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Abstract 
Rensch’s rule describes a pattern of interspecific allometry in which sexual size dimorphism (SSD) increases with size among closely related 
species (i.e., among a group of related species, the largest ones tend to show more male-biased SSD). Sexual selection is often invoked to 
explain Rensch’s rule, as larger male body size is assumed to be favoured by sexual selection for increased fighting performance in contests 
for mating opportunities. Often, however, the correlation between size and performance is not well described. We studied a sexually selected 
performance trait, bite force in Anolis lizards, to determine whether patterns of SSD are linked to size-associated patterns of performance 
dimorphism at the macroevolutionary level, as expected under the sexual selection hypothesis for Rensch’s rule. Additionally, we tested whether 
allometric patterns of performance dimorphism differ between mainland and island species, as the latter have likely evolved under a stronger 
sexual selection regime. We found that SSD overwhelmingly explains the relationship between performance dimorphism and size in anoles, as 
expected under a sexual selection model for Rensch’s rule. However, residual performance dimorphism was higher in island than in mainland 
species, suggesting that these groups differ in performance dimorphism for reasons unrelated to size. Head size dimorphism was associated 
with residual performance dimorphism, but did not fully explain the difference in performance dimorphism between island and mainland spe-
cies. Together, these findings highlight the need to interpret Rensch’s rule patterns of body size evolution cautiously, as allometric patterns of 
performance dimorphism and size dimorphism might not be equivalent.
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Introduction
A common pattern in sexually reproducing species is that 
sexual dimorphism in body size becomes increasingly male-
biased in larger species within a particular evolutionary 
group (Andersson, 1994; Fairbairn, 1997; Rensch, 1950). 
This pattern of body size evolution, which is a special case 
of Rensch’s rule (Adams et al., 2020; Toyama, 2024), is fre-
quently thought to arise from sexual selection for large male 
sizes in species that exhibit male–male competition for mating 
opportunities (e.g., Dale et al., 2007; Liang et al., 2022; Plard 
et al., 2011; Székely et al., 2004; Webster, 1992). As such, this 
hypothesis assumes a positive association between fighting 
performance and body size (Clutton-Brock, 1985; Fairbairn, 
1997; Fairbairn et al., 2007; Lailvaux et al., 2004; Lindenfors 
et al., 2002; Shine, 1978). Indeed, in many species, size is a 
strong predictor of mating contests between males. For exam-
ple, in polygynous animals, larger males typically win fights 
against smaller males, excluding them from access to females 
and increasing their own fitness (e.g., Clutton-Brock et al., 
1977; Haley et al., 1994; Olsson, 1992; Plavcan, 2001).

Surprisingly, although male body size commonly cor-
relates with competitive ability, the role of male competitive 

performance in driving Rensch’s rule patterns of body size 
evolution is seldom explicitly tested. Instead, this size-based 
performance mechanism is often taken for granted in com-
parative tests of Rensch’s rule (Abouheif and Fairbairn, 
1997; Dale et al., 2007; Fairbairn, 1997; Liang et al., 2022; 
Székely et al., 2004; Webster, 1992), probably because of 
the difficulty of measuring performance at comparative 
scales (i.e., in phylogenetic-scale studies, which typically 
include dozens of species). In this study, we ask whether a 
key measure of fighting performance follows the predictions 
of Rensch’s rule in a group of lizards exhibiting a Rensch’s 
rule pattern of body size evolution. We note that although 
Rensch’s rule is most commonly associated with the study 
of the allometry of SSD (Abouheif & Fairbairn, 1997; Meiri 
& Liang, 2021), Rensch’s original observations were related 
not only to sexual differences in body size but to any rela-
tive difference between sexes, including differences in the 
relative sizes of particular anatomical structures (i.e., allo-
metric “shape” differences) (Rensch, 1950, 1959; Toyama, 
2024). Only recently, however, has the study of Rensch’s rule 
begun to incorporate traits other than size (e.g., Adams et 
al., 2020; Machado et al., 2021; Santos & Machado, 2016), 
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in line with Rensch’s original ideas. To date, however, tests 
of Rensch’s rule have not investigated the evolution of fight-
ing performance itself, which should be the direct target of 
sexual selection in such systems. As we show below, a direct 
investigation of the evolution of performance can shed new 
light on the dynamics of size and shape evolution in organ-
isms that follow Rensch’s rule.

