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Differences in resource availability and quality along environmental gradients are important influences
contributing to intraspecific variation in body size, which influences numerous life-history traits. Here,
we examined variation in body size and sexual size dimorphism (SSD) in relation to temperature, sea-
sonality, and precipitation among 10 populations located throughout Arizona of the western diamond-
backed rattlesnake (Crotalus atrox). Specifically, in our analyses we addressed the following questions:
(i) Are adult males larger in cooler, wetter areas? (ii) Does female body size respond differently to
environmental variation? (iii) Is seasonality a better predictor of body size variation? (iv) Is SSD positively

gggrgz; correlated with increased resources? We demonstrate that male and female C. atrox are larger in body
Precipitation size in cooler (i.e., lower average annual maximum, minimum, and mean temperature) and wetter areas
Reptile (i.e., higher average annual precipitation, more variable precipitation, and available surface water).
Resource availability Although SSD in C. atrox appeared to be more pronounced in cooler, wetter areas, this relationship did
Seasonality not achieve statistical significance.

Temperature © 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Body size affects nearly all aspects of an animal’s biology (e.g.,
growth, reproduction, survival) and differences in resource avail-
ability and quality are important influences on intraspecific varia-
tion in body size (Bronikowski and Arnold, 1999; Case, 1976; Sears
and Angilletta, 2003). Environmental gradients are important
determinants of resource variation, and in many species, body size
varies along gradients of temperature (Ashton and Feldman, 2003;
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James, 1970), primary productivity (Beaupre, 1995a), and/or sea-
sonality (Ashton, 2001; Boyce, 1979). Additionally, body size in
males and females may respond differently to environmental
gradients and thus result in geographic variation in sexual size
dimorphism (SSD; Dobson and Wigginton, 1996; Stillwell et al.,
2007).

Temperature is often discussed as the primary driver behind
large-scale patterns of body size clines (Stillwell et al., 2007). In
general, body sizes of endotherms are negatively (i.e., Bergmann'’s
Rule) and ectotherms positively correlated with temperature
(Ashton and Feldman, 2003; James, 1970; but see: Olalla-Tarraga
et al., 2006), but there is no general agreement on the proximate
determinants responsible for these patterns. In terrestrial ecto-
therms, for example, regions of warmer climate provide extended
periods of activity and potentially more foraging opportunities,
which may lead to accelerated growth and, ultimately, larger body
size (Blouin-Demers et al., 2002; Bronikowski and Arnold, 1999).
Alternatively, high environmental temperatures may limit diurnal
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activity and cause increases in body temperature, leading to higher
maintenance metabolism and a resulting smaller body size
(Beaupre, 1995b; Grant and Dunham, 1988).

In arid environments such as deserts, water availability is often
severely limited; thus it can be among the most important drivers
of primary productivity, which influences the density and avail-
ability of prey (Beatley, 1969; Brown and Ernest, 2002; Case, 1976).
Precipitation is positively correlated with primary productivity and
density of arthropods and small mammals (Beatley, 1969; Brown
and Ernest, 2002; Case, 1976). Important to our study, some
species of reptiles grow faster and achieve larger adult body sizes in
wetter areas (Beaupre, 1995a; Case, 1976).

Several authors have argued that seasonality is a better predictor
of body size than other environmental factors (Ashton, 2001; Boyce,
1979). Seasonal environments are characterized by prolonged
periods of stressful conditions (e.g., food shortages or drought;
Stillwell et al., 2007) and large body size may increase an organism’s
ability to resist desiccation or starvation (Ashton, 2001; Boyce, 1979;
Stillwell et al., 2007). Furthermore, it may be advantageous for long-
lived species in an unpredictable climate to invest in growth in order
to survive for future reproductive events (Boyce, 1979).

In reptiles and other animals with indeterminate growth,
differential allocation strategies between the sexes may provide
a proximate explanation for SSD (Beaupre et al., 1998; Taylor and
DeNardo, 2008). For example, female pitvipers allocate most of
their resources to reproduction once reaching sexual maturity and
little to growth, yet males continue to grow (Beaupre, 2002;
Beaupre et al., 1998; Taylor and DeNardo, 2008). If the allocation
strategy in females is constant, then increased food resources
would increase reproductive output, but not increase growth or
body size. Thus, in populations with more available resources, SSD
is likely to be pronounced (Beaupre, 2002; Winne et al., 2010).

