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Proximate Determinants of Sexual Size Dimorphism in the
Western Diamond-Backed Rattlesnake (Crotalus atrox)
Emily N. Taylor1,2,3 and Dale F. DeNardo1
1School
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Abstract.—Sexual size dimorphism (SSD), where males and females differ in body size, is prevalent among animal
species. In species where females are larger, size may provide a fecundity advantage, whereas in species where males
are larger, size may lend an intrasexual competition advantage. In most rattlesnake species, adult males are heavier
and longer than females. The predominant hypothesis for this SSD is sexual selection for large males, since male
rattlesnakes fight for access to females. However, ultimate explanations for the occurrence of SSD cannot be fully
understood without knowledge of the proximate, physiological mechanisms responsible for them. We conducted a series
of experiments designed to understand the proximate determinants of SSD in the Western Diamond-backed Rattlesnake
(Crotalus atrox). Testosterone does not appear to stimulate growth in males, as it does in many other vertebrates. Males
and females raised on controlled diets in the laboratory grow at the same rates and never diverge in size, with both sexes
growing to sizes much in excess of free-ranging snakes. Similarly, supplementation of the diets of free-ranging females
leads to dramatic increases in growth, showing that they are capable of growing like males if they increase their energy
intake. It therefore appears that SSD in C. atrox is plastic, since females are capable of growing to male-like sizes.
Sexual size dimorphism is facultative, not fixed, and results largely from the high cost of reproduction of female snakes
living in food-limited environments.
Introduction
Sexual size dimorphism (SSD), where individuals of
one sex are larger than those of the opposite sex, is widespread among reptiles (Fitch, 1981). Sexual size dimorphism
has been particularly easy to document in snakes, whose
simple, tubular body shape has facilitated direct intersexual
comparisons of body length and mass without having to
take into account limb size and shape. Among snakes, most
species show female-larger SSD, where females are larger
than males (Fitch, 1981). The most common explanation
for this is that large female body size provides a fecundity
advantage, where longer females are able to produce and
support more offspring than shorter females (Ford and Seigel, 1989; Madsen and Shine, 1994). However, the majority
of rattlesnake species show male-larger SSD, where males
are larger than females. Exceptions to this rule include
many Sistrurus populations (Bishop et al., 1996; Hobert et
al., 2004) and possibly the Sidewinder (Crotalus cerastes;
Klauber, 1937; Fitch, 1981; Shine, 1994), where adults are
relatively small. However, in larger species of rattlesnakes,
male-larger SSD is the general rule. The explanation typically invoked to explain male-larger SSD is sexual selection for large male body size in species in which males fight
for access to females (Shine, 1978). Indeed, male snakes
in some species with male-larger SSD exhibit combat for
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females, and the larger male typically wins (Schuett, 1997;
Blouin-Demers et al., 2005).
The evolutionary literature has dealt prominently with
the topics of fecundity selection and sexual selection ever
since Darwin (1871) introduced the topics. These types of
selection have been put forth as the “mechanisms” by which
the evolution of body size, and therefore SSD, originate and
proceed. Indeed, sexual selection for large male body size
may be hypothesized to be an ultimate mechanism responsible for SSD in rattlesnakes, in that the hypothesis explains
how the trait evolved. However, ultimate mechanisms such
as this are notoriously difficult to support experimentally
for the obvious reason that it is difficult if not impossible
to recreate the selective forces that purportedly led to body
size evolution. In a seminal paper, Gould and Lewontin
(1979) critiqued hypotheses such as this as the “adaptationist programme.” They stated that researchers too often create plausible-sounding stories describing ultimate mechanisms for the evolution of a trait, when in reality the trait’s
evolution could have been influenced by a myriad of other
factors. Although a debate ensued and a number of other
authors argued against Gould and Lewontin’s stance (Rose
and Lauder, 1996; Pigliucci and Kaplan, 2000; Grantham,
2004), students of evolutionary biology are now appropriately cautious to assign an adaptive value to a trait without
a variety of experimental evidence.
What is the best type of experimental evidence one
can gain to understand how a trait such as SSD evolved?
The first step is to understand the proximate, physiological
mechanism responsible for the trait (Zera and Harshman,
2001; Ricklefs and Wikelski, 2002), in this case differential
growth of males and females. Specifically, to understand
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how selection operates upon a trait such as body size, we
must understand how body size is determined on a proximate level in an organism’s life (Duvall and Beaupre, 1998).
This is especially important when considering a group of
animals such as rattlesnakes, whose body size depends
heavily on environmental factors such as food availability
(Forsman and Lindell, 1996; Bonnet et al., 2001; Taylor and
DeNardo, 2005b) and who exhibit indeterminate growth
(Andrews, 1982). It is critical to determine to what extent
environmental and physiological factors affect SSD. We
conducted a series of descriptive studies and experiments
to examine the factors responsible for SSD in one species
of rattlesnake, the Western Diamond-backed Rattlesnake
(Crotalus atrox). This paper reviews this series of studies,
most of which have been published elsewhere and are cited
when appropriate.

