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Abstract

Different habitat types exert particular challenges to ecological performance, ultimately having a strong influence on the evolution of morphology.
Although it is well known that external morphology can evolve under the selective pressure of habitat structure, the evolutionary response of internal
morphological traits remains vastly unexplored. Here, we test for morphological divergence between arenicolous and nonarenicolous species in a
clade of tropidurid lizards, considering external morphological proportions and limb muscle dimensions. We found that arenicolous species seem to
have evolved internal and external morphological adaptations that separate them from other habitat specialists. Moreover, comparative analyses sug-
gested that the traits that differed the most between arenicolous and nonarenicolous lizards might have evolved divergently towards different optima.
Additionally, the axis of higher morphological divergence between arenicolous and nonarenicolous species represented an important proportion of the
morphological diversity within our sample, indicating that the hypothetical adaptive divergence of internal and external traits has contributed signifi-
cantly to phenotypic diversity. Our results show that evolutionary associations between morphology and habitat use can be detected on both external
body proportions and muscle morphology. Moreover, they highlight the emergent importance of internal anatomical traits in ecomorphological studies,
especially when such traits are directly involved in determining functional performance.
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Graphical Abstract
The influence of sandy habitats on the external and muscular morphology
of the limbs in Tropidurid lizards.

arenicolous ‘ ) also seemed to have
BN non-arenicolous was associated with played an important role in the

the evolution of external and generation of morphological diversity
muscular traits.

O T ctheridgei
< |
o
N T T. spinulosus
o
O
o .
o o T. itambere Y T. psammonastes
] T. hispidus l
Lo T. semitaeniatus  E. divaricatus
shorter brachialis ‘ g — mg‘:'tc:rqmm
: longer peroneus brevis E. amathites
- <t
) AR o T. hygomi
shorter interlimb ' | T | .
distances Ttk
longer toes DE

Received 23 July 2024; accepted 16 January 2025

© The Author(s) 2025. Published by Oxford University Press on behalf of Editorial Office, Current Zoology.

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (https://creativecommons.org/
licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited.
For commercial re-use, please contact reprints@oup.com for reprints and translation rights for reprints. All other permissions can be obtained through our
RightsLink service via the Permissions link on the article page on our site—for further information please contact journals.permissions@oup.com.

Gz0zZ aunp gz uo 1sanb Agq 90€H66//S00JE0Z/20/S601°0 | /I0p/3|o1B-80UuBAPER,/Z0/W02 dNo"dlwapede//:sdlly Wol) PaPEOjUMO(]


https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://orcid.org/0000-0003-4763-6973
https://orcid.org/0000-0002-8331-4894
mailto:majotulli@gmail.com

The diversity of animal locomotor structures reflects the cru-
cial role of specialized morphology in facilitating survival
under specific ecological conditions (Wainwright and Reilly
1994). Efficient movement is a requirement for life in most
habitats, thus morphological adaptations for locomotion,
including both external (e.g., limb proportions) and internal
(e.g., bone, muscle, and tendon characteristics) traits, have
repeatedly evolved in nature (Currey 1984, 2003; Zaaf et
al. 1999; Grizante et al. 2010; Collins et al. 2013; Abdala et
al. 2014; Anzai et al. 2014; Tulli et al. 2016; Toyama et al.
2024), illustrating the central paradigm of ecomorphology:
the relationship between morphology and fitness through the
intermediate step of performance (Arnold 1983; Wainwright
1991; Wainwright and Reilly 1994).

Lizards are an excellent model system for studying ecomor-
phological relationships between habitat structure and loco-
motor morphology (Vanhooydonck et al. 2000; Schulte et al.
2004; Losos 2009), and how these associations evolve as a
response to changing environments (Herrel et al. 2008; Stuart
et al. 2014; Donihue et al. 2018). Previous ecomorphologi-
cal studies in lizards have mostly focused on external traits
(i.e., body part proportions), while the examination of inter-
nal morphology has been comparatively scarce. Nonetheless,
studies on the muscular system of different lizard species
have hinted at the importance of internal morphology for
the adaptation to different structural environments (Garland
and Losos 1994; Zani 1996; Herrel et al. 2008; Brandt et al.
2016; Rios-Orjuela et al. 2020).