Individual-based models are useful to guide experiments and
assess patterns found in nature. Beaupre (2002), for instance, used
an individual-based simulation to model time and energy alloca-
tion in rattlesnakes. This model predicts several patterns of body
size and SSD of populations in varying environments: (i) adult
males will be smaller in warmer areas (owing to increased main-
tenance costs associated with higher body temperatures); (ii) adult
males will be larger in areas with more abundant resources;
(iii) environmental variation will have little influence on body size
of adult females; and (iv) SSD increases curvilinearly with increased
resources. An important assumption of this model for predictions
(iii) and (iv) is that adult females allocate nearly all (98.5%) available
energy (not required for maintenance) to reproduction, while
males allocate 100% of their available energy to growth.

Here, we examined variation in body size and SSD among 10
Arizona populations of Crotalus atrox (western diamond-backed
rattlesnake), a large-bodied ectothermic mesopredator that oc-
cupies a variety of habitats throughout the southwestern United
States and northern Mexico (Campbell and Lamar, 2004). Across its
broad geographic distribution, C. atrox shows a wide range of adult
body sizes and pronounced male-biased SSD (Campbell and Lamar,
2004; Spencer, 2008). Because of the highly variable physiographic
structure of Arizona (Brown, 1994), we sampled a broad range of
environmental variation in a relatively small geographic area.
Additionally, in C. atrox and other squamate reptiles, body size
responses to environmental variables are expected to be plastic
(Madsen and Shine, 2000; Sears and Angilletta, 2003; Taylor and
DeNardo, 2005; Taylor et al.,, 2005). Accordingly, we predicted
that climate influences body size and SSD even at this relatively
small geographic scale.

We investigated the influence of temperature, precipitation,
surface water, and seasonality on body size of adult C. atrox from
10 populations, intensively sampled (N = 981) for 2—13 years

(1985—2007) and compared the patterns we found to those pre-
dicted by Beaupre’s model (2002). Specifically, our analyses were
based on the following questions: (i) Are adult males larger in
cooler, wetter areas? (ii) Does female body size respond differently
to environmental variation? (iii) Is seasonality a better predictor of
body size variation? (iv) Is SSD positively correlated with increased
resources?

2. Materials and methods
2.1. C. atrox natural history

The western diamond-backed rattlesnake (C. atrox) is an excel-
lent model to examine geographic variation in body size and SSD in
ectothermic vertebrates. Across its broad geographic distribution,
body size of adult C. atrox increases with latitude (Spencer, 2008),
but little variation in body size is explained by latitude alone (linear
regression of body size (log snout-vent length (SVL)) against
latitude: ? = 0.04 [adult males] and 0.02 [adult females]; Spencer,
2008). C. atrox are sexually dimorphic in size within geographic
clades; adult males have 4—13% longer SVL than adult females
(Spencer, 2008). Molecular analyses (mtDNA) by Castoe et al
(2007) show gene flow and relatively weak genetic structuring
among C. atrox populations throughout much of their range in the
United States, which suggests that C. atrox is best viewed as one
species with clinal variation (Spencer, 2008). Therefore, genetic
variation is not considered a significant confounding variable in our
analyses. Recent laboratory and field studies indicate that growth,
reproductive frequency, and SSD are plastic and resource-depen-
dent (e.g., prey) in C. atrox (Beaupre et al, 1998; Taylor and
DeNardo, 2005, 2008; Taylor et al., 2005).

2.2. Study sites

Located in the arid southwestern United States of America, the
State of Arizona provides an exceptional opportunity to examine
geographic variation in body size of an ectothermic vertebrate.
Within a relatively small area (109—114° W; 31—-37° N), elevation
varies from O to almost 4000 m above sea level, creating a wide
variety of vegetation communities from desertscrub to alpine
tundra (Brown, 1994). The resulting environmental variation
creates a pseudo-natural experimental design by which we inves-
tigated populations of C. atrox.

