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Abstract

Rensch’s rule is an allometric rule on sexual size dimorphism. It states that in small-sized
species, females are larger than males, whereas in larger species, males are relatively larger
than females. Several studies have explored this pattern, and its inverse in lizard species.
China has a unique and high diversity of species, with a variety of ecological systems
which shape diversity of phenotypes. In this study, sexual size dimorphism and Rensch’s
rule were determined using a dataset of Chinese lizard species. The findings show that
Chinese lizards generally exhibit female-biased sexual size dimorphism. In addition, clutch
size was positively correlated with sexual size dimorphism. Agamidae species were the
only taxa that followed Rensch’s rule (slope of males against females was steeper than
1). Clutch size was correlated with sexual size dimorphism in groups that do not follow
Rensch’s rule. This finding implies that strong fecundity selection limits application of
Rensch’s rule in these groups.
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Introduction

Most animals exhibit anatomical differences in body size based on sex. These differences
define sexual size dimorphism (SSD). Nature of SSD changes are consistent with changes
in body size of species that exhibit an allometric trend to Rensch’s rule (Rensch 1950,
1959; Fairbairn 1997). Rensch’s rule states that in small-sized species, females are larger
than males, whereas in large-sized species, males are larger than females (Rensch 1950,
1959). Over evolutionary time, male body sizes show greater variation compared with
female body sizes, regardless of which sex is larger (Fairbairn 1997). Although Rensch’s
rule may be less prevalent (e.g. snakes: Burbrink and Futterman 2019; lizards: Valdecan-
tos, et al. 2019; salamanders: Pefnalver-Alcdzar et al. 2019), it defines most taxa, including
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insects (Blanckenhorn et al. 2007a,b), mammals (Lindenfors et al. 2007), and reptiles (Cox
et al. 2007).

Several hypotheses are used to explain patterns that are consistent with Rensch’s rule,
isometry (monomorphism from small-bodied to large-bodied species) and its inverse (De
Lisle and Rowe 2013; Burbrink and Futterman 2019). One of these hypotheses is based on
sexual selection. For example, mating success in males is enhanced by larger body sizes
that are advantageous when encountering rivals and in defending territory (Trivers 1972;
Cox et al. 2003; Wikelski and Romero 2003). On the contrary, sexual selection favors
smaller male body sizes to increase mobility or agility (Zamudio 1998; Szekely et al.
2004; Grossi et al. 2016). Differential plasticity hypothesis proposes sex-specific plastic
responses to environmental factors (Fairbairn 2005). In this hypothesis, SSD follows a pat-
tern that is consistent with Rensch’s rule when males exhibit greater phenotypic plasticity
compared with females, especially in reptiles. For example, male geckos exhibit larger tem-
perature-induced phenotypic plasticity in final body sizes compared with females, there-
fore, they follow Rensch’s rule (Starostova et al. 2010). Fecundity selection on the other
hand favors larger females due to their reproductive characteristics (Cox et al. 2003) result-
ing in isometry or a pattern which is reverse to Rensch’s rule.

Rensch’s rule describes co-evolution within defined female and male body sizes. It pro-
poses that adult female and male body sizes are congenitally established (Teder and Tam-
maru 2005). However, previous studies report that some related subpopulations exhibit a
positive allometric pattern in body size (Pyron et al. 2007; Lengkeek et al. 2008). The over-
all pattern of Rensch’s rule is not established, especially in lineages of taxa where both
male- and female-biased SSD can be observed at the same time (mixed SSD). Further-
more, Webb and Freckleton (2007) report that within taxa that display mixed SSD species,
female-biased SSD are smaller compared with male-biased SSD. Moreover, studies report
that Rensch’s rule may not apply in lineages where females are the larger sex (De Lisle and
Rowe 2013; Burbrink and Futterman 2019). These contradicting findings imply that there
is need for further studies to validate ability of Rensch’s rule to distinguish between line-
ages with female- and male-biased SSD. In addition, more studies should be carried out to
provide information on application of Rensch’s rule (Webb and Freckleton 2007; Colleoni
et al. 2014).