Sandy environments are among the most challenging habi-
tat types for locomotion since granular substrates change their
properties under given amounts of yield stress (Vanhooydonck
et al. 2015; Bergmann et al. 2017). Sand-dwelling is known
to have triggered the evolution of morphological adaptations
in different groups of taxa (Jayne 1986; Gidmark et al. 2011;
Hosoi and Goldman 2015; Astley et al. 2020). Among liz-
ards, arenicolous species are thought to have evolved various
adaptations to cope with the challenges imposed by sandy
environments, demonstrating a range of behavioral, physio-
logical, and morphological strategies to enhance locomotion,
burrowing capabilities, and endurance on loose substrates
(Carothers 1986; Maladen et al. 2009; Higham and Russel
2010; Kohlsdorf and Navas 2012; Vanhooydonck et al. 20135).
For example, some authors have found that arenicolous liz-
ard species tend to have long feet, and some have evolved toe
fringes that enhance locomotor performance traits like speed
and acceleration (Carothers 1986; Kohlsdorf et al. 2001; Tulli
etal.2012; Zheng et al. 2024). These adaptations aid locomo-
tion in granular substrates by incrementing the surface area
of each foot when in contact with the sand, thus distributing
the yield stress and decreasing slippage in fluid-like substrates
(Carothers 1986; Garland and Losos 1994). Moreover, other
studies have suggested that arenicolous lizards present both
external and myotendinous adaptations that favor movement
in sandy environments; particularly, longer hindlimb mus-
cles and tendons (Tulli et al. 2016). For instance, a common
locomotion strategy among arenicolous lizards is bipedalism,
which provides high speeds when escaping from predators
(Mosauer 1932; Irschick and Jayne 1999; Rocha-Barbosa et
al. 2008). Energy expenditure during bipedal locomotion is
thought to be reduced through the elongation of the muscle-
tendon system due to the decrease of the relative weight of
the distal hindlimb segments (Snyder 1954). Arenicolous
species could thus benefit from the modification of internal
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structures. However, despite the strong selective pressures act-
ing on arenicolous lizards, no studies to date have formally
tested for morphological divergence in both internal and
external traits between these and other lizard species using
different habitat types.

Tropiduridae is a diverse family of Neotropical lizards with
more than 140 described species (Tonini et al. 2016), and it
exemplifies the remarkable diversity of habitat types used by
these animals. Tropidurid species range from generalist ground
dwellers that live in open habitats such as semiarid caatingas,
cerrado, and Chaco (Rodrigues 1987, 1988; Avila-Pires 1995;
Grizante et al. 2010; Ribeiro and Freire 2011; Carvalho 2013;
Santana et al. 2014; Cacciali and Kohler 2018), to highly spe-
cialized forms that live in Restinga (coastal dunes), savanna
and rock outcrops (Vitt 1991; Colli et al. 1992; Vitt et al. 1997,
Van Sluys et al. 2004; Meira et al. 2007; Grizante et al. 2010;
Gomes et al. 2015; Maia-Carneiro and Rocha 2020, 2022;
Maia-Carneiro et al. 2021). The diversity of habitat types
used by Tropiduridae species makes it possible to investigate
how different aspects of locomotor morphology evolve to fit
different structural environments (Zaaf et al. 1999; Goodman
et al. 2008; Tulli et al. 2009, 2011; Grizante et al. 2010; Anzai
et al. 2014). Specifically, the use of sandy environments has
repeatedly evolved within Tropiduridae (see Supplementary
Figure S1), making it an ideal system in which to study
the evolution of possible adaptations for sand-dwelling.
However, while extensive research performed in tropidurid
lizards has focused on the relationships between habitat use
and external morphology (Zaaf et al. 1999; Goodman et al.
2008; Tulli et al. 2009, 2011; Grizante et al. 2010; Anzai et
al. 2014; Toyama 2017), ecomorphological studies involving
internal morphological traits remain scarce (Tulli et al. 2016).

In this study, we aimed to identify macroevolutionary sig-
natures of morphological adaptation to sandy environments
within a clade of tropidurid lizards, using both internal and
external traits. At the macroevolutionary level, the evolution
of ecomorphological relationships can leave traces of evidence
that point towards a hypothetical adaptive origin. For exam-
ple, patterns of low phylogenetic signal are often shown by
functional traits with a central role in processes of adaptive
radiation (Blomberg et al. 2003; Kamilar and Cooper 2013).
Moreover, such traits might show evidence of having followed
evolutionary trajectories towards different optima defined by
distinct selective regimes (e.g., Burns and Sidlauskas 2019;
Moen 2019). In this context, we hypothesized that tropidurid
species inhabiting sandy environments have diverged morpho-
logically from other habitat specialists through the evolution of
both muscular and external traits and consequently expected
the inferred patterns of evolutionary history of such traits to
be compatible with processes of adaptation to different eco-
logical requirements. Lineage evolution towards the use of
novel resources often results in the use of previously unoccu-
pied morphospaces, potentially increasing phenotypic diversity
within groups of closely related taxa (Wainwright and Reilly
1994; Schluter 2000). Although radiations of cryptic species can
comprise relatively high numbers of morphologically similar
taxa (Bickford et al. 2007), previous studies on lizards seem to
suggest that morphological evolution in response to diverging
habitat structures should increase morphological diversity (e.g.,
Losos 2009; Blom et al. 2016; Toyama 2017). Thus, we also
hypothesized that morphological adaptations to sandy environ-
ments should contribute significantly to phenotypic diversity.
Overall, our research aims to shed light on the role of external
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and internal morphology in the evolution of ecomorphological
relationships in the context of the use of different habitats. By
focusing on both muscular features and external morphology,
this study offers a novel perspective that addresses a critical gap
in the study of lizard ecomorphology (Herrel et al. 2008; Tulli
etal. 2012, 2016; Abdala et al. 2014).