Study Species and Study Site
Crotalus atrox is one of the most abundant and geographically widespread rattlesnakes in North America, ranging from western Arkansas to eastern California and central
Mexico to northern Arizona, New Mexico, and Texas (Stebbins, 1985). Crotalus atrox shows pronounced male-larger
SSD (Klauber, 1972; Fitch, 1981; Fitch and Pisani, 1993;
Beaupre et al., 1998); neonate males and females appear
to be the same size but SSD develops around the time of
reproductive maturity (Beaupre et al., 1998).
Our field studies were conducted on an approximately
1.5 X 1.0 km area of Arizona Upland Sonoran Desert (elevation 800-900 m) located approximately 33 km NNE of Tucson, Arizona. The habitat consists of rocky volcanic buttes
and sandy plains with intermittent washes. During the snake
active season (mid-March through mid-November), ambient
temperatures typically range between 5-30°C in early spring
and fall (mid-March through mid-May and mid-September
through mid-November) and 20-40°C in late spring and

Figure 1. Adult male ( , N = 104) Western Diamond-backed Rattlesnakes (Crotalus atrox) attain greater snout-vent length (SVL)
and mass than adult females (r, N = 65).

summer (mid-May through mid-September). A limited but
reliable summer rainy season (approximately 10 cm of rain)
occurs between mid-July and early September.
We used a combination of mark-recapture and radiotelemetry to calculate growth rates of male and female C.
atrox at our study site over a four-year period. We found
that adult males are considerably larger than females, both
in terms of snout-vent length (SVL; t = -8.81; P < 0.0001;
Fig. 1) and mass (t = -8.58; P < 0.0001; Fig. 1). Also, adult
males had a higher growth rate than adult females (ANCOVA with initial SVL as covariate; F = 14.46; P = 0.001). We
found that male neonates were slightly larger than female
neonates within litters; however, there was no significant
overall SSD among neonates (Taylor and DeNardo, 2005a).
Together, these results suggest that SSD in C. atrox is a result of differential growth rates between the sexes, but the
underlying proximate mechanisms for the sex-dependent
growth rates are unclear.

The Role of Testosterone In SSD
Many hypotheses have been put forward to explain the
proximate basis for SSD in animals. In those organisms in
which SSD does not develop until maturity, these hypotheses
focus on physiological changes that occur in the body upon
attainment of reproductive maturity and then lead to SSD.
One major change at the onset of maturity is an increase in
the levels of sex steroid hormones, which affect growth and
SSD in a variety of organisms. Mechanisms by which sex
steroids such as testosterone affect growth include modulation of the somatotrophic axis (e.g., affecting secretion of
growth hormone and insulin-like growth factor, IGF-1; Wehrenburg and Giustina, 1992) and alteration of energy balance
(e.g., increasing energy expenditure by stimulating territorial
defensive displays; Cox et al., 2005). Although growth is a
complex process regulated by many hormones, testosterone
appears to be extremely important in differential growth of
males and females in species with SSD.
Testosterone (T) is a steroid hormone with protein anabolic properties that tends to stimulate growth in a variety of
mammals, birds, and fishes (reviewed in Bardin and Catterall, 1981; see also Ford and Klindt, 1989; Wehrenburg and
Giustina, 1992; Gatford et al., 1998; Holloway and Leatherland, 1998). Testosterone tends to stimulate growth in those
species in which males are the largest sex (Ford and Klindt,
1989), potentially due to its anabolic effects on muscle
and bone (Bardin and Catterall, 1981; Peralta et al., 1994;
Bhasin et al., 2001; Sheffield-Moore and Urban, 2004). In
contrast, T tends to inhibit growth in those species in which
females are the largest sex (e.g., Swanson, 1967), often by
altering patterns of energy acquisition and expenditure (Cox
et al., 2005). The role of T in growth of snakes has been investigated in Garter Snakes, which have female-larger SSD.
Testosterone inhibits growth in garter snakes by an unknown
mechanism (Crews et al., 1985; Lerner and Mason, 2001).
In Sceloporus lizards, T appears to inhibit growth in spe-
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cies with female-larger SSD and stimulate growth in species
with male-larger SSD (Cox and John-Alder, 2005; Cox et
al., 2005). We quantified T levels in monthly blood samples
of free-ranging C. atrox at our field site and determined that,
like most male-larger species, male C. atrox have higher
levels of T than females throughout the year (Taylor et al.,
2004). We therefore hypothesized that T stimulates growth
in male rattlesnakes, and thus males grow faster upon attainment of reproductive maturity.
One prediction was that the sex divergence in growth
in rattlesnakes should be temporally correlated with a divergence in T levels. To test this, we conducted a controlled
laboratory study in which we raised male and female neonate
C. atrox, measured them regularly, and drew blood samples
to quantify T levels. A complimentary prediction was that
castrated male C. atrox should grow more slowly than intact
males. To test this, we conducted a field study in which we
castrated or performed sham surgeries on male snakes and
then measured their growth over a two-year period.