We analyzed various aspects of the ecology of C. atrox at 10 sites
in Arizona (Fig. 1) in vegetation communities ranging from
desertscrub to semidesert grassland (described in Brown, 1994;
Table 1). Sites 1, 2, 4, and 8 were public areas managed by the
National Park Service, dominated by native vegetation, but they
contained small areas of human-modified habitats (e.g., housing
areas and visitor centers). Site 7 was located near a desert-style golf
course and contained a larger percentage of human-modified
habitats; site 9 contained a mix of native habitat and private human
development (e.g., houses). Site 10 contained a few cattle tanks and
sites 3, 5, and 6 were composed primarily of native habitats without
human developments other than dirt and asphalt roads.

2.3. Rattlesnake collection and measurement

We captured C. atrox by active searches on foot or by vehicle, in
funnel traps associated with drift fences, or opportunistically while
conducting radio-telemetry. Some combination of these capture
methods were used at each study site; thus, it is unlikely that
differences in body size were solely due to differences in detection
probability associated with different capture methods. We marked
individuals with a PIT-tag (passive integrated transponder tag) or
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Fig. 1. Map of study sites 1-10 reported herein. The background colors are a graphical
representation of PC1: mean-centered, GIS environmental layers (corresponding to
each variable in the PCA) were weighted by their PC loadings and summed. Blue
denotes coolest and wettest areas, and red denotes warmest and driest areas. The
shaded area is the geographical range of Crotalus atrox in Arizona (Arizona GAP 1999
coverage H121RS — Western diamondback rattlesnake, USGS Sonoran Desert Research
Station, University of Arizona, Tucson, available online: http://sdrsnet.srnr.arizona.eduy/).
(For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

scale clip, determined sex by probing, measured SVL to the nearest
millimeter, and released snakes at their original capture location.
We used SVL from the original capture of each rattlesnake as our
measure of individual body size. In an elongate animal such as
a snake, length better characterizes body size than mass, mostly
because mass often varies seasonally with reproductive status and
even daily with feeding (Boback and Guyer, 2003). Furthermore,
sexual maturity is best determined by SVL and not age in C. atrox
(Taylor and DeNardo, 2005). We used published information on
minimum size (SVL) at sexual maturity on C. atrox populations in
Arizona (Goldberg, 2007; Rosen and Goldberg, 2002), verified by
observations of reproductive behavior at our study sites, and

Table 1

Crotalus atrox body size varied among study sites by sex. SVL = average snout—vent
length in mm + SEM, N = number of snakes captured; SSD = sexual size dimorphism
index ([mean adult male SVL]/[mean adult female SVL] — 1); years = range of years
at study site; vegetation follows Brown (1994); SG = semidesert grassland;
AU = Sonoran desertscrub Arizona upland; LCR = Sonoran desertscrub lower
Colorado river; CD = Chihuahuan desertscrub; nps = managed by the National Park
Service; u = undeveloped, native vegetation; gc = golf course; eu = exurban
development.

Site  Female SVL (N) Male SVL (N) SSD  Years Vegetation

1 8367 +£243(26) 9409 +203 (45) 0.12 1995-2005 SG (nps)
2 8894 +215(25) 1058.8 +30.9(46) 0.9 1994—2005 AU (nps)
3 7495+ 17.2(26) 8443 +173(53) 0.3 1998—1999 AU (u)

4 8126+133(26) 8689+ 12.1(50) 0.07 2002—2005 AU (nps)
5  8420+92(46) 9245+123(65) 0.10 2001-2007 AU (u)

6 8238+80(67) 9447 +112(108) 0.15 2000—2004 AU (u)

7  8512+148(37) 9303 +163(77) 0.9 2002—2006 AU (gc)

8 7602+9.1(73) 8374+11.0(123) 0.0 1987—2000 LCR (nps)
9  843.6+302(22) 9844+359(22) 017 1998—1999 CD (eu)
10 8757 +46.7(7) 1029.7 +32.7(37) 0.18 1985-1998 SG (u)

classified snakes 600 mm or longer in SVL as adults. Values
reported for SVL are mean + SEM.

