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Abstract. The morphological bases of flightlessness in the Auckland Islands Teal (Anas 
[a.] aucklandica) are described through mensural and qualitative comparisons with its flight- 
ed relatives-Grey Teal (A. gibberifrons), Chestnut Teal (A. castanea), and Brown Teal (A. 
chZorotis)-using 448 study skins, 107 skeletons, dissections of three anatomical specimens, 
and supplementary data on body mass and wing areas of other dabbling ducks. Limited 
mensural data also were collected from two skin specimens and 38 skeletal elements of the 
flightless Campbell Island Teal (A. [a.] nesiotis). Anas aucklandica is the smallest of the four 
species, has the smallest relative wing length in the subtribe Anateae, and has tail lengths 
showing higher variance and sexual dimorphism than those of its closest flighted relatives. 
Numbers of primary remiges show a modal reduction of one in A. aucklandica, but counts 
varied from seven to 10 per wing and 2 1% of the specimens were laterally asymmetric in 
counts; a loss of several secondary remiges also is indicated. Anas aucklandica is charac- 
terized by a 50% reduction in the mean length of primary remiges and increased variation 
of the lengths of primary remiges; these changes together result in the highest wing loadings 
in Anas (2.2 g cm-2). Canonical analysis of external measurements confirmed that “relative 
wing size” of A. aucklandica is substantially less than that of its flighted relatives, a pro- 
portionality which also characterizes juveniles of all four species; A. chlorotis was inter- 
mediate in relative wing size. Sexual dimorphism is comparatively great in A. aucklandica, 
despite its smaller overall size. Osteological measurements confirmed a roughly 50-mm 
reduction in skeletal wing length of A. aucklandica, and revealed that the humerus is dis- 
proportionately long and the ulna and carpometacarpus disproportionately short in the 
species; a similar pattern of disproportionately long proximal segments and disproportion- 
ately short mid-elements occurs in the leg. Multivariate comparisons of five sternal mea- 
surements indicate that A. aucklandica, and to a lesser degree A. chlorotis, show juvenile 
characters of shallow carinae and caudal emargination. Canonical analysis of 23 skeletal 
measurements revealed that the juvenile skeletal proportions of A. aucklandica and the 
intermediate proportions of A. chlorotis, relative to A. gibberifrons and A. castanea, define 
a complex axis contrasting dimensions of the pectoral girdle, antebrachium, and manus with 
those of the skull, humerus, leg elements, and other measurements ofthe manus and sternum. 
Dissections indicate that A. aucklandica is virtually identical (qualitatively) to A. castanea 
and A. gibberifrons in its pectoral musculature, but that most pectoral muscles are dispro- 
portionately small in the flightless form. The unique morphometrics and presumed genetic 
isolation of A. aucklandica justify its recognition as specifically distinct from A. chlorotis; 
the taxonomy of the group has had significant implications for evolutionary inferences in 
the past. 

Anas aucklandica is the only anatid in which loss of flight was coincident with a derived 
decrease in body size. Small body size, underdevelopment of the pectoral appendage, and 
lessened sexual dichromatism of A. aucklandica, and to a lesser extent A. chlorotis, are 
interpreted as paedomorphic conditions, adaptive as developmentally economic changes 
related to year-round residency in a predator-depauperate insular environment, and are 
most likely the result of progenesis. Correlated changes in life histories, particularly increased 
egg size and decreased clutch size, characterize both A. chlorotis and A. aucklandica and 
distinguish the paedomorphosis of A. aucklandica as an exception to the general association 
between K-selection and neoteny. 

Key words: Auckland Islands Teal; jlightlessness; Australasian teal; Anas aucklandica; 
paedomorphosis; insularity: pectoral myology; morphometrics. 

INTRODUCTION 

Two skin specimens of a small, drab duck were 
(513, 116”E) in 1840, and these were later de- 

collected on the Auckland Islands, New Zealand 
scribed by Gray (1844) as representatives of a 
new genus and species of duck, Nesonetta auck- 
Eandzia. Gray (1844) described its wings as “. . . 

’ Received 14 November 1989. Final acceptance 22 very short and pointed, with the second quill the 
February 1990. longest . . . .” Subsequently, other teal were de- 
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scribed from the main islands of New Zealand 
(Anus chlorotis Gray, 1845; later assigned to 
Elasmonetta Salvadori, 1895) and the more 
southern Campbell Island (Xenonetta nesiotis 
Fleming, 1935). The three taxa were included in 
the genus Anus by Delacour and Mayr (1945), 
and have been considered in recent decades to 
be closely related to the Chestnut Teal (A. cus- 
taneu) and Gray Teal (A. gibberifons) (Delacour 
andMayr 1945; Delacour 1956; Johnsgaard 1965, 
1978; Lack 1970) also of Australasia. Anus cus- 
tanea, A. chlorotis, and A. aucklandica are mono- 
phyletic (Livezey, unpubl. data), and were treat- 
ed as conspecific by Ripley (1942). Currently all 
three New Zealand forms are considered to be 
rare or threatened (Williams 1964, 1986). The 
taxonomic history of the group was reviewed by 
Dumbell (1986). 

In spite of its relatively drab plumage and ex- 
tremely limited distributional range, the Auck- 
land Islands Teal became comparatively well- 
known, principally for its apparent flightlessness 
(Buller 1888, 1894; Buller and Hector 1896; 
Wiglesworth 1900). Flightlessness is shared by 
only three other extant species of waterfowl, the 
flightless steamer-ducks (Tuchyeres; Livezey and 
Humphrey 1986); the extinct Auckland Islands 
Merganser (Mergus australis), formerly sympat- 
ric with A. aucklandica, was not flightless but 
appears to have undergone significant reduction 
of the pectoral apparatus (Livezey 1989a). This 
notoriety, however, inspired little morphological 
study of A. aucklandica, although adequate de- 
scriptions of plumage pattern and soft parts, and 
compilations of standard external measure- 
ments, were published (Buller 1894, Phillips 
1925, Fleming 1935, Delacour 1956). Gadow 
(1902) was the first to consider the anatomical 
correlates of flightlessness in the species, but his 
discussion was limited to a footnote concerning 
the number and relative lengths of primary remi- 
ges in nine specimens; a similar condition was 
noted by Fleming (1935) in A. (a.) nesiotis. The 
only other morphological investigations of pec- 
toral development in A. aucklandica were those 
of Boubier (1934), who compared wing lengths 
with body lengths in this and several other flight- 
less birds, and Worthy (1988) who compared 
selected skeletal proportions of austral teal to the 
subfossil anatid Euryanasfinschi. 

In this paper I present a study of the morpho- 
logical characters associated, directly or indi- 
rectly, with flightlessness in the Auckland Islands 

Teal. Although several accounts indicate that A. 
aucklandica occasionally accomplishes weak, 
short flights (Buller 1905, Waite 1909, Bailey and 
Sorensen 1962, Scott 1971) the species appar- 
ently is not capable of sustained level flight (cf. 
Weller 1975a) and therefore is considered herein 
to be flightless. The present analysis emphasizes 
comparisons between the Auckland Islands Teal 
and three closely related species which are ca- 
pable of flight (henceforth termed “flighted”). 
These comparisons include morphometric anal- 
yses and qualitative descriptions of skin speci- 
mens and skeletons, and myological dissections 
of the pectoral appendage. The paper concludes 
with a discussion of the ontogenetic, ecological, 
taxonomic, and evolutionary implications of 
flightlessness in the Auckland Islands Teal and 
a comparison with flightlessness in other water- 
fowl. 

MATERIALS AND METHODS 

TAXONOMY 

I follow Oliver (1955) in considering the Auck- 
land Islands Teal (Anus aucklandica), endemic 
to the Auckland Islands, as specifically distinct 
from the Brown Teal (A. chlorotis) of New Zea- 
land proper (North Island, South Island, and 
Stewart Island). Anus aucklandica is readily sep- 
arable from A. chlorotis using a number of de- 
rived characters, a sufficient condition for the 
recognition of A. aucklandica as a phylogenetic 
species (McKitrick and Zink 1988). The Camp- 
bell Island Teal (A. [a.] nesiotis), endemic to 
Campbell Island and nearby islets, remains poor- 
ly known; the few, poorly documented specimens 
available do not permit a reliable assessment of 
the differentiation (if any) of nesiotis from nom- 
inate aucklundicu (Stead 1938, Delacour 1956, 
Johnsgard 1978) and it is not known if the pop- 
ulation is even self-sustaining (Westerkov 1960, 
Bailey and Sorensen 1962, Robertson 1976, Wil- 
liams 1985). Consequently, in the few instances 
where nesiotis is analytically considered, I adopt 
the tentative taxon A. (a.) nesiotis; all references 
to the binomen A. aucklandica concern the nom- 
inate form. Phylogenetic relationships of the 
“Australasian teal”-Anus gibberifons, A. cas- 
tanea, A. chlorotis, and A. aucklandica - are con- 
sidered to be as hypothesized by Livezey (un- 
publ. data), in which A. chlorotis and A. 
aucklandica constitute the sister-group ofA. cas- 
tanea (Fig. 1). 
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FIGURE 1. Distribution of Australasian teal; Anus gibberifrons (stippled) occurs also on the main islands of 
New Zealand (where sympatric with A. chlorotis) and includes an isolated population (A. [g.] alboguluris) on 
the Andaman Islands, Indian Ocean (not shown). Subtending tree reflects hypothesis of relationships of the five 
taxa (Livezey, unpubl.). 

SPECIMENS AND RELATED DATA minable using associated data, plumage, or clas- 
Study skins included in this study were 75 A. sification functions (see below). A total of 107 
gibberifrons (excluded albogularis), 109 A. cas- associated skeletal specimens-40 A. gibberi- 
tanea, 130 A. chlorotis, 132 A. aucklandica, and from, 37 A. castanea, 14 A. chlorotis, and 16 A. 
2 A. (a.) nesiotis; of these 448 skins, 16 were aucklandica - were available for mensural com- 
juveniles and analyzed separately from adults, parisons; of these, 90 provided virtually com- 
and the sexes of another 26 remained indeter- plete suites of measurements and only three were 
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from juvenile specimens. Sexes of most skeletons 
ofA. chlorotis and A. aucklandica were not known 
or determinable by syringeal bullae or mensural 
comparisons (see below), therefore sexes within 
the two species were not distinguished in anal- 
yses. In addition, 38 skeletal elements of A. (a.) 
nesiotis (unsexed), some associated, were sam- 
pled. One wing and associated girdle of single 
spirit (anatomical) specimens of A. gibberifrons 
(YAPM 3496, male, wild-taken), A. castanea 
(LSU 99870, male, captive), and A. aucklandica 
(BMNH 1964.5 1.159, female, wild-taken) were 
dissected for myological comparisons; no ana- 
tomical specimen of A. chforotis was available 
for study. A complete set of myological illustra- 
tions were prepared for A. aucklandica, not only 
to facilitate flightlessness-related comparisons, 
but because of the inadequacy of available myo- 
logical studies of Anatidae (see Zusi and Bentz 
1978 for review). 

Data on body mass of the Australasian teal 
were copied from specimen tags and related files, 
and taken from published compilations (Gravatt 
1966 fide Weller 1980, Frith 1967, Reid and 
Roderick 1973, Weller 1980, Norman and Hur- 
ley 1984), and provided by M. W. Weller (un- 
publ. data). Wing loadings of Anas were taken 
fromMtillenhoff(l885),Magnan(l913a, 1913b, 
1922) Poole (1938), George and Nair (1952) 
Savile (1957), Meunier (1959) Hartman (196 l), 
Raikow (1973), Moulton and Weller (1984), M. 
W. Weller (unpubl. data), and Livezey (unpubl. 
data). Mean body masses and wing lengths for 
other dabbling ducks were based on means com- 
piled by Madge and Bum (1988), augmented by 
data given in Dement’ev and Gladkov (1967), 
Palmer (1976), and Weimerskirch et al. (1988). 

MEASUREMENTS 

Six measurements were made on study skins: 
culmen length (exposed, measured medially), nail 
width, wing length (chord of unflattened wing), 
tail length (arc length of central rectrix), tarsus 
length (measured on cranial surface), and mid- 
dle-toe length (dorsal surface, excluding nail). Skin 
measurements, except wing length, were made 
using dividers and a ruler; wing length was mea- 
sured using an end-stop metric ruler. All external 
measurements were recorded to the nearest mil- 
limeter. In addition, counts of primary remiges 
were made on both wings of each study skin (for 
specimens not in wing molt at time of collection). 
Wing areas of two specimens ofA. chlorotis (tak- 

en from dried, extended wings) and three spec- 
imens of A. aucklandica (from freshly killed 
specimens by M. W. Weller) were estimated by 
doubling the areas of tracings of single wings 
measured with a compensating polar planimeter. 
Wing areas for 10 other species of Anateae (sensu 
Livezey, unpubl. data) were collected by P. S. 
Humphrey and myself from fresh or frozen-and- 
thawed specimens using the same techniques. 
Wing loadings (Clark 1971) were estimated by 
calculating the ratio of body mass (g) over total 
wing area (cm2). 

