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ABSTRACT.--Geographic variation in external morphology of one subspecies of Red-tailed Hawk (Buteo 
jamaicensis calurus) in western North America was analyzed by comparing measurements of 249 museum 
specimens from seven ecoregions. Male and female Red-tailed Hawks showed substantial regional vari- 
ation within the geographic range of this single subspecies. We used exploratory and confirmatory data 
analysis to investigate relationships between morphological and environmental variables. Canonical cor- 
relation indicated associations between morphology and continuous environmental variables. Five of six 
morphological measurements varied concordantly and were taken, collectively, to indicate size. In gen- 
eral, largest hawks occurred in the arid southwestern deserts and California grasslands, and smallest in 
the cool, humid Pacific Northwest. Tarsus length showed a pattern of variation opposite from other 
measurements, with longest tarsi in the Pacific Northwest. The traditional ecogeographic rules of Berg- 
mann and Allen were not supported, nor did size appear to be related to availability of food. Our results 
were found to be consistent with some other ecomorphological hypotheses, such as James' "Neo-Berg- 
mannian" hypothesis and those involving niche breadth, prey size and water conservation. Studies of 
the development, quantitative genetics and functional significance of size and shape are needed to 
understand the causes of ecogeographic variation. 

KEY WORDS; Red-tailed Hawk; Buteo jamaicensis; canonical correlation; geographic variation; morphometrics;, 
biogeography; evolutionary ecology. 

Variacitn ecogeogr/tficas en la morfologia de Buteo jamaicensis en el oeste de Norteamtrica 

RESUMEN.--La variacitn geogr/tfica en la morfologia externa de una de las subespecies de gavilan cola 
roja (Buteo jamaicensis calurus) en el oeste de Norteamtrica fu6 analizada al comparar las medidas de 
249 especimenes de museo de siete ecoregiones. Machos y hembras mostraron una variacitn regional 
substancial dentro del rango geogrfifico de esta subespecie. Utilizamos el anfilisis de datos exploratorios 
para investigar las relaciones entre las variables morfoltgicas y ambientales. La correlacitn cantniga 
indict asociaciones entre la morfologia y las variables ambientales continuas. Cinco o seis medidas 
morfoltgicas variaron en concordancia y fueron tomadas colectivamente para indicar tamafio. En gen- 
eral los gavilanes de mayor tamafio ocurrieron en los desiertos del suroeste yen los pastizales de 
California. Los m/rs pequefios en la regitn hfmeda y fria del noroeste pacifico. La longitud del tarso 
mostr6 un patrtn de variaci0n opuesto al de otras medidas con los tarsos mas largos en el noroeste 
Pacifico. Las reglas tradicionales de ecorregiones de Bergmann y Allen no fueron sustentadas como 
tampoco el tamafio estuvo relacionado con la disponibilidad de cornida. Nuestros resultados fueron 
consistentes con otras hipttesis ecomorfoltgicas como la de James' "Neo-Bergmannian" y aquellas que 
involucran el tamafio del nicho, el tamafio de la presa y la conservacitn de las aguas. Los estudios 
relacionados con el de•sarrollo, la genttica cuantitativa y el significado funcional del tamafio y la forma 
son necesarios para entender las causas de la variacitn ecogeogr/tfica. 

[Traduccitn de Ctsar Mfirquez] 

Patterns of intraspecific variation are often 
viewed as key factors in understanding processes of 
adaptation and speciation (e.g., Darwin 1859, Wal- 
lace 1859, Power 1969, Johnston and Selander 

1971, Gould and Johnston 1972, Zink and Remsen 
1986). Geographic variation in quantitative phe- 
notypic traits may arise through a number of pro- 
cesses including adaptation to the physical environ- 
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ment (McNab 1971, Geist 1987, Aldrich and James 
1991, James 1991), coevolution in local communi- 
ties (Brown and Wilson 1956), historical barriers 
to gene flow (Cracraft 1982, Patton et al. 1994), 
isolation by distance (Wright 1943, Aldrich and 
James 1991) and developmental plasticity and en- 
vironmental induction (James 1983). Many pro- 
cesses are likely to influence species evolution, and 
nonheritable variation is likely to introduce uncer- 
tainty to adaptive interpretations of patterns. 

