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"... one of the basic problems in evolutionary biology is to explain the nature and 
origin of the differences between different populations of the same species." 

(Merrell 1981) 

INTRODUCTION 

GEOGRAPHIC VARIATION: SIGNIFICANCE OF PATTERNS, 
EVOLUTIONARY INFERENCES, AND GOALS OF ANALYSIS 

Merrell's remark nicely illustrates that the study of intraspecific, or geographic, 
variation can contribute to the understanding of evolutionary processes (Mayr 
1980). In fact, Gould and Johnston (1972: 457) stated that "the foundation of 
most evolutionary theory rests upon inferences drawn from geographic variation 
or upon the verification of predictions made about it." The evolutionary signif- 
icance of geographic variation traditionally rests upon two assumptions. First, 
natural selection is thought to increase the degree to which populations are adapted 
to locally differing environments. Hence, a pattern of geographic variation can 
indicate a series of adaptive responses'to geographically varying selection regimes. 
Secondly, many biologists believe that the processs of geographic differentiation 
is also a model of the origin of species. That is, speciation is usually envisioned 
to consist of the conversion of genetic variation from within to among populations 
coupled with the origin of reproductive isolation (Mayr 1942, 1963, 1970). At 
the least, analysis of geographic variation might clarify the nature of phenotypic 
and genotypic change, and possibly the evolution of reproductive isolation (Zink 
and Remsen, in press). These basic assumptions about the evolutionary signifi- 
cance of geographic variation are not without challenge. Differential patterns of 
gene flow, constrictions in effective population size, and random genetic drift can 
generate geographic patterns of variation in the absence of natural selection (Rohlf 
and Schnell 1971; Lande 1985). There is also some opposition to the classical 
notion that speciation is merely an extension of the process of infraspecific dif- 
ferentiation (Goldschmidt 1940; Eldredge and Cracraft 1980; Cracraft 1983). 
Nonetheless, whether or not one accepts either assumption or both of them, study 
of geographic variation is of value because it might expose aspects of the processes 
of adaptation and speciation. 

A primary objective in the analysis of geographic variation is to identify patterns 
of variation and explain their evolution. In recent years both the methods and 
geographic scale of analysis have changed. New methods involve types of data 
gathered and techniques and theories of data analysis. Biochemical tools are being 
used with increasing frequency to study the genetics of the microevolutionary 
process (Barrowclough 1983). Quantitative, computer-assisted analyses have greatly 
improved the description of patterns of geographic variation. In particular multi- 
variate statistical methods have been widely employed because, as eloquently 
stated by Sokal and Rinkel (1963), "Geographic variation is not likely to be due 
to adaptation of a few characters to a single environmental variable, but is doubt- 
less a multidimensional process involving the adaptation of many characters to 
a variety of interdependent environmental factors whose gradients and ranges 
probably overlap in a rather complex fashion." Implicit in the characterization 
of geographic variation by Sokal and Rinkel is a message that the types of traits 
often surveyed for geographic variation might have complex genetic bases, re- 
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quiring quantitative genetic analyses to distinguish genetic vs environmental con- 
tributions to phenotypic variation as well as the genetic responses to potentially 
antagonistic forces of natural selection. Although description and analysis of vari- 
ation in traits traditionally considered will continue to be of value, quantitative 
genetic studies (Price et al. 1984b) of polygenic traits, comparison of geographic 
differences in ontogenetic "trajectories" (Alberch et al. 1979), and analysis of 
biochemical characters for which the genetic basis of variation is known (e.g., 
Barrowclough 1983), will be necessary directions for future studies of geographic 
variation. In addition, even time-honored definitions of species and speciation 
should be evaluated (eracraft 1983). 

An important objective of studies of geographic variation is to determine the 
extent of population subdivision or differentiation. In other words, on a continuum 
from panmixia to complete subdivision and cessation of gene flow, what is the 
genetical population structure of a particular species (no matter how species are 
defined)? The nature of population structure influences the processes of adaptation 
(Wright 1978) and speciation (Templeton 1980b; Slatkin 1985b). Hence, empirical 
estimates of population structure are of interest. Traditionally the extent of genetic 
differences among populations was inferred from the extent of differentiation in 
external morphology. Electrophoretic analysis of enzyme loci has provided a tool 
for documenting genetic variation in natural populations (Lewontin 1974; Ayala 
1976, 1982; Smith et al. 1982), although relatively few surveys of avian species 
exist (Barrowclough 1983; Barrowclough et al. 1985). In contrast to traditional 
types of characters analyzed in studies of geographic variation, one can determine 
an individual's genotype at each of up to 100+ loci (the limits on the number of 
loci are as much financial and logistical as they are technical). These genetic data, 
analyzed in light of quantitative predictions of population genetic models, can 
elucidate the genetic structure of populations, levels and patterns of gene flow, 
effective population sizes, strength and nature of natural selection, and the pattern 
of evolutionary divergence of populations and species. A further advantage of 
molecular characters is the approximately uniform, time-dependent rate of evo- 
lution, a "molecular clock," which allows a temporal perspective on the divergence 
of groups of individuals. Thus, because evolution ultimately consists of genetic 
change, biochemical methods that expose the geography of genetic variation are 
of considerable interest if the goal is to estimate the pattern and timing of the 
fragmentation of populations and patterns and mechanisms of speciation. 

Analyses of covariation of morphology and proteins indicate whether they 
evolve in concert or are "decoupled" (Schnell et al. 1978; Patton et al. 1979; 
Smith 1981; Yoshiyama and Sassaman 1983), although Lewontin (1984, 1986) 
suggests some cautions to be used in interpreting patterns of covariation. Signif- 
icant genetic divergence has been found where an absence of morphological dif- 
ferentiation would have been interpreted previously as evidence of a lack of 
population structure. Conversely, morphological patterns of variation might not 
reflect the historical genealogy of populations because of nongenetic environ- 
mental influences (Chernoff 1982). In birds, morphological differences among 
populations are often accompanied by no or few detectable differences at enzyme 
loci, unlike some other vertebrates (Barrowclough 1983). Nevertheless, the goal 
is to explain how and why populations have their particular sets of phenotypic 
and genotypic attributes. Hence, all data sets have relevance, especially when the 
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strengths and weaknesses of each are recognized. Biochemical and morphological 
data sets should be viewed as complementary. 

Some recent studies of geographic variation have included assessment of "mi- 
crogeographic" patterns of variation (Patton and Feder 1978, 1981; Chesser 1983). 
This trend toward documentation of microgeographic patterns stems from a desire 
to discover the smallest aggregation of individuals in nature that might function 
as an evolutionary unit (Ehrlich and Raven 1969; Jackson and Pounds 1979; 
Cracraft 1983). For example, if all individuals from a species were studied, one 
could pool individuals, beginning with a randomly drawn one, until either genetic 
and/or morphological gaps were encountered or all specimens were in one group 
(a taxon without infraspecific variation). A gap could be quantitative, such as 
nonoverlapping ranges in some trait, or a medhstic, discrete phenotypic state. If 
consistent groupings of individuals obtain, whatever their taxonomic designation, 
it is then necessary to discover their evolutionary relationships and how and why 
their pattern of relationships arose. 

An extensive ornithological literature exists on patterns of geographic variation 
in a variety of traits (Zink and Remsen, in press). An examination of this literature 
has allowed evaluation of some important topics in evolutionary biology, such 
as local adaptation, hybridization, sexual dimorphism, ecological isolation, Pleis- 
tocene speciation, and others (Johnson 1980). Study of patterns of geographic 
variation in birds contributed to the development of the theory of allopatdhc 
speciation (e.g., Huxley 1942; Mayr 1942; Streseman 1975). However, recent 
treatises (Endler 1977; White 1978; Bush 1982) on speciation were constructed 
largely without input from modern analyses of avian geographic variation. Or- 
nithologists will continue to contribute to these research areas, especially when 
newer methods of data gathering and analysis discussed above are used to com- 
plement traditional types of studies. 

OBJECTIVES OF THE PRESENT STUDY 

The goal of this study is to determine what evolutionary forces influence the 
historical origin and current maintenance of geographic variation in the Fox 
Sparrow (Fig. 1). The analysis was restricted to some members of the Schistacea 
group (Fig. 2) because they provide an opportunity to study and compare levels 
and patterns of population structure from morphological and genetical perspec- 
tives. In fact, Kenneth Parkes stated (in Arbib 1981) that "It is quite apparent 
that Passerella iliaca must have the most extreme variations in bill size and shape 
of any embedhzine, certainly in North America and probably in the world." This 
study was not intended as a taxonomic revision, although it produced results with 
taxonomic implications. Individuals were collected from isolated breeding pop- 
ulations and more-or-less continuously distributed habitat, different breeding 
habitats, and from regions in which individuals possess different morphological 
characteristics (Fig. 3). The sampling protocol was designed to allow study of 
geographical and ecological correlates of variation, such as isolation and habitat, 
respectively. 

Because variation is the raw matedhal in the evolutionary process, considerable 
attention has been focused on documenting variation in natural populations. I 
use quantitative analyses of genetic and morphological variation to describe vari- 
ation within and among populations. Covadhation of morphological and environ- 
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FIGURE 1. Breeding ranges of the 18 subspecies of the Fox Sparrow in North America. Subspecific 
taxonomy follows the A. O.U. Check-list (1957); see also Miller (1956). The ranges are generalized, 
because breeding Fox Sparrows are not continuously distributed over the range of each subspecies. 
Three subspecies groups are recognized (Swarth 1920): Iliaca (iliaca, altivagans, zaboria), Unalasch- 
censis (unalaschcensis, insularis, sinuosa, annectens, townsendi, fuliginosa), and Schistacea (schistacea, 
megarhyncha, stephensL brevicauda, fulva, canescens, olivacea, swarthL monoensis). Winter range is 
the southern United States, extreme northern Mexico, and coastal regions of the western United States. 
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mental features is used to assess the geography of adaptation. For example, is 
phenotypic variation consistent with expectations of ecogeographic rules? Do 
characters covary in similar ways, and do the sexes show similar patterns of 
variation? Assessment of variation at 38 enzyme loci allows a genetic perspective 
on morphological traits, as well as contributing information on genetical popu- 
lation structure and gene flow. How is genetic variation apportioned in indiviudals 
and populations and among populations? Are isolated populations relatively less 
variable or genetically differentiated? What is the nature of gene flow? Can a 
historical pattern of fragmentation, or evolutionary history, of populations be 
discerned? If geographic variants are a stage in the speciation process (Simpson 
1953; Rensch 1959; Gotfid and Johnston 1972; Bock 1979; Charlesworth et al. 
1982), then the origin of interspecific differences might be deduced from studies 
of populations of Fox Sparrows differentiated to various degrees (Vuilleumier 
1980). Thus, I compared variation among local populations, subspecies, and 
recently evolved species (Zink 1982) to elucidate potential morphological and 
genetic correlates of the speciation process. Thus, in these ways I address the 
evolutionary significance of geographic variation in the Fox Sparrow. 

PREVIOUS STUDIES OF GEOGRAPHIC VARIATION IN Fox SPARROWS 

The Fox Sparrow was the subject of two intensive, broad-scale surveys of 
geographic variation (Swarth 1920; Linsdale 1928). Swarth (1920) studied char- 
acteristics of external morphology such as wing and tail lengths, bill size, and 
coloration to clarify subspecies limits. Swarth recognized three distinct subspecies 
groups: Iliaca, Unalaschcensis, and Schistacea (see legend to Fig. 1). The Iliaca 
group, represented by three subspecies, ranges in summer throughout northern 
North America, exclusive of the northwest coast. Birds are typically reddish with 
relatively short tails and streaked backs. The Unalaschcensis group is distributed 
along the northwest coast, and birds are typically dark brown in coloration, with 
relatively short tails and medium-sized bills, the latter character showing a north 
to south clinal increase in size; seven subspecies are recognized. A notable feature 
of this group is the leap-frog pattern of migration wherein subspecies with the 
darkest coloration winter in humid conditions, south of the winter range of the 
subspecies breeding to the south of them. The darker subspecies breed in relatively 
more arid conditions, where one might expect a lighter coloration. Thus, color- 
ation seems influenced by conditions of the winter and not the breeding environ- 
ment. The third subspecies group, Schistacea, breeds in the mountains of the 
western United States, and contains eight subspecies. Members of the Schistacea 
group have gray backs with reddish wings and tails, a relatively long tail, and 
marked variation in bill size over short geographic distances. 

Swarth concluded that the Iliaca and Unalaschcensis groups were most similar 
(closely related?), and he developed a historical scenario to explain overall patterns 
both in the species and within each of the three groups. 

Linsdale (1928) determined that patterns of geographic variation in 16 skeletal 
characters paralleled those obtained by Swarth. Linsdale was one of the first to 
document concordance between character sets, now termed a test of the "non- 
specificity hypothesis" (Sheath and Sokal 1973). 

Thus, it has been appreciated for over 50 years that extensive geographic vari- 
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ation exists in Fox Sparrows, both in coloration and in skin and skeletal features. 
In fact, the number of subspecies, 18, ranks third in North America, behind the 
Song Sparrow (Melospiza melodia) and Horned Lark (Eremophila alpestris) 
(A.O.U. 1957). Because of the marked morphological differentiation among sub- 
species, and the monographs by Swarth and Linsdale, it was decided to undertake 
a quantitative description of genetic variation that could be used to contrast with 
morphological patterns of variation, the latter of which was also assessed using 
modern analytical techniques. 

STUDY SITES, SAMPLING DESIGN AND TECHNIQUES, AND 
BRIEF SUMMARY OF NATURAL HISTORY 

The precise localities of the 31 sample sites are given in the Appendix and 
depicted more generally in Figure 2 and Table 1. Site codes, elevation, habitat 
type, an estimate of population density, sample sizes, and subspecific designation 
for the population at each site are also given in Table 1. The general breeding 
ranges of the subspecies are shown in Figure 3; scale drawings of heads of male 
Fox Sparrows depict geographic variation in bill size and shape. 

Swarth (1920) and Linsdale (1928) described the natural history of Fox Spar- 
rows, and I found their accounts to be highly accurate. Martin (1979) discusses 
geographic variation in song. Aspects of the breeding distribution and ecology of 
Fox Sparrows are summarized in Table 2. Fox Sparrows breed in two distinct 
habitats in the region I surveyed. In the Great Basin, Fox Sparrows breed in 
riparian thickets consisting of alder (Alnus sp.), water birch (Betula occidentalis), 
willows (Salix spp.), Ribes, and other species. These habitats are generally linearly 
distributed along stream courses, becoming somewhat more expansive at canyon 
heads. Densities of Fox Sparrows in riparian situations are generally lower than 
in chaparral (discussed beyond). Breeding sites in the Great Basin occur from 
about 1,980 m to 3,050 m. Riparian habitats are often disjunct, being separated 
by large expanses of uninhabitable (to breeding Fox Sparrows) sagebrush desert, 
an environment typical of much of the Great Basin. Because many of these water 
courses are fed by springs, I assume that this habitat is available annually to 
breeding Fox Sparrows, without periods of local habitat extinction. 

West of the Great Basin in the Sierra Nevada, Cascades, North Coast Ranges, 
and Transverse Range (Fig. 3), Fox Sparrows breed in a very different environ- 
ment, namely, montane chaparral (see Ornduff 1974). These brush fields, occurring 
from 1,220 m to 3,000 m, include a variety of plant species, most commonly 
Arctostaphylos patula, Ceanothus spp., and Castanopsis sempervirens. However, 
in the Greenhorn Mountains, south of the main Sierra Nevada, Fox Sparrows are 
found in elderberry (Sambucus sp.) thickets. 

Montane chaparral occurs both on soils and slopes too steep or poor in nutrients 
for timber and as the natural successional vegetation on lands deforested by fires 
or logging (Beaver 1976). As a result, montane brush fields vary in age, size, and 
vegetation structure. As a post-fire successional stage, montane chaparral reaches 
a density sufficient to support Fox Sparrows within approximately 10 years (Bock 
and Lynch 1970). For example, at the Cherry Lake (CHER) site, the forest burned 
in 1966 and by 1978 the brush was sufficient to support a low density of Fox 
Sparrows, which doubtless immigrated from nearby breeding sites. Fox Sparrow 
densities change as the brush field matures and apparently peak at approximately 
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'YRA(•) 
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FIGURE 2. Location of the 31 collecting sites; for precise locations see Appendix I. The subspecific 
designation of each sample is indicated by symbols. 
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t?t• fulva 

P. L $chistaceo • 

P,i brevicaudo 

t•. • monoen$i$ 

P, L megorh yncl•o 

•, L stephens/ '• : 
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FIGURE 3. Breeding distribution of seven subspecies of the Fox Sparrow in Oregon, Nevada, and 
California. Ranges are generalized because breeding Fox Sparrows are not continuously distributed 
within the boundaries of each subspecies. Scale drawings of heads of males illustrate geographic 
variation in bill size and approximate shape only. Subtle plumage differences shown here are typical 
of individual variation in all populations and are not meant to indicate diagnostic geographic differ- 
ences. 
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TABLE 1 

DESCRIPTION OF STUDY SITES (FIG. 2) FOR SAMPLES OF FOX SPARROWS. PRECISE 
LOCALITY DESCRIPTIONS ARE GIVEN IN APPENDIX I. SAMPLE SIZES INCLUDE ALL 

INDIVIDUALS COLLECTED AT EACH SITE. IN SOME ANALYSES, NOT ALL SPECIMENS 
WERE USED BECAUSE OF DAMAGED CHARACTERS. SUBSPECIFIC TAXONOMY 

FOLLOWS GreNfELL AND MILLER (1944) 

Number of 

Elevation Im- 
Sil• Code (m) Males Females matins Habitat • Density: Subsl:•cies 

A. BERN 2,210 22 5 1 C 4 stephensi 
B. PINO 2,530 18 8 0 C 4 stephensi 
C. REDM 1,920 16 3 0 C 3 stephensi 
D. DOME 2,410 19 6 0 C 4 stephensi 
E. LOOK 2,350 17 8 I C 4 stephensi 
F. SHAY 1,650 29 6 3 C 4 megarhyncha 
G. MTOM 2,230 11 6 0 C 3 rnegarhyncha 
H. JACK 2,010 17 6 3 C 4 megarhyncha 
I. CHER 1,550 4 5 3 C 1 rnegarhyncha 
J. EBET 1,890 13 4 1 C 3 rnegarhyncha 
K. MONO 2,290 6 3 4 C 2 monoensis 
L. WALK 2,410 8 8 1 C 2 rnegarhyncha 3 
M. WOOD 1,950 15 4 5 C 3 megarhyncha 3 
N. TAHW 2,010 17 5 0 C 4 rnegarhyncha 
O. TAHE 2,130 9 I 1 C 2 rnegarhyncha 
P. SAGE 1,920 14 4 3 C 5 rnegarhyncha 
Q. BUCK 1,650 11 2 2 C 2 megarhyncha 
R. LASS 1,830 34 18 13 C 5 rnegarhyncha 
S. SHAS 1,800 17 11 2 C 4 rnegarhyncha 
T. SPEN 1,220 10 3 2 R 2 megarhyncha 4 
U. LAUG 1,430 11 5 1 C 3 rnegarhyncha 4 
V. WARN 1,860 18 11 3 C 3 fulva 
W. ODEL 1,580 12 4 0 C 3 fulva 
X. BLAC 2,070 15 4 0 C 3 brevicauda 
Y. YOLL 1,370 22 8 8 C 4 brevicauda 
Z. SAWY 1,650 9 8 0 C 2 megarhyncha 
1 PYRA 1,580 12 4 0 C 2 rnegarhyncha 
2. WHIT 2,680 22 8 3 R 3 canescens 
3. RUBY 2,680 10 3 0 R 2 schistaces 
4. MART 2,070 3 2 I R 1 schistaces 
5. STEN 2,230 8 3 I R 2 fulva 

449 176 62 

C = montane chaparral; R = riparian. 
Density estimates are subjective estimates of the density of breeding Fox Sparrows and the extent of suitable habitat at each site. 

A I indicates the lowest density and a 5 represents a dense, extensively distributed, local breeding colony. 
Samples treated as intergrades between monoensis and megarhyncha by Grinnell and Miller (1944). 
Essentially on the border ofmegarhyncha andfulva. 

one pair per hectare (Bock and Lynch 1970; Bock et al. 1978; Savage 1978). 
Although the populations in the Transverse Range (PINO, BERN) are isolated 
(Fig. 3), in general the distance between suitable chaparral habitats is less than 
that between riparian thickets in the Great Basin. Patches of montane chaparral 
are sufficiently dense and widespread to effect a quasi-continuous distribution in 
the Sierra Nevada and Cascades. 

Specimens were obtained from isolated sites, areas of continuous distribution, 
sites of different elevation, riparian thickets (Great Basin), and chaparral of various 
ages (western mountains). General collecting areas were determined from range 
maps in Grinnell and Miller (1944) and Miller (1956), and precise collecting sites 
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TABLE 2 

ASPECTS OF THE BREEDING DISTRIBUTION AND ECOLOGY OF FOX SPARROWS OF 
THE SCHISTACEA SUBSPECIES GROUP 

Sierra Nevada, Cascades, 
Aspects of: Coast and Transverse ranges Great Basin 

Distribution Continuous to disjunct Disjunct 
Elevation 1,200 to 3,000 ra 2,300 to 3,000 ra 
Habitat type Montane chaparral Riparian (e.g., willows) 
Habitat stability Seral states (ephemeral) Relatively stable 
Breeding density Low to high Usually low 
Breeding site 2odimensional Linear 
Bill size Medium to Large Small 

were chosen while in the field; collecting localities were spaced at about 40 km 
intervals, except for a few instances when the samples were more closely spaced 
for analysis of microgeographic variation. Some sites were chosen to duplicate 
samples taken in the 1920s by Lindsdale (1920); the recent samples were analyzed 
for temporal variation (Zink 1983). Birds were collected in June, July, and August 
of 1978-1980, using a shotgun or mist-nets. The timing of the collecting effort 
insured that individuals collected would represent the local breeding community. 
Precise dates, itineraries, and site descriptions are on file at the Museum of Ver- 
tebrate Zoology (MVZ), University of California, Berkeley, California. 

Specimens were prepared as either study skins plus partial skeletons or as 
complete skeletons. Below, "skin" refers to a standard study skin preparation. 
For both types of skeleton preparations, specimens were dried (out of sunlight), 
and then cleaned by a dermestid beetle colony. On complete skeleton preparations, 
standard skin measurements (described below) were taken on completely dried 
"roughed-out" specimens prior to use of beetles. These "skin" measurements are 
comparable to those taken on prepared (and dried) study skins (see Johnson et 
al. 1984 for further comments on methods). 

MATERIALS AND METHODS 

ELECTROPHORESIS 

Within three hours of collection of each specimen, samples of liver, heart, 
kidney, and pectoral muscle were frozen in liquid nitrogen. Samples were sub- 
sequently stored at -76øC until used for electrophoresis. Tissue extracts were 
prepared by mincing approximately 0.5 cm 3 of tissue (liver and muscle combined; 
heart and kidney not used) and combining it with an equal volume of de-ionized 
water, and then centrifuging this mixture at 16,000 rpm for 40 min at 4øC. The 
supernatant (aqueous tissue extract) was frozen at -76øC and the tissue pellet 
discarded. 

Gels for horizontal electrophoresis were made of 12% starch and the appropriate 
buffer solution. Electrophoretic conditions for the 38 presumptive genetic loci 
examined are given in Table 3. After electrophoresis, the gel was sliced horizontally 
and each slice stained differentially using protein assays described by Selander et 
al. (1971) and Harris and Hopkinson (1976). Interpretation of bands on gels 
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TABLE 3 

ELECTROPHORETIC CONDITIONS USED FOR STUDY OF FOX SPARROWS 

Gel type I Volts--hours Loci 2,• 

LiOH (2) 300 3 
TC 8 (5) 130 4 

TM (9) 100 4 
Poulik (3) 250 3 
Phos-Cit • 200 3 

liver: LGG; LA-1,2; NP; GDA; LAP; EST-1,4; AB1,2 
liver: ICD-I,2; MDH-1,2; Acp (=EAP); PGM-2; LDH-1,2; GPT 
muscle: ADA; MPI; GOT-1,2; GPD-I,2; AK 
liver: 6-PGD; G-6-PDH; ADH; GDH; SOD-l,2 
muscle: GPI; AB-3,4; ACON; CK-1,2 
muscle: GaPDH 

Numbers refer to buffer types in Selander et aL (1971). 
Abbreviations for loci follow Harris and Hopkinson (1976). 
Many loci are seorable on several gel types and with several tissues. 
Conditions available from author. 

followed Harris and Hopkinson (1976), Barrowclough and Corbin (1978), and 
Avise et al. (1980a). Unless variation was unambiguous, a locus was not scored. 
Stained gels were photographed and saved. 

For each population I constructed a table of allelic frequencies for each locus. 
Measures of within-population genetic variability were: (1) percentage of loci 
polymorphic, calculated as the number of loci with two or more alleles divided 
by 38 (POLY99 and POLY95, depending on whether the frequency of the most 
common allele was <99% or 95%, respectively), (2) average number of alleles per 
polymorphic locus (NALL), and (3) average individual heterozygosity (H). H was 
calculated by averaging individual heterozygosities in each population. That is, 
if an individual was heterozygous at three loci, its H estimate is 3/38 or 0.079. 
Values for each individual in a population sample were then averaged (+s.e.). 
Also, the expected H, Hexp, assuming Hardy-Weinberg equilibrium, was calculated 
as 

1 1 - • xi? H = • i=• j=l 
where xi is the frequency of the jth allele at the ith locus, k• is the number of 
alleles at the ith locus, and N is the total number of loci examined (38). The 
variance of Hexp has a theoretical expectation which may differ from the empirical 
s.c. described above (Nei 1978; Corbin 1981). 

To test the observed frequency of genotypes for departures from Hardy-Wein- 
berg expectations, I followed Barrowclough (1980a) by comparing with a chi- 
square test the observed and expected numbers of heterozygotes summed over 
all variable loci in a population. The degrees of freedom (d.f.) for this test are the 
number of alleles minus one at each locus summed over all loci. Loci at which 

only one heterozygote was expected were combined (Lewontin and Felsenstein 
1965). 

To detect patterns in measures of within-population genetic variation, partial 
correlation and multiple regression analyses were used. The sample size, latitude, 
longitude, and elevation at each site were coded as independent variables, and 
the following characteristics served as dependent variables: H, POLY99, POLY95, 
NALL, and the frequency of the most common allele at the most polymorphic 
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loci (LGG, LA-2, EST-D, EAP, ADA, GPI, and NP). The analysis (BMDP6R; 
Dixon 1979) controls for correlations among the independent variables, gives 
partial correlation coefficients among the dependent variables, and assesses wheth- 
er or not the independent variables can statistically predict values of the dependent 
variables when used in a multiple regression analysis. 

Population structure was examined with F-statistics, following the methods of 
Wright (1978). Three different methods of computing FsT were used: "Wright's," 
uncorrected, and corrected, the latter of which involves subtraction of an error 
term because of finite sampling of genes per population. The FsT value calculated 
over all variable loci was divided with its empirical s.e. and probably can be 
treatedbas a t statistic, with the d.f. equal to the number of loci minus one (see 
Barrowclough 1980a for a brief description of the terminology). 

The genetic distance measures of Nei (1978) and Rogers (1972) were computed 
to measure the degree of differentiation between populations. These measures, 
used extensively for other organisms, permit comparisons across taxa (see Avise 
and Aquadro 1982). A phenogram, portraying the geographic pattern of genetic 
distances, was constructed from the matrix of Rogers' D-values; the unweighted 
pair-group method using arithmetic averages was used (UPGMA; see Sneath and 
Sokal 1973). Phenograms group samples as a function of levels of similarity (i.e., 
low distances are similar). Theoretically, when using genetic distances, samples 
with a common evolutionary history, or those connected by gene flow, should 
cluster together if rates of character state change are uniform (Felsenstein 1982). 
Other methods exist for constructing branching diagrams from distance matrices 
(e.g., Farris 1981; Swofford 1981; see Felsenstein 1982 for a review). However, 
the genetic distances in this study are so low that confidence in any branching 
structure is tenuous. 

Slatkin (1981) proposed a method to estimate levels of gene flow in natural 
populations using allelic frequency data. The simulations of Slatkin showed that 
the conditional average frequency of an allele [p(i)] is basically independent of 
the assumed selection intensity and mutation rate but depends heavily on the 
overall level ofgene flow. The data required are the average frequency of an allele 
conditioned on the number of populations in which it occurs, p(i), and the oc- 
cupancy number, L the number of samples in which the allele was detected. Slatkin 
then showed that by plotting p(i) versus i/d (d -- total number of localities or 
samples), levels of gene flow can be assessed as high, low, or medium. Use of a 
recent refinement (Slatkin 1985a) of the 1981 method did not alter conclusions 
about gene flow in the Fox Sparrow (Zink, unpubl. data). 

MORPHOLOGY 

STUDY SKIN MEASUREMENTS 

Nine characters were measured with dial calipers (recorded to nearest 0.05 mm) 
on study skins, or dried specimens prior to preparation as skeletons: (1) ORETL-- 
length of the outer rectrix, measured from point of insertion of the central rectrices 
to tip of the outer rectrix. (2) WINGL--length of the outer primary, measured as 
the chord of the unflattened wing from the bend of the wing to the tip of the 
outermost primary. Excessive wear of the longest primary prevented use of this 
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character. (3) HINTL--length of hind toe plus claw, measured from the ventral 
base of the hind toe to the tip of the hind claw. Variance due to curvature of the 
toe and claw on dried specimens was not sufficient to necessitate deletion of the 
character. (4) TARSL--length of tarsus, measured from the mid-point of the 
posterior surface juncture of the tibiotarsus and the tarsometatarsus to the anterior 
lower edge of the last large scute on the tibiotarsus, a point consistently apparent 
on each specimen. (5) BILL-l--length of bill from anterior rim of nares to the 
tip of the upper mandible. (6) BILL-2--1ength of lower mandible, from the an- 
teflor-most inner edge of ramus to the tip of the lower mandible. (7) BILLW-- 
width of lower mandible measured at its base (widest point). (8) BILLD-1 --depth 
of bill measured through a plane passing perpendicular through the anterior-most 
tip of the nostril. (9) BILLD-2--depth of bill measured from the base of the lower 
mandible (the widest point, on lateral aspect) to a point on the culmen directly 
above the anterior edge of the nostril. 

SKELETAL MEASUREMENTS 

Measurements of 15 skeletal characters judged relatively accurate (Zink 1983) 
were taken on each specimen: (1) SKULW--maximum width of skull across the 
bullae, (2) SKULL--partial length of skull measured from suture at posterior end 
ofbulla to a notch on the anterior face of the post-orbital process, (3) CORAL-- 
length of coracoid, (4) SCPEW -- width of the proximal end of the scapula, (5) 
STERL--length of the sternum, (6) PSYNL -- posterior synsacrum length, (7) 
SYNMW--maximum width of the synsacrum, (8) FEPEW--width of the proxi- 
mal end of the femur, (9) FEDEW--width of the distal end of the femur, (10) 
FEMRL--length of the femur, (11) TIBOL--length of the tibiotarsus, (12) 
HTROL--length of the trochanter (humerus), (13) HUMRL--length of the hu- 
merus, (14) ULNAL--length of the ulna, and (15) ULPEW--width of the proximal 
end of the ulna. Most of these measurements are pictured and described more 
fully in Robins and Schnell (1971). 

NUMERICAL ANALYSIS OF SKIN AND SKELETAL CHARACTERS 

Study skin (SKIN) and skeletal (SKEL) data were analyzed separately as were 
males and females because of known sexual dimorphism (Linsdale 1928). For 
each population sample, means, variances, and coefficients of variation (CV) were 
computed for each character. Missing values, due to damaged or missing bones, 
were replaced by population and sex means to allow multivariate analysis. How- 
ever, inserting means weights the population mean, decreases the variance, and 
increases the d.f., all of which are factors that exaggerate differences between 
groups. Hence, if a specimen lacked more than 2 skin or 3 skeletal characters, it 
was excluded from analysis beyond the calculation of basic univariate statistics. 

Analysis of variance (ANOVA) was used to assess geographic heterogeneity for 
each character. Inspection of product-moment correlation coefficients, computed 
for each pair of characters (and based on all individuals) revealed which characters 
in each data set exhibited similar patterns of variation. Geographic variation for 
some characters was illustrated with pie diagrams. Although no two characters 
showed exactly the same geographic pattern, inspection of the character plots and 



14 ORNITHOLOGICAL MONOGRAPHS NO. 40 

correlation coefficients between pairs of characters depicts the geography of char- 
acter variation. 

To estimate the size component of geographic variation, correlation coefficients 
were computed between sample means for each character and the mean cube- 
root of mass per site. In addition, a regression analysis was used to determine the 
amount of variance in a character that is "explained" by cube-root of mass. 

Multivariate analysis of variance (MANOVA) was performed on each data set 
to test the hypothesis that the group centroids are significantly heterogeneous in 
multivariate space. Principal components analysis (PCA) was used to explore the 
general pattern ofphenotypic similarity among population samples in multivariate 
morphometric space, and to identify linear combinations of variables that best 
summarize character variation within and among samples. Raw data were first 
log•o transformed. The principal components are orthogonal, unrotated, and 
extracted from the covariance matrix calculated over all individuals. To compare 
within-sample character variation at different sites, 10 of the largest samples were 
analyzed separately, and the relative values of character "loadings" inspected for 
similarity. 

Individuals' scores on the first three principal components were analyzed with 
the SS-STP method (Gabriel 1964; Gabriel and Sokal 1969; Power (1970) and 
Johnson (1980) provide examples of this technique in avian studies). This analysis 
delimits a group of population samples for a given character, such that addition 
of another sample would result in a significant F-value (ANOVA). The resultant 
"maximally non-significant subsets," computed for each principal component, 
are illustrated on a map of localities and provide indications of the geographic 
structure of variation in PC scores. Samples are ranked by PC values from largest 
to smallest, rather than by geographic proximity. The scheme used to code pie 
diagrams for character variation was used also here to depict locality mean scores 
on the first three principal components, portraying a complex pattern of mor- 
phological variation in one dimension. 

Cluster analysis was used to explore further the pattern ofphenetic relationships 
among the samples. The taxonomic distance (djk) measure and correlation coef- 
ficient, computed from variance-standardized character means for each popula- 
tion, were used to construct an Operational Taxonomic Unit (OTU) by OTU 
matrix of distances or correlation coefficients. The UPGMA and WPGMA (Sneath 
and Sokal 1973) algorithms were used on the OTU by OTU matrices. The degree 
to which a phenogram represents the similarity or distance matrix was evaluated 
with the cophenetic correlation coefficient (roo). 

UPGMA phenograms were also computed from matrices of taxonomic dis- 
tances and correlation coefficients that had been constructed from character means 

for males that were first divided by the mean cube-root of male mass at each site 
and then transformed to log•o. This procedure produced groupings of samples, 
perhaps less influenced by size, which might portray patterns of variation in shape. 

A canonical correlation analysis (BMDP6M, Dixon 1979) was performed, using 
sample means for each character (sexes separate) and the following locality and 
climatic variables: elevation (ELEV), latitude (LATI), longitude (LONG), May 
mean temperature (MAYT), average maximum May temperature (MAYX), av- 
erage minimum May temperature (MAYM), June mean temperature (JUNT), 
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average maximum June temperature (JUNX), average minimum June temper- 
ature (JUNM), average July temperature (JULT), average maximum July tem- 
perature (JULX), average minimum July temperature (JULM), April precipitation 
(APPR), and total annual precipitation (ANNP). The weather data were taken 
from recent U.S. Forest Service publications. Most of the weather stations were 
located within 20 km of the collecting sites, but often differed in elevation. As a 
consequence, temperature values were corrected for elevation by adjusting the 
value used by IøF for every 400-foot difference in elevation between the collecting 
site and weather station (Hopkins 1938). The canonical correlation analysis tests 
for independence of patterns between two data sets. In this analysis, the objective 
is to "explain" morphological patterns of variation in terms of the environmental 
data. If independence is refuted, the analysis indicates which environmental vari- 
ables are primary determinants of the non-independence of the two data sets. 