Study 1: Ontogeny of SSD and
Testosterone Levels
We collected 50 neonate snakes from an area near our
study site and housed them individually in the laboratory.
Full details of the experiment are described elsewhere (Taylor and DeNardo, 2005b). Briefly, snakes were randomly assigned to one of two treatment groups: high intake (receiving
one mouse every week) and low intake (receiving one mouse
every three weeks). Males and females were present in each
group. We raised the snakes on this dietary protocol for 2 yr,
recording SVL and mass and drawing a blood sample every
6 wk. We measured T levels with radioimmunoassay.
Not surprisingly, high-intake snakes grew much faster
than low-intake snakes (Fig. 2), in only 1 yr reaching the
SVL at which free-ranging snakes attain reproductive maturity (around 75 cm SVL, which takes free-ranging snakes
approximately 3-4 yr to attain; Beaupre et al., 1998). However, males and females never diverged in size in either
treatment group. Free-ranging females in this population
never grow beyond 95 cm in SVL, but females in the highintake group grew to SVLs in excess of 110 cm in only 2 yr
in this study (Fig. 1). These results highlight the dramatic
effect of food intake on growth in this species.
We found that T levels of neonate males and females
were very low. However, T levels of male snakes increased
at around one year of age, especially in the high-intake
group, whereas T levels of females remained very low (Fig.
3). The fact that T levels were higher in high-intake males
than in low-intake males probably resulted from the larger
body size of high-intake males; they likely attained reproductive maturity earlier than low-intake males. The male
and female snakes in this experiment, therefore, showed a
divergence in T levels near the time of reproductive maturity, without the divergence in growth seen in the wild
and hypothesized to result from the divergence in T levels.
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These data do not support the hypothesis that T stimulates
growth in male C. atrox, leading to SSD, because we observed an increase in T without the associated increase in
growth of males. This occurred in both treatment groups,
indicating that there is no temporal correlation between

Figure 2. Growth in snout-vent length (SVL) of high-intake male
( , N = 9), high-intake female (p, N = 14), low-intake male ( ,
N = 12), and low-intake female (r, N = 9) Western Diamondbacked Rattlesnakes (Crotalus atrox). Overall there were no significant sex differences in growth. The shadowed bars correspond
to overwintering periods during which snakes were not fed and the
hatched bar denotes the approximate size at which free-ranging
snakes attain sexual maturity. Values are shown as mean ± 1 SE,
although error bars are often not visible due to lack of variability
among experimental units. Figure adapted from Taylor and DeNardo (2005b).

Figure 3. Testosterone (T) levels of high-intake male ( , N = 9),
high-intake female (p, N = 14), low-intake male ( , N = 12), and
low-intake female (r, N = 9) Western Diamond-backed Rattlesnakes (Crotalus atrox). Significant differences between males
and females are marked by †; between high- and low-intake males
by *. The shadowed bars correspond to overwintering periods.
Values are shown as mean ± 1 SE. Plasma T was measured only at
four time periods in samples from females. Figure adapted from
Taylor and DeNardo (2005b).
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the increase in T levels of males and the increase in their
growth, regardless of whether they grow quickly or slowly.
These data suggest that T may not be the primary factor
responsible for SSD in C. atrox.

Study 2: Effects of Castration On Growth

Figure 4. Testosterone (T) levels of castrated ( , N = 5) and sham
(p, N = 6) male Western Diamond-backed Rattlesnakes (Crotalus
atrox). Sham males had significantly higher T levels than castrated
males in fall 2003 (indicated by *). Values are shown as mean ±
1 SE.

P = 0.13

P = 0.14

Figure 5. Castrated male (N = 5) and sham male (N = 6) Western
Diamond-backed Rattlesnakes (Crotalus atrox) had similar (A)
total growth and (B) mean monthly growth rates. Values shown
are means ± 1 SE.