Red-tailed Hawks (Buteo jamaicensis) are wide- 
ranging and show significant geographic variation 
in morphology (Schmidt 1994), plumage (Lish 
and Voelker 1986) and behavior (Knight et al. 
1989). Preston and Beane (1993) listed 14 and rec- 
ognized 13 North American subspecies (it is doubt- 
ful that B. j. krideri is a valid subspecies). These 
subspecies intergrade readily, but differences in 
plumage and morphometrics are apparent (Min- 
del 1983, Lish and Voe{ker 1986, Preston and Be- 

ane 1993). Such differences may be due to isola- 
tion in glacial refugia during the Pleistocene and, 
in the case of B. j. harlani, possible gene flow with 
B. buteo across Beringia (Mindel 1983). While we 
recognize that subspecific designations are imper- 
fect, real phylogenetic entities can exist within spe- 
cies (McGillivray 1989, Avise 1994, Zink 1996). 
Such phylogenetic structure within species may 
need to be accounted for in evolutionary studies 
(Edwards and Kot 1995, Martins 1996). We focused 
on western North America, within the range of a 
single recognized subspecies, B. jamaicensis calurus 
(Fig. 1). Our analysis of geographic variation in 
Red-tailed Hawks was descriptive and exploratory. 
We examined the relationship between the physi- 
cal environment and geographic variation within a 
large geographic area. We entertained several 
propositions in our discussion, but did not test any 
causal hypotheses. 

METHODS 

Specimens and Data. Museum skin specimens of B. j. 
calurus were designated "summer" or "winter" based on 
date of collection; specimens collected during the peri- 
ods of peak migration given by Preston and Beane (1993) 
were excluded. Specimens were grouped into regions 
based on the second-order ecoregions of Bailey (Bailey 
1976, Bailey et al. 1994, Ecological Stratification Working 
Group 1995) (Fig. 1). Specimens from the Sierra San 
Pedro Martir (SP) were treated as different from Califor- 
nia Grasslands (CG) based on Dickerman (1994). Males 
and females were analyzed separately. Sex, location of 
collection, date of collection and subspecies, if designat- 
ed, were recorded from the museum tag of each speci- 
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Figure 1. Regions: CG = California grasslands and 
chaparral, CR = Canadian Rockies, IB = Interior basins, 
PF = Pacific forests, RM = Rocky Mountains, SD = 
southwest deserts, SP = Sierra San Pedro Martir (Bailey 
1976, Bailey et al. 1994). 

men. Each collection location was matched up to the 
nearest weather station in the Meteorological Office 
(1980). Sample sizes are given in Table i and Fig. 2. 

Six external measurements (in mm) were taken on 
each specimen. Measurements are described in the Gold- 
en Gate Raptor Observatory Bander's Training and Ref- 
erence Manual (GGRO 1992), and were as follows: (1) 
wing chord (WC) = top of the wrist to the tip of the 
longest primary, (2) tail length (TA) = length of the lon- 
gest middle retrix, (3) culmen (CU) = chord measure- 
ment of the exposed culmen, (4) tarsus depth (TD) = 
diameter of the narrowest section of the tarsometatarsus 
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Table 1. Likelihood ratio tests of independence and di- 
mensionality of association between the set of morpho- 
logical variables and the set of environmental variables. 
These were sequential tests of joint nullity of the smallest 
z through 4 canonical correlation coefficients, rk 2 (k = 
z ..... 4). Bartlett's approximate X 2 criterion was used ac- 
cording to Gittins (1985). X 2 = -{(N - 1) - ¾•(p + q + 
1)}lnA,. Wilks' A = II• (1 - 

WI L KS ' 

i ROOTS, rff r• '• df A X '• P 

Summer males N = 41 

1 r• 2, r22, r• 2, r42 0.461 24 0.26 45.9 0.005 
2 r22, r• 2, r42 0.421 15 0.49 24.5 0.057 
3 r• 2, r42 0.096 8 0.85 5.7 0.686 
4 r42 0.061 3 0.94 2.2 0.537 

Winter males N = 55 

i rx 2, r22, rs 2, r42 0.455 24 0.43 40.6 0.018 
2 r2 '•, rs 2, r42 0.121 15 0.79 11.2 0.737 
3 %2, r42 0.074 8 0.90 5.0 0.761 
4 r42 0.025 3 0.97 1.2 0.743 

Summer females N = 43 

1 r• 2, r22, rs 2, r42 0.388 24 0.43 30.7 0.162 
2 r22, r• 2, r42 0.218 15 0.70 12.8 0.618 
3 r• 2, r42 0.070 8 0.90 3.8 0.871 
4 r49 0.032 3 0.97 1.2 0.756 

Winter females N = 49 

I rx 2, r22, rs 2, r42 0.531 24 0.28 53.7 0.001 
2 r• '•, rs 2, r4 '• 0.275 15 0.60 21.5 0.121 
3 ra '•, r49 0.122 8 0.83 7.9 0.444 
4 r42 0.055 3 0.95 2.4 0.502 

measured anteroposteriorly, (5) tarsus length (TL) = di- 
agonal measurement from the medial bony protuberance 
of the ventral part of the proximal end of the tarsometa- 
tarsus to the joint of the middle digit and (6) hallux claw 
(HA) = chord measurement of the exposed hallux talon. 
The importance and reliability of tail length measure- 
ments are questionable due to feather wear. 