RANDOMNESS IN GEOGRAPHIC PATTERNS' 

MANTEL TESTS 

Mantel's (1967) test compares two distance matrices for congruence of pattern. 
It tests the hypothesis that the pattern of distances in one matrix (dependent) is 
independent of the pattern of distances in the second matrix (hypothesis). Here, 
two hypothesis matrices are a matrix of minimum geographic distances (GEOG) 
between each pair of sites, and a matrix of the reciprocals of geographic distances 
(REGE). For dependent matrices, I use genetic and morphological distances (males 
only). Many alternative hypothesis matrix structures exist (Sokal 1979). For ex- 
ample, if population samples were taken on opposite sides of a barrier to gene 
flow, e.g., a mountain range, the minimum geographic distance between sites 
(across the range) would not be as appropriate as the path distance around the 
mountain range, a more biologically realistic gene flow corridor. Use of reciprocals 
of geographic distance "in effect consider all longer distances to be about equal 
while emphasizing differences between short distances. This procedure increases 
the statistical power of the analysis to reveal local geographic patterning whereas 
tests involving actual distances are more useful in evaluating regional geographic 
patterns" (Jones et al. 1980). 

If, for example, matrix comparisons indicated that genetic and geographic dis- 
tances were independent, then the pattern of genetic distances might not be a 
simple function of isolation by distance (as represented by the particular hypoth- 
esis matrix). In this study, GEOG and REGE "hypothesis" matrices were used 
because I lacked information on patterns of gene flow among these samples of 
Fox Sparrows. Because any two matrices can be compared, genetic and morpho- 
logical matrices were contrasted as well. In addition to t-values resulting from 
Mantel's test, matrix correlation coefficients are also computed to illustrate further 
the degree of matrix association. Douglas and Endlet (1982) and Schnell et al. 
(1985) provide further notes on methodology, and Jones et al. (1980) provide a 
useful empirical demonstration. 

The Mantel procedure generates a matrix of t-values between distance matrices. 
When testing several matrices, Douglas and Endlet (1982) recommended that a 
corrected t-value be used to reject the null hypothesis of independence of the 
matrices. For the present study, nine t-values were computed; thus, the corrected 
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probability value for a Type 1 error is 0.05/9, or 0.0056, for which the corre- 
sponding t-value is 2.88. Therefore, an observed t-value must exceed 2.88 to 
reject the null hypothesis (independence); if a t-value exceeds 2.88, then the 
matrices share a common structure to some degree. 

RESULTS 

ELECTROPHORETIC ANALYSIS 

LOCUS LEVEL 

An initial survey at 38 loci of 150 individuals representing most collecting sites 
indicated that 14 loci were sufficiently polymorphic to survey for remaining in- 
dividuals (breeding adults only). Therefore, 14/38 (36.8%) loci were considered 
polymorphic, and all calculations that follow assume 24 loci to be monomorphic 
and fixed for the same allele in all 31 population samples. 

Barrowclough and Corbin (1978) and Avise et al. (1980a) describe the electro- 
phoretic phenotypes ofheterozygous individuals for several loci in various species 
of wood-warblers and thrushes. My results agree with these studies, and with 
those documented for the same loci in other vertebrates. Therefore, I refer to 
electrophoretic phenotypes (= electromorphs) as alleies. 

Notes follow on electrophoretic patterns for loci that are sometimes difficult to 
interpret. (1) Esterase-D (EST-D; 4-methylumbelliferyl acetate esterase). The three- 
banded pattern of heterozygotes at this locus is consistent with the interpretation 
that the active state of this enzyme is a dimeric condition (Harris and Hopkinson 
1976). A fluorescent lamp was used in a darkroom to cause the bands (alleles) to 
fluoresce. After scoring gels for EST-D, the position of the alleles was marked by 
punching a hole in the gel with a stirring rod. Gels were then rinsed with de- 
ionized water and treated with a visual esterase assay (alpha NP + FBRR salt; 
Harris and Hopkinson 1976); this caused a complex series of bands to appear. 
Other than the most anodal locus (EST-1), the other bands were not interpreted 
because it seemed that gene products of several loci had similar mobilities, thus 
obscuring resolution of single loci. The visual stain did not detect EST-D, because 
none of the colored bands was coincident with the position of bands at EST-D, 
thereby implicating single-locus control of EST-D. (2) Erythrocyte Acid Phospha- 
tase (EAP; 4-methylumbelliferyl phosphatase). Presumed heterozygotes at this 
locus showed a two-banded phenotype consistent with the interpretation (Harris 
and Hopkinson 1976) that the active form of this enzyme is monomeric. This 
locus was clearly different from the visual acid phosphatase (ACP), because het- 
erozygotes at the latter locus exhibited the expected three-banded pattern (the 
ACP locus was not used here). (3) Peptidases. Four loci were scored on LiOH gels, 
LAP, LGG, LA-1, and LA-2. No variation was detected at LAP. Using leucyl- 
glycyl-glycine as substrate, a locus (LGG) with two-banded heterozygotes was 
observed. Using leucyl-alanine as a substrate, two zones of activity appeared, 
representing two presumptive genetic loci (LA- 1 and LA-2). Heterozygotes at LA- 
1 showed a three-banded pattern, and at LA-2 a two-banded pattern, suggesting 
dimeric and monomeric status for these enzymes, respectively. 

Considering the 14 polymorphic loci and all (619) individuals (Table 4), the 
number of alleles per polymorphic locus ranged from two (SOD-1, ICD-1, MPI) 
to six (LA-2), and averaged 3.5; the average across all loci was 1.9 (including 
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TABLE 4 

NUMBER OF ALLELES PER LOCUS, OBSERVED AND EXPECTED FREQUENCIES, AND 
NUMBERS OF HETEROZYGOTES AT VARIABLE LOCI, BASED ON POOLING OF ALL 

619 INDIVIDUALS. ESTIMATES OF INBREEDING COEFFICIENTS (F) 
CALCULATED AS 1 -- (Ho/He). 

He•rozygotes observed Heterozygotes expected 
Number 

Locus alleles Freq. N Freq. N F 

LA-2 6 0.316 194 0.316 195.7 0.009 
ADA 5 0.246 150 0.242 147.4 -0.018 
LGG 3 0.192 119 0.194 120.0 0.008 
EST-D 5 0.145 90 0.151 93.7 0.039 
NP 3 0.141 87 0.139 86.3 -0.008 
SOD-1 2 0.115 71 0.120 73.9 0.039 
EAP 4 0.108 67 0.108 67.0 0.000 
PGM 4 0.053 33 0.052 32.3 - 0.022 
GPI 3 0.044 27 0.044 26.9 -0.003 
ICD-1 2 0.034 21 0.033 20.7 -0.014 
LA- 1 3 0.031 19 0.033 20.7 0.082 
6-PGD 4 0.029 18 0.029 17.8 -0.011 
a-GPD 3 0.011 7 0.011 6.9 -0.014 
MPI 2 0.006 4 0.006 3.9 --0.026 

Overall 49 0.039 907 0.039 913.2 0.007 

monomorphic loci). Observed heterozygote frequencies varied from 31.61% (LA- 
2) to 0.65% (MPI), which illustrates that loci differ markedly in levels of poly- 
morphism. Notable is the close correspondence between numbers of observed 
and expected heterozygotes, both per locus and over all loci. The largest discrep- 
ancy for any locus, that at LA-1, is trivial. The F-values quantify these compar- 
isons, and provide a measure of inbreeding (Hartl 1981) (these values are evaluated 
as if all individuals were sampled from a single breeding population). Negative 
values indicate an excess of heterozygotes. None of the F-values differs from 
expectation (Table 4). Furthermore, the eight negative and six positive F-values 
indicate no consistent trends, such as heterozygote excess. Given divergence among 
populations, pooling individuals from different populations results in significant 
F-values because of a "Wahlund Effect" (e.g., Barrowclough and Corbin 1978). 
The absence of significant F-values both within each sample and the total array 
of individuals (Table 4) is evidence for panmixis. 

INDIVIDUAL LEVEL 

The observed heterozygosity for Fox Sparrows over all individuals is 3.85%, 
and ranges from 0 to 13.2%. The latter value means that the most heterozygous 
individual was polymorphic at 5 of 38 loci. Observed heterozygosities were equiv- 
alent for males and females. 

Interpretation of electrophoretic measures of genetic variation requires that 
electromorphs are inherited in a Mendelian fashion. For some mammals, elec- 
tromorphs of some esterase loci, transferrin, and leucine amino-peptidase (LAP) 
do not exhibit Mendelian inheritance (Bowen and Yang 1978; McGovern and 
Tracy 1981; Dayin et al. 1984). Of these loci, only LAP and two esterases (EST- 
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1, EST-D) were scored for Fox Sparrows, with LAP and EST-1 showing no 
variation whereas variation at EST-D behaved in a Mendelian fashion. On three 

occasions, I collected two or three nestlings and their presumed parents. The 
occurrence of electromorphs at polymorphic loci within these family groups was 
consistent with a hypothesis of Mendelian inheritance. Johnson and Zink (1983) 
found the same result for sapsuckers (Sphyrapicus). However, these are not rig- 
orous tests, and I encourage others to report similar data. 

POPULATION LEVEL 

The allelic frequencies at the 14 polymorphic loci for all samples are given in 
Table 5. At each locus, the same allele was the most frequent one in all population 
samples, indicating few if any qualitative differences between samples. For ex- 
ample, the frequency of the most common allele (c) at LA-2, the most variable 
locus and allele, ranges from 0.625 (WALK sample) to 0.954 (MONO sample). 
The highest frequency of a "private polymorphism" (Slatkin 1985a) involves the 
LA-2 ½ allele, which occurs only in the BERN sample at a frequency of 0.152. 
Four alleles occur at moderate frequency (5-15%) in some samples but not in 
others: SOD-1 b, LGG b, LA-2 e, and NP a. The detection of low frequency alleles 
is a function of sample size; hence, the significance of their pattern of occurrence 
is uncertain. Sample sizes used here are sufficient to show that few alleles occur 
in only one geographic region or habitat, although EST-D c occurs mostly in the 
southern Sierra Nevada and Transverse Range. 

A preliminary goal of this study was to test for the existence of genetic mi- 
crostructuring. At several sites (Appendix I) samples were taken from between 
two and five km apart. Because inspection of genotypic results (not shown) in- 
dicated an absence of local genetic differentiation, individuals were pooled into 
31 samples. 

Summarizing allelic frequency data for all loci provides measures of within- 
locality (= population) genetic variation (Table 5). Average observed heterozy- 
gosity per individual per locality ranges from 2.3% (WALK) to 5.2% (JACK). The 
large standard errors for expected heterozygosities are due mostly to among-locus 
differences in levels of polymorphism (Table 4; Archie 1985). Inspection of het- 
erozygosity values per site indicates no apparent trends. For example, the average 
heterozygosity for samples taken in riparian habitats in the Great Basin is 3.80%, 
very similar to the overall average (3.85%). Observed heterozygosities at sites 
with low densities of birds (Table 1) were 4.17% (CHER), 4.39% (MART), 2.63% 
(RUBY), indicating that no apparent effect of current population size is evident 
in average heterozygosity, with the possible exception of the RUBY sample. Sites 
with high densities had typical values of heterozygosity, such as SHAS (3.20%), 
SAGE (4.89%), LASS (3.56%), and SHAV (4.24%). Isolated colonies of both low 
and high density showed typical levels of heterozygosity, PINO (3.24%), MART 
(4.39%), BERN (3.20%), WHIT (3.36%) and $TEN (4.78%). 

The number of polymorphic loci per sample ranged from 6 to 12 (mean = 9.2) 
and the number of alleles per polymorphic locus ranged from 2.09 (SAGE) to 
2.63 (PINO) (mean = 2.3). Variation among samples in these characteristics 
'exhibited no geographic or ecological correlates. 

The X2 tests showed no significant departures from Hardy-Weinberg equilibrium 
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expectations in any of the 31 Fox Sparrow population samples (Table 5). However, 
this should be viewed as a weak test because expected numbers in many genotype 
classes are less than five. Each locus in each population was also examined for 
departures from Hardy-Weinberg expectations (Hartl 1981) by the calculation of 
F•s (Wright 1965). Average F•s values (Table 5) for loci per sample, which range 
from -0.021 to 0.070, differ somewhat from F-values calculated over all indi- 
viduals (Table 4) because they are weighted averages. These F-values, taken by 
locus or population, illustrate that genic variation within populations is not biased 
by departures from random mating, selection, drift, migration (gene flow), or 
mutation. 

GENETIC DISTANCE BETWEEN POPULATION SAMPLES 

Inspection of Nei's (1978) genetic distances (D) between sites (Table 6) and 
their standard errors (not shown; available from author) show that few if any Ds 
are significantly different from zero or each other. The largest genetic distance 
(D _s.e.) observed between any pair of localities is 0.0037 _ 0.0016 (SHAV- 
STEN). The negative values ofNei's D result from subtraction of a sampling error 
component from a value already close to zero. Negative genetic distances are 
biologically nonsensical and should be interpreted as zero (Nei 1978). Between 
any pair of samples, the degree of isolation and differences in habitat, elevation, 
and density do not covary with genetic distance. For example, an isolated, low- 
density sample taken in riparian habitat in the Great Basin (RUBY) showed a 
similar genetic distance when compared with an adjacent, ecologically similar 
sample (MART) as when it was compared with a geographically and ecologically 
disparate sample CYOLL). Overall, the D between pairs of localities in the same 
subspecies was 0.00032 _ 0.00041 (s.d.; N = 104), and between pairs of localities, 
each in different subspecies, 0.00083 ___ 0.00076 (N = 327). Because values used 
to calculate these means are not independent, they are not compared statistically. 
These D-values illustrate that as the geographic distance between pairs of sites 
increases, D also tends to increase. However, because in many instances sites in 
different subspecies are geographically nearer than many comparisons within sub- 
species (such as megarhyncha andfulva), this aspect is examined in greater detail 
below. 

GEOGRAPHIC PATTERN OF PROTEIN VARIATION 

A phenogram (Fig. 4) based on Rogers' D-values (Table 6) makes no "geo- 
graphic" sense, because genetically similar samples are often widely disparate in 
geography and breeding habitat. The cluster BERN-WALK-ODEL represents a 
geographically heterogeneous group, and RUBY-BUCK groups a sample with 
small bills from a riparian environment (RUBY) with one from chaparral with 
large bills (BUCK). Although two samples from the Great Basin, MART and 
STEN, are genetically similar, other samples from this region are not (e.g., WHIT, 
RUBY, WARN). Populations from the same subspecies do not tend to cluster 
together, and samples from equivalent elevations or habitats are not similar ge- 
netically. For example, YOLL and WHIT cluster together, yet they represent the 
extremes in longitudinal, elevational, and habitat differences. 
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UPGMA 

rcc=.798 

PINO B $! 
WHIT 2_ co 

YOLL Y br 

REDM C st 

EBET J me 

LASS R me 
WOOD M me-too 

PYRA I me 

WARN V fu 

SHAS S me 

DOME D st 

SAGE P me 

LOOK E $! 
LAU G U me-fu 

MTOM G me 

SHAV F me 

TAHE 0 me 

JACK H me 

TAHW N me 

BUCK Q me 

RUBY 3 $c 

BERN A st 
WALK L me-too 

ODEL W 

MONO K mo 

SPEN T me-fu 

BLAC X br 

SAWY Z me 

CHER I me 

STEN 5 fu 

MART 4 sc 

! t 

.02 0 

Rogers' D (xlO) 
FIGURE 4. UPGMA phenogram derived from the matrix of Rogers' genetic distances (Table 6). 

Site codes and identifying letters, and two-letter codes are the first two letters of the subspecies name 
(Table 1). 
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TABLE 7 

FST ANALYSIS OF ELECTROPHORETIC VARIATION AMONG FOX SPARROW SAMPLES 
F•OM 31 LOCALITIES (N = 619). 

All variable loci Loci with common allele -< 95% 
(N = 14) (N = 7) 

Wright Fsx 0.0155 0.0165 
Corrected Fsx I 0.0135 + 0.00332 0.0178 + 0.0049 
Uncorrected Fsx 3 0.0428 + 0.0041 0.0467 + 0.0046 

Corrected according to Wright (1978). 
Standard error. 

Equivalent to Nei's (•sx (Wright 1978). 

F-STATISTICS AND THE ANALYSIS OF GENETIC STRUCTURE 
AMONG POPULATIONS 

The measure of population subdivision due to isolation and drift, FaT, is shown 
for each locus in Table 5. The corrected FST values per locus range from 0 to 
0.042 (SOD-l) and are considerably smaller than the uncorrected values (Table 
5). The latter are reported because they are equivalent to Nei's (1975) CaT values, 
and are comparable to other published studies. 

The FST values for each locus can be converted to X 2 tests of heterogeneity of 
allelic frequencies by the formula X 2 = (k - 1)(2NTFsT -- 1), where k is the 
number of alldes and NT the number of individuals in the analysis (Workman 
and Niswander 1970). The degrees of freedom for this test are (k - 1)(s - 1), 
where s is the number of populations sampled. The corrected and uncorrected 
FST ValUeS were used in calculating the chi-square values, the latter to produce a 
conservative test. Using the uncorrected FST ValUeS, the X 2 tests show that all loci 
except PGM, a-GPD, 6-PGD, and ICD-1 exhibit significant geographic hetero- 
geneity. Use of the corrected FST values obtained a significant chi-square value 
for only SOD-1. Although SOD-1, LA-1, NP, LA-2, EST-D, and LGG are geo- 
graphically heterogeneous, I conclude that heterogeneity is biologically meaningful 
only for SOD-1. Values Of FaT for MPI are not considered biologically meaningful 
because the only variant allele (a) occurs in just three samples (STEN, SAGE, 
TAHW) and has an average frequency of 0.006 (considering all samples). 

Three composite FST ValUeS, computed over all polymorphic loci (N = 14) and 
loci with the most frequent allele <95%, are shown in Table 7. The "Wright" 
FST values are 0.0155 and 0.0165. Correction for sampling error (different from 
the "Wrightian FAT") is important. The uncorrected values are equivalent to Nei's 
CaT. Throughout the remainder of this paper, I use the corrected FaT, 0.0135 + 
0.0033 (empirical s.e.), which indicates that only 1.35% of the variance in allelic 
frequencies is distributed among populations. 

RELATIONSHIPS AMONG ESTIMATES OF GENETIC VARIATION AND 

THEIR ENVIRONMENTAL AND GEOGRAPHIC CORRELATES 

Measures of genetic variation such as heterozygosity and mean number ofalleles 
per locus vary among sites (Table 5). Because the 31 sample localities span a wide 
range of latitudes, longitudes, and elevations, here I determine quantitatively 
whether within-locality genetic variation is related to these three site character- 
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TABLE 8 

CORRELATION COEFFICIENTS BETWEEN CERTAIN VARIABLES USED 1N THE 
ELECrROPHORETIC ANALYSIS. PARTIAL CORRELATION COEFFICIENTS BETWEEN THE 

DEPENDENT VARIABLES (SHOWN BELOW THE DIAGONAL) ARE CALCULATED BY 
REMOVING THE LINEAR EFFECTS OF THE INDEPENDENT VARIABLES. UNDERLINED 

VALUES INDICATE THAT THE DEPENDENT VARIABLE WAS SIGNIFICANTLY 
ASSOCIATED WITH THE INDEPENDENT VARIABLES IN A MULTIPLE REGRESSION 

ANALYSIS (P < 0.05, TWO-TAILED t-TESTS). ABBREVIATIONS FOR DEPENDENT 
VARIABLES ARE GIVEN IN TABLE 3 AND THE TEXT 

Variable 2 3 4 5 6 7 

Independent 

1. Sample size 
2. Elevation 

3. Latitude 

4. Longitude 

Dependent 

5. Heterozygosity 
6. POLY99 

7. POLY95 

8. NALL 

9. EAP-c 

10. SOD-a 

11. ADA-d 

12. LGG-c 

13. NP-b 

14. LA-2-c 

15. EST-D-b 

-.01 -.12 --.20 -.05 .61'* .01 

-- .73** -.51'* -.26 --.24 -.25 

-- -.54** -.10 -.17 -.27 

-- .00 --.29 .04 

-- .37* .61'* 

.44* -- .26 

.60** .25 -- 

.43* .74** .36 

--12 .21 .01 

--.37 .24 -.23 

-.56** -.30 --.27 

--.56** -.60** -.58** 

--.32 -.08 -.48** 

.00 .12 .24 

--.24 --.18 .02 

• For independent variables, the multiple R 2 is for each variable with the other variables, and the F-value tests the significance of 
multiple regression (d.f. = 3,27); for dependent variables, the multiple R 2 is the correlation of each variable with the independent 
variables, and the F-values test the significance of multiple regression (d.f. = 4,26). 

*P < 0.05; **P < 0.01. 

istics. For example, RUBY from eastern Nevada at 2,680 m has considerably 
different environmental characteristics (besides habitat differences already noted) 
than those encountered by breeding Fox Sparrows at YOLL in the North Coast 
Range at 1,370 m, and one might predict that these differences, undoubtedly 
correlated with elevation, latitude, and longitude, would influence genetic vari- 
ation. 

The multiple R 2 values, correlation coefficients between all variables used in 
the multiple regression analysis, and the partial correlation coefficients between 
dependent variables are shown in Table 8. Among the independent variables, 
significant multiple R 2 values indicate that latitude, longitude, and elevation are 
significantly intercorrelated, but these are independent of sample size (R 2 = 0.11, 
P > 0.05). Among the dependent variables, only POLY99, NALL, and LGG c 
have significant R 2 values with the independent variables, which suggests that 
most measures of within-population genetic variation are not significantly related 
to sample size, elevation, latitude, or longitude. 

As Gorman and Renzi (1979) found, sample size is not significantly correlated 
with H (r = -0.05; it would, however, be significantly correlated with the variance 
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TABLE 8 

EXTENDED 

Mul.• 
8 9 10 11 12 13 14 15 R 2 F 

.71'* .29 -.03 .21 -.35* -.23 -.12 .04 0.11 1.15 

-.16 .28 -.15 .23 .23 .20 -.07 .17 0.56 11.49'* 

-.11 .23 -.09 .17 .13 .13 -.07 .26 0.60 13.47'* 

-.32 -.05 -.04 -.22 .26 .14 .08 .04 0.38 5.45* 

.31 -.21 -.28 -.56** -.55** -.36* .02 -.26 0.11 0.78 

.88** .17 .23 -.09 -.73** -.32 .el -.19 0.55 8.05** 

.28 -.11 -.15 -.29 -.55** -.50** .24 -.09 e. ll 0.78 

- .28 .16 .04 -.75** -.43* .07 -.25 0.63 10.94.* 

.31 - -.21 .15 -.21 .ee -.05 .32 0.23 1.91 

.19 -.14 - .el -.14 -.29 .02 -.17 0.05 0.32 

-.17 .04 .04 - .22 .06 -.33 .08 e. le 0.74 

-.70** -.33 -.08 .34 - .51.* -.12 .32 0.31 2.95* 

-.29 -.05 -.25 .09 .39* -- -.el .el 0.15 1.14 

.26 .el .el -.30 -.19 -.02 - -.33 0.02 0.14 

-.38 .23 -.12 .04 .30 -.06 -.33 - 0.14 1.02 

of H), although it is significantly correlated with POLY99 (r = 0.61) and NALL 
(r = 0.71). H is significantly correlated with POLY99, POLY95, and NALL, and 
is influenced by variation at ADA and LGG. A high partial correlation coefficient 
was obtained when comparing POLY99 and NALL (r = 0.74). That is, both 
"rare" and "common" alleles contribute to NALL, which is expected to be highly 
correlated with POLY99. The negative partial correlation coefficients between H 
and ADA and LGG (both -0.56) show that as H increases, the frequency of the 
most common allele decreases; that is, there are more non-M alleles (mostly 
present as heterozygotes). The frequency of LA-2 c, the most common allele at the 
most highly polymorphic locus, is uncorrelated with H. This result means that 
heterozygosity differences among sites are a resttit of variation at LGG, ADA, 
SOD-1, and NP, rather than LA-2, at which a fairly constant level of polymor- 
phism occurs at most sites. The frequency of LGG c shows significant negative 
correlations with H, POLY99, POLY95, and NALL, implying that variation at 
LGG (i.e., occurrence ofnon-M alleles) influences these parameters. Furthermore, 
the significant multiple R 2 (0.31) shows that the frequency of LGG c is dependent 
on the "independent" variables, especially sample size (original r = -0.35). That 
is, as N increases, the frequency of LGG c decreases, implying higher H for the 
locus. 
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FIGURE 5. Examples of high, medium, and low levels ofgene flow taken from Slatkin (1981). See 
text Co. 12) for explanation of axes and analysis. 

The analysis permits evaluation of geographic trends in genetic characteristics 
of populations. The correlations of the dependent variables with elevation, lati- 
tude, and longitude range from -0.32 (longitude and NALL) to 0.28 (elevation 
and EAPc). Although some of these correlations are significant, no obvious geo- 
graphic trends exist for genetic variation within populations. For example, strong 
clinal patterns of variation at loci should result in consistently significant corre- 
lations between latitude and/or longitude and the frequency of alleles. The only 
significant trend is that values of H, POLY99, and NALL decrease with an increase 
in- elevation. 

Results of a multiple regression analysis are also shown in Table 8. Sample size 
is a significant predictor of POLY99, NALL, and EAP c, elevation is a significant 
predictor of POLY99, latitude predicts NALL, and longitude predicts POLY99, 
NALL, and LGG c. Because only 1 of 21 regression coefficients is significant for 
allele frequencies versus elevation, latitude, or longitude, I conclude that allelic 
frequencies exhibit no elevational or geographic trends, corroborating the corre- 
lation and phenogram analyses discussed above. 

ANALYSIS OF LEVELS OF GENE FLOW 

Representative plots of p(i) vs i/d illustrate high, medium, and low levels of 
gene flow (Fig. 5). The data for Fox Sparrows suggest high levels of gene flow, 
evident by comparing the plot for the Fox Sparrow (Fig. 6) with'that for Drosophila 
pseudoobscura, a species with presumably high levels of gene flow. These results 
parallel the low value ofFst. Plethodon dorsalis (Fig. 5), with a highly subdivided 
population structure and a high Fst (Larson and Highton 1978), has many alleles 
at hiv_h freauencv which occur only in one or a few oooulations. Alternatively. a 



GEOGRAPHIC VARIATION IN THE FOX SPARROW 33 

.8 

.6 

.4 

o .2 .4 .6 .8 

i/d 

FIGURœ 6. Analysis ofõene flow in the Fox Sparrow usinõ Slatkin's method ofestimatinõ level of 
õene flow from allelic frequency data (Table 5). Compare plo! for the Fox Sparrow to tha! for Drosophila 
pse•loobscura (Fiõ. 5). 

species with high gene flow would have little population subdivision, a low FsT, 
and show a plot ofp(i) vs i/d like that ofD. pseudoobscura and P. iliaca. 

TEST OF THE NEUTRALITY HYPOTHESIS FOR ALLELIC 

POLYMORPHISMS WITHIN POPULATIONS 

Results of the test of the Infinite alleles-Constant mutation rate (IC) model are 
shown in Fig. 7. The general expectation, and the results for the Fox Sparrow, 
are that most loci will be monomorphic, some slightly to moderately polymorphic, 
and a few highly polymorphic. In both the PINe and SAGE samples, the observed 
number of rare alleles, relative to alleles at intermediate frequencies, exceeds 
neutral expectations. However, neither PINe nor SAGE differed significantly from 
neutral distributions, either in the distribution of alleles by frequency class or in 
inter-locus heterozygosity; Dmax = 0.149 for PINe, 0.049 for SAGE (P > 0.05 
for both). Therefore, alleles segregating at polymorphic loci are selectively neutral 
on average. These results contrast with those obtained for the LASS sample, in 
which an excess of rare alleles (those with a frequency -<0.05) resulted in a sig- 
nificant departure from the expected distribution of alleles by frequency class 
(Barrowclough et al. 1985). 

MORPHOLOGICAL VARIATION 

UNIVARIATE CHARACTER ANALYSES 

Cube-root of mass of males.--A pronounced clinal pattern (Fig. 8) exists along 
a basically north-south axis, with the heaviest birds in the North Coast Range 
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FIGURE 7. Expected (hatched) and observed (solid) distributions of alleles by frequency class in 
two samples of the Fox Sparrow. The expected distributions are obtained from the Infinite allele- 
Constant mutation rate model as described by Chakraborty et al. (1980). 

and southern California, and the lightest ones in the Great Basin (STEN, MART, 
RUBY) and Cascades (e.g., ODEL, SPEN, SHAS). Birds from the White Moun- 
tains (WHIT), although generally smaller in morphometric characters (see below), 
are not as light (in mass) on average as birds from more easterly parts of the Great 
Basin. Although mass fluctuates daily, I presume that the sample means, trans- 
formed to cube-root of mass to effect linearity, reflect size (see also James 1970; 
Mosimann and James 1979). Because many females were in laying condition and 
consequently heavier, they were not used in the analysis of mass. 

Skin characters.--ANOVA shows that each character is significantly hetero- 
geneous across the 31 localities for both sexes (Table 9). For most characters, a 
large among-locality component of variance is evident, although not all characters 
exhibit the same degree of among-locality variation (compare among-sample sums 
of squares). Also, given a significant F-value in an ANOVA, one camaot assume 
that each sample differs statistically from all others. Inclusion of the small (Great 
Basin) and large (North Coast Range and southern California) specimens results 
in consistently significant ANOVAs for characters. If these small and large ex- 
tremes were excluded, geographic heterogeneity would be less pronounced, and 
some regions of phenotypic uniformity would be evident, for at least certain 
characters; clinal variation would still be evident in most traits. 

Correlation coefficients among the characters are given in Table 10. In general, 
the five bill measurements are highly intercorrelated, with coefficients ranging 
from 0.71 to 0.92 for males and 0.68 to 0.91 for females. The correlation coef- 

ficients among WlNGL, TARSL, and HINTL, and their correlations with the bill 
measurements, are relatively lowest. Nonetheless, all correlation coefficients are 
positive and significant, suggesting some redundancy of information. 
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Male 

FIGURE 8. Variation in cube-root of mass for males. Circles are placed in approximate locations 
of sample sites (Fig. 2 and Appendix I). Range of variation in sample means was divided into five 
equal parts. Open circles represent the lowest one-fifth of the range of means, completely blackened 
circles the largest one-fifth. Intermediate values are denoted by progressively blackening-in fourths of 
the circle. 
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TABLE 10 

CORRELATION COEFFICIENTS BETWEEN SKIN CHARACTERS. MALES BELOW 

DIAGONAL, FEMALES ABOVE. ALL VALUES ARE STATISTICALLY SIGNIFICANT (P 
0.05). AaBR•VIATIONS FOR CI-IAV, AC•RS DEV-Xt,mD ON P. 12 

I 2 3 4 5 6 7 8 r-size •,2 

1. WINGL -- 0.24 0.23 0.19 0.25 0.12 0.20 0.19 0.791 
2. TARSL 0.28 -- 0.22 0.38 0.45 0.44 0.41 0.45 0.849 
3. HINTL 0.22 0.25 -- 0.11 0.16 0.11 0.14 017 0.488 
4. BILL- 1 0.32 0.45 0.24 -- 0.69 0.68 0.87 0.69 0.898 
5. BILLW 0.39 0.51 0.26 0.72 -- 0.89 0.75 0.91 0.925 
6. BILLD- 1 0.31 0.47 0.27 0.71 0.88 -- 0.78 0.89 0.928 
7. BILL-2 0.35 0.48 0.26 0.87 0.79 0.77 -- 0.75 0.879 
8. BILLD-2 0.30 0.46 0.24 0.71 0.92 0.89 0.78 -- 0.915 

Size = cube-root of mass vs character means at each locality for males only. 
All values significant (P < 0.001) except HINTL (P < 0.01). 

In Figures 9-11, I show plots of WINGL, TARSL, HINTL, BILLW, and OR- 
ETL for males, and WINGL for females, to illustrate the range of geographic 
patterns for characters. Females and males show similar patterns, an exception 
being WINGL and HINTL (not shown). Geographic variation of all bill characters 
for both sexes is similar to BILLW for males (Fig. 10). The degree of bill size 
variation (Fig. 3) exceeds differences between many avian species and genera. The 
Great Basin samples (STEN, RUBY, MART, WHIT) have relatively short and 
narrow bills of lesser depth, whereas bills are longer, wider, and deeper in the 
southern Sierra Nevada and North Coast Range samples (BERN, PINO, REDM, 
DOME, LOOK, SHAV, BLAC, YOLL); in the remainder of the samples there is 
a clinal increase in these dimensions from north to south, although allometry is 
apparent (see below). 

Plots ofTARSL, WINGL (for males), and HINTL differ from BILLW. TARSL 
varies clinally north to south, exceptions being BLAC, YOLL, MONO, and WHIT. 
WINGL for both males and females exhibits a more complex pattern, because 
there is not a pronounced cline. For example, samples of males from the central 
Sierra Nevada (e.g., TAHE, WALK) are small relative to adjacent samples, and 
are more similar to samples from ODEL, SPEN, PYRA, MART, and RUBY. 
For females, WINGL is largest at WHIT, BERN, and REDM, all samples from 
the southern part of the study area. However, short wings occur at dispersed sites, 
such as ODEL, SAWY, RUBY, and MTOM, sites with no obvious common 
habitat or elevational aspects (Table 1). Thus, patterns of variation of WINGL 
for females are not organized about any obvious geographic gradient. HINTL 
differs from previous characters because YOLL and BLAC are relatively small, 
although in the remaining samples there is a north-south cline similar to that 
found in BILLW (but values at SHAV, MTOM, and JACK interrupt the cline). 

Because of worn central rectrices, the outer tail feather, which is shorter and 
usually less worn, was measured. Wear in all tail feathers of females prevented 
their use. No obvious geographic pattern was observed for ORETL (Fig. 11) except 
for the small values in the east-central Sierra Nevada and eastern Nevada. Sites 

with the longest outer rectrices, SPEN, BUCK, and BERN, are widely separated 
and share no apparent common habitat or elevational features. 
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FIGURE 9. Pie diagrams depicting general pattern of variation in wing length for males and females. 
The circles are shaded according to the scheme outlined for cube-root of mass in Figure 8. 

The length of the central rectrix is an important subspecific character for brev- 
icauda (Swarth 1920). However, ORETL does not exhibit this feature--BLAC 
and YOLL have intermediate values. Thus, because brevicauda has relatively 
short central rectrices (Swarth 1920), and average length outer rectrices (Fig. 11), 
tail shape in brevicauda is not only shorter but also more squared-offthan in other 
subspecies. 

The coefficients of variation (CV) for skin characters (Table 9) illustrate vari- 
ability at two levels. Considering all male specimens, BILLD- 1 and BILLW have 
CVs of approximately 10%, whereas CVs for WINGL and TARSL are <4%. 
Relative levels of variability are apparent from inspection of the Sums of Squares 
(SS) from ANOVA (Table 9). BILLW and BILLD-1 have higher between-groups 
than within-groups SS than do WINGL and TARSL. Obviously, CVs summed 
over all individuals are biased because of different sample sizes per locality (and 
geographic variation). This bias is consistent for all characters and provides a 
relative measure of inter-character levels of geographic variability; these values 
should not be compared with other studies, however. The average CVs per pop- 
ulation sample (Table 9), equivalent to CVs normally reported, illustrate that 
within populations characters show similar levels of variation, BILL-1 being the 
most variable (CV = 4.9%) and TARSL the least (CV = 3.0%). 

For females, the results are similar to males because some characters exhibit 
high CVs when calculated over all individuals (e.g., BILLW and BILLD- 1), where- 
as average CVs within populations are lower. Comparison of between- and within- 
groups SS shows results parallel to those obtained for males--characters with the 
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FIGURE 10. Pie diagrams depicting general pattern of variation in bill width and tarsus length for 
males. See Fig. 8. 

highest overall CVs have the highest proportion of the variance distributed among 
localities (as expected). Levels of character variation, both over all individuals 
and within populations, are very similar in males and females. Within-population 
values are typical of those reported for other avian species (see Johnson 1980). 

