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Abstract

At macroevolutionary scales across species, sexual dimorphism often covaries with body size, generating allometric trends. Such patterns are
most evident for body size dimorphism, while trends in sexual shape dimorphism remain underexamined. Additionally, how small body sizes
(miniaturization) affects such patterns is largely unknown. We evaluated allometry in sexual shape dimorphism in two families of geckos to
determine whether changes in body size associate with changes in shape dimorphism. Using surface scans of head shape from nearly 600
individuals across 99 species, we found considerable variation in levels of sexual shape dimorphism across taxa, with some species displaying
little dimorphism and others exhibiting large sexual differentiation. Interspecific trends differed between the two families, with strong negative
allometry in Sphaeorodactylidae (a family with many small-bodied species), while Phyllodactylidae (a family containing few small-bodied species)
displayed isometry and no discernible trend. Notably, greater sexual shape dimorphism was displayed in small-bodied sphaerodactylid species,
and corresponded with females exhibiting more robust heads; consistent with sex-specific foraging strategies and dietary differences observed
in this group. Our study reveals that interspecific allometry in traits other than body size can have a pervasive influence on patterns of phenotypic

diversity across the tree of life.
Keywords: sexual dimorphism, morphometrics, miniaturization, allometry

Introduction

A near-ubiquitous pattern displayed by animals is that
of sexual dimorphism, the systematic differences between
males and females of the same species (Andersson, 1994;
Darwin, 1871; Fairbairn, 2013). Males and females fre-
quently differ in one or more phenotypic characteristics, in-
cluding morphological attributes such as size, shape, or col-
oration, as well as exhibiting behavioral and physiological
differences (Cox et al., 2003; Fairbairn, 1997). Sex-specific
differences in body size, or sexual size dimorphism (SSD),
is one of the most conspicuous patterns of sexual dimor-
phism, and is found in a wide variety of taxa (Fairbairn,
2013; Piross et al., 2019; Rensch, 1950; Reyes-Puig et al.,
2023; Székely et al., 2004; among others). Yet increasingly,
it is becoming apparent that organisms also display strong
patterns of sexual shape dimorphism (SShD), both in overall
body shape, as well as in the shapes of particular anatomi-
cal traits (e.g., Adams et al., 2020; Berns & Adams, 2013;
Cruz-Elizalde et al., 2020; Dursun et al., 2022; Gidaszewski
et al., 2009; Kelly et al., 2013; Kaliontzopoulou et al., 2015;
Toyama et al., 2023). Deciphering how and why such pat-
terns of sexual dimorphism emerge is the subject of consider-
able scrutiny. From an evolutionary perspective, sexual dif-
ferences are likely to evolve whenever natural or sexual se-
lection is sex-specific (McGlothlin et al.,2019). For example,
sex-specific habitat use (Butler et al., 2000; Kaliontzopoulou
et al., 2015) or the partitioning of trophic resources (Li &
Kokko, 2021; Schoener, 1967) can result in enhanced pat-
terns of sexual dimorphism. Likewise, fecundity selection

on female body size, or sexual selection for increased male
body size, are both expected to lead to increased levels of
SSD (Fairbairn et al., 2007; Horne et al., 2020; Janicke &
Fromonteil, 2021; Székely et al., 2000; Winkler et al., 2024).

Across taxa, the degree of sexual dimorphism is rarely
uniform. Rather, the extent of sexual dimorphism often dif-
fers between species, with some species exhibiting little sex-
ual dimorphism while others display considerable differ-
ences between the sexes. When viewed comparatively, dif-
ferences in the degree of sexual dimorphism are often found
to vary systematically with species’ body sizes, resulting in
allometric trends of sexual dimorphism at macroevolution-
ary scales (Abouheif & Fairbairn, 1997; Fairbairn, 1997;
Rensch, 1950, 1960). The past several decades have seen
considerable interest in deciphering interspecific allometry
patterns of sexual size dimorphism in particular, as biolo-
gists seek to understand the evolution of sexual dimorphism
and its underlying causes (e.g., Abouheif & Fairbairn, 1997,
Blanckenhorn et al., 2006; Ceballos et al., 2013; Dale et al.,
2007; Johnson et al., 2017; Liao et al., 2013; Regis & Meik,
2017). However, while sexual differences in overall body
size, or the sizes of particular anatomical traits (Machado
et al., 2021), are most commonly interrogated, interspecific
allometry of sexual dimorphism is not restricted to this as-
pect of the organismal phenotype. In fact, Rensch’s (1950,
1960) original work describing interspecific trends of sexual
dimorphism was based on observations of sex-specific differ-
ences in body size, as well as differences in numerous other
anatomical traits (see Adams et al., 2020; Toyama, 2025).
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Correspondingly, researchers have recently begun investigat-
ing macroevolutionary trends in sexual dimorphism in other
phenotypic attributes, revealing allometric patterns in be-
havioral and performance traits (Juarez and Adams, 2022;
Toyama et al., 20235), as well as aspects of organismal shape
(Adams et al., 2020).