Materials and Methods

Study species

For this study, 115 male adult individuals belonging to 10 species
of Tropiduridae lizards were examined (Figure 1). These species
belong to a clade that includes species of the genera Tropidurus
and Eurolophosaurus (Supplementary Figure S1), whose mem-
bers are adapted to arboreal, saxicolous, arenicolous, and gen-
eralist lifestyles (e.g., Vitt 1991; Rodrigues 1996). Although
sand-dwelling is known to have triggered the evolution of con-
vergent morphological traits even across different lizard fami-
lies (Mosauer 1932; Luke 1986), we acknowledge that focusing
solely on this clade might limit our ability to interpret our results
when applied to other tropidurid genera. Nonetheless, the diver-
sity of habitats used by species in this particular group (which
reflects the diversity shown by the entire family) could pro-
vide useful insights regarding the ecomorphological divergence
shown by arenicolous species and other habitat specialists across
Tropiduridae and other families. Lizard species were categorized
as arenicolous or nonarenicolous (Figure 1), with nonareni-
colous species in our sample including arboreal and saxicolous
specialists. This categorization was based on their preferred
habitat types following literature records and personal observa-
tions. The number of individuals measured per species ranged
from three to 25, depending on the availability. These specimens
were obtained from the Herpetological Collection at Fundacién
Miguel Lillo, Tucumén, Argentina; Colecio Herpetoldgica de

Tropidurus spinulosus
Eurolophosaurus divaricatus
Eurolophosaurus amathites
Tropidurus semitaeniatus
Tropidurus etheridgei
Tropidurus hygomi
Tropidurus psammonasites
Tropidurus itambere
Tropidurus torquatus

Tropidurus hispidus

Figure 1. Phylogenetic relationships of the study species showing
the posterior density map from stochastic mapping of habitat

use (arenicolous = yellow, nonarenicolous = black) based on 1000
simulations.

Ribeirdo Preto (CHRP-USP) at the University of Sio Paulo,
Brazil; and the Museum of Zoology of the University of Sdo
Paulo (MZUP) (Supplementary Appendix S1).

Data collection
External morphology

Ten morphological measurements were taken directly
from the specimens using digital calipers (Mitutoyo
CD-15B, + 0.01 mm) on the right side of the body: body size
(snout-vent length—SVL), the distance between limbs [inter-
limb length: measured between the insertion of the arm and
the insertion of the thigh (ILL)], and elements of fore- and
hindlimbs [arm length: from the insertion of the arm to the
tip of the humerus (ArmL), antebrachium length: from the
tip of the proximal end of brachium to carpals (AL), thigh
length: from the insertion of the leg to the distal end of the
thigh (TL), crus length: from the proximal end of the crus to
the heel (CL), foot length: from heel until the base of the toes
(FL), and the length of the third (T3), fourth (T4) and fifth toe
(T5): from the base of the toes until the tip without including
the claw] (Supplementary Table S1).

Muscular morphology

We selected sixteen parallel-fiber muscles from the right fore-
and hindlimbs for analysis. These muscles are involved in
forearm extension, wrist extension, wrist flexion, and digit
movement (Carrizo et al. 2014; Kepa et al. 2023) as well as
pedal rotation, plantar flexion, and ankle joint stabilization
(Russell and Bauer 2008; Tulli et al. 2016) (Table 1; Figure
2). The flexor muscles play a role in the medial direction,
allowing for the bending of the entire hand. Muscles were
dissected under a binocular microscope (Nikon SMZ645)
and removed intact. We measured the length of each muscle
between its corresponding origin and insertion points in mil-
limeters using digital calipers (x0.01 mm; Mitutoyo CD-15B,
Mitutoyo Corp., Kure, Japan). Since all muscles had parallel
fibers aligned with the medial body axis, we assumed con-
sistent measurement conditions. To minimize measurement
error, we took three replicates of each measurement with dig-
ital calipers and reported the mean values. The terminology
used follows Diogo and Abdala (2010). Mean muscle lengths
and body size are detailed as necessary in the Supplementary
Materials (Supplementary Table S1).