Given a group of taxa that follows Rensch’s rule in body 
size, shows male-biased SSD, and in which performance 
is sexually selected in males, three types of results can be 
obtained when testing for Rensch’s rule in performance. First, 
if a universal evolutionary association between performance 
and size is followed by males and females (i.e., performance 
in males and females follows the same allometric trajectory; 
Figure 1A), performance differences between sexes should 
directly reflect the observed size differences between sexes. 
This simple mapping of performance to size is implicitly 
assumed in comparative studies of body size evolution that 
explain Rensch’s rule patterns as the result of sexual selec-
tion on size-associated performance. If true, geometrically 
removing the size component from our measure of perfor-
mance should eliminate the association between performance 
dimorphism and size in a group of species following this 
model (Figure 1D). This is what we expect if sexual selection 

on performance is the primary determinant of SSD evolution 
and if size is the overwhelming determinant of performance 
(i.e., if performance-based selection on size is sufficient to 
explain a Rensch’s rule pattern of body size evolution).

However, Rensch’s rule-like patterns of body size evolu-
tion may also be compatible with more complex underlying 
mechanisms of performance evolution, and the direct study 
of performance dimorphism evolution has the potential to 
identify such scenarios. The next two potential outcomes 
consider the possibility that the positive relationship between 
performance and body size could differ between males and 
females (i.e., sexes could differ in some aspect of the allometry 
of performance). For example, if males have greater values 
of a performance-linked trait after controlling for size (e.g., 
a male-biased shape dimorphism in some morphological 
or physiological trait that is linked to fighting ability), per-
formance may always be relatively higher in males than in 
females, even if performance scales with size according to the 
same allometric exponent for both sexes (i.e., same slope but 
different allometric intercept for performance in males and 
females, Figure 1B). Another option is that males could gain 
additional performance benefits at larger sizes when com-
pared to females (i.e., the allometric slope of performance in 
males is steeper than in females, Figure 1C). This might occur 

Figure 1. Different scenarios for the evolution of performance dimorphism in a group of species for which body size follows Rensch’s rule. (A) If 
performance shows the same allometric trajectories in males and females (i.e., same intercept and slope) in a group of species that follows Rensch’s 
rule in body size, then (D) dimorphism in size-corrected performance should be ~0 across the size distribution. Alternatively, (B) performance in males 
and females can have different allometric intercepts while sharing a similar slope (here males have higher intercepts). In this case, (E) size-corrected 
performance dimorphism will be constant but positive, with the intercept reflecting a global sex-specific performance advantage. (C) Finally, if allometric 
slopes differ between sexes (here the male slope is steeper), (F) size-corrected performance dimorphism will also be positively associated with size 
because performance scales with positive allometry in males.
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if selection for male fighting performance simultaneously 
drives the evolution of SSD (by selecting for larger males) and 
sexual shape dimorphism (by selecting for shape traits that 
enhance fighting ability). In both such alternative cases, an 
observed Rensch’s rule pattern of body size evolution would 
underestimate the real performance differences between 
sexes—by a constant in the first case, and disproportionately 
in larger species in the second case.

One potential way to distinguish these alternative mech-
anisms is to examine the allometry of size-corrected perfor-
mance dimorphism.1 In the first of these alternative cases, 
there should be no association between size-corrected per-
formance dimorphism and body size (slope = 0), but size-
corrected performance dimorphism should be higher than 
zero, representing a uniform performance difference between 
sexes across the size distribution (Figure 1E). In the second 
case, removing the size component from performance would 
not eliminate an association between performance dimor-
phism and size (slope > 0), because performance scales with 
size more steeply in males than in females (Figure 1F).

In this study, we test the correspondence between macro-
evolutionary patterns of SSD and sexual dimorphism in bite 
force, a sexually selected performance trait, in Anolis lizards. 
Anole species have diversified in a wide variety of ecological 
settings, resulting in the evolution of high levels of ecological 
and morphological diversity (Losos, 2009). Anoles are known 
to follow Rensch’s rule in body size (Boyko, 2017) and most 
species show male-biased SSD, although the genus exhibits 
considerable diversity in SSD, with both positive (male-biased) 
and negative (female-biased) SSD values represented (Butler 
et al., 2000; Siliceo-Cantero et al., 2016; Supplementary 
Figure S1). In most anole species for which mating behaviour 
has been studied, males engage in combat with other male 
conspecifics for access to mating opportunities, using their 
jaws to bite each other (Johnson et al. 2010; Losos, 2009). 
Moreover, in individual contests between males, bite force has 
been shown to predict fighting success in anoles (De Meyer et 
al., 2019; Lailvaux and Irschick, 2007; Lailvaux et al., 2004).