Although correlational results like those above provide
strong evidence that increased growth of males is dissociated from increases in T levels, we sought to confirm these
patterns by conducting hormonal manipulations. We therefore conducted an experiment at the study site designed to
manipulate T levels in free-ranging adult males. We chose
to conduct this experiment on free-ranging rather than laboratory-housed males so that any indirect effects of T could
be detected; for example, T may exert growth effects by
altering the energy intake or expenditure of males, which
could only be detected if snakes were allowed to behave
freely in the wild.
In spring 2003, we captured 14 relatively small males
(<95 cm SVL), implanted them with radiotransmitters, and
conducted the following surgical procedures. Seven males
were castrated by carefully removing the testes through
2 cm incisions on each side of the body. The other seven
snakes underwent the same surgery as castrated snakes, except their testes were manipulated but not removed. We recorded the SVL and mass of each snake at the beginning of
the experiment while snakes were under anesthesia. Snakes
were then returned to their sites of capture and monitored
with radiotelemetry. On four occasions (spring 2003, early
summer 2003, late summer 2003, and late summer 2004),
snakes were bled from the caudal vein within 5 min of
capture. At the end of the experiment (late summer 2004),
snakes were collected from the study site and sacrificed by
sodium pentobarbital injection. Total wet body mass and
SVL were recorded, abdominal fat bodies were dissected
out and weighed, and the fat-free carcass was weighed. We
visually examined the carcasses to confirm that testes had
been completely removed by castration surgeries. We also
quantified testosterone levels in the blood samples with radioimmunoassay to ensure that castration had the desired
effect of removing T from circulation.
We calculated several variables to examine the growth
rates and body composition of the snakes. We calculated the
mean monthly growth rate of snakes as the change in SVL
between the first and last captures divided by the number of
active season months (April-October) between these dates.
Wet fat mass is the wet mass of abdominal fat bodies, and
lean mass is the wet mass of the fat-free carcass (no carcass
had any significant amount of digesta in the gastro-intestinal tract). Although the carcasses may have contained small
quantities of lipids, snakes carry the vast majority of their
body fat in the abdominal fat bodies (Derickson, 1976), and
the mass of these fat bodies is highly correlated with the
total body lipid content (Cale and Gibbons, 1972). Percent
body fat was calculated as wet fat mass / total wet body
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mass. Three snakes (two castrated and one sham) died over
the course of the experiment, so growth and body composition results were based on five castrated snakes and six
sham snakes.
Visual examination of the carcasses of castrated snakes
showed that the surgeries were successful in removing all
of the testis tissue. However, radioimmunoassay showed
that T levels were reduced in castrated males, but T was not
eliminated from circulation (Fig. 4). Testosterone levels of
castrated and sham males were similar in spring 2003 prior
to surgery; levels dropped in both groups in early summer
2003 as is typical of male C. atrox at this time of year (Taylor et al., 2004); levels rose in both groups in the fall 2003
mating season, with sham males having significantly higher T than castrated males; and levels were again elevated
above baseline but not different between groups in the fall
2004 mating season. We do not know why castrated males
continued to produce T. We believe that testis tissue was
completely removed in our surgeries; however, it is possible that minute quantities of tissue were left behind and
were able to produce T. It is more likely that T or precursor androgens were produced elsewhere in the body, e.g., in
the liver (Schultz, 1986), adrenal glands (Kase and Kowal,
1962), or other tissues. Regardless of where the T came
from, it is obviously problematic that our experiment did
not have the desired effect of removing T from circulation.
This experiment nonetheless produced interesting results
(below), which must be interpreted with extreme caution
since we do not fully understand their context in light of the
extragonadal secretion of T that occurred.
Castrated and sham males were similar in SVL at the beginning of the experiment (t = -0.33, P = 0.75). Although not
significant, castrated snakes tended to exceed sham snakes
in total growth over the course of the experiment (ANCOVA
with initial SVL as covariate: F = 2.90, P = 0.13; Fig. 5a) and
in mean monthly growth (F = 2.71, P = 0.14; Fig. 5b). Since
there were no significant differences in growth between castrated and sham males, they were similar in SVL at the end
of the experiment (t = 0.84, P = 0.42). The two groups were
similar in mass at the beginning of the experiment (t = 0.42,
P = 0.68). At the end of the experiment, castrated snakes
were heavier than sham snakes, but this difference was not
significant (t = 1.71, P = 0.12). However, castrated snakes
had dramatically higher wet fat mass (ANOVA: F = 13.03,
P = 0.006; Fig. 6a) and percent body fat (F = 17.19, P =
0.003; Fig. 6b). Lean body mass did not differ significantly
between the groups (F = 2.31, P = 0.16; Fig. 6c).
Castrated males showed an increase in body fat in comparison to sham males. This result is typical of castration
studies, because T removal tends to increase body fat through
various mechanisms, including direct effects on adipose tissue or indirect effects on feeding or energy expenditure. Direct effects of T on adipose tissue include inhibition of lipid
uptake in adipocytes, stimulation of lipolysis by upregulation
of lipolytic β-adrenergic receptors and lipoprotein lipase, and
inhibition of lipogenesis by inhibition of the differentiation
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of adipocyte precursor cells (Hansen et al., 1980; Hansson
et al., 1991; De Pergola, 2000; Mayes and Watson, 2004).
Indirect effects of T on body composition include stimulation of territorial behavior and movement and changes in
metabolic energy expenditure and feeding rates (Marler and
Moore, 1988, 1989; Marler et al., 1995; Cox et al., 2005).
Our results are unusual in that our castration surgeries did
not successfully remove T from circulation, yet the castrated
snakes still showed the typical increase in body fat. Either
the decrease in T in castrated males was sufficient to directly
increase body fat, or the removal of the testes had another
effect on the snakes’ physiology that caused them to increase

P = 0.006

P = 0.003

P = 0.16

Figure 6. Castrated male (N = 5) Western Diamond-backed Rattlesnakes (Crotalus atrox) had higher (A) wet fat mass and (B)
percent body fat than sham males (N = 6), but there was no significant difference in (C) lean body mass. Values shown are means
± 1 SE.
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in body fat. One possibility is that castrated males may not
have moved as much during the breeding season as sham
males, because mate-searching behavior may be stimulated
by high levels of T. Castrated males may, therefore, have had
more energy to invest into fat reserves than sham males. The
physiological signals regulating investment of energy into
body fat versus somatic growth are unknown in reptiles.
The fact that castrated and sham males did not differ
significantly in growth contradicted our prediction that castrated males would grow faster than sham males. However,
the lack of difference in growth between the two groups
must be interpreted with caution because T was lowered
but not actually removed by castration. Determining the
source of the circulating T in castrated males, as well as
identifying the cause of the increased body fat in castrated
males, would be of great interest. Despite the problems in
this study, the lack of difference in growth of castrated and
sham males combined with the results of Study #1 above
strongly suggest that T is not the primary mechanism by
which male C. atrox become larger than females.

The Role of Energy Balance in SSD
In Study #1, we showed that male and female laboratory-raised C. atrox do not diverge in growth upon attainment
of adult body size. This shows that the divergence in growth
and subsequent SSD is not fixed as in many mammalian
and bird species; that is, SSD is not programmed, but rather
arises in wild populations as a result of another factor, possibly sex differences in the balance between energy intake
and expenditure. Sexual size dimorphism in C. atrox does
not result from inherent differences in metabolism: in studies, the sexes have the same mass-specific resting metabolic
rates (Beaupre and Duvall, 1998). Adult males are heavier
than females, and therefore have higher metabolic rates,
which means that they expend more energy on resting metabolism than females, which would lead them to grow more
slowly than females. Males must, therefore, exceed females
in energy intake, or females must exceed males in energy
expenditure through means other than resting metabolism.
Although it is possible that juvenile male rattlesnakes are
better hunters than females, this has been difficult to test
in wild populations due to the difficulty of non-invasively
determining when free-ranging snakes have eaten, and there
is no evidence that male and female juveniles have different
hunting success. Females of some species become anorexic
while pregnant (Lourdais et al., 2002), but this does not seem
to occur in C. atrox (Taylor et al., 2005). Once males have
grown considerably larger than females, they may be able to
capture larger prey items and then grow still larger; however,
there is evidence that large and small C. atrox consume the
same size prey (Spencer, 2003). Either way, the initial divergence in size between male and female rattlesnakes must be
caused by something else. Therefore, SSD in C. atrox is not
likely caused by sex differences in hunting, but may rather
result from sex differences in energy expenditure.