Phylogenetic context

The common evolutionary history of closely related spe-
cies results in the nonindependence of individual observa-
tions when examining species-level data (Felsenstein 19835;
Blomberg et al. 2003). By incorporating phylogenetic informa-
tion, we can account for these relationships and gain a clearer
understanding of the processes underlying observed patterns
(Blomberg et al. 2003). In this study, we used a pruned phy-
logenetic tree based on the squamate phylogeny presented by
Tonini et al. (2016) to encompass all the Tropiduridae species
analyzed (Figure 1).

Data analyses

Species averages were calculated for each external and inter-
nal trait. The data were then log-transformed to improve
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Table 1. Fore- and hindlimb musculature with muscle names, abbreviations and assigned functional group
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Muscle Abbreviations Functional group

Fore limb

Extensor

Triceps brachii, scapularis (TSc)

Triceps brachii, lateral humeral (TLat) Extensor of the elbow
Triceps brachii, medial humeral (TMh)

Extensor antebrachii et carpi radialis (ECR) Extensor of the forearm
Extensor antebrachii et carpi ulnaris (ECU) Extensor of the forearm
Extensor digitorum communis (EDC) Extensor of the forearm
Flexor

Biceps brachii (BB) Flexor of the arm
Brachialis (B) Flexor of the arm
Flexor carpi radialis (FCR) Flexor of the forearm
Flexor carpi ulnaris (FCU) Flexor of the forearm
Flexor digitorum communis (FDC) Flexor of the forearm
Hindlimb

Extensor

Femorotibial Gastrocnemius (FemG) Extensor of the knee
Peroneus longus (Plong) Extensor of the ankle
Peroneus brevis (Pbrev) Extensor of the ankle
Superficial Femoral

Gastrocnemius (SupFG) Extensor of the ankle
Flexor

Flexor longus (FL) Flexor of the digits

normality and analyzed using Kolmogorov-Smirnov tests.
Homoscedasticity, or equal variance across groups, was
assessed by visually inspecting the spread of the data. To
account for the influence of body size, phylogenetic general-
ized least square (PGLS) regressions were performed between
each considered trait and SVL (function “gls” from the R
package nlme, Pinheiro et al. 2018), and the obtained resid-
uals were recorded for each species to be used in posterior
analyses. The absolute dimensions of limb muscles might
be related to the absolute dimensions of the limbs. Thus, to
avoid redundancy when including size-corrected external
and muscle traits in our analyses, we tested for relationships
between the residuals of each muscle length and the residuals
of the external trait to which they were more closely associ-
ated (e.g., we tested the relationship between crus length and
the superficial femoral gastrocnemius [SupFG]). We found
no significant relationship for any of the tested relationships,
except for that between superficial peroneus brevis and crus
length (Supplementary Materials, Figure S2). However, all the
associations were far from a 1:1 relationship, indicating that
size-corrected muscle lengths cannot be predicted accurately
by size-corrected limb lengths, suggesting the two trait types
are not redundant.

Has the morphology of arenicolous species diverged from
that of other habitat specialists?

To test whether arenicolous and nonarenicolous species exhib-
ited different multivariate morphological phenotypes (includ-
ing both internal and external morphology), we used the R
package mvMORPH (Clavel et al. 2015) to perform a type

IT phylogenetic multivariate analysis of variance (MANOVA)
with the entire set of size-corrected external and internal
morphological traits as dependent variables and habitat use
category (arenicolous versus nonarenicolous) as a predictor
variable. Then, to identify which traits are more strongly
associated with a hypothetical phenotypic difference between
arenicolous and nonarenicolous species, we performed a
phylogenetic discriminant function analysis (DFA, function
“mvgls.dfa,” package mvMORPHj; Clavel et al. 2015), again
considering the entire set of size-corrected morphological
traits as dependent variables and habitat use categories as
the discriminating groups. Additionally, we performed phy-
logenetic pairwise comparisons between arenicolous and
nonarenicolous species for each size-corrected morphological
trait using the function ‘Im.rrpp’ from the R package RRPP
(Collyer and Adams 2018). We expected the traits contribut-
ing the most to the difference between groups (based on the
DFA) to differ when compared individually between habitat
use categories.

