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ABSTRACT

Investigating how recent and historical factors can mould species traits is crucial for understanding the evolution of biodiversity. We explored lizard
dietary preferences, hypothesizing that phylogenetic divergences are correlated with dietary niches, and we examined how they are correlated with
ecological and morphological traits. Using data from 751 populations of 347 lizard species, we identified 59 prey categories. Our analyses revealed
significant phylogenetic signals in 12 categories, indicating niche conservatism. Phylogenetic principal component analysis indicated that global
structure explained 52.5% of the dietary variation, with key prey categories including plants, Formicidae, and Coleoptera. Furthermore, phyloge-
netic generalized least squares models indicated significant relationships between dietary preferences and climate, foraging mode, habitat type,
and body size. Our findings highlight the significant role of niche conservatism, with specific clades exhibiting distinct dietary adaptations. Iguanians
primarily consume plants and ants, whereas non-iguanians focus on diverse prey, such as Orthoptera, Araneae, and Blattodea. These patterns are
also influenced by ecological factors, such as habitat and climate, underscoring the complexity of ecological interactions. Our study contributes
to a deeper understanding of the interplay between evolutionary history, ecological traits, and environmental factors affecting the dietary niches
of lizards, emphasizing the need for robust phylogenies in ecological and evolutionary research.
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INTRODUCTION

Understanding factors that directly affect the ecological traits of
species is crucial for revealing historical events that might have
influenced species interactions and how these interactions occur
today (Losos 1994, 1996a, Espinoza et al. 2004, Crisp and Cook
2012). Interspecific interactions, particularly predation and com-

et al. 2011, Buchmann et al. 2013). This framework persisted
throughout much of the 20th century and laid the foundation for
many ecological studies across different taxa and communities
(e.g- Zaretand Rand 1971, Pianka 1973, Cody 1974, Lynch 1979).
The rapid development of comparative phylogenetic methods in
the 1990s enabled more detailed analyses of similarities and diver-

petition, have been hypothesized to be major determinants of the
ecological traits of species (Losos 2008a, b, Wiens 2008, Wiens et
al. 2010). Many ecological studies support this idea, leading to
the development of significant ecological theories, such as the
‘competitive exclusion principle’, the ‘ghost of competition past
and the ‘habitat heterogeneity theory’ (e.g. Morin 1986, Lenihan

gences among clades and closely related species (Cadle and
Greene 1993, Losos 1996b, Webb 2000). These studies revealed
that many observed ecological traits reflect historical phylogenetic
effects (Kelt et al. 1996, Vitt and Pianka 2005, Helmus et al. 2007,
Colston et al. 2010). Building on this understanding, the concept
of ‘phylogenetic niche conservatism’ emerged, in which closely
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related species are expected to have more similar ecological traits
than evolutionarily distant ones (e.g. Wiens and Graham 2005,
Pyron ef al. 2015). This concept has significant implications for
various evolutionary and ecological processes, further enriching
our understanding of the ecological traits and interactions of
species (Costa et al. 2007, Wiens et al. 2011, Brown 2014, Rolland
et al.2014).

More than 20years ago, Vitt ef al. (2003) found strong phylo-
genetic conservatism in the ecological traits of species using a
multicontinental dataset of lizards. They suggested that significant
ecological niche divergences took place during the divergence of
the two major basal groups of Squamata (Scleroglossa and Igua-
nia) and that, within Scleroglossa, most ecological divergence was
concentrated in the basal split between Autarchoglossa and Gek-
kota (Vitt et al. 2003). These results were based on a traditional
morphological phylogenetic hypothesis for squamates (see Estes
et al. 1988). Dietary shifts in lizards have been linked to the devel-
opment of an efficient chemosensory system (vomeronasal appa-
ratus in autarchoglossans and olfactory systems in gekkotans) and
the transition from lingual prey capture to jaw prehension (Coo-
per 1995). These adaptations presumably allowed scleroglossans
to access cryptic and sedentary prey, enhancing selectivity through
chemical discrimination (Cooper 1994, 1995, Vitt et al. 2003).
The shift to an active foraging mode further increased prey acces-
sibility in autarchoglossans, contrasting with the ancestral traits
retained by iguanians, such as lingual prey prehension, sit-and-wait
foraging, and visual prey discrimination (Cooper 1994, 1995,
Vitt et al. 2003). As a result, iguanians typically consume more
mobile prey with noxious chemicals, such as coleopterans and
hymenopterans (primarily ants), generally avoided by active
foragers (Huey and Pianka 1981, Vitt et al. 2003, Vitt and Pianka
2005, Cavalcanti et al. 2024). The synapomorphies of autarcho-
glossans are likely to have made them more competitive in ter-
restrial habitats, possibly driving iguanians to exploit vertical
habitats, such as rocky outcrops and trees, to avoid competition
(Vitt et al. 2003).