One factor that likely influences patterns of SShD is minia-
turization, the extreme reduction of adult body size, of-
ten identified in comparison to ancestral taxa (Carvalho de
Oliveira et al., 2021; Hanken & Wake, 1993). Miniatur-
ization has evolved independently many times across the
vertebrate tree of life, and is associated with a wide range
of structural modifications. These include numerous skele-
tal alterations, such as increased neurocranial expansion,
the fusion of bones, reduced ossification, and other skeletal
simplifications (Hanken & Wake, 1993; Meiri et al., 20135;
Rieppel 1984b; Rieppel, 1996; Vallejo-Pareja, 2018; Yeh,
2002). Other structural changes commonly associated with
miniaturization include organ reduction, tissue loss, and en-
hanced sensory organ size relative to body size, among oth-
ers (Daza et al., 2008; Ocampo et al., 2018; Perez-Martinez
& Leal, 2021). Additionally, changes in body size influence
the evolutionary trajectories of morphological traits, result-
ing in different relative sizes and proportions of body parts
(e.g., Itgen et al., 2022; Linke et al., 1986). Such anatomical
changes are necessary to maintain organismal functionality
at smaller body sizes, yet an inevitable consequence of these
shifts is that the relative sizes of different body parts are nec-
essarily altered. Thus, it follows that both body proportions,
and the shape of anatomical parts, will likely incur changes
as organisms evolve to become smaller (Lobon-Rovira et al.,
2024). Furthermore, if selection operates differentially on
males and females during the process of miniaturization, one
may hypothesize that patterns of sexual shape dimorphism
may similarly be altered (Scharf & Meiri, 2013).

Geckos (Gekkota) provide an ideal study system for evalu-
ating patterns of sexual dimorphism relative to the reduction
of body size and miniaturization. With over 2,400 species,
geckos exhibit extensive variation in both body size and
skull morphology, and within the clade there have been mul-
tiple independent instances of body size reduction (Glynne
& Adams, 2024; Meiri, 2018). Further, prior studies indicate
that levels of SSD vary among gecko species, with female-
biased SSD frequently observed in smaller-bodied species
and male-biased SSD more common in larger-bodied species
(Glynne & Adams, 2024; Perez-Martinez & Leal, 2021).
In Sphaerodactylidae for instance, many species are small-
bodied, and most exhibit female-biased SSD (Cox & Kahrl,
2014; Fitch, 1981), while the larger species in the group
display male-biased SSD (Griffing et al., 2018). Addition-
ally, in Sphaerodactylidae, there is significant evolutionary
allometry of SSD across taxa (Glynne & Adams, 2024),
with increasing size dimorphism in smaller bodied species,
which are more female biased. By contrast, the family Phyl-
lodactylidae, which contains few small-bodied species, ex-
hibits no systematic trend in SSD with body size, and instead
the pattern is more isometric. Differences in the patterns
of evolutionary allometry between the two clades were hy-
pothesized to be associated with reproduction, as miniatur-
ized sphaerodactylid species—whose smaller species tend to
be more female-biased—also produce proportionally larger
(longer) eggs (Glynne & Adams, 2024) and are only able
to produce one egg per clutch (Bustard, 1968). However,
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whether body size differences among taxa concomitantly in-
fluence allometric patterns in other traits such as SShD re-
mains under-examined. Given that the process of miniatur-
ization and size reduction influences skull morphology (neu-
rocranial expansion, bone fusion, proportionally larger eyes:
Daza et al., 2008; Rieppel, 1996), one might hypothesize
that sex-specific head shape differences may be influenced by
the functional trade-offs associated with feeding and perfor-
mance as species become smaller. Across lizards, fecundity
selection results in females with relatively larger abdomens,
while sexual selection results in males with relatively larger
heads (Scharf & Meiri, 2013). These contrasting selective
pressures generate differing patterns of sexual dimorphism
in overall body size and body proportions across taxa. In
an analogous manner, if selection on cranial elements op-
erates differentially on males and females, such differences
may drive the evolution of SShD in head shape as well. The
fact that geckos exhibit extensive cranial variation and have
witnessed multiple instances of body size change (largely
reduction) makes them an ideal system for evaluating the
prediction of changes in body size across the phylogeny are
associated with changes in patterns of sexual shape dimor-
phism.

In this study, we quantified variation in sexual shape di-
morphism in cranial morphology across a phylogenetically
diverse sample of geckos. The goal of our study was to evalu-
ate macroevolutionary patterns of sexual shape dimorphism
(SShD) in head shape across the phylogeny of new world
geckos, and to discern whether allometric patterns of SShD
differed between two families (Sphaerodactylidae and Phyl-
lodactylidae) that also differ in the number of small-bodied
species they contain. To accomplish this we leveraged ge-
ometric morphometric approaches to characterize cranial
morphology from high-resolution surface scans of males and
females from 99 species. We then used a series of multivari-
ate and phylogenetic comparative analyses to evaluate evo-
lutionary trends in the SShD, and to test the hypothesis that
shifts in body size across the phylogeny were associated with
increased levels of SShD in this group.

