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In many animal species, adult females and males often differ in characteristics other than primary sexual traits. Thus,
body size tends to be related to reproductive success through different pathways in females and males, sex-specific
foraging or dispersal strategies, and/or adaptations to reduce intersexual trophic competition. As result of these
differences, the body size that conveys maximal fitness often differs between the sexes, favoring the evolution of sexual
size dimorphism. In this study, we use an allometric approach to evaluate the changes in magnitude of sexual
dimorphism in a population of Sceloporus formosus. Allometry refers to the relationships observed between body size
and other organismal traits. Natural and sexual selection on morphological traits may modify allometric relationships.
Traits under selection can show positive allometry, with slopes steeper than 1 (hyperallometry). We performed
allometric major axis regressions of seven morphological traits on the snout–vent length, a standard measure used as a
proxy for lizard size. The major axis regressions of female trunk length and width, and male trunk length showed
hyperallometric slopes, suggesting that in S. formosus these traits could be under natural selection.

S
IZE is strongly related to female and male fitness in
several animal species (Schmidt-Nielsen, 1984; Brown
and West, 2000; Houle et al., 2011). Strong directional

selection on fecundity explains an increase in female body
size due to a positive relationship between female body size
and the quantity or quality of progeny (Blanckenhorn, 2005;
John-Alder et al., 2007; Pincheira-Donoso and Hunt, 2017),
whereas in males of many animal species, larger traits and/or
an overall large body size confer a high mating success,
which explains the evolution of secondary sexual characters
and an overall increase in male body size (Darwin, 1871;
Andersson, 1994).

When traits change in proportion to body size, the slope of
the allometric equation of log–log transformed linear
measurements has a value of j1j, a condition referred to as
isometry. However, allometric slopes can evolve adaptively if
natural or sexual selection persistently favors the scaling
relationships that are observed between traits and size (Petrie,
1988, 1992; Eberhard et al., 1998; Frankino et al., 2009).
These relationships are characterized by greater variance and
disproportionally larger sizes compared to other traits
(positive allometry; Rose and Lauder, 1996; Warren et al.,
2013; but see Bonduriansky, 2007). When a trait scales
disproportionally with body size, it is classified as hyper-
allometry (slope . 1; , –1) or hypoallometry (slope between
0 and 1 or –1; Bonduriansky and Day, 2003; Mirth et al.,
2016; Stillwell et al., 2016).

If the same selective pressures operate on the same trait in
both males and females, there are few reasons to expect
differences in the allometric slopes between sexes (Voje,
2016; but see Bonduriansky, 2007). Nevertheless, in many
animal species, the females and males usually diverge
phenotypically because of their different reproductive roles
(Fairbairn, 1997; Blanckenhorn et al., 2007), and the
phenotypic divergences between the sexes can result from
the interplay between natural and sexual selection (Corn-
wallis and Uller, 2010; Maan and Seehausen, 2011; Scales and
Butler, 2016).

Under fecundity selection, several lizard species show
female-biased size dimorphism and a positive relationship
between body size and number or size of the offspring (Cox
et al., 2003; Cox et al., 2007; Jiménez-Arcos et al., 2017). Even

if males are larger than females, the scaling between trunk
length and body size could be disproportionally greater in
females (Braña, 1996; Cox et al., 2007). However, in most
morphological traits involved in sexual displays and agonis-
tic encounters (e.g., head, limbs), male-biased sexual dimor-
phism is common (Martins, 1994; Butler and Losos, 2002;
Kaliontzopoulou et al., 2015; Ramı́rez-Bautista et al., 2016).
The ‘‘push-up’’ behavior is found among distantly related
lizard species with distinct territorial degrees and habitat use,
and it is associated with territorial defense, and mate
acquisition (Carpenter et al., 1970; Carpenter, 1978; Ander-
son and Vitt, 1990; Butler et al., 2000; Ord et al., 2001).
During confrontations, the males can bite different body
parts of the rival’s body, and they can perform rapid and
acrobatic movements (Noble and Bradley, 1933; Carpenter,
1978; Köhler and Heimes, 2002). Thus, reproductive success
is positively correlated with body, head, and limb size (Ord et
al., 2001; Husak et al., 2006). Moreover, sexual dimorphism
could be a result of ecological niche divergence leading to
divergence in morphological traits related to use or exploi-
tation of resources (Slatkin, 1984; Shine, 1989; Losos et al.,
2003; Hierlihy et al., 2013). However, it is likely that niche
divergence is not truly independent of female and male
reproductive roles (see Fairbairn et al., 2007).