The above findings were corroborated by a study using dietary
information on 184 lizard species from 12 families from four con-
tinents (Vitt and Pianka 2005). Six major divergences explained
nearly 80% of the total dietary variation among clades. The diver-
gence explaining the most variation (27%) was Scleroglossa vs.
Iguania (based on the morphological phylogenetic hypothesis).
Iguanians consumed more beetles, ants, and other hymenopterans
compared with scleroglossans. However, recent squamate phy-
logenies based on molecular data refuted previous morpholog-
ical reconstructions, in that Iguania is nested within Scleroglossa
rather than being its sister clade, prompting a re-examination
of the evolution of diets and associated traits in major squamate
groups (Townsend et al. 2004, Losos et al. 2012, Pyron et al.
2013, Title et al. 2024). One such study, using molecular phy-
logenies, suggested that the shift to high ant ingestion in Iguania
occurred when this clade diverged from other squamate clades
(Sites et al. 2011).

Other biological traits are also linked to lizard dietary niches.
For example, body size and habitat preferences are directly related
to prey choice. Larger lizard species tend to ingest larger prey
items, probably to acquire energy more efficiently from their
food sources (Herrel et al. 2004, Herrel 2006, Costa 2008b).

Moreover, herbivorous lizards are larger than omnivorous and
carnivorous ones (Herrel 2007, Meiri 2008, Iverson 1985, Szarski
1962). Habitat preferences also influence lizard diets. In desert
communities, fossorial lizard species often include termites and
ant larvae in their diets, because these prey are commonly found
in soil (Abensperg-Traun and Steven 1997). Likewise, some
Neotropical termite-specialist geckos live inside termitaria, using
them as shelter, foraging sites, and for thermoregulation (Colli e
al. 2003a, Vitt et al. 2007b).

In addition to historical and inherent biological impacts, other
factors, such as climatic variability, can influence different aspects
oflizard ecology. Microscale structural habitat characteristics are
good predictors of lizard species occurrence and abundance (Vitt
et al. 2007a, Garda et al. 2013). Climate plays a crucial role in
global patterns of lizard life-history traits, with seasonality being
associated with reduced clutches per year and increased clutch
size (Mesquita and Colli 2010, Mesquita et al. 2016). Climate
characteristics can also affect lizard diets. For example, in Austra-
lia, termite consumption by lizards increases from mesic to xeric
environments, where termites are abundant in dry, seasonal areas,
such as deserts (Abensperg-Traun 1994). Herbivory is positively
associated with arid, seasonal environments, because food scarcity
and water requirements drive lizards to exploit new food sources,
such as plant material (Cooper and Vitt 2002, Pietczak and Vieira
2017). Additionally, warmer areas might favour herbivory by facil-
itating plant digestion (Zimmerman and Tracy 1989), except for
liolaemids, where herbivory evolved recurrently in small isolated
cool-climate regions (Espinoza et al. 2004). Finally, islands are
often considered drivers of herbivory in lizards (Van Damme
1999, Taverne et al. 2019).