Materials and methods

Photogrammetry and model processing

Initial high-resolution 3D images of head shape were ob-
tained for 619 adult specimens from 106 species from two
families, Sphaerodactylidae and Phyllodactylidae (hereafter
referred to as sphaerodactylids and phyllodactylids). The
specimens used in this study were from those available in
13 Natural History collections, were formalin-fixed and
stored in ethanol, and represented species present on a re-
cent molecular phylogeny for the group (Tonini et al., 2016).
When possible, three males and three females were success-
fully imaged from each species. Specimens observed to ex-
hibit significant shape distortions from desiccation or other
preservation effects were removed from the sample. This
resulted in a final dataset containing 589 adult individu-
als from 99 species representing 43 phyllodactylid species
and 56 sphaerodactylid species. This sampling comprised
approximately 25 percent of the taxonomic diversity of
each group. Importantly however, the species selected varied
widely in body sizes, and represented nearly the entire ex-
tent of body size variation exhibited in each family. Thus,
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Figure 1. Locations of three-dimensional landmarks and semilandmarks used in this study. Landmarks were placed on specimens in anterior (A), lateral
(B), and dorsal (C) views for a resulting configuration of landmarks as seen in the last anterior view (D). Yellow dots represent fixed anatomical
landmarks, while blue dots represent sliding semilandmarks placed along curved structures to capture shape variation. Alt text: "Diagram showing the
placement of fixed cranial landmarks and sliding semilandmarks on gecko skulls in anterior, lateral, and dorsal views."

allometric trajectories of sexual shape dimorphism esti-
mated below characterized the full range of body sizes
known for each family, and are likely accurate representa-
tions of these evolutionary trends.

For all observations, specimens were photographed us-
ing a Canon Rebel EOS T6 camera equipped with an EFS
18-55mm macro lens (0.25m/0.8ft). A Velcon Videomate IC
PH-368 tripod stabilized the camera, allowing precise an-
gle adjustments. To ensure consistent lighting and to mini-
mize shadows, specimens were placed in a light-controlled
imaging setup with a motorized turntable and diffuse LED
lighting. Images were captured at 30-degree intervals across
a full 360-degree rotation, with additional images taken at
three tripod angles (0, 15, and 30 degrees) to ensure com-
prehensive shape capture. For smaller specimens, additional
images were taken at finer intervals of 5-15 degrees to im-
prove reconstruction accuracy. The external morphology of
each specimen was captured using 25-100 high-resolution
images, which were manually inspected to remove blurry

images. Next, images were processed using the open-source
package AliceVision Meshroom (Griwodz et al., 2021) to
generate 3D models (.ply format). Models were then im-
ported into MeshLab, where they were cleaned, scaled, and
exported as.obj files for landmarking and subsequent mor-
phological quantification (Callieri et al., 2012).

Landmarking & shape quantification

To quantify head shape, processed 3D models (.obj format)
were imported into Stratovan Checkpoint, where a template
mesh was used to apply 68 three-dimensional landmarks
to each specimen (Figure 1). These landmarks comprised
24 fixed landmarks at anatomically homologous points—
such as the premaxilla center, eye corners, nostrils, and jaw
margins—while the 44 sliding semilandmarks were placed
along curved regions to capture orbital contours, poste-
rior head shape, and mouth morphology. To remove non-
shape variation due to differences in position, orientation,
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and size, a Generalized Procrustes Analysis (GPA) was per-
formed using the gpagen function in geomorph 4.0.10
(Adams et al., 2025; Baken et al., 2021). During this pro-
cedure, sliding landmarks were iteratively adjusted to mini-
mize bending energy, ensuring an optimal alignment of spec-
imens (Bookstein, 1997; Gunz et al., 2005). Shape variation
due to bilateral asymmetry was considered by quantifying
shape differences between paired landmarks across the mid-
line, allowing the separation of the symmetric and asym-
metric components of shape variation (Klingenberg et al.,
2002). The symmetric shape component was then extracted
for each individual by mirroring and averaging their land-
mark configurations to retain only biologically meaningful
variation, which was used in all subsequent analyses (Sanger
et al., 2013).

