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Abstract

The evolution of miniaturization can result in dramatic alterations of morphology, physiology, and behavior; however, the effects of miniaturization
on sexual dimorphism remain largely unknown. Here we investigate how miniaturization influences patterns of sexual size dimorphism (SSD)
in geckos. Measuring 1,875 individuals from 131 species, we characterized patterns of SSD relative to body size across two families. We found
that miniaturized species were more female biased than non-miniaturized species. Additionally, one family that contained many miniaturized
species (Sphaerodactylidae) displayed allometric patterns in SSD with body size, where larger species were male biased and smaller species
were more female biased. Smaller species in this lineage also produced proportionally larger eggs. By contrast, another family containing few
miniaturized species (Phyllodactylidae) displayed a more isometric trend. Together, these observations are consistent with the hypothesis that
selection for increased reproductive success in small species of Sphaerodactylidae results in female-biased SSD in these taxa, which in turn
drives the positive SSD allometry observed in this lineage. Thus, selection for increased miniaturization in the clade may be offset by selection

on maintaining a female size in smaller taxa that ensures reproductive success.
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Introduction

Variation in body size is one of the most striking trends
observed across taxa. Biologists have long sought to under-
stand what ecological and evolutionary mechanisms drive
the evolution of body size (Acevedo et al., 2022; Maurer
et al.,, 1992; Schmidt-Nielsen, 1975), with particular focus
on the causes of extreme body sizes at both large (gigantism)
and small (miniaturization) scales (Hanken & Wake, 1993;
Van Valen, 1973). Miniaturization, a process that results in
extreme body size reduction in comparison with a species’
ancestor or close relatives (Carvalho et al., 2021; Hanken
& Wake, 1993), is observed in a wide variety of animals
including in every major vertebrate lineage (fish, amphib-
ians, reptiles, birds, and mammals). Miniaturized species
often encounter physiological and ecological challenges (Glaw
et al., 2021), and thus extreme body size reduction is often
accompanied by profound structural modifications that main-
tain functionality and facilitate their survival. For example,
miniaturization is often associated with organ reduction, tis-
sue loss, and other structural reorganizations (Daza et al.,
2008; Hanken & Wake, 1993; Ocampo et al., 2018; Riep-
pel, 1996; Strong et al., 2020). Additionally, miniaturiza-
tion can result in other distinctive features, such as enlarged
sensory organs and braincases relative to body size (Han-
ken, 1983; Perez-Martinez & Leal, 2021; Rieppel, 1996),
and changes to the nervous system (Faisal, 2005; Niven &
Farris, 2012), which are crucial for navigating in complex

microenvironments. Thus, while the anatomical changes asso-
ciated with miniaturization are quite varied, they often result
in common patterns such as structural simplification, novel
morphological traits, and an increase in intraspecific disparity
(Hanken, 1982, 1984; Hanken & Wake, 1993).

In addition to structural adaptations, the evolution of
miniaturization is also commonly associated with alterations
in a species’ ecological, behavioral, and life history attributes.
For instance, in some lineages, miniaturized species utilize
terrestrial habitats more frequently than do nonminiaturized
species (Perez-Martinez & Leal, 2021). Similarly, in amphib-
ians, there is a paucity of small-bodied species at higher
elevations (Womack & Bell, 2020), and thus miniaturized
amphibians are found in microhabitats in lower and mid-
dle elevational regions. Miniaturization in amphibians is also
associated with life history changes, such as an increased inci-
dence of direct development (Blackburn, 2008; Levy & Heald,
2015; Rittmeyer et al., 2012; Womack & Bell, 2020). In
lizards and snakes, smaller species tend to produce propor-
tionally larger offspring as compared to those produced by
larger species (Bauwens & Diaz-Uriarte, 1997; Kratochvil &
Frynta, 2006; Meiri et al., 2012, 2015; Shine et al., 1998).
This pattern suggests that hatchling size in smaller species may
be close to the lower limit of absolute size based on phys-
iological considerations (Bauwens & Diaz-Uriarte, 1997).
Miniaturization may also confer particular benefits, such as
facilitating predator avoidance (Blanckenhorn, 2000; Clarke,
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1996), enhancing the ability to utilize unique or smaller
niches (Clarke, 1996; Zimkus et al., 2012), and aiding in
novel resource exploitation (Clarke, 1996). Indeed, there is
an increasing body of evidence documenting the potential
benefits (and challenges) to exhibiting a miniaturized pheno-
type, and deciphering the ecological and evolutionary selective
forces that drive species to these extreme body sizes remains
an active topic of investigation (Blanckenhorn, 2000; Glaw
et al., 2021).