Although male–male interactions seem to have been an 
important factor shaping the evolution of anoles, and some 
degree of competition among males for mates is typically 
expected, anole species can vary considerably in the strength 
of sexual selection they experience. For example, consistent 
with predictions of life history theory (Pianka 1970; Stearns 
1989; Palkovacs 2003; Knell 2009; Schwarz & Meiri 2017; 
Montiglio et al. 2018; Terborgh 2023), many insular anole 
species exhibit slower growth rates, greater ages of sexual 
maturity, longer lifespans, higher population densities, more 
intense male-male competition, and higher levels of SSD than 
their mainland counterparts (Andrews, 1976, 1979). These 
differences support the idea that island anole species are 
selected for long-term competition and are under a stronger 

influence of sexual selection compared to mainland species 
(Andrews, 1979).

Thus, we also ask whether ecological context (i.e., island vs. 
mainland) affects the evolutionary relationship between per-
formance dimorphism and SSD in anoles. One option is that 
all anoles (including both males and females) follow a univer-
sal performance-size relationship (e.g., Figure 1A and D). We 
expect this if size is the sole driver of performance differences 
between sexes. Alternatively, there may be other determinants 
of performance dimorphism, and these may differ between 
regions as a function of differences in the intensity of sexual 
selection. For example, if insularity is associated with stronger 
sexual selection, island and mainland species could differ in 
their performance dimorphism patterns due to the evolution 
of additional (i.e., non-size) traits that enhance insular male 
performance, like secondary sexual traits or behaviour (e.g., 
Figure 1B, C, E, and F). Indeed, it is known that sexual selec-
tion can drive the evolution of larger heads in some lizards 
to increase biting performance (Lailvaux et al., 2004; Scharf 
& Meiri, 2013; Vitt & Cooper, 1985), and a similar pattern 
could be observed in insular anoles. This is not unlikely, as it 
is known that island and mainland anole species can diverge 
in aspects of their phenotype that are related to performance 
(Toyama et al., 2024). In this scenario, a Rensch’s rule pattern 
in body size would underestimate the actual patterns of per-
formance dimorphism in insular species.

Using data on both biting performance and body size for 
a large sample of insular and mainland anoles we test (a) 
whether dimorphism in bite force, a measure of intrasexual 
fighting performance in anoles, is overwhelmingly defined 
by body size differences; and (b) whether different sexual 
selection regimes, represented by insular and mainland envi-
ronments, have resulted in the evolution of different perfor-
mance–size relationships in anoles, consequently resulting in 
a discordance between SSD and performance dimorphism in 
those species under a stronger sexual selection regime (i.e., 
insular species). We also test whether such a mismatch could 
be explained by the evolution of exaggerated secondary sex-
ual traits (i.e., large head sizes) in males under stronger sexual 
selection (i.e., males of insular species).

Materials and methods
Data
Bite force measurements were taken from 4,279 individual 
lizards representing males and females of 97 Anolis species. 
All measurements were taken in vivo by the same observer 
(AH) using an isometric Kistler force transducer (type 9203, 
Kistler Inc.) and the custom-fabricated bite plates and mea-
surement protocol described in Herrel et al. (1999). The 
highest bite force recorded for each individual out of five 
trials was considered for further analysis. For each lizard 
in the performance data set, the same individual also mea-
sured body size (as snout-vent length, or SVL), head width, 
head height, and the jaw closing in-lever (measured as the 
distance between the quadrate and the coronoid process of 
the mandible, with the position of the latter approximated by 
the posteroventral corner of the jugal; Verwaijen et al., 2002) 
using a Mitutoyo digital calliper (± 0.01 mm) (Supplementary  
Figure S2). All measurements were natural log-transformed 
prior to analysis. Preliminary investigation revealed that the 
largest species in our dataset did not exhibit the patterns 
followed by most anoles (see Supplementary Materials), so 