Sex differences in energy expenditure can profoundly
influence energy allocation to growth, storage, and reproduction (Dunham et al., 1989). Beaupre and Duvall (1998)
hypothesized that SSD in rattlesnakes is caused by increased
energy expenditure of females during reproduction. Reproductive female C. atrox have higher mass-specific metabolic rates than males and non-reproductive females (Beaupre
and Duvall, 1998); this high cost of reproduction might reduce the amount of energy available for growth, over time
resulting in reduced size compared to males. Modeling simulations have confirmed that, all else being equal, female
rattlesnakes will grow more slowly than males solely due
to this increased energetic cost of reproduction (Beaupre,
2002). We sought to further test this hypothesis with two
experiments on C. atrox.
One prediction stemming from this hypothesis is that
females prevented from reproducing should not slow their
growth in comparison to males. That is, if the energetic cost
of reproduction is the proximate cause of reduced growth of
females at the onset of reproductive maturity, then females
that do not reproduce should not diverge in growth from
males. Our study of the growth trajectories of laboratoryhoused snakes (above, Fig. 2; Taylor and DeNardo, 2005b)
showed that when females reached the body size at which
reproductive maturity occurs in the wild, they indeed did
not diverge in size from males if they did not reproduce. We
produced two-year-old females in the lab that were much
larger than females ever get in the wild, underscoring the
fact that energy balance contributes very heavily to body
size in C. atrox.
Another prediction stemming from this hypothesis is
that adult females provided with extra food will grow in
SVL, even if they do reproduce. That is, if the energetic
costs of reproduction limit female growth, then food supplementation should allow females to grow at rates similar
to males even while they are reproductively active. Experimental food supplementation has been a powerful tool in
demonstrating the diversity of mechanisms by which food
limitation affects organismal and population function (reviewed in Boutin, 1990), but its effects on individuals has
been more difficult to determine since most studies supplement the diets of entire populations of herbivores or invertebrates. We conducted a food supplementation study in
which we supplemented the diets of individual female C.
atrox and observed their growth and reproduction over two
years in comparison to control females.

Study 3: Food Supplementation of
Free-ranging Females
The study took place from March 2002 until October
2003. Details of the experimental procedure are published
elsewhere (Taylor et al., 2005). Briefly, we implanted 17
adult female C. atrox at the study site with radiotransmitters. Nine of the snakes were randomly designated as supplementally-fed snakes (= fed), while the other eight were
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control snakes. Fed snakes were offered thawed rodents as
often as possible over the course of the study (1-4 times per
week), and control snakes were not offered rodents. During the active season (mid-March to mid-November), we
located each snake 1-5 times per week. We measured their
SVL and weighed them twice per year while snakes were
anesthetized. We calculated and compared the mean monthly growth in SVL and the mean monthly mass change of fed
and control snakes. Fed females had a significantly higher
mean monthly growth rate (ANCOVA with initial SVL as
covariate: F = 7.20, P = 0.019; Fig. 7a) and mean monthly
mass gain than control females (ANCOVA with initial mass
as covariate: F = 17.33, P = 0.003; Fig. 7b). Fed females
even grew much faster than males at the study site (means:
0.39 vs. 0.25 cm/month, respectively), indicating that adult
female C. atrox are capable of growing very quickly under
the appropriate conditions.
We also monitored the reproductive activity of the
snakes using portable ultrasonography (Taylor and DeNardo, 2005a). We found that, during the experiment, only
one control snake out of eight reproduced (in 2003), while
seven fed snakes out of nine reproduced (two in 2002 and
six in 2003; one of these snakes reproduced in both years
of the experiment as well as in 2001 and 2004, for a total
of 4 yr in a row). This shows that supplemental feeding led
to a significantly increased incidence of reproduction (χ² =
6.25, P < 0.025).
In this study, supplementally-fed female C. atrox grew
very quickly, indeed at rates greater than males at the study
site, when given extra food. This agrees with the results of
Study #1 and shows that the low growth rate of free-ranging
females is highly flexible. Food supplementation showed
that females can even grow very quickly during the energetically expensive time of reproduction, as long as they have
increased food intake. Together, these results support the
hypothesis that C. atrox exhibits male-larger SSD due to the
high energetic costs of reproduction in females, originally
proposed by Beaupre and Duvall (1998). Testosterone does
not appear to have the same growth-modulating effects that
it has in so many other species of male-larger vertebrates
(see Bardin and Catterall, 1981), and our manipulative studies of female energy balance strongly suggest that SSD in
C. atrox is merely the result of the high energetic costs of
reproduction in a food-limited environment.
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ergy intake does relatively little to affect the outcome of
somatic growth in these taxa, the exception being that malnutrition can lead to stunted growth. However, growth of
rattlesnakes appears to be affected most heavily by energy
intake. This is not to say that there is no genetic basis for
body size in snakes; indeed, Garter Snake body size has a
heritable component (Bronikowski, 2000). However, due to
their indeterminate growth and low feeding and metabolic
rates, a difference of one annual meal between two snakes
might essentially wash out any genetic variation between
the snakes in body size.
We therefore show that SSD in C. atrox appears to result primarily from sex differences in reproductive energy
expenditure. It is possible that, in populations with abundant
prey availability, SSD could be reduced or even absent. Studies examining the degree of SSD in populations of snakes
with different prey availability would be very informative.
These results nonetheless show that the environment, specifically food availability, plays an unusually important
role in the development of SSD in rattlesnakes. How then
do we use these results to shed light on how SSD evolved
in rattlesnakes? While it is likely that sexual selection for
large male body size may lead to inheritance of more alleles