In this study, we investigate several hypotheses regarding the
dietary preferences of lizards. First, we hypothesize that major
divergences among squamate clades are correlated with dietary
differences among lizard species, suggesting a phylogenetically
dependent dietary niche. Second, we explore the relationship
between dietary preferences and various ecological and morpho-
logical factors, including foraging mode, habitat, distribution, and
body size. We predict that sit-and-wait ambushers will consume
more highly mobile prey, fossorial lizards will have higher rates of
termite consumption, herbivory is positively associated with arid,
seasonal environments, and larger lizard species will ingest larger
prey and more plant matter. Finally, we investigate the influence
of climatic variables on dietary preferences. We predict that inges-
tion of termites and plant matter will be greater in seasonal, dry,
and warm environments. By testing these hypotheses using alarge
diet dataset and incorporating newer phylogenies, we aim to
deepen our understanding of the complex interactions between
evolutionary history, ecological traits, and environmental factors
in shaping the dietary niches of lizards.

MATERIALS AND METHODS
Dietary database and data collection

We compiled data from 751 populations of 347 lizard species,
sampling 29 families from all continents except Antarctica (Fig. 1).
Dietary data were obtained from the authors’ long-term collections
across these continents over more than five decades (~70% of the
dataset). All specimens are housed in scientific collections,
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Figure 1. Sampling locations of all 347 lizard species from 721 populations, pooled for dietary database.

including the Herpetological Collection of the University of
Brasilia (CHUNB), the Federal University of Paraiba (CHUFPB),
the Museum of Zoology of the University of Sdo Paulo (MZUSP),
the Museu Paraense Emilio Goeldi (MPEG), the University of
Texas at Austin (UT), and the Sam Noble Oklahoma Museum of
Natural History (SNOMNH). We also complemented the data
collection with a bibliographical search of online scientific data-
bases from Google Scholar™ and Zoological Record™ We used
the keywords ‘lizard), ‘diet’, ‘feeding habits’, ‘feeding ecology’, and
‘dietary aspects’. All data collected are available as Supporting
Information (Tables S1 and S2). We used data from direct obser-
vation of stomach contents (~96% of the data), faecal analysis,
and direct observations (~49% of the data for both). We calculated
four variables for each population and prey category: occurrence
(number of individuals ingesting a given prey category), number,
volume, and mass of prey. Whenever data were separated into
ontogenetic and sexual categories (e.g. juvenile/adults, males/
females), we calculated averages for each prey category weighted
by sample sizes. We also recalculated percentages of all categories
to remove unidentified prey or to combine prey categories, to
standardize our dataset. For data we collected, dietary data came
from direct observation of prey items in lizard stomachs. We dis-
sected all specimens and removed stomachs for analysis under a
stereomicroscope. We identified and categorized each prey item,
calculating their absolute and relative occurrence, number, and
volume (in millimetres cubed). To calculate volume ( V'), we mea-
sured the width and length of each intact prey item using elec-
tronic callipers (precision of 0.01 mm), then applied the following
ellipsoid formula:

where [is the prey length, and w is the prey width. After collecting
data, we calculated weighted averages for each prey category to
combine populations from a given species using sample sizes of
each population as weights. In species where we had no data on
volumetric percentages but had data on prey frequency, numerical
or mass proportions, we used multiple imputation methods imple-
mented in the M1SSFOREST R package (Stekhoven and Buehlmann
2012, Stekhoven 2013) to obtain estimated volumetric propor-
tions. Multiple imputation is a robust method for imputing values
for missing observations (Rubin 1996, Van Buuren et al. 2006),
which often results in less bias than completely removing cases
with missing values (Penone et al. 2014). We found 59 prey cate-
gories, mostly arthropods (Fig. 2).