1In this paper, we adopt Klingenberg’s “Gould-Mosimann” definitions of 
size and shape (Klingenberg 2016). We thus regard size as the scale of an 
object, and we regard shape as the proportional geometry of an object. The 
shape component of a particular measurement can be obtained by standard-
izing that measurement by its size (i.e., via size correction). According to 
the Gould-Mosimann School of allometry, a shape component obtained this 
way may contain variation that correlates with size (even though it has been 
size-corrected), and this variation represents the shape’s allometry. Here we 
treat performance as a shape variable, and we study the allometry of per-
formance dimorphism by examining the relationship between size-corrected 
performance dimorphism and body size.
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we decided to exclude species of exceptional size from the 
dataset prior to analysis. We defined such species as those 
falling outside the interval defined by ±2 standard deviation 
from the mean of species body size (the sex-specific average 
of body size for each species). This resulted in the exclusion 
of five large species (Anolis barahonae, A. chamaeleonides, A. 
cuvieri, A. equestris, and A. princeps; Supplementary Figure 
S3), but no small species. These especially large anoles, which 
evolved in three different clades, all have relatively low levels 
of SSD, which we speculate could be a consequence of selec-
tive pressures specific to the evolution of extremely large body 
sizes in arboreal anoles.

For all analyses, we only included individuals that reached 
at least 75% of the maximum size reported for their spe-
cies and sex. We calculated mean values of bite force, SVL, 
and head measurements for each sex of each species. For 
subsequent phylogenetic comparative analyses, we used the 
time-calibrated phylogeny of Anolis of Poe et al. (2017), 
with branches pruned to match our data set and with  
phylogenetically-compatible substitutions made to include 
species that were present in our data, but not in the phylog-
eny. Our final data set included data for males and females 
of 73 species of Anolis (males: mean number of individuals 
per species = 20.44; range of individuals per species = 1–161; 
females: mean number of individuals per species = 16.41; 
range of individuals per species = 1–78), which we catego-
rized as “island” or “mainland” species, based on their region 
of origin.

Measures of sexual dimorphism
Sexual dimorphism in performance
For each species, we calculated sexual dimorphism in raw 
performance as ln(male bite force) − ln(female bite force). 
We calculated dimorphism in size-corrected performance as 
described below.

Accounting for the role of size in shape dimorphism is 
straightforward when size and shape have the same dimen-
sionality (i.e., when the expected allometric slope between 
them is 1; Adams et al., 2020). However, for performance 
relationships, it is common for measures of size and perfor-
mance to have different dimensions (Schmidt-Nielsen, 1984; 
note that performance-linked morphologies, such as muscle 
cross-sectional area, and direct performance measurements, 
such as bite force, can both be considered geometric “shape” 
if scale is removed). Indeed, in many cases, performance 
may scale with body size according to system-specific power 
relationships that must be estimated empirically (Herrel & 
O’Reilly, 2006; Schmidt-Nielsen, 1984), and it is necessary to 
account for the difference in dimensionality between size and 
shape when correcting for size to study sexual dimorphism 
in performance. Thus, to study performance dimorphism in 
anoles, we first determined the power at which bite force 
(measured in N) scales with body size (SVL, measured in mm).

To do this, we first averaged the male and female values of 
SVL and bite force respectively for each species to obtain single 
values of these variables per species. We then performed a phylo-
genetic generalized least squares (PGLS) regression of ln(average 
species bite force) on ln(average species SVL) using the package 
nlme (Pinheiro et al., 2023). In this and the rest of the phyloge-
netic linear models tested in this work, we assumed that residuals 
were distributed following Pagel’s lambda model of evolution. 
We then used the slope of this regression (2.84 [± 0.19 SE]) to 

calculate size-corrected bite force as a geometric shape variable 
in which the effect of scale has been removed in a manner that 
accounts for the difference in dimensionality between our mea-
sures of performance and size (size-corrected bite force = ln(bite 
force) − 2.84 * ln(SVL)). Finally, we calculated size-corrected 
bite force dimorphism as size-corrected male bite force − 
size-corrected female bite force. Note that all subsequent state-
ments about allometry will describe deviations from the above  
system-specific empirical scaling relationship between perfor-
mance and size (i.e., in what follows, we will assume this relation-
ship to reflect the isometric effect of scale on biting performance).