We used the Lovich and Gibbons index (1992) to estimate SSD
for each population: SSD = (mean adult male SVL)/(mean adult
female SVL) — 1. In this index, if there is no sex difference in mean
body sizes, SSD = 0; positive index values indicate male-biased
dimorphism and negative values indicate female-biased dimor-
phism. The Lovich and Gibbons index is intuitive and has the most
favorable statistical properties of all SSD indices. For example, sex-
interactions in ANOVA, or mixed models, are biased by scale effects;
thus, an index is the preferred method to investigate variation in
SSD among populations (Dobson and Wigginton, 1996; Smith,
1999; Stillwell et al., 2007).

2.4. Environmental data

We obtained environmental data for each study site from
Daymet U.S. Data Center (available online: http://www.daymet.org).
Daymet provides gridded estimates of environmental parameters
interpolated from approximately 6000 weather stations (Thornton
et al., 1997). We used all available daily surface weather data
from 1980 to 2003 to estimate six variables for each study site:
Tmax = average annual maximum temperature; Tqay = average
annual mean temperature; Ty, = average annual minimum
temperature; Ty = average within-year variation in temperature;
Precip = average annual precipitation; Precip var = average within-
year variation in precipitation.

We used Quantum GIS (version 1.0.0 “Kore”; Quantum GIS
Development Team, 2009) to characterize surface water avail-
ability at each site. Using digital aerial photos, we calculated the
total area of natural (riparian areas) and artificial surface water
(irrigation ponds and cattle tanks) at each site in hectares (“surface
water”).

2.5. Statistical analyses

We used the R statistical package (R Development Core Team,
2008) for all analyses and the R package ggplot2 (Wickham,
2009) for creating graphics. First, we used ANOVA to determine
whether there were differences in body sizes among study sites or
between the sexes. We used the Lovich and Gibbons index (1992) to
analyze SSD instead of including a sex interaction term in this case.

Next, we used principal component analysis (PCA) on the
correlation matrix to reduce the number of environmental vari-
ables (labdsv package; Roberts, 2010). Most of the environmental
variables were highly correlated, and PCA reduces these into fewer
non-correlated variables (Everitt, 2005). We used components with
eigenvalues greater than 1 to explain variation in SSD and body size
(Everitt, 2005). We regressed SSD against principal component
scores and used a linear mixed effects model for body size analysis
(nlme package; Pinheiro et al., 2008).

Because C. atrox shows male-biased SSD, we examined female
and male body size in separate linear mixed effects models. We
used individual adult SVL for male or female C. atrox, principal
component scores as fixed variables, and study site as a random
variable (to account for potential correlation among individuals
within sites and uneven sample sizes among sites; Pinheiro and
Bates, 2000) in each mixed model. We examined model residuals
for spatial autocorrelation with Moran'’s I correlograms (Dormann
et al., 2007; ncf package; Bjornstad, 2009).

3. Results

We captured and measured 981 adult (355 females:626 males)
C. atrox, between 1985 and 2007 (Table 1). Body size varied
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significantly by sex and study site (ANOVA: N = 981, Fip970 = 37.7,
p < 0.0002). On average, site 2 had both the largest females
(889.4 + 21.5 mm) and males (1058.8 + 30.9 mm). We found the
largest individual female (1144 mm) at site 9, and the largest
individual male (1438 mm) at site 10. The smallest females were
from site 3 (749.5 &+ 17.2 mm), and the smallest males (837.4 +
9.1 mm) were from site 8. Overall, males were more variable in size
than females: coefficient of variation was 0.12 and 0.16 for females
and males, respectively.