Body size and sexual size dimorphism

As an estimate of body size, snout-vent length (SVL) was
measured for each individual using digital calipers. Then,
to characterize the macroevolutionary dynamics of body
size evolution we utilized maximum likelihood (ML) meth-
ods (Schluter et al., 1997) to estimate ancestral states, and
mapped these onto the phylogeny to visualize evolutionary
changes in body size. This facilitated interpretation of shifts
to extremely small body sizes (i.e., miniaturization) in the
group. Additionally, we obtained estimates of sexual size di-
morphism for the taxa used in this study, to evaluate the as-
sociation between sexual size and sexual shape dimorphism.
Here, sexual size dimorphism (SSD) was represented as the
distance between logged male and female mean body sizes,
which is mathematically equivalent to the absolute value of
the logged difference. This SSD measure places sexual dimor-
phism on a scale from no dimorphism (zero) to increasing di-
morphism (positive values), and makes it comparable to the
shape dimorphism measure (SShD) used here (see below).

Statistical and analytical procedures

A combination of multivariate statistical and phylogenetic
comparative methods were used to quantify the magnitude
and evolutionary trajectory of sexual shape dimorphism
across species and to evaluate whether miniaturization in-
fluenced these patterns. First, to determine whether patterns
of sexual shape dimorphism were concordant across species,
we performed an extended phylogenetic generalized least
squares analysis (E-PGLS: Adams & Collyer, 2024). E-PGLS
is a hierarchical linear model in which species effects are ac-
counted for while evaluating other factors of interest. Un-
like standard phylogenetic least squares models which use
species means as data, E-PGLS can accommodate multiple
individuals per species, as well as multiple sub-categories
within species (in this case, males and females), while simul-
taneously conditioning those trends on species-level phylo-
genetic relationships (Adams & Collyer, 2024). Our E-PGLS
model included species, sex, and the species x sexin-
teraction as model effects, with head shape representing the
response variables. For the latter, a principal components
analysis was first performed to remove redundant dimen-
sions due to superimposition. From this the first 25 PCs,
which described 98.4% of the total shape variation in the
dataset, were retained and used in the E-PGLS. Phylogenetic
non-independence was incorporated using a Brownian mo-
tion model of evolution, based on a time-calibrated molec-
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ular phylogeny for squamates (Tonini et al., 2016), pruned
to our 99 species. Multivariate summary statistics for each
model term were then statistically evaluated using resid-
ual randomization permutation procedures, which were re-
stricted within-species (see Adams & Collyer, 2024).

A significant species x sex interaction from the E-
PGLS model would imply that patterns of sexual shape di-
morphism were not concordant across species. To evaluate
such effects, several subsequent analyses were conducted.
First, to visualize species-specific patterns of sexual shape
dimorphism, a phylomorphospace was constructed using a
principal components analysis (PCA) on species means, with
the phylogeny for the group (Tonini et al., 2016) projected
into the space. Next, the mean shapes for males and females
of each species were projected into the phylomorphospace,
to determine whether males or females occupied distinct
regions. Additionally, vectors connecting species x sex
means for each species were overlaid to provide a depiction
of the shape changes associated with SShD, producing a vi-
sual illustration of the magnitude of SShD exhibited by each
species in morphospace, as well as the direction in which
sexual dimorphism occurred. Thin-plate spline deformation
grids (sensu Bookstein, 1991) were used to illustrate shape
changes along the major axes of variation of phylomor-
phospace. Differences in head shape between families was
also evaluated using analysis of variance (ANOVA) and phy-
logenetic analysis of variance (phylogenetic ANOVA) based
on species means.

Second, to evaluate the extent to which patterns of sex-
ual shape dimorphism (SShD) across species varied allomet-
rically as a function of body size, we conducted a phyloge-
netic regression. For this we first quantified the magnitude of
SShD in each species using the sexual shape dimorphism in-
dex (SShDi) of Adams et al., (2020). This index measures the
Euclidean distance between male and female mean shapes
in morphospace, with larger values indicating a greater de-
gree of SShD. Then a phylogenetic regression (Adams, 2014)
was used to evaluate whether changes in SShD were associ-
ated with changes in species’ body sizes across taxa. Phylo-
genetic regression was performed on each family separately,
and regression coefficients were then evaluated against the
hypothesis of no allometry using the permutation procedure
described in Tejero-Cicuéndez et al., (2023). This approach
was used rather than including family as a term in a phylo-
genetic anaylsis of covariance (phylogenetic ANCOVA), be-
cause phylogenetic linear models containing discrete factors
can display low power when groups are phylogenetically
clumped, resulting in a lack of ability to distinguish group-
specific effects (Adams & Collyer, 2018). For our data, the
two groups (sphaerodactylids and phyllodactylids) were re-
ciprocally monophyletic, leading to complete clumping on
the phylogeny, resulting in low statistical power.