Environmental variables obtained from the Meteoro- 

logical Office (1.980) were: Altitude (ALT), July maxi- 
mum average daily temperatnre (JLMX), July minimum 
average daily temperature (JLMN), January maximum 
average daily temperature (JNMX), January minimum 
average daily temperature (JNMN) and annual precipi- 
tation (PPT). 

Relative, rather than absolute, morphological measure- 
ments would have been desirable for certain compari- 
sons. However, ratios present controversial statistical 
problems, especially in multivariate analysis (e.g., Al- 
brecht 1978, Atchley and Amderson 1978, Pimintel 1979, 
but see James and McCulloch 1990). Further, without an 
independent measure of body size to work with, defining 
relative measures is problematic. WC has been used as 
an index of body size (e.g., Power 1969, James 1991). 

Exploratory analysis of relative measures defined as ratios 
of our other measurements over WC or as residuals from 

simple linear regression on WC produced qualitatively 
similar results to those we present here (B. Fitzpatrick, 
unpubl. data). 

Analysis of Regional Differences. Due to small sample 
sizes and potentially nonnormal data, we described d•f- 
ferences among regions using box plots (McGill et al 
1978, Benjamini 1988). A box plot displays a rectangle 
oriented on a coordinate system where the vertical axis 
has the scale of the data. The rectangle represents the 
middle half of the data, that is, its top and bottom are 
drawn at the upper and lower quartiles, respectively. The 
"whiskers" are drawn to the furthest value within 1.5 in- 

ter-quartile distances from the box. Data points outside 
of the whiskers are represented by thin horizontal lines 
and the median is represented by a thick horizontal line 
With the data partitioned into regions, individual sample 
sizes were too small and uneven to make effective use of 

more formal statistical analyses (Fig. 2). 
Analysis of Relationships Between Morphology and Cli- 

mate. Multivariate relationships between morphology 
and physical environmental variables were investigated 
using canonical correlation (Gittins 1985, James and 
McCulloch 1990). Following Moran (1986), linear re- 
gression was used as a critical technique to assess confi- 
dence in patterns suggested by canonical correlation. 
This ig an example of overlapping exploratory and criti- 
cal data analysis (OCDA, Tukey 1982). Overlapping data 
analysis is a legitimate form of analysis, but it lacks the 
definitiveness of confirmatory analysis of carefully sam- 
pled independent data. In order to make more effecuve 
use of the linear techniques, ALT and PPT were log trans- 
formed as x' = log•0(x + 1) to adjust for skews to the 
right, and JNMN was transformed as x' = (x 4- 21) 2 to 
make all values positive and then adjust for a skew to the 
left (Zar 1984). Other variables showed approximately 
gaussian (normal) distributions. Analyses were per- 
formed using S-Plus 4.0 for Windows (MathSoft 1997). 

Canonical correlation analysis. James and McCulloch 
(1990) reviewed statistical techniques in ecology and evo- 
lutionary biology. They argued that multiple regression 
analysis, a commonly used technique in this kind of study, 
has been overused and abused. They suggested that ca- 
nonical correlation, although not free of limitations, may 
be more appropriate for descriptive ecomorphological 
studies. They stressed the descriptive role of multivariate 
analysis, and suggested deemphasizing formal statisucal 
inference. 

Our notation was that of Gittins (1985). Most simply, 
canonical analysis can be characterized as a generaliza- 
tion of multiple regression where there are multiple y 
variables in addition to multiple x variables. This analys•s 
is appropriate when the attributes of a data set can be 
divided naturally into two sets (e.g., morphological and 
environmental measurements). If there are N observa- 
tions, p x-variables, and q y-variables, canonical analys•s 
generates two sample spaces, Z © (N X p) and Z(Y) (N X 
q). Then, linear transformations of each set of variables, 
uz = aztz © and v• = bztz ©, are found simultaneously such 
that the simple correlation r, between the canonical var- 
iates u, and v• is maximized. In all, s pairs of canomcal 
variates are produced, i = 1 ..... s where s is the smaller 
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Figure 2. Box plots comparing some morphometric measurements of Red-tailed Hawks from different regions 
Regions are identified in Fig. 1. Only those comparisons with marked differences are shown. The width of each box 
is proportional to sample size. Sample sizes are given along the bottom. 