Lizards exhibit a wide array of SSD (Cox et al. 2003, 2007). SSD studies on lizard
groups report contrasting results (Stuart-Fox 2009; Frydlovd and Frynta 2015). SSD
can vary geographically (e.g. more female-biased in cold area geographically, Tarr et al.
2019), however, in most lizard species, males are predominantly larger in size compared
with females (Cox et al. 2003). Some lizard lineages such as Gymnophthalmidae, Teiidae
(Frydlova and Frynta 2015), Eublepharidae (Gekkota; Kratochvil and Frynta 2002), Vara-
nidae (monitor lizards, Starostova et al., 2010) and Phrynosomatidae (Sceloporus lizards,
Jiménez-Arcos et al. 2017) follow Rensch’s rule. However, Rensch’s rule can be expressed
differently within some families of different lizard groups. For example, Liolaemus and
Phymaturus both belong to Liolaemidae, however, the former genus follows Rensch’s rule
(slope > 1, Pincheira-Donoso and Tregenza 2011), whereas Phymaturus genus does not fol-
low Rensch’s rule (slope =1, Valdecantos et al. 2019).

The geographical area of China provides a good environment for studies on evolution
of lizard species in relationship to SSD patterns within a phylogenetic comparative frame-
work. China has a large geographical region contiguous with other geographical regions,
and with diverse species (212 species belong to 10 families, Zhou et al. 2019; Wang et al.
2020a) and a variety of ecological strategies, therefore it can shape the diversity of phe-
notypes. However, detailed comparative phylogenetic studies on lizard SSD and Rensch’s
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rule using bigger sample sizes have not been previously carried out in China. Previous
studies only report on Rensch’s rule at intraspecific level (Liang and Shi, 2017 and Zhao
et al. 2016). In this study, Rensch’s rule was used to determine relative effects of sexual
selection and fecundity on macro-evolution of SSD.

Materials and methods
Data collection

Biometric data were compiled by measuring snout-vent length (SVL) of Chinese lizard
specimens obtained from Xinjiang Agricultural University (13 species, Appendix S1).
Measurements were performed using a Vernier caliper calibrated to 0.01 mm (see Appen-
dix S1). SVL was used to measure body sizes in reptiles as a proxy for overall structural
size (Meiri 2010). In addition, data on SVL and clutch size (CS) for different lizard species
were retrieved from literature (published and unpublished) (Appendix S1).

Notably, SVL has limitations when used in large-scale comparative studies (Meiri
2010). For example, in lizards, SVL does not accurately reflect variations in body shape
(Pincheira-Donoso et al. 2011). Body mass (BM) is, therefore, more reliable for compara-
tive analyses. Although it is not as popular as SVL, mass can be directly compared across
all clades in macroecological studies (Meiri 2010; Feldman et al. 2016; Regis and Meik
2017). In this study, SVL measurements were converted to BM using 9 family-specific
allometric equations (Feldman et al. 2016; Meiri, 2018). Therefore, SVL results are similar
to BM results in this study (see Appendix S2 for SVL results).

Clutch size (CS) was used as a measure of fecundity per reproductive episode (transient
fecundity) (Pincheira-Donoso and Hunt 2017). This trait is mainly used when referring to
fecundity selection (Cox et al. 2003; Pincheira-Donoso and Tregenza 2011), which is avail-
able for most Chinese lizard species.

A dataset of 176 Chinese lizard species (approximately 83% of extant Chinese lizard
species (Wang et al. 2020a), belonging to 9 families (Agamidae, Anguidae, Dibamidae,
Eublepharidae, Gekkonidae, Lacertidae, Scincidae, Shinisauridae, and Sphaerodactyli-
dae) were classified into four major groups: Agamidae, Lacertidae, Scincidae, and Gek-
kota (including Eublepharidae, Gekkonidae, Sphaerodactylidae) was included in this study
(Appendix S1). Anguidae, Dibamidae and Shinisauridae species had small sample sizes
(n<2), therefore, they were excluded in analyses. The study was carried out following tax-
onomy of the checklists of Chinese reptiles (Wang et al. 2020a) and August, 2019 Reptile
database (http://www.reptile-database.org/, Uetz et al. 2019).