Thirty-five measurements were made on skel- 
etal specimens analyzed here; these measure- 
ments have been described in previous publi- 
cations (Livezey and Humphrey 1984, 1986; 
Livezey 1986a, 1988, 1989a, 1989b, 1989~). All 
measurements were made with dial calipers to 
within 0.1 mm. 

Myological measurements largely were limited 
to widths of origins and insertions to avoid the 
substantial distortions of muscle bellies from 
preservation of anatomical specimens, although 
widths and lengths of bellies of some muscles 
were measured where considered to be represen- 
tative. Sizes of the two major breast muscles, 
Mm. pectoralis and supracoracoideus, were 
compared using lengths and areas of sternal 
origins, as well as masses of the dried, detached 
muscle fibers. Relative sizes of other pectoral 
muscles were compared using interspecific dif- 
ferences between paired muscle measurements, 
each having been divided previously by the cube 
root of mean body masses for their respective 
species-sex groups. These differences in mass- 
standardized measurements were summarized 
for groups defined by the primary skeletal ele- 
ments acted upon by the muscles (based on Rai- 
kow 1985; see Appendix). Key myological ref- 
erences consulted were Hudson and Lanzillotti 
(1964) George and Berger (1966), Hudson et al. 
(1972) and especially Zusi and Bentz (1978). 
Myological nomenclature follows Vanden Berge 
(1979). 

STATISTICAL ANALYSES 

Univariate comparisons of external and skeletal 
measurements were made using one-way and two- 
way analyses of variance (ANOVA), and sub- 
sequent pairwise comparisons were based on 
t-tests (based either on pooled or separate vari- 
ance estimates, conditional on comparisons of 
sample variances). Variances of selected mea- 
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surements were compared across groups using 
Levene’s tests (statistic given as 7’) and variances 
of different measurements or groups with sub- 
stantially different mean measurements were 
made using coefficients of variation (CV = S/X. 
100%). The small samples for A. (a.) nesiotis were 
excluded from statistical tests. Univariate tests 
of linear measurements were performed on raw 
data; those of body masses were based on log- 
transformed data (base e). 

Bivariate plots of log-transformed data and 
“geometric-mean” regressions (Ricker 1984) were 
used to quantify allometric relationships (Gould 
1966) between body mass and wing length among 
species of dabbling ducks. Intra-appendicular 
proportions of long bones were compared be- 
tween sexes and among species using ANOVA 
of log-transformed ratios of bone lengths divided 
by skeletal limb lengths (skeletal wing length = 
sum of lengths of humerus, ulna, carpometacar- 
pus, and the two proximal phalanges of major 
alar digit; skeletal leg length = sum of lengths of 
femur, tibiotarsus, tarsometatarsus, and the three 
proximal phalanges of pedal digit III). 

Canonical analysis (CA), a technique which 
defines mutually orthogonal multivariate axes 
which maximally discriminate predefined groups 
relative to pooled within-group covariance struc- 
ture (Pimentel 1979) was used to quantify dif- 
ferences among (1) eight species-sex groups using 
external measurements, and (2) among four 
species-sex groups and two species (sexes pooled) 
using skeletal measurements. Both data sets were 
log-transformed for multivariate analysis. Skin 
and skeletal specimens of juvenile birds and of 
A. (a.) nesiotis were plotted separately and not 
used in derivation of axes. In CAs of skeletal 
specimens, the lengths of the three proximal pha- 
langes of pedal digit III were summed (referred 
to as digit-III length) for analysis. Initial CAs, in 
which variables were backstep-selected from the 
total data set using F-statistics, indicated that a 
subset of 23 skeletal variables was sufficient for 
discrimination of groups; this reduction in di- 
mensionality lessened redundancy among vari- 
ables and simplified the resultant axes and their 
interpretation. Multivariate differences among 
group means in stepwise CAs were tested using 
Wilks’ statistics (lambda) and compared using 
Mahalanobis’ distances (D); interspecific Ds were 
estimated between the mean scores of sexes with- 
in species. The significance of species, sex, and 
species-sex interaction effects were tested indi- 

vidually for external measurements, for which 
adequate samples of each species-sex group were 
available, using stepwise multivariate analysis of 
variance (MANOVA). Separation of groups on 
each canonical variate (for both data sets) was 
assessed using ANOVAs of scores on the axes. 
Canonical variates for skeletons were interpreted 
using the standardized coefficients of variables 
in the complete 23-variable model. 

Jackknifed classification procedures based on 
initial CAs permitted the determination of sex 
for 28 study skins lacking such data and for which 
posterior probabilities of assignment exceeded 
0.95. Classification functions using skeletal mea- 
surements permitted the determination of sex in 
11 skeletons of A. gibberifons and A. custaneu 
and the revision of species identifications of three 
inadequately documented skeletons. 

Study skins lacking one or two measure- 
ments-due to breakage, deformity, or molt- 
were subjected to a procedure for missing-data 
estimation prior to CA; each missing datum was 
estimated using a stepwise regression on avail- 
able measurements for specimens of the same 
species. This procedure resulted in 27 estimates 
(1 .O% of data set) involving 2 1 skin specimens. 
Similar applications estimated 130 data in a total 
of 40 complete skeletons (5.8% of data set) and 
one estimate in each of two sterna (0.4% of data 
set) prior to corresponding CAs. 

All statistical analyses were performed using 
programs in the Biomedical Computing Pro- 
grams (Dixon 1985) on an IBM computer at the 
University of Kansas. 

RESULTS 

EXTERNAL CHARACTERS 

Univuriute comparisons. Available data on body 
mass were not adequate for statistical tests but 
indicated that A. uucklundicu is slightly smaller 
than its sister species, A. chlorotis, and moder- 
ately less massive than A. custuneu, the largest 
ofthe four species considered (Table 1); the single 
datum for A. (a.) nesiotis suggests that this form 
is less massive than the nominate taxon. In each 
species (Table l), males are more massive than 
females, and the intersexual difference in A. 
aucklundicu (27%) apparently exceeds those in 
A. gibberifrons (8%), A. custuneu (12%), and A. 
chlorotis (4%). 

Culmen lengths showed interspecific and in- 
tersexual rankings similar to those of body mass, 



BRADLEY C. LIVEZEY 

with significant (P < 0.0001) interspecific (F = 
106.7; df = 3, 384) and intersexual (F = 166.8; 
df = 1, 384) differences (Table 1). One exception 
to these mass-related rankings was A. chlorotis, 
in which several external dimensions (especially 
culmen length) were slightly greater (P < 0.05) 
than those of the more massive A. castanea. 
Variances in culmen lengths also differed among 
species (Levene’s T = 5.8; df = 3, 384; P < 
0.00 l), a result due in large part to the relatively 
small variances in A. aucklandica; variances in 
males of all species tended to be greater than 
those in females (T = 4.7; df = 1,384; P < 0.05). 
Nail widths also showed significant interspecific 
differences (F = 74.4; df = 3, 388; P < 0.0001) 
but rankings deviated from those for body masses 
and culmen lengths (Table 1). Sex for sex, A. 
gibberifons and A. castanea had equal nail widths 
(t-tests, P > 0.45), which were the largest of 
the four species (Table 1); nail widths of A. chlo- 
rotis were intermediate and A. aucklandica had 
the most narrow nails. Variances of nail widths 
differed significantly among species (Levene’s T 
= 4.9; df = 3, 388; P < 0.01) largely reflecting 
the relatively low variances in A. aucklandica. 

Wing lengths differed significantly among 
species (F = 2,470.3; df = 3, 392; P < 0.0001) 
and between the sexes (F = 274.6; df = 1, 392; 
P < 0.0001) and rankings tended to follow those 
of body mass; the wings of A. aucklandica, how- 
ever, were disproportionately short, and there 
was no overlap between A. aucklandica and the 
other species in this measurement (Table 1). There 
were no differences in sexual dimorphism among 
species (interaction effects, F = 0.7; df = 3, 392; 
P > 0.50) or differences in variances among 
species (Levene’s T = 0.2; df = 3,392; P > 0.85) 
or between sexes (T = 0.4; df = 1,392; P > 0.50) 
in wing lengths. Tail lengths also differed among 
species (F = 34.8; df = 3, 390; P < 0.0001) and 
between the sexes (F = 80.0; df = 1, 390; P < 
O.OOOl), but showed intergroup rankings diver- 
gent from those of wing lengths (Table 1). Anus 
castanea and A. chlorotis had the longest tails 
which, sex for sex, were approximately equal (t- 
tests, P > 0.05). Sexual differences in tail length 
were comparatively small in A. gibberifrons (t = 
2.4; df = 63; P < 0.05) and A. castanea (t = 3.2; 
df = 32; P < O.OOS), and moderate in A. chlorotis 
(t = 6.7; df = 102; P -C 0.0001). Tail lengths of 
male A. aucklandica were comparable to those 
of male A. gibberifrons (t = -0.7; df = 111; P > 
0.45), but differed between the species for fe- 
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TABLE 2. Counts of primary remiges (excluding 
remicle) in study skins of A. aucklandica (not in wing 
molt), sexes pooled, symmetrical counts shown in 
boldface. 

Number of 

r~,~~s~,, Number of primary remiges in right wing 

left wing 7 8 9 10 TOtal 

i :, 1: 1; 0 0 3 

9 1 10 85 2 iti 
10 0 0 -! 2 3 

Total 2 u 98 4 125 

males (t = 5.6; df = 7 1; P < 0.000 l), were unique- 
ly variable (especially in males), and showed 
comparatively great sexual dimorphism (t = 7.6; 
df = 118; P < 0.0001; Table 1); these charac- 
teristics were almost solely responsible for species- 
sex interaction effects (F = 7.6; df = 3, 390; P < 
0.0001) and differences in variances among 
species (Levene’s T = 12.16; df = 3, 390; P < 
0.0001) and between sexes (T= 5.3; df = 1, 390; 
P < 0.01). 

Tarsus lengths showed interspecific (F = 192.3; 
df = 3, 394; P < 0.0001) and intersexual differ- 
ences (F= 85.9; df = 1, 394; P < 0.0001) which 
followed body mass in mean rankings (Table 1); 
tarsus lengths of males were slightly more vari- 
able than those of females (Levene’s T = 4.8; df 
= 1, 394; P < 0.05). Middle-toe lengths also 
differed interspecifically (F = 37.7; df = 3, 392; 
P < 0.0001) and intersexually (F = 72.9; df = 
1, 392; P < O.OOOl), but the former were due 
primarily to the comparatively short toes of A. 
gibberifrons; the other three species, sex for sex, 
had middle toes of comparable lengths (Table 1). 
Slight interspecific differences in variances of 
middle-toe lengths (Levene’s T = 3.3; df = 3, 
392; P < 0.05) were due in large part to the higher 
variances in A. castanea. 

Primary remiges. As indicated by external wing 
lengths, A. aucklandica has disproportionately 
short wings (Table l), a condition manifested as 
well in the primary remiges (flight feathers). 
Numbers of primary remiges in 125 skins of A. 
aucklandica (not in wing molt) varied from seven 
to 10 per wing (excluding the vestigial remicle), 
the pronounced mode being nine (Table 2); with- 
in A. aucklandica the sexes had similar distri- 
butions. The two skins of A. (a.) nesiotis had 
counts of nine left-eight right and eight left-eight 
right. This contrasts with the invariant count of 

FIGURE 2. Diagrams ofright, distal-most functional 
(10th) primary remiges of (A) Anm gibberifonr (YAPM 
3496), (B) A. castanea (LSU 99870), and (C) A. chlo- 
rotis (AMNH 424078); and (D) distal-most primary 
(excluding remicle) remex (BMNH 1964.5 1.159), and 
(E) dorsal view of partly extended right wing of A. 
aucklandica (AMNH 73 1538). 