Skeletal characters. --For each character, ANOVA reveals significant geograph- 
ic heterogeneity for both sexes (Table 11). The correlation coefficients between 
character pairs are positive and statistically significant for both sexes (Table 12). 
Most correlation coefficients fall in the range of 0.30 to 0.70, lower than those 
among bill characters. In general the geographic patterns of character variation 
are similar for males and females, and to those observed for skin characters; to 
save space only some are illustrated (Figs. 12-14). SKULW shows a north to 
south increase in size, with the northernmost Cascades and Great Basin samples 
having narrow skulls and the North Coast Range and southern California samples 
having wide ones. TIBOL and SYNXW show a pattern similar to SKULW, 
although some samples from the center of the study area are relatively small, 
effecting an imperfect cline aligned northeast to southwest. Nonetheless, TIBOL 
and SYNXW are largest in the North Coast Range and in southern California. 
STERL, PSYNL, and CORAL exhibit more complex patterns, but tend to be 
smaller (especially STERL) in the central Sierra Nevada and Great Basin, and 
large in the North Coast Ranges and southern Sierra Nevada (except CORAL, 
and PSYNL for Mt. Pinos). Although characters covary in part, as evidenced by 
the significant positive correlation coefficients, no simple consistent pattern emerges. 

Levels of character variability are also shown in Table 11. Considering all 
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FIGURE 1 1. Pie diagrams depicting general pattern of variation in length of hind toe (HINTL) and 
outer rectrix (ORETL). See Fig. 8. 

FIGURE 12. Pie diagrams depicting pattern of variation in width of the skull (SKULW) and length 
of the tibiotarsus (TIBOL). See Fig. 8. 
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FIGURE 13. Pie diagrams showing general pattern of geographic variation in the lengths of the 
coracoid (CORAL) and posterior synsacrum (PSYNL). See Fig. 8. 

0 0 

FIGURE 14. Pie diagrams depicting pattern of variation in the maximum width of the synsacrum 
(SYNXW) and length of the sternum (STERL). See Fig. 8. 
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individuals, CVs range from 2.8% (HUMRL) to 6.7% (SKULL) for males and 
2.9% (HUMRL) to 6.5% (SKULL) for females, demonstrating lower levels of 
geographic variation than the bill characters (about 10%; see comment above 
regarding these "overall" CV values). Comparison of between- and within-groups 
SS shows that SKULW for males, and SKULL, CORAL, and SKULW for females 
have the highest proportion of variance distributed among localities, although all 
characters are significantly heterogeneous. 

Average CVs within samples range from 2.0% (HUMRL) to 5.6% (PSYNL) for 
males and 2.4% (HUMRL and FEMRL) to 5.1% (PSYNL) for females. The sexes 
show very similar levels of character variation both within and among samples. 
In both sexes, PSYNL is nearly as variable on average within samples as it is 
considering all individuals, demonstrating relatively weak geographic differentia- 
tion. This general pattern was obtained for several other characters, e.g., STERL 
for both sexes, and TIBOL, HTROL, ULNAL, and ULPEW for females only. 
The CVs for skeletal characters fall in the range of those reported for morphological 
characteristics of other birds (Johnson 1980). 

Character variation as a function of size.--To the degree that cube-root of mass 
depicts size, patterns of geographic variation, especially in BILLW and SKULW, 
appear to have a substantial size component (cf. Figs. 8, 10, 12). Significant 
correlation coefficients (Tables 10, 12) computed between each character mean 
and the mean cube-root of mass at each site, show that each character possesses 
a size-related component of geographic variation. However, size is not a uniform 
component of geographic character variation. For example, the r between size 
and BILLD-1, 0.928, is considerably higher than that for size and HINTL, 0.488. 
Similarly for skeletal characters, SKULW shows the highest r with size and PSYNL 
the least, 0.939 and 0.661, respectively. In general the r values tend to be lower 
for skeletal characters than for skin characters. Nonetheless, "size" seems to 
explain a large proportion of the variance in both study skin and skeletal char- 
acters, although clearly variation remains, not accounted for by size. 

Geographic variation in bill characters includes a size component, evident by 
comparison of BILLW and cube-root of mass (Figs. 8, 10). In Figure 15, a plot 
of mean values per site for bill width, length, and depth vs the cube-root of mass 
("size") shows that the relationship of bill characters to size is not isometric. For 
example, at small size, primarily in samples from the Great Basin, bill length 
exceeds both width and depth. However, as size increases, bill width becomes 
absolutely greater than bill length and depth. Hence, as size increases, bill shape 
changes (relatively) from long and narrow to wider and deeper, or more massive. 
That is, bill length/width is < 1.0 at small size, and > 1.0 at larger size. 

Values of cube-root of mass range from 3.06 (MART) to 3.33 (BLAC), the 
difference (0.27) representing 8.1% of the largest value. However, bill width ranges 
from 8.1 to 12.1 mm, the difference being 33.1% of the largest value. Therefore, 
as size increases, bill width increases at a greater "rate." The other characters in 
the skin data set do not increase at the same rate as size. 

With 15 skeletal characters, many ratios of characters are possible. Five general 
body regions were measured: skull, pectoral, synsacrum or pelvic, wing, and hind 
limb. Plots of locality means for one character from each body region vs cube- 
root of mass indicate shape variation (Fig. 16). For example, at small mass, 
STERL/ULNAL exceeds unity, whereas at large• body masses the ratio is < 1.0. 
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This plot illustrates changes in bill size and shape as a function of "size." 

The SKULW/SYNXW ratio also varies with body mass, especially at low values 
of mass. Similar contrasts of the other characters reveal differences in shape. Of 
the five skeletal characters plotted, the differences between the largest and smallest 
values range from 5.0% of the largest value for sternum length to 13.1% for skull 
width, similar to the range of variation in cube-root of mass. Thus, differences in 
the covariation of skeletal characters and size yield geographic variation in shape, 
although of a lesser degree than that observed for bill characters. 

Although size is a "common denominator" in observed patterns of geographic 
differentiation, there is non-size or shape-related variation among samples of Fox 
Sparrows. However, geographic patterns in shape are not deducible from this 
presentation because localities were ranked by mass and not geographic occur- 
rence. Clearly, conclusions about size hinge on the degree to which mass reflects 
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FIGURE 16. Plot of locality means for tibiotarsus length (TIBOL), ulna length (ULNAL), sternum 
length (STERL), skull width (SKULW), and synsacrum maximum width (SYNXW) against locality 
means of cube-root of mass. 

size, the latter of which is an amalgam of variation. I explore below the patterns 
of shape variation using cluster analyses. 

MULTIVARIATE ANALYSIS OF VARIANCE 

For skin characters, MANOVA (BMDP4V; Dixon 1979) for both males and 
femmes produced significant values (F = 6.53 and 2.91, respectively, P < 0.01), 
indicating significant geographic heterogeneity among groups. Similarly, signifi- 
cant geographic heterogeneity for both sexes was revealed for skeletal characters 
(F = 2.80 and 1.50, P < 0.01). 

Given the significant F-values from MANOVA, it is appropriate to use other 
multivariate and quantitative techniques to explore the pattern of variation among 
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FIGURE 17. Three-dimensional model depicting results of principal components (PC) analysis of 
skin characters for males. The position of samples represents locality mean scores on the first three 
PCs. Samples are identified by letter in Table 1. The length of each vertical line denotes the average 
score of the sample on PC III. 

sites. Multivariate methods evaluate all characters simultaneously, and allow 
discovery of the dominant theme of variation in morphology. To this end, cluster 
and principal components analysis were used. Discriminant function analysis 
produced results that paralleled the PCA and are not discussed here. 

PRINCIPAL COMPONENTS ANALYSIS 

Skin characters.- Principal components analysis of skin characters revealed (by 
inspection) similar patterns for males and females (Figs. 17 and 18, Table 13). 
Principal component I (PC I) accounts for 58.8% of the variance for males and 
55.3% for females; the first three PCs account for 77.2% of the variance for males 
and 76.2% for females. The bill characters are highly correlated with PC I for 
both sexes, whereas WINGL, TARSL, and HINTL exhibited lower correlations. 
Both males and females have similar character correlations with PC II; HINTL 
influences variation among samples. On PC III, character correlations are again 
similar for each sex, but variation in HINTL contributes more to separation of 
samples on PC III for males than for females. 

Three-dimensional models (Figs. 17, 18) of mean scores of samples on PC I- 
III document the structure of geographic variation. On PC I, locality means are 
dispersed between MART (4) and REDM (C) for males and MART (4) and PING 
(B) for females. On PC I, the Great Basin samples are toward the left and the 
"large" samples, those from the southern North Coast Range and southern Cal- 
ifornia, are at the opposite end. This plot represents to a large degree the geography 
of variation in bills, which includes both size and shape components. Along PC 
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TABLE 13 

CHARACTER CORRELATIONS WITH PRINCIPAL COMPONENTS FOR SKIN 

CHARACTERS. CHARACTER ABBREVIATIONS DEFINED ON P. 12 

PC I PC II PC III 

Character Males Females Males Females Males Females 

WINGL 0.367 0.179 0.228 0.319 0.021 0.145 
TARSL 0.533 0.486 0.172 0.205 0.016 0.006 
HINTL 0.303 0.175 0.847 0.971 -0.423 -0.071 
BILL-1 0.822 0.802 0.214 0.008 0.475 0.548 
BILLW 0.960 0.953 -0.073 -0.008 -0.090 -0.153 
BILLD-1 0.955 0.959 -0.078 -0.088 -0.116 -0.129 
BILL-2 0.879 0.868 0.173 0.022 0.361 0.426 
BILLD-2 0.954 0.951 -0.120 0.013 -0.109 -0.153 

Percentage of 
variance 58.8 55.3 11.2 13.7 7.2 7.2 

II, samples are interspersed between the extremes WALK (L) and BLAC (X) for 
males, and STEN (5) and WARN (V) for females. The samples from the geographic 
center of the study area, although relatively bunched along PC I, are spread out 
along PC II. The rather uniform character loadings (except HINTL) do not yield 
a suite of traits that might constitute an adaptive explanation for the observed 
dispersion of samples on PC II. Samples are uniformly spread along PC III, 
between REDM (C) and RUBY (3) for males and BUCK (Q) and STEN (5) for 
females. Again, no suite of characters was indicated as comprising (potentially) 
an adaptive complex. 

Overall, the plots define three broad groupings: Great Basin samples, southern 
California plus North Coast Range, and the remainder of the samples. However, 
overlap occurs between these groups. BLAC and YOLL (brevicauda) are separated 
from other samples, as is WHIT (canescens). Among southern California samples, 
SANB and LOOK are set somewhat apart from DOME, REDM, and PINO. 
ODEL and WALK are each "outliers" in the morphological space, but neither is 
especially disjunct geographically. The sample from Spencer Creek (SPEN), al- 
though taken in willows, is not particularly similar to samples from riparian 
habitats in the Great Basin. In these plots distances between samples might not 
reflect actual distances in multivariate space, because of distortion in this space- 
reducing procedure. Inspection of minimum spanning trees (Sneath and Sokal 
1973) indicated that the reduced, 3-dimensional space is not overly distorted, 
and that relative morphometric distances among samples are accurately portrayed. 

The results of the analysis of females (Fig. 18) differ from those for males in 
terms of the arrangement of samples within the broad groupings, which are, 
however, generally equivalent for both sexes. Small sample sizes for females 
preclude rigorous comparison of variation between the sexes. 

To explore further the geographic patterns resulting from the PeA, I performed 
SS-STP analyses of individuals' scores on each of the first three PC axes. ANOVA 
of PC I scores for both sexes obtained significant F-values (Table 14), and the 
SS-STP analysis defined 13 maximally non-significant subsets of samples for 
males, and 14 for females. The plots of scores on PC I for males (Fig. 19) and 
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FIOURE 18. Three-dimensional model depicting results of principal components (PC) analysis of 
skin characters for females. See Fig. 17. 

females (Fig. 20) both show a very similar clinal pattern, resembling that obtained 
for BILLW (Fig. 10). The Great Basin samples (RUBY, MART, STEIN, WHIT) 
and ODEL (Cascades) have low values on PC I, and localities in the southern 
Sierra Nevada and North Coast Range have large values. The remaining samples 
show increasingly positive scores on PC I from north to south. Because PC I 
summarizes a maximum amount of variation in the 8-dimensional space, these 
plots portray the dominant theme of variation. The pattern exhibited by PC I is 
also similar to that shown for the cube-root of mass (Fig. 8), a character that was 
not included in the PCA, and therefore, PC I might indeed be highly influenced 
by, or be the best measure of, overall size. 

ANOVA obtained significant F-values for PC II scores for both sexes, and the 
SS-STP analysis revealed seven maximally non-significant subsets of males (Fig. 
21) and five for females. The five subsets of females do not show a geographic 
pattern and are not illustrated; the pie diagram (Fig. 22) resembles that for males. 
The SS-STP plot of scores on PC II for males reveals few geographic trends. Great 
Basin samples from STEIN, MART, and RUBY have similar scores on PC II, as 
do samples from the North Coast Range. Although samples from south of Lake 
Tahoe tend to have high scores on PC II, exceptions occur, such as BERN, CHER, 
MONO, and LOOK. Although PC II is markedly influenced by variation in 
HINTL, the plots of this character (Fig. 11) and PC II (Fig. 21) are not very 
similar. Thus PC II contains information about characters other than HINTL, 
such as WINGL and TARSL. If PC II is not influenced by size to the same degree 
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FIGURE 19. SS-STP analysis of individual males' scores on PC I for skin characters. Localities are 
ranked from high positive scores on PC I (blackened circles) to negative scores (open circles). The 
range of means was divided into five equal portions, and the pie diagrams coded as in Figure 8. On 
the left, each vertical line corresponds to a maximally homogeneous subset (see p. 14). 

as PC I, the geography of shape has no consistent habitat, elevational, or regional 
correlates. 

ANOVA obtained a significant F-value for scores on PC III for males but not 
for females; three maximally non-significant subsets were defined for males. These 
three subsets are not geographically informative (and are not shown), as can be 
seen from the plot of PC III scores (Fig. 22). However, localities with similar 
scores (half circles) tend to occur adjacently in northern California. Samples with 
the lowest scores on PC III occur in two groups, WOOD, WALK, and MONO 
(the monoensis samples), and PINO and REDM. Some samples from the Great 
Basin (STEN, RUBY, MART) have high scores on PC III, although so do samples 
from the Cascades (SPEN) and Sierra Nevada (LOOK and MTOM). As with PC 
II, if PC III portrays size-independent (bill) shape, the pattern is inconsistent with 
those of habitat, elevation, or geography. 

Skeletal characters.--PEA of skeletal characters for both sexes reveals similar 

patterns of character variation (Table 15). PC I probably portrays size because 
most characters exhibit relatively high, positive correlations with it. An exception 
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TABLE 14 

ANOVA RESULTS FOR INDIVIDUALS' SCORES ON THE FIRST THREE PRINCIPAL 
COMPONENTS 

SS-male SS-female MS-male MS-female F-male • F-female 2 

PC I 

Between groups 359.51 
Within groups 48.49 

PC II 

Between groups 99.68 
Within groups 308.29 

PC III 

Between groups 55.37 
Within groups 352.63 

PC I 

Between groups 266.15 
Within groups 143.59 

PC II 

Between groups 33.72 
Within groups 275.12 

PC III 

Between groups 52.25 
Within groups 235.44 

Skin characters 

133.40 11.98 4.45 93.41'* 26.74** 
20.61 0.13 0.17 

64.05 3.32 2.13 4.07** 2.94** 
89.98 0.82 0.73 

31.68 1.85 1.06 
122.36 0.93 0.99 

Skeletal characters 

1.98' 1.07 

104.31 8.87 3.48 23.48 **3 8.11 **4 
55.73 0.38 0.43 

30.37 1.12 1.01 1.55' 1.01 
129.64 0.72 1.00 

41.61 1.74 1.39 2.81'* 1.52 
118.39 0.62 0.91 

I d.f. = 30,378. 
2 d.f. = 30,124. 
3 d.f. = 30,380. 
4 d.f. = 30,130. 
*P < 0.005. **P < 0.001. 

to this result is the low correlation for PSYNL (0.473 for males and 0.530 for 
females). PC I accounts for 52.7% of the variance among males and 54.9% among 
females; the first three PC axes account for 64.2% of the variation for males and 
65.8% for females. For both sexes, PC II is influenced by PSYNL. On PC III, 
males and females have high correlations for SKULL and SCPEW, and FEDEW 
for only males. Inspection of character correlations does not indicate any obvious 
suites of covarying characters. For example, it is difficult to attach a biological 
explanation to PC III, where SKULL and SCPEW are contrasted. 

On the three-dimensional plots of mean locality scores for males and females 
(Figs. 23, 24), samples are spread along the first axis, from REDM (C) to STEN 
(5) for males and REDM (C) and RUBY (3) for females. Along PC II, the samples 
are dispersed between PINO (B) to STEN (5) for males and MONO (K) and PINO 
(B) for females. Samples are dispersed along PC III from CHER (I) to MART (4) 
for males and STEN (5) and MTOM (G) for females. As for the PCA of skin 
characters, three groups were obtained: the Great Basin, southern California and 
the North Coast Range, and the remaining samples. For females, the southern 
California and North Coast Range samples are fairly well separated on PC I. 
However, the Great Basin samples do not form a distinct group. The PCA of 
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F•GURE 20. SS-STP analysis of individual females' scores on PC I for skin characters. See Fig. 19. 

females and males differ, but sample sizes are small for females and I do not 
analyze these differences further. 

Closer inspection of the plot for males reveals several noteworthy aspects. The 
samples from the Great Basin (STEN, RUBY, MART, WHIT, excluding WARN) 
all have low scores on PC I and high scores on PC III, but the samples are dispersed 
on PC II, suggesting that similarly-sized birds have dissimilar shapes. ODEL is 
similar to WHIT on PC I, but it differs from the Great Basin samples on PC II 
and PC III. The WARN sample is contained in the group of samples from the 
central Sierra Nevada, not with the other Great Basin samples, although the 
Warner Mountains occur on the perimeter of the Great Basin. Samples from the 
southern Sierra Nevada and North Coast Range have relatively high scores on 
PC I but are somewhat dispersed on PC II (especially PINO), possibly an indication 
of shape differences. These latter samples are "connected" to the remaining sam- 
ples via intermediate-sized samples from the central Sierra Nevada (e.g., SHAV) 
and North Coast Range (SAWY). 

PCA scores were subjected to SS-STP analysis as done for skin characters. On 
PC I for both sexes, a significant F-value from ANOVA was obtained, and the 
SS-STP analysis identified 13 maximally non-significant subsets of males and 10 
of females. The patterns (Figs. 25, 26) closely resemble each other and several of 
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FIGURE 21. SS-STP analysis of males' scores on PC II for skin characters. See Fig. 19. 

the individual character patterns; they show a clinal north to south increase on 
PC I, exceptions being WHIT, YOLL, and BLAC. The primary pattern of variation 
in the 15 characters, summarized by the first principal component, is very similar 
in both sexes to that obtained in the analysis of skin characters and cube-root of 
mass. PC I for skeletal characters seems to reflect a strong size component. 

The SS-STP analyses of scores on PC II and PC III both resulted in significant 
F-values for males, but not for females, which are not discussed further because 
of small sample sizes. The patterns of PC II and III scores are difficult to interpret. 
The two maximally homogeneous subsets (not shown) of PC II scores of males 
do not reveal a geographic pattern (Fig. 27). That is, samples with similar scores 
on PC II share no obvious common habitat or elevational attributes and are often 

widely dispersed. As illustrations, samples with intermediate scores (half circles) 
occur throughout the north-south range of the transect, and samples from the 
Sierra Nevada exhibit nearly the full range of values. 

The plot (Fig. 28) of scores on PC III and the five subsets defined by SS-STP 
are also difficult to interpret, although adjacent sites tend to be more similar. In 
summary, if PC II and III are relatively free of size-effects, then no clear geographic 
patterns are evident in "shape." Although not shown, similar results were obtained 
for females. 
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FIGURœ 22. Pie diagrams depicting individuals' scores on PC III (males) and PC II (females) for 
skin characters. 

To investigate the generality of the PCA of skeletal characters, PCAs were 
performed for each of 10 samples of males representing both the extremes in 
morphology and breeding habitat, and samples taken near one another from 
similar habitats and elevations. Examination of the correlation coefficients of 

TABLE 15 

CHARACTER CORRELATIONS WITH PRINCIPAL COMPONENTS FOR SKELETAL 
CHARACTERS. CHARACTER ABBREVIATIONS DEFINED ON P. 13 

PC I PC II PC III 

Character Males Females Males Females Males Females 

SKULW 0.847 0.838 -0.146 -0.087 -0.200 -0.173 
SKULL 0.823 0.829 -0.240 -0.126 -0.437 -0.487 
CORAL 0.669 0.772 0.085 0.100 0.086 -0.097 
SCPEW 0.609 0.674 -0.118 -0.236 0.492 0.476 
STERL 0.612 0.590 0.084 -0.030 0.128 0.260 
PSYNL 0.473 0.530 0.863 0.830 -0.027 0.065 
SYNXW 0.738 0.718 -0.008 -0.056 0.004 0.176 
FEPEW 0.748 0.715 -0.078 -0.200 0.118 0.203 
FEDEW 0.607 0.754 -0.174 -0.109 0.508 0.225 
FEMRL 0.782 0.802 0.051 0.058 -0.094 --0.045 
TIBOL 0.733 0.704 0.078 -0.029 -0.120 -0.088 
HTROL 0.733 0.688 0.035 -0.063 0.018 0.160 
HUMRL 0.808 0.836 0.039 0.031 -0.051 0.003 
ULNAL 0.811 0.818 0.043 0.012 -0.011 0.106 
ULPEW 0.788 0.769 -0.114 -0.062 0.097 0.217 

Percentage of 
variance 52.7 54.9 6.1 5.6 5.4 5.3 
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FIGURE 23. Three-dimensional model depicting results of principal components (PC) analysis of 

skeletal characters for males. See Fig. 17. 

characters with PC I for each of the 10 samples (Table 16) shows little similarity 
from locality to locality. For example, correlations with PC I foe SKULL range 
from -0.509 (BERN) to 0.796 (WHIT). These two localities represent rather 
extreme morphologies, and lack of concordance of character correlations might 
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FIGURE 24. Three-dimensional model depicting results of principal components analysis of skeletal 
characters for females. See Fig. 17. 
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FIGURE 25. SS-STP analysis of individual males' scores on PC I for skeletal characters. See Fig. 19. 

be due to geographic variation in the relative relationship of this character and 
the major axis of within-locality variation. Considering character correlations for 
three adjacent sites (DOME, REDM, SHAY), again the correlations are incon- 
sistent, even over short geographic distances. For example, FEMRL is correlated 
with PC I at 0.003 in the DOME sample, and at 0.868 in the REDM sample. 
Similar contrasts in DOME and REDM can be seen in CORAL, PSYNL and 
TIBOL. Across the 10 localities, only leEPEW, leEDEW, HUMRL, and ULPEW 
have reasonably consistent character correlations with each PC I. The individual 
PCA results demonstrate that the among-site geographic pattern of character 
variation summarized by PC I (Fig. 17) is not a simple function of character 
variation within samples. That is, there is geographic variation in the way in 
which characters covary within samples. 

The PCA of 10 separate samples was also designed to evaluate shape variation 
following Chernoff and Miller (1982). Their procedure involves standardizing 
character loadings to a mean of 1.00. Values greater than 1.02 are interpreted as 
showing positive allometry and less than 0.98 as negatively allometric. For ex- 
ample, a value of 1.08 would imply that as size increases, the character increases 
at a relatively greater rate. When this transformation was applied to the character 
loadings from the 10 individual PCAs, many values were less than 0.40 and many 
others were greater than 1.50. In fact, few of the 150 values were near 1.00 
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FIGURE 26. SS-STP analysis of individual females' scores on PC I for skeletal characters. See 

Fig. 19. 

(isometry). Chernoff (pers. comm.) noted that this method of shape analysis de- 
pends on the data forming an ellipse in multivariate space, with a definite size 
axis. However, as discussed above, size as measured by cube-root of mass only 
varies 8.1% between extremes of sample means. Hence, the morphological space 
for these sparrows is not characterized by an ellipsoidal form with a distinct size- 
axis. Therefore, the method of Chernoff and Miller (1982) is probably not ap- 
prophate for these sparrows. However, it is useful to discover these attributes of 
Fox Sparrow morphology, and to note the lack of consistent character correlations 
in the individual population analyses. 

CLUSTER ANALYSES 

Although my aim is not specifically to examine the present subspecific frame- 
work, I discuss the subspecific affinity of samples to facilitate understanding of 
the geographic patterns implied by the phenograms. 

Study skin characters.--The pattern of phenetic similarity among males (Fig. 
29) shows four main clusters. One grouping contains all samples ofstephensi and 
brevicauda plus some samples from the southern Sierra Nevada currently assigned 
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PC II 

SKEL-Mole 

FIGURE 27. Pie diagram depicting individuals' scores on PC II for skeletal characters for males. 

to megarhyncha. Another cluster contains the two samples ofschistacea (RUBY- 
MART), the single sample of canescens (WHIT), and two samples from the sub- 
speciesfulva (ODEL and STEN, excluding WARN). The close phenetic similarity 
of the two samples of schistacea is apparent, whereas the similarity of WHIT- 
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FIGURE 28. SS-STP analysis of individual males' scores on PC III for skeletal characters. See 
Fig. 19. 

ODEL is unexpected, because of the geographic distance separating these sites, 
and their habitat and elevational differences. The remaining two clusters contain 
a geographically widespread array of samples mostly assigned to megarhyncha, 
plus the WARN sample (fulva) and MONO (monoensis). There is a sub-cluster 
containing MONO, TAHE, WALK, WOOD, and WARN, which are geograph- 
ically proximate and south of Lake Tahoe, except for WARN. In the remaining 
cluster, samples are generally from north of Lake Tahoe, the northern North Coast 
Ranges (excluding the brevicauda samples), the Cascades and Sierra Nevada; these 
sites are relatively close geographically. SAWY and PYRA do not cluster with 
samples from brevicauda to the south, but rather with nearby sites, all of which 
are assigned to megarhyncha. 

Cluster analysis of females (Fig. 30) produced results similar to those obtained 
in the analysis of males. A cluster emerged that contains all samples in stephensi, 
brevicauda, and some southern samples of megarhyncha. However, SAWY and 
PYRA are included in this cluster, in contrast to the males, suggesting a less 
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TABLE 16 

CHARACTER CORRELATIONS WITH PC I FOR 10 SEPARATE PRINCIPAL 

COMPONœNTS ANA•YSœS, FOR 10 LOCA•ITIœS (SITœ CODœS Dœ•mD IN TASLœ 1) 

Character • LASS YeLL PINe DOME REDM WARN SHLK WHIT BERN SHAV 

SKULW 0.29 0.42 0.27 0.43 0.51 0.62 0.82 0.89 0.13 0.54 
SKULL 0.25 0.34 0.53 0.21 0.56 0.32 0.43 0.80 -0.51 0.17 
CORAL 0.49 0.86 0.59 0.02 0.71 0.77 0.81 0.61 0.12 0.83 
SCPEW 0.83 0.47 0.08 0.70 0.22 0.52 0.86 0.63 0.73 0.19 
STERL 0.27 0.59 0.44 0.67 0.49 0.39 0.82 0.63 -0.16 0.59 
PSYNL 0.57 0.66 0.70 -0.35 0.77 0.67 0.35 0.05 -0.25 -0.25 
SYNXW 0.08 0.76 0.56 0.64 0.56 0.65 0.48 0.64 0.10 0.72 
FEPEW 0.55 0.72 0.74 0.79 0.81 0.84 0.27 0.81 0.28 0.62 
FEDEW 0.51 0.74 0.34 0.91 0.64 0.67 0.19 0.59 0.95 0.49 
FEMRL 0.55 0.80 0.39 0.01 0.87 0.52 0.61 0.45 0.17 0.83 
TIBOL 0.37 0.78 0.46 0.12 0.83 0.26 0.44 0.18 0.07 0.75 
HTROL 0.30 0.05 0.50 0.64 0.54 0.79 0.77 0.68 0.30 0.37 
HUMRL 0.55 0.80 0.67 0.27 0.78 0.66 0.73 0.32 0.49 0.79 
ULNAL 0.65 0.84 0.63 0.52 0.70 0.62 0.78 0.68 0.08 0.84 
ULPEW 0.49 0.50 0.63 0.85 0.63 0.62 0.81 0.54 0.54 0.69 

Character abbreviations defined on p. 13. 

marked distinction between brevicauda and megarhyncha and the stephensi-type 
morphology. Except for a BLAC-YOLL cluster, adjacent samples are not most 
similar to one another, as found generally for males. The remaining clusters reflect 
general geographic proximity. STEN, MART, and RUBY, samples from the Great 
Basin, form a distinct cluster. Within the two clusters of samples assigned mostly 
to megarhyncha, there was less of a tendency for samples north and south of Lake 
Tahoe to fall in opposing groups, as found for males. For example, the clustering 
of MONO and STEN conflicts with their geographic arrangement and habitats. 
The WHIT and WARN samples, both from the periphery of the Great Basin, 
clustered together, despite the fact that the WARN sample was obtained from 
chaparral (unlike Linsdale's [ 1928] sample, which was taken in riparian habitat). 

Cluster analyses are useful for detecting patterns in the levels of phenetic sim- 
ilarity among sites. The above analyses, based on the taxonomic distance (djk) 
measure, might be affected by size differences, in spite of standardization of data 
(see Sneath and Sokal 1973; Lemen 1983), because of the sensitivity of distance 
measures to size variation. Many methods of shape, or size-independent analyses, 
exist (Humphries et al. 1981; Mosimann and James 1979; Lemen 1983; Wood 
1983; Bookstein et al. 1985), but without a consensus as to which method is best 
for comparing shape independent of size. As a preliminary investigation of size- 
independent variation among samples of Fox Sparrows, I constructed phenograms 
based on character means which were first divided by the mean cube-root of mass 
for each site and then transformed to 1Og•o. The product-moment correlation 
coefficient and taxonomic distance measures were both used as measures of as- 

sociation, to produce a matrix of pairwise similarity values comparing "shape." 
This analysis groups samples of similar shape. 

The phenogram (Fig. 31) contains two major clusters. The top cluster resembles 
that obtained in the distance phenogram because it contains samples from ste- 
phensi, brevicauda, and some megarhyncha; outliers to the main clusters in this 
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FIGURE 29. UPGMA phenogram based on the matrix of pairwise taxGnomic distances between 
localities, derived from locality means for skin characters for males. Two-letter abbreviations are the 
first two letters of the subspecies name (Table 1). 
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FIGURE 30. WPGMA phenogram based on the matrix ofpai•wvise taxonomic distances constructed 
from locality means for skin characters for females. See Fig. 29. 

major section include TAHE, SPEN, MONO, and LASS. Importantly, the samples 
of brevicauda are similar to those from stephensi in both size and shape. Several 
points of interest are evident in the remaining cluster. Some of the Great Basin 
samples, RUBY, MART, and STEN, have phenetically similar shapes (and sizes), 
whereas the WARN and WHIT samples, taken on the perimeter of the Great 
Basin, are relatively different. In the remaining instances, geographically proxi- 
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FIGURE 31. UPGMA phenogram based on the matrix of pairwise taxonomic distances constructed 
from locality means that were first divided with the mean cube-root of mass for each site, and then 
transformed to log•0. Data were skin characters for males. 

mate samples tend to be most similar. However, there are not discrete clusters 
of phenetically similar "shapes" which might be predicted based on geographic 
or ecological considerations, if discrete evolutionary units existed in "phenotype 
space." For example, three samples taken close together, SHAV, MTOM, and 
JACK, are dispersed throughout the phenogram. Although these latter three sam- 
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ples were taken at different elevations (Table 1), inspection of the phenogram 
shows that elevation does not produce a consistent shape across geography. In 
summary, there is clear geographic heterogeneity in this rough estimate of shape, 
but it has no obvious geographic patterns, a result also obtained in the SS-STP 
analysis of variation of individuals' scores on PC II and PC III. An alternative 
analysis, based on a distance Wagner analysis, could be used to infer if present 
patterns are the result of current ecology, or phylogenetic history of populations 
(Thorpe 1984). 

Skeletal characters.--The analysis of males (Fig. 32) produced four general 
clusters. In agreement with the analysis of skin characters, a cluster emerged that 
contains samples in stephensi and brevicauda, but only one sample from mega- 
rhyncha. Within this cluster, no pair of samples includes geographic neighbors 
(e.g., LOOK-YOLL, REDM-BLAC); instead, the cluster represents only a regional 
grouping of samples. STEN, RUBY, and MART again form a group, one which 
is most similar to ODEL and WHIT. WARN is most similar to samples from 
the Sierra Nevada. The remaining samples form roughly two clusters, consisting 
of megarhyncha, fulva, and monoensis. In general, this diagram reflects geography. 
For example, SHAV, JACK, and MTOM are clustered together. In the two central 
clusters, samples from north and south of Lake Tahoe tend to segregate into 
different clusters, although exceptions occur (e.g., MONO). The divergent position 
of CHER is unexplained; however, it was taken from a low density, recently- 
colonized site. 

The phenogram of females has three basic clusters and resembles that for males 
generally, but not in detail (Fig. 33). As in prior analyses, samples from stephensi 
and brevicauda cluster together, in this instance joined by SHAV and PYRA. 
Within this cluster, the phenetically most similar samples are not geographically 
adjacent. STEN, MART, and RUBY form a cluster, most similar to one containing 
MONO, ODEL, and TAHE, three geographically dispersed samples. WHIT and 
WARN are similar to each other, and are more similar to Sierran than to Great 
Basin samples. Several geographic anomalies are evident, such as the phenetic 
groupings ofMONO-ODEL, CHER-SAWY, and TAHW-LAUG. The remaining 
samples, in the third cluster, are from megarhyncha, fulva, and canescens. 

Following the procedure outlined for the "size-independent" analysis of skin 
characters, a phenogram was constructed for transformed data for skeletal char- 
acters (Fig. 34). The most striking feature of this branching diagram is the extent 
of shape differentiation among sites. Although many clusters are identifiable, they 
are not necessarily distinct. That is, the clusters originate at low levels of asso- 
ciation. However, a number of clusters contain samples that are geographically 
or ecologically related. The Great Basin samples, excluding WARN, form one of 
the most distinct clusters, in agreement with the analysis of skin characters. WALK, 
EBET, and TAHE have similar shapes; yet they are relatively distant from neigh- 
boring samples (e.g., MONO, WOOD, CHER). The samples from stephensi are 
fairly similar, except for LOOK. The two samples of brevicauda (YOLL and 
BLAC) are relatively divergent, yet within the same major grouping, which con- 
tains the stephensi samples. SHAV, JACK, and MTOM are separated by short 
geographic distances, and share a relatively similar, yet apparently unique shape. 

Thus, to the extent that this analysis summarizes size-independent variation, 
a complex pattern of shape variation exists with no obvious correlates to common 
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FIGURE 32. UPGMA phenogram based on matrix oftaxonomic distances between samples cal- 
culated from locality means for skeletal characters for males. See Fig. 29. 

habitat features and, in some instances, geographic proximity. Although shape 
variation exists, it does not parallel results of the analysis of skin characters, 
implying a degree of independence of these external and internal character suites. 

MANTEL TESTS 

The results of Mantel tests are given in Table 17. The matrix of Rogers' genetic 
distances yielded insignificant t-values when tested against both the GEOG and 
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FIGURE 33. UPGMA phenogram based on the matrix of taxonomic distances calculated from 
locality means for skeletal characters for females. See Fig. 29. 