Climate and surface water availability varied among study
sites. Sites 3 and 8 were the warmest (average annual mean
temperature = 24.6 °C and 25.4 °C, respectively) and sites 9 and 10
were the coolest (average annual mean temperature = 19.3 °C and
20.7 °C, respectively). Sites 2 and 9 received the most precipitation
(average annual precipitation = 41.1 cm and 41.3 cm, respectively)
and sites 8 and 10 received the least (average annual
precipitation = 25.4 cm and 20.8 cm, respectively). Water was
freely available throughout the year at site 7 via irrigation and
artificial ponds at the nearby golf course (18.14 ha). Sites 1, 2, 4, and
9 contained native riparian habitats with sections of perennial
water flow (3.28—85.79 ha; Sonoran riparian deciduous forest and
scrubland; Brown, 1994), and also small areas of irrigation around
human developments (not quantified). Site 1 additionally con-
tained a perennial marsh (Sonoran interior marshland; Brown,
1994) and site 10 had several cattle tanks (4.73 ha). Sites 3, 5, 6,
and 8 lacked naturally or artificially occurring surface water.

The first two principal components explained 87% of the envi-
ronmental variation among study sites (Table 2). The first principal
component (PC1, 70% variance) had positive loadings for tempera-
ture (Tmax, Tday and Trin) and negative loadings for water (precip,
precip var, and surface water). The second principal component
(PC2, 17% variance) had a high positive loading for seasonality
in temperature (Ty,;) and relatively low loadings for all other vari-
ables. The remaining principal components had eigenvalues less
than 1, thus we did not include them in further analyses (Everitt,
2005).

Sexual dimorphism did not vary significantly with PC1 or PC2
(?=0.29, F,7=2.87, p =0.12), but there was a strong trend toward
a negative correlation between SSD and PC1 (§ = —0.01, t = —2.17,
p = 0.07; Fig. 2).

Body size in C. atrox was positively correlated with PC1, but not
PC2. Adult females (PC1: N =355, = -16.5+3.9,t = -4.2,df =7,
p =0.004) and adult males (PC1: N =626, =—-29.3 +£6.2,t = —4.7,
df = 7, p = 0.002) were smaller in areas with higher PC1 scores;

Table 2

The first two principal components accounted for 87% of the environmental varia-
tion among our study sites: PC1 had positive loadings for temperature and negative
loadings for water; PC2 had a large positive loading for seasonality in temperature.
Eigenvalues, loadings, and proportion of variance explained for each component are
listed below. Trnax = average annual maximum temperature; Tqay = average annual
mean temperature; Tpi, = average annual minimum temperature; Ty, = average
within-year variation in temperature; Surface water = perennial surface water area;
Precip = average annual precipitation; Precip var = average within-year variation in
precipitation. All environmental data were obtained from Daymet U.S. Data Center
(Thornton et al., 1997): 1980—2003.

Variable PC1 PC2
Eigenvalue 4.87 1.21
Proportion of total variance 0.70 0.17
Timax 0.45 0.09
Taay 0.44 0.13
Timin 0.41 0.21
Tyar 0.09 0.86
Surface water -0.32 0.28
Precip -0.39 0.31
Precip var —0.42 0.14
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Fig. 2. There was a negative relationship, which approached statistical significance
(8 = -0.01, t = —2.17, p = 0.07), between sexual size dimorphism (SSD) and cooler,
wetter areas (PC1) among our populations of Arizona C. atrox. Numbers above each
point refer to site numbers in Table 1.

thus, body size in C. atrox was negatively related to temperature
and positively to water (Fig. 3). The effect of PC1 on male body size
was greater than on females (effect size = §/standard error: —4.73
males; —4.23 females). Seasonality in temperature was not corre-
lated with male (PC2: N = 626, f = —6.8 + 12.5,t = —0.5, df = 7,
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Fig. 3. Adult male and female Crotalus atrox are larger in body size (snout—vent length,
SVL) in cooler, wetter areas. SVL is negatively correlated with PC1, which is negatively
correlated with water and positively correlated with temperature. For each study site,
mean male SVL + SEM is represented by a circle and mean female SVL + SEM is
represented by a triangle. Numbers above each circle refer to site numbers in Table 1.
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Fig. 4. In the populations of C. atrox we investigated, there was no spatial autocor-
relation in residuals from male (triangles; Moran’s I = 1.32, p = 0.09) or female (circles;
Moran’s I = 1.27, p = 0.10) body size mixed models.

p = 0.6) or female body size (PC2: N = 355, =4.9 + 8.5, t = 0.6,
df =7,p =0.6).