Ecological and climatic variables

We assembled a dataset for the following variables for each sam-
pled population: latitude and longitude (in decimal degrees),
foraging mode (active or sit-and-wait), maximum snout-vent
length (in millimetres), and habitat (arboreal, semi-arboreal, bro-
melicolous, terrestrial, fossorial, semi-aquatic, and saxicolous). We
extracted data to summarize variables from bibliographical sources
thatincluded dietary data or supplemented by databases or species
description papers. We obtained 19 climatic variables from World-
Clim (Hijmans et al. 2005), scaled them, then used the first prin-
cipal component (PC1) scores to account for highly correlated
variables and summarize climatic variables. We extracted the first
two canonical axes from temperature and precipitation variables.
Together, temperature principal components explained 88% of
the total variation in the data. Temperature PC1 was positively
correlated with temperature seasonality (BIO4) and negatively
correlated with minimum temperatures in the coldest month
(BIO6). Temperature PC2 was positively correlated with
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Figure 2. Percentage of all 347 lizard species ingesting each prey category, pooled for dietary database.

isothermality (BIO3) and negatively correlated with maximum
temperature of warmest month (BIOS). Precipitation principal
components explained 86% of all variation together. Precipitation
PC1 was positively correlated with precipitation seasonality
(BIO1S) and negatively correlated with total precipitation
(BIO12). Precipitation second principal component (PC2) was
positively correlated with precipitation seasonality (BIO1S) and
negatively correlated with precipitation of the driest month
(BIO14). We then used these four climatic variables to conduct
the analysis described below.

Statistical analyses

To test for phylogenetic signal in each prey category, we calculated
the Blomberg K statistics using the phytools package in R (Revell
2012). Values of K near zero indicate phylogenetic independence
of data, whereas values near 1 indicate that a given character fol-
lows a Brownian motion (BM) evolutionary model (Freckleton
et al. 2002, Blomberg ef al. 2003, Losos 2008a). A value of K> 1
indicates that closely related taxa are more similar than expected
in a BM model. Posteriorly, we tested for the significance of phy-
logenetic signal (null hypothesis K=0) by randomizing species
names in the phylogeny and comparing the randomized and the
real phylogeny using likelihood ratio tests (Blomberg et al. 2003).
We used 100 pseudo-posterior sets of molecular phylogenetic
trees (Title et al. 2024), pruned to our sampled species containing
branch lengths and a matrix containing prey type percentages for
each species and prey category. Values of K and P were averaged
across the set of trees.

To account for global (phylogenetic) and local (ecological)
effects on dietary preferences, we performed a phylogenetic prin-
cipal component analysis (pPCA) (Jombart et al. 2010). The
pPCA (Jombart et al. 2010) is a multivariate method that cor-
relates a phylogenetic tree containing branch lengths with a set of
ecological traits (e.g. dietary) for each species found in a given

pool, then tests for phylogenetic autocorrelation (Gittleman and
Kot 1990). A positive phylogenetic autocorrelation indicates sim-
ilarities among closely related taxa for a given trait (global struc-
ture), whereas negative phylogenetic autocorrelation indicates
divergences among close taxa (local structure). The pPCA sum-
marizes the patterns of phylogenetic autocorrelation, identifying
principal components representing the highest phylogenetic
correlation (phylogenetic influence, i.e. global structure) and the
lowest phylogenetic autocorrelation (ecological influence, local
structure). Then, we can access the global and local structure
scores to identify which dietary traits and clades are involved. For
phylogenetic relationships, we used the consensus phylogenetic
tree based on a recently published phylogenetic hypothesis for
Squamata (Title et al. 2024).

To examine the impact of climatic variables and lizard ecolog-
ical traits on the type of prey ingested, we built generalized linear
models with binomial error structure (GLM). Additionally, we
made phylogenetic regression models using phylogenetic gener-
alized least squares (PGLS, Grafen 1989). To build these models,
we used covariance matrices based on BM and Ornstein-Uhlen-
beck (OU) expectations derived from phylogenetic trees of sam-
pled species obtained from Title ef al. (2024 ). In the BM model,
trait variance accumulates linearly over time (Cavalli-Sforza and
Edwards 1967); in the OU model, trait variance remains relatively
constant over time, with extreme trait values tending to fluctuate
around a long-term mean (Lande 1976). Consequently, the BM
model describes the evolution of continuous traits under random
drift or adaptive evolution, with adaptations randomly following
shifts in adaptive optima for each lineage. Conversely, the OU
model describes trait evolution around an adaptive optimum to
which traits are drawn or the evolution of the adaptive optimum
itself (O’Meara and Beaulieu 2014). By using these distinct models,
we attempted to account for variation in modes of trait evolution,
thereby ensuring robustness in our analyses. These models
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effectively control for the influence of evolutionary history, thereby
ensuring data independence. We implemented phylogenetic regres-
sions using the package caper (Orme ef al. 2013) and performed all
statistical analyses in R v.4.3.2 (R Development Core Team 2021),
with a significance level set at 5% to reject null hypotheses. Through-
out the text, we present means + 1 SD for clarity.