10 functional primary remiges characteristic of 
A. gibberifrons, A. castanea, and A. chlorotis, and 
which is the primitive condition for the Anser- 
iformes (Nitzsch 1840). Not only were there few- 
er primary remiges in A. aucklandica, but counts 
were laterally asymmetric in 26 (21%) of the 
specimens. The three anatomical specimens dis- 
sected confirmed this reduction in the number 
of primary remiges; also indicated is a loss of 
several secondary remiges in A. aucklandica, in 
which 11 secondary remiges were found, com- 
pared to the 14 found in A. gibberifrons and A. 
castanea. No “gaps” between remiges or other 
clues were detected in skins or anatomical spec- 
imens, therefore it was not possible to infer which 
remiges were lost in A. aucklandica. 

Lengths of exposed portions of the outermost 
functional primary remiges of A. castanea, A. 
chlorotis, and A. aucklandica differed among 
species (F = 721.0; df = 2, 96; P -C 0.0001) and 
between sexes (F = 27.4; df = 1,96; P -C 0.000 1); 
within sexes, interspecific differences reflected the 
short primaries of A. aucklandica (25 males, K 
= 71.7 mm; 20 females, K = 60.3), which were 
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FIGURE 3. Bivariate plot of log-transformed mean body masses (g) and wing lengths (mm) for 43 taxa of 
dabbling duck (Anateae, sensu Livezey, unpubl.); regression line excludes the datum for flightless Anas auck- 
landica.- 

approximately half as long as those ofA. castaneu 
(18males,x= 125.3; 12females,~= 122.0)and 
A. chlorotis (13 males, K = 122.9; 14 females, R 
= 114.3). Remiges of A. aucklandica also were 
shorter than those of three juvenile A. castanea 
with growing remiges (X = 100.0). Lengths of 
remiges also showed marginal differences in vari- 
ances among species (Levene’s T = 2.6; df = 2, 
96; P = 0.08) and between sexes (T = 4.3; df = 
1, 96; P < 0.05); the former largely reflected the 
large variances of lengths in A. aucklandica 
(males, CV = 12.5%; females, CV = 14.3%) rel- 
ative to those within sexes of flighted A. castanea 
(3.9%, 3.8%) and A. chlorotis (6.8%, 3.2%). Vari- 
ation in lengths of remiges in A. aucklandica also 
is manifested in the uniquely rounded wings of 
the species (Fig. 2). A reduction in asymmetry 
of the vanes of primary remiges ofA. aucklandica 
also is indicated (Fig. 2). 

Relative wing size. Wing lengths of flighted 
dabbling ducks (Fig. 3) were roughly isometric 
with body mass, i.e., slope not significantly (t = 
1.0; df = 32; P > 0.05) different from the 0.33 
isometrically relating a length to a mass. Anus 
chlorotis, although capable of flight, appeared as 
a moderate outlier from the generic curve (re- 
sidual approximated three standard errors for the 
regression line), a reflection of its relatively short 
wings. Flightless A. aucklandica, not included in 

the fitting of the regression line, was an extreme 
outlier (residual roughly 12 standard errors) due 
to its uniquely small relative wing length (Fig. 
3). 

Wing loadings, an alternate measure of relative 
wing size and one more directly indicative of 
flight capacity (Livezey and Humphrey 1986), 
were available for A. aucklandica, A. chlorotis, 
and 18 other species in the subtribe (Table 3). 
The estimate for A. chlorotis indicates that the 
species has moderately high wing loadings, es- 
pecially for its size; this estimate, however, is a 
ratio of means (rather than a mean of directly 
measured wing loadings) and therefore may be 
a slight overestimate (Welsh et al. 1988). Al- 
though A. aucklandica is among the least massive 
of the species tabulated, it had the highest wing 
loadings (X = 2.17 g cm-2), exceeding the greatest 
wing loadings for flighted dabbling ducks by 75% 
and approaching the theoretical upper limit for 
wing loadings permitting flight (2.50 g cm-$ 
Meunier 195 1). 

Canonical analysis of external measurements. 
A canonical analysis of the eight species-sex 
groups effectively discriminated the groups 
(Wilks’ lambda = 0.01; df = 6, 7, 394; P K 
0.00 1) and significantly incorporated all six mea- 
surements into the model (F [to remove] > 7.0; 
df = 7, 389; P < 0.001). Stepwise MANOVAs 
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TABLE 3. Mean wing loadings (g body mass.cm-* wing area) for 19 species of dabbling ducks, sexes pooled, 
grouped by mean adult body mass. Estimates based on associated masses and wing areas except for Anus 
chlorotis, which is based on a ratio of means. 

Species n Wing loading References’ 

Small species (mass < 0.5 kg) 
Anas laysanensis 12 0.98 10 
A. discors 14 0.85 4, 8, 12 
A. cyanoptera 1 0.66 9 
A. querquedula 1 0.82 3 
A. crecca 5 0.77 2, 3,4, 7, 12 
A. flavirostris 5 0.75 12 
A. aucklandica 3 2.17 11 

Intermediate species (0.5 kg < mass < 1 kg) 
A. strepera 3 1.05 4, 7, 12 
A. sibilatrix 3 0.93 12 
A. penelope 3 1.23 2,377 
A. americana 1.14 8,9 
A. platalea 

: 
0.83 12 

A. clypeata 8 0.96 2, 3,4,6, 779 
A. bahamensis 1 0.73 7 
A. acuta 11 1 .oo 2, 3,4,5,8,9 
A. chlorotis 2 1.24 12 

Large species (mass > 1 kg) 
A. specularioides 2 1.27 12 
A. specularis 1 0.94 12 
A. platyrhynchos 20 1.21 1, 2, 3,4, 7, 9, 12 
A. rubripes 3 1.13 426, 7 

’ 1-M6llenlmff 1885; 2-Magnan 1913a, 1913b; 3-Magnan 1922; ~-PC& 1938; %-George and Nair 1952,6-SaviIe 1957,7-Meunier 1959, 
I-Hartman 1961; 9-Raikow 1973; IO-Moulton and WeIIer 1984; 1 I-M. W. Weller, mpubl., nominate race; 12-Livaey, unpubl. 

demonstrated significant interspecific (F = 
1,025.9; df = 5, 390), intersexual (F = 118.6; df 
= 3, 392), and species-sex interaction (F = 13.7; 
df = 2, 393) effects in external measurements (P 
<< 0.001 for each). Significant intergroup dis- 
persion was incorporated by each of the first three 
canonical axes (Table 4). The first canonical vari- 
ate (CV-I) alone incorporated 93.8% of the total 
intergroup variance; interspecific differences in 
scores on this axis were significant (F = 3,187.5; 
df = 3, 394; P -C 0.0001) and largely represent 
the great morphometric distance between A. 
aucklandica and the three flighted species (Fig. 
4). Two skins ofA. (a.) nesiotis, not used to derive 
the axes, had scores similar to those for the nom- 
inate subspecies. Coefficients of variables for CV-I 
indicate that this difference is essentially a con- 
trast between wing length and the lengths of the 
culmen, tail, and middle toe (Table 4). Species 
differed in variances of scores on CV-I (Levene’s 
T = 7.3; df = 3, 394; P < O.OOOl), largely the 
result of the relatively variable scores ofA. auck- 
landica. Significant intersexual differences in 
scores on CV-I (F = 165.7; df = 1, 394; P < 

0.0001) indicate that sexual dimorphism within 
each species consisted partly of “relative wing 
length.” Variously developed juvenile specimens 
of all four species, not used in deriving the axis, 
had lower scores on CV-I than their adult con- 
specifics (Fig. 4). 

The second canonical axis (CV-II) for skin 

TABLE 4. Standardized coefficients of variables and 
summary statistics for first three canonical axes of ex- 
ternal measurements discriminating eight species-sex 
groups of Australasian teal. 

Variable 

Canonical variate 
1 11 III 

Culmen length 
Nail width 
Wing length 
Tail length 
Tarsus length 
Middle-toe length 
Eigenvalue 
Cumulative 

variance (%) 
Canonical R 

-0.13 
0.05 
1.12 

-0.35 
0.04 

-0.13 
27.6 

-0.73 -0.13 
0.28 0.53 
0.15 0.09 

-0.29 0.46 
-0.29 -0.84 
-0.18 0.80 

1.5 0.3 

93.8 98.8 99.8 
0.98 0.77 0.47 
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measurements accounted for another 5 .O% of the 
intergroup dispersion, included significant inter- 
specific (F = 125.6; df = 3, 394; P < 0.0001) 
and intersexual differences (F = 177.4; df = 1, 
394; P < 0.000 1) in scores, and essentially con- 
trasted nail width and wing length with the other 
variables, especially culmen length (Table 4). In 
large part, CV-II provided additional separation 
between A. gibberifons and the other three species 
(Fig. 4). There were no significant differences in 
variances of scores on CV-II (Levene’s tests, P 
> 0.10). 

The third canonical variate (CV-III) contrib- 
uted only 1% to the intergroup dispersion, but 
included significant (P < 0.0001) interspecific (J’ 
= 17.5; df = 3, 394) and intersexual (F = 16.6; 
df = 1, 394) differences in scores. Coefficients of 
variables reveal that this axis contrasted tarsus 
length with nail width, tail length, and (partic- 
ularly) middle-toe length (Table 4). Scores in- 
dicate that this axis primarily distinguished A. 
chlorotis from the other species by its relatively 
long tarsi (not figured); scores on this axis also 
reveal that females tended to have relatively 
longer tarsi than males, a dimorphism which was 
substantially greater in A. chlorotis and A. auck- 
landica than in the other two species (species- 
sex interactions, F = 5.7; df = 3,394; P < 0.001). 

Interspecific Mahalanobis’ distances (0) on the 
first three canonical variates underscore the sim- 
ilarity between A. castanea and A. chlorotis (D 

= 2.7) and the great morphometric distinctions 
between flightless A. aucklandica and flighted 
A. gibberifvons (D = 10.9) A. castanea (12.3) 
and A. chlorotis (10.3). Multivariate intersexual 
distances (within species)-A. gibberifrons (D = 
1.8), A. castanea (1.6) A. chlorotis (2. l), and A. 
aucklandica (2.9)-confirmed the comparatively 
great sexual dimorphism of A. aucklandica in 
external measurements. 

SKELETAL CHARACTERS 

Univariate comparisons. Although adequate 
numbers of skeletons of known sex were avail- 
able to analyze the sexes separately in A. gibberi- 
frons and A. castanea, the smaller samples of 
typically unsexed skeletons of A. chlorotis and A. 
aucklandica precluded this and the latter were 
pooled within species. The few measurements 
available for A. (a.) nesiotis were tabulated but 
not included in statistical comparisons. Despite 
this limitation, however, comparisons of skeletal 
measurements revealed several strong morpho- 
metric patterns among the species, the most no- 
table being unique to flightless A. aucklandica. 
All skeletal measurements showed significant dif- 
ferences among the six groups analyzed (ANO- 
VA, P < O.OOOl), and, where sexes were distin- 
guished (A. gibberifons and A. castanea), males 
were larger than females (ANOVA, P < 0.10) in 
all but widths of limb elements, sternum, and 
pelvis. 



FLIGHTLESSNESS IN ANAS AUCKLANDICA 649 

Skull measurements tended to follow body 
mass in interspecific rankings, except that three- 
bill length, cranial height, and cranial width- 
were largest in A. chlorotis (Table 5). Wing mea- 
surements followed body mass more closely in 
interspecific rankings, but those of A. aucklan- 
dica were disproportionately small, especially 
those of the midwing elements-ulna, radius, 
carpometacarpus, and proximal phalanx of the 
major digit (Table 5). Dimensions ofleg elements 
showed two different interspecific patterns: mea- 
surements of the femur, tibiotarsus, and digit III 
were longest in A. chlorotis and A. aucklandica, 
intermediate in A. castanea, and least in A. gib- 
berifrons; tarsometatarsal dimensions were larg- 
est in A. chlorotis, intermediate in A. gibberifrons 
and A. castanea, and least in A. aucklandica (Ta- 
ble 5). Measurements of the pectoral girdle- 
scapula, coracoid, and sternum-like those of 
wing elements, followed body mass in interspe- 
cific rankings but tended to be disproportionately 
small in A. aucklandica. Interacetabular 
width, a measurement of pelvic breadth, resem- 
bled skull measurements in being largest in A. 
chlorotis and mass-related in the other species 
(Table 5). Skeletal dimensions of the poorly rep- 
resented A. (a.) nesiotis were slightly smaller than 
those of (nominate) A. aucklandica (Table 5). 