REGE matrices, lending support to the conclusion that there is no simple geo- 
graphic structure in the genetic distance data. A similar result, albeit qualitative, 
was obtained from inspection of the phenogram (Fig. 4). Furthermore, the matrix 
correlation coefficients, both < 0.10, indicate little in common between matrices. 
Thus, genetic variation is not "explained" by the GEOG or REGE hypothesis 
matrices, which essentially test for an isolation by distance effect. Although I have 
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FIGURœ 34. UPGMA phenogram based on the matrix ofpairwise taxonomic distances constructed 
from locality means which were first divided with the mean cube-root of mass for each site, and then 
transformed to log10. Data were skeletal characters for males. 

not tested other hypotheses, I think that there is no meaningful (e.g., historical 
or ecological) geographic pattern of genetic distances. 

The taxonomic distance matrices, representing both skin and skeletal characters, 
are significantly concordant with geographic distances, a result consistent with 
both an isolation by distance effect, or "regional" geographic patterning (Jones et 
al. 1980), and clinally varying environmental factors. The matrix correlation 
coefficients are 0.43 (skin data) and 0.34 (skeletal data). The taxonomic distance 
matrices, however, are not significantly related to the reciprocal of geographic 
distances (REGE); this suggests a lack of "local" geographic structure, a result 
obtained qualitatively in the foregoing discussion of phenograms. Jones et al. 
(1980) noted that local patterning would result in positive correlation coefficients, 
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TABLE 17 

T-VALUES RESULTING FROM MANTEL TESTS BETWEEN MATRICES OF GEOGRAPHIC 

DISTANCES, RECIPROCAL OF GEOGRAPHIC DISTANCES, ROGERS' GENETIC 
DISTANCES, AND TAXONOMIC DISTANCES FOR SKIN AND SKELETAL DATA. VALUES 

IN PARENTHESES ARE CORRELATION COEFFICIENTS BETWEEN EACH MATRIX 

1 2 3 4 

1. Geographic distance 
2. Reciprocal of geographic distance 
3. Rogers' genetic distance 

4. Taxonomic distance-skins I 

5. Taxonomic distance-skeletons • 

0.41 -0.80 

(0.07) (-0.06) 
4.81' -2.59 

(0.43) (-0.16) 
4.12' -2.74 

(0.34) (-0.16) 

3.02* -- 

(0.34) 
2.10 9.36* 

(0.21) (0.85) 
• Males only. 
* P < 0.0055. 

whereas the skin and skeletal data for Fox Sparrows both show negative r-values. 
Hence, on a fine scale, distances tend to be greater between geographically adjacent 
samples than expected from a linear distance model. 

The pattern of Rogers' genetic distances is significantly concordant with the 
taxonomic distances based on skin characters, but not with those calculated from 
the skeletal data. The significant relationship between genetic and taxonomic 
distances for skins is somewhat surprising, because the genetic distances are ran- 
dom with respect to GEOG and REGE. Therefore, the low but significant cor- 
relation coefficient (0.34) between genetic and morphological data is not attrib- 
utable simply to the geographic distance between sites (an isolation by distance 
effect). The correlation implies that some samples are phenotypically and genet- 
ically more similar than expected (random), although this correspondence does 
not make geographic or ecological "sense." 

The skin and skeletal distance matrices were concordant; a highly significant 
t-value was obtained as well as a high matrix correlation coefficient, 0.85. Therefore, 
although the phenograms produced from these matrices differ (Figs. 29, 32), a 
highly significant pattern is common to both. There might not be a fundamental 
difference between these two suites of characters, which otherwise might be ex- 
pected if external morphological traits are influenced by natural or sexual selection 
differently than aspects of skeletal anatomy. Additional comparisons of variation 
in external and skeletal traits are warranted. 

ENVIRONMENTAL AND MORPHOLOGICAL VARIATION 

Results of canonical correlation analysis for skin and skeletal characters are 
given in Tables 18 and 19. In all four analyses (both sexes for skin and skeletal 
characters), one canonical variable was sufficient to express the dependency be- 
tween the two sets of variables (i.e., the sets of variables are not independent). 
That is, the variation in the morphological data is "explained" by the environ- 
mental variables, and only one axis is necessary. It is then appropriate to examine 
character loadings to discern which variables are most important in each data set; 
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TABLE 18 

CANONICAL VARIABLE LOADINGS OF SKIN AND ENVIRONMENTAL CHARACTERS 

(ABBREVIATIONS DEFINED ON P. 14. THE SIGNIFICANCE OF THE CANONICAL 
CORRELATION IS ASSESSED WITH BARTLETT'S TEST (DIXON 1979) 

Canonical variable I 

Character Males Females 

Morphology 
WINGL 0.716 0.187 
TARSL 0.803 0.739 
HINTL 0.738 0.325 
BILL-1 0.851 0.875 
BILLW 0.873 0.958 
BILLD-1 0.892 0.945 
BILL-2 0.889 0.891 
BILLD-2 0.890 0.976 

Environmental 

ELEV 0.166 -0.142 
LONG 0.052 -0.302 
LATI -0.787 -0.579 
MAYT 0.033 0.122 
MAYX -0.303 -0.156 
MAYM 0.462 0.381 

JUNT 0.250 0.259 
JUNX 0.051 0.277 
JUNM 0.346 0.298 
JULT 0.034 0.046 
JULX -0.253 -0.063 
JULM 0.252 0.147 
APRE -0.040 0.073 
ANPR -0.011 0.394 

Correlation 0.984'** 0.990'* 

***P< 0.001,**P < 0.01. 

the absolute values of the character correlation coefficients are examined. In the 

analysis of skin characters for males, latitude is the most important factor among 
the "environmental" variables. This result indicates that as latitude decreases, 
the skin characters tend to get larger, as reflected by their high positive loadings 
on CV I. For males, MAYX, MAYM, and JUNM have the next highest loadings 
(-0.303, 0.462, and 0.346, respectively); this suggests that as average maximum 
May temperature decreases, and average minimum May and June temperatures 
increase, Fox Sparrows tend to be larger. Growth of nestling Fox Sparrows occurs 
primarily in May and June (Linsdale 1928); and these temperatures might exert 
strong influences on morphology. No simple association emerges from the en- 
vironmental-skeletal comparison (Table 19). 

DISCUSSION 

POPULATION GENETICS OF FOX SPARROWS: 

EMPIRICAL RESULTS AND PATTERNS 

Tabulation of allelic and genotypic frequencies provides an estimate of genetic 
population structure, which allows analyses of evolutionary factors that influence 
the origin and maintenance of genetic variation within and among populations. 
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TABLE 19 

CANONICAL VARIABLE LOADINGS OF SKELETAL AND ENVIRONMENTAL 

CHARACTERS; MEAN VALUES FOR EACH CHARACTER WERE USED FOR EACH SITE. 
FOR BOTH MALES AND FEMALES, THE CANONICAL CORRELATION BETWEEN 

MORPHOLOGICAL AND ENVIRONMENTAL DATA SETS IS 0.999 (P < 0.001); THE 
SIGNIFICANCE OF CANONICAL CORRELATIONS IS ASSESSED WITH BARTLETT'S TEST 

(DIXON 1979) 

Canonical variable I Canonical variable I 

Morphology Males Females Environmental Males Females 

SKULW 0.834 0.429 ELEV -0.114 0.152 
SKULL 0.758 0.500 LONG -0.285 0.252 
CORAL 0.569 0.314 LATI -0.435 -0.707 
SCPEW 0.514 0.272 MAYT 0.054 0.048 
STERL 0.720 0.067 MAYX -0.100 -0.079 
PSYNL 0.733 0.464 MAYM 0.191 0.180 
SYNXW 0.606 0.495 JUNT 0.350 0. I 15 
FEPEW 0.669 0.120 JUNX 0.464 0.079 
FEDEW 0.591 0.480 JUNM 0.396 0.270 
FEMRL 0.753 0.538 JULT -0.105 0.120 
TIBOL 0.732 0.446 JULX -0.089 -0.166 
HTROL 0.724 0.361 JULM 0.089 0.191 
HUMRL 0.770 0.404 APRE -0.063 -0.214 
ULNAL 0.796 0.405 ANPR 0.312 -0.200 
ULPEW 0.731 0.430 

Because of the advantages ofelectrophoretic analysis, an extensive literature exists 
on the empirical genetic structure of vertebrate populations (see reviews in Powell 
1975; Selander 1976; Nevo 1978; Avise and Aquadro 1982; Smith et al. 1982). 
The few published intraspecific surveys of allozyme variation in birds have gen- 
erally considered restricted geographic areas and few population samples and loci 
(Barrowclough 1983). The present study contributes baseline data on genetic 
variation of natural avian populations, as well as providing a molecular perspec- 
tive on the evolution of the Fox Sparrow. 

LEVELS AND THE NATURE OF PROTEIN VARIATION 

WITHIN POPULATIONS 

In the Fox Sparrow levels of polymorphism vary among loci (Table 4). Selander 
(1976) and Johnson (1976) summarized data suggesting that enzymes acting on 
multiple substrates tend to be more polymorphic than substrate-specific enzymes. 
Selander (1976) cautioned, however, that attempts to classify enzymes by this 
criterion (Group I, single physiological substrate, and Group II, multiple substrates 
[see Gillespie and Langley 1974]) were hampered by numerous exceptions. Thorpe 
(1982) cited an unpublished study by Ward showing that variation among loci 
was approximately normally distributed but not bimodally distributed, as pre- 
dicted if molecular evolution at enzyme loci proceeds fast or slow as postulated 
by Sarich (1977). 

Inspection of levels of polymorphism at individual loci (Table 4) does not reveal 
two discrete classes of enzyme loci in the Fox Sparrow. Many Group I enzymes 
(e.g., MDH-1,2; G-6-PDH; 6-PGD; ICD-1,2; GPI; PGM-1,2; and GOT-1,2) are 
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only slightly polymorphic, possibly in accord with the Group I-II dichotomy. 
However, enzymes from both classes I and II are not consistently either mono- 
morphic or highly polymorphic, respectively. Johnson, Zink, and Marten (unpubl. 
data) have found considerable variation among bird species as to which loci are 
polymorphic and to what extent. Although protein polymorphism in birds does 
not appear restricted to a few loci, some loci appear generally to be monomorphic: 
MDH-1,2; ICD-2; CK-1,2; SOD-2; G-6-PDH; GDH; GDA; and general proteins. 
Needed is a synthesis of information about levels of polymorphism at enzyme 
loci in birds, and how these levels compare for the same loci in other groups of 
organisms. 

Average individual heterozygosity in Fox Sparrows, 3.85%, is similar to that 
found for other vertebrates (Selander 1976; Nevo 1978; Avise and Aquadro 1982; 
Baccus et al. 1983), and documents genetic variability. Relative to some small 
mammals (Patton and Feder 1981) and salamanders (e.g., Nevo 1978; Larson 
1980), heterozygosity is low in Fox Sparrows, but it is greater than that observed 
in some large mammals (Ryman et al. 1980), and a few small mammal (Hafner 
et al. 1983) and avian populations (Johnson and Zink 1983). Relative to most 
birds, Fox Sparrows possess average levels of genetic variability (Barrowclough 
1983). 

The nature of within-population genetic variability is of importance (Lewontin 
1974). If the distribution of alleles at enzyme loci is influenced by non-random 
mating or natural selection, the potential to infer some aspects of evolutionary 
history from patterns ofallozyme variation will be reduced. Showing no significant 
departures from Hardy-Weinberg equilibrium predictions are population samples 
of: Fox Sparrows (present study); Yellow-rumped Warblers, Dendroica coronata 
(Barrowclough 1980a); Dark-eyed Juncos, Junco hyemalis (Barrowclough, pers. 
comm.); sapsuckers (Sphyrapicus, Johnson and Zink 1983); several species of 
Empidonax flycatchers (Zink and Johnson 1984); California Gulls, Larus cali- 
fornicus (Zink and Winkler 1983); and several species of quail (Guti6rrez et al. 
1983). Baker et al. (1982), however, reported that a few samples of White-crowned 
Sparrows (Zonotrichia leucophrys) showed significant departures from Hardy- 
Weinberg equilibrium. Corbin (1981) reported that genotypic proportions in his 
samples of Z. leucophrys were not in equilibrium, but he did not present sup- 
porting evidence. Thus, in a diverse array of arian taxa, possibly excluding the 
White-crowned Sparrow, there is little evidence that genetic variation in arian 
populations is affected by inbreeding (see also Greenwood et al. 1978; Koenig and 
Pitelka 1979), genetic drift, non-random mating, and natural selection. 

Barrowclough et al. (1985), Zink and Winkler (1983), and the present study 
have documented, for a wide variety of avian taxa, that the nature of genetic 
variation within populations is consistent with expectations of the Infinite allele- 
Constant mutation rate (IC) model, the simplest of the mutation-random genetic 
drift models of neutral theory (Chakraborty et al. 1980; Kimura 1982). Confir- 
mation of predictions of the IC model demonstrate that certain classes of selection 
models, such as balancing selection, are clearly implausible mechanisms for the 
maintenance of genic polymorphisms within avian populations. For example, 
heterozygote superiority (heterosis or overdominance) would yield a bell-shaped 
distribution, rather than the J-shaped one observed in the avian data (e.g., Fig. 
7). Nei (1983) reached similar conclusions. The consistency with neutral expec- 
tations implies that evolutionary processes might be deduced from allozyme re- 
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sults. For example, reconstructing the historical pattern of population fragmen- 
tation could be compromised if natural selection influenced allele frequencies. 

I point out, as have others (Barrowclough et al. 1985; Kimura 1982; Chakraborty 
et al. 1980), that not all alleles are selectively neutral (e.g., Koehn et al. 1983). 
Instead, the majority of alleles found segregating in natural populations are con- 
sidered, based on the tests of the IC model, to be selectively neutral. That is, the 
differences between the selection coefficients of alternative alleles at a locus are 

negligible relative to the inverse of the effective population size. Therefore, the 
fate of these alleles will be governed by stochastic processes. Certainly, some 
deleterious alleles arise via mutation (or possibly gene flow) and are removed 
from the gene pool by purifying selection. The present discussion refers to alleles 
detected by electrophoresis, and which segregate in populations of Fox Sparrows. 

ENVIRONMENTAL AND PHENOTYPIC CORRELATES OF 

P}•OTEI• V^m^TIO• 

Many authors (e.g., Ayala 1982) have searched for correlations between vari- 
ation at individual loci and environmental factors (e.g., Redfield 1974; Kahler et 
al. 1980; Smith et al. 1983; Schwartz and Armitage 1981; Graves and Somero 
1982; review in Koehn et al. 1983). It would be surprising if one could not find 
some environmental factor that covaried (significantly) with a polymorphic locus; 
Schnell and Selander (1981) make a similar point. For example, I found a sig- 
nificant correlation between elevation and the frequency of the LGG c allele. The 
relationship might even be a cause and effect one, mediated by natural selection 
on protein products produced by the Lgg locus or a locus (loci) linked to it. Also, 
elevation and H are significantly negatively correlated, which might lead one to 
predict that less genetic variation is tolerated at higher elevations. However, 
variation at Lgg contributes significantly to H, and in effect, the number of sig- 
nificant correlation coefficients is approximately what one would expect by chance 
alone. Also, the results over all loci are essentially indistinguishable from selective 
neutrality. Therefore, I conclude that these significant associations between ele- 
vation and H (and Lgg) might be spurious. 

Fleischer et al. (1983) reported a significant relationship between enzyme het- 
erozygosity and morphological variance, and Baker and Fox (1978) reported an 
association between enzyme genotype and behavior (dominance) in the Dark- 
eyed Junco. Thus, natural selection on the phenotype could influence enzyme loci 
whose products contribute directly to behavior or morphological structures or are 
linked to such lod. However, Handford (1980) and Zink et al. (1985) failed to 
find significant associations between variation at enzyme loci and morphological 
traits in birds (including the Fox Sparrow) and Zink and Watt (1987) failed to 
document a heterozygosity-behavior association in several species of emberizid 
sparrows. Future studies of associations between enzyme heterozygosity and phe- 
notypic traits should consider the possibility of obtaining spurious results because 
of multiple comparisons. I suggest that, in general, relatively few alleles found at 
enzyme loci are maintained directly or indirectly by natural selection. 

RELATIONSHIPS AMONG GENETIC CHARACTERISTICS 

OF POPULATIONS 

The analysis (Table 7) of correlations and partial correlations among estimates 
of genetic variation allows evaluation of some predictions. For example, as more 
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individuals in a breeding population are sampled, the number of polymorphic 
loci and alleles per locus should increase (Crow and Kimura 1970) and they do 
(Table 7). Of the significant partial correlation coefficients obtained between het- 
erozygosity and ADA ("d" allele), LGG ("c" allele), POLY95, and NALL, the 
latter two are expected to be significantly correlated with heterozygosity because 
they contribute directly to its magnitude. The analysis revealed that variation at 
ADA and LGG contributes most to interlocality differences in heterozygosity 
(approximately 2-5% ), not the most highly polymorphic locus (LA-2). However, 
there were no apparent adaptive explanations for the nature of geographic vari- 
ation in levels of polymorphism at ADA and LGG. Variation among samples in 
the number of loci polymorphic at the 99% criterion is mainly attributable to the 
occurrence of rare alleles, a phenomenon dependent on sample size, and conse- 
quently the insignificant partial correlation coefficient between POLY99 and H 
(r-- 0.44) is expected. Most of the other significant correlation or partial correlation 
coefficients are in accord with population genetic expectations (e.g., Crow and 
Kimura 1970). Somewhat unexpectedly, the significant negative correlation and 
partial correlation coefficients for LGG with H, POLY99, POLY95, and NALL 
imply that variation at LGG is an important determinant of among-site variation 
in these composite measures of genetic variation. Inspection of the geographic 
pattern of variation at LGG reveals no simple pattern of variation, however. 

The purpose of the preceding exercise is to compare the observed and expected 
patterns of genetic variation within and among population samples (see also Smith 
et al. 1983). Such an analysis has not been previously performed for data on 
protein variation in avian populations. The finding of conformance of electro- 
morph patterns to population genetic predictions lends confidence to the genetic 
interpretation of these data and their suitability for evolutionary analysis. 

GENETIC VARIATION AND ITS RELATIONSHIP TO 

POPULATION DEMOGRAPHY AND 

SUBSPECIES DISTRIBUTIONS 

Many aspects of population demography might influence genetic variation. 
Avise and Selander (1972), Soul6 (1976), Schmitt (1978), Yeh and Layton (1979), 
Shumaker and Babble (1980), Kilpatrick (1981), and McClenaghan and Gaines 
(1981) proposed that insular or isolated continental populations should show 
reduced levels of variability and potentially be genetically divergent because of 
drift in small populations and inbreeding. Isolated Fox Sparrow breeding sites, 
and those of low density (Table 1), show no reduction in H nor are they genetically 
divergent. This suggests-that current conditions of population size and fragmen- 
tation have not prevailed historically (Nei et al. 1975). 

Corbin (1981) postulated that boundaries between subspecies might be coin- 
cident with zones of increased heterozygosity. However, this hypothesis is plau- 
sible only if subspecies are genetically differentiated prior to secondary contact, 
an improbable condition for Fox Sparrows of the Schistacea group. Nonetheless, 
if subspecies have independent evolutionary histories and have differentiated 
genetically at loci not surveyed here, secondary contact between them might cause 
increased heterozygosity because of, for example, differential response to habitat 
ecotones, selection for new allelic combinations, or disassociation of coadapted 
multi-locus genotypes. It is apparent from .Table 5 and Figure 2 that H neither 
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tends to increase nor decrease at subspecies boundaries. Even ifsubspecific bound- 
aries are ignored, there are no apparent zones of increased heterozygosity that 
might signify a boundary between previously unrecognized evolutionary units or 
subspecies. 

LEVELS AND PATTERNS OF GENETIC VARIATION 

AMONG POPULATIONS 

Given that populations of Fox Sparrows possess genetic variation, an item of 
evolutionary interest is the amount of genetic variance distributed among samples. 
Typically, differentiation is measured by computing genetic distances or F-sta- 
tistics (Wright 1965, 1978), both measures of an among-locality component of 
genetic variation. The amount of genetic variation among sites due to subdivision 
and drift (FsT; assuming neutrality of alleles) is 1.35%. This value is typical of 
those observed for other arian populations (generally < 5%), but lower than those 
found for many other vertebrates (see reviews in Selander and Kaufman 1975 
and Barrowclough 1983). However, few FsT values exist for avian populations 
(reviewed in Barrowclough 1983). Recent surveys, not included in Barrowclough's 
summary, by Fleischer (1983), Zink and Winkler (1983), Johnson and Zink (1983), 
Johnson, Zink and Marten (unpubl. data), and Zink et al. (1987) corroborate the 
generally low values of FsT. 

Baker et al. (1982) reported significant genetic heterogeneity in the White- 
crowned Sparrow along a linear series of song dialects spanning only 30 km in 
coastal California. They (Baker et al. 1982, 1984) argued that song dialects acted 
as barriers to gene flow and promoted genetic divergence among dialect groups. 
This is an important claim, as it implies a locally highly subdivided population 
structure (Zink 1985a), an atypical result of surveys of genetic population structure 
in birds. Zink and Barrowclough (1984) concluded that the allozyme data of Baker 
et al. (1982) yielded an equally plausible fit with an isolation by distance model, 
and that dialect populations are not discrete, genetically defined entities whose 
geographical limits correspond to dialect boundaries. However, over a short geo- 
graphical span, these samples of White-crowned Sparrows exhibit more genetic 
heterogeneity (FsT = 4.2%) than do Fox Sparrows over a much broader region 
(e.g., FsT = 1.35%). More surveys ofavian species with and without song dialects, 
and over broad geographic regions, are required to evaluate the evolutionary 
consequences of song dialects (see also Hafner and Petersen 1985). At present, it 
is not possible to conclude that song dialects cause or maintain genetic differen- 
tiation among populations (Zink 1985a). 

Because the genetic structure of populations is related to evolutionary processes 
(Wright 1978), considerable attention has focused on estimating FsT values in 
non-arian vertebrates; some studies are mentioned here to provide a perspective 
on the arian results. Larson (1980) reported an FsT value of 0.47 for population 
samples (including geographic isolates) of Aneides fiavipunctatus taken in the 
northern and western halves of California. Larson and Highton (1978) reported 
an FsT of 0.74 in another salamander (Plethodon dorsalis). Studies of mammals 
have shown both high (e.g., Johnson and Selander 1971; Kilpatrick and Zimmer- 
man 1975; Patton and Feder 1981; Zimmerman and Gayden 1981) and low (e.g., 
Nozawa et al. 1975; Dew and Kennedy 1980; Ryman et al. 1980; Honeycutt et 
al. 1981; Chesser 1983) values ofFsT. Sites and Greenbaum (1983) reported what 
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they considered to be one of the lowest FsT values observed for a vertebrate (a 
lizard), 0.099. However, Avise and Aquadro (1982) and Barrowclough (1983) 
summarized several lower values. These few examples illustrate the levels of 
population subdivision observed in some terrestrial vertebrates (excluding bats). 
Of greater importance is the fact that for most vertebrate groups a range of 
population subdivision is known. Rarely are the values for a given taxonomic 
group consistently less than 0.05 (Barrowclough 1983). Birds as a group seem 
typified by possessing a low among-deme component of genetic variation. How- 
ever, more avian populations need to be surveyed. 

Avise and Aquadro (1982) and Aquadro and Avise (1982) have shown that 
biases because of different loci surveyed, and different laboratory conditions, such 
as sequential electrophoresis, do not account for the different levels of variation 
found in vertebrates in general, and the low level in birds in particular. Thus, the 
low degree of population subdivision in birds is not artifactual. 

In general, comparisons of genetic distances among taxa agree with FsT analyses. 
Low genetic distances were found among Fox Sparrow populations, the average 
being less than 0.002. The largest genetic distance observed between any pair of 
taxa is <0.004. Typically genetic distances between conspecific avian populations 
are < 0.02 (Barrowclough 1980a), in spite of distances of hundreds of kilometers 
separating some samples. Values for comparisons among populations of non- 
avian taxa usually are an order of magnitude greater (Powell 1975; Nevo 1978; 
Avise and Aquadro 1982; but see Winans 1980; Dew and Kennedy 1980; Guiles 
and Ledig 1982) than those observed for birds (Avise 1983; Barrowclough 1980a; 
Barrowclough et al. 1981). 

Low genetic distances among taxa might result from a low level of genetic 
variation in the ancestral population. If it possessed low heterozygosity, then the 
descendant population would inherit much the same heterozygosity (Soul6 1976) 
and variation necessary for rapid genetic divergence would be lacking. If hetero- 
zygosity is moderate or high, and bottlenecks accompany divergence (or specia- 
tion), genetic distance between sister taxa could increase rapidly because of fixation 
of different alleles that were segregating in the ancestral population (Chakraborty 
and Nei 1977). Because of reasonable levels of H and low genetic distances among 
populations of Fox Sparrows, severe bottlenecks in population size have probably 
not been historically commonplace (Nei et al. 1975). Also, because other verte- 
brate groups with H values similar to birds exhibit higher genetic distances (Avise 
and Aquadro 1982), it seems unlikely that low levels of heterozygosity would 
account for the lack of differentiation among avian conspecific populations. 

In the Fox Sparrow, the absence of geographic patterns of variation either at 
single loci or over all loci is not necessarily unexpected. First, surveys of intra- 
specific genetic variation in birds often detect only weak patterns (e.g., Johnson 
and Zink 1983). I caution, however, that this conclusion is based on surveys of 
mostly temperate oscines. Preliminary results from surveys ofneotropical lowland 
forest birds indicate higher levels of differentiation (A. Capparella, unpubl. data). 
The low level of genetic variance partitioned among populations does not seem 
restricted to passerines, however. Zink and Winkler (1983) and Zink et al. (1987) 
found low levels of genetic variation among population samples of California 
Gulls and California Quail (Callipepla californica), respectively. Second, the av- 
erage genetic distance between most avian congeneric species is very low; there- 
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fore, one should not expect substantial differences within species, such as those 
often observed in mammals and salamanders (Barrowclough 1983). 

In summary, significant geographic variation was detected at at least one locus 
(SOD-l), although patterns of variation at individual loci were not concordant. 
One could not discover the geographic location of the breeding deme of an in- 
dividual Fox Sparrow solely from genetic characterization of its enzyme loci. 
Examination offs. values and genetic distances further reveals either an absence 
or very low level of differentiation. Discriminating among the potential causes of 
this among-population homogeneity is a high priority for future study (Avise 
1983); some possible explanations are considered below. 

POPULATION GENETICS OF FOX SPARROWS: 

INFERENCE OF PROCESSES 

Patterns of allozyme variation can be used to infer the pattern of evolutionary 
history of populations or species (Wilson et al. 1977; Felsenstein 1982). In general, 
genetic similarity decays as a function of time since two populations last shared 
a common gene pool. Thus, a matrix of intertaxon genetic distances could be 
used to reconstruct both the spatial and temporal history of populations or species. 
Considerable debate continues over the existence and properties of a molecular 
clock (Radinsky 1978; Sarich and Cronin 1980; Vawter et al. 1980; Korey 1981; 
Lessios 1981; Avise and Aquadro 1982; Thorpe 1982). These debates mostly 
concern the empirical calibration of the clock for individual groups and whether 
one must calibrate each part of the genome separately (Britten 1986). For example, 
several different electrophoretic clocks have been used for vertebrates (Avise and 
Aquadro 1982) and caution must be used in their interpretation. Nonetheless, 
most molecular evolutionists would agree that genetic similarity decays with time. 
Therefore, taxa with no or few genetic differences must be, on average, relatively 
recently diverged from a common ancestor. 

At first glance, the near absence of genetic differences among Fox Sparrow 
samples could be interpreted to mean that the allozyme data set cannot aid in 
understanding the spatial and temporal history of populations. Here I evaluate 
four hypotheses that are consistent with a lack of genetic differences among mor- 
phologically and ecologically differentiated populations of the Fox Sparrow. It is 
my contention that although few genetic differences were detected, the data never- 
theless contribute to understanding aspects of the evolution of the Fox Sparrow. 

RECENCY OF COMMON ANCESTRY 

An earlier analysis showed that the Fox Sparrow has probably been evolving 
independently since the late Pliocene (Zink 1982). Nonetheless, extant subspecies 
of Fox Sparrows might have been recently a part of an undifferentiated taxon, 
and sufficient time might not have elapsed to allow for genetic differentiation (see 
also Curies and Ledig 1982); that is, rates of genetic and morphologic change 
might differ (see Lewontin 1984). Chaparral, possibly suitable for Fox Sparrows, 
was present in the Great Basin, Arizona, and southern California in the Pliocene 
(Axelrod 1977, 1979). These habitat conditions might have allowed, relative to 
the current situation, a more extensive, less fragmented distribution of Fox Spar- 
rows. The chaparral environments in the Great Basin were probably eliminated 
by the uplift of the Sierra Nevada in the late Pliocene, resulting in a lowering of 
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winter temperatures (Axelrod 1958). By the late Pliocene much of central and 
southern California was covered by sea (Smith 1979), with isolated land areas in 
southern California, such as the Transverse Range, possibly serving as a refugium. 
Thus, it is possible that the Pliocene distribution of the Fox Sparrow was not 
highly fragmented, albeit of reduced extent in southern California. If populations 
were isolated in the Great Basin and more westerly regions, no traces of genetic 
differentiation were detected that might be attributed to such isolation. 

Climatic fluctuations doubtless altered the breeding distribution of Fox Spar- 
rows or their ancestors during glacial periods. As recently as 20,000 years ago, 
much of the present breeding range of megarhyncha south of Lassen Peak was 
ice-covered (Hill 1975). The ice cap, more than 160 km long and 65 km wide, 
reached a thickness of !,200 m in some valleys, and the firn line extended to 600 
m on the west slope of the Sierra Nevada foothills along river drainages. Breeding 
habitats were presumably displaced to lower elevations in the southern Central 
Valley, probably at several points in time during the Pleistocene, concomitant 
with the advance and retreat of glaciers (Hill ! 975). As a result, populations might 
have existed in a few, relatively uniform patches of habitat from which colonists 
emigrated as the glaciers melted, resulting in the modern distribution and the 
observed genetic homogeneity. Perhaps there was a single large "refugium." 

In the Great Basin, numerous large lakes occurred at the height of Pleistocene 
glacial run-off (Snyder et al. 1964), and it is likely that riparian habitats were 
considerably more widespread and at lower elevations than at present, in asso- 
ciation with these lakes and drainage systems. The current Great Basin breeding 
distribution of Fox Sparrows is probably a relict one, resulting from an altitudinal 
retreat to high-elevation riparian habitats as the Great Basin dried out. Thus, a 
recent, more widespread gene pool seems likely for Fox Sparrows from the Great 
Basin. 

In summary, homogeneity of allelic frequencies could be a result of Fox Spar- 
rows occupying a less fragmented range in the near past, with insufficient time 
for selection to sort out alternative alleles or genetic drift to operate (Nei et al. 
1975). 

GENE FLOW AND EFFECTIVE POPULATION SIZE 

Gene flow in the White-crowned Sparrow appears to be high (Petrinovich et 
al. 1981; Payne 1981; Zink 1985a), as it does for birds in general (Barrowclough 
1980b; Zink and Remsen, in press). Slatkin's (1981) method applied to allelic 
frequency data for Fox Sparrows suggests substantial gene flow. However, Slatkin's 
model assumes that the populations are in genetic and demographic equilibrium, 
which might not be the case for the Fox Sparrow, if it only recently underwent 
range expansion. Because of the important implications of a high level of gene 
flow, the assumptions of Slatkin's method will be considered briefly. An obvious 
alternative to high levels ofgene flow is retention of ancestral allelic states (Slatkin 
terms this the "radiation model"). If Fox Sparrows only recently colonized the 
present range (see above), high gene flow would not be necessary to explain current 
genetic homogeneity. 

The Fox Sparrow is a "weedy" species that invades new patches of chaparral 
probably as soon as suitable. A high rate of gene flow is a potential cause of 
geographic homogeneity of allelic frequencies, as suggested from analysis of the 
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spatial distribution of rare alleles. However, a hypothesis of recency of common 
ancestry is difficult to eliminate and might not be mutually exclusive. Slatkin 
(1981) considered unlikely the hypothesis of recent ancestry in situations in which 
the same, low frequency alleles occur in several demes. Unless populations were 
only recently isolated (and not in demographic and genetic equilibrium), homol- 
ogous, low frequency alldes should be lost by genetic drift unless they are trans- 
mitted among sites by gene flow. That is, when populations reach equilibrium, 
segregating low-frequency alleles are those that arose in situ, subsequent to the 
fragmentation of the ancestral population. 

Slatkin (1981) also considered if a balance between selection and mutation, 
operating independently in each deme, could produce a curve mimicking a specific 
pattern of gene flow, when in fact gene flow was very low or non-existent. Slatkin 
showed that this model is also improbable, because if the demes are independent, 
it would be unlikely to find the same allele in low frequency in many demes. Yet 
this is found in the Fox Sparrow and other species with high apparent rates of 
gene flow. Thus, apart from a very recent colonization episode effecting current 
distributions and genetic patterns (i.e., genetic and demographic non-equilibrium; 
Slatkin 1985a, b), gene flow appears high in the Fox Sparrow. As conditions of 
high gene flow, (a) gene flow must be high enough to ensure the dispersal of 
individuals carrying rare alleles, and (b) there cannot be a bias in dispersal tendency 
of individuals with rare alleles, and (c) the assumptions of Slatkin's (1981) model 
must be met. 

Using a different method of analysis, Barrowclough (1980b) concluded that 
avian populations had relatively high rates of gene flow and high effective pop- 
ulation sizes. For example, Barrowclough (1980b) estimated a value ofNe = 7,679 
for the House Wren (Troglodytes aedon). Based on my field experience, I believe 
that Fox Sparrows can occur in population densities equal to those of House 
Wrens, and might have a similar population structure and effective population 
size. Kimura (1982) noted that at steady state (equilibrium), the origin of neutral 
alldes via mutation is balanced by random extinction, allowing prediction of the 
average heterozygosity per gene locus as He = 1 - 1/(1 + 8Nev)% where v is the 
mutation rate and Ne the effective population size. This formula, called the "step- 
wise mutation model" (Ohta and Kimura 1973) is considered most appropriate 
for allelic variants detected by electrophoresis. Of course, estimates of Ne and v 
are rarely empirically determined, and I used a value of 8,000 for Ne (Barrowclough 
1980b) and 10 -6 for v (Kimura 1982). The predicted heterozygosity using these 
parameters, 3.05%, is very similar to that obtained in the electrophoretic estimates. 
The robustness of this estimate is dependent on values of Ne and v. If v • 10 -7, 
He • 0.003, a value differing by an order of magnitude from the observed het- 
erozygosity. However, it is possible that the above estimates of Ne and v are of 
the correct magnitude. Thus, both high rates of gene flow and large effective 
population sizes could inhibit genetic differentiation among populations. 

RATES OF MOLECULAR EVOLUTION 

Many authors have noted the reduced level of genetic differentiation among 
avian taxa (Barrowclough 1980a; Barrowclough and Corbin 1978; Arise et al. 
1980a, b, c; Barrowclough et al. 1981; Zink 1982; Guti6rrez et al. 1983), relative 
to comparable taxonomic ranks in other vertebrates. Avise and Aquadro (1982) 
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suggested that the relatively high arian body temperature might prevent incor- 
poration of new alleles. Another explanation advanced to account for this obser- 
vation is that the arian molecular clock "ticks" at a relatively slow rate (Prager 
et al. 1974; Prager and Wilson 1975; Arise et al. 1980c). Sibley and Ahlquist 
(1982) criticized this view and suggested that the apparent slowdown in arian 
molecular evolution was attributable to the "oversplit" nature of avian taxa. 
Avise et al. (1980c), Avise and Aquadro (1982), Zink (1982), and Gutitrrez et al. 
(1983) point out that the phenomenon of reduced genetic variation is apparent 
at the species level. Because species limits seem well defined for birds, Sibley and 
Ahlquist's (1982) point of taxonomic inequality across vertebrates might be true 
in comparisons of genera and families, but not at the level of species and, as 
shown here, in local populations. 

