrificed in these shifts as the "adaptations" achieved. Unfortunately, 
the repeatedly affirmed evolutionary strategy involving the sacrifice of flight for 
other faculties, in a manner comparable to insular giantism of uncounted insular 
Mammalia, was rendered a Pyrrhic victory with the biotic calamity wrought dur- 
ing and since the age of human exploration. 

FLIGHTLESS BIRDS AND CONSERVATION ON ISLANDS 

OPPORTUNITIES LOST AND INVESTIGATIONAL PRIORITIES 

If there really are lost species, it can doubtless only be among the large animals 
which live on the dry parts of the earth; where man exercises absolute sway, and 
has cornpassed the destruction of all the individuals of some species which he has 
not wished to preserve or domesticate.--Lamarck (1809, vol. 1:76; translated by 
Elliot 1984:44) 

Unfortunately, the optimism of Lamarck (1809) was to prove misplaced, and 
the admonition (quotation below) by Mayr (1967) came centuries too late for 
many taxa, avian and otherwise, and continues to be ignored for many more to 
the present. Islands unquestionably hold unique potential for evolutionary insights 
(Berry 1992), but as a result of the numerous extirpations of flightless rails and 
other insular endemics around the world, many important opportunities for orni- 
thological research have been lost irrevocably. Oceanic islands simultaneously 
embody fragments of uniquely varying resource units, presenting natural settings 
for evolutionary "experiments." Perhaps to a degree attained by no other avian 
family, the family Rallidae has participated in these uncounted evolutionary trials, 
through which an unlikely proclivity for dispersal may have endowed virtually 
all habitable land fragments with one or more variably enduring colonizations 
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(Steadman 1995). But for the fortunate preservation of subfossil elements of some 
of these extraordinary species, any synthesis of flightless rails would be reduced 
to little more than a jeremiad of the destroyed faunas and lost evolutionary in- 
sights. These lost subjects of study include some of the most remarkable and 
derived flightless rails, for example, Diaphorapteryx, Aphanapteryx, Erythroma- 
chus, Capellirallus, and Hawaiian Porzana (a flightless analog of Darwin's finch- 
es). However, a number of key questions still can be addressed through study of 
the remaining minority of flightless rails, taxa that fortunately represent most of 
the clades that formerly included flightless members. 

Among the general hypotheses having components uniquely accessible under 
insular conditions involve the degrees to which taxonomic diversity of avian com- 
munities may be structured by an avoidance of nest predators through increased 
diversity of nest sites (T. E. Martin 1981, 1987, 1988a-c, 1992, 1995, 1998; 
Martin and Clobert 1996); magnitude of sexual dichromatism may be related to 
intensity of nest predation (Martin and Badyaev 1996); "apparent competition" 
contributes to interspecific patterns of distribution (Holt 1977; Holt and Kotler 
1987; Schmitt 1987; Holt et al. 1994); evolutionary changes in insular birds cor- 
respond in genetic and ontogenetic dimensions with those of troglomorphs in the 
subterranean isolation of caves (Culver et al. 1995); generalities of r- and K- 
selection characterize endemic species, subspecific populations, and recent im- 
migrants (Murray 2001); and polymorphisms of dispersal both within and among 
species are maintained genetically and asynchronous temporal fluctuations in re- 
sources, induced as threshold traits, or evolved de novo (Johnson and Gaines 
1990; Mathias et al. 2001), proposals that were made in preliminary form for 
rails by Ripley (1977) and Diamond (1977b). 

Some investigators have judged that flightlessness evolves rapidly in rails and 
other insular birds (e.g., Olson 1973b), an intuitively appealing view epitomized 
by the suggestion by Olson (1999:13) that introduction of Porzana pusilla on 
Laysan Island would provide "an extremely interesting experiment to determine 
how rapidly such a species would adapt behaviorally and morphologically to 
insular conditions." It seems unlikely that such an experiment, which would re- 
quire at least decades to document incipient trends, could reach a satisfactory 
conclusion in the face of human accidents and natural disasters. Nevertheless, the 
importance of experimental study of avian flightlessness is substantial and grow- 
ing. Some such experiments may involve detailed study of insular radiations of 
focal species (e.g., Porphyrio porphyrio-group, Gallirallus philippensis-group, 
Habropteryx torquatus-group, Porzana tabuensis, and Gallinula chloropus-group) 
within a phylogenetic context. With respect to this enterprise, the midpoint of the 
20th century saw the conclusion of the anecdotal phase of study, and the time 
has come to move from the descriptive to the experimental and theoretical frames. 
A number of field experiments are viable, and include assessments of differences 
between flighted and flightless congeners in metabolic rates, avoidance behavior, 
mating systems, parental care, ontogeny, diet, time-energy budgets (including 
molt), foraging behavior, and vigilance. Also, tests for interisland dispersal within 
the Galfipagos by Laterallus spilonotus during periods of environmental stress 
(e.g., effects of E1 Nifio events), as a possible source of episodic selection against 
complete loss of flight (possibly analogous to the situation in some marine pop- 
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ulations of Tachyeres patachonicus), would provide a critical insight into the 
dynamics of change at the very threshold of flightlessness. 