Zntra-appendicular proportions. Given the in- 
terspecific differences in lengths of wing ele- 
ments, substantial differences among species in 
total skeletal wing length (sum of lengths of hu- 
merus, ulna, carpometacarpus, and major digit) 
were not unexpected (F = 171.7; df = 3, 68; P 
< 0.0001). Mean lengths (mm) of the skeletal 
wing (sexes pooled) were 206.1 in A. gibberifrons, 
211.6 in A. castanea, 195.1 in A. chlorotis, and 
14 1.4 in A. aucklandica. There also were signif- 
icant interspecific differences in the proportions 
of skeletal wing length composed by the humerus 
(F = 142.5; df = 3, 68; P < O.OOOl), ulna (F = 
118.1; df = 3,68; P < 0.000 l), carpometacarpus 
(F = 69.8; df = 3, 68; P < 0.000 l), and phalanx 
II of the major digit (F = 5.7; df = 3, 68; P < 
0.005); there were no significant differences in 
the proportion of phalanx I of the major digit (F 
= 1.4; df = 3, 68; P > 0.25), and variances of 
proportions did not differ interspecifically (Le- 
vene’s tests, P > 0.05). Anas gibbertjrons and A. 
castanea were very similar in intra-alar propor- 
tions (Fig. 5), and differed only slightly in those 
of the humerus (t = -2.1; df = 68; P -c 0.05) 
and ulna (t = 2.5; df = 68; P < 0.005). Anas 

chlorotis showed substantial shifts in alar pro- 
portions, differences which were similar in di- 
rection but generally less extreme than those 
which characterized A. aucklandica. The hu- 
merus constituted roughly 1.5% more of skeletal 
wing length in A. chlorotis than in A. gibberzjrons 
or A. castanea, and that of A. aucklandica con- 
tributed almost 3% more to skeletal wing length 
than those in the latter two species (Fig. 5). Sim- 
ilarly, the ulna and carpometacarpus of A. chlo- 
rotis showed a decrease in their contributions to 
skeletal wing length, relative to those of A. gib- 
berifrons and A. castanea, and A. aucklandica 
showed an even greater decline in these midwing 
proportions (Fig. 5). Proportions of the proximal 
phalanx of the major digit were almost identical 
in all four species, but A. chlorotis showed a de- 
crease in the proportion of the distal phalanx, a 
shift even greater than that indicated in A. auck- 
landica (Fig. 5). 

The pelvic limb also showed striking differ- 
ences in total skeletal length (F = 19.7; df = 3, 
66; P < 0.000 1); pooling sexes, the skeletal length 
(mm) of the leg (femur, tibiotarsus, tarsometa- 
tarsus, and digit III) averaged 180.6 in A. gib- 
berifrons, 189.7 in A. castanea, 202.6 in A. chlo- 
rotis, and 187.4 in A. aucklandica. Interspecific 
differences in proportions within the pelvic limb 
were significant in the femur (F = 26.1; df = 3, 
66; P < O.OOOl), tibiotarsus (F = 3.0; df = 3, 66; 
P < 0.05), tarsometatarsus (F = 107.8; df = 3, 
66; P < O.OOOl), and digit III (F = 4.5; df = 3, 
66; P < 0.01); and only the femur showed in- 
terspecific differences in variance of proportion- 
alities (Levene’s T = 4.4; df = 3, 66; P < 0.01) 
an effect due to the comparatively large variance 
in femoral proportions of A. castanea. Mean 
femoral proportions were virtually identical in 
the three flighted species, but were substantially 
greater in flightless A. aucklandica (Fig. 6). Tibio- 
tarsal proportions were greater in the sister species 
A. chlorotis and A. aucklandica than in A. gib- 
berifrons or A. castanea, and the proportions 
constituted by the tarsometatarsus were substan- 
tially smaller in A. aucklandica than in its three 
flighted relatives (Fig. 6). The proportions ofdigit 
III were, relative to those in A. gibberifrons and 
A. castanea, small in A. chlorotis, and great in A. 
aucklandica (Fig. 6). 

Conformation of sterna. The sternum provides 
the primary anchoring surfaces for the two largest 
flight muscles-Mm. pectoralis and supracora- 
coideus-and is the skeletal element most re- 
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FIGURE 5. Diagrams of mean skeletal wing lengths (mm) and intra-appendicular proportions of four species 
of Australasian teal (sexes pooled). Outline illustration is of Anus custanea (KUMNH 8 1126). 

flective of flight capacity in birds (cf. Olson 1973a; 
Livezey 1989a, 1989b). Sterna of A. gibberifrons 
and A. castaneu (Fig. 7) are typical of the genus 
Anus, and are characterized by relatively long 
and deep carinae and by basins showing only 
moderate caudal widening. Anas chlorotis shows 
a slight reduction in the ventral manubrial pro- 
cess and in the relative size of the sternal carina 
(Fig. 7). Anus aucklandica is characterized by 
comparatively short and shallow sternal carinae, 
the absence of a ventral manubrial process, 
weakly developed caudolateral processes, and by 
basins which caudally are relatively broad but 
medially emarginated (Fig. 7). 

These interspecific differences in sternal shape 
were summarized by the first canonical variate 
(CV-I) of six species-sex groups of adult Austral- 
asian teal based on five sternal measurements 
(Wilks’ lambda = 0.0326; df = 5, 5, 91; P -K 

0.00 1). This linear combination of the (log-trans- 
formed) measurements maximally discriminat- 
ed the groups from each other in these dimen- 
sions, accounted for 86.7% ofthe total intergroup 
dispersion in sternal dimensions, and was de- 
fined as follows: 

Canonical score = 17.72 (carina length) - 
8.21 (basin length) - 2.10 (least basin width) 
+ 1.44 (caudal basin width) + 9.95 (carina 
depth) - 68.52. 

This variate placed flightless A. aucklandica at 

one extreme, reflecting shallow carinae and rel- 
ative caudolateral broadening, and the more typ- 
ical A. castanea and A. gibberifrons (not shown) 
at the other; A. chlorotis was positioned between 
these two groups in sternal conformation, but 
was more similar to A. aucklandica. In addition, 
juveniles ofA. chlorotis and A. aucklandica (plot- 



652 BRADLEY C. LIVEZEY 

Species (n) gibberifrons (30) costaneo (23) chlorolis (7) oucklandica (IO) 

Skeletal lea lenath 181 190 202 187 

FIGURE 6. Diagrams of mean skeletal leg lengths (mm) and intra-appendicular proportions of four species 
of Australasian teal (sexes pooled). Outline illustration is of Anus castuneu (KUMNH 8 1126). 

ted a posteriori) were more “aucklandica-like” 
in sternal shape than their adult conspecifics (Fig. 

7). 
Canonical analysis of complete skeletons. A 

canonical analysis of 87 adequately identified 
skeletons effectively separated the six species-sex 
groups using 23 skeletal measurements (Wilks’ 
lambda = 0.0002; df = 14, 5, 79; P << 0.001). 
Interspecific Mahalanobis’ distances (0) on the 
five canonical variates reflected: (1) the close 
similarity between A. gibberifrons and A. casta- 
nea (D = 3.3), one of comparable magnitude to 
intersexual distances within the two species (D 
= 2.9 and 4.5, respectively); (2) the moderate 
similarity between A. chlorotis and these two 
flighted species (D = 14.9 and 13.1, respectively); 
(3) the large difference between flightless A. auck- 
landica and its sister species A. chlorotis (D = 
24.1); and (4) the even greater differences be- 
tween A. aucklandica and the more distantly re- 

lated A. castanea and A. gibberifrons (D = 34.8 
and 36.3, respectively). 

A full-dimensional CA of the 23 skeletal mea- 
surements permitted the interpretation of these 
multivariate differences (Table 6, Fig. 8). The 
first canonical variate (CV-I) incorporated 92.7% 
of the total intergroup dispersion (Table 6; AN- 
OVA of scores, F = 1,995.7; df = 5, 79; P < 
O.OOOl), and largely discriminated A. aucklan- 
dica from its flighted relatives (Fig. 8). Signs and 
magnitudes of coefficients indicate that CV-I pri- 
marily contrasted skull lengths, humeral head 
width, lengths of the carpometacarpus and leg 
elements, and caudal sternal width with lengths 
of the ulna, radius, phalanx II of the major alar 
digit, coracoid, and the sternal basin (Table 6). 
The low scores of A. aucklandica (Fig. 8) ac- 
cordingly reflected the relatively short distal and 
antebrachial elements and small dimensions of 
the pectoral girdle characteristic of the species as 
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FIGURE I. Plot of scores of Anas castanea, A. chlorotis, and A. aucklandica on first canonical axis of five 
sternal dimensions; also plotted (but not used in derivation of axes) are single juvenile specimens of A. chlorotis 
and A. aucklandica. Sterna are figured at eaual reduction (A. castaneu-KUMNH 81126; A. chlorotis-AIM 
386; A. aucklundica-USNM 500620). 

compared to its flighted relatives. The interme- 
diate scores ofA. chlorotis suggest that the species 
shares, to a lesser degree, the pectoral reduction 
evident in A. aucklandica. Two poorly ossified 
skeletons ofjuvenile specimens-one A. chlorotis 
and one A. aucklandica - had substantially lower 
scores on CV-I than their adult conspecifics (Fig. 
8). 

The second canonical axis for skeletal mea- 
surements (CV-II) accounted for another 4.0% 
of the intergroup dispersion (Table 6) and in- 
corporated significant differences among groups 
in scores (F= 69.3; df = 5,79; P < 0.0001). This 
axis mostly discriminated the low-scoring A. 
chlorotis from its flightless sister species A. auck- 
landica; the other flighted species had interme- 
diate scores on the axis (Fig. 8). Coefficients of 
measurements show that CV-II essentially con- 
trasted humeral dimensions and tarsometatarsus 
length with femur length, dimensions of the cor- 
acoid, and sternal lengths (Table 6). 

The three remaining canonical variates for 
skeletons (CV-III through CV-V) together ac- 
counted for the remaining 3.2% of the total in- 
tergroup dispersion, but each included significant 
(F > 5.0; df = 5, 79; P < 0.001) differences 
among groups in scores. CV-III, an axis primar- 
ily contrasting lengths of the bill, carpometacar- 
pus, and coracoid with lengths of the forewing 
elements and sternal basin (Table 6), identified 
residual distinctions between A. chlorotis and A. 
aucklandica and displayed sexual dimorphism 
common to A. gibberifrons and A. castanea. CV- 

IV and CV-V revealed additional sexual differ- 
ences in A. castanea and A. gibberifrons, respec- 
tively, and will not be discussed further. 

PECTORAL MUSCULATURE 

Qualitative myology. Based on dissections of sin- 
gle specimens, the pectoral musculature of flight- 
less A. aucklandica is qualitatively identical to 
those of A. gibberifrons and A. castanea. One 
possible exception, the apparent lack of an ab- 
dominal dermal component (Pars abdominalis) 
of M. pectoralis in A. aucklandica (Fig. 9) de- 
tected in both of its flighted relatives, requires 
confirmation; however, the absence of this com- 
ponent in A. aucklandica, if genuine, would be 
inconsequential for flight capacity. Furthermore, 
the pectoral musculature of all three austral teal 
agrees qualitatively with that described by Zusi 
and Bentz (1978) for a partial specimen of the 
Labrador Duck (Mergini; Camptorhynchus lab- 
radorius), with the following exceptions: (1) the 
insertion of M. pronator profundus extends al- 
most to the distal end of the radius in the teal, 
whereas in Camptorhynchus it extends only two- 
thirds of the length of the radius; and (2) the 
insertion of M. entepicondylo-ulnaris is dorsad 
(deep) to the belly of the proximal terminus of 
M. flexor digitorum profundus in the teal, where- 
as in Camptorhynchus the former is ventrad (su- 
perficial) to the latter. Also, the three teal pos- 
sessed the accessory pars of M. pronator 
profundus (see George and Berger 1966) a small, 
fleshy belly immediately distad to the origin of 
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TABLE 6. Standardized coefficients and summary statistics for the first three canonical variates for 23 skeletal 
measurements discriminating six species-sex groups of Australasian teal. 