Avise and Aquadro (1982) and Avise (1983) examined the distribution of 
genetic distances in vertebrates and advanced several hypotheses to account for 
the wide variability in genetic distances. They focused on arian results but could 
find no compelling evidence for low arian inter-taxon distances other than a 
slowdown in rate of molecular divergence. However, the actual ages of arian taxa 
are usually unknown. Few independent geological criteria have been used to 
calibrate an electrophoretic clock and a variety of calibrations have been em- 
ployed. Concerning the New World wood-warblers (Parulinae), Avise et al. (1980c) 
and Avise and Aquadro (1982) noted that ifMengel's (1964) scenario were correct, 
wood-warbler species would be on the average two million years old. Given the 
low average genetic distance among wood-warblers (Avise et al. 1980c), this would 
indicate a slow rate of change, namely that 1 unit of Nei's D would require 25 
million years to accrue. Gutierrez et al. (1983) calibrated an electrophoretic clock 
for some galliform birds, and they reported that 1 unit ofNei's D -- 26.3 million 
years. These values are among the slowest reported for vertebrates. Therefore, 
the arian molecular clock might indeed "tick" at a slow rate (see also Thorpe 
1982). However, these calibrations are subject to considerable error, because of 
uncertainty of timing of cladogenetic events, and are only rough estimates. Also, 
because of problems in calibrating genetic distances in situations of recent evo- 
lutionary divergence (Corruccini et al. 1980; Korey 1981), I do not convert genetic 
distances for Fox Sparrows into estimates of absolute time. 

Slow molecular change, via lower mutation rates, could account for the low 
genetic distances among Fox Sparrow populations. However, a valid test of rates 
of molecular evolution would require comparison of genetic differentiation in taxa 
separated by the same geological (vicariant) events. Factors such as gene flow 
across barriers and effective population sizes must be equivalent. For example, a 
relict salamander in the Inyo Mountains of California has undergone considerable 
genetic differentiation (Marlow et al. 1981; Yanev and Wake 1981), whereas 
isolated populations of Fox Sparrows on similar mountaintops are not genetically 
distinct. Disjunct populations of gophers are also genetically divergent (Zimmer- 
man and Gayden 1981). However, gophers and salamanders are far less vagile 
than Fox Sparrows, and probably have different population sizes and histories of 
population bottlenecks. These contrasts illustrate the types of factors that would 
need to be controlled for if one were testing the molecular slowdown hypothesis. 
Hence, a hypothesis of slower rates of arian molecular evolution is tenable but 
unproven. At the molecular level it will be informative to compare rates of 
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substitutions in coding and noncoding regions of DNA. The slowdown should be 
apparent in both regions. Such comparisons would clarify if the arian molecular 
conservatism is only in functional regions of DNA; if so, it might support the 
body-temperature hypothesis of Arise and Aquadro (1982). 

NATURAL SELECTION 

Uniform stabilizing selection could prevent genetic divergence among popu- 
lations. Although at each locus the same allele was most frequent in all samples, 
tests of the IC model suggested that alleles segregating at enzyme loci are selectively 
neutral in two of three samples examined (Fig. 7; Barrowclough et al. 1985). 
Because of a lack of complete correspondence with selective neutrality in the Fox 
Sparrow (the only exception in 24 avian demes tested by Barrowclough et al. 
[1985]), natural selection might influence the geography of genetic variation in 
the Fox Sparrow. Ohta's (1976, 1977) mutation-slightly deleterious model does 
predict a J- or U-shaped distribution, but with a constant excess of rare alleles. 
This phenomenon deserves further study because rare alleles might be more 
common in birds, including the Fox Sparrow, than predicted by neutral theory 
(Barrowclough et al. 1985). However, even Ohta's model would not necessarily 
predict intense purifying selection needed to maintain the same allele in Fox 
Sparrow populations separated by 1,000 km and different habitats. As discussed 
above, I think it most likely that natural selection does not influence the main- 
tenance of genetic polymorphisms in Fox Sparrow populations. 

Implied under the hypothesis of selective neutrality of alldes at enzyme loci is 
that these loci might not be those most responsible for evolutionary change (e.g., 
Lewontin 1974; Wilson 1976). Dover (1982), Rose and Doolittle (1982), and 
Kidwell (1983) suggest that the genetic changes important in adaptation and in 
speciation and evolutionary divergence might not occur at structural gene loci. 
Instead, regulatory genes and/or structural genes under strong selection might 
drive organismal evolution. Thus, the set of genetic loci surveyed here might be 
biased in the sense that they do not include the genes important in determining 
variation in morphological dimensions and adaptation to different ecological en- 
vironments (Fleischer et al. 1983; Handford 1980; Zink et al. 1985). It is important 
to recall that a goal of my electrophoretic analysis is to estimate the history of 
the fragmentation of populations. Estimation of this history is facilitated by access 
to characters that are not under selection. That is, the goal is not to study the 
genetic basis of bill size variation (itself an interesting problem); instead one desires 
a genealogical, or genetic framework upon which to examine patterns of mor- 
phological variation. Thus, the lack of differentiation observed among population 
samples of Fox Sparrows does provide information about their evolutionary his- 
tory. 

SUMMARY 

Little or no protein differentiation was detected among ecologically, morpho- 
logically, and geographically diverse samples of Fox Sparrows. I believe that the 
analyses of this "nondivergence" indicate that either populations are recently 
derived from a common ancestral gene pool or gene flow is currently high, or 
both. The genetic basis of phenotypic differences might not be reflected at enzyme 
loci, the alleles at which are selectively neutral. Nonetheless, the observed genetic 
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similarity provides an important perspective on Fox Sparrow evolutionary his- 
tory--phenotypic differences might not have a genetic basis, might have only a 
minor genetic basis, and/or their rate of evolution might be very rapid. Whether 
they are right or wrong, investigation of these ideas stands to contribute infor- 
marion about evolutionary factors that influence geographic variation in birds. 

MORPHOLOGICAL VARIATION 

As Johnson (1980) noted, analyses of intraspecific morphological variation in 
birds have contributed information about hybridization, reproductive isolating 
mechanisms, rapid adaptive evolution, and speciation. The objectives of the 
present morphometric analysis of geographic variation are to document (1) levels 
of character variation, (2) the nature and patterns of character variation, (3) 
patterns ofphenetic similarity among population samples, (4) patterns of size and 
shape, and (5) ecological and environmental correlates of variation. A primary 
goal of(3) was to determine if discrete groups of samples existed, morphologically 
uniform intra se, for which an estimate of evolutionary history could be formu- 
lated. Such groups might correspond to evolutionary units (Cracraft 1983; Zink 
and Remsen, in press). 

LEVELS OF CHARACTER VARIATION: SYSTEMATIC AND 
ECOLOGICAL CONSIDERATIONS 

Several studies have examined levels of character variation (e.g., Sokal and 
Brauman 1980; Bird et al. 1981). Variability is necessary before natural selection 
(or drift) can produce change, in the classical, microevolutionary sense (Mayr 
1963, 1970). Of course, other mechanisms, such as developmental shifts, allow 
evolutionary change in morphology without pre-existing, normally distributed 
character variation (e.g., Gould 1977; West-Eberhard 1986). Simpson (1944) sug- 
gested that a character with low variability within a population might yield rel- 
atively high fitness, which implies that stabilizing selection constrains or canalizes 
the range of phenotypic expression of the character (Via and Lande 1985). Bird 
et al. (1981) noted that variation in character CVs could reflect differences in 
fitness. 

Because Fox Sparrows exhibit extreme inter-locality variation, it is of interest 
to determine if intra-populational levels differ from birds which both do and do 
not exhibit geographic variation. In addition, identification of characters or suites 
of characters with low variability might indicate important fitness traits. Table 
20 provides CVs for samples of birds taken in continental portions of their dis- 
tributions. Johnson (1980) provided further data, and Grant (1979a, b) and Power 
(1983) contrasted levels of character variability in island and mainland popula- 
tions of birds. 

CVs for skin and skeletal characters are usually < 10%. In my brief review of 
the literature, there is some indication that bill and leg/foot characters show more 
variability than wing and tail characters, basically the same pattern noted by 
Rothstein (1973) and Johnson (1980). However, beyond these generalities, few 
consistent patterns emerge. In Table 20, CVs are compared for skin measurements 
for my sample of all male Fox Sparrows (combined), and from seven relatively 
large samples from geographically and ecologically different sites (WHIT, BERN, 
SHAV, SHAS, TAHW, ODEL, BLAC). In general, bill characters and length of 
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TABLE 20 

SUMMARY OF COEFFICIENTS OF VARIATION FOR SEVERAL SPECIES OF PASSERnqE 

BIRDS, AND FOR SEVEN SAMPLES (Rows 12-18 BELOW) OF FOX SPARROWS; THE 
OVERALL MEAN INTRA-POPULATIONAL CV FOR FOX SPARROWS IS ALSO GIVEN 

(Row 11). VALUES FROM THE FIRST 10 STUDIES WERE CALCULATED FROM THE 
LARGEST SAMPLES REPORTED IN THE ORIGINAL PAPER 

Species Bill length Bill width Bill depth Wing length Tarsus length Toe length 

Acridotheres tristus • 4.91 4.04 4.34 2.59 3.30 4.86 
Icterus galbula 2 4.77 -- -- 2.16 3.68 -- 
Melospiza melodia 3 4.25 3.58 2.84 2.14 2.77 -- 
Melospiza melodia 4 4.38 -- 3.61 3.10 2.81 -- 
Agelaiusphoeniceus 5 3.40 -- 4.60 2.76 4.25 -- 
Parus caerulescens • 5.00 3.77 4.86 3.70 3.70 -- 

P. gambeli 7 5.56 7.28 7.64 3.59 -- -- 
Campylorhynchusgularis 8 5.13 4.60 3.60 1.97 3.19 4.64 
Carpodacus mexicanus 9 4.32 3.21 3.97 2.28 3.53 4.32 
Passer domesticus •ø 3.79 3.43 -- 1.88 3.62 -- 
Passerella iliaca • 4.90 3.70 4.40 3.20 3.00 4.60 
P. iliaca •2 6.52 5.84 5.85 3.18 3.33 5.83 
P. iliaca t3 4.74 3.42 3.11 3.23 2.33 4.98 
P. iliaca •4 3.83 3.19 4.51 2.85 2.87 5.68 
P. iliaca •5 3.33 3.74 3.13 4.24 2.37 3.73 
P. iliaca •6 3.19 3.21 3.70 2.82 3.46 4.49 
P. iliaca •7 5.35 5.14 5.57 3.06 3.62 4.70 
P. iliaca •a 4.68 2.45 3.24 3.35 2.75 5.09 

Baker and Moeed (1979). 2 Rising (1970). 3 Smith and Zach (1979). 4 Dickerman (1961). • Howe et al. (1977). • Grant (1979a). 
Behle (1956). a Selander (1964). 9 Power (1983). •0 Selander and Johnston (1967). • Present study, means. •2 White Mountains. t3 Black 

But•. •40del Butte. • Mr. Shasta. • Lake Tahoe. • Shaver Lake. • San Bernardino Mountains. 

the hind toe plus claw are more variable than wing and tarsus lengths, although 
levels of variability differ between sites. For example, the CV for bill length ranges 
from 6.52% (WHIT) to 3.19% (TAHW). The other bill characters show similar 
variation among sites, whereas levels of variability in wing and tarsus lengths are 
fairy uniform among sites. No consistent geographic patterns, such as a cline in 
CV-values, are apparent in character variability; this parallels the results obtained 
by Selander and Johnston (1967) for House Sparrows. 

CVs for the skeletal characters (Table 21) are <5%. There is no compelling 
evidence that any particular body region is relatively more variable, with the 
possible exception of wing characters (HUMRL, ULNAL, ULPEW). As found 
for skin characters, differences exist in levels of variability among samples. For 
example, CV-values computed for PSYNL, FEDEW, SCPEW, and SKULL each 
differ by up to 2.5% among sites. Geographically isolated samples, such as BERN, 
do not show either more or less variability (e.g., compare value for characters at 
BERN to overall means). The WHIT sample, from the Great Basin, similarly 
shows no consistent departures from the overall means. Thus, there is no con- 
sistent pattern of variation in CVs for skeletal characters that might correspond 
to ecological (e.g., chaparral versus riparian) or environmental factors; no clines 
in CVs are evident. 

Few avian studies have examined intra- and inter-populational variation in 
skeletal characters, so a detailed comparison of Fox Sparrows and other species 
is not possible. In Table 21, a few CVs from a study of House Sparrows are 
provided, and these are in the range of those found for Fox Sparrows. 
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TABLE 21 

COEFFICIENTS OF VARIATION COMPUTED FOR ALL INDIVIDUAL Fox SPARROWS, 
AND SEVEN INDIVIDUAL SAMPLES. ALSO SHOWN ARE VALUES FOR NORTH 

AMERICAN HOUSE SPARROWS. CHARACTER AND LOCALITY CODES ARE DEFINED 
oN P. 13 AN• A•p•DIX I 

Passer 
dornesti- 

Character WHIT BLAC ODEL SHAS TAHW SHAV BERN Mean cus • 

SKULW 3.39 2.65 1.73 2.19 2.64 2.11 2.00 2.30 -- 
SKULL 5.34 4.05 4.76 3.27 2.93 4.11 4.30 4.20 1.80 
CORAL 2.69 2.63 3.26 2.85 3.31 3.37 2.53 2.70 -- 
SCPEW 5.02 4.88 4.15 3.28 4.42 5.62 5.00 4.40 -- 
STERL 2.43 3.29 3.17 2.97 4.27 4.98 3.06 3.10 2.84 
PSYNL 5.55 5.21 7.44 3.85 5.14 4.90 4.36 5.60 -- 
SYNXW 2.97 3.53 2.88 3.19 3.93 3.06 2.32 2.70 -- 
FEPEW 3.12 3.87 3.02 2.70 3.42 3.08 2.98 3.20 -- 
FEDEW 3.95 2.47 6.63 3.41 6.40 5.73 3.99 4.10 -- 
FEMRL 2.29 2.10 2.08 1.95 1.71 2.57 1.97 2.20 2.93 
TIBOL 2.08 2.32 2.10 2.55 2.39 2.55 2.37 2.30 2.88 
HTROL 4.38 2.80 2.13 2.92 2.66 3.00 3.40 3.00 -- 
HUMRL 1.89 2.06 2.03 2.32 1.54 2.94 1.64 2.00 2.46 
ULNAL 1.65 1.94 1.95 2.29 2.24 3.18 1.77 2.20 2.46 
ULPEW 2.51 3.12 2.09 2.87 1.86 2.66 1.88 2.44 -- 

Johnston and Selander ( 1971). 

Three aspects of intra-populational character variability are emphasized here. 
First, character variability in Fox Sparrows is consistently neither more nor less 
than that found in a variety of birds (Table 20). Second, CVs are < 10% for all 
characters, with bill characters showing the most variation relative to wing and 
mrsus length. Third, variation in levels of variability among sites might be rela- 
tively great in Fox Sparrows; that is, differences among sites can exceed inter- 
specific differences (Table 20). Because the mean CV-value (over all individuals) 
might be misleading, analysis of patterns in populational CV-values should be 
pursued. 

Numerous authors have examined morphological variability and searched for 
adaptive explanations for among-site differences (e.g., Van Valen 1965; Soul6 and 
Stewart 1970; Rothstein 1973; Hamilton and Johnston 1978; Grant 1979a; Power 
1983). Some of these studies have correlated increased character variability with 
increasing niche breadth within populations, whereas others (e.g., Schoener 1970) 
have proposed that morphological variability is attributable to interspecific com- 
petition. Grant (1979a) evaluated character variability in Blue Tits (Parus caeru- 
lescens) taken from islands and mainlands and in the presence or absence of a 
congener. He concluded both that morphological variability increased in the ab- 
sence of a congener (presumed competitor) and that phenotypic trends were also 
a part of broad-scale clinal variation, which he attributed as response to envi- 
ronmental factors. 

Both within and among Fox Sparrow populations, bill characters tend to be 
more variable than skeletal and other external characteristics, excluding the length 
of the hind toe plus claw. Both bill and hind toe plus claw are probably subject 
to the effects of abrasion, and, therefore, some of the increased variance could be 
nongenetic and simply attributable to wear. Another interpretation of increased 
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bill variability is that within the observed range of bill sizes and shapes, bills do 
not differ in selective value. An alternative, food-related hypothesis is tenable. 
Diets show annual variation, from primarily insects in the breeding season to 
vegetable matter in winter (Linsdale 1928; pers. obs.). Winter densities of Fox 
Sparrows are high because birds (including young) from several distinct breeding 
areas winter syntopically, in an area of lesser extent than the combined sum of 
their breeding areas. Morphological structures associated with foraging might be 
subjected to selective pressures for minimizing competitive interactions and ex- 
ploiting a variable set of resources over the annual cycle, hence, greater intra- 
populational variability in bill dimensions. Of course, it is unclear why other 
characters require less variability to cope with annual habitat and diet variation. 
Simpson (1944) suggested that increased variation is evident in traits that are less 
important for fitness. Study of the association between prey size and type and bill 
size in the Fox Sparrow is needed for the annual cycle. Bill characteristics are 
heritable in Song Sparrows (Schluter and Smith 1986), indicating the potential to 
respond adaptively by natural selection. It would be of value to document her- 
itability and fitness consequences of bill size variation in the Fox Sparrow, because 
this would clarify if bill size variation has an adaptive basis. 

As alluded to by Grant (1979a), levels of variability might be influenced by the 
presence of other species that might be competitors for resources. For example, 
Song Sparrows breed sympatrically (and syntopically) with Fox Sparrows in the 
White Mountains, but not in chaparral. If these two species compete for resources, 
Fox Sparrows might be expected to show lower CVs for bill characters, or character 
displacement, because part of the foraging niche is occupied by Song Sparrows. 
The species have somewhat overlapping bill morphologies (Linsdale 1928; Zink 
1982). Examination of CVs for WHIT and SHAV, geographically proximate but 
ecologically different samples, reveals that differences do exist, but the WHIT 
sample is more variable for all characters except tarsus length (and especially for 
length of bill and hind toe). Thus, the presence of Song Sparrows might "cause" 
Fox Sparrows to exploit a relatively broader range of foods in the White Moun- 
tains. Alternatively, one might argue that the generally smaller bills of Fox Spar- 
rows in the Great Basin represent a shift because of the presence of Song Sparrows. 
However, it is not possible to control for habitat differences affecting bills of Fox 
Sparrows independently of competing species. Unfortunately, sample sizes from 
the Great Basin are small, and it is inappropriate to speculate further about 
patterns of variation in Great Basin Fox Sparrows. Considerable variation in level 
of character variability exists among the chaparral samples (Table 21), which 
implies that chaparral per se (relative to riparian habitats) is not an important 
determinant of levels of character variation; there are no systematic patterns to 
the variation. 

I suggest that differences in character CV-values are difficult to interpret in an 
adaptive context (Gould and Lewontin 1979). Characters, or suites of them, might 
be relatively more or less variable because of differences in heritability and number 
of genes contributing additive genetic variance to their expression (Lerner 1954; 
Falconer 1981; Lewontin 1984). Quantitative genetic analyses are required to 
determine the evolutionary importance (fitness) of differing levels of variation in 
polygenic traits such as bill dimensions, measured in populations where the en- 
vironmental contribution to phenotypic expression might vary. That is, from only 
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correlation analyses, it would be difficult to be certain of an ecological (adaptive) 
cause-and-effect relationship for characters differing in CV-value among popu- 
lations. Studies of marked individuals over several generations will begin to un- 
ravel the nature of natural selection on external phenotypic characters (Boag and 
Grant 1981; Price et al. 1984a, b; Schluter and Smith 1986). 

In conclusion, there are some differences among populations of Fox Sparrows 
in levels of character variability, much as for heterozygosity. Certainly such dif- 
ferences might have a genetic basis and be a result of differing selection pressures. 
I detected no obvious ecological or environmental correlates of interpopulation 
differences in CVs; perhaps further analysis would detect some. 

LEvELs ^ND P^TTER•S O•: CI-I^e,•CTER V^aI^ZION 

AMONG POPULATIONS 

The relative amount of inter-locality character variation can be ascertained by 
examining the between-locality sums of squares from ANOVA (Tables 9 and 11). 
Some characters exhibit higher levels of geographic divergence relative to others, 
a result consistent with most studies of avian geographic variation (e.g., Handford 
1983). ANOVA on PC scores (Table 14) also indicates that a significant portion 
of the phenotypic variance is partitioned among sites, especially for size (PC I). 
Although to a lesser degree than PC I, a significant amount of variation is dis- 
tributed among samples for most analyses of scores on PC II and PC III. These 
quantitative summaries confirm the existence of geographic heterogeneity in mor- 
phometric traits. 

In morphometric studies of avian populations, patterns of character variation 
are not always concordant (Rising 1970; Power 1970; Baker 1980; Johnson 1980). 
Some studies have documented similar patterns of variation between the sexes 
(Johnson 1980) whereas others have not (Baker and Moeed 1980). In the Fox 
Sparrow, characters that exhibit a definite pattern of variation tend to show a 
common one for both sexes, namely that found for cube-root of mass (Fig. 8); 
the differences between the sexes are apparent but relatively minor. If cube-root 
of mass reflects size, then geographic patterns of character variation are strongly 
influenced by size, a result also consistent with many studies of avian geographic 
variation (Zink and Remsen, in press). 

Character variation in Fox Sparrows has several features. Birds from the Great 
Basin are nearly always smallest in size, resulting in a rather sharp break (possibly 
a step-cline) between the Great Basin and regions to the west. However, too few 
samples were available to determine if clinal patterns exist in the Great Basin. 
Many characters exhibit a north-south clinal pattern in the Cascades and Sierra 
Nevada. This clinal pattern does not have a plateau at the north end, but values 
increase steadily from ODEL to LOOK where they tend to stabilize at a uniform 
value in the southern Sierra Nevada and Transverse Range (e.g., stephensi). That 
is, many characters vary along a north-south cline which bifurcates and results 
in large character means in the North Coast Range and across southern California 
(e.g., stephensi). 

Regions of phenotypic uniformity connected by clines do not exist. Thus, char- 
acter clines are probably a result of primary intergradation (see Endler 1977). It 
is difficult to determine if the stepped nature of character variation at the Great 
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Basin-Sierra Nevada interface is primary or secondary intergradation between 
two previously allopatric and differentiated units. I think that primary intergra- 
dation is the most parsimonious hypothesis, because the environmental changes 
are also abrupt. 

POTENTIAL ENVIRONMENTAL DETERMINANTS OF 

MORPHOLOGICAL DIVERGENCE 

Patterns of character variation might arise and be maintained in response to 
environmental features. Johnston and Selander (1964, 1971), James (1970), Power 
(1970), Rising (1970), Niles (1973), and Baker (1980) found that character vari- 
ation in some bird species seemed to parallel variation in environmental char- 
acteristics (see review in Johnston 1972). Alternatively, Ross and Baker (1982) 
were unable to identify phenotype-environmental correlations over a fairly local 
scale. Few weather stations were located near my sampling sites. Furthermore, 
data were unavailable for wet-bulb temperature, vapor pressure, and absolute 
humidity, important variables to compare with morphological patterns (F. James, 
pers. comm.). Thus the environmental (temperature, rainfall) data are relatively 
weak, inhibiting detection of precise, quantitative associations with phenotypic 
variation. 

The canonical correlation analysis identified latitude and May minimum tem- 
perature (MAYM) as environmental features that account for variation in study 
skin characters for both sexes, plus annual precipitation for females. Obviously, 
latitude per se is uninformative, and, therefore, characteristics associated with 
latitude must be important (see James 1970; Mosimann and James 1979; James 
1983). Patterns of morphological variation were less related to elevation and 
longitude, although these vary to a lesser extent than latitude. Most monthly 
minimum temperatures are only weakly associated with morphological patterns, 
conflicting with both Bergmann's and Allen's rules (see James 1970; Zink and 
Remsen, in press). For example, tarsus length is correlated with MAYM at a 
relatively low value of 0.326, the highest correlation coefficient found for this 
character and an environmental parameter. 

The canonical correlation analysis suggests that morphological variation in 
females could be attributable to latitude, annual precipitation, and MAYM. How- 
ever, in contrast to the analysis of males, the lengths of the wing and hind toe are 
not strongly represented on Canonical Variable I, and latitude and MAYM are 
not as highly associated with morphological variation. Thus, it appears that mor- 
phology "responds" to environmental factors differently in males and females. 
The sexes differ somewhat in their pattern of geographic variation, and this anal- 
ysis (Table 18) identified potential causative agents in need of future analysis. 

The trend of decreasing size toward the north conflicts with Bergmann's Rule. 
James (1970) refined the "rule" as "Small size 'is associated with hot humid 
conditions, larger size with cooler or drier conditions." Because mean tempera- 
tures decrease with increasing latitude and elevation, high elevations in low lat- 
itudes should mimic the conditions at higher latitudes. In the Fox Sparrow, char- 
acter means generally are not significantly associated with elevation. In contrast 
to many other species of birds (Johnston 1972; Aldrich 1984), morphological 
variation in the Fox Sparrow does not seem to vary with latitude and elevation 
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in the ways predicted by either Bergmann's or Allen's rules. Zink and Remsen 
(in press) reviewed evidence for these rules and found weak support for them; 
Gloger's Rule, however, received strong support. 

The relationship between skeletal characters and the environmental data is 
similar to that obtained for skin characters. Again, elevation and longitude are 
not strongly associated with character means. That is, phenotypic variation is 
influenced to a lesser degree by elevation and longitude than factors associated 
with latitude. Bergmann's Rule predicts that the body core should be larger in 
colder environments. However, most mean temperatures and precipitation values 
are not significantly associated with character means. With regard to Allen's Rule, 
as in the analysis of skin characters, "extremities," such as lengths of the tib- 
iotarsus, femur, ulna, and humerus, are not significantly correlated with temper- 
ature; the highest correlation of one of these characters with a minimum tem- 
perature is 0.144 (STERL). Thus, variation in skeletal characters also seems at 
odds with Bergmann's and Allen's ecogeographic rules. 

Inspection of the results presented in Table 19 shows that for males, June 
temperatures (a period of nestling growth), latitude, and annual precipitation are 
correlated with patterns of variation in skeletal characters. A considerably different 
picture emerges for females, because June temperatures seem unrelated to mor- 
phological variation, and only latitude seems to represent an underlying deter- 
minant of phenotypic patterns. Also, the loadings (Table 19) for female morpho- 
logical traits are consistently lower than males, and considerably more variable, 
ranging from 0.067 (STERL) to 0.538 (FEMRL). Therefore, the analysis does not 
identify any suites of environmental characters potentially responsible for trends 
in morphological variation in females. As in the analysis of skin characters, the 
sexes seem to vary in different ways with respect to the environmental factors 
considered here. A comparison of male and female growth rates would be useful 
(for any type of data). 

The analyses of Fox Sparrows (Tables 18, 19) did not expose consistent cor- 
relations between morphological and environmental factors. However, besides 
the lack of weather stations near collecting sites and potentially less informative 
climatic variables, the limited geographic scale used here (relative to continent- 
wide surveys, e.g., James 1970) might obscure environmental correlates of mor- 
phological variation. To summarize the canonical analysis, I suggest that factors 
correlated with latitude, but not measured here, could influence the clinal patterns 
observed. For example, day length, nest microenvironments, or the range of 
temperature fluctuations (Murphy 1985), might be important. Also, geographic 
variation in foods fed to nestlings could influence growth patterns, and as a 
consequence, adult morphology. Factors affecting size need study. 

Morphological variation might be "determined" by natural selection occurring 
on the winter grounds. For this hypothesis to be valid, philopatry to breeding 
sites must be well developed. That is, if winter conditions vary in a clinal fashion, 
breeding demes must have (1) developed precise migratory patterns prior to 
morphological differentiation, and (2) show extreme site fidelity to both breeding 
and wintering sites. Because of Swarth's (1920) seemingly plausible adaptive ex- 
planation for the matching of plumage color and winter humidity conditions (leap- 
frog migration), the above hypothesis merits consideration. However, I doubt 
that variation in winter conditions influences morphological patterns among 
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breeding populations. Up to 10 subspecies of the Fox Sparrow regularly winter 
syntopically in California (Linsdale 1928; pers. obs.), and it seems questionable 
if the same winter environment affects differentially the survival of Fox Sparrows 
from different breeding sites. 

Fox Sparrows begin migration prior to completion of growth of most body parts 
including the bill (Swarth 1920), but the degree of completion of growth prior to 
departure for the winter grounds is unknown. Therefore, young birds might com- 
plete growth in a different environment from that in which they were hatched 
and fledged. Environmental conditions encountered during early migration during 
the first year of life could influence patterns of growth. However, it seems unlikely 
that conditions encountered on fall migration could cause the observed clinal 
variation among breeding demes, because often young of several phenotypically 
distinct subspecies co-occur syntopically in migration (Linsdale 1928; Zink, pers. 
obs.). In my opinion, the primary determinants of morphological patterns of 
variation act during the nestling period. Nevertheless, documentation of mor- 
phological development that occurs after departure from the breeding grounds is 
needed. 

HISTORICAL PATTERNS AND TEMPORAL STABILITY OF 
PHENETIC RELATIONSHIPS AMONG POPULATIONS 

Because no two characters exhibit the same pattern of variation, multivariate 
analyses were used because they simultaneously incorporate variation in all char- 
acters. The objectives are to account for character correlations (redundancy), 
estimate the principal geographic "theme" of morphological variation, and to 
search for historical patterns. 

The Mantel tests (Table 17) revealed that patterns of geographic variation in 
morphology, as summarized by the taxonomic distances, reflect geographic prox- 
imity. The taxonomic distances among samples vary as a function of the linear 
geographic distance between sites. However, the rather low matrix correlation 
coefficients between geographic and taxonomic distances (0.43 for skins, 0.34 for 
skeletons) indicate that geographic isolation, or among-site distance, might not 
be the only factor responsible for morphological differentiation. In other words, 
populations, or groups of them, might share a common evolutionary history not 
strongly associated with the linear geographic proximity of samples. However, a 
significant component of the low matrix correlations involves the samples of 
brevicauda, which are morphologically very similar to samples from southern 
California, yet are geographically rather distant. If these samples were removed, 
the matrix correlation coefficients would undoubtedly increase. Thus, an isolation- 
by-distance effect is present. The phenetic resemblance of BLAC and YOLL to 
samples from southern California is meaningful and should not be ignored. Dis- 
covery of environmental similarities or historical routes of gene flow between 
these two regions might clarify if the phenotypic similarity is ecological or his- 
torical. 

The significant association between taxonomic and geographic distances is con- 
sistent with several interpretations: the rate of gene flow decreases as a function 
of geographic distance, local selection overcomes gene flow, or environmental 
gradients affecting expression of phenotypic variation are themselves dinal (and 
the traits influenced by nongenetic factors). Determining the relative magnitudes 
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of these factors would clarify the ecological and historical components of the 
observed phenotypic variation (Endler 1982). 

The cluster analyses defined groups of samples that generally correspond to 
three regions: Great Basin, southern California plus North Coast Ranges, and the 
remaining samples. Certain samples, such as WARN, WHIT, ODEL, PYRA, 
SAWY, and SHAV are morphometrically intermediate. In the PCAs (Figs. 17, 
18, 23, 24) groups of samples were identified that generally correspond to those 
identified in the phenograms. (Although one might expect congruence because 
both analytical techniques used the same data, each analysis operates under dif- 
ferent assumptions and has somewhat different goals.) The SS-STP analysis of 
individuals' PC scores (Table 14) illustrated more precisely the pattern of geo- 
graphic variation. Patterns of variation for both sexes and for both character sets 
exhibited concordant clinal patterns on PC I, namely a north to south increase, 
strikingly similar to that obtained for cube-root of mass, or size. No discrete sets 
of characters emerged as especially influential in the north-south clines or the 
three groups of samples; instead, all characters seem influenced by size. Inspection 
of patterns of variation of PC II and PC III scores reveals a less structured pattern, 
and most of the variance is contained within samples (Table 14). Therefore, shape 
does not vary in a geographically ordered fashion, a result corroborated by the 
size-standardized phenograms. 

Numerous workers have investigated the relationship between size and shape 
(Mosimann and James 1979; Humphries et al. 1981; Lemen 1983; Wood 1983; 
Bookstein et al. 1985). The usual assumption is that geographic patterns in shape 
are likely to have a more complex genetic basis than size-related factors, which 
can affect many characters in a similar way (Humphries et al. 1981). Whether 
this is true is open to debate, as size per se might be an important characteristic 
(James 1970; Garnett 1981; Atchley 1983) because it is often heritable. In the 
Fox Sparrow, increasing size results in differing shapes because of allometry of 
different body regions (Figs. 15, 16). Nonetheless, if variation in size can be effected 
by relatively few genes, then patterns strongly influenced by size might arise 
rapidly. That is, it might take longer for a consistent geographic pattern of shape 
to arise when it requires a more extensive genetic reorganization (Lemen and 
Freeman 1984). Because there is no consistent pattern to shape variation in the 
Fox Sparrow, one could hypothesize a lack of extensive genetic differences among 
samples. Mosimann and James (1979), Power (1970), James (1970), and Abbott 
et al. (1977) documented patterns of shape variation in birds, whereas Ross and 
Baker (1982) did not. Further studies are needed on patterns of shape variation 
and its covariation with size. 

Earlier I (Zink 1983) examined the temporal stability of morphological patterns 
in Fox Sparrows using samples from seven sites included in this study. At certain 
levels of organization, patterns of variation were stable over 50 years, but at some 
sites, some character means differed statistically. As a result of temporal change, 
the patterns of phenetic similarity among sites differ between the two sampling 
periods. Temporal variation has at least two implications. First, chronological 
variation can bias analyses of variation that use samples of individuals pooled 
across time (Pizzimenti 1981). Second, some of the among-site variation in size 
might be labile. A future analysis should examine patterns of character covariation 
across years to determine if "shape" or character correlations remain constant. 
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Temporal variation might mean that phenotypic variation among populations is 
a result of current (or very recent) ecological pressures instead of a reflection of 
population genealogy or history. 

A goal of the analysis of phenotypic variation is to determine the existence of 
groupings of samples that might represent independently evolving units. For 
example, within the Yellow-bellied Sapsucker (Sphyrapicus varius), Johnson and 
Zink (1983) suggested that three (biological) species exist. In the Fox Sparrow in 
western North America, three somewhat phenotypically distinct groups of samples 
were identified. In the majority of the phenograms, the large specimens from 
southern California and the North Coast Ranges stood apart, implying that the 
other two groups were phenetically most similar to one another. If phenetic sim- 
ilarity is related to historical patterns of phenetic divergence, then these samples 
are most closely related. However, the distinctiveness of the three groups is blurred 
by phenotypically intermediate samples, temporal variation exists, and a domi- 
nant component of intergroup differences is size. Therefore, in spite of the very 
great differences between extreme phenotypes in these groups, there is no definitive 
evidence of groups of samples with independent evolutionary histories. 

MORPHOLOGICAL AND PROTEIN COVARIATION 

Numerous authors have examined the relationship between protein and mor- 
phological variation in organisms other than birds (Smith et al. 1982). Previous 
studies have suggested that these character sets are probably subject to different 
evolutionary pressures and often evolve independently (Schnell and Selander 
1981). However, nonconcordance might be an expected result of the statistical 
limitations involved in detecting differences in quantitative (e.g., morphological) 
traits as opposed to those with simple genetic bases such as allozymes (Lewontin 
1984, 1986). In Fox Sparrows of the Schistacea group, the FST analysis revealed 
that most (over 98.5%) of the allozymic variation resides within populations, in 
stark contrast to morphological characteristics (Table 14), especially size. The 
phenogram summarizing levels of genetic similarity produced no geographically 
ordered pattern, whereas morphological variation is geographically structured. 
Extirpation of Fox Sparrows from a major portion of the range would not markedly 
reduce levels of genetic variation, either qualitatively or quantitatively. However, 
such an extirpation event could drastically alter the geography of phenotypic 
variation. Whether or not allozymes and morphology evolve(d) independently in 
the Fox Sparrow cannot be known without data on the heritability and number 
of loci contributing genetic variance to morphological traits (Lewontin 1984). 
Nonetheless, the decoupling of evolutionary processes acting on allozymes and 
morphology remains a viable hypothesis. 