of p and q. Successive pairs of variates are required to be 
orthogonal to preceding pairs. Although multiple regres- 
sion can be thought of as a special case where q = 1, it 
is important to note that in canonical analysis the two 
sets of variables are treated symmetrically. That is, it 
makes no difference which set is assigned to x and which 
is assigned to y; both sets can be thought of as simulta- 
neously predicting each other (Gittins 1985). Canonical 
correlation analysis is primarily a descriptive technique 
for exploring holistic relationships among variables of 
different kinds (Gittins 1985, Moran 1986, James and 
McCulloch 1990). Pimintel (1979), Gittins (1985), and 
Rencher (1995) are good references for canonical anal- 
ys•s. 

RESULTS 

Regional Differences. Only those box plots in- 
dicating differences among regions are shown in 
F•g. 2. Substantial variation among regions in TL, 
HA and WC was indicated for all groups, with sum- 
mer females showing the weakest patterns and win- 
ter data sets the strongest (Fig. 2). WC and HA 
tended to be large in arid regions, while TL was 
generally greatest in the Pacific Northwest (PF). 

Morphology and Environment. Squared canoni- 
cal correlation coefficients, r? (i = 1, 2, 3, 4), are 
reported in Table 1. These coefficients express the 

proportion of the variance of the ith morphologi- 
cal canonical variate that is accounted for by its 
conjugate environmental canonical variate (Gittins 
1985). Values of rl 2 ranged from 0.388-0.531 (Ta- 
ble 1), suggesting weak to moderate overall rela- 
tionships between morphology and environment. 

Independence. Likelihood ratio tests of the null hy- 
pothesis that the vector of morphological variables 
and vector of environmental variables were linearly 
independent are presented in the first line of each 
subtable of Table 1. Bartlett's X 2 approximation 
lead to the rejection of linear independence for 
winter females and summer males (P = 0.0005 and 
0.0046, respectively). Evidence against indepen- 
dence for winter males was strong (P = 0.0184). 
The null hypothesis of independence for summer 
females should not be rejected by this analysis (P 
-- 0.1622). These results suggested that Red-tailed 
Hawk morphology in western North America varies 
systematically with the physical environment. 

Dimensionality. No significant relationship be- 
tween morphology and environment remained af- 
ter the first canonical correlation coefficients were 

eliminated (Table 1). Accordingly, we only exam- 
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Table 2. Correlations between original measurements 
and the first canonical variates. JNMN* = (JNMN + 21) 2. 
PPT** = log10(PPT + 1). 

MEASUREMENT 1 ST CLIMATE 1 ST MORPH 

Summer illales 

TL 0.19 0.28 

TD 0.60 0.89 

WC 0.24 0.35 

TA 0.19 0.27 
HA 0.49 0.73 

CU 0.49 0.72 

ALT -0.23 -0.16 

JLMX -0.02 -0.01 
JLMN 0.98 0.66 
PPT** -0.36 -0.25 

Winter males 

TL -0.51 -0.75 

TD 0.11 0.16 

WC 0.35 0.52 

TA 0.27 0.40 
HA 0.38 0.56 

CU -0.09 -0.14 

ALT 0.16 0.11 

JNMX 0.82 0.55 
JNMN* 0.69 0.47 
PPT** -0.75 -0.51 

Winter females 

TL -0.46 -0.63 

TD 0.42 0.58 

WC 0.42 0.58 

TA 0.20 0.28 
HA 0.44 0.61 

CU 0.41 0.56 

ALT -0.20 -0.15 

JNMX 0.92 0.67 
JNMN* 0.94 0.69 
PPT** -0.35 -0.25 

ined the possible implications of the canonical var- 
iates corresponding to the largest root, rt 2 (Gittins 
1985). Summer females were not subjected to fur- 
ther analysis due to the independence of their 
morphological measurements to environmental 
variables in this small data set. 

Canonical variates. We used the correlations be- 

tween the original measurements and the first ca- 
nonical variates to interpret the data (Table 2). In- 
traset correlations indicated that the first environ- 

mental variate primarily reflected temperature, al- 
though precipitation figured strongly in the winter 
males data set and only July minimum temperature 

had a strong correlation in the summer males data 
set. The first morphological variate was moderately 
correlated with all variables except TA for winter 
females, strongly correlated with TL for winter 
males, and fairly strongly correlated with TD, HA 
and CU for summer males. Intra- and interset cor- 

relations were concordant (Table 2). 
Linear regression. For winter males and females, 

the single temperature measure with the highest 
correlation with the first canonical variate was cho- 

sen for further analysis. The independent variables 
used for simple linear regression analyses were 
JNMN for winter females,JLMN for summer males, 
and JNMX and PPT for winter males. Regression 
analyses confirmed a negative relationship of TL 
with winter temperature (P = 0.0005 and P = 
0.0018 for females and males, respectively), and 
positive associations with temperature for WC, TD, 
HA and CU (Table 3). A positive correlation be- 
tween TL and PPT for winter males agreed with 
the observation of relatively long tarsi in the Pacific 
Forest region (Fig. 2). Results for males and fe- 
males were concordant. 