Another near ubiquitous pattern observed across the ani-
mal tree of life is phenotypic differences between males
and females or sexual dimorphism (Fairbairn, 1997, 2013).
Within species, it is frequently observed that males and
females are not identical, but rather differ to a greater or
lesser degree in their phenotypic characteristics. Sexual dimor-
phism is found in numerous anatomical traits across a diverse
set of taxa, but is commonly expressed in body size. Sex-
ual size dimorphism (SSD) is present in many clades and is
hypothesized to be the result of various selection pressures
related to reproductive demands or to the specific ecological
roles that males and females fulfill to survive and reproduce
(Cox et al., 2003; Kaliontzopoulou et al., 2015; Littleford-
Colquhoun et al., 2019; Stephens & Wiens, 2009; Tarr et al.,
2019). For example, intraspecific competition may encour-
age ecological divergence between the sexes, contributing to
the various patterns of sexual dimorphism observed across
taxa (Bolnick & Doebeli, 2003; Butler et al., 2000; Kaliont-
zopoulou et al., 2010; Meiri et al., 2014). Likewise, sexual
selection on male body size (Cox et al., 2003; Garcia-Navas,
2015; Horne et al., 2020), and fecundity selection on female
body size (Serrano-Meneses & Szekely, 2006; Stuart-Fox &
Moussalli, 2007), can accentuate the degree of SSD over
time.

When SSD is examined comparatively across taxa, species
tend not to display the same patterns, but rather differ in the
degree to which that dimorphism is exhibited. For instance,
some species may be male biased in SSD (where males are
larger than females), others may be female biased, while some
may be monomorphic with both sexes exhibiting near-equal
sizes. When viewed in a phylogenetic context, these species-
specific patterns give rise to macroevolutionary trends of SSD,
which can be interrogated to determine the origins and/or
maintenance of SSD (Rensch, 1950). Several allometric pat-
terns of SSD in relation to body size have been identified.
For instance, species in some clades display consistent lev-
els of SSD across taxa regardless of body size, where one sex
remains proportionally larger than the other (Hirst & Kior-
boe, 2014). By contrast, many clades display varying levels
of SSD across taxa where the larger species become increas-
ingly male biased in SSD, while the smaller species become
increasingly female biased in SSD (i.e., positively allomet-
ric, Abouheif & Fairbairn, 1997; Blanckenhorn et al., 2007;
Rensch, 1950). Conversely, in some clades, larger species
become increasingly female biased in SSD, and the smaller
species become increasingly male biased in SSD (Liao et al.,
2013).

Interestingly, while the effects of reduced body size on many
aspects of organismal phenotype and life history have been
investigated (e.g., Bauwens & Diaz-Uriarte, 1997; Daza et al.,
2008; Hanken, 1983; Kratochvil & Frynta, 2006; Meiri et al.,
2015; Niven & Farris, 2012), to our knowledge, how minia-
turization relates to patterns of SSD has not been articulated.
In many clades, reproductive output (i.e., offspring size or
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number) is positively associated with female size (Meiri et al.,
2012); thus, we may predict that as a species evolves to be
smaller, there may be size-dependent selection on females
associated with fecundity and reproductive output (sensu Nali
etal.,2014). Indeed, in oviparous lizards, smaller females gen-
erally produce proportionally larger offspring (Kratochvil &
Frynta, 2006; Meiri et al., 2015). Thus, we may expect that
as a species becomes smaller, females may in turn evolve to be
as large as, or larger than, males, as an evolutionary response
to selection on reproductive output. From this, we may there-
fore predict that miniaturized species of lizards will be female
biased in their SSD, thereby altering the macroevolutionary
trends observed in SSD with body size across taxa.