We found no evidence of spatial autocorrelation for male
(Moran’s I = 1.32, p = 0.09) or female (Moran’s [ = 1.27, p = 0.10)
body size data (Fig. 4).

4. Discussion and conclusions

Here, we demonstrate that C. atrox sampled from 10 populations
located throughout Arizona are larger in body size (i.e., SVL) in
cooler (i.e., lower average annual maximum, minimum, and mean
temperature) and wetter areas (i.e., higher average annual precip-
itation, more variable precipitation, and available surface water).
We found SSD to be variable among C. atrox populations, but this
trend was not significantly correlated with temperature, season-
ality, or available water. Arizona has a broad and variable physio-
graphic structure with distinct biomes contained within a narrow
latitudinal range, nearly all of which C. atrox inhabits. Importantly,
our sampling embraced most of this habitat variation, which we
assumed also varied in resource availability (e.g., prey, foraging
opportunities). Furthermore, owing to the fact that adult SVL in
C. atrox is variable among the populations we studied, these
conditions provided an ideal natural experiment to investigate
proximate determinants of geographic variation in body size. Our
results (i) support the predictions by Beaupre’s model (2002)
related to SSD and male body size, but not female body size, and
(ii) are in general agreement with previous studies of body size
variation in ectothermic vertebrates (Beaupre, 1995a; Bronikowski
and Arnold, 1999; Case, 1976).

Warmer temperatures (along with drier conditions) were
associated with smaller, not larger, body sizes in C. atrox, in contrast
to the general pattern among squamate reptiles (Ashton and
Feldman, 2003). Likewise, Beaupre’s model (2002) predicted that
adult male rattlesnakes would be smaller in warmer areas. In the
relatively warm climate of Arizona, warmer temperatures likely
decreased available time to forage and may have increased body
temperatures and associated maintenance costs (Beaupre, 1995b,

2002). Indeed, at a similarly hot and arid site, small diurnal
lizards greatly restricted their activity due to high temperatures
(Grant and Dunham, 1988). Crotalus lepidus (rock rattlesnake)
inhabiting a warm, arid site were active less often on the surface,
had lower feeding rates, and smaller body sizes than C. lepidus
inhabiting a nearby cooler, wetter site (Beaupre, 1995a). It is thus
possible that cooler temperatures provided more opportunities to
acquire prey and resulted in increased body size in C. atrox, an
ectothermic predator with variable growth.

More foraging opportunities do not always promote growth and
larger body size in reptiles. Sears (2005), for instance, found that
a population of Sceloporus graciosus (sagebrush lizards) at low
elevation, with more opportunities to forage, grew more slowly
than a population at high elevation. In this case, the low elevation
population was possibly exposed to greater predation risk and
consequently decreased their foraging time to avoid predation
(Sears, 2005). In contrast, adult rattlesnakes likely do not face the
same predation risks as a small lizard such as S. graciosus; conse-
quently, such risks may not increase with heightened activity in
large-bodied rattlesnakes. In support of this view, mortality rates in
some rattlesnake populations are estimated to be as low as 10% for
adults (Crotalus horridus; Brown et al., 2007). Additionally, C. atrox
is a cryptic, ambush forager so increased foraging activity may not
make C. atrox more visible to predators. However, a detailed
cost—benefit analysis of increased foraging opportunities in C. atrox
will be required to test this view.

Precipitation was strongly correlated with body size in male and
female C. atrox, which suggests that an increase in growth of snakes
through bottom-up regulation (i.e., energy from food) may
contribute to geographic variation in body size. In deserts, higher
primary productivity, and subsequent increases in rodent abun-
dance, results from higher precipitation (Beatley, 1969; Brown and
Ernest, 2002). This precipitation-driven resource input could
influence snake growth and therefore size through a bottom-up
pattern of regulation (Madsen and Shine, 2000; Winne et al., 2010).
Beaupre’s (2002) model, however, predicted that only male
rattlesnakes would increase in body size in resource-rich environ-
ments, because adult females allocate nearly all available resources
to reproduction, thus additional food had little effect on body
size. Taylor et al. (2005) experimentally demonstrated that diet
supplementation (i.e., rodents) resulted in a significant increase in
growth rates of free-living adult female C. atrox relative to control
subjects (i.e., no supplemented diet). Our results support the
findings both of Beaupre (2002) and Taylor et al. (2005) in that
males and females were larger in resource-rich environments, but
environmental variation had a larger effect on males than in
females.