Additionally, we used phylogenetic regression to deter-
mine whether levels of sexual size dimorphism were asso-
ciated with levels of sexual shape dimorphism. All phyloge-
netic comparative analyses evaluating trends in head shape
and head shape dimorphism were performed under a Brow-
nian motion model of evolution. Finally, thin-plate spline de-
formation grids and estimated 3D images were constructed
for the average male and female of both the largest and
smallest species to facilitate biological interpretation of any
sex-specific shape differences found between miniaturized
and non-miniaturized species.
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Table 1. Multivariate analysis of variance (MANOVA) table of variance com-
ponents of E-PGLS examining variation in gecko head shape as a function
of Species, Sex, and their interaction.

df Wilks z P
Species 98 0.863 —30.718 1.000
Sex 1 0.883 2.683 0.009
Species X 98 0.002 1.906 0.023

sex

All statistical analyses were conducted in R v4.1.1, with
morphometric and phylogenetic comparative analyses per-
formed using the geomorph v4.1.3 (Adams et al., 2025;
Baken et al., 2021) and RRPP v1.4.3 packages (Collyer &
Adams, 2018). Ancestral state estimation was conducted
in phytools v2.3.0 (Revell, 2012), and phylogenetic data
manipulation and visualization was performed using the
ape v5.8 (Paradis & Schliep, 2019) and phytools (Revell,
2012) libraries.

Results

Extended phylogenetic generalized least squares (E-PGLS)
analysis revealed significant differences between males and
females, indicating that overall, sexual shape dimorphism
was prevalent (Table 1), even when the phylogenetic rela-
tionships among species were considered. Additionally, the
interaction between Species and Sex was highly signifi-
cant (Table 1), revealing that SShD was not uniform across
species, and that species exhibited varying degrees of shape
differentiation between the sexes. A phylomorphospace ob-
tained from principal components analysis (PCA) confirmed
these patterns visually (Figure 2). Here, it was observed that
the male and female mean shapes for some species were
quite similar to one another (indicating little SShD), while
in other species the sexes were considerably more distinct
in head shape. Further, males and females across species did
not occupy distinct regions of phylomorphospace but over-
lapped widely across the clade (Figure 2). Thus, while levels
of SShD differed across species, there was little evidence of
a distinct “male morph” and “female morph” within this
group.

Examining the phylomorphospace, we observed that PC1
explained 33.5% of the head shape variation among species.
Here, PC1 described differences in skull robustness versus
skull elongation (Figure 2), where species toward the neg-
ative end of PC1 were proportionately more robust in cra-
nial morphology, while those at the positive end were more
elongate. In contrast, PC2 explained 23.8% of the variation.
Shape changes aligning with PC2 described differences in
the relative sizes of various cranial components, including
the post-orbital skull size, orbit size, and snout morphology.
Towards the positive extreme of PC2, species displayed rela-
tively longer and wider snouts, with larger orbits and a flat-
ter head. On the other hand, towards the negative extreme of
PC2, species showed relatively shorter snouts with smaller,
more recessed orbits, and a deeper head (Figure 2).

When the phylomorphospace was scrutinized with re-
spect to family, we found that sphaerodactylids and phyl-
lodactylids were largely distinct, and segregated along PC2
(Figure 3). Most phyllodactylids displayed positive scores
along PC2, whereas most sphaerodactylids exhibited neg-
ative scores along PC2. Correspondingly, ANOVA revealed

Glynne and Adams

that there were significant differences in head shape between
the two families (F = 14.1, Z = 4.73, P = 0.001), though
this pattern was not significant when phylogeny was con-
sidered, as the two families were reciprocally monophyletic
(Figure 4) and diverged at the base of the phylogeny (for
a discussion of this statistical phenomenon see Adams &
Collyer, 2018). In terms of head shape, differences between
the families largely reflected patterns described for shape
differences along PC2. Specifically, phyllodactylids generally
displayed relatively larger orbits and longer, wider snouts,
while sphaerodactylids exhibited relatively smaller orbits
and shorter snouts.

Examining patterns of sexual dimorphism across the phy-
logeny, it was revealed that both high levels and low levels
of SShD were interspersed widely, with no discernible phy-
logenetic trend (Figure 4). Likewise, body size variation was
also distributed across the phylogeny, though not surpris-
ingly the highest proportion of small-bodied and miniatur-
ized species were sphaerodactylids (Figure 4). Mapping body
size on the phylogeny, we noted that small species evolved re-
peatedly across the phylogeny, but were concentrated within
sphaerodactylids. This was not surprising, as many miniatur-
ized species are found in Sphaerodactylidae. Also, consistent
with prior work (Glynne & Adams, 2024; Perez-Martinez
& Leal, 2021) we found that the ancestral state at the root
of sphaerodactylids was small-bodied.

When allometric trends were examined within each family
separately, it was revealed that sphaerodactylids displayed
strong and significant negative allometry in SShD (Table 2;
Figure 5), where smaller species displayed greater sexual
shape dimorphism. Permutation tests revealed that the slope
of this relationship was significantly different from isometry
(d =0.020,Z = 1.93, P = 0.025). By contrast, macroevolu-
tionary trends in phyllodactylids were found to be isomet-
ric, with no significant relationship between SShD and body
size (Table 3; Figure 5) and a slope that did not differ from
zero (d = 0.010, Z = —0.41, P = 0.666). Thus, allometric
changes in SShD were observed in sphaerodactylids but
not in phyllodactylids. Additionally, phylogenetic regression
found a positive association between SSD and SShD across
taxa (F =11.172,Z = 2.611, P = 0.002), where species ex-
hibiting larger sexual size dimorphism tended to display
greater sexual shape dimorphism as well.