RESULTS

We found 59 prey categories (Fig. 2) in 347 lizard species. The
most frequent prey were Coleoptera, Araneae, Orthoptera,
Hemiptera, and insect larvae, all being ingested in any amount by
>75% of all species (Fig. 2).

Phylogenetic signal and historical effects on diet

We found K values significantly different from zero in 12 prey
categories, demonstrating that the consumption of Acari, Blatto-
dea, Coleoptera, Collembola, Diptera, Formicidae, Hemiptera,
insect eggs, Isopoda, Isoptera, plants, and Vertebrata did not
evolve randomly in lizard evolutionary history (Table 1). For all
other prey categories, K values were not significantly different
from zero, indicating that the consumption of these categories was
independent of the phylogeny (Table 1).

The phylogenetic pPCA indicated that the two highest eigen-
values related to global structure (positive phylogenetic autocor-
relation). The eigenvalues for local structure (ecological influence)
were very small, with the highest explaining only 1.75% of the
variation (Fig. 3B). Conversely, the two global axes explained
52.5% of total variation: the first explained 30%, and the second
explained 22.5%. Prey categories determining the first global axis
were plants, Formicidae, and Coleoptera with positive scores (Fig. 3;
black circles in Fig. 4), and Araneae, Blattodea, Orthoptera, insect
larvae, and Squamata with negative scores (Fig. 3; white circles in
Fig. 4). Prey categories determining the second global axis were a
contrast between Isoptera (major), insect larvae, Coleoptera
(lesser) (positive scores in Fig. 3; black circles in Fig. 4); and plant
material, Araneae, Orthoptera, Blattodea, Squamata (major),
Hymenoptera, and Formicidae (lesser) (negative scores in Fig. 3;
white circles in Fig. 4).

The most important relationships contributing to the patterns
described above were high plant consumption in Iguanidae,
Liolaemidae, Crotaphytidae, Agamidae (Uromastyx aegyptia and
Acanthocercus yemensis ), Teiidae (Dicrodon guttulatum and Cnemi-
dophorus murinus), Scincidae ( Tiliqua multifasciata), and Gerrho-
sauridae; and high termite consumption in Diplodactylidae,
Scincidae, Teiidae, Gymnophthalmidae, Phrynosomatidae
(Sceloporus jalapae), Tropiduridae (Tropidurus jaguaribanus,
Tropidurus helenae), and Leiosauridae (Enyalius leechii). For
details, see Figure 4.

Relationships between diet and climatic variables, foraging
mode, habitat, and body size

Results from GLMs showed no significant relationships between
lizard diet and climatic variables, foraging mode, habitat, and body
size (Supporting Information, Table S3). Results from PGLS
showed that some prey categories were significantly related to
some of the variables we investigated (Table 2). Insect larvae,
plants, Blattodea, Plecoptera, insect pupae, Chelonia, Mallophaga,
Pseudoscorpiones, and Amphipoda were negatively related to

Dietary preferences in lizards « §

Table 1. Phylogenetic signal estimates for each prey category found
on sampled lizard species around the globe (N=347).