Of special relevance to the prevalence of flightlessness in rails and of particular 
theoretical interest in a broader context would be studies of possible enviromnen- 
tal influence on avian ontogeny, initially by using logistically practical and em- 
pirically compelling examples from other families (e.g., Loxia and Pyrenestes), 
and followed (if confirmed) by parallel studies of key species of Rallidae. Most 
critical would be investigations of the most likely candidates for involvement in 
DRNs that are related to the morphological shifts associated with flightless in rails 
(Table 85), some of which could be designed under controlled conditions, thereby 
circumventing interruptions by external agencies. The seminal work by James 
(1983) provides the basic framework for a suite of variably sophisticated manip- 
ulations that would require samples of only the most common rallids (e.g., Por- 
phyrio porphyrio-group, Rallus aquaticus, Porzana carolina, Gallinula chloro- 
pus-group, and Fulica americana-group) that would shed light on the possible 
importance of DRNs. In addition, a new standard of intensity and sophistication 
in the quantification of reproduction, selection intensity, and dispersal---including 
aspects germane to possible bet-hedging and dispersal polymorphism--would be 
particularly strategic for ornithology in general and the study of avian flightless- 
ness in particular. 

Many detailed phylogenetic overlays will be possible with refined reconstruc- 
tions of phylogeny, especially for Porzana and Gallirallus (Livezey 1998), which 
will permit incorporation of morphometric trends in phylogenetic contexts (cf. 
Wake and Larson 1987). The most plausible candidates for such syntheses among 
flightless rails are Porphyrio hochstetteri, Habroptila wallaciL Dryolimnas al- 
dabranus, Gallirallus owstonœ G. australis, Tricholimnas sylvestris, Habropteryx 
okinawae, Atlantisia rogersL Porzana atra, Amaurornis ineptus, Gallinula com- 
eri, and Tribonyx mortierii. Studies involving these species should be undertaken 
as soon as feasible, because some pose substantial logistical challenges (e.g., H. 
wallacii and A. ineptus) and most others are already threatened or endangered 
(e.g., P. hochstetteri, G. owstoni, and H. okinawae). Obviously, comparative as- 
sessments of metabolic rates, ontogeny, and molt would require comparatively 
frequent access to live birds (B. McNab, pers. comm.). The latter would be most 
feasible for those taxa currently having captive-rearing programs, which with 
foresight may provide the critically needed skeletal and fluid-preserved specimens 
(through unavoidable mortality of captives and released birds) and developmental 
series that are not currently available in adequate numbers for most members of 
the Rallidae (e.g., Eason and Williams 2001). 

ANTHROPOGENIC IMPACTS AND CONSERVATIONAL IMPERATIVES 

Islands are an enormously important source of information and an unparalleled 
testing ground for various scientific theories. But this very importance imposes an 
obligation on us. Their biota is vulnerable and precious. We must protect it. We have 
an obligation to hand over these unique faunas and floras with a minimum of loss 
from generation to generation. What is once lost is lost forever because so much of 
the island biota is unique. Island faunas offer us a great deal scientifically and aes- 
thetically. Let us do our share to live up to our obligations for their permanent 
preservation.--Mayr (1967:374) 
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Critical losses, historical and ongoing.--Extirpation of insular endemics, either 
directly by humans or indirectly through predation by commensals of humans or 
alteration of habitat (Martin and Colbert 1996), is an unfortunate and widespread 
legacy of recent centuries (Cassels 1984; Olson and James 1984; Simberloff 1986; 
Olson 1989; Steadman 1989a, b; Newton 1993; Carnutt and Pimm 2001), and 
human-caused mortality looms large among the agencies that limit populations of 
birds (Newton 1998). Risk of extinction of island birds can be exacerbated by a 
combination of the demographic characteristics of small populations and the de- 
structive impacts of human colonists (Lande 1999), and it is becoming increas- 
ingly evident that comparatively specialized insular endemics are especially vul- 
nerable to incursions by the latter (Freed 1999). 