DISCUSSION 

Wing chord, tarsus depth, tail length, hallux 
claw and culmen varied concordantly and were in- 
terpreted collectively to represent body size. Tail 
length clearly varied independently, its correlations 
with temperature and precipitation generally being 
opposite those of other measurements. 

Bergmann's rule, which predicts that larger indi- 
viduals are favored in colder environments because 

low surface area to volume ratios are advantageous 
in conserving heat, while smaller individuals dissi- 
pate heat more effectively in hot climates (Pianka 
1988), is not supported by our results. In fact, size 
tended to be positively correlated with temperature. 
In large, well-insulated birds like Red-tailed Hawks, 
heat dissipation is probably accomplished mostly 
through the tarsi and feet (Mitgard 1980, Butler 
1982, Gill 1990). Further, in cold areas, insulating 
feathers are likely to be more important than sur- 
face area in controlling heat loss, while the cost of 
heating a large body may be limiting (McNab 1971). 
Another thermoregulatory prediction, Allen's rule, 
states that individuals in hot climates should have 

longer appendages relative to body core size in or- 
der to dissipate heat more efficiently (Pianka 1988). 
It was also not supported by our data. 

Positive correlation of winter male tail length 
with annual precipitation and positive correlations 
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Table 3. Simple linear regression analyses of morphological arid environmental variables selccted using canonical 
correlation. TL = tarsus length, TD = tarsus depth, WC = wing chord, HA = hallux length, CU = culmen length. 
JNMN = January minimum temperature, JNMX = January maximum temperature, JLMN = July mini•num temper- 
ature, PPT = annual precipitation. JNMN* = (JNMN + 21) 2, PPT** = log10(PPT + 1). 

DEPENDENT INDEPENDENT CORRELATION 

GROUP VARIABLE VARIABLE COEFFICIENT (r) P-VALUE 

Summer males TD JLMN 0.56 0.0001 
HA JLMN 0.51 0.0006 
CU JLMN 0.43 0.0048 

Winter males TL JNMX -0.41 0.0018 
TL PPT** 0.38 0.0042 

Winter females TL JNMN* -0.48 0.0005 
TD JNMN* 0.43 0.0019 
CU JNMN* 0.38 0.0079 
WC JNMN* 0.35 0.0136 
HA JNMN* 0.35 0.0151 

of the other variables, notably tarsus diameter with 
temperature, suggested that water stress rather 
than temperature could explain the clinal varia- 
tion. Short, thick tarsi (smaller surface area to vol- 
ume ratio) might reduce evaporative water loss. 
Despite the thermal disadvantage of large body size 
suggested by Bergmann's rule, larger individuals 
may be favored in arid regions by their ability to 
conserve water. 

Climate may indirectly influence the develop- 
ment and adaptation of hawk morphology through 
variation in food types and availability. Overall size 
of animals may reflect food availability (Geist 1987, 
Zeveloff and Boyce 1988), while sizes of food cap- 
turing structures such as beaks and claws are likely 
to be adapted to the mode of foraging and the type 
of prey taken (Pianka 1988, Gill 1990). Prey type 
and availability both vary geographically. However, 
the large size of Red-tailed Hawks in southwest des- 
erts and interior basins was inconsistent with a 

large effect of productivity on size. Rather, large 
size may be an adaptation to prey scarcity by in- 
creasing niche breadth (Reig 1992, Cohen et al. 
1993). 

Red-tailed Hawks vary in a systematic way within 
the range of B. j. calurus. They are largest in des- 
erts and smallest in the wet Pacific Northwest, even 

in winter. This is generally the same as the pattern 
described for Northern Goshawks (Accipitergentilis) 
(Squires and Reynolds 1997) and for 20 of 22 pas- 
serine species (James 1991). Further, tarsus lengths 
are relatively long in the Pacific Northwest in both 
Red-tailed Hawks and American Robins (2•rdus 

migratorius, Aldrich and James 1991). Morphomet- 
rics of widespread birds of disparate sizes and life 
histories exhibit concordant geographic variation, 
suggesting the need for a general explanation. 
James (1970, 1991) has proposed a "neo-Bergman- 
nian" hypothesis, which emphasizes the interac- 
tion between moisture and temperature in their 
effects on thermoregulation; largest individuals are 
expected in cold and dry environments. Our re- 
suits indicate that the role of temperature is less 
important for Red-tailed Hawks, and we suggest 
that water stress may modify and contribute to the 
neo-Bergmannian pattern. 