Variable 

Canonical variate 
I II III 

Bill length 
Cranium length 

height 
Humerus length 

head width 
Radius length 
Ulna length 
Carpometacarpus length 
Major digit, phalanx I length 

phalanx II length 
Femur length 
Tibiotarsus length 
Tarsometatarsus length 
Middle-toe length 
Scapula length 
Coracoid length 

basal width 
Sternal carina length 

basin length 
least basin width 
caudal basin width 
carina depth 

Interacetabular width 
Eigenvalue 
Cumulative variance (O/o) 
Canonical R 

-0.60 -0.26 
-0.54 -0.23 

0.16 
0.34 

-0.45 
0.68 
1.18 

-0.38 
-0.20 

0.69 
-1.37 
-0.45 
-0.13 
-0.98 
-0.29 

0.50 
-0.02 

0.38 
1.45 
0.12 

-0.38 
-0.13 
-0.06 
140.79 
92.7 
0.99 

-0.35 
-0.89 
-0.53 

0.42 0.88 
-0.39 

0.10 
-0.41 

0.35 
0.50 
0.19 

-1.54 
0.07 
0.02 
0.68 
0.51 
0.93 
0.68 

-0.35 
-0.14 
-0.35 
-0.07 

6.12 
96.7 
0.93 

-0.07 
-0.94 

0.07 
-0.35 
-0.04 

0.97 
-1.17 
-0.02 
-0.40 
-0.06 
-0.03 

0.54 
0.09 
0.48 

-1.02 
-0.40 
-0.57 

1.03 
0.21 
0.16 

-0.27 
0.33 
3.15 

98.8 
0.87 

the muscle and ventrad to the main muscle body, 
but this feature was not mentioned in the myo- 
logical study of Camptorhynchus by Zusi and 
Bentz (1978). As did the specimens of A. gib- 
berifons and A. castanea, A. aucklandica retains: 
(1) three subcutaneous slips of M. pectoralis (Fig. 
9); (2) two-parted Mm. serratus profundus and 
serratus superficialis caudalis (Fig. 10); (3) a com- 
plete patagial musculature including Mm. latis- 
simus dorsi metapatagialis and serratus super- 
ficialis metapatagialis, both Tendo longa and 
Tendo brevis of M. propatagialis, a well-devel- 
oped M. biceps propatagialis, and an evidently 
functional M. expansor secundariorum including 
both proximal (scapular) tendon and distal belly 
(Figs. 11, 12); and (4) identically positioned and 
robust muscles and tenda of the antebrachium 
and manus, including both pars of M. extensor 
longus digiti majoris and both heads of M. ex- 
tensor longus alulae (Figs. 13-16). None of the 
six minor qualitative changes noted in the pec- 
toral musculature of some flightless grebes (Liv- 
ezey 1989a) was detected in A. aucklandica. 

Quantitative myology. Most muscle measure- 

ments for A. aucklandica, however, were smaller 
than those in its flighted relatives, a condition 
related in part to its smaller overall size (Table 
1). Absolute differences in the large Mm. pec- 
toralis and supracoracoideus, the muscles pri- 
marily responsible for powering the wing strokes, 
were comparatively pronounced (Table 7). The 
smaller dimensions of at least M. pectoralis in 
A. aucklandica exceeded those expected simply 
on interspecific differences in body mass (Table 
7). However, the relative size of breast muscles 
in A. castanea (based on a captive bird) ap- 
proached those of A. aucklandica, indicating an 
effect of exercise on the overall bulk of breast 
muscles, although this effect was not evident in 
measurements of origins and insertions. 

Measurements of other pectoral muscles con- 
firmed that many were disproportionately small 
in A. aucklandica (Table 8). Differences between 
A. aucklandica and its two flighted relatives in 
relative muscle dimensions were largest and most 
consistent in muscles primarily acting on the 
scapula and carpometacarpus, intermediate in 
those responsible for moving the humerus bra- 
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FIGURE 8. Plot of mean scores (+ standard deviation) of six species-sex groups of Australasian teal on first 
two canonical axes of 23 skeletal measurements; also plotted (but not used in derivation of axes) are juvenile 
specimens of Anus chlorotis and A. aucklandica. 

chium, antebrachium, and digits, and virtually 
nonexistent (i.e., completely accounted for by 
body size) in the metapatagial slips (Table 8). 

DISCUSSION 

BODY SIZE AND ALLOMETRY IN ANATIDS 

Flight capacity of dabbling ducks. Typical dab- 
bling ducks (Anateae, sensu Livezey 1986b, un- 
publ. data), like other Anseriformes, are power- 
fliers, birds characterized by relatively heavy wing 
loadings (Table 3) which must employ rapid wing 
beats to attain and maintain flight (Hartman 
196 1, Greenewalt 1962); diving Anatinae (Ay- 
thyini, Mergini, and Oxyurini) have even heavier 
wing loadings (Raikow 1973, Livezey and Hum- 
phrey 1986, Bethke and Thomas 1988). Mei- 

FIGURE 9. Ventral views of right breast muscles of 
Anus aucklandica: A-superficial layer: B-deep lay- 
er, with moderate lateral perspective. Abbreviations 
given in Appendix. 

nertzhagen (1955) recorded higher wing-beat fre- 
quencies (5 secl) in four species of Anas- 
Gadwall (A. strepera), American Wigeon (A. 
americana), Mallard (A. plutyrhynchos), and 
Northern Shoveler (A. clypeata)-than in most 
other birds sampled, with the notable exceptions 
of diving ducks, grebes, loons, alcids, and galli- 
naceous birds. Relatively large breast muscles 
(Mm. pectoralis and supracoracoideus), consti- 
tuting 17-21% and 2-3%, respectively, of body 
mass in Anus, are functionally related to the en- 
ergetically demanding, rapid aerial locomotion 
of the members of the genus, in which flight is 
typically attained by an almost vertical take-off 
(Hartman 196 1, Bethke and Thomas 1988). De- 

M rhom sup 

M scaphum. cran 

M sup. coud. 

f” 

M subcar. 

FIGURE 10. Medioventral views of muscles in trios- 
seal region of pectoral girdle of Anus aucklundicu, right 
side, Mm. pectoralis and supracoracoideus removed. 
Abbreviations given in Appendix. 



spite the allometry of wing size with body mass 
in Anas (Fig. 3) and other anatids (Livezey and 
Humphrey 1986, Livezey 1989b), an (allome- 
tric) size increase alone eventually would not ren- 
der an Anas lineage flightless (i.e., produce a wing 
loading in excess of 2.5 g cmm2; Meunier 195 1) 
until a body mass of roughly 13 kg was attained 
(based on a regression of data in Table 3); this 
approximates the body mass of the Trumpeter 
Swan (Cygnus buccinator), the most massive an- 
seriform and among the largest of flying birds 
(Pennycuick 1975). The threshold estimated by 
Meunier (195 l), however, did not consider ac- 
companying changes in pectoral musculature; re- 
ductions in muscle mass, like those evident in 
A. aucklandica, effectively lower the threshold of 
flightlessness to smaller body masses. 

Bodysizeandjlightlessness. Pennycuick (1975, 
p. 70) stated: “No case is known of a bird having 
lost the power of flight through selection for small 
size . . . [emphasis added].” Although this ob- 
servation remains correct at this writing, in part 
because of an inadequate understanding of the 

selective causes of avian flightlessness, there are 
instances known in which the loss of flight is 
coincident with decreased size. Anas aucklandica 
is an example of a flightless lineage which is 
smaller than its closest flighted relatives (Table 
1, Fig. 2) and the phylogeny adopted here (Fig. 
1; Livezey, unpubl. data) indicates that this dif- 
ference in size is the result of a derived decrease 
in body mass within the A. castanea-chlorotis- 
aucklandica clade. This inference is contingent 
on this specific phylogenetic hypothesis; for ex- 
ample, if the phylogeny of the Australasian teal 
given in Figure 1 were modified by a reversal of 
the relationships proposed within the A. casta- 
nea-chlorotis-aucklandica clade (i.e., A. aucklan- 
dica as the sister-group to A. chlorotis and A. 
castanea), then the small mass ofA. aucklandica 
would be most parsimoniously interpreted as the 
retention of a primitive condition. No hypothesis 
has been advanced, however, which attributes 
the loss of flight in A. aucklandica to the evo- 
lutionary advantage(s) of small body size. The 
diminution ofA. aucklandica is also noteworthy 
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M. abd. alu. 

M. add. alu 

FIGURE 12. Ventral view of right pectoral limb of Anus aucklundicu, supdcial layer. Abbreviations given 
in Appendix. 

in that it contradicts the prediction of Berg- 
mann’s Rule, i.e., the tendency for body size to 
increase with latitude (Rensch 1960); however, 
even evaluated at the phylogenetic level origi- 
nally intended (populations within species), 
Bergmann’s Rule is only weakly corroborated 
(Zink and Remsen 1986). Moreover, although 
large body size is advantageous for endotherms 
in cold climates through a reduction in relative 
rate of heat loss and increased tolerance for fast- 
ing, increased bulk also results in a higher total 
heat loss (Calder 1974). 

Other flightless waterfowl are the compara- 
tively huge subfossil Cnemiornis of New Zealand 
(Owen 1866, 1875; Hector 1873; Howard 1964; 
Livezey 1989d), the subfossil anserine Tham- 
betochen of Hawaii (Olson and Wetmore 1976, 
Olson and James 1982) three extant species of 
steamer-duck (Livezey and Humphrey 1986), a 
teal-sized subfossil Anas from Amsterdam Island 

(Martinez 1987) and the fossil sea-duck Chen- 
dytes of California (Miller 1925; Howard 1955, 
1964). With the possible exception of the un- 
named Anas from Amsterdam Island, each of 
these exceeds its flighted relatives in general size, 
the best-known example being the steamer-ducks 
(Humphrey and Livezey 1982, Livezey and 
Humphrey 1986). Worthy (1988) inferred that 
the subfossil duck Euryanasjinschi of New Zea- 
land had undergone modest alar reduction dur- 
ing the period 11,000 to 1,000 BP, changes which 
culminated in proportions similar to those of A. 
chlorotis; he concluded that Euryanas was ca- 
pable of flight, however, and that there was no 
evidence for a correlated increase in overall size 
in the same subfossil samples. In addition, the 
extinct Auckland Islands Merganser (Mergus 
australis), formerly sympatric with A. aucklan- 
dica (Kear and Scarlett 1970) appears to have 
undergone significant morphological changes to- 
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FIGURE 13. Dorsal view of right antebrachium of Anus aucklundicu, remiges removed: A-superficial layer; 
B-deep layer. Abbreviations given in Appendix. 

ward flightlessness; however, its comparatively 
small size, at least in large part, appears to be a 
primitive condition not associated with these 
pectoral modifications (Livezey 1989a). There- 
fore, the general inference that insular waterfowl 
have undergone a decrease in size (Lack 1970, 
Weller 1980) evidently does not pertain either 
to terrestrially specialized forms (e.g., Cnemior- 
nis, Thambetochen) or benthic-diving Tachye- 

res, and finds only equivocal support in the pur- 
suit-diving Mergus. 

MORPHOLOGICAL CHANGES IN 
ANAS AUCKLANDICA 

Reductions in the pectoral limb. External mea- 
surements clearly demonstrate that A. aucklun- 
dica, and to a lesser extent A. chlorotis, have 
disproportionately short wings (Table 1, Fig. 3). 
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FIGURE 14. Ventral view of right antebrachium of Anus aucklundicu, remiges removed: A-superficial layer; 
B-deep layer. Abbreviations given in Appendix. 

Based on the regression line for flighted dabbling aucklandica primarily reflects shortening of the 
ducks (Fig. 3), wing lengths of A. chlorotis are primary remiges (Fig. 2) and is associated with 
approximately 27 mm shorter than that pre- losses of one or more primary remiges in most 
dieted on the basis of body mass, whereas those specimens (Table 2). “Gaps” between calami of 
of A. aucklandica are shortened by 74 mm. Ev- remiges in A. aucklandica, features which would 
ident truncation of external wing lengths in A. indicate which remiges have been lost in the pro- 
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M. ext. dig. corn 
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FIGURE 15. Dorsal view of right manus ofAnus auckhndicu, remiges removed; tendon of M. extensor longus 
digiti majoris is crosshatched for clarity. Abbreviations given in Appendix. 

cess of alar reduction, were not evident in study Loss of primary remiges is known also in the 
skins (Fig. 2) or the dissected specimen (Figs. 11, Laysan Duck (A. laysanensis) (Moulton and 
12); this finding suggests that either the outer- Weller 1984), an insular endemic not character- 
most or innermost remiges were aborted. Com- ized, however, by the heavy wing loadings of A. 
parisons with the positions of remiges in speci- aucklandica (Table 3). The intermediate alar re- 
mens of A. gibberifons and A. castanea dissected duction of A. chlorotis, second only to A. auck- 
in this study, and the positions shown for the landica in magnitude within Anus (Table 3, Figs. 
Mallard (A. platyrhynchos) by Humphrey and 3, 4), was inferred earlier by Falla (1953). Pri- 
Clark (196 l), suggests that carpometacarpal rem- mary remiges of A. aucklandica, however, retain 
iges are missing in A. auckZandica (Fig. 11). Ga- the asymmetry of vanes characteristic of flighted 
dow (1902) speculated that the missing remiges species (Feduccia and Tordoff 1979), but there 
in A. aucklandica were the outermost members, appears to have been some reduction in this 
and went on to suggest that the process of re- asymmetry, one confounded with a shortening 
duction was analogous to that evident in the non- of the remiges (Fig. 2). Also, there is no gross 
functional remicle and that this process might evidence of a (genetically based) alteration of fine 
actually progress during development of indi- structure of remiges in A. aucklandica, a phe- 
vidual birds. The last suggestion, which proposes nomenon observed in several variants of do- 
the truncation of feather growth with age and mestic fowl and hypothesized to have been a 
seems to invoke a Lamarckian inheritance of possible factor in the evolution of flightlessness 
shortened wings, seems particularly unlikely. in the ratites (Provine 1981), species character- 

M. abd. dig. 

M. fix. dig. 
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I\ 

M. add. alu. 
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M. flx. alu. 
M. abd. alu. 
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FIGURE 16. Ventral view ofright manus ofAnus uuckhndicu, remiges removed; tendon of M. flexor digitorum 
superficialis is crosshatched for clarity. Abbreviations given in Appendix. 
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TABLE 7. Selected measurements of the two largest pectoral muscles, Mm. pectoralis and supracoracoideus, 
for three species of Australasian teal (Anus). 