Prey category Average K SD K Average P-value
Acari 0.253 0.015 .034
Amblypygi 0.144 0.008 281
Amphipoda 0.091 0.010 .678
Anura 0.005 0.000 969
Arachnida 0.170 0.012 .085
Araneae egg 0.110 0.005 459
Araneae 0.070 0.002 313
Archaeognatha 0.228 0.011 .081
Aves 0.105 0.012 .567
Blattodea 0.122 0.004 .043
Chelonia 0.100 0.012 .587
Chilopoda 0.090 0.004 .502
Coleoptera 0.184 0.007 .001
Collembola 0.347 0.044 .011
Crustacea 0.106 0.00S .501
Dermaptera 0.027 0.001 .857
Diplopoda 0.094 0.005 S15
Diplura 0.060 0.003 .901
Diptera 0.164 0.007 .009
Embioptera 0.139 0.006 .396
Ephemeroptera 0.328 0.015 .093
Formicidae 0.136 0.005 .016
Gastropoda 0.089 0.003 .607
Hemiptera 0.129 0.004 013
Hymenoptera 0.114 0.00S 128
Hirudinea 0.192 0.013 276
Insect egg 0.373 0.014 010
Insect larvae 0.027 0.001 .642
Insect pupae 0.101 0.004 .502
Isopoda 0.272 0.013 .008
Isoptera 0.155 0.006 .002
Lepidoptera 0.045 0.002 .692
Lizard egg 0.121 0.011 400
Mammalia 0.076 0.004 775
Mantodea 0.101 0.003 405
Mallophaga 0.151 0.007 293
Mollusca 0.016 0.001 914
Myriapoda 0.091 0.004 674
Neuroptera 0.113 0.008 438
Odonata 0.064 0.003 768
Oligochaeta 0.027 0.001 928
Opiliones 0.181 0.007 .060
Orthoptera 0.004 0.000 .891
Phasmatodea 0.158 0.008 1852
Plants 0.321 0.011 .001
Plecoptera 0.104 0.005 .556
Protura 0.215 0.009 152
Pseudoscorpiones  0.147 0.006 .082
Psocoptera 0.109 0.004 466
Rodentia 0.116 0.008 524
Scorpiones 0.160 0.006 .106
Solifugae 0.108 0.005 413
Squamata 0.109 0.011 424
Thysanoptera 0.095 0.004 622
Thysanura 0.124 0.006 325
Trichoptera 0.102 0.004 582
Uropygi 0.106 0.00S .582
Vertebrata 0.274 0.008 015
Zygoptera 0.164 0.008 372

Bold values represent statistical significance.
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Figure 3. A, canonical axis based on the two global principal components from phylogenetic principal component analysis from dietary aspects
of sampled lizard species (N =347). The horizontal axis represents the first global component, and the vertical axis represents the second global
component. Prey categories close to zero on both axes were omitted. B, eigenvalue bar plots correspond to global (left) and local (right)

principal components.

Temperature PC1 (hot and more seasonal). Diplura, Solifugae,
Coleoptera, Hemiptera, Formicidae, and Orthoptera were posi-
tively related to Temperature PC1. Formicidae and Isoptera were
negatively related to Temperature PC2 (variable and colder tem-
peratures). Amphipoda, Protura, Odonata, Chelonia, Arachnida,
Isopoda, Gastropoda, Diplopoda, Diptera, plants, Coleoptera, and
insect larvae were positively related to Temperature PC2 (Table 2).

Anura, Blattodea, Hemiptera, Lepidoptera, Oligochaeta,
Dermaptera, and Mollusca were negatively related to Precipitation
PC1 (drier and more seasonal). Pseudoscorpiones, Mallophaga,
Myriapoda, Chelonia, Thysanoptera, Plecoptera, Thysanura, Ver-
tebrata, and plants were positively related to Precipitation PC1.
Anura, Thysanura, Plecoptera, Thysanoptera, Mollusca, Aves,
Myriapoda, Embioptera, Chelonia, Hemiptera, and Pseudoscor-
piones were negatively related to Precipitation PC2 (drier and
more seasonal). Crustacea, lizard eggs, Araneae, and Orthoptera
were positively related to Precipitation PC2 (Table 2).