Vulnerability to extinction is especially intense for flightless rails simply on the 
grounds of minimal spatial requirements within limited land areas, small deme 
sizes, possibly lower densites of populations, and (for flighted species) the risks 
of diminished or terminated immigration (MacArthur and Wilson 1963, 1967; 
Diamond 1970b, 1984b; MacArthur et al. 1973; Simberloff 1974; M. Williamson 
1981, 1989; Pimm et al. 1988; Tilman and Lehman 1997; Hanski 1999). These 
genetic characteristics, in combination with small population sizes, demographic 
fluctuations (e.g., negative impacts of tropical storms and tsunamis), destruction 
of habitat, illegal hunting, and introduced predators and disease continue to jeop- 
ardize most insular species of Anas and many rails (Diamond 1984a, b; Ralph 
and van Riper 1985; Simberloff 1986; Loope and Mueller-Dombois 1989). In 
combination with the failure of birds to meet the attributes discerned by Murphy 
et al. (1990) for achieving metapopulational characteristics for survival under 
fragmentation of requisite, specialized habitats--small body size (e.g., Insecta), 
high reproductive rates, and abbreviated generation intervals (Hanski 1999)- 
many insular birds (including large flightless rails) match the profile of species 
posing special challenges for conservation (Dennis et al. 1991; Calder 2000; Harte 
2000). A recent comparison of success for introductions of birds and mammals 
to New Zealand indicates that the former possess a lower potential for introduction 
to new regions, itself a conservational tool of last resort (Forsyth and Duncan 
2001). 

Extinctions of many flightless birds (e.g., Dinornithiformes, Apteryx spp., Ra- 
phus cucullatus, Pezophaps solitaria, and Gallirallus wakensis) are directly at- 
tributable to the negative impacts of humans and associated introductions of pred- 
ators and competitors (e.g., Strickland and Melville 1848; Owen 1866a, 1879; 
Diamond 1989b; Jolly 1989; Livezey 1993b; Holdaway and Jacomb 2000). For- 
tunately, threats to flightless rails by introgression (hybridization) with flighted 
relatives (Rhymer and Simberloff 1996), a means of genetic extinction frequent 
among small, recently isolated populations of insular Anas (Livezey 1991, 1993a), 
evidently are minimal or lacking because of a lack of heterosis in hybrids between 
flightless rallids and flighted immigrants (e.g., heterozygous advantages in via- 
bility, growth rates, or fecundity [Roff 1992]). 

Insular futures both bleak and promising.-•The importance of vocalizations of 
the rails as one of the earliest and most enduring familial characteristics leads 
naturally to a metaphor regarding likely futures. In countless and diverse marshes, 
meadows, and forests on islands worldwide, the matutinal or crepuscular choruses 
of flightless rails, testimony to the repeated evolutionary success of the sacrifice 
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of flight, have been silenced forever. The scope of this phenomenon never will 
be known with precision, but the evidence at hand demonstrates that avian flight- 
lessness on oceanic islands represents one of the most dramatic and redundantly 
manifested evolutionary compromises documented among vertebrates, a history 
wrought in defiance of recurrent, natural disasters of volcanoes, tsunamis, and 
earthquakes. This repeated pattern of radical functional change challenged such 
prevalent paradigms as scriptural decay of creation, essentialism, and typology, 
but affirmed the fundamental principles of natural selection and the interrelated 
roles of ontogeny, phylogeny, and ecological circumstance in the evolution of 
anatomical form and habitus. Surrender of the air under the special ecological 
circumstances of islands clearly conferred substantial advantages in reproduction, 
resilience to environmental variation, and proficiency in foraging and holding 
territories. In short, these specialists of isolation shed or eased the burden of costly 
contrivance in exchange for other advantages, only to be all but obliterated by 
the vast, unforeseen changes in habitat and adaptive landscapes wrought by human 
immigrants. 

It may be less troubling to view the losses of the Dodo and Great Auk as 
failures of evolution, instead of acknowledging them as victims of unrestrained 
human destructiveness. Tragically, as it is in all species that ultimately suc- 
cumb(ed) to extinction, the total population of any doomed species ultimately 
declined to a single bird. These terminal chapters of evolution, rarely recorded in 
nature (but see Cokinos 2000), document that each of the innumerable extinct 
rallids entailed the demise of an "omega" individual for example, a young bird 
driven from a remnant of woodland by fire to a reception by club or noose, a 
lone female expiring from exposure on its charred nest in a devastated landscape, 
or an old survivor slipping into oblivion in the comparative peace of lonely se- 
nility. Appreciation of this sober reality is a critical dimension of the species- 
level implications of extinction, and a motivation to mobilize all possible resourc- 
es to reduce this carnage. 