Finally, to visually assess the differences in sexual shape
dimorphism across body sizes in sphaerodactylids, thin-
plate spline deformation grids were generated showing the
mean shape differences between sexes for both the small-
est and largest species (Figure 6). Within sphaerodactylids,
larger species tended to display heads with relatively longer
snouts and flatter heads, while smaller species had rela-
tively shorter snouts and relatively deeper and wider heads.
With respect to sexual dimorphism, it was observed that
males of small species displayed proportionally elongated
snouts and dorsoventrally compressed crania, whereas fe-
males of small species exhibited more robust, triangular
heads with an expanded posterior cranium. In contrast,
larger species displayed males with broader, more robust
skulls, while females displayed dorsoventrally compressed
cranial structures. Thus, sexual shape dimorphism in small-
bodied species was best described as a contrast between
more robust females and more elongated males, while in
larger species the pattern of sexual shape dimorphism was
the converse.
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Figure 2. Phylomorphospace obtained from a principal components analysis (PCA) of head shape based on species means. Male and female means of
each species have been projected into the morphospace, and the phylogenetic relationships are shown. PC1 and PC2 explain 33.5% and 23.8% of the
total shape variation among species means, respectively. Points represent males (light blue squares), females (pink circles), and overall species means
(open black symbol) designating Phyllodactylidae (open triangles) and Sphaeorodactylidae (open diamonds). Black lines indicate phylogenetic
relationships, and dotted grey lines connect male and female means within species, illustrating the magnitude and direction of sexual shape dimorphism
(SShD). Thin-plate spline deformations depict morphological variation along PC axes. Alt text: "Plot of gecko species positions in morphospace including
males and females, with connecting lines indicating the magnitude and direction of sexual shape dimorphism.”

Discussion

How organisms evolve extremely small body size (i.e.,
miniaturization) and retain biological function is a long-
standing evolutionary enigma (Carvalho de Oliveira et al.,
2021; Hanken & Wake, 1993; Rieppel, 1996). In verte-
brates, miniaturization has evolved independently many
times across the tree of life, yet how such trends associate
with other phenotypic patterns, such as those related to sex-
ual dimorphism, is less well examined. In this study, we
evaluated whether evolutionary changes in body size influ-
enced patterns of sexual shape dimorphism in gecko cra-

nial morphology. We generated a large phenotypic dataset
using a combination of high-dimensional 3D surface scans
and geometric morphometric methods to characterize pat-
terns of head shape in species from two families of geckos
(Sphaerodactylidae and Phyllodactylidae), and interrogated
macroevolutionary patterns of SShD using a battery of mul-
tivariate and phylogenetic comparative methods. Our re-
sults revealed significant variation in SShD across species,
with species exhibiting differing magnitudes of shape diver-
gence between the sexes. Additionally, head shape variation
was considerable, and differed between the two families.
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Figure 3. Phylomorphospace obtained from a principal components analysis (PCA) of head shape based on species means, emphasizing family level
patterns. The morphospace is the same as in Figure 1. Panel (A) emphasizes species of Phyllodactylidae (black triangles), while the panel (B) emphasizes
species of Sphaerodactylidae (black diamonds). The phylogenetic relationships among species are shown. Alt text: “Morphospace plot highlighting
clustering patterns by family, showing separation between Phyllodactylidae and Sphaerodactylidae.”

When interspecific allometry of sexual shape dimorphism
with body size was examined, we found contrasting patterns
between the two families. In sphaerodactylids, a group con-
taining many small-bodied and miniaturized species, there
was strong negative allometry of SShD with body size, where
smaller species exhibited greater SShD. By contrast, phyl-
lodactylids did not show systematic differences in SShD as
a function of body size. Overall our work contributes to a
growing body of literature documenting patterns of sexual
shape dimorphism in vertebrates (e.g., Adams et al., 2020;
Berns & Adams, 2013; Cruz-Elizalde et al., 2020; Dursun
et al., 2022; Kaliontzopoulou et al., 2015; Kelly et al., 2013;
Sanger et al., 2013), and provides several novel insights into
how and why such patterns may vary with body size across
species.