We found no effect of temperature seasonality on body size in
the C. atrox populations we studied. Compared to ectotherms with
more northern distributions, C. atrox experiences relatively short
periods of stressful conditions (e.g., food shortages or drought;
Repp and Schuett, 2008; Stillwell et al., 2007) in Arizona. Thus
selection related to seasonality is likely not strong enough to have
an effect on body size of C. atrox in Arizona.

Though not statistically significant, there was a negative rela-
tionship between SSD and PC1 (cooler, wetter areas; Fig. 2) among
our populations of Arizona C. atrox. In our populations, both adult
males and females were larger in resource-rich environments.
Although environmental variation had a larger effect on males
(—4.73) than females (—4.23), this difference was not great enough
to result in a significant relationship between SSD and PC1.

Although the environmental variables we selected were
strongly associated with variation in body size in our system, we
did not analyze other potentially important factors in this study.
Geographic variation in ectotherm body size may also result from
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differential mortality (Rosen, 1991; Sears, 2005). Populations of the
colubrine snake Coluber constrictor (eastern racer) where mortality
is largely the result of environmental factors (e.g., overwintering)
are larger in body size than those populations where mortality is
closely tied to movement activity (e.g., predation; Rosen, 1991).
Thus, when mortality is not related to activity, individuals should
increase foraging and ultimately attain a larger body size (Rosen,
1991; Sears, 2005).

Differences in body size among populations in this study might
be related to differences in age structure or age-related mortality
instead of growth and age-specific body size. Without marking, and
later recapturing, first-year snakes, it is quite difficult to gauge the
exact age of wild snakes with a high level of accuracy (Beaupre,
1995a). However, growth tends to be highly plastic in snakes and
influenced by environmental variation (Madsen and Shine, 2000;
Taylor et al., 2005), so it is likely that the differences we observed
were not related entirely to age.

In gape-limited predators, such as snakes, prey type may be as
important as the amount of prey available, and thus prey type could
be a potential influence on body size of adults. The diet-alteration
hypothesis, for example, predicts that snakes will be larger when
larger types of prey, usually mammals or birds, are available, and
smaller when only small types of prey (e.g., squamates) are avail-
able (Boback, 2003; Forsman, 1991). Furthermore, some snake
species appear to reduce (or even eliminate) small prey from their
diet as they increase in body size, which is probably due to relative
costs associated with pursuit, ingestion, and digestion of one large
meal versus many smaller ones (Forsman, 1996; Nowak et al., 2008;
Shine et al., 1998; but see Repp and Schuett, 2009). Thus, when only
small prey are available, it is less costly to remain relatively small,
but when large prey species are available, snakes are predicted to
grow sufficiently large to exploit those prey sources. Although we
lack information on prey type and abundance for most of our sites,
the available data suggest that C. atrox may not follow this pattern
(Nowak, 2009; Repp and Schuett, 2009; Spencer, 2003). In her
examination of 561 museum specimens of C. atrox from across their
geographic range, Spencer (2003) found no relationship between
body size and type of prey (mammal, reptile, bird, or frog)
consumed.

In conclusion, we found that adult male and female C. atrox were
larger in cooler, wetter areas in Arizona. Although not statistically
significant, SSD was more pronounced in cooler, wetter areas. Our
results are in general agreement with predictions from Beaupre’s
model (2002); however, we found that female body size was posi-
tively correlated with increased resources. Likewise, free-ranging,
female rattlesnakes on a supplemented diet increased in growth and
reproduced more frequently (Taylor et al., 2005). Our results support
the view that females allocate most of their available energy to
reproduction, but allocation strategy in female rattlesnakes likely
varies among populations with differing prey availability.
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