Next, we calculated the K-statistic as an estimate of phy-
logenetic signal (Blomberg et al. 2003). A K value equal to
1 indicates that a trait shows an amount of phylogenetic
signal expected under a Brownian motion (BM) model of
evolution. K values lower than 1 indicate that a trait is less
similar between species than expected, while K values greater
than 1 suggest that a trait is more similar among species than
expected under a BM model of evolution. We estimated the
phylogenetic signal in all traits using the function “phylosig”
from phytools (Revell 2012). Additionally, we tested whether
the K value obtained for each trait exceeded the value
expected by chance (Revell and Harmon 2022). We expected
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Figure 2. VVentral and dorsal views of forelimb and hindlimb muscles analyzed in this study. Scale bars for ventral and dorsal views correspond to 500

um and 1000 um, respectively.

the result of this test to be nonsignificant when applied to
the traits that differed the most between habitat use catego-
ries, as this would suggest that phylogenetic relatedness has
not had a stronger-than-expected effect on the evolution of
these traits. When the phylogenetic signal of a trait was sig-
nificant, we tested whether the K value was significantly dif-
ferent from 1. Then, to further investigate the evolutionary
trajectories of the studied traits, we tested three different evo-
lutionary models: BM and Ornstein-Uhlenbeck with a single
(OU1) and multiple selective regimes (OUM). The BM model
assumes that traits evolve randomly over time through sto-
chastic fluctuations (Felsenstein 1985; Harmon et al. 2010),
while in OU models traits evolve towards one or more opti-
mal trait values under stabilizing or diversifying selection
(Butler and King 2004; Harmon et al. 2010). We expected
the OUM model to be a better fit for the most diverging mor-
phological traits in our dataset, supporting the presence of

hypothetical diverging morphological optima between aren-
icolous species and other habitat specialists. To do this, we
utilized the “mvBM” and “mvOU?” functions implemented in
the R package mvMORPH (Clavel et al. 2015) and calculated
Akaike weights as a way to estimate the proportional evi-
dence supporting each model. The multiple selective regime
model (OUM) requires character states to be mapped in the
phylogeny. Thus, to map the estimated evolutionary history
of habitat use categories (i.e., arenicolous vs nonarenicolous)
as accurately as possible, we pruned the squamate phylogeny
of Tonini et al. (2016) such that it included only lizards from
the family Tropiduridae. Then, using habitat use information
from Toyama (2017) and personal observations, we mapped
the estimated history of transitions between both states in the
Tropiduridae phylogeny using the phytools function “sim-
map” (Revell 2012). Finally, we pruned this phylogeny to
include only the species of our study (Figure 1). We used the
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resulting tree to fit different evolutionary models of trait evo-
lution to our set of morphological traits. Due to the inherent
uncertainty of character state reconstructions, we repeated
this process 100 times for each trait, and reported the mean
and standard deviation of the Akaike weights obtained across
all iterations for each of the fitted evolutionary models.

Do morphological adaptations to sandy environments
contribute significantly to phenotypic diversity among
tropidurid lizards?

We performed a phylogenetic principal component analysis
(PCA) of size-corrected traits (function “phyl.pca,” package
phytools; Revell 2012, 2024 ) and retained the first princi-
pal components (PC) that together explained more than 75%
of the morphological variation among species. As done with
individual traits, we also estimated levels of phylogenetic sig-
nal and tested the fit of evolutionary models in these PCs.
We used the “phylomorphospace” function from phytools to
visualize the evolutionary relationships between species in a
bivariate plot showing species scores for PC1 and PC2 (Figure
3A). Then, we tested PGLS models that regressed DFA scores
(see previous section) on PC scores. We repeated this for each
of the retained PCs. Assuming morphological adaptations for
sand-dwelling have contributed significantly to the pheno-
typic diversity of our sample, we expected DFA scores to be
significantly associated with the PC scores of at least one of
the retained PCs. All statistical analyses were conducted in
the R environment (version 4.2.1, R Development Core Team
2022).

Results

A phylogenetic MANOVA indicated that arenicolous tropi-
durid species were morphologically different from nonaren-
icolous species (test statistic = 0.88, P = 0.04). A subsequent
DFA showed that this difference was driven by arenicolous
species tending to have a relatively longer crus and fourth
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toe, and also a relatively longer flexor digitorum communis,
peroneus brevis (Pbrev), superficial femoral gastrocnemius
(SupFG), and flexor longus (FL) (Table 2). On the other
hand, nonarenicolous species, which included arboreal and
saxicolous lizards, tended to show relatively longer forelimb
muscles, including the triceps brachii medial humeral (TMh),
biceps brachii (BB), the brachialis (B), extensor digitorum
communis, and the flexor carpi radialis (FCR), and also
longer thighs and interlimb distances (Table 2). Phylogenetic
pairwise comparisons indicated that five size-corrected traits
differed significantly between arenicolous and nonarenicolous
species: the lengths of the fourth toe, crus, brachialis (B), per-
oneus brevis (Pbrev), and FL (Table 2). Most traits; including
the relative lengths of the fourth toe, crus, interlimb distance,
peroneus brevis (Pbrev), and FL; did not show K values sig-
nificantly higher than expected by chance (Table 3). The ones
that did showed no evidence of K = 1 (Table 3). Several of the
traits that seemed to differ between habitat groups (e.g., crus,
interlimb distance, triceps brachii medial humeral [TMh], bra-
chialis [B], peroneus brevis [Pbrev]) showed relatively strong
evidence of having followed a OUM model of evolution
(Table 3). Most of the rest of traits showed either evidence of
following a BM model of evolution or inconclusive evidence
for any model. OUM and BM were the strongest supported
models for PC2 and PC3 scores, respectively (Table 3).