One result revealed by our analyses was a large dif-
ference in head shape between small-bodied and larger-
boded sphaerodactylid taxa. Within sphaerodactylids, larger
species tended to display heads with relatively longer snouts,
relatively flatter heads, and relatively smaller orbits, while
smaller species had relatively shorter snouts, relatively wider
and deeper heads, and relatively larger orbits (Figure 6).
This pattern was similar to that found in studies of other
Gekkotan taxa (Lobon-Rovira et al., 2024), where larger
species displayed relatively longer snouts with a flatter head
in the dorsoventral direction, and smaller species displayed
the converse. Anatomically, the differences observed in our
study likely correspond with changes in the underlying skele-
tal elements. Osteological studies in Sphaerodactylid geckos
(Daza et al., 2008) have revealed substantial shifts in the
relative sizes and positions of the bones in the anterior por-
tion of the skull (the “palatomaxillary unit,” sensu Herrel
et al.,, 1999) in miniaturized species (Daza et al., 2008;
Rieppel 1984a; Vallejo-Pareja, 2018). Further, it has been
suggested that these osteological changes reflect modifica-
tions to maintain sensory capabilities, which would be under
selective pressure to maintain functionality as species evolve
to be smaller (Daza et al., 2008). Specifically, in miniatur-
ized geckos, enlarged orbits and anteriorly shifted cranial
elements may allow for enhanced visual input and olfactory

sensitivity, preserving the sensory efficacy despite the reduc-
tion in skull (Daza et al., 2008). Our findings are in accord
with this hypothesis, as the differences in head shape we ob-
served in miniaturized geckos mirror those found in osteo-
logical studies.

Another major result of our study was the observa-
tion that as sphaerodactylid gecko species become smaller,
the degree of sexual dimorphism in head shape increased
(Figure 5). Here we found a strong trend of evolutionary al-
lometry in SShD as a function of body size across species.
This observation adds to a growing body of macroevolu-
tionary literature suggesting that patterns of sexual dimor-
phism are not constant across taxa, but can vary system-
atically with body size. In fact, since the late 20" century
there has been renewed interest in the interspecific allom-
etry of sexually dimorphic traits, as researchers have docu-
mented such patterns to understand how and why males and
females differ within and among species (Adams et al., 2020;
Ceballos et al., 2013; Dale et al., 2007; Fairbairn, 1997;
Glynne & Adams, 2024; Liang et al., 2022; Penialver-Alcazar
et al., 2019; Reyes-Puig et al., 2023; Székely et al., 2004;
Sanger et al., 2013; and many others). This body of work has
lead to major insights regarding the evolution of sexual dif-
ferences, and the mechanistic processes that generate them
(Andersson, 1994; Bonduriansky, 2007; Cox et al., 2003;
De Lisle & Rowe, 2013, 2017; Fairbairn, 2013). Yet most
studies have focused on documenting and explaining pat-
terns of sexual size dimorphism across taxa. Within species,
other phenotypic attributes can differ widely between the
sexes, including overall body shape and the shape of partic-
ular traits (e.g., Adams et al., 2020; Berns & Adams, 2013;
Cruz-Elizalde et al., 2020; Dursun et al., 2022; Gidaszewski
et al., 2009; Kelly et al., 2013; Kaliontzopoulou et al., 20135;
Toyama et al., 2023). Our study provides a link between
the two patterns, demonstrating that sexual shape dimor-
phism can also vary systematically across species with differ-
ing body sizes. Indeed, ours is one of several recent studies
demonstrating evolutionary allometry of sexual dimorphism
in complex multivariate phenotypes (Adams et al., 2020;
Rodriguez-Rodriguez & Calder6n-Espinosa, 2024; Sanger
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of sexual shape dimorphism. "

et al., 2013; Toyama et al., 2023), though there remains a
paucity of attention to this area. Our findings suggest the
possibility that such patterns may be more widespread, and

we therefore recommend that future work on evolutionary
patterns of sexual dimorphism concentrate on trends in com-
plex phenotypes like shape.
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Table 2. Results of a phylogenetic regression evaluating the degree of sexual shape dimorphism relative to overall body size across 56 Sphaerodactylidae

species.

df SS MS Rsq F V4 P
log(SVL) 1 6.69¢-05 6.69¢-05 0.169 10.955 2.477 0.005
Residuals 54 3.30e-04 6.11e-06 0.831
Total 55 3.97e-04

Phylogenetic nonindependence was incorporated using a Brownian motion model of evolution.
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Figure 5. Relationship between sexual shape dimorphism (SShD) and body size for Phyllodactylidae (A) and Sphaerodactylidae (B). The phylogenetic
regression line is shown in each figure (black line) with the slope coefficient noted in the top-right corner of each panel. Alt text: ”Scatterplots showing
the relationship between sexual shape dimorphism and body size for two gecko families, with regression lines indicating negative allometry in

Sphaerodactylidae and no trend in Phyllodactylidae.”

Table 3. Results of a phylogenetic regression evaluating the degree of sexual shape dimorphism relative to overall body size across 43 Phyllodactylidae

species.

df SS MS Rsq F 4 P
log(SVL) 1 3.44e-08 3.44e-08 0.000224 0.009 —1.453 0.922
Residuals 41 1.53e-04 3.74e-06 0.999776
Total 42 1.53e-04

Phylogenetic nonindependence was incorporated using a Brownian motion model of evolution.