We performed a static allometry study (scaling traits of
individuals of the same developmental stage; Pélabon et al.,
2014; Stillwell et al., 2016) in females and males of Sceloporus
formosus. This viviparous lizard inhabits montane regions
from central Veracruz to southern Oaxaca in Mexico (Smith,
1939). The species shows conspicuous sexual dimorphism in
coloration, with males exhibiting an intense dorsal green
color, blue belly, and throat patches, which can be orange,
yellow, blue, and alternative combinations (Smith, 1939;
Köhler and Heimes, 2002; Jiménez-Arcos, unpubl. data). The
female’s back is brown to greenish, the latter of which is only
present in larger females and never completely covering the
dorsal area as in males, and showing a white belly (Köhler
and Heimes, 2002). The males perform push-ups with
elongation principally of the front limbs and dorso-lateral
flattening to demonstrate belly and gular sexual color
patches. These behaviors are principally associated with
antagonistic interactions (Carpenter, 1978). Despite mating
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and agonist behaviors and sexual dichromatism suggestive of
intense sexual selection, previous studies do not report sexual
size dimorphism in snout–vent length (Guillette and Sulli-
van, 1985; Ramı́rez-Bautista and Pavón, 2009), head length
and width, or femur and tibia length (Ramı́rez-Bautista and
Pavón, 2009).

Sceloporus formosus inhabits branches and trunks of trees in
oak-pine forests throughout its distribution range (Carpenter,
1978; Köhler and Heimes, 2002). In tree-dwelling lizard
species, relatively flat heads, short limbs, and elongated
bodies are favored to enhance maneuverability in vertical
and narrow perches (Losos, 1990a; Sinervo and Losos, 1991;
Herrel et al., 2001, 2002). However, because of sexual
selection, we predicted that males will exhibit larger heads
and limbs than females, resulting in different allometric
slopes between sexes. In females, elongated bodies are also
favored by fecundity selection (Cox et al., 2007). Thus, if the
selective pressures in both sexes are similar, we expect
concordance in allometric slopes between females and males.

MATERIALS AND METHODS

Between 12 to 22 October 2015, we collected 55 female and
44 male adults by hand from an oak-pine forest population
in Ixtlán de Juárez, Oaxaca (17819000.55 00N, 96828057.8 00W,
1940 m above sea level). For each lizard, we measured the
snout–vent length (SVL; a standard measure used as a proxy
for lizard size; Losos, 1990b; Cox et al., 2003), head width,
head height, head length, trunk length (distance between
limbs), trunk width (at the widest point), forelimb and
hindlimb lengths (from the wall of insertion in the body to
the longest finger; Herrel et al., 2001; Fig. 1). The measure-
ments were taken to the nearest 0.01 mm using digital
calipers (Mitutoyo CD-15DC; Mitutoyo Corp., Tokyo, Japan).
All the lizards were marked with ink to maintain their
identities and were released at the collection site once the
measurements had been completed.

Statistical analysis

Sexual size dimorphism.—Prior to statistical analysis, all the
variables were log10 transformed. Multivariate analysis of
variance (MANOVA) was performed to test for size dimor-
phism on the eight morphological traits, and t-tests were
conducted to determine which traits were sexually dimor-
phic.

Female and male allometric relationships.—For females and
males, we performed major axis (MA) regressions for the
seven phenotypic variables on the SVL. We used the Wald
test and the t-student statistic to determine if allometric
slopes were heterogeneous between females and males (for
details see Warton et al., 2006). We selected MA regression
because this method is appropriate when the purpose of line-
fitting is not to predict Y from X, but to summarize the
relationship between two variables, describing how size traits
are related through linear relationships on logarithmic scales
(Warton et al., 2006). The other advantages of this regression
is that it estimates the lines (slopes) considering the residual
values of X and Y, which provides a more accurate estimate of
allometric slope (Warton et al., 2006). Additionally, we
compared if the allometric slope differed from isometry (b ¼
1) using an F statistic. For those traits where the allometric
slopes were comparable (i.e., slopes were equal and a
common slope could be estimated), we determined changes
in elevation. This test is analogous to ANCOVA. We used the

Wald test with chi-square (v2) for comparison. For all MA
analyses, we used the program SMATR v. 2.0 (Warton et al.,
2006).