Sexual dimorphism index was used to characterize SSD using the formula presented
below (Lovich and Gibbons 1992; Smith 1999):

SSD = [(mass of larger sex/mass of smaller sex) — 1]

Dimorphism is arbitrarily defined as positive when females are the larger sex and nega-
tive when males are the larger sex. This index has been used in previous reptile studies
(Cox et al. 2003, 2007). Data for individuals within species were not available, therefore,
we arbitrarily regarded differences of less than 10% (—0.1 <SSD <0.1) for each species as
monomorphism (Table 1).
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Table 1 Patterns of sexual size dimorphism for lizards (176 species) in China

Taxon Male-biased SSD Female-biased SSD Monomorphic
n (Percent) n (Percent) n (Percent)

Agamidae (63) 27 (42%) 18 (29%) 18 (29%)

Gekkota (53) 12 (23%) 23 (43%) 18 (34%)

Laterata (25) 4 (16%) 9 (36%) 12 (48%)

Scincidae (31) 7 (22%) 17 (55%) 7 (23%)

All lizards (n=176)* 53 (30%) 67 (38%) 56 (32%)

*Shinisauridae (n=1), Dibamidae (n=1), Anguidae (n=2) were included in analysis

Phylogenetic relationships

A considerable portion of sexual dimorphism can be introduced by phylogenetic con-
straints and inertia. Phylogenetic history should, therefore, be taken into account in sexual
dimorphism analyses (Cheverud et al. 1986; Smith and Cheverud 2002). Evolutionary rela-
tionships among studied species were determined as reported by Tonini et al. (2016). Spe-
cies which had no morphological data were removed from the tree (Fig. 1). A total of 147
species were used to account for phylogenetic constraints on sexual dimorphism (Tonini
et al. 2016). Maximum likelihood values of A, which represents strength of the phyloge-
netic signal (Revell 2012) were used to account for phylogenetic non-independence.

Statistical analysis

T-tests were performed for each of the four major groups to test differences between SSD
and zero, for a given clade. Cases which showed no difference between SSD and zero, were
regarded as monomorphism.

Effect of clutch size on sexual size dimorphism (SSD) was determined by modelling
SSD as the response variable whereas clutch size and female body mass were modelled
as predictor variables using phylogenetic generalized least square (PGLS) models (Orme
et al. 2012). PGLS models were run separately for the following groups; i. all lizard spe-
cies, ii. male-biased dimorphic species, and iii. female-biased dimorphic species.

Fig. 1 Phylogenetic relationship
of sexual dimorphism index for
147 lizard species of China. SSD:
sexual size dimorphism. Red
color (Positive values): Female-
biased SSD. Blue color (Negative
values): Male-biased SSD
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Log-,, male masses versus log-,, female masses were plotted for all the species and,
separately for the four groups (the four groups accounted for 98% of the lizards in our
dataset, see Table 1). Rensch’s rule is manifested when the slope of regressions was greater
than 1. When regression slopes are significantly less than 1, SSD is consistent with the
inverse of Rensch’s rule. When regression slopes are not significantly different from 1,
SSD evolves in overall isometry with body size.

Reduced major axis (RMA) regression slope is the ratio of size variances (Price and
Phillimore 2007; Smith 2009). This slope is appropriate for testing Rensch’s rule compared
with ordinary least square (OLS) regression slope (Abouheif and Fairbairn 1997), as there
is variance in both female and male sizes. However, RMA is unable to fix this kind of
measurement error (see Smith 2009; Kilmer and Rodriguez 2017). Therefore, the method
correct for testing of Rensch’s rule between OLS or RMA is unknown. Meiri and Liang
(2021) reports that OLS and RMA regression should be used when testing Rensch’s rule,
because RMA is less conservative.

In this study, Rensch’s rule was also tested by phylogenetic-informed analyses using
phylogenetic reduced major axis (PRMA) regression and phylogenetic generalized least
square (PGLS) models (Orme et al. 2012). Both RMA and OLS, referred in this study
as non-phylogenetical analyses, were used to test Rensch’s rule. Therefore, they enabled
incorporation of the 29 species missing from the phylogenetic tree. However, OLS slope is
always shallower than RMA slope (Ludbrook 2010, and this study), and results of OLS are
similar to RMA results in this study, therefore, we only discuss OLS regression results (for
RMA results, see Appendix S2).