P = 0.019

P = 0.003

Conclusions
In animals like rattlesnakes, which exhibit indeterminate growth and extreme dependence of body size on energy intake, it may not be surprising that SSD is determined
primarily by sex differences in energy balance rather than
by hormones. Most mammals and birds, as well as many
other vertebrates, exhibit determinate growth, with adult
body size determined by factors such as differences in steroid hormones and the activity of the somatotrophic axis
(Bardin and Catterall, 1981; Ford and Klindt, 1989). En-

Figure 7. Supplementally-fed female Western Diamond-backed
Rattlesnakes (Crotalus atrox; N = 8) had (A) a higher mean
monthly growth rate than control females (N = 8) and (B) a higher
mean monthly mass change than control females. Values shown
are means ± 1 SE. Figure adapted from Taylor et al. (2005).
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for larger body sizes by the next generation of snakes, the
genetic basis for body size appears to be minimal in comparison to the effect of food intake and reproductive energy
expenditure in females. In fact, the large males that typically win fights for females may simply be the older males
of the population, since body size is affected more by cumulative food intake than genetics. Furthermore, it may be
advantageous for females to be small, since smaller females
have lower metabolic rates, and, therefore, may gain weight
more quickly between reproductive bouts and reproduce
more frequently, leading to a higher lifetime reproductive
success (Beaupre and Duvall, 1998; Beaupre, 2002). When
faced with increases in food availability, females are able to
grow quickly (Taylor et al., 2005); we therefore maintain
that SSD in rattlesnakes is primarily phenotypic plasticity, a
facultative phenomenon that allows the snakes to maximize
their fitness in response to environmental pressures.
Ideally, the best evidence for a hypothesis about the
evolution of SSD shows how a specific gene product or set
of gene products interacts with environmental factors to differentially affect male and female growth and body size.
However, few studies are actually able to show the entire
link, from genes to physiology to phenotype. A recent study
on dogs showed that male-larger SSD results from a complicated interaction between body size genes on autosomes
and the X chromosome (Chase et al., 2005). The authors
conjectured that this interaction resulted in differential expression of the IGF-1 gene in males and females, suggesting that males might, therefore, produce more IGF-1, and
thereby grow larger than females. Should this prediction be
true, this would constitute one of the first examples of a
gene to physiology to phenotype link for SSD. Although
we cannot provide such a link in our studies of rattlesnake
SSD, we can highlight the fact that we have shown the interaction between energy balance and food availability in
the environment to be an extremely important mediator of
SSD in one rattlesnake species. Rather than simply assuming that sexual selection is the primary force responsible
for the sex difference in body size because males fight for
females, our experiments show that body size and SSD are
determined primarily by sex differences in energy balance
in a food-limited environment.

Acknowledgments
Many people helped in our research projects, from
searching for snakes at the study site to helping with radioimmunoassays to reviewing manuscripts. We particularly thank the following people for help: S. Beaupre, D.
Browning, C. Christel, J. Davis, D. DeNardo, P. Deviche, C.
Ellermeier, M. Feldner, D. Gaillard, D. Jennings, S. Lemar,
O. Lourdais, M. Malawy, M. Moore, R. Repp, G. Schuett,
J. Sabo, J. Slone, and G. Walsberg. This work was funded
by an Arizona State University Faculty Grant-in-Aid Award
(to DFD) and a National Science Foundation Graduate Research Fellowship (to ENT).