Steadman (1995) judged that insular rallids, especially flightless endemics of 
oceanic islands, represent one of the most spectacular of avian radiations. The 
record of loss augurs poorly for those that remain, however, and the time for a 
substantive program of recovery and conservation of most of these renmant spe- 
cies lapsed decades ago. In a remarkably short period of time, most of the earth- 
bound swamphens, rails, crakes, moorhens, and coots that haunted innumerable 
islands were extinguished. Those few that remain face growing threats despite 
intensive programs of conservation, and it appears all but assured that wild pop- 
ulations of most flightless rails will not survive to be studied in natural settings 
by future generations of ornithologists. 
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APPENDIX 2. Statistical details and sources of data. 

P•,•cm^L COMPON•TS A•^L¾SIS (PCA) 

FUNDAMENTALS OF STANDARD R-MODE PCA 

Assumptions and goals.•PCA is commonly used to display samples on synthetic, mutually or- 
thogonal axes distilled from largely redundant suites of associated measurements. Less frequently, 
more explicit tests of hypotheses related to PCA are employed, all of which at least assume multivariate 
normality, including those for equality of all or a subset of the included eigenvalues (sphericity), 
equality of separate covariance matrices of included groups, proportionality of covariance matrices, 
eigenvalues being significantly greater than zero, and comparisons with hypothetical eigenvectors 
(Borg and Lingoes 1987; Flury 1988). Although many of the analytical contexts described herein 
meet the requisite assumptions, such tests were used sparingly. Eigenvalues reflect the variance as- 
sociated with the corresponding eigenvectors, that is, the variance of the points projected onto the 
eigenvectors. Given the mutual orthogonality of eigenvectors, the total variance of the associated 
dispersion matrices are given by the following positive definite matrices: 

total variance of S = Tr(S) 

= • hi (for orthogonalized covariance matrix S), 
and 

total variance of R = Tr(R) 

= • hi = p (for orthogonalized correlation matrix R). 

Accordingly, for the standardized eigenstmctural dispersion matrix the sum of the eigenvalues of a 
dispersion matrix equals the total variance of the data set (under a given transformational scheme). 
Therefore, the proportion of the total variance summarized by the kth eigenvector is given by (ex- 
pressed as a percentage and given in tables herein): 

-- x 100%. 

For the standardized dispersion matrix of full rank (R), wherein all off-diagonal elements are unitary 
and all diagonal elements are zero, the sum of eigenvalues (hi) is: 

•hi = P = rank (R) = rank (S). 

Where moderate difI•rences in scale of variables were considered informative, PCAs were based 
on covariance matrices (S) of lOge-transformed variables. Where disparities in magnitudes of mea- 
surements were considered uninformative or misleading (e.g., lengths of remiges) or for O-mode 
applications (see below), correlation matrices (R) were employed. Where p (number of variables) 
exceeded n - 1 (the number of specimens minus one) analyzed in a PCA, the dispersion (covariance 
or correlation) matrix was singular, necessitating a singular-value decomposition or pseudo-inverse 
(Gnanadesikan 1977; Anderson 198,•; Dixon 1992). Colinearity among the p variables (reducing the 
rank through redundancy of two or more groups of the original variables) also may result in singularity 
where simple dimensionality might indicate otherwise. Where pseudo-inverses of dispersion matrices 
were used, tests of hypotheses regarding eigenstructure are not possible, and the components derived 
were used to derive a comparatively smaller number of synthetic axes. 

Unless multivariate normality and other distributional assumptions are met (M. E. Johnson 1987), 
permitting formal tests for nonzero eigenvalues, the number of PCs considered to account for signif- 
icant proportions of the total dispersion is generally somewhat subjective or decided by heuristic rules 
adopted a priori (Jackson 1993). The intention to restrict attention to c PCs (c --< p original variates) 
incorporating significant or interpretable variance (i.e., a empirical reduction in dimensionality) is 
formalized through partial PCs (Flury 1988), an extension not implemented here in that the hypothesis 
tests and distributional assumptions typical of the method were not applicable. The practice of using 
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the residuals from the first principal component (PC-I; variance attributed to subsequent components) 
as "size-corrected" dimensions of shape in other multivariate assessments (e.g., Smith and Patton 
1988) preserves the variance associated with the components of smallest eigenvalue as a component 
of the residuals to be modeled. 