Determining the size limit below which a species is consid-
ered to be miniature is taxon specific and is based on changes
in numerous traits. In squamate lizards for example, miniatur-
ization is accompanied by a disproportionate increase in the
diameter of the neurocranium, coupled with rearrangements
of surrounding skull bones (Scharf & Meiri, 2013). Miniatur-
ized geckos exhibit changes in the ossification patterns of the
skull, with a proportionally larger braincase relative to body
length, aligning with similar trends observed in other minia-
turized vertebrates (see, e.g., Ocampo et al., 2018; Rieppel,
1984; Yeh, 2002). These changes manifest as a loss of com-
plexity in osteological traits, such as a reduction in ossification
of bones (e.g., reduced coronoid bone, Vallejo-Pareja, 2018),
and rearrangements within the skull. Specifically, miniatur-
ized geckos have been shown to exhibit a fused premaxilla
and a fused braincase, and an increased overlap between skull
bones (Daza et al., 2008; Vallejo-Pareja, 2018). These alter-
ations are presumed to accommodate neural demands for
survival, with larger otic capsules likely maintaining visual
requirements and the reinforced braincase accommodating
differing ecological and life history demands (Daza et al.,
2008, 2009; Gamble, 2011). In terms of body size, such alter-
ations tend to be present in taxa exhibiting skull lengths less
than 15 mm and in taxa whose body size is less than 40-mm
SVL (Scharf & Meiri, 2013). For this reason, 40-mm snout—
vent length (SVL) is generally considered to be the thresh-
old of miniaturization in lizards (see Perez-Martinez & Leal,
2021).

Gekkotan lizards are an ideal clade to investigate the inter-
play between miniaturization and sexual size dimorphism.
Geckos comprise roughly 20% of all squamates (~2,300
species, Uetz et al., 2023), are broadly distributed, occupy a
wide range of habitats, and are phenotypically diverse. Geckos
also display a large size range among species, including some
of the smallest terrestrial vertebrates (Sphaerodactylus ari-
asae: 18-mm average SVL; Hedges and Thomas 2001), as well
as species 20 times larger (Rbhacodactylus leachianus: 360-mm
average SVL: Cuvier, 1829). Furthermore, miniaturization in
body size is widespread, with nearly 70% of all miniatur-
ized lizard species (340 of 500) belonging to geckos (Perez-
Martinez & Leal, 2021). Of particular note is the family
Sphaerodactylidae, which contains over 25% of all miniatur-
ized species of lizards (>100; Perez-Martinez & Leal, 2021),
including one of the smallest known lizard species (Hedges &
Thomas, 2001). Additionally, sexual dimorphism is present in
some gekkotan taxa, including sexual dichromatism (Regal-
ado, 2014) and sex-specific habitat use (Miranda & Andrade,
2003). Likewise, sexual size dimorphism (SSD) has been docu-
mented in isolated taxa and genera (Johnson et al., 2005; Kra-
tochvil & Frynta, 2008; Kubicka et al., 2016; Massetti et al.,

20z AInr 80 uo Jesn Areiqr Aisieniun 81els emo| Aq 061 L ¥92/S.Z 1/2/8.L/9101E/N|0AS/WOd" dNO-olWapEdE//:SANY WO PAPEOIUMOQ



Evolution (2024), Vol. 78

2017; Starostova et al., 2010). However, it remains unclear
whether SSD varies systematically across species relative to
their body size at broader taxonomic scales.

In this study, we investigated how the evolution of minia-
turization influences patterns of SSD in geckos. First, we char-
acterized patterns of SSD in 131 species from two families
(Sphaerodactylidae and Phyllodactylidae) that differ greatly
in the proportion of miniaturized species in each. We then
tested the hypothesis that miniaturized species were more
female biased in their SSD relative to non-miniaturized taxa.
We also compared size-related patterns of SSD within fam-
ilies to determine whether or not changes in SSD across
taxa were isometric. Finally, we examined the relationship
between egg size and female body size across taxa to test
whether females of smaller species displayed relatively larger

eggs.

Methods

We characterized SSD for 46 species of Phyllodactylidae and
85 species of Sphaerodactylidae, including both miniaturized
and non-miniaturized taxa. The species used in this study rep-
resented those taxa available in Natural History collections
that were also represented on a recent molecular phylogeny
for the group (see below). Following Perez-Martinez & Leal
(2021), any species whose typical adult body size was less
than 40-mm SVL (measured from the snout to the cloaca)
was considered to be miniaturized. In our sample, 6 of 46
Phyllodactylidae species were classified as miniaturized, while
67 of 85 species in Sphaerodactylidae were determined to
be miniaturized species. Thus, between the two clades, the
effects of miniaturization were expected to be more preva-
lent in Sphaerodactylidae. To quantify SSD, we measured SVL
from a total of 1,875 adult specimens, with a minimum of 3
males and 3 females per species (mean = 7), obtained from
natural history collections (see Supplementary Table S1). All
measurements were log-transformed to conform with normal-
ity, and the mean log(SVL) for each species X sex combina-
tion was then calculated. Because gekkotans display deter-
minate growth (sensu Frydlovd et al., 2020), it was unlikely
that our estimates of species mean sizes were conflated with
growth allometry. Additionally, because the number of indi-
viduals in each species X sex combination differed, we calcu-
lated the standard deviation for each (0,x..) as a measure
of within-species variation to be used in some of our anal-
yses (see below). Using the species X sex means, we calcu-
lated the SSD for each species using a size dimorphism index

defined as:
SSD; = log(SVLy,) — log(SVLE)