Variable A. aibberitiom 

Species 
A. ca.slane’a A. aucklandica 

M. pectoralis thoracicus 
Dry mass (g) 
Area of sternal origin (mm’) 
Perimeter of belly (mm) 

M. supracoracoideus 
Dry mass (g) 
Length of opaque aponeurosis (mm) 
Length of belly (mm) 
Maximal width of belly (mm) 

’ Measurements for one side of one specimen. 

14.4 11.6 8.2 
800 760 340 
260 272 191 

6.5 6.4 
9.0 8.5 Z 

86 102 67 
20 24 16 

ized by uniquely modified, aerodynamically dis- 
functional plumage (Feduccia 1980). 

Skeletal changes in the pectoral limb of A. 
aucklandica were more profound, affecting most 
elements of the wing and girdle (Table 5) and 
are reflected in absolute decreases in lengths not 
proportional to the interspecific differences in 
body size. As in comparisons of external mea- 
surements, A. chlorotis was intermediate be- 
tween A. aucklandica and other Australasian teal 
in these characters. Intra-alar proportions indi- 
cate that the greatest reductions occurred in the 
midwing elements (Fig. 5), a pattern of skeletal 
change which characterizes flightless steamer- 
ducks (Livezey and Humphrey 1986) flightless 
grebes (Livezey 1989b), the Auckland Islands 
Merganser (Livezey 1989a), and the Galapagos 
Cormorant (Compsohalieus [Phalacrocorax] 

harrisi) (Livezey, unpubl.). Smaller size but sim- 
ilar intra-alar proportions are indicated in the 
flightless subfossil duck from Amsterdam Island 
(Martinez 1987). The sternum ofA. aucklandica 
differed conspicuously from those of its flighted 
relatives in conformation (Fig. 7); these char- 
acters are qualitatively convergent with sternal 
modifications of the Auckland Islands Mergan- 
ser, flightless grebes, and Galapagos Cormorant, 
but there are differences in detail (e.g., relative 
basin widths) and degree, especially in reduction 
of the carina (Livezey 1989a, 1989b, unpubl.). 
A reduction in carinal depth also was noted in a 
domesticated strain of the Mallard (Wiglesworth 
1900). In contrast, sterna of flightless Tachyeres 
are qualitatively similar to those of the Flying 
Steamer-Duck (T. patachonicus) (Livezey and 
Humphrey 1986), whereas those of flightless, 

TABLE 8. Summary statistics (mean, range) for p interspecific differences in standardized muscle measurements 
(linear measurements [mm] divided by cube root of mean body masses k] for respective species-sex group). 

Muscle group @)’ 

Anas aucklandicab vs. 

A. gibberifrons A. caslnnea 

Scapular (6) 

Humeral ( 18) 

Antebrachial ( 19) 

Carpometacarpal(l7) 

Digital (6) 

Patagial (8) 

- 1.06O 
(-2.43, -0.01) 

-0.42O 
(-1.49, -0.11) 

-0.61* 
(-1.90, -0.15) 

-0.88’ 
(- ‘19otW&Ol) 

(- 1.49,0106) 
-0.11) 

(-0.95,0.58) 

-0.710 
(- 1.72, 0.24) 

-0.523 
(-1.06,0.13) 

-0.61’ 
(-2.00,0.07) 

-1.02’ 
(-2.45,0.04) 

-0.710 
(-1.!;;0.16) 

(-0.27, i.55) 

8 Muscles grouped accordin to primary skeletal element(s) acted upon (see Appendix). 
* Superscripts indicate num %e r of measurements in which A. auckhdica was (relatively) larger 
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largely terrestrial Cnemiornis retained but a ves- 
tige ofa carina (Hector 1873, Owen 1875). Clear- 
ly the retention of a reduced sternal carina and 
associated flight muscles in A. aucklandica is re- 
lated to the capacity for the short “flights” re- 
counted by Phillips (1925) and Oliver (1955); 
the utility of short ascents to nesting sites in cliffs 
(Bollons fide Waite 1909) may impose a selec- 
tively maintained limit on pectoral reduction in 
A. aucklandica. The extreme morphometric po- 
sition of A. aucklandica among Australasian teal 
(Fig. 8) reflects, in large part, a constellation of 
unique pectoral proportions that dwarfs skeletal 
differences among its flighted relatives or those 
related to sexual dimorphism in the group. 

Although A. aucklandica retains a complete 
complement of pectoral muscles (with the pos- 
sible exception of M. pectoralis abdominalis; Figs. 
9-16), the relative sizes of most muscles (i.e., 
sizes of muscles corrected for mean interspecific 
and intersexual differences in body mass) were 
smaller in the flightless form than in its flighted 
congeners (Tables 7,8). The specimen of A. cas- 
tanea, a captive bird, provides apparent under- 
estimates of some dimensions for the species (es- 
pecially masses and widths of bellies; Table 7), 
but also indicates that some of the decreased 
muscle bulk indicated in A. aucklandica may have 
resulted from disuse as well as from changes pre- 
scribed by genetic alterations. Relative sizes of 
the metapatagial slips remain virtually un- 
changed in A. aucklandica (Table 8); this stasis 
presumably reflects the probable importance of 
these slips in functions other than flight, partic- 
ularly for adjustment of tension of the patagium 
for purposes of thermoregulation. Generally, 
however, the overall change in pectoral muscu- 
lature in A. aucklandica is characterized by small 
to moderate decreases in relative size without 
losses of muscles or parts thereof. 

Skeletal changes in the pelvic limb. Coincident 
with the more conspicuous changes in the pec- 
toral limb in A. aucklandica are significant shifts 
in the proportions of skeletal elements of the leg 
(Fig. 6). Anas aucklandica is characterized by 
disproportionately long femora and toes and rel- 
atively (very) short tarsometatarsi (Fig. 6). The 
functional significance of these proportions is not 
clear; they may represent a compromise between 
specializations for climbing (long femora and 
short tarsometatarsi) and swimming (long toes). 
Anas chlorotis also shows significant differences 
in pelvic proportions relative to the more typical 

A. gibberifrons and A. castanea, but these differ- 
ences are distinct from those of A. aucklandica 
and are accompanied by a 1 -cm increase in skel- 
etal leg length. The pelvic limb of A. chlorotis is 
characterized by relatively long tibiotarsi and 
short toes (Fig. 6), proportions generally asso- 
ciated in waterbirds with specialization for ter- 
restrial locomotion (Raikow 1985). 

The unexpectedly wide interacetabular width 
ofA. chlorotis also conforms with a specialization 
for terrestrial locomotion (Table 5). The distinc- 
tive pelvic proportions of A. aucklandica, and to 
a lesser degree, those of A. chlorotis, were im- 
portant in the definition of the first canonical 
variate (CV-I) for skeletons, whereas those unique 
to A. chlorotis contributed principally to skeletal 
CV-II (Fig. 8). 

ONTOGENETIC BASIS OF FLIGHTLESSNESS 
IN ANAS AUCKLANDICA 

Paedomorphosis, the occurrence of ancestrally 
embryonic or juvenile characters in the (repro- 
ductive) adults of descendent lineages (Mc- 
Namara 1986), has been inferred only rarely for 
birds (Gould 1977). An important avian example 
of this is the morphology of selected flightless 
birds, for which neoteny was proposed as the 
developmental mechanism responsible for the 
“degenerate” pectoral apparatus and body plum- 
age characteristic of the Inaccessible Island Rail 
(Atlantisia rogersi) (Lowe 1928), several other 
flightless rails (Olson 1973a, 1973b), and some 
subfossil anserines from Hawaii (James and Ol- 
son 1983). There is strong evidence for paedo- 
morphosis in the Auckland Islands Teal. The 
irregularly shortened primary remiges of A. 
aucklandica resemble the partly grown primaries 
of juvenile Anas in the prejuvenal molt (Hum- 
phrey and Parkes 1959), and the shorter wings 
of juvenile A. gibberifons, A. castanea, and A. 
chlorotis primarily account for the morphomet- 
ric similarity between the younger birds and adult 
A. aucklandica (Fig. 4). Remiges have been found 
to be shorter in juvenile Eurasian Coots (Fulica 
atra) (Fjeldsil 1977) and steamer-ducks (Livezey 
and Humphrey 1986), and the less robust vanes 
of remiges of A. aucklandica (Fig. 2) are clearly 
suggestive of aborted development. Reductions 
in numbers of primary remiges in A. aucklan- 
dica, however, are not paedomorphic in that this 
condition is not considered to be the plesio- 
morphic state for juvenile Anas. 

Plumage patterns of adults in the Anas cas- 



FLIGHTLESSNESS IN ANAS AUCKLANDICA 663 

tanea-chlorotis-aucklandica clade also exhibit a 
directional evolutionary trend toward sexual 
monochromatism and paedomorphosis. All three 
species, as is typical ofdnas, have two molts and 
plumages per annual cycle (Falla and Stead 1938, 
Frith 1967, Reid and Roderick 1973, Johnsgard 
1978) in which the alternate plumages (i.e., nup- 
tial plumages) of males are variably more col- 
orful than the homologous plumages of female 
conspecifics (Buller 1894, 1905; Phillips 1925; 
Oliver 1955; Delacour 1956; Weller 1975b; Todd 
1979; Madge and Bum 1988). In A. castanea, 
adult males have largely iridescent green heads, 
rich chestnut breasts and sides, conspicuous white 
flank spots, and deep black undertail coverts, and 
adults of both sexes have bright red irides and 
conspicuously bordered, metallic wing specula; 
females and juveniles are dark mottled brown, 
and juveniles have dark brown irides. Adult males 
of A. chlorotis have the greenish iridescence lim- 
ited to the nape and postocular regions of the 
head, the chestnut wash is limited to the breast, 
the flank spot and undertail coverts are less dis- 
tinct and the wing speculum is slightly less bright- 
ly colored; adults of both sexes and juveniles lack 
red it-ides, and adult females differ from juveniles 
only in the clarity of ventral vermiculations. 

Adult males of A. aucklandica have but a ves- 
tigial greenish postocular iridescence, the chest- 
nut tones of the breast and sides are obsolete, the 
whitish flank spots and dark under-tail patches 
are faint or indistinguishable, and adults of both 
sexes resemble juveniles in their brown irides 
and virtually nonchromatic wing specula. The 
few available skins ofA. (a.) nesiotis confirm that 
this population is at least as derived in its plum- 
age pattern as the nominate race (Fleming 1935, 
Oliver 1955). Accordingly, it seems justified to 
refer to the progressive sexual monochromatism 
in this species-group, a plumage character noted 
earlier by Falla (1953) and which is frequent 
among insular waterfowl (Lack 1970, Weller 
1980), as paedomorphic. The white eye-rings 
shared by A. chlorotis and A. aucklandica, a char- 
acter found in some other insular waterfowl 
(Weller 1980), constitutes a synapomorphy not 
attributable to developmental heterochrony. 