Interpretation of standard components.--In morphometric contexts, PC-I typically is dominated by 
strongly covarying variation in size of elements. It is customary to interpret such components as 
"general size," with the subsequent components (PC-II and beyond) to be mutually orthogonal, size- 
independent dimensions of "shape" (Reyment et al. 1984; Rising and Somers 1989; Marcus 1990). 
Such quantitative partitioning of "size" from "shape" can be comparatively straightforward (Book- 
stein 1989), especially where ontogenetic "size" in taxa showing protracted or indeterminate growth 
is of primary interest (Burnaby 1966; Mosimann and James 1979; Darroch and Mosimann 1985; 
Sampson and Siegel 1985; James and McCulloch 1990). However, such methods possess subtly dif- 
ferent properties (Reist 1985, 1986; Rohlf and Bookstein 1987), "correct" for different metrics of 
"size" (e.g., within species or among species), and may create other interpretafional difficulties (Pack- 
ard and Boardman 1987). In the present study, a practical distinction between "size" and various 
dimensions of "shape" seemed justified and resilient with respect to a suite of approaches (Rising 
and Somers 1989), in part because "size" was not considered a nuisance variable but instead an 
important dimension of morphological change. That is, in the present study, definition of the first 
component as essentially indicative of "size" was straightforward, and the criticality of interpreting 
differences in "shape" in juxtaposition with "size" (instead of in isolation) was foremost. Accordingly, 
an element-wise "correction'" for size through division by body mass and log-transformation, as 
advocated by Mosimann (1970, 1975a, b) and Mosimann and James (1979), was not pursued. 

The correspondence among various metrics of multivariate "size" was performed based on quan- 
titative comparisons of correlations among the PC-Is of dispersion matrices of external and skeletal 
variables partitioned into three primary components: total covariance (ST), among-taxon covariance 
(SA), and pooled within-taxon covariance (Sw) , wherein Sw (•) SA = ST- AS adjunct to the quantification 
of "size" included in multivariate axes, the numerical relationship between mean body masses and 
mean scores of species on multivariate axes (both PCA and canonical analysis) was calculated and 
shown as a vector in multivariate plots. In such applications, the vector for "mass" indicates the 
approximate direction of variation in body masses in the multivariate plane. Specifically, in a bivariate 
plot of PCi (i • 1, 2), the direction of the vector Mass is defined as the sum, weighted by the square 
roots of the proportion of the total dispersion (E hi) given by respective eigenvalues of (•) of PC-I 
and PC-II, of the angles of direction (0t) of mass with each eigenvector ((•). The latter are directly 
estimable as the arccosines of the correlation coefficients relating log-transformed mean body masses 
with the respective axes. Symbolically, the direction of vector Mass relative to PC-I ((•) is specified 
by direction 0,•ass: 

0 .... : •kl/(• •ki)'0, + •k2/(• •kl)'(02 + •r/2' 

+ •-: • •-i ß {arccos[r(mass, 6:)] + xc/2}, 

given that, by orthogonality of eigenvectors ((i I (j, •' i, j = 1 ..... p; i • j), PC-I is perpendicular 
to PC-II (i.e., angle of translation is ;r/2), and therefore the vector sum given above amounts to the 
hypotenuse of the right triangle of the two vectors of correlation. Vectors relating body masses to 
mean values on canonical variates were derived similarly. 

ALTERNATIVE R-MoDE PARTITIONING OF "SIZE" AND "SHAPE" 

Other analytical perspectives on "size" and "shape" have been advanced (e.g., Corruccini 1987; 
Piersma and Davidson 1991). In some comparisons, with a strong association between extremes in 
size with marked, flightlessness-related apomorphy in shape (e.g., only the largest taxon shows sig- 
nificant pectoral reduction), special measures have been taken to preserve the approximate orthogo- 
nality between the components reflecting "size" (e.g., that paralleled by body mass) and "shape" 
(including pectoral reduction and other morphometric departures unrelated to body mass). One ap- 
proach is to impose multivariate isometry on the first component (Somers 1986, 1989; Sundberg 1989), 
wherein the vector loadings for PC-I (1•) are set a priori to be: 
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II • • (/11, ''', lli ..... /lp) = (P 1/2 ..... p-l/2), Vi = 1 ..... p. 

All subsequent components (which are mutually orthogonal but each oblique with respect to the first, 
isometric component) are derived from the remaining variance. Although this method offers the ad- 
vantage of a simple, a priori definition of "size," it has been used only infrequently because of the 
limited applicability of this narrow notion of "size" and the typically nontrivial correlations of sub- 
sequent axes with this first dimension. 