Only Handford and Nottebohm (! 976) and Johnston (1975) examined quan- 
titatively inter-populational concordance of allozymes and morphology in birds. 
Both studies found generally low congruence. Between species, Zink (1982) and 
Barrowclough (! 983) identified lineages of birds that have seemingly undergone 
differential amounts of protein and morphological divergence. Although no other 
quantitative comparisons of protein and morphological variation are available 
for birds, some studies of allozymes in birds have detected patterns of variation 
that are consistent with traditional morphological limits. Johnson and Zink (1983) 
identified patterns of protein variation that matched morphological patterns in 
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sapsuckers. Additional quantitative studies of protein and morphological varia- 
tion in birds are required before a basis will exist for determining the degree of 
congruence of different data sets. 

A MOLECULAR PERSPECTIVE ON THE ORIGIN OF 

MORPHOLOGICAL VARIATION 

Several workers believe that passefine bird species originated in the Pleistocene 
(Mengel 1964; Brodkorb 1971; Hubbard 1973; Sibley and Ahlquist 1982). Many 
species-specific characters in birds are plumage traits, traits that might be subject 
to rapid evolution (Avise et al. 1980c; Sibley and Ahlquist 1982). Importantly, 
however, geographic variation is usually most evident in plumage coloration, and 
not species specific plumage patterns (usually debates over subspecies or species 
status involve plumage patterns). Other traits, such as bill characteristics, are 
thought to be evolutionarily "plastic" and able to change rapidly. Many birds, 
especially passefines, differ in traits potentially capable of rapid evolution. The 
low degree of allozymic divergence measured for many avian populations and 
congeneric species is consistent with a hypothesis of rapid phenotypic evolution, 
in both species-specific plumage traits and other characteristics (e.g., bills, plumage 
coloration). A lack ofallozyme differences is also consistent with an interpretation 
that intraspecific differentiation has a large nongenetic component. 

The potential rate and magnitude ofphenotypic change is not directly assessable 
for most birds. Documented cases of rapid (i.e., hundreds of years) changes in 
morphology (Johnston and Selander 1964; Zink 1983) might not include species- 
specific morphological characteristics. For example, after 100 years since the 
introduction of House Sparrows into North America, they have differentiated but 
are still clearly recognizable as House Sparrows; their species-specific features 
have not changed. Also, allozymic differentiation is weak (Fleischer 1983). Wake 
et al. (1983) noted phenotypic stasis in species-specific characteristics over tens 
of millions of years in salamanders, which they attributed to developmental can- 
alization. The fossil record of birds has not been studied sufficiently to allow such 
generalizations for many birds. However, Steadman (1981) described a fossil 
sparrow from the Miocene of Kansas that was very similar to the extant Grass- 
hopper Sparrow (Ammodramus savannarum), indicating substantial phenotypic 
stasis in some, apparently species-specific, skeletal features. Steadman's important 
report seems to conflict with the general impression of rapid evolution in passefine 
birds. The Grasshopper Sparrow is allozymically differentiated from a variety of 
apparently closely related sparrows (Avise et al. 1980b), possibly indicating a long 
period of independent evolution. However, the origin of species-specific char- 
acteristics of the Grasshopper Sparrow might have been rapid or slow. 

Analyses of genetic data strongly indicate that populations of Fox Sparrows 
have not been isolated and evolving independently for a long period of time (as 
might be predicted from patterns of morphological variation). Even aspects of 
morphological differentiation are consistent with (but not proof of) rapid change, 
such as a strong size component and random shape differences. Although the lack 
of allozyme differences is not evidence of genome-wide genetic similarity, it sug- 
gests that hypotheses ofphenotypic evolution that require either no or little genetic 
differentiation and selection should be explored. Even if there is an extensive 
genetic reorganization underlying morphologically differentiated populations, the 
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allozyme perspective yields a picture of rapid phenotypic differentiation (for which 
a model was presented by l_ande [1985]). It is a viable hypothesis that the phe- 
notypic differences among extant populations of Fox Sparrows have arisen since 
occupation of the current range, less than or equal to 20,000 years ago. The 
discussion (above) of Pliocene and Pleistocene climatic events in California and 
the Great Basin addresses this idea. 

A HYPOTHESIS FOR THE ORIGIN AND MAINTENANCE OF 

MORPHOLOGICAL DIFFERENCES AMONG 

FOX SPARROW POPULATIONS 

If natural selection affects loci not measured by electrophoresis, alleles at selec- 
tively neutral loci (allozymes) might flow through areas that contain selection 
barriers to alleles at loci under selection, such as those that encode morphological 
traits. This process could result in genetic homogeneity of electromorphs and yet 
there could be genetically mediated local adaptation in morphological traits. Of 
relevance to the local adaptation argument is the heritability of traits under study. 
Several authors have documented significant heritability of morphological char- 
acters within populations of birds (e.g., Boag and Grant 1978; Smith and Zach 
1979; Smith and Dhondt 1980; Garnett 1981; Dhondt 1982). James (1983) trans- 
planted eggs of Red-winged Blackbirds among Florida, Colorado, and Minnesota, 
monitored the growth and development of young, and compared phenotypes of 
young birds to those of the foster and parental populations. She found that young 
birds resembled the phenotypic conditions typical of the foster population to a 
greater-than-expected degree. As Gould and Johnston (1972) noted, even if mor- 
phological traits are significantly heritable within populations, their expression 
among localities might be primarily influenced by environmental factors and not 
necessarily indicate underlying genetic differences. 

The type of analysis performed by James is a crucial step in evaluating the 
causal factors and ultimately the evolutionary significance of geographic variation. 
Many students of arian geographic variation have assumed that geographic vari- 
ation represents differing genotypes yielding specific morphologies in different 
areas (e.g., Aldrich 1984; Zink 1985b). The origin of geographic variation is 
thought to be a more-or-less gradual adaptation of populations to local conditions 
via the action of natural selection working on individual genetic variation within 
populations. An equally viable hypothesis is that morphological variation, ex- 
cluding plumage characteristics which seem under direct genetic control (see, 
however, Slagsvoid and Li0eld 1985), is environmentally induced. The phenom- 
enon of nongenetic geographic variation is well known in plants (e.g., Wheeler 
and Guries 1982), and has been acknowledged by zoologists for decades (e.g., 
Mayr 1963). Therefore, a polytypic species should not be assumed to be also 
genetically substructured. Other hypotheses should be developed to explain mor- 
phological patterns of variation. 

By what mechanism(s) could morphological differentiation in Fox Sparrows 
arise rapidly and be maintained over geography in the face of high gene flow? 
Might more than just selectively neutral genes flow? One explanation arises from 
Gould (1977), Alberch et al. (1979), and Alberch (1980). These authors have 
developed the idea that morphological differences among taxa arise via alteration 
of the timing of developmental events and growth rate of different body regions 
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during the ontogeny of an individual. The genetic basis of such developmental 
shifts, and therefore the resultant phenotypic consequences, might be slight and 
uncorrelated with overall genomic trends (and patterns in other characteristics). 
Also, the geography of variation might result entirely from gene-environment 
interactions, in which case genotypes need not vary geographically. That is, the 
same genotype has a range of potential phenotypes (Via and Lande 1985), and 
differing local environments might induce particular phenotypes, and geographic 
variation. The phenotypic consequences of seemingly minor shifts in developmental 
pathways can be rather great (e.g., Alberch 1980). Grant (1981) examined inter- 
specific morphological differences among some Galapagos finches, and concluded 
that relatively simple changes (undoubtedly genetic) occurring during ontogeny 
could explain many interspecific phenotypic differences; few such analyses exist 
for other avian taxa (Engles 1940). I develop this idea briefly because it applies 
to population differences in the Fox Sparrow. 

Allometry exists among characters. A 10% difference in mass is generally cor- 
related with a 10% (_+5%) increase in other body proportions, with the major 
exception of the bill. Hence, as size increases, body parts scale in an isometric 
fashion (e.g., Fig. 15) exclusive of the bill. Characters, or suites of characters, have 
particular ontogenetic trajectories. If conditions in southern California and the 
southern North Coast Range permit either a faster development or longer growth 
period, larger bills could result. That is, if bill characters grow at a faster rate 
relative to other body regions (and to bills in other populations) and growth simply 
occurs over a longer interval, bill size will increase proportionately more. The 
major point here, as emphasized by Alberch et al. (1979), is that substantial 
differences in morphology can be mediated by changes in the timing of onset and 
offset, and the rate at which particular body regions grow. Thus, long periods of 
microevolution might not be required for geographic differentiation to originate, 
and more importantly, it can be maintained in spite ofgene exchange with neigh- 
boring demes. 

Few data are available on Fox Sparrow growth rates (but many on passedfies, 
e.g., Ricklefs 1973, 1979), and none that can be used to compare growth rates in 
populations with different morphologies. However, Threlfall and Blacquiere (1982) 
provide data on a few characters for a population of Fox Sparrows in Newfound- 
land which are relevant to this discussion. They show that body parts grow at 
different rates, and that adult size for each character is reached at different times 
in the growth cycle. For example, tarsus length reached adult size by day 10, but 
culmen length was about two-thirds of adult length by this time, when young 
fledge. These few data suggest that alterations in the onset or offset of growth of 
body regions (e.g., bills), or rate of growth among sites could produce rather 
different overall shapes and sizes. Therefore, the extreme morphological differ- 
ences in Fox Sparrows might be attributable to developmental shifts mediated by 
site-specific environmental factors during the nestling period, factors which are 
correlated with latitude. This hypothesis could be tested with reciprocal transplant, 
or "common garden" experiments, in which eggs from different sites are brought 
under controlled experimental conditions and allowed to hatch and develop. 

In summary, my goal has been to reconcile the lack of allozyme differences, 
the inference of high gene flow and recency of common ancestry, and the extensive 
levels ofphenotypic differentiation. Clearly, such a reconciliation can take several 
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forms. Many would favor a hypothesis that envisions flow of neutral genes, but 
local adaptation as the process operating on intrapopulation genetic variation to 
produce geographic patterns in morphology. In fact, I have spent considerable 
space in the preceding pages examining the nature of morphological variation and 
possible environmental influences on such variation. This traditional microevo- 
lutionary approach might well explain patterns of phenotypic variation. The al- 
lozymic perspective I have invoked might be incorrect or only partially relevant, 
but I believe that the genetic data provide an accurate picture of gene flow and 
population structure. However, environmental induction or alteration of devel- 
opmental programs, either with or without (minor) genetic changes, are consistent 
with my observations of genetic and morphological covariation. Studies are need- 
ed to establish the genetic basis of geographic variation in polygenic traits and 
the fitness consequences of such variation (Zink and Remsen, in press; Schluter 
and Smith 1986). No doubt some geographic differences will be genetically based 
and represent local adaptations. The possibility of stochastic forces on phenotypic 
evolution (Lande 1980, 1985) and the consequences of "tinkering" with devel- 
opmental programs (Alberch et al. 1979) need to be explored with avian examples. 

EVOLUTIONARY SIGNIFICANCE OF 

GEOGRAPHIC VARIATION 

GENERAL CONSIDERATIONS 

The analysis of "traditional" skin and skeletal features revealed rather marked 
geographic variation over a fairly short geographic distance. A traditional inter- 
pretation would involve an adaptive explanation for phenotypic patterns of vari- 
ation: genetic variation for morphological traits was the raw material for phe- 
notypic change, and each local population became adapted to prevailing ecological/ 
environmental conditions. Secondly, a traditional interpretation of patterns of 
variation in the Fox Sparrow might (note the hedge) be that we can see, in our 
narrow cross-section of the Fox Sparrow lineage, speciation in progress. If this 
were true (and it might be), then speciation might be in the early stages because 
of the lack of differences at allozyme loci. I could conclude, therefore, that the 
initial stages of speciation involve differentiation in size, bill shape, plumage 
coloration, but not at enzyme loci. Frankly, such interpretations about adaptation 
and speciation "make sense" and might in fact be adequate, if not accurate, 
assessments. However, as I have discussed throughout, explanations about non- 
adaptation and a lack of speciation potential are also consistent with my data. In 
any one study of geographic variation, it is difficult to determine which patterns 
of variation represent adaptation, and whether the prospect of speciation is great 
or nil. Therefore, I attempt below to evaluate the significance of geographic vari- 
ation in the Fox Sparrow in an evolutionary context. 

GEOGRAPHIC VARIATION AND ADAPTATION: 
AN INDIRECT ASSESSMENT 

Although geographic variation might represent the (after)effects of adaptation 
of populations to different local environments (Miller 1956; Mayr 1970), is it 
likely that geographically invariant species are less well adapted, or that their 
environments do not vary? Degree of geographic variation is potentially related 
to (1) degree of fragmentation of a species range and the nature of gene flow (e.g., 



96 ORNITHOLOGICAL MONOGRAPHS NO. 40 

island versus stepping-stone models; Slatkin 1985b), (2) among-site variation in 
intensity of natural selection, (3) population history, demographic structure and 
mating system, (4) tendency to occupy a greater variety of microhabitats across 
the range (Miller and McCabe 1935), and (5) species-specific degree ofphenotypic 
plasticity (Via and Lande 1985). Discriminating among these alternatives is prob- 
lematic because tests are mostly indirect and the alternatives are not mutually 
exclusive. For example, a geographically uniform species might have recently 
occupied its current range, and/or have high levels of gene flow. Also, a species 
might not exhibit geographic differentiation simply because it has a low potential 
for phenotypic variation in spite of geographic fragmentation, small effective 
population size, reduced gene flow, and geographically differing selective pressures. 
In any case, the phenotype expressed throughout the range would be a compromise 
one, sufficiently buffered against the range of environmental conditions encoun- 
tered (Lerner 1954). A geographically uniform species could be as adapted to local 
conditions as members of a polytypic species. Study of the developmental con- 
straints on geographic variation should receive high future priority (Smith et al. 
1985). 

Geographic variation can be caused by a series of interacting genetic and non- 
genetic factors. This multi-faceted interpretation of geographic variation derives 
from consideration of species that differ in their degree of geographic variability. 
In contrast with the Fox Sparrow is the Green-tailed Towbee (Pipilo ohiorufus), 
a similarly sized, confamilial species which breeds in the western United States 
and is syntopic with the Fox Sparrow in many places. Based on their genetic 
distance (Zink 1982) I predict that they have been evolving independently for at 
least 5 million years. The two species have similar vocalizations, a fact which 
implies sufficient time in syntopy to allow either convergence of vocalizations 
because of habitat acoustics or interspecific competition (Cody 1974). It is possible 
that the same environmental factors that affected Fox Sparrows over the past one 
million years have also affected Green-tailed Towbees. However, this towbee is 
morphologically uniform over its range (A.O.U. 1957) in contrast to the striking 
degree of character variation in the Fox Sparrow. These two species might simply 
have intrinsically different degrees of phenotypic canalization. Thus, the Fox 
Sparrow might not be locally adapted, but instead, it might only be locally "in- 
fluenced." 

In the Fox Sparrow, one would want to cross-transplant series of eggs from 
ODEL, PINO, BLAC, and RUBY (the four corners of the sampling area) and 
follow growth and development and, most importantly, the success of cross- 
fostered young at finding mates and raising young (i.e., fitness). Because of the 
difficulties of such tests, it is unclear whether geographically uniform species (1) 
are not "as adapted" as they could be because of genetic constraints on morphology 
(Smith et al. 1985), (2) are not as adapted as they could be because they have not 
had sufficient time in the current range, (3) persist less well in evolutionary time, 
or (4) have reduced probabilities of speciation. 

GEOGRAPHIC VARIATION AND SPECIATION 

Although the process of geographic differentiation might illustrate the manner 
in which differences among species arise, Goldschmidt (1940) and Eldredge and 
Cracraft (1980) proposed that intra- and interspecific evolution is decoupled. That 
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is, geographic variation is envisioned to be an adaptive, within-species phenom- 
enon whereas adaptation per se need not be the cause of speciation. Factors that 
might cause speciation, such as population bottlenecks, are not necessarily also 
processes of adaptation. A basis for interpreting the geographic variation-specia- 
tion link obtains from Mayr (1942:155), "Geographic variation is thinkable only, 
if subspecies are incipient species. This, of course, does not mean that every 

subspecies will eventually develop into a good s•pecies. Far from it! All this state- 
ment implies is that every species that developed through geographic speciation 
had to pass through the subspecies stage." Mayr's statement can be interpreted 
to mean that geographic isolation produces geographic variation, which becomes 
the raw material of species differences. That is, the probability of speciation is 
believed to increase with increasing degrees of geographic differentiation. 

Speciation is ultimately a genetic phenomenon, the cessation of gene flow be- 
tween descendants of a once common gene pool. Traditionally, it has been as- 
sumed that geographic variation in some phenotypic feature signifies a genetically 
subdivided population structure, a necessary stage in the speciation process. The 
environmental modification hypothesis discussed above allows for geographic 
patterns of morphological variation to originate and be maintained without an 
underlying genetic basis. Also, relatively minor genetic changes in developmental 
pathways might have rather marked phenotypic effects. Phenotypic change with 
little or no genetic differentiation would compromise the interpretation that arian 
polytypic species represent, necessarily, various stages in the speciation process. 
Because the probability of speciation is related to the degree of genetic differen- 
tiation among populations (Templeton 1980a, b), inferences about the arian 
speciation process could be biased if phenotypic patterns of variation do not 
reflect genetic variation. 

It seems clear that morphological differentiation can occur among populations 
independent of speciation (by anyone's definition). What then is the significance 
of geographic variation in the process of speciation and the evolution of species 
differences? Under what conditions is a study of geographic variation also a study 
of speciation? Although geographic isolation is surely required for differentiation 
and speciation, can we ascertain if particular subspecies of the Fox Sparrow are 
"closer" to speciation than populations of a geographically uniform species such 
as the Green-tailed Towhee? 

Speciation, if marked by the origin of reproductive isolation, might occur with- 
out morphological or protein changes, and it might occur rapidly. Powell (1975) 
documented the origin of reproductive isolation in a small number of generations 
in fruit flies, and others have investigated the degree of reproductive isolation of 
conspecific populations (Dobzhansky 1970; Frost and Platz 1983). These studies 
suggest that reproductive isolation could coevolve with geographic differentiation 
in a relatively short period of time. This process might be enhanced in peripheral 
or island populations (Power 1983). Unfortunately, species are not all consistently 
defmed--some differ in morphology, some in vocal traits, and others in biochem- 
ical characteristics. There are no consistent phenotypic correlates of reproductive 
isolation with which to measure the biological significance of the differences of 
allopatric populations of birds (Zink and Remsen, in press), including the Fox 
Sparrow. In practice one must judge whether or not geographic differences among 
(allopatric) populations are of a magnitude similar to those found between species 
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known to be reproductively isolated (Selander 1971). This method of speciation 
analysis is an unsatisfying aspect of the biological species concept (McKitrick and 
Zink unpubl. data). Dangers also arise by assuming that the lack of reproductive 
isolation is an indication of conspecificity (Cracraft 1983). 

I think that most biologists would agree that morphological differences arise 
before, concomitant with, and after speciation, if speciation is defined as the origin 
of reproductive isolation. However, ifa geographically uniform species underwent 
speciation, the same mechanism that kept the ancestral species morphologically 
uniform might operate on descendant species, and result in sibling species. Sibling 
species, however, are rather rare in birds (Mayr 1963; Zink and Johnson 1984). 
It is possible, but not proven, that geographically variable species, such as the 
Fox Sparrow, are more "fertile" grounds for speciation. Such reasoning led me 
initially to predict that understanding the nature of geographic variation in the 
Fox Sparrow would necessarily lead to a better understanding of the avian spe- 
clarion process. Discerning how observed differences relate to the evolution of 
biological species turned out to be, however, a more complex exercise. It is difficult 
to know a priori what characteristics Fox Sparrows use to choose mates. Tradi- 
tionally, if differences do not exist in plumage patterns or song, otherwise divergent 
populations are assumed to be potentially capable of interbreeding (and conspe- 
cific). It is difficult, however, to evaluate this traditional method because no one, 
to my knowledge, has been able to test the importance of, for example, song while 
holding behavior and morphology "constant." Thus, I do not know which, if any, 
of the characteristics of extant Fox Sparrow populations that I studied would 
function as reproductive isolating mechansims. Genetic distance at enzyme loci 
is not generally correlated with reproductive isolation (Pashley et al. 1985). Per- 
haps none of the differences among populations of Fox Sparrows contain infor- 
mation about speciation. 

Cracraft's view (1983) of species and speciation analysis does not center on 
reproductive isolation, and identifies the origin of groups of individuals with at 
least one species-specific characteristic as the fundamental process in the origin 
of evolutionary units or species. A species-specific, or diagnostic, trait can be 
biochemical, morphological, ecological, or behavioral; it need not be associated 
with reproductive isolation. I will not discuss the merits of alternative species 
concepts here (see section on subspecies below), but no matter what species concept 
is employed, the details of speciation are not well understood (Zink and Remsen, 
in press). 

Most if not all species concepts have in common the process of differentiation 
among populations. Therefore, comparison of characteristics of populations and 
species at least sets the limits of possibilities for the events and processes involved 
in speciation, irrespective I think, of the particular species concept in use. The 
works of Templeton (1980a, b) provide a theoretical framework for examining 
genetic and morphological correlates of speciation without undue adherence to 
the geography of speciation (see Bush 1975 for a review of the latter topic). 
Templeton (1980b) provided a conceptual model, or mechanistic taxonomy, for 
predicting the nature of speciation given data on species differences in proteins, 
degree of geographic isolation that occurred during the fragmentation of the an- 
cestral range, and most importantly the ancestral population structure. For ex- 
ample, if a population was highly subdivided and a founder event occurred, 
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speciation would be most likely to occur via chromosomal transilience, and the 
initial genetic distance between immediately descendant, or sister, taxa would be 
large. A difficulty in applying Templeton's model arises in estimating the ancestral 
population structure. Extrapolation of current population structure is possible but 
might often be incorrect, especially for species that have lived in areas subjected 
to Pleistocene glaciations. Alternatively, Templeton's model might be used to 
predict the relative likelihood of a future speciation event, given knowledge of 
the current population structure. 

The approach I take here is to compare and contrast patterns of morphological 
and protein variation among populations of Fox Sparrows and among species of 
sparrows related to the Fox Sparrow. This scheme documents the extent of dif- 
ferences occurring between the time of origin of population differentiation and 
the evolution of(nonsibling) congeners. This perspective could elucidate processes 
associated with divergence and speciation in these sparrows and provide a frame- 
work for evaluating whether interspecific differences seem to be an extension of 
geographic differentiation. 

Here I employ Templeton's model in a historical sense. Genetic distances (Nei 
1978) between congeneric species in the genera Zonotrichia and Melospiza average 
<0.10, low by most vertebrate standards but typical of those found for other 
avian congeners (Zink 1982). Parenthetically I note that there is no evidence for 
a genetic revolution (Mayr 1963) at the level of enzyme loci in birds. Work on 
avian population structure has revealed that populations differ by D-values of 
approximately 0.002 (Barrowclough 1980b, 1983; this study), values considerably 
lower than interspecific ones. The population structures of the ancestors of Zo- 
notrichia and Melospiza are unknown. However, we can posit that these ancestors 
had panmictic and not subdivided populations based on measures of several avian 
species (Barrowclough 1983). Note that this characterization of population struc- 
ture is not based on morphological patterns of variation, which might be inter- 
preted in the Fox Sparrow, for example, to indicate a genetically highly differ- 
entiated species. Also, we might assume that a chromosomal mode of speciation 
is improbable in birds because of the lack of differences among most congeneric 
species (Shields 1982). 

According to Templeton (1980b; his Fig. 1), only three conditions and two 
modes seem likely to explain speciation in these emberizid sparrows. Ifa founder 
event occurred, speciation would most likely occur through a genetic transilience 
(Templeton 1980a) or less likely through adaptive divergence. A vicariance bio- 
geography approach applied to many species could rule out founder events (dis- 
persal) in many cases (Cracraft 1983), but this is presently empirically unknown 
for many species. If an ancestral, panmictic population were fragmented into large 
subdivisions, speciation would occur only through adaptive divergence. Only these 
three possibilities are consistent with the low level of protein differences among 
species of sparrows. Note that I assume that all would agree that the species of 
sparrows analyzed by Zink (1982) are "good species." Also, I assume that Tem- 
pleton's model has applicability irrespective of the particular concept of species 
invoked. Hence, the model helps to eliminate some possible modes of population 
differentiation and speciation, but without information on the nature of the geo- 
graphic fragmentation of the ancestral ranges, further inference is not possible. 
Identifying phenotypic and genetic correlates ofspeciation via adaptive divergence 
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should receive future attention. For example, given that Fox Sparrow populations 
appear genetically very similar, what attributes of their external morphology would 
falsify a hypothesis of adaptive divergence? If one could falsify adaptive diver- 
gence, then the observed geographic differences might not have relevance to a 
speciation process. Can additional information be gained from contrasts ofintra- 
and interspecific differences? 

Geographic differences sometimes grade into species differences. This is espe- 
cially true for superspecies, which are presumed to be a recently evolved mono- 
phyletic group, the allopatric units of which show characteristics of both species 
and of local populations. For illustration, if the Fox Sparrow was considered to 
consist of separate species based on morphological criteria, such as the Great Basin 
vs western samples, would the genetic and morphological differences resemble 
interspecific ones? The geographic differences in morphology among populations 
exceed, at least quantitatively, the level of differences between sparrow species 
(Zink 1982). That is, they have reached species distinction in level of skeletal 
distance and could be incipient species. However, as noted above, populations 
separated in morphometric space are not genetically differentiated (at enzyme 
loci). Of what consequence are the genetic data? Genetic distance increases on 
average an order of magnitude or more as one proceeds from comparisons of 
local populations to congeneric species. Genetic distance should not be used as 
an absolute taxonomic yardstick, however. Some arian species are barely differ- 
entiated at enzyme loci (Johnson and Zink 1983). Thus, although there might be 
consistent, significant changes occurring at enzyme loci during arian speciation, 
they are limited to the fixation of different alleles at probably < 10% of the loci. 
Also, it is possible that interspecific exceeds intraspecific genetic differentiation 
simply because of the longer time that species have been evolving independently 
(relative to populations). Hence, at present we are limited to the conclusion that 
on average the evolution of arian species occurs in a time not exceeding that 
required for 5-10% of enzyme loci to diverge. Given the genetic similarity of Fox 
Sparrow samples, it is possible that the phenotypic differences that have arisen 
among population samples of Fox Sparrows studied here are not related to spe- 
ciation (and possibly not even to local adaptation). Fixed differences between 
populations could be used as traits for the recognition of phylogenetic species. If 
there were marked differences evident at enzyme ,loci, one might conclude that 
associated phenotypic differences were of species level (but not without exception). 

I suspect that the process of phenotypic change is one that varies from group 
to group in terms of rate and mechanism, whereas the process of enzyme diver- 
gence is more likely to be a uniform process. The nature of morphological dif- 
ferences within and among species can be examined in a similar manner to the 
protein data. Species of sparrows in genera such as Zonotrichia and Melospiza, 
closely related to Passerella, can be individuated by their discrete plumage traits 
as well as morphometric traits (Zink 1982). In contrast, the populations of Fox 
Sparrows differ mostly in size and phenotypic extremes grade into one another. 
If the morphologically most extreme samples of Fox Sparrows in the Schistacea 
group were considered as distinct species, they would not approach the level of 
qualitative plumage differences that separate species of many sparrows. In con- 
trast, geographic variation in bill size and shape already exceeds that found be- 
tween many species. Nonetheless, the quality of the interpopulation differences 
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in Fox Sparrows does not seem, to me, equivalent to that found among species 
in related genera. I recognize the subjective nature of this argument. It does, 
however, highlight the problem in determining how one infers aspects ofspeciation 
from a given pattern of geographic variation. I do not know if populations of Fox 
Sparrows are reproductively isolated. Also, I do not know if further independent 
evolution of populations would lead to the fixation of species-specific traits, which 
would then delimit phylogenetic, but not necessarily biological species. Thus, 
whereas geographic variation is, as Mayr noted, surely a stage in the speciation 
process (however defined), it is also possible that geographic differences can be 
evolutionary "noise" or temporally unstable. There are few, if any, consistent 
cues that permit recognition that a particular situation is actually speciation in 
progress and not "noise." 

To recognize that speciation has occurred, a new species-specific phenotype 
must originate and become stabilized throughout a given range. Although geo- 
graphic variation sometimes exists in species-specific characters (Mayr 1970), the 
origin of species-specific morphological differences is probably coupled with spe- 
ciation, no matter how one envisions the origin of species. However, it is equivocal 
as to whether the kinds of qualitative differences that typify species are produced 
by geographic differentiation. It is hard to falsify Goldschmidt's (1940) claim that 
subspecies are more-or-less "diversified blind alleys within the species." 

Hypotheses for the evolution of species-specific morphologies exist that do not 
use microevolutionary divergence as a model. Recent work in molecular genetics 
suggests that the genetic changes associated with reproductive isolation and spe- 
ciation might not be inherited in a Mendelian fashion (Dover 1982; Rose and 
Doolittle 1982; Campbell 1983; Kidwell 1983). If these genetic changes alter 
morphological expression and spread rapidly throughout a geographic range via 
horizontal transmission (non-germline), a new qualitatively different species-spe- 
cific morphology could result. Such mechanisms of genetic change would not 
require pre-existing geographic variation as a prerequisite for speciation--geo- 
graphically uniform species could also undergo rapid speciation. 

West-Eberhard (1983) suggested a model in which sexual selection causes rapid 
character divergence and speciation between populations with and without eco- 
logical differences, and without extensive genetic change. This model (see also 
Lande 1981) deserves consideration, especially in light of the observation of low 
genetic differences among avian populations and the potential importance of 
sexual selection in birds (Sibley 1957; Price et al. 1984b). Thus, study of the 
geography of variation in characters likely to be influenced by sexual selection 
(intra- or intersexual) might improve our understanding of the avian speciation 
process. Geographic variation in the kinds of morphological traits used in this 
study might contribute to the understanding of the process of local adaptation, 
but it probably is not the raw matedhal from which new species are derived. 
The coming decade will, I suspect, witness a renaissance in the description of 
geographic variation using both morphological and biochemical methods, as well 
as concentration on discerning the evolutionary processes of differentiation. The 
application of quantitative genetic techniques (Atchley 1983; Price et al. 1984b) 
should prove invaluable in understanding the evolution of phenotypic differences 
among populations and species. Study of the geography of ontogenetic patterns 
in populations with differing adult morphologies will also be of considerable value. 
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I think that many phenotypic differences will probably prove to have a significant 
nongenetic component or a genetically simple developmental basis. 

CONCLUSION 

In my opinion, many studies of geographic variation might not have relevance 
to understanding speciation. I frankly cannot make definitive conclusions about 
avian speciation, even after a detailed, multidimensional study of genetic and 
morphological variation in the Fox Sparrow. I know of no way to tell if the 
probability of speciation is greater in the Fox Sparrow than in the Green-tailed 
Towhee. Competing hypotheses about the origin, maintenance, and evolutionary 
significance of geographic differences cannot be distinguished. Part of the problem 
stems from the way in which species have been defined--that is, there is no 
satisfying way to study speciation (reproductive isolation) when populations are 
allopatric. Perhaps the analysis of details of speciation will always be completely 
inferential and the components not amenable to testing. However, this conclusion 
requires further analysis. Distinguishing between the process of genotypic/phe- 
notypic differentiation and the origin of reproductive isolation aids in showing 
that the role of geographic analysis rests with the former endeavor (Zink and 
Remsen, in press), which to some (Cracraft 1983) entails the essence of speciation. 
Possibly, problems inherent in current definitions of species inhibit study of spe- 
ciation. At the least, reaching a consensus on species definitions and the role of 
geographic analysis should shed considerable light on the nature of the evolu- 
tionary process itself. 

TAXONOMY AND THE SEARCH FOR 

EVOLUTIONARY TAXA 

The limits of subspecies of the Fox Sparrow are based to an extent on char- 
acteristics not studied here, such as coloration and length of the central rectrices. 
However, because of the past prevalence of subspecific studies in ornithology 
(Fjeldsa 1985) I evaluate the variation documented in this study in light of current 
subspecific limits. In addition, I comment on the current status and value of 
subspecific taxonomies in avian systematics. 

A series of articles on avian subspecies (Auk, 99:593-615, 1982) seemed to 
reach a consensus that subspecies were of value. The authors in this forum gen- 
erally concluded that subspecies should be objectively and consistently definable. 
Several authors (O'Neill 1982; Barrowclough 1982; Monroe 1982) defined sub- 
species phenetically as groups of populations in which each population is more 
similar to those in its subspecies than to other populations in other subspecies. 
Subspecific names were considered to be useful "flags" for populations or groups 
of them that might be currently undergoing differentiation and, therefore, con- 
stitute potential natural laboratories in which to study evolution. Barrowclough 
(1982) pointed out that the subspecific name should be predictive, in the same 
sense that members of a genus all share diagnostic attributes. Fjeldsa (1985) lists 
a number of problems with past usage of the subspecies concept in ornithology. 
For example, many avian subspecies were described from inadequate series of 
individuals. Also, many subspecies fail the criterion of predictiveness -- that is, 
the subspecies name does not allow significant prediction of patterns of character- 
state variation. Subspecies can be comprised of groups of populations that are 
not most similar to one another. 
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Most authors in the Auk forum implied that the future of subspecies would be 
in relation to investigations of evolutionary problems, rather than in the simple 
(but useful) task ofpigeon-holing specimens in appropriate drawers in collections. 
Often noted was the historical contribution of studies of geographic variation 
toward the understanding of speciation. However, there was some disagreement 
whether subspecies could often be evolutionary units. Mayr (1982) suggested that 
only phenetically differentiated geographic isolates would be likely to undergo 
speciation, and that most examples of continental geographic variation were sub- 
ject to the presumed homogenizing effect of geneflow, a view inconsistent with 
Endler's (1977) writings. Thus, the study of geographic variation has well-defined 
utility, because it contributes information on both taxonomy and evolution. 

The suggestion by Cracraft (1983) that ornithologists should adopt a phyloge- 
netic species concept does not seem to leave much room for the recognition of 
subspecies. Unfortunately, the merits of Cracraft's view have not been given fair 
consideration by at least some (see Fjeldsa (1985) for a strongly biased review of 
the phylogenetic species concept). In Cracraft's view, species are evolutionary 
units, which are groups of individuals that share a diagnostic feature(s). These 
"least diagnosable units" are groups that potentially have had independent evo- 
lutionary histories, and Cracraft argues that such u,nits should be what are called 
species. Many current avian species, defined using the biological species concept, 
probably consist of several evolutionary units, which might not even be mono- 
phyletic groupings. Fjeldsa (1985) suggested that what were species to Cracraft 
were in many cases simply well-marked subspecies;, this characterization misses 
the point. Logically, evolutionary units should be species, not sometimes sub- 
species and sometimes species. I agree with Cracraft that basal taxonomic units 
should be called species, the basic unit of evolution. Nonetheless, populations 
linked by clinal variation, or those which are "nearly diagnosable" might be flagged 
as subspecies. It is my opinion that the utility of subspecies is in the marking of 
differentiation within phylogenetic species, and not for the marking of evolution- 
ary units themselves. In short, I think that the biological species concept is in 
need of a major overhaul. Students of avian geographic variation are presented 
with several decisions: are subspecies to be retained, how should they be recog- 
nized, and are they of evolutionary or simply taxonomic utility? What is the role 
of geographic analysis of variation with respect to subspecific taxonomy if a 
phylogenetic species concept is adopted? It will take time for the merits of a 
phylogenetic species concept to be argued, agreed upon, and if accepted, imple- 
mented in theory and practice. I offer the following as an exercise in the application 
of a phylogenetic species concept. 