Here, SSD; was positive for species where males were the
larger sex (i.e., male biased) and was negative for species
where females were the larger sex (i.e., female biased). This
measure of SSD was used because it is easily interpretable
and was appropriate for use in subsequent regression analyses
(Smith, 1999). Finally, our data were matched to the phy-
logeny of Tonini et al. (2016), so that evolutionary relation-
ships could be properly accounted for during our comparative
analyses.

Using these data, we conducted a series of analyses to
interrogate patterns of SSD across the phylogeny relative to
patterns of miniaturization in the group. First, we evaluated
whether SSD differed in miniaturized taxa as compared with
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non-miniaturized species. For this, we used a phylogenetic
ANOVA (Adams & Collyer, 2022). Here, and in all subse-
quent comparative analysis, phylogenetic nonindependence
was characterized using a Brownian motion model of evolu-
tion. We used the R-package RRPP version 2.0.0 (Collyer &
Adams, 2018, 2024) to conduct our phylogenetic ANOVA.
Additionally, because evaluating macroevolutionary trends
using species means alone can result in biased parameter esti-
mates and elevated type I error rates (Felsenstein, 2008; Har-
mon & Losos, 2005; Ives et al., 2007), we repeated the phylo-
genetic linear model above via a procedure that accounted for
within-species variation (i.e., measurement error), using the
R-package phylolm (Tung Ho et al., 2014).

Next, a phylogenetic regression between male and female
length was conducted to test the allometric relationship
between them and to determine the extent to which SSD
changed evolutionarily as a function of body size. As above
we first performed the analysis of log(SVLy,) versus log(SVLp)
using species means as data (sensu Abouheif & Fairbairn,
1997; Ceballos et al., 2013; Fairbairn, 1997). Phylogenetic
regression was performed separately for each family. Then,
for each family, we evaluated whether the slope of this rela-
tionship (B,,,) differed from that of constant SSD across
species (i.e., isometry or 8 = 1.0). To accomplish this, we used
a permutation procedure following that of Tejero-Cicuéndez
et al. (2023). Here, the data were fit to a phylogenetic regres-
sion where the slope was set to the value representing the
null hypothesis (in this case, = 1.0), and both predicted
values and residuals from this model were obtained. The resid-
uals were then permuted and added to the predicted values,
and the original phylogenetic regression was performed using
these values, and the slope (8,,,4) was obtained. This proce-
dure was repeated 1,000 times to generate an empirical sam-
pling distribution of slopes against which the observed value
(Bops) was compared (for related procedures, see Adams &
Collyer, 2009; Piras et al., 2010). Additionally, to account
for within-species measurement error, we repeated the phy-
logenetic regressions above using procedures that allowed
the incorporation of within-species variation for both the
dependent and independent variables (Ives et al., 2007). We
obtained the slope of the relationship as before and eval-
uated it relative to the null hypothesis of isometry across
species (i.e., § = 1.0) using a parametric bootstrap proce-
dure with 2,000 simulations (sensu Ives et al., 2007). Here
Bops was compared with 8 = 1.0 using a #-test whose standard
error was the standard error obtained from the 2,000 para-
metric bootstrap simulations. Additionally, we compared the
slope obtained from species means alone to the slope obtained
from an analysis that incorporated measurement error using a
t-test, to allow us to directly evaluate whether parameter esti-
mates obtained using species means alone were comparable to
those obtained when within-species measurement error was
included. Finally, we conducted a phylogenetic ANCOVA to
compare the allometric slopes between families. Phylogenetic
regression and phylogenetic ANCOVA were performed in R
using RRPP version 2.0.0 (Collyer & Adams, 2018,2024), and
phylogenetic regression incorporating measurement error was
accomplished in Matlab, using the PHYSIG program (see Ives
et al., 2007).