Literature Cited
Andrews, R. M. 1982. Patterns of growth in reptiles. Pp.
273-334 in C. Gans and F. H. Pough (eds.), Biology of
the Reptilia, Vol. 13. Academic Press, New York, New
York.
Bardin, C. W., and J. F. Catterall. 1981. Testosterone: a
major determinant of extragenital sexual dimorphism.
Science 211:1285-1294.
Beaupre, S. J. 2002. Modeling time-energy allocation in
vipers: individual responses to environmental variation and implications for populations. Pp. 463-481 in
G. W. Schuett, M. Höggren, M. E. Douglas, and H. W.
Greene (eds.), Biology of the Vipers. Eagle Mountain
Publishing, Eagle Mountain, Utah.
———, and D. Duvall. 1998. Variation in oxygen consumption of the Western Diamondback Rattlesnake
(Crotalus atrox): implications for sexual size dimorphism. J. Comp. Physiol. B 168:497-506.
———, D. Duvall, and J. O’Leile. 1998. Ontogenetic
variation in growth and sexual size dimorphism in a central Arizona population of the Western Diamondback
Rattlesnake (Crotalus atrox). Copeia 1998:40-47.
Bhasin, S., L. Woodhouse, and T. W. Storer. 2001.
Proof of the effect of testosterone on skeletal muscle. J.
Endocrinol. 170:27-38.
Bishop, L. A., T. M. Farell, and P. G. May. 1996. Sexual
dimorphism in a Florida population of the rattlesnake
Sistrurus miliarius. Herpetologica 52:360-364.
Blouin-Demers, G., H. L. Gibbs, and P. J. Weatherhead.
2005. Genetic evidence for sexual selection in Black
Ratsnakes, Elaphe obsoleta. Anim. Behav. 69:225-234.
Bonnet, X., R. Shine, G. Naulleau, and C. Thiburce.
2001. Plastic vipers: influence of food intake on the
size and shape of Gaboon Vipers (Bitis gabonica). J.
Zool. 255:341-351.
Boutin, S. 1990. Food supplementation experiments with
terrestrial vertebrates: patterns, problems, and the future. Can. J. Zool. 68:203-220.
Bronikowski, A. M. 2000. Experimental evidence for the
adaptive evolution of growth rate in the Garter Snake
Thamnophis elegans. Evolution 54:1760-1767.
Cale, W. G., Jr., and J. W. Gibbons. 1972. Relationships
between body size, size of the fat bodies, and total lipid
content in the Canebrake Rattlesnake (Crotalus horridus) and the Black Racer (Coluber constrictor). Herpetologica 28:51-53.
Chase, K., D. R. Carrier, F. R. Adler, E. A. Ostrander, and K. G. Lark. 2005. Interaction between the
X chromosome and an autosome regulates sexual dimorphism in Portugese Water Dogs. Genome Res.
15:1820-1824.
Cox, R. M., and H. B. John-Alder. 2005. Testosterone
has opposite effects on male growth in lizards (Sceloporus spp.) with opposite patterns of sexual size dimorphism. J. Exp. Biol. 208:4679-4687.

Sexual dimorphism in Western Diamond-Backed Rattlesnakes
———, S. L. Skelly, and H. B. John-Alder. 2005.
Testosterone inhibits growth in juvenile male Eastern
Fence Lizards (Sceloporus undulates): implications for
energy allocation and sexual size dimorphism. Physiol.
Biochem. Zool. 78:531-545.
Crews, D., M. A. Diamond, J. Whittier, and R. Mason.
1985. Small male body size in Garter Snakes depends
on testes. Am. J. Physiol. 249:R62-R66.
Darwin, C. 1871. The Descent of Man and Selection in
Relation to Sex. John Murray, London, England.
De Pergola, G. 2000. The adipose tissue metabolism: role
of testosterone and dehydroepiandrosterone. Internatl.
J. Ob. Rel. Metab. Disorders 24:S59-S63.
Derickson, W. K. 1976. Lipid storage and utilization in
reptiles. Am. Zool. 16:711-723.
Dunham, A. E., B. W. Grant, and K. L. Overall. 1989.
Interfaces between biophysical and physiological ecology and the population ecology of terrestrial vertebrate
ectotherms. Physiol. Zool. 62:335-355.
Duvall, D., and S. J. Beaupre. 1998. Sexual strategy and
size dimorphism in rattlesnakes: integrating proximate
and ultimate causation. Am. Zool. 38:151-164.
Fitch, H. S. 1981. Sexual size differences in reptiles. Univ.
Kansas Mus. Nat. Hist. Misc. Publ. 70:1-71.
———, and G. R. Pisani. 1993. Life history traits of the
Western Diamondback Rattlesnake (Crotalus atrox)
studied from roundup samples in Oklahoma. Occas.
Pap. Kansas Mus. Nat. Hist. 156:1-24.
Ford, J. J., and J. Klindt. 1989. Sexual differentiation and
the growth process. Pp. 317-336 in D. R. Campion, G.
J. Hausman, and R. J. Martin (eds.), Animal Growth
Regulation. Plenum Press, New York, New York.
Ford, N. B., and R. A. Seigel. 1989. Phenotypic plasticity in reproductive traits: evidence from a viviparous
snake. Ecology 70:1768-1774.
Forsman, A., and L. E. Lindell. 1996. Resource dependent growth and body condition dynamics in juvenile
snakes: an experiment. Oecologia 108:669-675.
Gatford, K. L., A. R. Egan, I. J. Clark, and P. C. Owens. 1998. Sexual dimorphism of the somatotrophic
axis. J. Endocrinol. 157:373-389.
Gould, S. J., and R. C. Lewontin. 1979. The spandrels of
San Marcos and the Panglossian paradigm: a critique
of the adaptationist programme. Proc. Roy. Soc. London B 205:581-598.
Grantham, T. A. 2004. Constraints and spandrels in
Gould’s structure of evolutionary theory. Biol. Phil.
19:29-43.
Hansen, F. M., N. Fahmy, and J. H. Nielsen. 1980. The
influence of sexual hormones on lipogenesis and lipolysis in rat fat cells. Acta Endocrinol. 95:566-70.
Hansson, P., D. Saggerson, and P. Nilsson-Ehle. 1991.
Sex difference in triglyceride/fatty acid substrate cycling of rat adipose tissue: indirect regulation by androgens. Hor. Metab. Res. 23:465-468.
Hobert, J. P., C. E. Montgomery, and S. P. Mackessy.