In the foraging mode analysis, only three prey items presented
significant differences in ingestion: Araneae and Blattodea, both
of which were ingested more by actively foraging lizards, and For-
micidae, which were ingested more by sit-and-wait foragers (Table
2). The PGLS results revealed diverse habitat-type effects on prey
categories, demonstrating positive and negative associations. For
instance, the bromelicolous habitat exhibited positive and nega-
tive coefficients, indicating its varying impact depending on the
prey category. Specifically, using bromeliads positively affected
the coeflicient for Anura, suggesting an increased likelihood of
occurrence in comparison to the reference habitat type (arboreal).
In contrast, it negatively affected Neuroptera and Amblypygi, indi-
cating that lizards living in these habitats are less likely to consume
these items. Likewise, the fossorial habitat had mixed effects, hav-
ing positive coeflicients for Isoptera and insect larvae and negative
coefficients for Orthoptera and Diptera. Saxicolous habitats also
showed varied impacts, with positive coefficients for Diptera and
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Figure 4. Phylogenetic tree of all sampled lizard species of our data (N'=347), containing canonical eigenvalues for global principal compo-
nents from phylogenetic principal component analysis. White circles represent negative values on the canonical axis, whereas black circles
represent positive values. Larger circle sizes indicate a higher association with a given axis from Figure 4. Circle size is proportional to score

value. All images by Laurie J. Vitt.

Lepidoptera and negative coefficients for Orthoptera, Blattodea,
and Phasmatodea. The semi-aquatic habitat type was predomi-
nantly negative for specific prey categories, such as Diplopoda and
Phasmatodea, but had positive coeflicients for others, such as
Anura and Hymenoptera. Semi-arboreal habitats had positive

coefficients for Isoptera. Lastly, the terrestrial habitat type also had
mixed effects, with positive coeflicients for prey categories such
as Anura and plants and negative coefficients for Orthoptera and
Coleoptera (Table 2). Overall, results indicated that habitat types
have varied effects on the presence of different prey categories in
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Table 2. Significant results from phylogenetic regressions (phylogenetic generalized least squares) from the relationship between dietary
preferences and climatic variables, foraging mode, habitat, and body size for sampled lizard species around the globe (N=347), based on
Brownian motion (BM) and Ornstein—Uhlenbeck (OU) evolution models.