To characterize the evolution of SSD across the phylogeny,
we employed maximum likelihood (ML) methods (Schluter
et al., 1997). Using ML, we estimated ancestral states for
SSD; and then mapped these onto the phylogeny to visualize
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evolutionary shifts in SSD, to determine how patterns of male-
biased and female-biased SSD evolved. We also determined
whether the ancestral value for each family was monomor-
phic or dimorphic by determining whether the confidence
intervals obtained from the ML analysis bracketed zero. Addi-
tionally, we performed Bayesian stochastic character mapping
(Bollback, 2006; Huelsenbeck et al., 2003) to evaluate the
evolution of miniaturization across the phylogeny. Here we
generated 1,000 stochastic character maps on the phylogeny
using the Q-matrix calculated using ML under the optimal
all rates different model. The resulting stochastic maps were
then summarized to obtain estimates of ancestral body size
group (miniaturized or non-miniaturized) at each node of the
phylogeny. These ancestral state estimates were then used to
estimate the number of evolutionary transitions to and from
miniaturization across the phylogeny. Both analyses were con-
ducted in R, using phytools version 1.9-16 (Revell, 2012).
Finally, we determined whether females of smaller species
displayed relatively larger eggs using phylogenetic regression.
Here egg size data were obtained from the literature (Rosler,
2004) and were matched to corresponding species means for
females as described above. A slope significantly lower than
B = 1.0 would imply that smaller species displayed rela-
tively larger eggs as compared to larger taxa, supporting the
hypothesis of selection for enhanced reproductive allocation
in smaller species (see Kratochvil & Kubicka, 2007). This
analysis was performed in R using RRPP version 2.0.0 (Collyer
& Adams, 2018, 2024).

Results

Using phylogenetic ANOVA, we found that miniaturized
species displayed significantly lower SSD; values as compared
to non-miniaturized species (F = 4.43, Z = 1.66, p = 0.04;
B = 0.048, SEz = 0.024, ¢ = 2.04, p = 0.021). When within-
species measurement error was taken into consideration, these
results were corroborated (8 = 0.033, SEg = 0.015, ¢ = 2.12,
p = 0.03), indicating that estimates from species means were
not adversely affected by sampling error. Both miniaturized
and non-miniaturized species contained male- and female-
biased species (Figure 1), though the greatest concentration
of miniaturized species displayed SSD; values less than zero
(i.e., female-biased SSD). Furthermore, the mean value for
miniaturized species was less than zero, while that of non-
miniaturized species was greater than zero. Thus while there
was considerable overlap between the two groups, on aver-
age miniaturized species were female biased in their SSDy, in
accordance with our prediction.

Both Sphaerodactylidae and Phyllodactylidae contained
species exhibiting male- and female-biased SSD (Figures 2
and 3). Species in Sphaerodactylidae also displayed a much
larger range of body sizes than those in Phyllodactylidae,
a pattern driven primarily by the presence of miniaturized
Sphaerodactylidae species (Figure 2). Phylogenetic regression
revealed strong patterns of evolutionary allometry across taxa
for both Sphaerodactylidae (R? = 0.96, F = 2141.7, Z = 10.79,
p < 0.001) and Phyllodactylidae (R? = 0.97, F = 1209.2,
Z =5.63,p < 0.001). A phylogenetic ANCOVA found that the
slopes for the two families were not different from one another
(F=2.93,Z = 1.43, p = 0.076), though the pattern did trend
towards divergence. Nonetheless, comparing within-family
patterns to that of isometry did reveal some differences, with
Sphaerodactylidae displaying a positively allometric trend of
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Figure 1. Distribution of sexual size dimorphism (SSD) for miniaturized and
non-miniaturized species of geckos, where SSD is represented using the
index SSD;. Monomorphism (i.e., no sexual dimorphism) is denoted by the
horizontal line at SSD; = 0.0. The mean value for each group is designated
by the black dot. Phylogenetically corrected values display a similar pattern
(see Supplementary Figure S1).