Skeletal modifications in A. aucklandica offer 
particularly persuasive evidence of paedomor- 
phosis, and these “juvenile” characters of the 
skeleton have obvious functional impacts on the 
capacity for flight. Several investigations ofavian 
embryology have shown that: (1) the develop- 

ment of the pectoral limb in birds lags behind 
that of the skull and pelvic girdle; (2) growth of 
proximal wing elements proceeds more quickly 
than that of distal elements; and (3) the sternum 
is among the last skeletal elements to ossify (Lati- 
mer 1927, Marples 1930, Schinz and Zangerl 
1937, Montagna 1945, Maillard 1948, Fujioka 
1955, Klima 1962). The shallow sternal carinae 
and differentially shortened wing elements of 
flightless rails (Lowe 1928, Olson 1973a), steam- 
er-ducks (Livezey and Humphrey 1986) grebes 
(Livezey 1989b), and alcids (Livezey 1988) have 
been interpreted as paedomorphic. Reductions 
in dimensions of pectoral-alar elements (Table 
5) shifts in intra-alar proportions (Fig. 5), con- 
formational changes in sterna (Fig. 7) and multi- 
variate similarities between adult A. aucklandica 
and juveniles of its flighted congeners (Figs. 4, 
8) conform well with the expectations for pae- 
domorphic skeletal modifications. The general- 
ized “under-development” (Tables 8, 9) of an 
otherwise typical, complete pectoral musculature 
(Figs. 9-16) also accords with an hypothesis of 
paedomorphosis. The finding that midwing ele- 
ments have undergone greater reductions in pro- 
portions than the distal-most elements in A. 
aucklandica (Fig. 5) however, does not agree 
with the comparatively proximal-distal devel- 
opmental gradient characteristic of embryonic 
birds, and apparently reflects a derived, nonpae- 
domorphic state. 

Although there is abundant evidence of pae- 
domorphosis in the integument, skeleton, and 
pectoral musculature of A. aucklandica, diag- 
nosis of the underlying ontogenetic mechanism 
(neoteny, progenesis, or postdisplacement) is not 
possible with currently available data. Neoteny, 
the deacceleration of growth of one anatomical 
structure relative to the general developmental 
state of an organism, is the most frequently hy- 
pothesized of the three heterochronic mecha- 
nisms which produce a paedomorphic condition 
(Gould 1977, McNamara 1986). Postdisplace- 
ment, in which onset of development is delayed 
relative to other ontogenetic schedules, was sug- 
gested as the mechanism underlying the subtle 
skeletal paedomorphosis inferred for flightless 
steamer-ducks (Livezey and Humphrey 1986) 
and the Titicaca Grebe (Rollandia microptera) 
(Livezey 1989b). Progenesis, the early onset of 
sexual maturity, is a particularly likely candidate 
in A. aucklandica in that the condition is char- 
acterized by a generalized underdevelopment, 
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TABLE 9. Parameters of reproductiona for three species of Australasian teal (Ann& 

Species Clutch size Egg sin+ Es mass Brood size 

A. castanea 10+ 53 x 38 44 (8%) 8* 
A. chlorotis 6 61 x 43 64(11%) 4 
A. aucklandicae 4 64 x 44 72 (18%) l-2 

*Data compiled from Oliver (1955), Delacour (1956), Lack (1967, 1970), Reid and Roderick (1973), Weller (1975a, 1980), Norman (1982), and 
Norman and McKinney (1987). 

b Mean length x width (mm). 
* Mean mass (g) and % of mean body mass of females. 
d At departure from nest. 
cNominate subspecies. 

including reduced body size (McNamara 1986). 
Morphological study of series of developing birds 
of known age in A. chlorotis and A. aucklandica 
(including prehatching embryos) should permit 
this differentiation. 

EVOLUTIONARY CONSIDERATIONS 

Inferences from phylogeny. As detailed above, 
interspecific differences in plumage pattern with- 
in the A. castanea-chlorotis-aucklandica clade 
(Fig. 1) are interpretable as a unidirectional trend 
toward progressive paedomorphosis with in- 
creasing insularity; decreasing body size parallels 
this pattern (Table 1). In addition, a number of 
flightlessness-related characters of A. aucklan- 
dica-including relative wing length (Fig. 3), wing 
loading (Table 3), intra-alar proportions of skel- 
etal elements (Fig. 5), sternal conformation (Fig. 
7) and multivariate trends in external and skel- 
etal dimensions (Figs. 4, 8)-were found to a 
lesser degree in its sister species A. chlorotis. Ac- 
cordingly, the most parsimonious hypothesis 
holds that the initial (derived) shift toward flight- 
lessness occurred in the common ancestor of A. 
chlorotis and A. aucklandica, and that these 
changes were further derived in the two insular 
populations (nominate aucklandica and nesi- 
Otis). Whether these subsequent modifications 
occurred in the common ancestor of the two 
flightless forms (i.e., are homologous) or were 
derived independently in each (i.e., are conver- 
gent) is not known. Given that the Auckland and 
Campbell islands are of volcanic origin and nei- 
ther ever was connected to mainland New Zea- 
land (Fleming 1975) it is most probable that 
both populations arose from colonizations by 
dispersing birds from northern source popula- 
tions. Given the distances between the two island 
groups and the mainland, it seems reasonable to 
speculate that members of the founding popu- 
lation(s) retained at least limited capacity for 

flight. Until additional anatomical material (par- 
ticularly subfossil specimens from insular local- 
ities) and/or biochemical specimens (especially 
for nesiotis) are available, however, it remains 
most parsimonious to consider the flightless con- 
dition of the two insular endemics to be homol- 
ogous. 

Taxonomy and evolutionary inferences. Given 
a completely resolved phylogenetic hypothesis, 
the methodology for classifying included taxa is 
prescribed by existing taxonomic convention (cf. 
Wiley 198 1) and depends partly on the species 
concept adopted. The topology given here (Fig. 
1) confirms the monophyly of the Australasian 
teal, which are assignable to the subgenus Ne- 
sonetta Gray, 18447Livezey, unpubl.); A. cas- 
tanea-chlorotis-aucklandica may be considered 
a superspecies including three allospecies (Haffer 
1986). The designation of nesiotis as a subspe- 
cies, a rank not considered to be useful under the 
phylogenetic species concept (McKitrick and Zink 
1988), is provisionally retained only to reflect its 
uncertain diagnosability and undemonstrated re- 
productive status. 

This treatment differs from the traditional 
classification in which A. chlorotis is considered 
to be conspecific with A. aucklandica (Delacour 
and Mayr 1945), although the traditional tax- 
onomy has not been unanimously adopted by 
ornithologists (Dumbell 1986). Relegation of in- 
sular isolates with continental relatives to sub- 
specific status is a tradition which is favored un- 
der the concept of “biological species” (Mayr 
1963); this convention apparently derives from 
the impossibility of a “natural test” of interfer- 
tility, a prerequisite for assignment of species 
status within this conceptual framework. This 
practice has several fundamental drawbacks: (1) 
it is necessitated by the impossibility of testing 
“natural” reproductive isolation, a condition 
which reflects the (plesiomorphic) absence of an 
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isolating mechanism and therefore does not in- 
dicate close phylogenetic relationship (Mc- 
Kitrick and Zink 1988) and is a particularly 
problematic criterion for waterfowl in which in- 
terspecific hybridization (both in the wild and 
captivity) is widespread (Sibley 1957, Johnsgard 
1960, Scherer and Hilsberg 1982); (2) it is in- 
consistently applied, being influenced by var- 
iously perceived phenetic differences between 
taxa; and (3) it relegates diagnosable, indepen- 
dently evolving, and genetically isolated popu- 
lations to practical anonymity because trinomina 
are seldom considered by nontaxonomists in 
studies ofecological or evolutionary phenomena. 
For example, the global inventories of avian 
specimens (Wood et al. 1982, Wood and Schnell 
1986) list only binomial taxa. 

The classification of A. aucklandica provides 
a useful example of the impact of such taxonomic 
decisions on perceptions of evolutionary phe- 
nomena. During the era when A. chlorotis and 
A. aucklandica were placed in different genera, 
Newton (1896, p. 1006) observed that “. . . Ne- 
sonetta [aucklandica] . . . appears to be little else 
than a brevipennate form of the Anus chlorotis 
of New Zealand.” In contrast, Buller and Hector 
(1896, p. 614) described the close relationship 
between the two taxa as “. . . a wonderful in- 
stance of evolution, for the brown duck [A. chlo- 
rotis] of New Zealand and the flightless duck of 
the Auckland Islands [A. (a.) aucklandica] were 
not merely distinct species, exhibiting entirely 
different habits, but represented different gen- 
era.” The subsequent merging of the two taxa 
into a single species by Delacour and Mayr (1945) 
tended to obscure the magnitude and evolution- 
ary importance of the differences between these 
populations, and effectively “. . . Buller and Hec- 
tor’s wonderful instance of evolution disap- 
peared with the Delacour and Mayr (1945) re- 
view” (Dumbell 1986, p. 72). 

Accordance of subspecific rank to the three 
New Zealand forms also carried important, but 
perhaps unintended evolutionary implications 
for some ornithologists. In a recent discussion of 
avian flightlessness, Diamond (198 1, p. 508) rea- 
soned: “How fast can flightlessness evolve? For 
flightless birds with no close relatives, we have 
no idea. But some flightless birds are exceedingly 
similar to flying relatives, implying that evolu- 
tion of flightlessness has been rapid and recent. 
For example, the duck Anus aucklandica has 
flying subspecies on New Zealand and Campbell 

Island [sic] and a flightless one on Auckland Is- 
land . . . .” Diamond then cited the suspicion of 
S. L. Olson that flightlessness in rails can evolve 
in a matter of [presumably relatively few] gen- 
erations (cf. Olson 1973a). First, based on the 
morphometric comparisons presented here (Figs. 
3, 4, 8), the implication that A. chlorotis and A. 
aucklandica are “exceedingly similar” is debat- 
able, with the exception of a similarity in plum- 
age pattern. Second, whatever the plausibility of 
rapid, heterochrony-based loss of flight in some 
insular birds, the taxonomic rank accorded the 
populations concerned offers no empirical basis 
for an estimate of evolutionary rates, and when 
used in this fashion results in a logical circularity. 
Based on the phylogeny accepted here (Fig. l), 
it can be inferred that flightlessness-related mor- 
phological changes (including those shared to a 
lesser degree by A. chlorotis) evolved subsequent 
to the divergence of the New Zealand clade from 
its common ancestor with A. castanea. Even 
within the context of a well-corroborated phy- 
logenetic hypothesis, a resource not available for 
most groups including flightless members (e.g., 
the Rallidae), discussion of evolutionary rates 
must remain speculative in the absence of some 
method of calibrating absolute times of diver- 
gences. The Campbell and Auckland islands ev- 
idently are remnants of volcanic uplifts during 
the late Miocene or early Pliocene (Fleming 1975) 
and although the highlands of the austral islands 
of New Zealand evidently were significantly gla- 
ciated during the Pleistocene (Oliver 1955, Wes- 
terkov 1960, Fleming 1975), the littoral zone 
probably remained habitable and therefore pro- 
vided no useful limit on the possible antiquity 
of the aucklandica lineage. The existence of sev- 
eral examples of species evidently “in transition” 
to flightlessness-the Falkland population of 
Rolland’s Grebe (R. r. rolland) (Livezey 1989b), 
the Brown Teal (Fig. 3), and the Auckland Is- 
lands Merganser (Livezey 1989a)-suggests that 
the loss of flight may be a protracted evolutionary 
process in a number of avian lineages. Worthy 
(1988, p. 626) inferred, based on subfossil evi- 
dence, that the extinct duck Euryanas jinschi 
underwent but a 10% reduction in skeletal wing 
length within 10,000 years, and evidently re- 
mained flighted; however, he went on to suggest 
that species may become flightless in “only a few 
thousand years.” 

Functional sign$cance offlightlessness in Anas 
aucklandica. Anus aucklandica and, to a lesser 



666 BRADLEY C. LIVEZEY 

extent, A. chlorotis possess most of the morpho- 
ecological characters typical of insular waterfowl 
(Lack 1970, Weller 1980): reduced flying ability, 
small body size, reduced sexual dichromatism, 
white eye-rings, dark natal plumages (Buller 189 1; 
Delacour 1956, 1964; Dumbell 1986), tameness 
toward humans (Scott 197 1, Weller 1975a), and 
expansion of feeding niche to include more ma- 
rine habitats (Weller 1975a, 1975b, 1980; Dum- 
bell 1986). An empirical model for anatids pre- 
sented by Rahn et al. (1975, p. 760) predicts 
clutch masses (products of clutch size and egg 
mass) of 368 g, 363 g, and 305 g for A. castanea, 
A. chlorotis, and A. aucklandica, respectively, fig- 
ures which closely approximate observed param- 
eters (Table 9). Based on predictions yielded by 
a model given by Rohwer (1988, p. 163) for the 
Anatini, the egg mass of A. castanea was typical 
for Anas of similar size, but those for A. chlorotis 
and A. aucklandica, however, were approxi- 
mately 1.7 and 2.4 times as massive, respective- 
ly, as those predicted for dabbling ducks of equal 
body mass (Table 9). Clearly, the New Zealand 
teal conform to the typically insular pattern of 
increased per capita investment in a smaller 
number of progeny (Lack 1970, Weller 1980, 
Rohwer 1988). Also, at least A. chlorotis pro- 
duces eggs with relatively high yolk content (44% 
of egg mass; Lack 1968). Comparable data on 
developmental periods of the Australasian teal 
are lacking, but the general model of Rahn and 
Ar (1974) permits estimates of incubation pe- 
riods (days) based on mean egg masses: A. cas- 
tanea, 27.3 (Frith [ 19671 reported a period of 28 
days; Norman [ 19821 reported a mean of 26.6); 
A. chlorotis, 29.7 (Reid and Roderick [ 19731 re- 
ported a range of 27-30 days); and A. aucklan- 
dica, 30.4. Differences among these estimates are 
small, but a prolonged incubation period in A. 
aucklandica may shorten the period of relatively 
high mortality suffered by broods (see Shine 
1989a, for review of the “safe harbor” hypoth- 
esis). 