Sexual dimorphism in relative head size
To calculate sexual dimorphism in relative head size (a shape 
variable), we first calculated the average absolute head size 
for all individuals of each sex of each species, which we com-
puted as the geometric mean of the natural log-transformed 
measurements of head width, head height, and the jaw clos-
ing in-lever (Mosimann, 1970). Note that we measured head 
size using these variables because they are strongly predicted 
to influence lizard bite force (De Meyer et al., 2019). Next, 
we calculated relative (i.e., size-corrected) head size as the 
log ratio of absolute head size to average body size for the 
same individuals (relative head size = geometric head size 
− ln(SVL); note that all variables in this equation are unidi-
mensional). Finally, we calculated sexual dimorphism in rel-
ative head size for each species as the relative head size of  
males − the relative head size of females.

Analyses
First, to examine whether anoles follow Rensch’s rule for 
body size, we performed a PGLS regression to test for a 
relationship between SSD [calculated as ln(male body size) 
− ln(female body size)] and average species size (Adams et 
al., 2020). Since insular species are known to show rela-
tively higher levels of male-biased SSD than mainland species 
(Andrews, 1976, 1979; Siliceo-Cantero et al., 2016) we added 
a “region” term in our model, which indicates whether a spe-
cies occurs on an island or the mainland. We began by testing 
a full model, including an interaction between average species 
size and region, and performed backward model selection 
until our model contained only significant terms.

We then performed a PGLS regression to test for a relation-
ship between dimorphism in absolute (i.e., not size-corrected) 
bite force and average species size. We again added “region” 
(island vs. mainland) as a term in this model (i.e., absolute 
bite force dimorphism ~ species size * region) and used back-
ward model selection to remove non-significant effects. If 
sexual differences in bite force are chiefly defined by sexual 
differences in size, we expected the effect of species size to be 
positive and significant in this model.

Next, if the evolution of SSD is sufficient to explain bite 
force dimorphism, removing the effect of size from bite force 
should result in bite force dimorphism being non-allometric 
and having an average value of zero. In other words, the 
Rensch’s rule pattern observed for both body size and abso-
lute bite force should not be observed for size-corrected bite 
force (Figure 1A and D). We tested this by performing a PGLS 
regression of size-corrected bite force dimorphism on aver-
age species size. If SSD fully explains the allometry of bite 
force dimorphism, we expect the slope of this relationship to 
be zero (Figure 1D). To test whether average size-corrected 
bite force dimorphism (i.e., the intercept) differs from zero, 
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we calculated 95% confidence intervals (CIs) around the 
mean value of island and mainland species and evaluated 
whether the intervals overlapped zero. The average value of 
size-corrected performance dimorphism should be no differ-
ent from zero under this model (Figure 1D). However, if the 
evolution of other traits not represented by SSD (e.g., rela-
tive head size) also influences bite force dimorphism, these 
terms may differ from zero. Specifically, if sexes differ non-
allometrically in a trait that affects bite performance (e.g., an 
among-sex difference in shape that does not vary with size, 
Figure 1B), only the intercept should differ from zero (Figure 
1E), and if they differ allometrically in such a trait (Figure 
1C), the slope should differ from zero (Figure 1F). As in the 
above analyses, we included “region” as a term in our PGLS 
model to test whether island and mainland anoles, which 
differ in the expected strength of sexual selection on males 
(Andrews 1976, 1979), differ in the allometry of relative bite 
force and/or its average value.

Finally, because we observed among-region differences 
in the allometry of size-corrected bite force dimorphism, 
we asked whether these differences could be explained by 
region-specific trends in the evolution of relative head size, a 
morphological shape trait that is commonly sexually dimor-
phic in lizards (e.g., Scharf & Meiri, 2013; Vitt & Cooper, 
1985) and is strongly linked to bite performance in anoles 
(Herrel et al., 2007; Wittorski et al., 2016). To test whether 
relative head size dimorphism influences bite force dimor-
phism independently of SSD, we performed a PGLS regres-
sion of size-corrected bite force dimorphism on relative 
head size dimorphism, with region as an additional vari-
able (size-corrected bite force dimorphism ~ relative head 
size dimorphism * region). If head size influences bite force 
independently of size, we expect this relationship to be pos-
itive. Additionally, if differences in relative head size dimor-
phism entirely explain observed differences in size-corrected 

performance dimorphism between regions, the effects of 
“region” should be non-significant in this model.