Non-phylogenetic (RMA, OLS) and phylogenetic-informed (PRMA, PGLS) analyses
using only male-biased (SSD < —0.10) and only female-biased (SSD > 0.10) sexual dimor-
phic species were repeated to test Rensch’s rule in lizards. Small sample size was a limita-
tion during analysis using only male- or female-biased sexual dimorphic species in the four
major groups.

Statistical analyses were performed using R (3.6.1, R Core Team 2017). Graphs in this
study were generated using “ggtree” (version 2.4.1, Yu et al. 2017) and “treeio” (version
1.14.3, Yu 2019) packages. RMA was performed using smart package (sma function) (ver-
sion 3.4-8, Warton et al. 2012). PRMA was performed using phytools package (phyl. RMA
function, version 0.7-20, Revell 2012). PGLS was performed using caper package (version
1.0.1, Orme et al. 2012).

Results
SSD

Sexual size dimorphism data for 176 species were included in this study. Approximately
25-63 species were recorded for the four groups. Sexual dimorphism indices varied sig-
nificantly, from a strong male bias of — 1.93 in Pseudocalotes brevipes to a female bias
of 1.42 in Goniurosaurus hainanensis (Figs. 1, 2). 30% of the 176 species showed male-
biased dimorphism (16-42% in the four groups) whereas female-biased dimorphism
was observed in 38% (29-55% in the four groups; Table 1). A total of 56 species (32%)
exhibited monomorphism. All four major clades exhibited broad ranges of sexual size
dimorphism. Female-biased dimorphism was observed in Gekkota and Scincidae spe-
cies (43% and 56% respectively), whereas Laterata was monomorphic (48%, Table 1 and
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Fig.2 Distribution of sexual size dimorphism for 176 species (4 major groups). Positive values represent
female-biased dimorphism whereas negative values represent male-biased dimorphism. The black dashed
line represents zero sexual dimorphism. SDI values between — 0.10 and 0.10 in body mass are indicated by
straight lines. Phylogenetic relationships are based on Tonini et al. (2016). Four major groups represented
98% of the sample size in this study. Four representative species were selected randomly within each group;
Gekkota: Mediodactylus russowii, Scincomorpha: Plestiodon chinensi; Lacertidae: Eremias arguta, Acro-
dontia: Phrynocephalus mystaceus, respectively (Photos: Tao Liang)

Fig. 2). Chinese lizards exhibited monomorphism (Lizards as whole, mean: 0.01 £+ 0.03,
t=0.27, p=0.788). Among the four major clades, three clades showed monomorphism
(Agamidae, mean: —0.09+0.06, t=-1.49, p=0.138; Gekkota, mean: 0.04+0.05,
t=0.88, p=0.383; Lacertidae, mean: 0.05+0.04, t=1.26, p=0.222), whereas Scinci-
dae showed female-biased dimorphism (mean: 0.15+0.06, t=2.68, p=0.012).

Fecundity selection

Clutch size was significantly correlated with SSD (p <0.05, but marginally correlated
in male-biased group: p=0.059). SSD increased with increase in CS in lizards after
controlling for female body size consistent with the hypothesis of fecundity selection.
Therefore, our phylogenetically-informed analyses imply that processes resulting in evo-
lutionary variations in female body size is linked to evolutionary variations in litter size
(Table 2).