Examining evolutionary patterns by family, we discovered
that interspecific trends of SShD as a function of body size
were decidedly allometric in sphaerodactylids, but isomet-
ric in phyllodactylids. Specifically, we found a strong and
negative relationship between the degree of SShD and body
size across species in sphaerodactylids (Figure 5), implying
that smaller species exhibited greater levels of dimorphism
in head shape. Interestingly, this result mirrored patterns ob-
served in sexual size dimorphism in the same family (Glynne
and Adams, 2024), where miniaturized sphaerodactylids
were more female biased, and displayed greater levels of size
dimorphism than did larger species in the clade. For the lat-
ter pattern, it was suggested that in small species, sex-specific
selection on females for increased reproductive success re-
sulted in female-biased patterns of size dimorphism. This hy-
pothesis was supported by the fact that smaller species in the
family produced relatively larger (longer) eggs (Glynne &
Adams, 2024), and thus having larger females would be nec-

essary to accommodate the proportionally greater volume of
egg mass. These results were consistent with the prediction
that reproductive pressures constrain the lower limit of body
size reduction in miniaturized geckos, leading to female bi-
ased size dimorphism (see Glynne & Adams, 2024). How-
ever, whether similar mechanisms drive the patterns of sex-
ual shape dimorphism observed in this study are less clear.
So why might geckos exhibit sexual shape dimorphism?
Male-biased cranial sexual dimorphism in larger sphaero-
dactylid species has been hypothesized to have evolved in
response to intrasexual competition (Griffing et al., 2018). In
our study however, we observed the greatest sexual shape di-
morphism in small species. Scrutinizing the patterns of head
shape dimorphism in more detail it was found that females
of miniaturized species displayed heads that were more ro-
bust and triangular, with an expanded posterior region rela-
tive to their male counterparts (Figure 6). Because our data
characterized the external anatomy of the organism, this in-
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crease in the posterior region of the head in females corre-
sponded with greater jaw adductor musculature (Daza et al.,
2011; Rieppel 1984b), which may be associated with forag-
ing difference between males and females. There is evidence
of sex-specific foraging in lizards (Andrews & Asato, 1977,
Parmelee & Guyer, 19935; Perry, 1996), where females ex-
hibit more active foraging modes as compared with males.
Further, it has been hypothesized that differences in forag-
ing between males and females in lizards is a response to
the increased energetic demands females incur for reproduc-
tion (Andrews & Asato, 1977; Perry, 1996). Geckos have
also been shown to display sex-specific foraging behavior
(Werner et al., 20065 Wehsener & Noss, 2022), leading to the
possibility of dietary differences between the sexes. In fact,

sex-specific diet differences have been documented in sev-
eral Sphaerodactylidae species (Gifford et al., 2000; DeBoer
et al., 2018; Steinberg et al., 2007), including the miniatur-
ized gecko Sphaerodactylus vincenti. Our work demonstrat-
ing sex-specific differences in head shape aligns with these
findings, and is consistent with the hypothesis that females
of miniaturized species may face proportionally higher en-
ergetic demands due to reproduction. Based on this sce-
nario, we posit that the allometric trend in head shape di-
morphism observed in sphaerodactylids is the result of dif-
ferential selection between the sexes, which is stronger in
miniaturized species owing to the proportionally greater sex-
specific differences in energetic demands. This effect is likely
stronger in miniaturized species as a result of proportionally
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greater sex-specific energetic demands, potentially selecting
for enhanced bite force in females to process harder or more
energy-rich prey, or to accommodate larger jaw musculature
associated with reproductive metabolic needs (DeBoer et al.,
2018; Gifford et al., 2000). Future work should test this hy-
pothesis directly.

Across the tree of life, species vary greatly in the degree
of sexual dimorphism that they display, and understanding
why such patterns occur remains a major interest to evolu-
tionary biologists. Likewise, deciphering evolutionary trends
of body size changes is crucial to untangling the processes
that drive phenotypic diversity across species. Our study
links these two perennial themes in evolutionary biology, by
revealing how interspecific patterns of sexual dimorphism in
geckos are affected by body size changes, and miniaturiza-
tion in particular. Specifically, we found that miniaturized
geckos exhibit accentuated patterns of sexual shape dimor-
phism in functionally-relevant traits, which aligns with pat-
terns observed in other phenotypic attributes. This suggests
a broader trend, wherein extreme body size reductions elicit
a concomitant increase in selective forces, which results in
a suite of coordinated phenotypic changes as species evolve
to become smaller. If this hypothesis is correct, identifying
whether distinct phenotypic attributes display parallel shifts
in lineages undergoing miniaturization would be a fruitful
next avenue of future research. Thus, investigations such as
these have the capacity to uncover how evolutionary changes
in body size may foster phenotypic diversity in multiple di-
mensions of the organismal phenotype, providing fresh in-
sights into our understanding of the evolutionary forces that
shape life’s intricate nature.
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