Relaxed seasonality of nesting schedules and 
relatively long-term pair-bonds, also character- 
istic of a number of insular anatids (Weller 1980), 
are weakly indicated in A. aucklandica, although 
relevant data are few (Kear 1970; Weller 1975a, 
1980; Dumbell 1986). These characteristics, and 
the frequent attendance of broods by males in A. 
aucklandica (Weller 1975a), distinguish this 
species and a number of other insular waterfowl 
from the typical “duck model” of reproduction 

(Maynard Smith 1977) in which there is mini- 
mal parental investment by males; there are, 
however, continental species of dabbling duck in 
which males participate in brood rearing 
(McKinney 1985). 

The feeding habits of A. aucklandica are par- 
ticularly diverse and modified, presumably to 
exploit more effectively the limited habitats and 
food diversity available within its limited dis- 
tributional range. Anus aucklandica and A. chlo- 
rotis are comparatively terrestrial in foraging 
habit, frequently probing in vegetation and de- 
bris in uplands and along tide lines, although the 
former exploits marine shores more consistently 
than its sister species (Weller 1974, 1975a, 1975b; 
Dumbell 1986); both species also are partly noc- 
turnal in feeding habit (Weller 1974, 1975a). Al- 
though Anus is included among the “dabbling” 
ducks (Tribe Anatini), A. aucklandica and, to a 
lesser extent, A. chlorotis employ dives during 
foraging(Kear and Johnsgard 1968; Weller 1974, 
1975a). Bill lamellae and tomial flaps are well 
developed in both A. chlorotis and A. aucklan- 
dica (Delacour and Mayr 1945, Gravatt 1966), 
which presumably improve filter-feeding. Weller 
(1975a) noted that hardened commissural points 
were present in A. aucklandica, and hypothesized 
that these structures facilitate the swallowing of 
large, armored invertebrates. Finally, the rela- 
tively great sexual dimorphism in external di- 
mensions of A. aucklandica provides a counter- 
example to the “rule,” albeit poorly documented 
(Reiss 1989), for sexual dimorphism to increase 
in lineages undergoing increasing size (Rensch 
1950,196O); however, the finding conforms with 
general expectations for niche expansion in birds 
in depauperate communities (Selander 1966, 
Shine 1989b). 

Insularity and its concomitant ecological pe- 
culiarities, however, do not explain in toto the 
morphological changes evident in A. aucklan- 
dica, particularly its flightlessness. Among the 
surprisingly numerous evolutionary rationales 
proposed for avian flightlessness (cf. Livezey and 
Humphrey 1986) seven may apply to A. auck- 
landica: (1) flight, considered to be primarily an 
escape mechanism, was lost in the absence of 
(terrestrial) predators (Wiglesworth 1900, Lowe 
1928, Snow 1966); (2) thermodynamic advan- 
tages of dwarfed extremities (sensu Allen’s Rule; 
Rensch 1960) selected for shortened wings and 
(indirectly) for reduced flying ability (Livezey and 
Humphrey 1986); (3) flight, as a mechanism per- 
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mitting long-distance, aerial dispersal, was lost 
because of the decreased need for or risks of de- 
parture from islands (MacArthur and Wilson 
1967, Weller 1975a, Williamson 198 1); (4) flight 
was lost to lessen vulnerability to aerial klepto- 
parasites (Snow 1966); (5) flight, essential for avi- 
an migration, was lost in response to constancy 
of local food supply (Wiglesworth 1900, Snow 
1966); (6) flight was lost, in part, due to selection 
for shortened wings for terrestrial locomotion 
through heavy brush (Weller 1975a); and (7) 
flight, of negligible advantage for one or more of 
the reasons given above, was lost through a real- 
location of somatic resources resulting from se- 
lection for “developmental economy” (Olson 
1973a, Feduccia 1980, James and Olson 1983). 
Clearly, these alternative explanations could ap- 
ply in combination, and the last rationale in- 
volving developmental savings provides a selec- 
tive rationale for the foregoing suggestions 
concerning the loss of the advantages of flight. 
Even a modest shortening of primary remiges 
represents a significant caloric conservation; 
Pehrsson (1987) documented a significant de- 
crease in lengths of primary remiges in Mallards 
on low-protein diets during wing molt. 

These ideas differ in plausibility relative to A. 
aucklandica, however. Terrestrial predators, at 
least mammalian examples, were absent on the 
Auckland Islands prior to the arrival of humans 
(Weller 1975a); the extinction ofteal on the main 
island since the introduction of domestic cats 
(Felis catus) and pigs (Sms scvofa) demonstrates 
the vulnerability of flightless teal to mammalian 
predators (Weller 1975a, Dumbell 1986). Tur- 
bott (1967) considered the introduced brown rat 
(Rat&s norvegicus) to be the main predator of 
Campbell Island Teal. Weller (1975a) pointed 
out, however, that Brown or Southern Skuas (Ca- 
tharacta lonnbergi) pose a substantial threat to 
ducklings of A. aucklandica, and Robertson 
(1976) found remains of A. (a.) nesiotis in skua 
“middens” on Campbell Island, the skeletal ele- 
ments of A. (a.) nesiotis measured herein were 
collected from such middens. Weller (1975a, 
1980) reported that skuas primarily hunt the teal 
from the ground and often at night, effectively 
acting as nocturnal terrestrial predators. Weller 
(1975a) reasonably associated the stealthful 
movements and cryptic coloration of adults and 
young of A. aucklandica with avoidance of pred- 
ators. These observations render doubtful the 
suggestion by Worthy (1988) that cover effec- 

tively eliminated the threat of aerial predation 
for A. aucklandica, thereby permitting the loss 
of flight. Other possible avian predators of flight- 
less teal (especially young; see Weller 1975a) in- 
clude the New Zealand Falcon (Falco novaesee- 
landiae), Northern Giant-Petrel (Macronectes 
halli), and Kelp Gull (Lams dominicanus); in 
addition, the southern sea lion (Phocarctos hook- 
eri) may pose a submarine threat (Weller 1975a). 
The documented vulnerability of continental 
Anus to predation during wing molt, including 
attacks by aerial predators (Oring 1964, Sjiiberg 
1988), supports the probable importance of ae- 
rial predation for flightless ducks. Consequently, 
the habitat ofA. aucklandica cannot be described 
as effectively predator-free, although neither A. 
chlorotis nor A. aucklandica historically have been 
exposed to the diversity of predators character- 
istic of most continental regions. 

The possible thermodynamic advantages of 
shortened wings in cold climates also seems an 
improbable explanation for flightlessness in A. 
aucklandica. Although there have been substan- 
tial reductions in skeleto-muscular bulk in the 
pectoral limb of A. aucklandica (Figs. 5, 9-l l), 
the diminutive wings of the species largely reflect 
a shortening of the primary remiges. Once fully 
grown (and no longer vascularized), the remiges 
are insulative structures rather than radiators of 
body heat, and therefore a shortening of these 
feathers cannot contribute to the thermodynamic 
conservation of energy. 

Of the remaining explanations, one involving 
selection for developmental savings from re- 
duced pectoral appendages, structures rendered 
of negligible utility for escape, migration, or dis- 
persal, seems the most likely. However, not all 
of the derived characters of A. aucklandica need 
be interpreted as individually adaptive. Assum- 
ing that the pectoral reduction of this flightless 
species represents a selectively advantageous, 
heterochronically produced modification, sev- 
eral other characters of A. aucklandica may be 
interpreted simply as selectively neutral by- 
products (cf. Gould 1977, Gould and Lewontin 
1979). For example, reduced body size, tradi- 
tionally considered to represent an ecological op- 
timum for feeding and/or terrestrial locomotion 
on islands (Lack 1970; Weller 1975a, 1980) may 
simply be a correlate of the generally arrested 
development of adults. Similarly, the sexually 
monochromatic, juvenal-like plumage of A. 
aucklandica may represent a developmentally 
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APPENDIX 

Listed below are the abbreviations for muscles 
used in Figures 9-16, grouped by primary skel- 
etal elements acted upon (based on Raikow 1985). 
Nomenclature follows Vanden Berge (1979). 

SCAPULA 
M. rhom. sup. M. rhomboideus superficialis 
M. rhom. Prof. M. rhomboideus profundus 
M. serr. sup. M. serratus superficialis pars 
cran. cranialis 
M. serr. sup. M. serratus superficialis pars 
caud. caudalis 
M. serr. Prof. M. serratus profundus 

HUMERUS 
M. pect. M. pectoralis 
M. supracor. M. supracoracoideus 
M. lat. dors. M. latissimus dorsi cranialis 
cran. 

CARPOMETACARPUS 
M. flx. carp. 
uln. cran. 
M. flx. carp. 
uln. caud. 
M. flx. dig. sup. 

M. 8x. dig. 
Prof. 
L. elas. m. f. c. 
U. 

L. hum. carp. 
M. ext. met. 
rad. dors. 
M. ext. met. 
rad. vent. 
M. ext. dig. 
corn. 
M. ext. met. 
uln. 
M. ext. long. 
alu. 
M. ext. long. 
dig. maj. prox. 

M. flexor carpi ulnaris pars 
cranialis 
M. flexor carpi ulnaris pars 
caudalis 
M. flexor digitorum superfici- 
alis 
M. flexor digitorum profundus 

Ligamenturn elasticum m. 
flexoris carpi ulnaris 
Ligamenturn humerocarpale 
M. extensor metacarpi radialis 
caput dorsale 
M. extensor metacarpi radialis 
caput ventrale 
M. extensor digitorum com- 
munis 
M. extensor metacarpi ulnaris 

M. extensor longus alulae 

M. extensor longus digiti ma- 
joris pars proximalis 
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M. ext. long. M. extensor longus digiti ma- 
dig. maj. dist. joris pars distalis 
M. ulnmet. M. ulnometacarpalis dorsalis 
dors. 
M. ulnmet. M. ulnometacarpalis ventralis 
vent. 

DIGITS 

M. int. dors. M. interosseus dorsalis 
M. int. vent. M. interosseus ventralis 
M. ext. brev. M. extensor brevis alulae 
alu. 
M. abd. alu. M. abductor alulae 
M. flx. alu. M. flexor alulae 
M. add. alu. M. adductor alulae 
M. abd. dig. M. abductor digiti majoris 
maj. 
M. flx. dig. M. flexor digiti minoris 
min. 

PATAGIUM AND REMIGES 
M. serr. sup. M. serratus superficialis pars 
metap. metapatagialis 
M. tens. pro- M. tensor propatagialis 
pat. 

T. long. 

T. brev. 

L. elas. propat. 

M. lat. dors. 
metap. 
M. bit. propat. 
M. exp. sec. 
M. cucul. cap. 
propat. 
M. cucul. cap. 
interscap. 
M. cucul. cap. 
clavic. 

M. tensor propatagialis pars 
longa, tendo longa 
M. tensor propatagialis pars 
brevis, tendo brevis 
Ligamenturn elasticum pro- 
patagiale 
M. latissimus dorsi metapa- 
tagialis 
M. biceps propatagialis 
M. expansor secundariorum 
M. cucullaris capitis pars pro- 
patagialis 
M. cucullaris capitis pars in- 
terscapularis 
M. cucullaris capitis pars 
clavicularis 

MISCELLANEOUS 
M. sternocor. M. stemocoracoideus 
D. alu. Digitalis alulae 
D. maj. Digitalis majoris 
D. min. Digitalis minoris 
P. I-III Phalanges I-III 