Table 2 Phylogenetic generalized
least squares models of sexual

size dimorphism as a function of A}y 1;54g 78 033+£0.13 0014 78 0 252
clutch/litter size
Male-biased 22 0.07+0.027 0059 097 0 255
Female-biased 26 0.02+0.007 0.042 0.12 0 2.17

Dimorphism n Slope +SE p df Aot
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Rensch’s rule

PGLS regression analysis showed that male size against female size regression slope was
significantly steeper than 1 (PGLS: slope=1.05+0.02, P(yqe=1)<0.05). This implies that
the variance in male body sizes was larger compared with the variance of female body
sizes. This reflects allometric relationship between the sexes that is in accordance with
Rensch’s rule. Agamidae species was the only species among the four major groups that
exhibited Rensch’s rule (PGLS: slope=1.10+0.05, p(ope=1)>0.05). Gekkota (PGLS:
slope=0.98+0.04), Lacertidae (PGLS: slope=1.02+0.04) and Scincidae (PGLS:
slope=1.01+0.05) contradicted Rensch’s rule (P (qpe—1)>0.05 in all cases, Fig. 3 and
Appendix S2). Moreover, Rensch’s rule was not applicable in either male- or female biased
dimorphic taxa (P (gpe=1)>0.05) (Appendix S2). Non-phylogenetic and phylogenetic anal-
yses (phylogenetic signals were weak) revealed similar results (See Fig. 3 and Appendix
S2).

Discussion

Studies report that lizards mainly exhibit male-biased sexual size dimorphism (Cox et al.
2003, 2007). However, our results show that Chinese lizards exhibits a monomorphic and
marginally female-biased SSD. Chinese lizards generally follow Rensch’s rule as a whole,
implying a great variability in male and female body sizes. However, the patterns were
inconsistent within the four major groups. Agamidae species was the only species that was
consistent with Rensch’s rule.

SSD in Chinese lizards is female-biased

Sexual selection and fecundity selection are the most important hypotheses in explaining
sexual dimorphism (Abouheif and Fairbairn 1997; Aleksic et al. 2009; Cox et al. 2003;
Liang et al. 2015; Liang and Shi 2017; Wan et al. 2018). In lizards, sexual selection plays
a key role in shaping male-biased dimorphism (Cox et al. 2003, 2007). In this study, we
observed that Agamidae species were male-biased. In Agamidae species, for example
Ctenophorus ornatus and Trapelus sanguinolentus male-male combat is common in the
wild environment (LeBas and Marshall 2000; personal observation). This may because
larger body sizes are positively correlated with a successful outcome following aggres-
sive encounters (Frydlova and Frynta 2015; Lailvaux and Irschick 2007; Liang et al. 2018;
Lovich and Gibbons 1992; Schuett 1997; Stuart-Fox 2009; Zucker and Murray 1996).
Fecundity selection stimulates increased body sizes in females so that they can hold
more or larger eggs (Blanckenhorn 2005; Darwin 1871; Scharf and Meiri 2013), result-
ing in female-biased SSD. SSD results in this study were consistent with fecundity selec-
tion hypothesis, whereby female sizes were larger compared with male sizes in general
(SDI=0.01). This finding implies that fecundity selection contributes to female-biased
dimorphism that exhibits a positive relationship between clutch (or litter) size and female
size in lizards (Shine 1988; Cox et al. 2003; Pincheira-Donoso and Tregenza 2011). Sev-
eral studies report that some lizard lineages do not exhibit a relationship between fecundity
selection and female-biased SSD (Pincheira-Donoso and Tregenza 2011; Pincheira-Don-
oso and Hunt 2017). For example, previous studies report that CS and SSD in lineages
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Fig. 3 Phylogenetic major axis and ordinary least square regressions of males on females for all lizards (a)
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metric relationships with a zero intercept. Blue lines represent ordinary least square (OLS) slopes
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are not significantly correlated with male-biased SSD (Cox et al. 2003; Pincheira-Donoso
and Tregenza 2011; Pincheira-Donoso and Hunt 2017). This observation can be attrib-
uted to the fact that SSD varies based on geographical region (Tarr et al. 2019; Tsuji and
Fukami 2020). However, the effect of geography on SSD across Chinese lizards, should be
explored further.