SSD (B = 1.11, SE = 0.067, Z = 3.64, p < 0.001), while the
evolutionary pattern of SSD across species in Phyllodactylidae
was slightly positive, but did not differ significantly from that
of isometry (8 = 1.05, SE = 0.102, Z = -0.03, p = 0.523).
Thus, in Sphaerodactylidae (Figure 2A), the overall allomet-
ric trend was one where larger species displayed male-biased
SSD, while smaller species displayed female-biased SSD (a.k.a.
Rensch’s rule: see also Liang et al., 2021). By contrast, Phyllo-
dactylidae (Figure 2B) showed a modest degree of allometry of
SSD, but one that did not differ from isometry. Thus, on aver-
age, species were somewhat closer to monomorphic at both
small and large sizes. Analyses incorporating measurement
error corroborated these findings, where Sphaerodactylidae
displayed a slope significantly greater than one (§ = 1.08,
SE = 0.042, t = 1.95, p = 0.027), while the slope for Phyl-
lodactylidae did not differ from that of isometry (8 = 1.06,
SE = 0.058, t = 1.08, p = 0.144). Finally, the slopes obtained
using only species means did not differ from those obtained
using models that incorporated measurement error (fsyjsero =
—0.68, p = 0.75; tpyyy, = 0.27, p = 0.39), implying that for
this dataset, within-species variation did not adversely affect
statistical inference.

Characterizing the evolution of SSD across the phylogeny
(Figure 3), we found that the estimate at the root of the
clade was monomorphic with confidence intervals that widely
bracketed zero (SSD; = 0.006 + 0.091). This implied no dif-
ference in size between males and females in the common
ancestor of these two gecko families. In addition, the most
probable ancestral state of the roots for both the Sphaero-
dactylidae and Phyllodactylidae clades were also monomor-
phic, displaying no size differences between males and females
(SSDI.Sphaero = 0.006i0.086, SSDI.Phyllo = 0.006i0.08). Visual
inspection of SSD among taxa revealed great variation across
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Figure 2. Evolutionary patterns of sexual size dimorphism (SSD) for (A) Sphaerodactylidae and (B) Phyllodactylidae, displaying allometric patterns for the
former and isometric patterns for the latter. In each plot, the solid line demarcates a 1:1 relationship between males and females, which designates the
case of isometry where species remain monomorphic across a range of body sizes. The observed relationship obtained from phylogenetic regression is
shown by the dashed line. Orange designates miniaturized taxa, while purple designates non-miniaturized taxa.

the phylogeny, with no obvious systematic trend toward male-
biased SSD or female-biased SSD when moving from the root
to the tips (Figure 3). Instead, male- and female-biased taxa
were interspersed across the phylogeny, indicating evolution-
ary liability of this trait over time and implying many recent
evolutionary shifts in SSD across taxa (Figure 4). Ancestral
reconstruction of body size groups revealed that miniaturiza-
tion evolved at least six times across the phylogeny, with at
least seven reversions from miniaturized to non-miniaturized
forms. Not surprisingly, miniaturization was hypothesized to
evolve early in the history of the Sphaerodactylidae clade
(Figure 4), in accordance with prior results (Perez-Martinez
& Leal, 2021).

Finally, we found a strong relationship between egg length
and female body size (R? = 0.81, F = 64.40; Z = 4.66; p <
0.001; Figure 5), with a slope much smaller than one (8, =
0.58). Thus, across species, egg size increased more slowly
than did female body size, a scaling relationship indicating
that females of smaller species displayed relatively larger eggs
(Figure 5). Indeed, the smallest four species in our dataset (all
miniaturized species) have eggs which were between 24% and
29% of their body length, while the largest four species in our
dataset displayed eggs between 18% and 20% of their body
length. Thus, these findings were consistent with the hypothe-
sis that in smaller species, egg size could be under selection for
increased size to maintain viable offspring size in the smaller
species, resulting in miniaturized species with proportionally
larger eggs.

Discussion

On nearly every branch of the tree of life, body size dif-
ferences among taxa are observed, yet it is the evolution
of extreme body sizes (such as miniaturization) that repre-
sents a particular evolutionary puzzle. In vertebrates, minia-
turization results in profound phenotypic, ecological, and
physiological changes, but the effects of miniaturization on

sexual dimorphism remain underexamined. In this study,
we interrogated how miniaturization influences patterns of
SSD across species from the families of geckos (Phyllodactyl-
idae and Sphaerodactylidae); the latter of which also dis-
plays frequent body size reduction (i.e., miniaturization). We
found that SSD differed in miniaturized taxa as compared to
non-miniaturized taxa, where miniaturized taxa were more
female-biased in their SSD. When compared with the hypoth-
esis of isometry, we also found varying allometric trends of
SSD in the two families, with positive allometry of SSD in
Sphaerodactylidae, while Phyllodactylidae exhibited a shal-
lower relationship that did not significantly differ from isom-
etry. Additionally, we found evolutionary lability in SSD over
time in both families, as the male- and female-biased taxa
were distributed across the phylogeny in no predictable man-
ner. Furthermore, in Sphaerodactylidae, we found that small
species produced relatively larger eggs, consistent with the
prediction that reproductive pressures constrain the lower
limit of body size reduction in these taxa. Taken together, our
findings further our understanding of the evolution of SSD,
and how such sex-specific differences are influenced by the
evolution of miniaturization in such lineages.