99

2004. Natural history of the Massasauga, Sistrurus
catenatus edwardsii, in Southeastern Colorado. Southwest. Nat. 49:321-326.
Holloway, A. C., and J. F. Leatherland. 1998. Neuroendocrine regulation of growth hormone secretion
in teleost fishes with emphasis on the involvement
of gonadal sex steroids. Rev. Fish Biol. Fisheries
8:409-429.
Kase, N., and J. Kowal. 1962. In vitro production of testosterone in a human adrenal homogenate. J. Clin. Endocrinol. Metab. 22:925-928.
Klauber, L. M. 1937. A statistical study of the rattlesnakes. IV. The growth of the rattlesnake. Occas. Pap.
San Diego Soc. Nat. Hist. 3:1-56.
———. 1972. Rattlesnakes: Their Habits, Life Histories,
and Influence on Mankind. 2 vols. 2nd ed. University of
California Press, Berkeley, California.
Lerner, D. T., and R. T. Mason. 2001. The influence of
sex steroids on the sexual size dimorphism in the RedSpotted Garter Snake, Thamnophis sirtalis concinnus.
Gen. Comp. Endocrinol. 124:218-225.
Lourdais, O., X. Bonnet, and P. Doughty. 2002. Costs
of anorexia during pregnancy in a viviparous snake (Vipera aspis). J. Exp. Zool. 292:487-93.
Madsen, T., and R. Shine. 1994. Costs of reproduction
influence the evolution of sexual size dimorphism in
snakes. Evolution 48:1389-1397.
Marler, C. A., and M. C. Moore. 1988. Evolutionary
costs of aggression revealed by testosterone manipulations in free-living male lizards. Behav. Ecol. Sociobiol. 23:21-26.
———, and ———. 1989. Time and energy costs of aggression in testosterone-implanted free-living male
Mountain Spiny Lizards (Sceloporus jarrovi). Physiol.
Zool. 62:1334-1350.
———, G. Walsberg, M. L. White, and M. C. Moore.
1995. Increased energy expenditure due to increased
territorial defense in male lizards after phenotypic manipulation. Behav. Ecol. Sociobiol. 37:225-231.
Mayes, J. S., and G. H. Watson. 2004. Direct effects of
sex steroid hormones on adipose tissues and obesity.
Obesity Rev. 5:197-216.
Peralta, J. M., A. M. Arnold, W. B. Currie, and M. L.
Thonney. 1994. Effects of testosterone on skeletal
growth in lambs as assessed by labeling index of chondrocytes in the metacarpal bone growth plate. J. Anim.
Sci. 72:2629-2634.
Pigliucci, I. I., and I. I. Kaplan. 2000. The fall and rise
of Dr. Pangloss: adaptationism and the Spandrels paper
20 years later. Trends Ecol. Evol. 15:66-70.
Ricklefs, R. E., and M. Wikelski. 2002. The physiology/
life history nexus. Trends Ecol. Evol. 17:462-468.
Rose, M. R., and G. V. Lauder. 1996. Post-spandrel adaptationism. Pp. 1-8 in M. R. Rose and G. V. Lauder
(eds.), Adaptation. Academic Press, New York, New
York.

100

E. N. Taylor and D. F. DeNardo

Sheffield-Moore, M., and R. J. Urban. 2004. An overview of the endocrinology of skeletal muscle. Trends
Endocrinol. Metab. 15:110-115.
Schuett, G. W. 1997. Body size and agonistic experience
affect dominance and mating success in male copperheads. Anim. Behav. 54:213-224.
Schulz, R. 1986. In vitro metabolism of steroid hormones
in the liver and in blood cells of male Rainbow Trout
(Salmo gairdneri Richardson). Gen. Comp. Endocrinol. 64:312-319.
Shine, R. 1978. Sexual size dimorphism and male combat
in snakes. Oecologia 33:269-277.
———. 1994. Sexual dimorphism in snakes revisited. Copeia 1994:326-346.
Spencer, C. L. 2003. Geographic variation in the morphology, diet and reproduction of a widespread pitviper, the
Western Diamondback Rattlesnake. Ph.D. Dissertation, University of Texas, Arlington, Arlington, Texas.
Stebbins, R. C. 1985. A Field Guide to Western Reptiles
and Amphibians. Houghton Mifflin Co., Boston, Massachusetts.
Swanson, H. H. 1967. Effects of pre- and post-pubertal gonadectomy on sex differences in growth, adrenal, and pituitary weights of hamsters. J. Endocrinol. 39:555-564.
Taylor, E. N., and D. F. DeNardo. 2005a. Reproductive ecology of Western Diamond-backed Rattle-

snakes (Crotalus atrox) in the Sonoran Desert. Copeia
2005:152-158.
———, and ———. 2005b. Sexual size dimorphism and
growth plasticity in snakes: an experiment on the Western Diamond-backed Rattlesnake (Crotalus atrox). J.
Exp. Zool. 303A:598-607.
———, ———, and D. H. Jennings. 2004. Seasonal steroid hormone levels and their relation to reproduction
in the Western Diamond-backed Rattlesnake, Crotalus
atrox (Serpentes: Viperidae). Gen. Comp. Endocrinol.
136:328-337.
———, M. A. Malawy, D. M. Browning, S. V. Lemar,
and D. F. DeNardo. 2005. Effects of food supplementation on the physiological ecology of female Western
Diamond-backed Rattlesnakes (Crotalus atrox). Oecologia 144:206-213.
Wehrenberg, W. B., and A. Giustina. 1992. Basic counterpoint: mechanisms and pathways of gonadal steroid
modulation of growth hormone secretion. Endocrine
Rev. 13:299-308.
Zera, A. J., and L. G. Harshman. 2001. The physiology
of life-history trade-offs in animals. Ann. Rev. Ecol.
Syst. 32:95-126.