Great Horned Owls (Bubo virginianus) are small- 
est in California, Baja California and the southwest, 
showing geographic size variation opposite to what 
we have described for Red-tailed Hawks (McGilli- 
vray 1989, Houston et al. 1998). Turkey Vultures 
(Cathartes aura) also appear to be smallest in Cali- 
fornia and the southwest, based on differences be- 

tween subspecies described in Kirk and Mossman 
(1998). These conflicting trends testify to the com- 
plexity of causes of geographic variation. Even 
when the same selective pressures act on different 
populations, differences in their relative impor- 
tance can cause different adaptive responses 
(McPeek 1996). Although sympatric species prob- 
ably experience similar physiological challenges, 
different components of the physical environment 
(e.g., heat vs. water) may vary in importance 
among species. Further, selective pressures owing 
to diet, mating system, predation and competition 
are likely to interact in complex ways with the phys- 
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ical environment in creating the overall selective 
regime experienced by a population. 

Although natural selection provides elegant hy- 
potheses for the causes of morphological variation, 
this study was entirely descriptive; causal explanations 
await explicit tests. Statistically significant variations in 
body size and proportions may not be biologically 
significant in the functional morphology of Red- 
tailed Hawks (but see references in James 1991). The 
geographic variation described for Red-tailed Hawks 
is not necessarily adaptive or heritable. Morphomet- 
tic differences that result from external factors dur- 

ing development may continue to vary regardless of 
gene flow and selection (James 1983). Further, en- 
vironmental induction could explain concordant pat- 
terns among species as easily as selection. Analyses of 
the development, functional significance and quan- 
titative genetics of morphometric variation are nec- 
essary to elucidate the implications of geographic 
patterns and environmental correlations. 

ACKNOWLEDGMENTS 

F.C. James, RJ. Guti6rrez and C.S. Houston provided 
constructive criticism of earlier versions of this paper. M. 
Razzardi provided valuable advice on statistics and S-Plus. 
This work would not have been possible without the as- 
sistance of the following museum personnel: C. Cicero 
of the Museum of Vertebrate Zoology at University of Cal- 
ifornia, Berkeley; C. Spaw and C. Wood, Burke Museum 
at the University of Washington; G. Hazard and RJ. Gu- 
t•6rrez, Wildlife Department Museum at Humboldt State 
University; and R. Cole, Wildlife Department Museum at 
University of Califbrnia, Davis. 

LITERATURE CITED 

ALBRECHT, G.H. 1978. Some comments on the use of ra- 

tios. Syst. Zool. 27:67-71. 
ALDPdCH, J.W. AND F.C. JAMES. 1991. Ecogeographic vari- 

ation in the American Robin (Turdus migratorJuN). Auk 
108:230-249. 

ATCHLEY, W.R. AND D.R. ANDERSON. 1978. Ratios and the 

statistical analysis of biological data. Syst. Zool. 27:71- 
78. 

AWSE, J.C. 1994. Molecular markers, natural history, and 
evolution. Chapman & Hall, New York, NY U.S.A. 

BAILEY, R.G. 1976. Ecoregions of the United States 
(map). U.S. Forest Service, Ogden, UT U.S.A. 

--, P.E. AVERS, T. KING AND W.H. McNA•. 1994. 

Ecoregions and subregions of the United States (Bai- 
ley's ecoregion map). (Prepared in cooperation with 
the ECOMAP Team of the Forest Service and the U.S. 

Geological Survey), USDA, For. Ser. http:// 
www. epa.gov /grd /bailey/ 

BENJAMINI, Y. 1988. Opening the box of a box plot. Am. 
Stat. 42:257-262. 

BROWN, W.L. AND E.O. WILSON. 1956. Character displace- 
ment. 5•st. Zool. 7:49-64. 

BUTLER, R.W. 1982. Possible use of legs as dissipators oi 
heat in flying Cliff' Swallows. Wi•on Bull. 94:87-89 

COHEN, J.E., S.L. PIMM, P. YODZIS AND J. SALDANA. 1993. 
Body sizes of animal predators and animal prey •n 
food webs. J. Anim. Ecol. 62:67-78. 

CRACRAFT, J. 1982. Geographic differentiation, cladisucs, 
and vicariance biogeography: reconstructing the tem- 
po and mode of evolution. Am. Zool. 22;411-424. 