A more conservative method, intended specifically to partition "size" (represented by the first 
component) from fiightlessness-related "shape" (reserved for one or more subsequent components), 
was accomplished for selected taxonomic groups by defining the first component (PC-I*) with the 
flightless species having zero weights; this avoids the tendency for outliers at either extreme of the 
first component to influence the total eigenstructure of a matrix (Critchley 1985). The vectors for 
flightless species-sex groups were projected onto this axis a posteriori. All subsequent components 
were defined by weighting all species-sex groups equally, and were based on residuals from PC-I* 
summarized by the corresponding partial covariance matrix (Cochran and Cox 1957; Shedecor and 
Cochran 1980). This method offers advantages for displaying multivariate variation related to avian 
fiightlessness (Livezey 1988, 1992a, b). A more radical approach for the definition of multivariate 
skeletal "size," where some of the included taxa showed extreme reduction of pectoral elements, 
based the first modified component solely on the nonpectoral dimensions of fiighted species (Livezey 
1992a, 1993c). Derivation of PC-I based on a subset of the taxa used for subsequent components (PC- 
I*), however, typically results in partial colinearity (i.e., non-zero correlations) between PC-I* and the 
subsequent (mutually orthogonal) axes (PC-II*, and so on). The latter characteristic is shared by factors 
obtained by oblique rotations; however, most methods of factor rotation (whether orthogonal or 
oblique) optimize other qualities of axes (e.g., heterogeneity of loadings within factors) that are not 
pertinent here (Harman 1967; Reyment and J6reskog 1993; Basilevsky 1994). 

Symbolically, for a total of Sr vectors of p mean measurements comprising S F righted and SN 
flightless species (Sv (• SN = St), PC-I* is the first PC (corresponding to eigenvectors (iv, with 
eigenvalue XlV, for Dv having rank rnin[nF - 1, p]) for the Sv righted species. Subsequent principal 
components (PC-II*, PC-III* .... , PC-t*; t = rank of dispersion matrix Dr) are derived for residuals 
from PC-I* for all Sr species; this variation is defined by eigenvectors (it for Dv/(•v, that is, the 
eigenspace orthogonal to that spanned by PC-I*, or (PC-I*) c, with respective eigenvalues X•r (PC-I*) c. 
Nonorthogonality between PC-I* and the set {PC-II*, PC-III*, ..., PC-t*}, stemming from the ex- 
clusion of the SN flightless species from the definition of PC-I*, is proportional to the magnitude of 
noncolinearity of PC-I (all Sr species) and PC-I* (only SF species), which in turn reflects the angles 
between (iv and the set {(•r (PC-I*)C} ß Correlation coefficients for PC-I* and subsequent, mutually 
orthogonal components PC-II*, through PC-T* are given by the correlation matrix R*: 

r•2 1 0 ... 

R* = r•3 0 1 ... . 

r:•r 0 0 0 
Off-diagonal elements in either the first row or the first column are measures of variance shared 
between the oblique components. That is, elements of the matrix R* are: 

ri• = 1, V i = j; - 1 < ril = rlj < 1, V i, j; and 

rij=0, V i, j • 1 and i • j. 

In the present study, the diversity of size exhibited by both righted and flightless species of Rallidae 
rendered such refinements of negligible advantage over standard PCAs in analyses of study skins and 
skeletons; therefore, only results of the traditional PCAs were presented for these data sets. However, 
the asymmetrical distribution of body sizes between flighted and flightless taxa dissected for myolog- 
ical analyses (with flightless Porphyrio hochstetteri being more than twice as massive as any flighted 
species sampled) prompted the use of the fiighted-only PC-I* to define "size," with subsequent shape 
axes being based on residuals of all taxa from this narrowly defined first component as adjunct to 
traditional techniques in the myological comparisons. In addition, log•-transformed mean body mass 
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was used to define "size" for the myological data set, with PCs of residuals from body mass 
(PCll loge[mass]; i = 1 ..... rnin In r - 1, p]), that is, the PCs of the partial covariance matrix for 
measurements corrected for mean body masses, defining a suite of mutually orthogonal "shape" axes. 
In the latter approach, all taxa were treated equally, regardless of flight capacity. 

Q-MoDE PCA 

Applications of PCA described above are of the typical form in which relationships among n 
observations (taxa in the present context) are examined in a multivariate space spanned byp variables; 
this class of applications are examples of R-analysis (Reyment et al. 1984). An alternative approach, 
termed Q-analysis, implements an inverse assessment of p variates in a space defined by n observa- 
tions, and is intended to reveal multivariate commonalities among variables based on the correlation 
structure manifested in the sample (Okamoto 1972; Jackson 1991). This approach is related to mul- 
tidimensional scaling (Davison 1983) and especially to the variable-analytic aspect of correspondence 
analysis (Hill 1974; Greenacre 1984; Lebart et al. 1984; Palmer 1993). In this study, Q-analysis was 
used as a supplementary method of assessing differences between flighted and flightless rails in cor- 
relation structures in extemal and skeletal measurements, accomplished by PCAs of correlation ma- 
trices for species means of flighted and flightless rails separately. Where the covariance matrix was 
singular or the number of observations (n, here equal to the number of taxa having complete data) is 
less than the number of variables considered, a singular-value decomposition was required to calculate 
the latent roots and vectors. Correlation matrices in this context were of dimension n x n and rank 

was rnin(n - 1, p), and where p < n the matrix is by definition singular (Jackson 1991). In this study, 
n for external data was 68 and 28 for flighted and flightless species, respectively, and n for skeletal 
data was 39 and 23 for flighted and flighted species, respectively. The number of variables p was 6 
and 36 for external and included skeletal dimensions, respectively. 