To the modern student of geographic variation and subspecies, the goal is to 
discover least diagnosable groups of individuals no matter whether he or she later 
terms them species or subspecies. In most studies of geographic variation, one 
initially uses phenetic criteria, usually external morphology, to determine which 
specific individuals to sample from some geographic area of interest. One might 
not know at first if this taxon is one species or several. In my analysis I did not 
rely a priori on subspecies boundaries to guide my sampling (the past practice of 
pooling specimens from throughout the range of a subspecies into a single unit 
should be discouraged for most analyses). Instead, population samples of Fox 
Sparrows (the initial taxon) were taken to allow description of the nature of 
variation and to test whether particular groupings of individuals are genetically 
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or morphologically discrete. Detection of least diagnosable groups would lead to 
their formalization as phylogenetic species, followed by reconstruction of the 
history of these evolutionary units and analysis of geographic variation indepen- 
dently within each species. 

Given these general considerations, the assessment of subspecies limits in Fox 
Sparrows of the Schistacea group is still problematic. Swarth (1920) recognized 
two groups (lineages .9) within Schistacea, a northern one showing color (browns) 
and bill (small to large) clines from east to west through the forms schistacea, 
fulva, and brevicauda, and a southern group, typified by grayer coloration and a 
striking east to west clinal increase in bill size (canescens, monoensis, "mariposae" 
(= megarhyncha), and stephensi). However, it was later shown (e.g., Grinnell and 
Miller 1944) that north to south clinal variation in the Sierra Nevada connected 
the two groups recognized by Swarth. 

There are no distinct groupings of samples based on the analysis of protein 
variation. The phenetic analyses of skin and skeletal characters used in this study 
failed to confirm the existence of traditional subspecies. Therefore, the current 
subspecific framework fails the criterion of predictiveness for the characters ex- 
amined herein. Groups defined by the morphological analyses, although not al- 
ways clear-cut, are: (1) Great Basin samples, excluding WARN, (2) southern Sierra 
Nevada plus the two samples from brevicauda (North Coast Range), and some 
other samples (e.g., SHAV, SAWY) from megarhyncha, and (3) the remaining 
samples. Analyses of character variation, and composite measures of morpho- 
logical variation (such as PCA and cluster analyses) disclosed that even these three 
groupings overlap, at least between groups (2) and (3). Further study is needed 
on the morphological similarity between brevicauda and stephensi--are they more 
closely related (historically) to one another than to adjacent populations, or are 
their environments very similar? Patterns of color variation, of importance to 
subspecies definitions in Fox Sparrows (Swarth 1920) and not discussed here, 
might alter my taxonomic conclusions. It is my feeling, however, that color varies 
congruently with the phenotypic features surveyed here. The primary exception 
is that the brevicauda-stephensi similarity might not be upheld; that is, they might 
be independent evolutionary taxa, and their resemblance a "primitive" state. 

I, therefore, propose a radical change in the subspecific taxonomy within the 
Schistacea group (see legend to Fig. 1). I recommend merging the subspecies 
stephensi, megarhyncha, brevicauda, monoensis, and fulva (including WARN but 
excluding STEN-) under the name megarhyncha, which has nomenclatorial prior- 
ity (Swarth 1920). There might be a basis for recognizing two groups, stephensi 
plus brevicauda vs the other three. However, the majority of morphological char- 
acteristics grade between these forms without step-clines. The subspecies canes- 
cens and schistacea could be combined with the population breeding at Steens 
Mountain under schistacea. Because only one sample of canescens was used, 
however, this decision awaits more detailed analysis of Great Basin populations. 
It is unlikely that these groups represent distinct evolutionary units. This proposal 
differs markedly from Parkes' opinion (in Arbib 1981), which favors retention of 
all currently recognized subspecies. Parkes' opinion, however, is influenced by 
the extremes of variation in a few characters, whil:h do not define consistent, 
discrete groups. 

I think that it is appropriate to recognize the subspecies groups schistacea, iliaca, 
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and unalaschcensis as species. I believe that this scheme would have predictive- 
ness, and these three taxa probably represent evolutionary units. Although vari- 
ation is extreme within these groups, they are discretely recognizable; a possible 
exception is altivagans, showing intermediate characteristics between iliaca and 
unalaschcensis. Thus, it is my opinion that one could argue effectively that at 
least three species, not one, of Fox Sparrows currently exist in North America. 
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SUMMARY 

A detailed, multidimensional microgeographic study of patterns of variation 
in the Schistacea group of the Fox Sparrow forms the basis for inferring the nature 
of evolutionary processes. Samples were collected from riparian and chaparral 
habitats at elevations between 1,340 m and 2,865 m, at 31 sites in Oregon, Nevada, 
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and California. Disjunct and continuous portions of the range were sampled, as 
were populations with varying morphologies. The objective was to document 
levels and patterns of genetic and morphologic variation and their covariation. 
Geographic and ecological correlates of variation were examined. From each 
specimen, data were recorded for skin (8) and skeletal (15) characters, and genotype 
at 38 allozyme loci, determined by horizontal starch-gel electrophoresis of whole- 
tissue extracts. 

Levels of variation in morphological characters are typical for birds; coefficients 
of variation range from 2% to 5% within populations. All characters are significantly 
heterogeneous among sites (ANOVA), but not all characters exhibit the same 
pattern of variation. Many study skin and skeletal characters (1) are small in the 
Great Basin, and (2) increase clinally from north to south, reaching largest size 
in the North Coast Range and southern California (a bifurcation). Size, as mea- 
sured by cube-root of mass, is a dominant component of morphological variation. 
Mantel's test revealed that morphological and geographic distances among sam- 
ples are significantly non-random. Cluster and principal components analyses 
showed three general groupings of samples: (1) Great Basin, (2) North Coast Range 
and southern California, and (3) the remainder of samples spread throughout the 
Sierra Nevada-Cascade axis. Although variation in, shape exists, it is not geo- 
graphically ordered. A canonical correlation analysis did not consistently identify 
temperature or rainfall variables that might explain morphological patterns; mor- 
phology does not seem to vary in ways predicted by ecogeographic "rules." 

Electrophoretic analysis revealed that the (1) average individual heterozygosity 
per population ranges from 2.3% to 5.2% (average = 3.85%), (2) average number 
of polymorphic loci per population is about 22% (range among populations is 
from 16% to 31%), and (3) average number of alleles per polymorphic locus is 
2.3, with a range among populations of 2.1 to 2.6. Allelic frequencies and measures 
of within-population genetic variation have few if any ecological or geographic 
correlates. Although within-population levels of genetic variation are typical of 
vertebrates, genetic differentiation between populations is low, with an average 
genetic distance of 0.002 (range.= 0.0-0.0039), and an FsT of 1.35%. A phenogram 
summarizing genetic distances did not join samples from given areas, elevations, 
or habitat types; genetic and geographic (minimum pairwise) distances are random 
with respect to each other (Mantel's test). The allelic frequency data are consistent 
with a hypothesis of high gene flow. The nature of genetic polymorphism within 
populations is in agreement with neutral theory, specifically, the Infinite alleles- 
Constant mutation rate model. 

Genetic variation in Fox Sparrows is compared to other birds and vertebrates. 
Four hypotheses were evaluated that could potentially explain the low level of 
genetic differentiation among samples: (1) recency of common ancestry, (2) high 
levels ofgene flow, (3) slow rates of molecular evolution, and (4) natural selection. 
Habitat and climatic fluctuations during the Pliocene and Pleistocene possibly 
allowed a more continuous distribution without genetic differentiation. High gene 
flow probably accounts for current genetic homogeneity. Also, Fox Sparrows might 
have only recently occupied the current range, providing insufficient time for 
genetic differentiation. 

In contrast to genetic variation, considerable morphological variation is dis- 
tributed among sites, and it is geographically ordered. Thus, the two data sets are 
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not concordant; evolution at these two levels col•ld be decoupled in the Fox 
Sparrow. A potential paradox is posed by the discordance of the data sets and 
the inference of high gene flow. I propose that local environmental conditions 
acting during the nestling period shape inherent phenotypic plasticity, effecting 
spatial patterns. Morphological differences could thus be maintained in spite of 
gene flow. A hypothesis of environmental modification of the developmental 
program is advanced, and the need for "common garden," or reciprocal transplant 
(James 1983) experiments is stressed. 

The process of geographic differentiation is often viewed as a model for the 
evolution of species and their characteristics. I contrast morphological and genetic 
variation among populations of Fox Sparrows and some other species of related 
sparrows, to assess whether or not species differences seem to be an extension of 
geographic differences. The objective is to identify potential correlates of the 
speciation process. Average interspecific genetic distance in sparrows is 0.06, and 
among local populations it is 0.002, a difference of an order of magnitude. Level 
of morphometric differentiation in skeletal characters among subspecies can ex- 
ceed interspecific levels, showing that absolute level of phenetic distance is not 
related to speciation. Species tend to be characterized by discrete plumage dif- 
ferences, whereas these types of characteristics grade between extremes in the Fox 
Sparrow. Thus, it is equivocal as to whether the origin and nature of differences 
among populations of Fox Sparrows represent processes associated with the evo- 
lution of sparrow species. The evolutionary significance of geographic variation 
is unclear, because critical tests of the adaptive importance of geographic variation 
and its relationship to speciation have not been performed. 

The analysis of morphological variation does not support the continued rec- 
ognition of several subspecies. There appears to be little evidence that evolutionary 
units, or phylogenetic species, exist within the Schistacea group. 

LITERATURE CITED 

ABBo•r,I.,L.K. ABBoTT,^•DP.R.G•T. 1977. Comparative ecology ofGalapagos ground finches 
(Geospiza Gould): evaluation of the importance of fioristic diversity and interspecific compe- 
tition. Ecol. Monogr. 47:151-178. 

ALBœRCH, P. 1980. Ontogenesis and morphological diversification. Am. Zool. 20:653-667. 
AL•ERCH, P., S. J. Gotr•D, G. F. OSTER, ̂• D. B. W•. 1979. Size and shape in ontogeny and 

phylogeny. Paleobiology 5:296-317. 
ALDRICH, J.W. 1984. Ecogeographical variation in size and proportions of the Song Sparrow (Mel- 

ospiza melodia). Ornithol. Monogr. 35:1-134. 
AMERICAN ORNITHOLOGISTS' UNION. 1957. Check-list of North American Birds, 5th ed. American 

Ornithologists' Union, Baltimore, Maryland. 
AQUADRO, C. F., AND J. C. AVISE. 1982. Evolutionary genetics of birds. VI. A reexamination of 

protein divergence using varied electrophoretic conditions. Evolution 36:1003-1019. 
Am•m, R. 1981. Notes on the plumages of North American sparrows. Am. Birds 35:902-904. 
A•CHIœ, J. W. 1985. Statistical analysis of heterozygosity data: independent sample comparisons. 

Evolution 39:623-637. 

ATCHLEY, W.R. 1983. Some genetic aspects of morphometric variation. Pp. 346-363, In J. Felsen- 
stein (ed.), Numerical Taxonomy, NATO ASI Series, Vol. G1. Springer-Verlag, Heidelberg. 

Arose, J.C. 1983. Commentary. Pp. 256-261, In A. H. Brush and G. A. Clark, Jr. (eds.), Perspectives 
in Ornithology. Cambridge University Press, New York. 

AVISE, J. C., AND C. F. AQUADRO. 1982. A comparative summary of genetic distances in the ver- 
tebrates. Pp. 151-185, In M. Hecht, B. Wallace, and R. Praus (eds.), Evolutionary Biology, 
Vol. 15. Plenum Publ. Co., New York. 



108 ORNITHOLOGICAL MONOGRAPHS NO. 40 

AvisE, J. C., J. C. PATTON, AND C. F. AQUADRO. 1980a. Evolutionary genetics of birds. I. Relation- 
ships among North American thrushes and allies. Auk 97:135-147. 

AvIsE, J. C., J. C. PATTON, AND C. F. AQUADRO. 1980b. Evolutionary genetics of birds. II. Conser- 
vative protein evolution in North American sparrows and relatives. Syst. Zool. 29:323-334. 

AVlSE, J. C., J. C. PATTON, AND C. F. AQUADRO. 1980C. Evolutionary genetics of birds. Comparative 
molecular evolution in New World wood warblers and rodents. J. Heredity 71:303-310. 

AvisE, J. C., AND R. K. SELANDER. 1972. Evolutionary genetics of cave-dwelling fishes of the genus 
Astyanax. Evolution 26:1-19. 

AXELROD, D.I. 1958. Evolution of the Madro-Tertiary geoflora. Bot. Rev. 24:433-509. 
AXELROD, D.I. 1977. Outline history of California vegetation. Pp. 139-187, In M. G. Barbour and 

J. Major (eds.), Terrestrial Vegetation of California. John Wiley and Sons, New York. 
AXELRor>, D.I. 1979. Age and origin of Sonoran desert vegetation. Occ. Papers Calif. Acad. Sci. 

134:1-74. 

A¾^I.A, F. J. 1976. Molecular genetics and evolution. Pp. 1-20, In F. J. Ayala (ed.), Molecular 
Evolution. Sinauer Assoc., Sunderland, Massachusetts. 

AYA•.A, F.J. 1982. The genetic structure of species. Pp. 60-82, In R. Milkman (ed.), Perspectives 
on Evolution. Sinauer Assoc., Sunderland, Massachusetts. 

BAccus, R., N. RYMAN, M. H. SMITH, C. REUTERALL, AND D. CAMERON. 1983. Genetic variability 
and differentiation of large grazing mammals. J. Mamm. 64:109-120. 

BAKER, A.J. 1980. MørPhometric differentiation in New Zealand populations ofthe House Sparrow 
(Passer domesticus). Evolution 34:638-653. 

BAKER, A. J., AND A. MOEED. 1979. Evolution in the introduced New Zealand populations of the 
common myna, Acridotheres tristus. Can. J. Zool. 57:570-584. 

BAKER, A. J., AND A. MOEED. 1980. Morphometric variation in Indian samples of the Common 
Myna, Acridotheres tristus (Aves: Sturnidae). Bijdr. Dierkd. 50:351-363. 

BAKER, M. C., A. E. M. BAKER, M. A. •OHAM, D. B. THOMPSON, AND D. F. TOMBACK. 1984. 
Reply to "Allozymes and song dialects: a reassessment." Evolution 38:449-451. 

BAKER, M. C., AND S. F. FOX. 1978. Dominance, survival, and enzyme polymorphism in Dark-eyed 
Juncos, Junco hyemalis. Evolution 32:697-711. 

BAKER, M. C., D. B. THOMPSON, G. L. SHERMAN, M. A. CUNNINGHAM, AND D. F. TOMBACK. 1982. 
Allozyme frequencies in a linear series of song dialect populations. Evolution 36:1020-1029. 

BARLOW, J. C., ANt> D. M. POWER. 1970. An analysis of character variation in Red-eyed and 
Philadelphia vireos (Aves: Vireonidae). Can. J. Zool. 48:673-680. 

BARROWCLOUGH, G.F. 1980a. Genetic and phenotypic differentiation in a wood warbler (Genus 
Dendroica) hybrid zone. Auk 97:655-668. 

BARROwCLOUGH, G.F. 1980b. Geneflow, effective population sizes, and genetic variance components 
in birds. Evolution 34:789-798. 

BARROwCLOUGH, G. F. 1982. Geographic variation, predictiveness, and subspecies. Auk 99:601- 
603. 

BAR•OwCI. OUGH, G.F. 1983. Biochemical studies of microevolutionary processes. Pp. 223-261, In 
A. H. Brush and G. A. Clark, Jr. (eds.), Perspectives in Ornithology. Cambridge University 
Press, New York. 

BARROWCLOUGH, G. F., ANt> K. W. CORmN. 1978. Genetic variation and differentiation in the 
Parulidae. Auk 95:691-702. 

BARROWCLOUGH, G. F., K. W. CORBIN, AND R. m. mINK. 1981. Genetic differentiation in the Pro- 
cellariiformes. Comp. Biochem. Physiol. 69B:629-632. 

BARROWCLOUGH, G. F., N. K. JOHNSON, AND R. m. mINK. 1985. On the nature ofgenic variation in 
birds. Pp. 135-154, In R. F. Johnston (ed.), Current Ornithology, Vol. 2. Plenum Press, New 
York. 

BARWON, N.H. 1983. Multilocus clines. Evolution 37:454-471. 
BEAVER, D.L. 1976. Avian populations in herbicide treated brush fields. Auk 93:543-553. 
BEHLE, W.H. 1956. A systematic review of the Mountain Chickadee. Condor 58:51-70. 
BIRD, J., B. RISKA, AND R. R. SOKAL. 1981. Geographic variation in variability of Pemphigus 

populicaulis. Syst. Zool. 30:58-70. 
BOAG, P. T., AND P. R. GRAN'r. 1978. Heritability of external morphology in Darwin's finches. Nature 

274:793-794. 

BOAG, P. T., AND P. R. GP, ANT. 1981. Intense natural selection in a population of Darwin's finches 
(Geospizinae) in the Galapagos. Science 214:82-85. 



GEOGRAPHIC VARIATION IN THE FOX SPARROW 109 

Boche, C. E., AND J. F. LYNCh. 1970. Breeding bird populations of burned and unburned conifer 
forest in the Sierra Nevada. Condor 72:182-189. 

Boot, C. E., M. RAPHAEL, ̂ND J. H. BocIc. 1978. Changing arian community structure during early 
post-fire succession in the Sierra Nevada. Wilson Bull. 90:119-123. 

Boc•c,W.J. 1979. Thesyntheticexplanationofmacroevolutionarychange--areductionistapproach. 
Bull. Carnegie Mus. Nat. Hist. 13:20-69. 

BOOKSTEIN, F., B. CHERNOFF, R. ELDER, J. M. HUMPHRIES, JR., G. R. SMITH, AND R. E. STI•uss. 
1985. Morphometrics in Evolutionary Biology. Spe•c. PubL 15, The Academy of Natural 
Sciences, Philadelphia, Pennsylvania. 

BOWEN, B. S., AND S. Y. YANG. 1978. Genetic control of enzyme polymorphisms in the California 
Vole, Microtus californicus. Biochem. Genet. 16:455-467. 

BRITTEN, R.J. 1986. Rates of DNA sequence evolution differ between taxonomic groups. Science 
231:1393-1398. 

BRODICORB, P. 1971. Catalogue of fossil birds. Part 5 (Passeriformes). Bull Fla. State Mus. 23:139- 
228. 

BUSH, G.L. 1975. Modes of animal speciation. Ann. Rev. Ecol. Syst. 6:339-364. 
BUSH, G. L. 1982. What do we really know about speciation? Pp. 119-128, In R. Milkman (ed.), 

Perspectives on Evolution. Sinauer Assoc., Sunderland, Massachusetts. 
CAMPBELL, A. 1983. Transposons and their evolutionary significance. Pp. 258-280, In M. Nei and 

R. K. Koehn (eds.), Evolution of Genes and Proteins. Sinauer Assoc., Sunderland, Massachu- 
setts. 

CHAKRABORTY, R., P. A. FUERST, AND M. NEI. 1978. Statistical studies on protein polymorphism 
in natural populations. II. Gene differentiation between populations. Genetics 88:367-390. 

CHAKRABORTY, R., P. A. FUERST, AND M. NEI. 1980. Statistical studies on protein polymorphism 
in natural populations. III. Distribution of allele frequencies and number of alleles per locus. 
Genetics 94:1039-1063. 

CHAKRABORTY, R., AND M. NEI. 1977. Bottleneck effects on average heterozygosity and genetic 
distance with the stepwise mutation model. Evolution 31:347-356. 

CHARLESWORTH, B., R. LANDE, AND M. SLATKIN. 1982. A neo-Darwinian commentary on macro- 
evolution. Evolution 36:474-498. 

CHEmqOFF, B. 1982. Character variation among populations and the analysis of biogeography. Am. 
ZooL 22:411-424. 

CHERNOFF, B., AND R. R. MILLER. 1982. Mexican freshwater silversides (Pisces:Atherinidae) of the 
genus Archomenidia, with the description of a new species. Proc. Biol. Soc. Wash. 95:428-439. 

C•ESSER, R.K. 1983. Genetic variability within and among populations of the Black-tailed Prairie 
Dog. Evolution 37:320-331. 

COPY, M.L. 1974. Competition and the Structure of Bird Communities. Monogr. Pop. Biol. 14, 
Princeton University Press, Princeton, New Jersey. 

CORBIN, K.W. 1981. Genie heterozygosity in the White-crowned Sparrow: a potential index to 
boundaries between subspecies. Auk 98:669-680. 

CORBIN, K. W., AND C. G. SlBLEY. 1977. Rapid evolution in orioles of the genus Icterus. Condor 
79:335-342. 

CORRUCCINI, R. S., m. BABA, m. GOODMAN, R. L. CIOCHON, AND J. E. CRONIN. 1980. Non-linear 
macromolecular evolution and the molecular clock. Evolution 34:1216-1219. 

CRACRAFT, J. 1983. Species concepts and speciation analysis. Pp. 159-187, In R. F. Johnston (ed.), 
Current Ornithology, Vol. 1. Plenum Press, New York. 

CRow, J. F., AND M. KIMURA. 1970. An Introduction to Population Genetics Theory. Harper and 
Row, New York. 

DAVlN, T., R. P. MORGAN, AND G. A. FELDHAMER. 1984. Variation of individual electromorphs in 
Microtus pennsylvanicus and Peromyscus leucopus. Biochem. Syst. Ecol. 12:435-440. 

DEw, R. D., AND M. L. KENNEDY. 1980. Genie variation in raccoons, Procyon lotor. J. Mamm. 61: 
697-702. 

DHONDT, A.A. 1982. Heritability of Blue Tit tarsus length from normal and cross-fostered broods. 
Evolution 36:418-419. 

DICKERMAN, R.W. 1961. The Song Sparrows of the Mexican Plateau. Oct. Papers 9, Minn. Mus. 
Nat. Hist., University of Minnesota Press, Minneapolis, Minnesota. 

DixoN, W.J. 1979. BMDP-79. Biomedical Computer Programs P-Series. University of California 
Press, Berkeley, California. 



110 ORNITHOLOGICAL MONOGRAPHS NO. 40 

DOBZHANSKY, T. 1970. Genetics of the Evolutionary Process. Columbia University Press, New York. 
DOUGLAS, M. E., AND J. A. ENDLER. 1982. Quantitative matrix comparison in ecological and evo- 

lutionary investigations. J. Theor. Biol. 99:777-795. 
DOVER, G. 1982. Molecular drive: a cohesive mode of species evolution. Nature 299:111-117. 
EHRLICH, P. R., AND P. n. RAVEN. 1969. Differentiation of populations. Science 165:1228-1232. 
ELDREDGE, N., AND J. eRACRAFT. 1980. Phylogenetic Patterns and the Evolutionary Process. Co- 

lumbia University Press, New York. 
ENDLER, J. A. 1977. Geographic Variation, Speciation, and Clines. Princeton University Press, 

Princeton, New Jersey. 
ENDLER, J.A. 1982. Problems in distinguishing historical from ecological factors in biogeography. 

Am. Zool. 22:441-452. 

ENGLES, W. L. 1940. Structural adaptations in thrashers (Mimidae: Genus Toxostoma) with com- 
ments on interspecific relationships. Univ. Calif. Publ. Zool. 42:341-400. 

FALCONER, D.S. 1981. Introduction to Quantitative Genetics. 2nd. ed. Longman, London. 
FArmS, J.S. 1981. Distance data in phylogenetic analysis. Pp. 1-23, In V. A. Funk and D. R. Brooks 

(eds.), Advances in Cladistics. Proc. Willi Hennig Soc., New York Bot. Gardens, New York. 
FELSENSTEIN, J. 1982. Numerical methods for inferring evolutionary trees. Quart. Rev. Biol. 57:379- 

404. 

F•ELDSA, J. 1985. Subspecies recognition in ornithology: history and the current rationale. Fauna 
norv. Ser. C. Cinclus 8:57-63. 

FLE•SC•tER, R. C. 1983. A comparison of theoretical and electrophoretic assessments of genetic 
structure in populations of the House Sparrow (Passer domesticus). Evolution 37:1001 - 1009. 

FLEISCHER, R. C., R. F. JOHNSTON, AND W. J. KLITZ. 1983. Allozymic heterozygosity and morpho- 
logical variation in House Sparrows. Nature 304:628-630. 

FROST, J. S., AND J. E. PLATZ. 1983. Comparative assessment of modes of reproductive isolation 
among four species of leopard frogs (Rana piplens Complex). Evolution 37:66-78. 

GABRIEL, K.R. 1964. A procedure for testing the homogeneity of all sets of means in analysis of 
variance. Biometrics 20:459-477. 

GABRIEL, K. R., AND R. R. SOKAL. 1969. A new statistical approach to geographic variation analysis. 
Syst. Zool. 18:259-278. 

GAP, NEWT, M.C. 1981. Body size, its heritability and influence on juvenile survival among Great 
Tits, Parus major. Ibis 123:31-41. 

GILLESPIE, J. H., AND C. H. LANGLEY. 1974. A general model to account for enzyme variation in 
natural populations. Genetics 76:837-844. 

GOLDSCHMIDT, R. 1940. The Material Basis of Evolution. Yale University Press, New Haven, 
Connecticut. 

GORMAN, G. C., AND J. RENZI, JR. 1979. Genetic distance and heterozygosity estimates in electro- 
phoretic studies: effects of sample size. Copeia 1979:242-249. 

GOULD, S.J. 1966. Allometry and size in ontogeny and phylogeny. Biol. Rev. 41:587-640. 
GOULD, S.J. 1977. Ontogeny and Phylogeny. Harvard University Press, Cambridge, Massachusetts. 
GOULD, S. J., AND R. F. JOh'NSTON. 1972. Geographic variation. Ann. Rev. Ecol. Syst. 3:457-498. 
GOULD, S. J., AND R. C. LEWONT•N. 1979. The spandrels of San Marco and the Panglossian paradigm: 

a critique of the adaptationist programme. Proc. Roy. Soc. Lond. B205:581-598. 
GRA•X, P. R. 1979a. Ecological and morphological variation of Canary Island blue tits, Parus 

caeruleus (Aves:Paridae). Biol. J. Linn. Soc. 11:103-129. 
GRANT, P.R. 1979b. Evolution of the Chaffinch, Fringilla coelebs, on the Atlantic Islands. Biol. J. 

Linn. Soc. 11:301-332. 

GRANT, P.R. 1981. Patterns of growth in Darwin's finches. Proc. Roy. Soc. London B212:403-432. 
GRAVES, J. E., AND G. W. SOMERO. 1982. Electrophoretic and functional enzymatic evolution in 

four species of eastern Pacific barracuda from different thermal environments. Evolution 36: 
97-106. 

GREENWOOD, P. J., P. H. HARVEY, AND C. M. PERRINS. 1978. Inbreeding and dispersal in the Great 
Tit. Nature 271:52-54. 

GRINNELL, J., AND A. H. M•LLER. 1944. The Distribution of the Birds of California. Pac. Coast 
Avifauna 27, Cooper Ornithol. Club. 

GURIES, R. P., AND F. T. LEDIG. 1982. Genetic divergence and population structure in Pitch Pine 
(Pinus rigida Mill.). Evolution 36:387-402. 



GEOGRAPHIC VARIATION IN THE FOX SPARROW 111 

GUTIgRREZ, R. J., R. M. Zn, nc, A•rD S. Y. Yta•G. 1983. Genic variation, systematic, and biogeographic 
relationships of some galliform birds. Auk 100:33-47. 

Ht•mR, D. J., taqD K. E. P•TERSEN. 1985. Song dialects and gene flow in the White-crowned Sparrow, 
Zonotrichia leucophrys nuttalli. Evolution 39:687-694. 

HAFNER, J. C., D. J. HAFNER, J. L. PATTON, AND M. F. SMITH. 1983. Contact zones and the genetics 
of differentiation in the pocket gopher Thomomys bottae (Rodentis: Geomyidae). Syst. Zool. 
32:1-20. 

HAMILTON, S., taqD R. F. JOHNSTON. 1978. Evolution in the House Sparrow. VI. Variability and 
niche width. Auk 95:313-323. 

•Fov, x), P. 1980. Heterozygosity at enzyme loci and morphological variation. Nature 286:261- 
262. 

Hn•rDFOl•, P. 1983. Continental patterns of morphological variation in a South American sparrow. 
Evolution 37:920-930. 

HA•rD•ORD, P., A•rD F. NOTrEBOHM. 1976. Allozymic and morphological variation in population 
samples of Rufous-collared Sparrow, Zonotrichia capensis, in relation to vocal dialects. Evo- 
lution 30:802-817. 

HAmus, H., taqD D. A. HOPr, INSON. 1976. Handbook of Enzyme Electrophoresis in Human Genetics. 
North-Holland Publ. Co., Amsterdam. 

FIA•TL, D.L. 1981. A Primer of Population Genetics. Sinauer Assoc., Sunderland, Massachusetts. 
HILL, M. 1975. Geology of the Sierra Nevada. University of California Press, Berkeley, California. 
HONEYCUTT, R. L., I. F. GREENBAUM, R. J. BAKER, AND V. M. SARICH. 1981. Molecular evolution 

of vampire bats. J. Mamm. 62:805-811. 
HOPKn•S, A.D. 1938. Bioclimates. U.S. Dept. Agric., Misc. Publ. 280. 
How•, M., R. C. LAYBOURn, A•rD F. C. JnMES. 1977. Morphological variation in breeding Red- 

winged Blackbirds, Agelaius phoeniceus, in Florida. Fla. Scientist 40:273-280. 
HU•nRD, J.P. 1973. Avian evolution in the aridlands of North America. Living Bird 12:155-196. 
HUMPHRIES, J. M., F. L. BOOKSTEIN, B. CHERNOFF, G. R. SMITH, R. L. ELDER, AND S. G. POSS. 1981. 

Multivariate discrimination by shape in relation to size. Syst. Zool. 30:291-308. 
HUXLEY, J. 1942. Evolution the Modern Synthesis. Harper and Brothers, New York. 
JACKSON, J. F., AND J. A. POUNDS. 1979. Comments on the dedifferentiating effects ofgene flow. 

Syst. Zool. 28:78-85. 
Jt•MES, F.C. 1970. Geographic size variation in birds and its relationship to climate. Ecology 51: 

365-390. 

JAMES, F.C. 1982. The ecological morphology of birds: a review. Ann. Zool. Fenn. 19:265-275. 
JAMES, F.C. 1983. Environmental component of morphological differences in birds. Science 221: 

184-186. 

JOHNSON, G.B. 1976. Genetic polymorphism and enzyme function. Pp. 46-59, In F. J. Ayala (ed.), 
Molecular Evolution. Sinauer Assoc., Sunderland, Massachusetts. 

JOHNSON, N.K. 1980. CharactervariationandevolutionofsiblingspeciesintheE. difficilis-fiavescens 
complex (Aves: Tyrannidae). Univ. Calif. Publ. Zool. 112:1-151. 

JOm•SON, N. K., AND R. M. ZI•. 1983. Speciation in sapsuckers (Sphyrapicus): I. Genetic differ- 
entiation. Auk 100:871-884. 

JOHNSON, N. K., R. M. Zr•K, G. F. BARROWCLOUGH, AND J. A. MARTEN. 1984. Suggested techniques 
for modern avian systematics. Wilson Bull. 96:543-560. 

JOHNSON, W. E., AND R. K. SELANDER. 1971. Protein variation and systematics in kangaroo rats 
(Genus Dipodomys). Syst. Zool. 20:377-405. 

JOHNSTON, R. F. 1972. EcoIogic differentiation in North American birds. Pp. 107-132, In R. T. 
Allen and F. C. James (eds.), A Symposium on Ecosystematics. University of Arkansas Mus. 
Occ. Pap. No. 4. 

JOHNSTON, R.F. 1975. Studies in phenetic and genetic covariation. Pp. 333-353, In G. F. Estabrook 
(ed.), Proc. 8th Intern. Conf. Numerical Taxonomy. W. H. Freeman and Co., San Francisco, 
California. 

JOHNSTON, R. F., AND R. K. SELANDER. 1964. House Sparrows: rapid evolution of races in North 
America. Science 144:548-552. 

JOmqSTON, R. F., AND R. K. SELANDER. 1971. Evolution in the House Sparrow. II. Adaptive differ- 
entiation in North American populations. Evolution 25:1-28. 



112 ORNITHOLOGICAL MONOGRAPHS NO. 40 

Jo•_s, J. S., R. K. SELANDER, AND G. D. SCHNELL. 1980. Patterns of morphological and molecular 
polymorphism in the land snail Cepaea nemoralis. Biol. J. Linn. Soc. 14:359-387. 

KAHLER, A. L., R. W. ALLARD, M. KRZAKOWA, C. F. WEHRI-IAHN, AND E. NEVO. 1980. Associations 
between isozyme phenotypes and environment in the slender wild oat (Avena barbata) in Israel. 
Theor. Appl. Genet. 56:31-47. 

KaDWELL, M. G. 1983. Evolution of hybrid dysgenesis determinants in Drosophi/a melanogaster. 
Proc. Natl. Acad. Sci. USA 80:1655-1659. 

KaLPATRICK, C.W. 1981. Genetic structure of insular populations. Pp. 28-59, In M. H. Smith and 
J. Joule (eds.), Mammalian Population Genetics. University of Georgia Press, Athens, Georgia. 

K•LPATRICK, C. W., AND E.G. ZIMMERMAN. 1975. Genetic variation and systematics of four species 
of mice of the Peromyscus boy/ii species group. Syst. Zool. 24:143-162. 

KaMURA, M. 1982. The neutral theory as a basis for understanding the mechanism of evolution and 
variation at the molecular level. Pp. 3-56, In M. Kimura (ed.), Molecular Evolution, Protein 
Polymorphism, and the Neutral Theory. Springer-Verlag, Berlin. 

KaMURA, M., AND T. OHTA. 1971. Theoretical Aspects of Population Genetics. Princeton University 
Press, Princeton, New Jersey. 

KOEHN, R. K., A. J. ZERA, AND J. G. HALL. 1983. Enzyme polymorphism and natural selection. Pp. 
115-136, In M. Nei and R. K. Koehn (eds.), Evolution of Genes and Proteins. Sinauer Assoc., 
Sunderland, Massachusetts. 

KOEN•G, W. D., AND F. A. PITœLKA. 1979. Relatedness and inbreeding avoidance: counterploys in 
the communally nesting Acorn Woodpecker. Science 206:1103-1105. 

KO•EY, K.A. 1981. Species number, generation length, and the molecular clock. Evolution 35:139- 
147. 

LANDE, R. 1980. Genetic variation and phenotypic evolution during allopatric speciation. Am. Nat. 
116:463-479. 

I•NDE, R. 1981. Models of speciation by sexual selection on polygenic traits. Proc. Natl. Acad. Sci. 
USA 78:3721-3725. 

LANDE, R. 1985. Expected time for random genetic drift of a population between stable phenotypic 
states. Proc. Natl. Acad. Sci. USA 82:7641-7645. 

LARSON, A. 1980. Paedomorphosis in relation to the rates of morphological and molecular evolution 
in the salamander Aneides fiavipunctatus (Amphibia, Plethodontidae). Evolution 34:1-17. 

LARSON, A., AND R. HIGHTON. 1978. Geographic protein variation and divergence in the salamanders 
of the Plethodon welleri group (Amphibia, Plethodontidae). Syst. Zool. 27:431-448. 

I•RSON, A., D. B. W,UCE, AND K. P. YANEV. 1984. Measuring gene flow among populations having 
high levels of genetic fragmentation. Genetics 106:293-308. 

LEMEN, C.A. 1983. The effectiveness of methods of shape analysis. Fieldiana 15:1-17. 
LEMEN, C. A., AND P. W. FREEMAN. 1984. The genus: a macroevolutionary problem. Evolution 38: 

1219-1237. 

LERNER, I.M. 1954. Genetic Homeostasis. John Wiley and Sons, New York. 
LF. SS•OS, H.A. 1981. Divergence in allopatry: molecular and morphological differences between sea 

urchins separated by the Isthmus of Panama. Evolution 35:618-634. 
LEWONTIN, R.C. 1974. The Genetic Basis of Evolutionary Change. Columbia University Press, New 

York. 