RESULTS

Sexual size dimorphism.—The MANOVA indicated that there
are morphological differences between the sexes (F8,90 ¼
43.40, P , 0.0001). Five of the eight morphological traits
were sexually dimorphic, where width, height, and length of
the head as well as fore- and hind-limb length were larger in
males (see Table 1).

Female and male allometric relationships.—Seven of 14
allometric relationships were significant (Table 2). However,
using the Bonferroni method to reduce the experimental-
wise error rate, only three corrections were statistically
significant (Table 2). The allometric relationships of the
female trunk length and width on SVL showed hyper-
allometric slopes, whereas in the males, only the relationship
of the trunk length on SVL was hyperallometric. In addition,
no allometric slope was significantly different between
females and males under Bonferroni correction.

DISCUSSION

Because of sexual selection we predicted that males of S.
formosus would exhibit larger heads and limbs than females,
resulting in different allometric slopes between sexes.
Furthermore, as a result of fecundity selection, we expected
more elongated bodies in females. According to our results,
the head and limbs were significantly larger in males than
females. These traits can potentially be linked to male–male
competition for resources, territory, and mating success
(Censky, 1997; Olsson et al., 2002; Husak and Fox, 2008;
Macedonia et al., 2014). However, none of the head and
limbs length traits show hyperallometric slopes or heteroge-
neous slopes. This suggests that the allometric relationship is
similar in females and males. Conversely, even though in S.
formosus the trunk width and length are not sexually
dimorphic (Table 1), they show hyperallometric slopes,
suggesting that fecundity selection on females and micro-
habitat use in males may shape this trait. In many lizard
species, males are larger than females, although in other
species, females are larger than males possibly due to
fecundity selection (Cox et al., 2003; John-Alder et al.,
2007; Pincheira-Donoso and Hunt, 2017). Sexual dimor-
phism is common in Sceloporus with a tendency for male-
biased sexual size dimorphism (Fitch, 1978; Jiménez-Arcos et
al., 2017). However, a positive relationship between body size
and the number of eggs or embryos in Sceloporus suggests that
selection for higher fecundity has had a main role in the
evolution of female body size (Jiménez-Arcos et al., 2017), as
shown in this population of S. formosus.

Interestingly, in other populations of S. formosus, previous
studies did not find sexual dimorphism in SVL (Guillette and
Sullivan, 1985), head, femur, or tibia length (Ramı́rez-
Bautista and Pavón, 2009). The discrepancies with our results
could be explained by geographic differences in selective
pressures and local adaptation. Nonetheless, we must point
out that although natural selection is generally thought to
favor the evolution of positive allometric traits (Bondurian-
sky, 2007), it can be a structural consequence of organismal
architecture and development (Gould and Lewontin, 1979).
There are different developmental processes, including
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Fig. 1. The eight morphological attributes measured are shown. Abbreviations: FLL: forelimb and HLL: hindlimb lengths (from the wall of insertion in
the body to the longest finger); HH: head height; HL: head length; HW: head width; SVL: snout–vent length; TL: trunk length (distance between
limbs); TW: trunk width (at the widest point).
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phenotypic plasticity that may create slopes of different
steepness between a trait and body size (Nijhout and
German, 2012).

Regardless, fecundity selection could favor an overall
increase in female body size, leading to a reduction in size
differences (i.e., SVL) between females and males. In males,
sexual selection could favor an increase in attributes
associated with antagonistic confrontations or mating access.
The ecological context is an important component in
determining the magnitude and direction of sexual dimor-
phism. Even though the allometric differences between
females and males suggest that the sexual dimorphism in
this population of S. formosus has been the evolutionary
result of fecundity selection, experimental studies are needed
to evaluate the intensity of natural and sexual selection on
the phenotypic traits of this population.
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