LINEAR MODELS AND ORTHOGONAL CONTRASTS 

GENERAL LnqE• MODELS AND ANOVA 

Most applications in this study were based on predefined groups subdivided by both species and 
sex. Relative contributions of interspecific differences, sexual dimorphism, and species-sex interactions 
in multivariate distances among groups were assessed by using stepwise multivariate analysis of 
variance (MANOVA) targeting these effects (on all canonical variates) and two-way ANOVA of scores 
of specimens on canonical variates. Methodological details of these techniques were described in 
previous papers (Livezey 1989b•1, 1990). For purposes of simplicity and following most other com- 
parable investigations, MANOVAs were limited to linear models partitioned into relevant main, two- 
way, and (rarely) three-way interaction (random) effects for a given multivariate comparison of means 
across taxon-sex groups. That is, the additive model for a vector of overall means ofp variables from 
population k could be partitioned into the following components of interest: 

gk = m (overall mean) + gi (genus effect) + tj (species effect) + d• (sex effect) 

+ fm (flight effect) + gttj (genus-species interaction effect) 

+ tid/(taxon-sex interaction effect) + t•f m (species-flight interaction effect) 

+ dtf m (sex-flight interaction effect) + ß ß ß. 

Interaction effects of presumably lesser or negligible magnitude and only marginal interest (e.g., 
genus-sex interaction effects and three-way interactions), most of which circumvent an implicit hi- 
erarchy of effects consonant with phylogenetic structure, are not shown but are signified by the ter- 
minal ellipses. The vector of values for an individual multivariate observation (i.e., specimen s in 
population k) corresponds to the model for mean measurements (above) appended by independent 
random error term e• - N (0, t•). 

CANONICAL CONTRASTS BETWEEN GROUPS 

The linear effects of each MANOVA were specified by using vectors of integers defining orthogonal 
contrasts (c) of group means. Customarily required to comprise integers for which the sum is zero, 
contrasts used herein are as follows (s, taxa, two sexes; g, total taxon-sex groups having sample sizes 
greater than one; hi, specimens in the ith group, with a total of n specimens summed across g groups): 

(a) variance attributable to fiightlessess across s taxa, that is, a contrast between fiighted (males and 
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females of taxa 1 through k) versus flightless (males and females of taxa k + 1 through s), given by 
the orthogonal contrast c = [c•], having length IIcll: 

Ilcll = [2(k + 

(b) variance attributable to sexual dimorphism across taxa, that is, males (first entry in each species 
couplet) versus females (second in each couplet) across species, given by the orthogonal contrast c: 

Ilcll = [2(k + s)V•; 

(c) variance attributable to differences among species (regardless of flight status), that is, simple 
species effects (s species sequenced by zero-sum integers regardless of flight status, and sexes within 
species having the same elements); where s is even, given by the contrast c: 

(s - 3), (s - 3), (s - 1), (s - 1)1; 

and where s is odd, given by the contrast c: 

c = [-1/2(s - 1), -1/2(s - 1), -1/2(s - 3), -1/2(s - 3) ..... 

(d) variance attributable to interspecific differences in sexual dimorphism (species-sex interaction 
effects), that is, the element-wise product of the contrast between the sexes within each of the s taxa 
(b) and the preceding orthogonal contrast for interspecific effects; for example, for the case where s 
is even, is given by the contrast c: 

-(s - 3), (s - 3), -(s - 1), (s - 1)]; 

(e) variance attributable to differences between k flighted and s - k flightless species in sexual 
dimorphism, that is, flightlessness-sex interactions, given by the orthogonal contrast c: 

Ilcll = [2(k + 

Those contrasts involving binary elements--that is, only zeros and ones (regardless of sign)•can be 
used to define mutually orthogonal interaction terms through element-wise multiplication. However, 
those combinations involving two or more taxon effects (i.e., vectors having elements with absolute 
values greater than one) generally are not orthogonal, that is, these share some components of variance 
with their constituent main effects. Such oblique contrasts are characterized by nonzero inner products, 
and the shared components of variance reflect the hierarchically nested nature of the effects under 
consideration (e.g., interspecific and intergeneric effects). In algebraic terms, for vectors of contrast v 
and w having dimension k: 

vT'w = wT'v • [Wl, . . . , Wk]T'[Vl, . . . , Vk] = • WiV i = 0 • V _L w. 