First, when comparing SSD between miniaturized and non-
miniaturized taxa, we found that on average miniaturized
species were more female-biased (Figure 1). Thus we can
hypothesize that as gecko species become smaller, there is a
concomitant trend toward females becoming proportionally
larger than males in those lineages. Likewise, when viewed
allometrically, we observed that the preponderance of minia-
turized species in Sphaerodactylidae were more female biased
than were the smallest species of Phyllodactylidae (Figure 2),
which is consistent with this interpretation. Additionally, we
observed clear allometric trends in SSD among species across
all taxa, yet the evolutionary patterns displayed by the two
families of geckos differed considerably. In Phyllodactylidae,
both male- and female-biased species were observed (Figures 2
and 4), yet differences in SSD among species did not change in
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Figure 3. Time-dated phylogeny for reptiles from Tonini et al. (2016) pruned to the 131 species available in this study. Branches display maximum likelihood
ancestral estimates for SSD,. Warm colors (yellow-red) indicate female-biased SSD, while cooler colors (green-purple) indicate male-biased SSD.

association with species body size. Thus on average, the degree displayed a stable isometric pattern of SSD relative to body
of sexual dimorphism was largely invariant across the range size at the macroevolutionary level (see also Liang et al.,
of body sizes observed in the clade, such that Phyllodactylidae 2021). By contrast, SSD patterns in Sphaerodactylidae varied
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Figure 4. Time-dated phylogeny for reptiles from Tonini et al. (2016) pruned to the 131 species available in this study. Branches display ancestral estimates
for size groups (miniaturized or non-miniaturized) based on Bayesian stochastic character mapping, where the color was determined by a 0.51 cutoff. The
bar chart to the right of each species displays values of the sexual size dimorphism (SSD) index (SSD)). Blue designates male-biased species, while red
designates female-biased species.

systematically with body size, with larger species becoming species displayed female-biased SSD (Figure 4). Thus, unlike
more male biased and smaller species becoming more female  the patterns observed in Phyllodactylidae, macroevolutionary
biased. Furthermore, a greater number of Sphaerodactylidae changes in SSD across taxa in Sphaerodactylidae were
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Figure 5. Relationship between egg length and female body size (SVL).
The solid line demarcates a 1:1 relationship, where one unit of change
in female body size corresponds with one unit change in egg length. The
observed relationship obtained from phylogenetic regression is shown by
the dashed line.

positively allometric, with small and miniaturized species
tending to display more female-biased SSD, adhering to Ren-
sch’s rule (1950, 1960).

With respect to Sphaerodactylidae, what mechanisms may
have driven the positive allometry of SSD observed in this
clade? One likely possibility is that selection on fecun-
dity and/or reproductive output could generate positive
SSD allometry. Generally, oviparous reptiles display a pos-
itive association between female body size and clutch size
(Escalona et al., 2018; Green, 2000; James & Shine, 1988;
King, 2000; Meiri et al., 2020; Scharf & Meiri, 2013; Tinkle
et al., 1970), which is thought to result from fecundity selec-
tion. However, clutch size in geckos is fixed at one or two eggs
per reproductive bout (Kratochvil & Kubi¢ka, 2007; Shine &
Greer, 1991), and thus fecundity selection (in terms of selec-
tion for an increased number of offspring) is unlikely in this
group. On the other hand, smaller female lizards tend to pro-
duce proportionally larger offspring compared to offspring
produced by larger females (Kratochvil & Frynta, 2006; neg-
ative allometry, Meiri et al., 2015). Geckos generally con-
form with this pattern (Meiri et al., 2015), and in our study,
we observed that smaller species of Sphaerodactylidae did
in fact lay proportionally larger eggs as compared to those
from larger species (Figure 5). Thus, this observation, cou-
pled with our finding that miniaturized species often exhibit
female-biased SSD, suggests that miniaturized geckos conform
with the lower limit hypothesis of offspring size (sensu Kra-
tochvil & Frynta, 2006; Meiri et al., 2015) and that selec-
tion for increased reproductive success may be responsible for
the female-biased size patterns in miniaturized species in this
lineage.