DARWIN, C. 1859. On the origin of species by means of 
natural selection, or the preservation of favoured rac- 
es in the struggle for life. John Murray, London, U.K 

DICKERMAN, R.W. 1994. Undescribed subspecies of Red- 
tailed Hawk from Baja California. Southwest. Nat. 39. 
375-378. 

ECOLOGICAL STRATIFICATION WORKING GROUP. 1995. A 

national ecological framework for Canada. Agricul- 
ture and Agri-Food Canada, Research Branch, Centre 
for Land and Biological Resources Research and En- 
vironment Canada, State of the Environment Direc- 

torate, Ecozone Analysis Branch, Ottawa/Hull. Re- 
port and national map at 1:7500000 scale. http'// 
199. 212.18. 77/•ecozones/ 

EDWAP•DS, S.V. AND M. KOT. 1995. Comparative methods 
at the species level: geographic variation in morphol- 
ogy and group size in Grey-crowned Babblers (Poma- 
tostomus temporalis). Evolution 49:1134-1146. 

GElST, V. 1987. Bergmann's rule is invalid. Can. J. Zool 
65:1035-1038. 

GGRO. 1992. Golden Gate Raptor Observatory bander's 
training and reference manual. 2nd Ed. Golden Gate 
Raptor Observatory, San Francisco, CA U.S.A. 

GILL, EB. 1990. Ornithology. W.H. Freeman and Co., 
New York, NY U.S.A. 

GITTINS, R. 1985. Canonical analysis: a review with apph- 
cations in ecology. Springer-Verlag, Berlin, Germany. 

GOULD, SJ. AND R.E JOHNSTON. 1972. Geographic varia- 
tion. Annu. Rev. Ecol. Syst. 3:457-498. 

HOUSTON, C.S., D.G. SMITH AND C. ROHNER. 1998. Great 

Horned Owl (Bubo virginianus). In A. Poole and F. Gdl 
lEDS.I, The birds of North America, No. 372. The 
Academy of Natural Sciences, Phildelphia, PA, and 
The American Ornithologists' Union, Washington, 
DC U.S.A. 

JAMES, EC. 1970. Geographic size variation in birds and 
its relation to climate. Ecology 51:365-390. 

1983. Environmental component of morpholog- 
ical differentiation in birds. Science 221:184-186. 

1991. Complementary descriptive and experi- 
mental studies of clinal variation in birds. Am. Zool 

31:694-706. 

-- AND C.E. MCCULLOCH. 1990. Multivariate analys•s 
in ecology and systematics: panacea or Pandora's box? 
Annu. Rev. Ecol. Syst. 21:129-166. 

JOHNSTON, R.F. AND R.K. SELANDER. 1971. Evolution •n 



312 FITZPATRICK ANt) DUNK VOL. 33, NO. 4 

the House Sparrow. II. Adaptive differentiation in 
North American populations. Evolution 25:1-28. 

KIRK, D.A. AND MJ. MOSSMAN. 1998. Turkey Vulture (Ca- 
thartes aura). Ln A. Poole and F. Gill [EDS.], The birds 
of North America, No. 339. The Academy of Natural 
Sciences, Philadelphia, PA, and The American Orni- 
thologists' Union, Washington, DC U.S.A. 

KNIGHT, R.L., D.E. ANDERSON, M.J. BECHAP, D AND N.V. 
MAWR. 1989. Geographic variation in nest-defense be- 
havior of the Red-tailed Hawk Buteo jamaicensis. Ibis 
131:22-26. 

LISH, J.W. AND W.G. VOELKUR. 1986. Field identification 
of some Red-tailed Hawk subspecies. Am. Birds 40: 
197-202. 

MARTINS, E.P. 1996. Phylogenies, spatial autoregression, 
and the comparative method: a computer simulation 
test. Evolution 50:1750-1765. 

MATHSOFT. 1997. S-Plus User's Guide, S-Plus Program- 
mer's Guide, S-Plus Guide to Statistics. Data Analysis 
Products Division, MathSoft, Seattle, WA U.S.A. 

MCGILL, R., J.W. Tug•¾ AND W.A. LA•SON. 1978. Varia- 
tions of box plots. Am. Stat. 32:12-16. [Also in The 
Collected Works of John W. Tukey, 1988, Volume V: 
Graphics, 1965-85. Wadsworth, Inc., Belmont, CA 
U.S.A.] 

MCGILL•Y, W.B. 1989. Geographic variation in size and 
reverse size dimorphism of the Great Horned Owl in 
North America. Condor 91:777-786. 