Results
A PGLS regression of SSD on average species size was signif-
icant, confirming that body size in anoles follows a Rensch’s 
rule pattern (t = 4.13, p < .001; Figure 2A). The “region” 
intercept term in this model was also significant, indicating 
that although island and mainland anoles follow Rensch’s 
rule, island species show higher levels of male-biased SSD than 
mainland species for a given average species size (t = -4.17, 
p < .001; Figure 2A). Island and mainland slopes did not dif-
fer, however.

A PGLS regression of absolute bite force dimorphism on 
average species size was also significant (t = 2.40, p = .019; 
Figure 2B), illustrating the dependence of sexual differences 
in performance on size. For a given species size, bite force 
dimorphism was larger in island than in mainland species 
(t = −8.44, p < .001; Figure 2B), but island and mainland 
anoles did not have different slopes.

A PGLS regression of size-corrected bite force dimor-
phism on average species size was not significant (t = −0.94, 
p = .348; Figure 3A) providing no support for Rensch’s rule 
in size-standardized biting performance. However, our model 
included a significant intercept effect of region (t = −6.20, 
p < .001), indicating that, for a given size, size-corrected bite 
force dimorphism is higher in island species (Figure 3A). 
There was no evidence for an interaction between region 
and size in this model. Average size-corrected performance 
dimorphism was no different from zero in mainland species 
(mean = −0.022, 95% CI = −0.082 to 0.038, Figure 3A), sug-
gesting that SSD is sufficient to account for observed perfor-
mance dimorphism on the mainland (compare Figures 1D 
and 3A). However, island species showed significant residual 

Figure 2. (A) Relationship between sexual size dimorphism (SSD) and average species size (SVL). The relationship is significant (i.e., Anolis body size 
follows Rensch’s rule) but island and mainland species show significantly different intercepts. (B) Relationship between absolute bite force dimorphism 
and average species body size. The relationship is significant but island and mainland species show different intercepts. Solid lines represent PGLS 
regressions fitted for island and mainland species, separately.
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performance dimorphism after size correction (mean = 0.273, 
95% CI = 0.209–0.338; compare Figures 1E and 3A).

A PGLS regression showed that size-corrected bite force 
dimorphism is positively dependent on size-corrected head 
size dimorphism (t = 2.93, p = .005; Figure 3B). However, 
island species still showed higher size-corrected bite force 
dimorphism than mainland species (t = −3.75, p < .001; 
Figure 3B). There was no evidence for an interaction between 
region and relative head size in this model.

Discussion
Rensch’s rule patterns of body size evolution are most com-
monly explained via a sexual selection hypothesis, which 
assumes that the evolution of large male size results from 
selection for increased intrasexual fighting performance (Dale 
et al., 2007; Serrano-Meneses et al., 2008; Webster, 1992). 
However, the link between Rensch’s rule and performance is 
seldom directly tested. Here we present evidence that a crit-
ical fighting performance metric evolves in accordance with 
the predictions of a simple size-based sexual selection model 
in Anolis lizards, indicating that body size is the overwhelm-
ing determinant of performance dimorphism in this system. 
While anoles follow Rensch’s rule in body size, we found no 
evidence for additional performance advantages in males of 
larger species, other than those provided by size, rejecting 
the possibility that large size confers hyper-allometric per-
formance advantages in anoles (this is true even considering 
giant species; see Supplementary Figure S4). Interestingly, 
however, anoles from regions that differ in the inferred inten-
sity of sexual selection also differ in the magnitude of sexual 
dimorphism in size-corrected performance. Specifically, our 
results suggest that island species are subject to additional 

contributors to performance dimorphism, including increased 
male-biased dimorphism in relative head size, but that these 
are observed across the entire size distribution (i.e., they are 
unrelated to size, or non-allometric). Through the study of 
biting performance, a locus of sexual selection, our approach 
sheds light on the mechanisms underlying the evolution of 
sexual dimorphism.