The first three PCs from a phylogenetic PCA performed on
size-corrected traits represented 79.56% of the total variance
(Table 2; Figure 3A). PC1 explained 39.85% of the varia-
tion among species and was positively associated with almost
all morphological traits except the extensor digitorum mus-
cles, which showed a weak negative association. We found
no relationship between PC1 and the discriminant function
(DF) described above (#=1.07, P=0.317). PC2 explained
27.32% of the total variation among species and was neg-
atively and strongly associated with the relative length of
most external limb traits and with internal traits associated
with the hindlimb (Table 2). PC2 was also strongly and
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Figure 3. (A) Scatterplot showing PC1 and PC2 scores for arenicolous (yellow) and nonarenicolous species (black). Phylogenetic relationships
between species are plotted in the figure. (B) A scatterplot shows the relationship between the scores of PC2 and a DF separating arenicolous and
nonarenicolous species. The solid gray line represents the fit of a phylogenetic linear regression.
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Table 3. Phylogenetic signal and models of trait evolution. The left columns show K-statistic estimates of phylogenetic signal and corresponding
P-values from significance tests (values of P < 0.05 indicate that the estimated signal is higher than expected by chance; boldface denotes significant
results). The right columns show mean Akaike weights and standard deviations (in parentheses) corresponding to the evolutionary models (BM
[Brownian Motion], single-regime [OU1], and multiple-regime Ornstein-Uhlenbeck [OUM]) tested on 100 simulated instances of stochastic mapping of

habitat use on all traits

Traits K P-value Akaike weights
BM Oou1 OUM

External traits

SVL 0.73 0.206 0.69 (= 0.01) 0.22 (= 0.00) 0.09 (= 0.01)
Interlimb 0.59 0.402 0.08 (= 0.01) 0.07 (= 0.01) 0.84 (= 0.02)
Arm L 0.86 0.109 0.84 (= 0.00) 0.11 (= 0.00) 0.04 (= 0.00)
Antebrachium 1.13 0.026 0.79 (= 0.07) 0.13 (= 0.01) 0.08 (= 0.09)
Thigh 0.83 0.186 0.76 (= 0.02) 0.16 (= 0.00) 0.08 (= 0.02)
Crus 0.46 0.612 0.12 (= 0.01) 0.27 (+ 0.03) 0.61 (= 0.04)
Foot L 0.46 0.588 0.22 (0.02) 0.53 (= 0.05) 0.24 (= 0.08)
Toe 3 0.79 0.153 0.80 (= 0.01) 0.14 (= 0.00) 0.07 (= 0.02)
Toe 4 0.41 0.746 0.12 (= 0.01) 0.39 (= 0.03) 0.49 (= 0.04)
Toe § 0.51 0.519 0.20 (= 0.00) 0.57 (= 0.01) 0.24 (= 0.01)
Internal traits

TSc 1.00 0.047 0.43 (= 0.20) 0.06 (= 0.03) 0.51 (= 0.23)
TLat 1.26 0.023 0.45 (+0.23) 0.06 (= 0.03) 0.49 (= 0.26)
TMh 0.58 0.386 0.23 (= 0.12) 0.13 (= 0.07) 0.64 (= 0.19)
BB 1.22 0.008 0.44 (+0.19) 0.06 (= 0.03) 0.50 (= 0.22)
B 1.12 0.037 0.02 (= 0.08) 0.00 (= 0.01) 0.97 (= 0.10)
ED 1.20 0.010 0.31 (+0.17) 0.04 (= 0.02) 0.65 (= 0.19)
ECU 1.00 0.060 0.49 (= 0.18) 0.07 (= 0.02) 0.44 (= 0.20)
ECR 127 0.005 0.52 (+0.19) 0.07 (= 0.03) 0.40 (= 0.22)
FCU 1.11 0.087 0.68 (= 0.16) 0.09 (= 0.02) 0.22 (= 0.18)
FCR 1.07 0.065 0.47 (= 0.24) 0.07 (+ 0.03) 0.46 (= 0.28)
FDC 0.79 0.267 0.72 (= 0.04) 0.11 (= 0.01) 0.17 (= 0.04)
Plong 1.00 0.042 0.78 (= 0.03) 0.15 (= 0.01) 0.08 (= 0.03)
Pbrev 0.35 0.817 0.04 (= 0.00) 0.31 (= 0.01) 0.65 (= 0.02)
FemG 0.58 0.412 0.37 (= 0.03) 0.43 (= 0.03) 0.20 (= 0.04)
SupFG 0.66 0.276 0.48 (= 0.01) 0.36 (= 0.01) 0.16 (= 0.01)
FL 0.64 0.309 0.42 (= 0.04) 0.34 (= 0.03) 0.24 (+ 0.07)
PC1 0.62 0.329 0.45 (= 0.10) 0.23 (= 0.05) 0.32 (= 0.16)
PC2 0.79 0.197 0.20 (+0.12) 0.04 (= 0.02) 0.76 (= 0.14)
PC3 1.07 0.039 0.69 (= 0.10) 0.09 (= 0.01) 0.21 (= 0.11)