McN•m, B.K. 1971. On the ecological significance of 
Bergmann's rule. Ecology 52:845-854. 

MCPEEII, M.A. 1996. Linking local interactions to rates of 
speciation in communities. Ecology 77:1355-1366. 

METEOROLOGICAL OFFICE. 1980. Met. O. 856a. Tables of 

temperature, relative humidity, precipitation, and 
sunshine for the world. Part I: North America and 

Greenland (Including Hawaii and Bermuda). HMSO. 
London, U.K. 

MINDEL, D.P. 1983. Harlan's hawk (Buteo jamaicensis har- 
lani): a valid subspecies. Auh 100:161-169. 

MITGARD, U. 1980. Heat loss ti•om the feet of Mallards 

Anas platyrhynchos and arterio-venous heat exchange 
in the fete tibiotarsale. Ibis 122:354-358. 

MORAN, N.A. 1986. Morphological adaptation to host 
plants in Uroleucon (homoptera: aphididae). Evolu- 
tion 40:1044-1050. 

PATTON, J.L., M.N.F. DA SILVA AND J.R. MALCOLM. 1994. 
Gene genealogy and dif[erentiation among arboreal 
spiny rats (Rodentia: echimyidae) of the Amazon Ba- 
sin: a test of the rivefine barrier hypothesis. Evolution 
48:1314-1323. 

PIANKA, E.R. 1988. Evolutionary ecology, 4th Ed. Harper 
Collins, New York, NY U.S.A. 

PIMINTEL, R.A. 1979. Morphometrics: the multivariate 
analysis of biological data. Kendall/Hunt. Dubuque, 
IA U.S.A. 

POWER, DJ. 1969. Evolutionary implications of wing and 
size variation in the Red-winged Blackbird in relation 
to geographic and climatic factors: a multiple regres- 
sion analysis. Syst. Zool. 18:363-373. 

PRESTON, C.R. AND R.D. BEANE. 1993. Red-tailed Hawk 

(Buteojamaicensis). Ln A. Poole and F. Gill [EDS.], The 
birds of North America, No. 52. The Academy of Nat- 
ural Sciences, Philadelphia, PA, and The American 
Ornithologists' Union, Washington, DC U.S.A. 

REIG, S. 1992. Geographic variation in pine marten (Mat- 
tes mattes) and beech marten (M. fiona) in Europe. J. 
Mammal. 73:744-769. 

RENCHER, A.C. 1995. Methods of multivariate analysis 
John Wiley & Sons, Inc., New York, NY U.S.A. 

SCHMIDT, E.g. 1994. Morphological variation in migratory 
Red-tailed Hawks (Buteojamaicensis) from the Goshute 
mountains of Nevada and the Manzano mountains of 

New Mexico. J. Raptor Res. 28:65. 
SQuIP, ES, J.R. AND R.T. REYNOLDS. 1997. Northern Gos- 

hawk (Accipitergentilis). PnA. Poole and F. Gill [EDS.], 
The birds of North America, No. 298. The Academy 
of Natural Sciences, Philadelphia, PA, and The Amer- 
ican Ornithologists' Union, Washington, DC U.S.A. 

TUKEY, J.W. 1982. Introduction to styles of data analysis 
techniques. Pages 1-11 in R. Launer and A.F. Siegel 
[EDS.], Proceedings of modern data analysis. Academ- 
ic Press, New York, NY U.S.A. [Also in The Collected 

Works of John W. Tukey, 1986, Volume IV: Philosophy 
and Principles of Data Analysis, 1965-86. Wadsworth 
Advanced Books and Software, Monterey, CA U.S.A ] 

WALLACE, A.R. 1859. On the tendency of varieties to de- 
part indefinitely ti•om the original type. Proc. Linn 
Soc.: Zool. 3:59-62. 

WRIGHT, S. 1943. Isolation by distance. Genetics 28:114- 
138. 

ZAR, J.H. 1984. Bitstatistical analysis, 2nd Ed. Prentice- 
Hall, Inc., Englewood Cliffs, NJ U.S.A. 

ZEVELOFF, S.I. AND M.S. BOYCE. 1988. Body size patterns 
in North American mammal faunas. Pages 123-148 ,n 
M.S. Boyce [ED.], Evolution of life histories of mam- 
mals, theory and pattern. Yale University Press, New 
Haven, CT U.S.A. 

ZINII, R.M. 1996. Comparative phylogeography in North 
American birds. Evolution 50:308-317. 

-- AND J.V. REMSEN, JR. 1986. Evolutionary process 
and patterns of geographic variation in birds. Curr 
Ornithol. 4:1-69. 

Received 7 October 1998; accepted 26 June 1999 