CATEGORICAL DATA FOR CORRESPONDENCE ANALYSIS 

Categories for ecomorphological variables were partitioned as follows: change in body mass com- 
pared to flighted relative (decrease, -75-0%; small increase, 1-100%; large increase, 101-326%); 
decrease in wing length, measured as residual at given body mass from regression line for flighted 
rails (-75 to 51, -50 to 26, -25-0); Mahalanobis D from flighted relative in skin measurements (1- 
1.99, 2.00-4.10); Mahalanobis D from flighted relative in skeletal measurements (0-0.99, 1.00-1.99, 
2.00-3.70); island area (k = 0, 1, 2, 3, 4, where k is exponent in expression, area (km 2) of island = 
2-10•); latitude (tropical, 0-23øC; warm temperate, 23-33øC; cool temperate, 34øC or more); minimal 
distance (km) to continent (small, 0-1,000; medium, 1,001-2,000; large, 2,001 or more). 
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APPENDIX 4. Symbols used in mathematical expressions. 

Symbol Name Meaning(s) in present study 

alpha 
beta 
gamma 
delta 
epsilon 
zeta 
eta 
theta 

iota 

kappa 
mu 

pi 
rho 
tau 

upsilon 
phi 
psi 
omega 

Initial evolutionary (plesiomorphic) or ontogenetic state 
Intermediate evolutionary or ontogenetic state 
Relative onset or offset parameter 
Change in evolutionary or ontogenetic state 
Evolutionary transition or vector of transitions 
Factor of change in ontogeny of body mass associated with flight 
Hypothetical avian colonist of island susceptible to flightlessness 
Angle or degree of evolutionary or ontogenetic divergence in form 
Interval of geological time after colonization 
Key evolutionary or ontogenetic event or innovation 
Body mass of an evolutionary lineage at a given stage 
Vector comprising ontogenetic factors of change • and q• 
Ontogenetic or evolutionary correlation matrix for morphology 
Threshold of flightlessness 
Morphological state of insular lineage 
Flight status 
Factor of change in ontogeny of pectoral apparatus associated with flight 
Terminal evolutionary (apomorphic) or ontogenetic state 

APPENDIX 5. Solution of morphological trajectory. 
Defining total body size as M and size of pectoral apparatus (e.g., wing area) as P, with associated 

first derivatives with respect to evolutionary time (t) being M' and P', one reasonable model of change 
is given by specifying change in M as being logistic with asymptote of optimal mass (IX), and change 
in P as doubly retarded by the logistic change in M and a logistic approach to threshold of flightlessness 
(,) given by intraspecific allometry (Fig. 118). 

Defining M' = dM/dt and P' = dP/dt with respect to optimal body size (IX) and functional 
threshold of flightlessness (,) as M' = a(1 - M/ix), and P' = •(1 - M/IX)[1 - M/,P)], wherein ct and 
• are scaling parameters. Dividing these explicit differential equations yields: 

M' a(1 - M/IX) ' 

a model implicit with respect to time (t). Substitution of scaling parameters • = •/ct and rearrangement 
of terms yields: 

which implies 

dP •-M P.•-•-•,P + =0, T 

a homogeneous differential equalion. Substitution of variable Y = P/M, and rearrangement of terms 
yields: 

dP dY 

dM dM 

Therefore, one can write: 

dY _ •Y- •/• - y2 M 
dM Y 

which imphes 

Separation of variables yields: 
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which implies 

Y dM 

'yY- 'y/"r - Y 2dY- M' 

(2r - •) + • ar = -2aM. 
y2 _ •y + •/'r M 

Integration yields: 

which implies 

• ß •c•n - 

Of interest is •e li•t of this expression as mass (• of zero is approached: 

• -•c•n - C •i•+ in M = Y= - •Y + + (1/• - •/4) • - •/4)J 

= lira •(p2 _ •PM + •M2/•) + • .•ctan[2•-- - C 

= hJP=l + 1/• - y/4) 1/• - y/4) 
Solving for P yields: 

lim (P) = expC- 
•0 + (1/• •/4) 

•e last expression •d •e li•t for M were used recursively to obtain the points and estimates of 
ch•ge in •e phase plane. •e latter was estimable • •ny regions of interest, in that •e system is 
continuous, defined, bounded, •d meets •e c•tefia of Lipschitz (Wilson 1971) for points ne• •e 
line P = M/x •d values of M < •. That is, the last condition requires of the system f •at for some 
constant k, •M•, P•) - •M:, P:)l • kl(M•, Pl) -- (M2, P2)]- However, at M = •, an entire line of 
critical points exists, rende•g direct analysis impractical at or beyond •is critical bound•y. 
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