On the other hand, our data suggest that while the
allometry of SSD in Phyllodactylidae is positive, it does
not significantly differ from isometry. Why might this be
the case? The macroevolutionary literature on SSD suggests
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several mechanisms by which an isometric pattern may
be maintained. One hypothesis is that isometry would be
expected across taxa if the changes in male body size were
evolutionarily correlated due to genetic or developmental pro-
cesses that are concomitant with changes in female body size
(Cheng & Kuntner, 2014). Alternatively, a second hypothesis
is that if the effects of selection on each sex were of similar
effect, an isometric pattern is also expected to evolve (Hirst
& Kierboe, 2014). Despite not being significantly different
from isometry, our analysis of the data revealed a slightly
positive allometric relationship of SSD in Phyllodactylidae,
although not to the extent of that observed in Sphaerodactyli-
dae. Thus, a third potential explanation for the observed pat-
tern is that there is a degree of uncertainty in our estimation
due to an artifact of taxonomic sampling and that the inclu-
sion of additional taxa may reveal a more positively allometric
relationship in this group. While this remains a possibility, we
note that increasing the taxonomic sampling in Phyllodactyl-
idae would largely improve coverage and resolution of the
upper portion of the allometry curve (Figure 2B), where non-
miniaturized species reside. Given the scarcity of miniaturized
Phyllodactylid species, the lower portion of the curve is effec-
tively a region of phenotype space relatively underexplored by
evolutionary processes. Thus, understanding how such minia-
turized taxa could influence allometric patterns of SSD in this
group will remain largely unknown.

Overall, our analyses suggest that on average, miniatur-
ized taxa display more female-biased SSD, while on average
non-miniaturized species show the converse. Sphaerodactyl-
idae, which contains many miniaturized species, displays
positive allometry of SSD. Phyllodactylidae, which contains
few miniaturized species, displays a slightly positive allomet-
ric relationship, but one that does not differ significantly
from isometry. A comparison of the allometric relationships
between the two families found that their slopes were both
positive, but trended toward divergence. Females from small
Sphaerodactylidae species produced disproportionately larger
eggs. When considered together, an argument of consilience
suggests that miniaturized species within Sphaerodactylidae
may be the driving force behind the allometric patterns of SSD,
likely due to constraints associated with reproduction.

Finally and as noted previously, determining the size limit
below which a species is considered to be miniature is based
on identifying changes in numerous traits required for their
functioning and survival. In vertebrates, miniaturization is
accompanied by alterations in numerous anatomical traits,
including structural simplification, a reduction of bone ossi-
fication, and changes to the neurosensory system (Daza et al.,
2008; Hanken, 1984; Scharf & Meiri, 2013; Rieppel, 1984).
Many of these changes tend to occur in lizard species whose
typical body size is less than 40-mm SVL (Scharf & Meiri,
2013), which enables one to define a miniaturization thresh-
old at that size (see Perez-Martinez & Leal, 2021). Clearly
however, making such a determination is taxon specific, and
identifying the size at which similar changes occur in other
organisms would need to be investigated. Nevertheless, our
findings contribute to a larger body of work regarding the
effects of miniaturization in geckos and demonstrate concomi-
tant changes in patterns of SSD in this group as species become
smaller. Indeed, based on our findings, we posit that one
understudied consequence of miniaturization in oviparous
vertebrates relates to reproduction and its association with
SSD. Based on the findings of our study, we hypothesize that
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miniaturized species in other vertebrate lineages may display
a similar female-biased SSD pattern, in part to offset the nega-
tive effects of reduced size in females with respect to reproduc-
tion. Indeed, another world’s smallest lizards, Brookesia nova,
is also strongly female biased (Glaw et al., 2021), and also
displays invariant clutch sizes (N = 2). Additionally, miniatur-
ized anurans display female-biased body sexual dimorphism
(Gorinetal., 2021), and female-biased SSD is also observed in
small species of shorebirds and hummingbirds (Colwell, 2000;
Székely et al., 2004). Our findings support the notion that at
smaller body sizes, the selective forces driving the evolution
of miniaturization are counterbalanced by selection on main-
taining female size to ensure reproductive success, thereby
resulting in increased female-biased SSD in smaller taxa. We
therefore encourage future work to investigate the functional
relationship between SSD and miniaturization, in additional
clades.
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