See Table 1 for abbreviations.

positively associated with almost all forelimb muscles except
for BB (Table 2). We found a significant relationship between
PC2 and DF (¢ =-3.47, P =0.008, Figure 3B). Finally, PC3
explained 12.38 % of the total variation and was positively
associated with the relative length of foot and toes and the
relative length of several muscles like the flexor carpi ulnaris,
FCR, and brachialis (B) (Table 2). Simultaneously, PC3 was
negatively associated with the relative length of some hind-
limb muscles and crus (Table 2). We found no relationship
between PC3 and DF (£ =-0.90, P = 0.394).

Discussion

The adaptation of closely related species to different eco-
logical contexts often leads to the evolution of divergent

morphological traits, which, in turn, enhance organismal
performance and ultimately increase fitness (Arnold 1983;
Wainwright and Reilly 1994; Kingsolver and Huey 2003).
Although the study of ecomorphological relationships is rich
regarding the examination of external morphological char-
acteristics (i.e., body part proportions, e.g., Wainwright and
Reilly 1994; Losos 2009), recent studies indicate that inter-
nal anatomical traits can also reflect hypothetical processes
of adaptation to different ecological settings (e.g., Tulli et al.
2016; Alfieri et al. 2021; Toyama et al. 2024). In line with
such studies, our results show how the examination of inter-
nal and external morphological traits can both contribute to
ecomorphological studies as well as shed light on the func-
tional significance of hypothetical processes of adaptation to
different selective regimes.
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Living in sandy environments presents significant chal-
lenges for locomotion, driving the evolution of a variety of
morphological adaptations in different taxa (Jayne 1986;
Gidmark et al. 2011; Hosoi and Goldman 20135; Astley et al.
2020). Accordingly, we found that arenicolous lizards seem to
have evolved external and internal morphological traits likely
to enhance locomotion in sandy substrates. Regarding exter-
nal traits, species that exploit sandy substrates in our sample
tended to have a relatively longer crus and fourth toe, as well
as a relatively shorter interlimb distance. These characteristics
presumably help arenicolous species navigate in irregular and
sloping surfaces while maneuvering effectively on loose sand
by increasing surface area and enhancing grip (Kohlsdorf et al.
2001; Teixeira-Filho et al. 2001; Goodman et al. 2008; Tulli
et al. 2009, 2011; Grizante et al. 2010). Specifically, increas-
ing the contact area between the surface and a lizard’s feet
might be especially important for locomotion in sandy envi-
ronments, as this enhances traction and adhesion, increasing
stability and minimizing the risk of slipping or losing balance
(Qian et al. 2015; Bergmann et al. 2017).

Besides external body shape, previous studies have described
how the muscle morphology of both fore- and hindlimbs are
linked to the use of particular habitats in diverse lizard families,
including Tropiduridae (Tulli et al. 2016; Lowie et al. 2018;
Rios-Orjuela et al. 2020). These studies suggest that specific
muscle groups evolve in response to the locomotor challenges
exerted by particular habitats, resulting in enhanced locomo-
tor performance. For example, Abdala et al. (2014) and Tulli
et al. (2016) have shown that muscle length is evolutionarily
labile, suggesting that tropidurid lizards using similar habitat
types could exhibit similar patterns regarding muscular mor-
phology. Indeed, we found that diverse crus muscle groups
such as peroneus brevis, FL, and femoral superficial gastroc-
nemius were relatively longer in arenicolous lizards when
compared to other habitat specialists. It is known that the
force and speed generated by muscles are affected by their
length and arrangement, resulting in functional trade-offs:
shorter muscles that generate greater force may impair speed,
and longer muscles allow faster movement but may not gen-
erate as much force (Kardong, 2009). Our results thus suggest
that arenicolous lizards benefit more from speed rather than
force, following previous biomechanical and ecological stud-
ies (Qian et al. 2015; Tulli et al. 2016; Bergmann et al. 2017).