Both sexual and fecundity selection involve different larger body parts rather than over-
all size alone. Head and axilla-groin length are the main determinants of body size, regard-
less of neck length. This phenomenon of different approaches to ‘being large’ in females
(larger axilla-groin but smaller head to support more eggs/offspring, Darwin 1871; Scharf
and Meiri 2013) and males (larger or wider head but smaller axilla-groin for increased
bite force, Jerry et al. 2006; Verwaijen et al. 2002; Wang et al. 2020b) is common in liz-
ards (Scharf and Meiri 2013). Studies report that males have larger heads in Chinese lizard
populations whereas females have larger abdomens (Chen et al. 2015; Liang et al. 2018;
Liao et al. 2013; Lin 2004; Wan et al. 2018). Therefore, both sexual and fecundity selec-
tion play a role in determining SSD in Chinese lizards. However, fecundity selection has a
significant role compared with sexual selection.

Chinese lizards are infrequently consistent with Rensch'’s rule

Rensch’s rule is only observed in Agamids where males are always larger compared with
females in large-bodied species (e.g. genus Laudakia and Calotes), whereas females are
larger compared with males in small-bodied species (genus Phrynocephalus; Wang 2011;
Wau et al. 2005). Sexual selection favors large-bodied males, especially in territorial spe-
cies (Trivers 1972; Cox et al. 2003; Wikelski and Romero 2003). In small-bodied species,
females are always larger than males (Rensch 1959; Webb and Freckleton 2007). This
enhances production of relatively larger eggs in small females (negative egg size allometry,
Kratochvil and Frynta 2006; Meiri et al. 2015).

Rensch’s rule is not as prevalent as it is sometimes portrayed, especially in female-
biased dimorphic species (Shine et al. 1998; Valdecantos et al. 2019; Burbrink and Fut-
terman 2019). In lineages where females are larger than males, female sizes exhibit more
variations compared with males. This is probably due to fecundity selection that pro-
motes large female abdominal volumes (Darwin 1871; Scharf and Meiri 2013) that can
hold a larger clutch size (or relatively large eggs). This explains why Rensch’s rule was not
applicable in three of the four Chinese lizard clades included in this study. Inconsistency
between geckos and Rensch’s rule as reported in this study has been reported previously by
Cox et al. (2007). However, Kratochvil and Frynta (2002) reported that geckos were con-
sistent with Rensch’s rule. These differences are attributed to the fact that the lizard group
in Kratochvil and Frynta (2002) belongs to eublepharid geckos (Eublepharidae) that are
different from those studied by Cox et al. (2007) and this study.

Male- and female-biased dimorphic species exhibited a size based isometric relation-
ship, and a positive relationship between CS and SSD. This may because fecundity selec-
tion favors larger females to lay more eggs resulting in inconsistency with Rensch’s rule.
Alternatively, this phenomenon can be explained by selection promoting larger sizes in
separate male- and female-biased groups. When both male and female sizes are subjected
to uniform selection pressures across species, they exhibit similar size variation. There-
fore, Rensch’s rule does not need to be tested in separate male- and female-biased groups,
because mixed-biased allometry (both male- and female-biased SSD exist) are important in
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SSD evolutionary studies because they provide the necessary data for comparative analysis
of whether SSD is an adaptive trait or not (Abouheif and Fairbairn 1997; Fairbairn, 1997;
Colwell 2000).

Phylogenetically-informed analyses are useful for clarifying potential influence of phy-
logeny on SSD of related species. In this study, results of phylogenetically-informed analy-
ses showed low phylogenetic signal (M) in both male- and female-biased dimorphic species.
This implies that phylogenetic constraints and inertia do not influence SSD allometry of
Chinese lizards.

Conclusions

Fecundity selection plays a significant role compared with sexual selection in determining
SSD of Chinese lizards. Agamidae species exhibits Rensch’s rule. This is attributed to the
strong sexual selection in males (in larger species) and a lower limit to egg size (in smaller
species), resulting in more constrained female body sizes. Male- and female-biased dimor-
phic species exhibit a size based isometric relationship, because both male and female sizes
are subjected to a uniform selection pressure across species, therefore, they exhibit a simi-
lar variation, and because fecundity selection favors larger females to lay more eggs result-
ing in inconsistency with Rensch’s rule. Rensch’s rule is less prevalent in Chinese lizards
because fecundity selection evolves in larger female sizes, and females are larger compared
with males in most species.
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-1) contains supplementary material, which is available to authorized users.
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