According to the ecomorphological paradigm, performance 
is the direct target of selection (Arnold, 1983; Emerson & 
Arnold, 1989; Irschick et al., 2008; Kingsolver & Huey, 2003; 
Wainwright & Reilly, 1994). Thus, studies that include direct 
measures of performance should increase our understanding 
of macroevolutionary patterns observed in related aspects of 
the phenotype. Numerous previous studies of Rensch’s rule 
in body size have attributed the appearance of this pattern 
to sexual selection, as larger size is typically thought to result 
in superior performance in competing for mates. However, 
performance itself is not typically measured in these stud-
ies. Rather, associations between SSD and an indirect proxy 
of the intensity of male-male competition are tested instead 
(e.g., Cox et al., 2003; Dale et al., 2007; Fairbairn & Preziosi, 
1994; Serrano-Meneses et al., 2008; Székely et al., 2004). Our 
study breaks new ground by directly measuring dimorphism 
in a performance metric related to fighting ability, and then 
testing for its association with SSD at the macroevolutionary 
level.

A positive relationship between size-corrected bite force 
dimorphism and size would indicate that sexual differences 
in bite force become proportionally larger in larger species. 
We did not find such a relationship in anoles. This suggests 
that, within each region, performance scales with a common 
allometric exponent in both males and females such that 
once the isometric effect of scale is removed, performance 

Figure 3. (A) Relationship between size-corrected bite force dimorphism and average species body size (SVL). Solid lines represent the mainland and 
island fits for the PGLS relationship between these variables. The horizontal dashed line indicates a dimorphism value of zero. None of the relationships 
shown are significant (solid lines have a slope of 0 and an intercept equal to the mean size-corrected bite force dimorphism of each group), but 
island species show, on average, significantly higher values of size-corrected bite force dimorphism than mainland species. (B) Relationship between 
size-corrected bite force dimorphism and relative head size dimorphism. Solid lines represent the mainland and island fits for the PGLS relationships 
between these variables. The relationship between these variables is significant, as is the difference in size-corrected bite force dimorphism between 
island and mainland species.
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dimorphism is size-independent. The majority of Rensch’s 
rule studies assume that the allometry of SSD mirrors the 
allometry of performance dimorphism but do not actually 
test this, meaning that mismatches between sexual differ-
ences in size and performance can go unnoticed. In fact, it 
has been previously shown that this assumption is sometimes 
not met. For example, performance-associated secondary sex-
ual traits like weapons or coloration have been found to fol-
low Rensch’s rule despite there being no such Rensch’s rule 
pattern in body size in some groups (e.g., Machado et al., 
2021; Santos & Machado, 2016). More recently, Juarez & 
Adams (2022) reported patterns of evolutionary allometry 
in locomotor performance dimorphism in anurans, despite 
SSD being isometric. Our work adds to these recent advances 
in the study of sexual dimorphism by testing Rensch’s rule 
in a performance attribute thought to be a direct target of 
sexual selection. In our case, body size evolution indeed 
appears to explain the observed pattern of biting performance 
dimorphism evolution.

Even if sexual dimorphism in bite force is proportional to 
SSD, as suggested by our test of Rensch’s rule, bite force dif-
ferences between sexes can still be influenced by more than 
just size. In anoles, we found this to be true in island taxa, 
which typically occur at higher densities than mainland taxa 
(Andrews, 1976, 1979), and which previous studies sug-
gest are subjected to stronger sexual selection in the form 
of male-male competition for access to mates or territories 
(Novosolov et al., 2013). We found that island species have a 
significant amount of residual performance dimorphism even 
after removing the influence of size (note how island species 
in Figure 3A follow the pattern illustrated in Figure 1E), indi-
cating that there is an additional contributor to performance 
dimorphism across the entire size distribution of species in 
this group. In contrast, size seems to be the only substan-
tial driver of performance dimorphism in mainland species 
(mainland species in Figure 3A follow the pattern illustrated 
in Figure 1D).