The nonarenicolous species in our sample were found to
possess relatively longer forelimb muscles, such as BB, bra-
chialis, and FCR, which indicates the importance of wrist
and digit flexion in climbing (Cartmill 1985). These muscles
likely play a role in resisting the movement of the animal’s
body past its forefeet during downward vertical locomotion
(Taylor 1974; Biewener 1989) and can also act as effec-
tive stabilizers of the elbow joint during flexed positions.
This is particularly crucial when the elbow is abducted,
and the forelimb’s distal parts are pressed against a tree or
rocky substrates (Argot 2001; Carrizo et al. 2014). As so,
the muscles biceps and FCR in tropidurids could be piv-
otal in enabling proficient vertical movement, in addition
to contributing towards limb propulsion and stabilization
mechanisms during various stages of vertical motion. The
importance of the flexor muscles in vertical substrates such
as trees or rocks is noteworthy due to their crucial role in
several movements related to climbing, grasping, and dig-
ging (Lowie et al. 2018). These characteristics are likely to
confer a selective advantage to lizards relying on vertical

movement, improving their locomotor efficiency and ulti-
mately contributing to their survival and reproductive
success.

Most of the internal and external traits that differed
the most between arenicolous and nonarenicolous species
showed some evidence of having evolved towards different
phenotypic optima by showing nonsignificant levels of phy-
logenetic signal and showing OUM as their most likely model
of evolution (Table 3). Although the inference of evolution-
ary processes based on comparative methods like the esti-
mation of phylogenetic signal should be exercised cautiously
(Revell et al. 2008), these results are at least consistent with
an adaptive hypothesis for the evolution of internal and exter-
nal limb traits in response to sandy environments within the
Tropidurus-Eurolophosaurus clade. Previous studies have
shown that external morphological traits related to habi-
tat use seem to be evolutionarily labile within Tropiduridae
(Grizante et al. 2010; Tulli et al. 2016; Toyama 2017). Our
results seem to follow these trends, given both the evolution-
ary lability of morphological traits within Tropiduridae and
the concordance of our findings with previous ecomorpho-
logical studies in arenicolous lizards (e.g., Kohlsdorf et al.
2001; Higham and Russell 2010). Nonetheless, our results
are among the first to show that muscle traits also exhibit
evolutionary patterns that point towards adaptive explana-
tions in lizards.

An important proportion of the total morphological var-
iation in our sample seemed to be explained by the diver-
gence between arenicolous and nonarenicolous species:
we found a strong and significant relationship between a
DF maximizing the separation between both groups and a
principal component that explained more than 27% of the
total morphological variability (Figure 3). This suggests that
the hypothetical adaptation to sandy substrates has signifi-
cantly increased the morphological diversity among the spe-
cies in our sample, which is similar to what has been found
by previous studies in tropidurid lizards (Vitt et al. 1997,
Grizante et al. 2010; Tulli et al. 2016). Adaptation to differ-
ent habitats is known to be a major driver of morphologi-
cal novelties in nature (Wainwright et al. 2002; Losos 2009;
Schwab et al. 2023), thus we expected the morphological
differences between arenicolous and nonarenicolous species
to represent an important axis of morphological divergence.
Nonetheless, the axis of variation that separates arenicolous
and nonarenicolous species the most was not related to the
main axis of morphological variation in our sample (PC1).
This suggests that, although habitat types might be impor-
tant in driving morphological evolution, other factors might
have had an equal or even stronger influence in the shaping
of phenotypic diversity (Toyama 2017). The main axis of
morphological diversity in our sample seemed to represent a
continuum of shapes going from relatively short to relatively
long limbs (and associated muscles), including both fore- and
hindlimbs (Table 2). This result could be pointing towards
other processes that might have influenced the evolution of
morphology within this group. For example, relative limb
length has been associated with climatic and geographical
variables in macroecological studies due to the influence of
body size and shape in energy acquisition and conservation
(Nudds and Oswald 2007; Symonds and Tattersall 2010;
Bidau et al. 2011; Jin and Liao 2015). Since temperature-
related variables are especially important for ectotherms it
might be possible for axes of interspecific morphological
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diversity describing relative limb elongation to be related to
the different climates or microclimates experienced by a set
of species, independently of their preferred habitat types.

Through the study of a clade of tropidurid lizards, we have
shown how the evolution of external and internal morpho-
logical traits seems to have followed the colonization of sandy
environments. Nonetheless, we expect other hypothetical eco-
morphological relationships between internal morphology and
habitat use to exist in other lizard species, as well as in other
taxa. As methodological techniques and tools to measure these
traits become more easily available, we expect ecomorphological
studies involving aspects of the internal morphology to become
more common, facilitating large-scale studies that require large
quantities of data. Overall, our results highlight the emergent
importance of internal anatomical traits in ecomorphological
studies, especially when such traits are directly involved in deter-
mining functional performance.
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