LEWONTIN, R. C. 1984. Detecting population differences in quantitative characters as o. pposed to 
gene frequencies. Am. Nat. 123:115-124. 

LEWONTIN, R.C. 1986. A comment on the comments of Rogers and Felsenstein. Am. Nat. 127: 
733-734. 

LEWONTIN, R. C., AND J. FELSENSTE1N. 1965. The robustness of homogeneity tests in 2 x n tables. 
Biometrics 21:19-30. 

LINSDALE, J. M. 1928. Variations in the Fox Sparrow (Passerella iliaca) with reference to natural 
history and osteology. Univ. Calif. Publ. Zool. 30:251-392. 

MANTEL, N. 1967. The detection of disease clustering and a general regression approach. Cancer 
Res. 27:209-220. 

MARLOW, R. W., J. m. BRODIE, AND D. B. WAKE. 1981. A new salamander, genus Batrachoseps, 
from the Inyo Mountains of California, with a discussion of relationships in the genus. Contrib. 
Sci., Los Angeles Co. Mus. Nat. Hist. 308:1-17. 

MARTIN, D.J. 1979. Songs of the Fox Sparrow. II. Intra- and interpopulation variation. Condor 81: 
173-184. 



GEOGRAPHIC VARIATION IN THE FOX SPARROW 113 

MAYR, E. 1942. Systematics and the Origin of Species. Columbia University Press, New York. 
MAYR, E. 1963. Animal Species and Evolution. Harvard University Press, Cambridge, Massachu- 

setts. 

MAYR, E. 1970. Populations, Species, and Evolution. Harvard University Press, Cambridge, Mas- 
sachusetts. 

MAYR, E. 1980. The role of systematics in the evolutionary synthesis. Pp. 123-136, In E. Mayr and 
W. B. Provine (eds.), The Evolutionary Synthesis. Harvard University Press, Cambridge, Mas- 
sachusetts. 

MAYR, E. 1982. Review [Vicarlance Biogeography]. Auk 99:618-620. 
McCLENAOHAN, L. R., AND M. S. GAINES. 1981. Genic and morphologic variability in central and 

marginal populations of Sigmodon hispidus. Pp. 202-213, In M. H. Smith and J. Joule (eds.), 
Mammalian Population Genetics. University of Georgia Press, Athens, Georgia. 

McGovERN, M., AND C. R. TRACY. 1981. Phenotypic variation in electromorphs previously con- 
sidered to be genetic markers in Microtus ochrogaster. Oecologia 51:276-280. 

MCNAB, B. 1971. On the ecological significance of Bergmann's Rule. Ecology 52:845-854. 
MENGEL, e.M. 1964. The probable history of species formation in some northern wood warblers 

(Parulidae). Living Bird 3i9-43. 
MERRELL, D.J. 1981. Ecological Genetics. University of Minnesota Press, Minneapolis, Minnesota. 
MILLER, A.H. 1956. Ecological factors that accelerate formation of races and species of terrestrial 

vertebrates. Evolution 10:262-277. 

MILLER, A. H., AND T. T. McCABE. 1935. Racial differentiation in Passerella (Melospiza) lincolnii. 
Condor 37:144-160. 

MONROE, B. L., JR. 1982. A modern concept of the subspecies. Auk 99:608--609. 
MOSIMANN, J. E., AND F. C. JAMES. 1979. New statistical methods for allometry with application to 

Florida Red-winged Blackbirds. Evolution 33:444-459. 
MURPHY, E.C. 1985. Bergmann's Rule, seasonality, and geographic variation in body size of House 

Sparrows. Evolution 39:1327-1334. 
NEI, M. 1975. Molecular Population Genetics and Evolution. North-Holland Co., Amsterdam. 
NEI, M. 1978. Estimation of average heterozygosity and genetic distance from a small number of 

individuals. Genetics 89:583-590. 

NEI, M. 1983. Genetic polymorphism and the role of mutation in evolution. Pp. 165-190, In M. 
Nei and R. K. Koehn (eds.), Evolution of Genes and Proteins. Sinauer Assoc., Sunderland, 
Massachusetts. 

NEI, M., T. MARUYAMA, AND R. CHAICRABORTY. 1975. The bottleneck effect and genetic variability 
in populations. Evolution 29:1-10. 

NEvo, E. 1978. Genetic variation in natural populations: patterns and theory. Theor. Pop. Biol. 13: 
121-177. 

NILES, D.M. 1973. Adaptive variation in body size and Skeletal proportions of Horned Larks of 
the southwestern United States. Evolution 27:405-426. 

NOZAWA, K., T. SHOTAIr, I, AND Y. OKURA. 1975. Blood protein polymorphism and population 
structure of the Japanese macaque, 2t•racaca fuscatafuscata. Pp. 225-241, In C. L. Markert 
(ed.), Isozymes. IV. Genetics and Evolution. Academic Press, New York. 

OHTA, T. 1976. Role of very slightly deleterious mutations in molecular evolution and polymorphism. 
Theor. Pop. Biol. 10:254-275. 

OHTA, T. 1977. Extension to the neutral mutation random drift hypothesis. Pp. 148-167, In M. 
Kimura (ed.), Molecular Evolution and Polymorphism. Nat. Institute Genetics, Mishime. 

OHTA, T., AND M. KIMURA. 1973. A model of mutation appropriate to estimate the number of 
electrophoretically detectable allPies in a finite population. Genet. Res. 22:201-204. 

O'NEILL, J.e. 1982. The subspecies concept in the 1980's. Auk 99:609-612. 
ORNDUFF, R. 1974. California Plant Life. University of California Press, Berkeley, California. 
PASHLEY, D. P., K. S. RAI, AND D. N. PASHLEY. 1985. Patterns ofallozyme relationships compared 

with morphology, hybridization, and geologic history in allopatric island-dwelling mosquitoes. 
Evolution 39:985-997. 

PATRON, J. L., AND J. H. ELDER. 1978. Genetic divergence between populations of the pocket gopher, 
Thomomys umbrinus (Richardson). Zeit. Saugetierkunde 43:17-30. 

PATRON, J. L., AND J. H. FEDER. 1981. Microspatial genetic homogeneity in pocket gophers: non- 
random breeding and drift. Evolution 35:912-920. 

PATTON, J. L., J. C. HAFNER, M. S. HAFNER, AND M. F. SMITH. 1979. Hybrid zones in Thomomys 



114 ORNITHOLOGICAL MONOGRAPHS NO. 40 

bottae pocket gophers: genetic, phenetic, and ecologic concordance patterns. Evolution 33:860- 
876. 

PATRON, J. L., AND S. Y. YANG. 1977. Genetic variation in Thomomys bottae pocket gophers: 
macrogeographic patterns. Evolution 31:697-720. 

PAVNœ, R. B. 1981. Population structure and social behavior: models for testing the ecological 
significance of song dialects in birds. Pp. 108-120, In R. D. Alexander and D. W. Tinkle (eds.), 
Natural Selection and Social Behavior. Chiron Press, New York. 

PETRINOVICH, L., T. PATTERSON, AND L. F. BAPTISTA. 1981. Song dialects as barriers to dispersal: a 
re-evaluation. Evolution 35:180-188. 

P•ZmME•rri, J.J. 1981. Increasing sexual dimorphism in prairie dogs: evidence for changes during 
the past century. Southwest. Nat. 26:43-47. 

POWELL, J.R. 1975. Protein variation in natural populations of animals. Evol. Biol. 8:79-119. 
POWER, D.M. 1970. Geographic variation of Red-winged Blackbirds in central North America. 

Univ. Kans. Publ. Mus. Nat. Hist. 90:1-83. 

POWœR, D.M. 1983. Variability in island populations of the House Finch. Auk 100:1813-187. 
PRAGER, E. M., A. H. BRUSH, R. A. NOLAN, M. NAKANISHI, AND A. C. WILSON. 1974. Slow evolution 

oftransferrin and albumin in birds according to micro-complement fixation analysis. J. Mole. 
Evol. 3:243-262. 

PRAGER, E. M., AND A. C. WILSON. 1975. Slow evolutionary loss of the potential for interspecific 
hybridization in birds: manifestation of a slow regulatory evolution. Proc. Natl. Acad. Sci. USA 
72:200-204. 

PmCE, T. D., P. R. G•NT, H. L. GIBBS, AND P. T. BOAG. 1984a. Recurrent patterns of natural 
selection in a population of Darwin's finches. Nature 309:787-789. 

PmCE, T. D., P. R. GR•,rr, •qD P. T. BO^G. 1984b. Genetic changes in the morphological differ- 
entiation of Darwin's ground finches. Pp. 49-66, In K. Wohrmann and V. Loeschcke (eds.), 
Population Biology and Evolution. Springer-Verlag, Berlin. 

RADINSKY, t. 1978. DO albumin clocks run on time? Science 200:1182-1183. 
REDFIELD, J.A. 1974. Genetics and selection at the Ng locus in blue grouse (Dendragapus obscurus). 

Heredity 36:69-78. 
RENSCH, B. 1959. Evolution above the Species Level. Columbia University Press, New York. 
R•CKLEFS, R.E. 1973. Patterns of growth in birds. II. Growth rate and mode of development. Ibis 

115:117-210. 

RICrO•ErS, R. E. 1979. Adaptation, constraint, and compromise in arian postnatal development. 
Biol. Rev. 54:269-290. 

RISING, J.D. 1970. Morphological variation and evolution in some North American orioles. Syst. 
Zool. 19:315-351. 

ROBINS, J. D., AND G. D. SCHNœLL. 1971. Skeletal analysis of the Ammodramus-Ammospiza grassland 
sparrow complex: a numerical taxonomic study. Auk 88:567-590. 

ROGœRS, J.S. 1972. Measures of genetic similarity and genetic distance. University of Texas Publ. 
7213:145-153. 

ROHLF, F. J., AND G. D. SCHNELL. 1971. An investigation of the isolation by distance model. Am. 
Nat. 105:295-324. 

ROHW•R,S.A. 1972. A multivariate assessment of interbreeding between the meadowlarks, Sturnella. 
Syst. Zool. 21:313-338. 

Rosœ, M. R., •ND W. F. DooLITr•œ. 1982. Molecular biological mechanisms of speciation. Science 
220:157-162. 

Ross, H. A., •ND A. J. B•R. 1982. Variation in the size and shape of introduced Starlings, Sturnus 
vulgaris (Aves: Stumidae), in New Zealand. Can. J. Zool. 60:3316-3325. 

Roa•dsxœIN, S.J. 1973. The niche-variation model--is it valid? Am. Nat. 107:598-620. 
RYMAN, N., C. REUTERWALL, m. NYGREN, AND T. NYGREN. 1980. Genetic variation and differen- 

tiation in Scandinavian Moose (Alces alces): are large mammals monomorphic? Evolution 34: 
1037-1049. 

S^mCH, V. M. 1977. Rates, sample sizes, and the neutrality hypothesis in evolutionary studies. 
Nature 265:24-28. 

SamcH, V. M., ^ND J. E. CRONIN. 1980. South American mammal molecular systematics, evolu- 
tionary clocks, and continental drift. Pp. 399-421, In R. L. Ciochon and A. B. Chiarelli (eds.), 
Evolutionary Biology of the New World Monkeys and Continental Drift. Plenum Press, New 
York. 



GEOGRAPHIC VARIATION IN THE FOX SPARROW 115 

SAVAGE, J. S. 1978. Wildlife in a herbicide-treated Jeffrey Pine plantation in eastern California. J. 
Forest. 76:476-478. 

SBORDONI, V. G., G. ALLEGRUCCI, A. CACCONE, D. CESARONI, M. SBORDONI, AND E. DE MATTHAEIS. 
1981. Genetic variability and divergence in cave populations of Troglophilus cavicola and T. 
ardreinii (Orthoptera, Rhaphidophoridae). Evolution 35:226-233. 

SCHLUTER, D., At,rD J. N.M. SMITH. 1986. Natural selection on beak and body size in the Song 
Sparrow. Evolution 40:221-231. 

SCitMITT, L.H. 1978. Genetic variation in isolated populations of the Australian bush-rat, Rattus 
fuscipes. Evolution 32:1-14. 

SCHNELL, G. D., T. L. BEST, AND M. L. KENNEDY. 1978. Interspecific morphological variation in 
kangaroo rats (Dipodomys): degree of concordance with genic variation. Syst. Zool. 27:34-48. 

SCH•ELL, G. D., AND R. K. SELANDER. 1981. Environmental and morphological correlates of genetic 
variation in mammals. Pp. 60-99, In M. H. Smith and J. Joule (eds.), Mammalian Population 
Genetics. University of Georgia Press, Athens, Georgia. 

SCHNELL, G. D., D. J. WATT, AND M. E. DOUGLAS. 1985. Statisticalcomparison of proximity matrices: 
applications in animal behavior. Anita. Behav. 33:239-253. 

SCHOENER, T. W. 1970. Size patterns in West Indian Anolis lizards. II. Correlations with size of 
particular sympatric species-displacement and convergence. Am. Nat. 104:155-174. 

SCHWARTZ, O. A., AND K. B. ARMITAGE. 1981. Social substructure and dispersion of genetic variation 
in the Yellow-bellied Marmot (Marmota fiaviventris). Pp. 139-159, In M. H. Smith and J. 
Joule (eds.), Mammalian Population Genetics. University of Georgia Press, Athens, Georgia. 

SELANDER, R.K. 1964. Speciation in wrens of the genus Campylorhynchus. Univ. Calif. Publ. Zool. 
74:1-305. 

SELANDER, R.K. 1971. Systematics and speciation in birds. Pp. 57-147, In D. S. Farner and J. R. 
King (eds.), Avian Biology, Vol. I. Academic Press, New York. 

SELANDER, R. K. 1976. Genic variation in natural populations. Pp. 21-45, In F. J. Ayala (ed.), 
Molecular Evolution. Sinauer Assoc., Sunderland, Massachusetts. 

SELANDER, R. K., AND R. F. JOHNSTON. 1967. Evolution in the House Sparrow. I. Intrapopulation 
variation in North America. Condor 69:217-258. 

SELANDER, R. K., AND D. W. KAUFMAN. 1975. Genetic structure of populations of the brown snail 
(Helix aspersa). I. Microgeographic variation. Evolution 29:385-401. 

SELANDER, R. K., M. H. SMITH, S. Y. YANG, W. E. JOHNSON, AND J. B. GENTRY. 1971. Biochemical 
polymorphism and systematics in the genus Peromyscus. I. Variation in the old-field mouse 
(Peromyscus poliohorus). University of Texas Publ. 7103:49-90. 

SHIELDS, G.F. 1982. Comparative avian cytogenetics: a review. Condor 84:45-58. 
SHUMAKER, K. M., AND G. R. BABBLE. 1980. Patterns ofallozymic similarity in ecologically central 

and marginal populations of Hordeurn Tubaturn in Utah. Evolution 34:11 0-116. 
SIBLEY, C.G. 1957. The evolutionary and taxGnomic significance of sexual dimorphism and hy- 

bridization in birds. Condor 59:166-191. 

SIBLEY, C. G., AND J. E. A•LQUIST. 1982. The relationships of the Yellow-breasted Chat (Icteria 
virens) and the alleged slowdown in rate of macromolecular evolution in birds. Postilla 187: 
1-18. 

SIMPSON, G.G. 1944. Tempo and Mode of Evolution. Columbia University Press, New York. 
SIM?SON, G.G. 1953. The Major Features of Evolution. Columbia University Press, New York. 
SITES, J. W., AND I. F. GREENBAUM. 1983. Chromosomal evolution in the iguanid lizard Sceloporus 

gramnicus. II. Allozyme variation. Evolution 37:54-65. 
SLAGSVOLD, T., AND J. T. LIFJELD. 1985. Variation in plumage color of the great tit Parus major in 

relation to habitat, season and food. J. Zool. 206:321-328. 
SLATKrN, M. 1981. Estimating levels ofgene flow in natural populations. Genetics 99:323-335. 
SLATKrN, M. 1985a. Rare alleles as indicators ofgene flow. Evolution 39:53-65. 
SLATKIN, M. 1985b. Gene flow in natural populations. Ann. Rev. Ecol. Syst. 16:393-430. 
SMITH, J. M., R. BUmAN, S. KAUFFMAN, P. ALBERCH, J. CAMPBELL, B. GOODWIN, R. LANDE, D. RAUP, 

AND L. WOLPERT. 1985. Developmental constraints and evolution. Quart. Rev. Biol. 60:265- 
287. 

SMITH, J. N.M., AND A. A. DHONDT. 1980. Experimental confirmation of heritable morphological 
variation in a natural population of Song Sparrows. Evolution 34:1155-1160. 

SMITH, J. N.M., AND R. ZACH. 1979. Heritability of some morphological characters in the Song 
Sparrow. Evolution 33:460-467. 



116 ORNITHOLOGICAL MONOGRAPHS NO. 40 

SMITH, M. F. 1979. Geographic variation in genic and morphological characters in Peromyscus 
californicus. J. Mamm. 60:705-722. 

SMITH, M. F. 1981. Relationships between genetic variability and niche dimensions among co- 
existing species ofPeromyscus. J. Mamm. 62:273-285. 

SMITH, M. W., C. F. AQUADRO, M. H. SMITH, R. K. CHESSER, AND W. J. ETGES. 1982. A Bibliography 
of Electrophoretic Studies of Biochemical Variation in Natural Populations of Vertebrates. 
Texas Tech Press, Lubbock, Texas. 

SMITH, M. W., M. H. SMrrH, AND R. K. CHESSER. 1983. Biochemical genetics of mosquitofish. I. 
Environmental correlates and temporal and spatial heterogeneity of allele frequencies within a 
river drainage. Copeia 1983:182-193. 

SNEATH, P. H. A., AND R. R. SOKAL. 1973. Numerical Taxonomy. W. H. Freeman and Co., San 
Francisco, California. 

SNYDER, C. T., G. HARDMAN, AND F. F. ZDENEK. 1964. Pleistocene lakes in the Great Basin. U.S. 
Geol. Survey, Misc. Geol. Invest. Map 1-416. 

SOKAL, R.R. 1979. Testing statistical significance of geographic variation patterns. Syst. Zool. 28: 
232-238. 

SOr, AL, R. R., ASD C. A. BRAUMAN•. 1980. Significance tests for coefficients of variation and 
variability profiles. Syst. Zool. 29:50-66. 

SOKAL, R. R., AND R. C. RINKEL. 1963. Geographic variation of the alate Pemphiguspopuli-trans- 
versus in eastern North America. Univ. Kans. Sci. Bull. 44:467-507. 

SOULf•, M. 1976. Allozyme variation: its determinants in space and time. Pp. 60-77, In F. J. Ayala 
(ed.), Molecular Evolution. Sinauer Assoc., Sunderland, Massachusetts. 

SOULf•, M., AND B. R. STEWART. 1970. The "niche-variation" hypothesis: a test and alternatives. 
Am. Nat. 104:85-97. 

STEADMA•, D. W. 1981. A re-examination of Palaeostruthus hatcheri (Shufeldt), a late Miocene 
sparrow from Kansas. J. Vert. Paleon. 1 .' 171-173. 

STRESEMAN, E. 1975. Ornithology from Aristotle to the present. (English edition, G. W. Cottrell, 
ed.) Harvard University Press, Cambridge, Massachusetts. 

SWARTH, H.W. 1920. Revision of the arian genus Passerella with special reference to the distribution 
and migration of the races in California. Univ. Calif. Publ. Zool. 21:75-224. 

SWOWOP, D, D.L. 1981. On the utility of the distance Wagner procedure. Pp. 25-43, In V. A. Funk 
and D. R. Brooks (eds.), Advances in Cladistics, Proc. Willi Hennig Soc. New York Bot. Gardens, 
New York. 

TEMPLETON, A.R. 1980a. Modes of speciation and inferences based on genetic distances. Evolution 
34:719-729. 

TEMPLETON, A.R. 1980b. The theory of speciation via the founder principle. Genetics 94:1011- 
1038. 

THORPE, J.P. 1982. The molecular clock hypothesis: biochemical evolution, genetic differentiation, 
and systematics. Ann. Rev. Ecol. Syst. 13:139-168. 

THORPE, R.S. 1984. Primary and secondary transition zones in speciation and population differ- 
entiation: A phylogenetic analysis of range expansion. Evolution 38:233-243. 

THRELFALL, W., AND J. R. BLACQUIERE. 1982. Breeding biology of the Fox Sparrow in Newfoundland. 
J. Field Ornithol. 53:235-239. 

MAN VALEN, L. 1965. Morphological variation and width of ecological niche. Am. Nat. 99:377-390. 
VAWTER, A. T., R. ROSENBLATT, AND G. C. GORMAN. 1980. Genetic divergence among fishes of the 

eastern Pacific and Caribbean: support for the molecular clock. Evolution 34:705-711. 
VIA, S., AND R. LANDE. 1985. Genotype-environment interaction and the evolution of phenotypic 

plasticity. Evolution 39:505-522. 
VUILLEUMIER, F. 1980. Reconstructing the course ofspeciation. Pp. 1296-1301, In Acta XVII Congr. 

Intern. Ornithol., Berlin. 
WAKE, D. B., G. RoTH, AND M. H. WAKE. 1983. On the problem ofstasis in organismal evolution. 

J. Theor. Biol. 101:211-224. 

WEST-EBERHARD, M.J. 1983. Sexual selection, social competition, and speciation. Quart. Rev. Biol. 
58:155-183. 

WEST-EBERHARD, M.J. 1986. Alternative adaptations, speciation, and phylogeny (A Review). Proc. 
Natl. Acad. Sci. USA 83:1388-1392. 

WHEELER, N. C., AND R. P. GURIES. 1982. Population structure, genic diversity, and morphological 
variation in Pinus contorta Dougl. Can. J. For. Res. 12:595-606. 



GEOGRAPHIC VARIATION IN THE FOX SPARROW 117 

WmTœ, M. J.D. 1978. Modes of Speciation. W. H. Freeman and Co., San Francisco, California. 
W•LSoN, A.C. 1976. Gene regulation in evolution. Pp. 225-234, In F. J. Ayala (ed.), Molecular 

Evolution. Sinauer Assoc., Sunderland, Massachusetts. 
W•LSoN, A. C., S.S. CAm. SON, • T. J. WroTE. 1977. Biochemical evolution. Ann. Rev. Biochem. 

46:573-639. 

W•N•qs, G.A. 1980. Geographic variation in the milkfish Chanos chanos. I. Biochemical evidence. 
Evolution 34:558-574. 

WooD, D.S. 1983. Character transformations in phenetic studies using continuous morphometric 
variables. Syst. Zool. 32:125-131. 

WORKMAN, P. L., AND J. D. NISWANDER. 1970. Population studies on southwestern Indian tribes. 
II. Local genetic differentiation in the Papago. Am. J. Human Genet. 22:22-49. 

WmGHT, S. 1965. The interpretation of population structure by F-statistics with special regard to 
systems of mating. Evolution 19:395-420. 

WmGHT, S. 1969. Evolution and the Genetics of Natural Populations. II. The Theory of Gene 
Frequencies. University Chicago Press, Chicago, Illinois. 

WmGHT, S. 1978. Evolution and the Genetics of Natural Populations. IV. Variability within and 
among Natural Populations. University Chicago Press, Chicago, Illinois. 

WYLES, J. S., J. G. KUNKEL, AND A. C. WILSON. 1983. Birds, behavior and anatomical evolution. 
Proc. Natl. Acad. Sci. USA 80:4394-4397. 

YANEV, K. P., AND D. B. WAKE. 1981. Genetic variation in a relict desert salamander, Batrachoseps 
carnpi. Herpetologica 37:16-28. 

YANG, S. Y., AND J. L. PATTON. 1981. Genic variability and differentiation in the Galapagos finches. 
Auk 98:230-242. 

YEn, F., AND C. LAYTON. 1979. The organization of genetic variability in central and marginal 
populations of lodgepole pine (Pinus contorta spp. latifolia). Can. J. Genet. Cytol. 21:487-503. 

YOSHIYAMA, R. M., AND C. SASSAMAN. 1983. Morphological and allozymic variation in the stichaeid 
fish Anoplarchus purpurescens. Syst. Zool. 32:52-71. 

ZIMMERMAN, E.G., AND N. A. GAYDEN. 1981. Analysis of genic heterogeneity among local popu- 
lations of the pocket gopher, Geornys bursarius. Pp. 272-287, In M. H. Smith and J. Joule 
(eds.), Mammalian Population Genetics. University Georgia Press, Athens, Georgia. 

ZINK, R. M. 1982. Patterns of genic and morphologic variation among sparrows in the genera 
Zonotrichia, Melospiza, Junco, and Passerella. Auk 99:632-649. 

Z•NK, R.M. 1983. Evolutionary and systematic significance of temporal variation in the Fox Sparrow. 
Syst. Zool. 32:223-238. 

ZINK, R. M. 1985a. Genetical population structure and song dialects in birds. Behar. and Brain 
Sciences 8:118-119. 

ZINK, R.M. 1985b. [Review] Ecogeographical variation in size and proportions of Song Sparrows 
(Melospiza rnelodia). Auk 102:913-914. 

ZINK, R. M., AND G. F. BARROWCLOUGH. 1984. Allozymes and song dialects: A reassessment. 
Evolution 38:444-448. 

ZINK, R. M., AND N. K. JOHNSON. 1984. Evolutionary genetics of flycatchers. I. Sibling species in 
the genera Ernpidonax and Contopus. Syst. Zool. 33:205-216. 

ZINK, R. M., D. F. LOTT, AND D. W. ANDERSON. 1987. Genetic variation, population structure, and 
evolution of California Quail. Condor 89: in press. 

ZINK, R. M., AND J. V. REMSEN, JR. Evolutionary processes and patterns of geographic variation in 
birds. In R. F. Johnston (ed.), Current Ornithology, Vol. 4. Plenum Press, New York (In press). 

ZINK, R. M., M. F. SMITH, AND J. L. PATTON. 1985. Associations between heterozygosity and 
morphological variance. J. Heredity 76:415-420. 

ZINK, R. M., AND D. J. WATT. 1987. Allozymic correlates of dominance rank in sparrows. Auk 104: 
in press. 

ZINK, R. M., AND D. W. WINKLER. 1983. Genetic and morphologic similarity of two California Gull 
populations with different life history traits. Biochem. Syst. Ecol. 11:397-403. 



118 ORNITHOLOGICAL MONOGRAPHS NO. 40 

APPENDIX I 

LOCATIONS OF SAMPLE SITES 

Precise descriptions of collecting sites; some "sites" have more than one description, which 
indicates more than one locality within a very small area. Localities defined in Table 1. All 
sites are in California unless otherwise noted. T. = Township, R. = Range. A. (BERN) 1.6 km 
N, 3.2 km E Butler Peak, 2,210 m, San Bernardino Co. IT. 2N, R. 1W, SW l/a sec. 10]; 1.2 km 
N, 2.4 km E Butler Peak, 2,230 m, San Bernardino Co. [T. 2N, R. 1W, SW 1/16 sec. 10]; 0.8 
km NE Clark's Summit, 2,330 m, San Bernardino Co. IT. 2N, R. 1W, NE % sec. 36]; Clark's 
Summit, 2,350 m, San Bernardino Co. [T. 2N, R. 1W, SE % sec. 36]. B. (PINO) 2.0 km E Mt. 
Pinos, 2,550 m, Kern Co. IT. 9N, R. 21W, SW % sec. 33]. C. (REDM) vicinity of Red Mountain, 
1,905 m, Kern Co., [T. 25S, R. 32E]. D. (DOME) 11.2 km N Dome Rock, 2,400 m, Tulare 
Co. [T. 20S, R. 32E, E 1/2 sec. 20]; 5.6 km N Dome Rock, 2,225 m, Tulare Co. [T. 21S, R. 32E, 
W •/2 sec. 9]. E. (LOOK) 1.6 km W Lookout Peak, 2,350 m, Fresno Co. [T. 13S, R. 30E, SW 
1/4 sec. 21]; 6.4 km N, 1.6 km E Shell Mountain, 2,120 m, Fresno Co. [T. 13S, R. 29E, NE % 
sec. 36]; 0.8 km S, 2.0 km W Lookout Peak, 2,200 m, Fresno Co. [T. 13S, R. 30E, NE % sec. 
29]; 3.2 km N Shell Mountain, 2,250 m, Tulare Co. IT. 14S, R. 29E, N V2 sec. ll]. F. (SHAV) 
0.8 km S, 4.0 km W Bald Mountain, 1,650 m, Fresno Co. [T. 10S, R. 25E, N % sec. 4]. G. 
(MTOM) 3.2 km S, 1.6 km E Mr. Tom, 2,225 m, Fresno Co. [T. 7S, R. 26E, sec. 5]; 1.6 km 
E Mt. Tom, 2,255 m, Fresno Co. IT. 6S, R. 26E, SW '/4 sec. 29]. H. (JACK) 1.6 km E Jackass 
Rock, 2,010 m, Madera Co. [T. 6S, R. 25E, sec. 6]. I. (CHER) 3.2 km N Woods Ridge Lookout, 
1,555 m, Tuolumne Co. [T. 2N, R. 18E, sec. 35]. J. (EBET) 1.6 km N, 3.2 km W Sapps Hill, 
1,890 m, Tuolumne Co. [T. 7N, R. 17E, W 1/2 sec. 25]; 1.6 km N, 4.8 km W Sapps Hill, 1,980 
m, Tuolumne Co. IT. 7N, R. 17E, SW % sec. 26]. K. (MONO) 3.2 km S, 0.8 km W Lee Vining 
Peak, 2,300 m, Mono Co. [T. 7N, R. 25E, NE ¬ sec. 15]. L. (WALK) 4.8 km E Mineral 
Mountain, 2,410 m, Alpine Co. [T. 8N, R. 22E, E 1/2 sec. 21]; 5.6 km E Mineral Mountain, 
2,400 m, Mono Co. [T. 8N, R. 22E, W 1/2 sec. 21]. M. (WOOD) 0.8 km S, 1.6 km W Woodfords, 
1,860 m, Alpine Co. IT. 11N, R. 19E, SE 1/4 sec. 33]; 2.0 km W Hawkins Peak, 2,360 m, Alpine 
Co. [T. 10N, R. 19E, SW 1/a sec. 5]; 0.8 km W Pickett Peak, 2,400 m, Alpine Co. [T. 10N, R. 
19E, NE % sec. 5]. N. (TAHW) 5.6 km E Ward Peak, 2,010 m, Placer Co. [T. 15N, R. 16E, 
NE 1/4 sec. 14]. O. (TAHE) 3.2 km N, 1.6 km W Duane Bliss Peak, 2,130 m, Douglas Co., 
Nevada [T. 14N, R. 19E, NW % sec. 6]; 4.0 km N, 1.6 km W Duane Bliss Peak, 2,050 m, 
Carson City Corp. Bdy., Nevada [T. 15N, R. 19E, SW % sec. 31]. P. (SAGE) 2.4 km N, 3.2 
km W Billy Hill, 1,920 m, Nevada Co. [T. 19N, R. 16E, SE % sec. 32]; 2.4 km N, 2.4 km W 
Billy Hill, 1,920 m, Nevada Co. IT. 19N, R. 16E, SE % sec. 32]. Q. (BUCK) 3.2 km S, 0.8 km 
E Spanish Peak, 1,645 m, Plumas Co. [T. 24N, R. 8E, NW V4 sec. 32]. R. (LASS) 10.4 km N, 
11.2 km E Lassen Peak, 2,375 m, Shasta Co. [T. 32N, R. 5E, SW % sec. 35]; 11.2 km N, 8.8 
km E Lassen Peak, 1,735 m, Shasta Co. [T. 32N, R. 5E, NW ¬ sec. 34]. S. (SHAS) 14.4 km 
N, 8.0 km E Mt. Shasta, 1,800 m, Siskiyou Co. IT. 43N, R. 2W, SE 1/4 sec. 20]; 13.6 km N, 
3.2 km E Mt. Shasta, 2,050 m, Siskiyou Co. [T. 43N, R. 3W, SW ¬ sec. 26]. T. (SPEN) 3.2 
km N, 4.8 km E Buck Mountain, 1,230 m, Klamath Co., Oregon [T. 39S, R. 6E, SW 1/4 sec. 
2]. U. (LAUG) 17.6 km S, 3.2 km W Mt McLaughlin, 1,430 m, Jackson Co., Oregon [T. 38S, 
R. 4E, SW ¬ sec. •]; 3.2 km S, 3.2 km W Mt. McLaughlin, 1,500 m, Jackson Co., Oregon [T. 
36S, R. 4E, NE ¬ sec. 28]. V. (WARN) 2.4 km S Sugar Hill, 1,850 m, Modoc Co. [T. 46N, R. 
14E, SW ¬ sec. 35]; 2.4 km S, 1.0 km E Sugar Hill, 1,850 m, Modoc Co. [T. 46N, R. 14E, SW 
¬ sec. 35]; 3.2 km S, 1.6 km W Cedar Mountain, 1,730 m, Modoc Co. [T. 43N, R. 15E, SW 
¬ sec. 29]. W. (ODEL) 1.6 km S, 0.4 km E Odell Butte, 1,580 m, Klamath Co., Oregon IT. 
24S, R. 7E, SW ¬ sec. 26]. X. (BLAC) 2.4 km N, 0.4 km W Black Butte, 2,010 m, Glenn Co. 
[T. 22N, R. 9W, NW ¬ sec. 21]; 0.4 km N Black Butte, 2,080 m, Glenn Co. [T. 22N, R. 9W, 
NV• ¬ sec. 27]; 0.4 km E Anthony Peak, 1,950 m, Mendocino Co. [T. 23N, R. 10W, SW ¬ 
sec. 15]. Y. CYOLL) 12.8 km N, 9.6 km W North Yolla Bolly Mountain, 1,480 m, Trinity Co. 
[T. 2S, R. 11W, NW ¬ sec. 3]. Z. (SAWY) 2.4 km N, 4.8 km E Eaton Peak, 1,650 m, Siskiyou 
Co. IT. 40N, R. 10W, SW ¬ sec. 14]; 2.4 km N, 4.0 km W Eaton Peak, 1,830 m, Siskiyou Co. 
IT. 40N, R. 10W, SE ¬ sec. 14]. 1. (PYRA) 1.6 km S, 4.8 km W Pyramid Peak, 1,580 m, 
Siskiyou Co. [T. 18N, R. 6W, NW • sec. 10]; 5.6 km W Pyramid Peak, 1,660 m, Siskiyou Co. 
[T. 18N, R. 6W, NE ¬ sec. 4]. 2. (WHIT) 5.4 km S Bucks Peak, 2,635 m, Inyo Co. [T. 6S, R. 
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35E, S l/n sec. 9]; 5.4 km S, 3.2 km E Bucks Peak, Inyo Co. [T. 6S, R. 35E, NE % sec. 14]; 6.4 
kin S Iron Mountain, 2,260 m, Inyo Co. [T. 6S, R. 36E, center sec. 18]; 2.4 km S Kennedy 
Point, 2,745-2,865 m, Esmeralda Co., Nevada [T. IS, R. 33E, S I/2 sec. 9]; 1.6 kin S, 0.8 kin 
E Kennedy Point, 2,590 m, Esmeralda Co., Nevada [T. IS, R. 33E, NW % sec. 10]; 1.6 kin S, 
1.6 kin E Kennedy Point, Esmeralda Co., Nevada [T. IS, R. 33E, NE % sec. 10]. 3. (RUBY) 
Harrison Pass Ranger Station, 1,850 m, Elko Co., Nevada; 0.4 kin S, 1.6 km E Snow Flake 
Peak, 2,610 m, Elko Co., Nevada [T. 31N, R. 58E, NE % sec. 1]; 4. (MART) Martin Creek 
Ranger Station, 2,060 m, Humboldt Co., Nevada [T. 44N, R. 39E, NW % sec. 24]. 5. (STEN) 
0.8 km N, 1.6 km E Lost Lake, 2,230 m, Hamey Co., Oregon [T. 32N, R. 33E]; 1.6 km E Lost 
Lake, 2,260 m, Harney Co., Oregon [T. 32N, R. 33E]. 
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