The evolution of secondary sexual traits used as weapons is 
one mechanism by which organisms can enhance fighting per-
formance without necessarily increasing body size (Graham 
et al., 2022; Machado et al., 2021). Given that relative head 
size is known to affect bite force positively and to show rela-
tive male-biased dimorphism in anoles and other lizards (e.g.,  
De Meyer et al., 2019; Lappin et al., 2006; Sagonas et al., 
2014; Verwaijen et al., 2002), we expected head size dimor-
phism to explain the residual performance dimorphism we 
observed. We indeed found that size-corrected head size 
dimorphism was strongly associated with residual perfor-
mance dimorphism across all anole species, supporting its role 
as a secondary sexual trait. This suggests that, as observed for 
relative bite force, the average level of dimorphism in relative 
head size is independent of size. This is consistent with find-
ings by others that sexually selected traits do not always show 
positive evolutionary allometry (e.g., Painting et al., 2024; 
Tidière et al. 2017). The reasons for such patterns in some 
traits remain unclear, but one possibility is that the evolution 
of increasingly exaggerated structures at larger sizes is limited 
by natural selection due to physical constraints (Painting et 
al., 2024; Tidière et al. 2017).

However, relative head size dimorphism could not entirely 
explain island-mainland differences in size-corrected perfor-
mance dimorphism, indicating that additional variables not 
considered in this study likely influence biting performance, 

especially in males from island species. Previous studies have 
identified the adductor externus and the pseudotemporalis 
muscle groups in the heads of Anolis individuals as important 
determinants of bite force (Herrel et al., 2007; Wittorski et al., 
2016). Although our linear measurement of relative head size 
should broadly correlate with the size of such muscles, part 
of the residual variation in performance could potentially be 
explained by a more detailed morphological and anatomical 
characterization of the Anolis head. Behavioral differences 
between species might also play a role in determining per-
formance dimorphism, as it is known for lizards that more 
aggressive individuals tend to have stronger bites (Donihue et 
al., 2016; Herrel et al., 2009).

We found a constant degree of size-corrected performance 
dimorphism across body sizes in insular species, meaning that 
males from small species bite relatively harder than females 
in the same way males from large species do (this remains 
true even considering giant species, see Supplementary Figure 
S4). If size-corrected performance dimorphism can be under-
stood as a proxy for sexual selection, and if sexual selection 
has been hypothesized to drive the evolution of large size, 
why are small species on average just as sexually dimorphic 
as large ones in terms of size-corrected performance? Several 
alternatives will need to be explored in future studies. For 
example, the evolution of body size dimorphism via sexual 
selection might have been limited in some species because of 
climatic, ecological, and physiological constraints (e.g., niche 
partitioning, or energetic constraints; Webster, 1992), but 
this might not have halted the evolution of dimorphism in 
secondary sexual traits (i.e., head size) and performance (i.e., 
bite force) in such species. Alternatively, if sexual selection is 
indeed stronger in larger species, the evolution of exaggerated 
head sizes in males of large species might have been limited 
by natural selection, such that survival costs associated with a 
bulky head do not outweigh the associated reproductive ben-
efits (Tidière et al., 2017). For example, the evolution of dis-
proportionately large heads through sexual selection could be 
constrained by habitat use (e.g., Kaliontzopoulou et al., 2015; 
Vanhooydonck & Van Damme, 1999). Relative biting perfor-
mance dimorphism might also result from selection for niche 
partitioning between sexes. Previous research on anole lizards 
suggests that sexual dimorphism in morphological features is 
associated with sexual differences in ecology such as habitat 
use, home range, and diet (Schoener, 1967, 1968; Schoener 
& Schoener, 1982). In particular, sexual differences in head 
morphology and bite force performance in anoles have been 
associated with sexual differences in trophic niche (Herrel 
et al., 2006). Thus, dimorphism in relative bite force might 
have evolved independently of size in insular species to favour 
trophic niche partitioning as a response to the intense intra-
specific competition found on islands due to high population 
densities (Andrews, 1979).

The consistent presence of relative performance differ-
ences across body sizes (e.g., via secondary sexual traits) is 
not incompatible with Rensch’s rule in body size but rather 
should be viewed as one of several plausible scenarios consis-
tent with Rensch’s rule (e.g., Figure 1). As shown by insular 
anoles, size differences can be complemented by the occur-
rence of secondary sexual traits (and possibly other types 
of traits) in one of the sexes to maximize performance, even 
though these differences scale isometrically. Nonetheless, this 
demonstrates the need to interpret Rensch’s rule-like patterns 
of body size evolution cautiously and to consider that patterns 
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of size dimorphism and performance dimorphism need not be 
aligned, especially when intrasexual competition and second-
ary sexual traits are known to occur in a particular group.

Supplementary material
Supplementary material is available at Journal of Evolutionary 
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