Dependent Parameter BM estimate BM SE BM OUvalue OUSE ou P-value
variable P-value t-value OU
Acari Habitat x Terrestrial 4.80x10°¢ 2.43%x107°¢ .050 9.46x10°  4.59x10° 2.059  .040
Amblypygi Habitat x Bromelicolous —1.11x10"°  5.57x10°¢ 047
Amphipoda PC1 Temperature -5.77x107  1.62x1077 .001
PC2 Temperature 7.19x1077 2.03x1077 .001
Anura Habitat x Bromelicolous ~ 8.27x107™* 3.97x107* .038
Habitat x Semi-aquatic 1.22x1073 1.94x107* .000
Habitat x Terrestrial 4.04x10™* 5.82x107° .000
PC1 Precipitation -9.08x107°  1.70x10°° .000
PC2 Precipitation -5.18x10°® 2.24x10°° .022
Arachnida Habitat x Fossorial 7.83x107° 3.94x107° 049
PC2 Temperature 8.98x10°¢ 2.96x10°° .003
Araneae Foraging mode x Sitand ~ -1.14x107°  1.68x107? 498 -6.95x10* 1.73x10™*  -4.010 .000
wait
Maximum SVL —4.71x107¢ 1.38x10°¢ .001 -2.63x10°¢  9.22x107  -2.848 .005
PC2 Precipitation 1.38x10™* 6.90x107° 047 4.97x10°° 6.06x10° 0.820 413
Aves Habitat x Saxicolous -2.94x107°  1.38x107° .035
Habitat x Semi-aquatic -6.76x10°  2.63x107° 012
Habitat x Terrestrial -2.50x10°  7.90x107¢ .002
PC2 Precipitation -7.39x10°  3.04x10°° 016
Blattodea Foragingmode x Sitand  -3.76x10™*  1.05x107* 720 -3.31x10™*  1.28x10™* -2.589 .010
wait
Habitat x Saxicolous -1.73x10"*  1.95x107* 377 -4.16x10*  1.84x10™* -2.252 .02§
PC1 Precipitation -8.22x10°  3.26x10°° .012 -5.48x107°  3.35x10° -1.636 .103
PC1 Temperature -5.12x10°° 3.18x10°° .109 -7.42x107°  2.70x10°  -2.743 .006
Chelonia Habitat x Semi-aquatic -1.18x10™* 1.83x107° .000 -4.90x10°  2.00x10°  -2.451 .0158
Maximum SVL 5.28x1077 4.24x1078 .000 3.20x1077 2.97x107%  10.791 .000
PC1 Precipitation 6.42x10°¢ 1.61x107¢ .000 2.65%107¢ 1.46x10°¢ 1816 .070
PC1 Temperature -4.53x10°¢ 1.57x107¢ .005 -3.00x10°¢ 1.16x10° -2.577 .010
PC2 Precipitation -4.25x107¢ 2.12x107°¢ .046 -5.41x10°  1.91x10°% -2.839 .005
PC2 Temperature 7.19x107° 1.97x10°¢ .000 3.03x10°  1.30x10° 2.328 .020
Coleoptera Habitat x Terrestrial -2.85x10™*  1.53x10™* .065 -6.31x10"*  2.29x10™*  -2.757 .006
PC1 Temperature 2.25x10°° 4.36x10°° .607 1.40x10™*  3.62x10°  3.877  .000
PC2 Temperature 7.77x107 5.46x107° 158 9.42x10°° 4.14x10° 2273 .024
Crustacea Habitat x Semi-aquatic 3.18x10™* 2.16x107° .000 2.54x10*  2.47x10° 10285 .000
Habitat x Terrestrial 1.47x107° 6.48x10°° .024 2.03x10°¢ 8.86x10° 0230  .818
PC2 Precipitation 8.38x10°¢ 2.49x107¢ .001 3.77x107¢ 2.32x10°¢  1.622 .106
Dermaptera Habitat x Semi-aquatic ~ 2.90x10™* 7.44x107 .000
Habitat x Terrestrial 8.66x107° 2.23x107° .000
PC1 Precipitation -1.98x10"°  6.54x10°° .003
Diplopoda Habitat x Semi-aquatic -6.76x10™*  1.61x10™* .000
Maximum SVL 1.47x10° 3.72x1077 .000
PC2 Temperature 4.09x107° 1.72x107° .022
Diplura PC1 Temperature 1.18x10°° 4.67x1077 .013
Habitat x Fossorial -6.54x107° 2.26x10™ 772 -2.77x10*  1.38x10™*  -2.004 .046
Habitat x Saxicolous 1.92x107* 8.28x107° .021 5.00x10°° 9.06x10°  0.552 582
PC2 Temperature 5.14x10°® 1.69x107° .003 5.77x107® 1.46x107°  3.939  .000
Embioptera Habitat x Saxicolous -3.01x10°  1.36x10°° .028
Habitat x Semi-aquatic 1.64x107°* 2.59x107° .000
Habitat x Terrestrial -2.06x10°  7.79x107¢ .008
PC2 Precipitation -6.25x10°¢ 3.00x10°¢ 038
Formicidae Foraging mode x Sitand ~ 2.00x107* 2.04x107 922 5.79x107* 229x10*  2.528  .012
wait
PC1 Temperature 1.30x10* 6.17x10°° .037 3.90x10°° 4.35x10°  0.895 371
PC2 Temperature -1.93x10™*  7.74x107° .013 -5.83x107°  5.32x107°  -1.097 274

(Continued)

G202 41990100 0 UO Josn BwoyepO Jo Asioniun ay L - seuelqi Ausioaun Aq 6£88928/2.04810/Z/9% L /91o1Le/UuEauUI0Iq/woo"dno-ojwapede/:sdy Wwoly papeojumoq



Dietary preferences in lizards « 9
Table 2. (Continued)
Dependent Parameter BM estimate BM SE BM OU value OUSE ouU P-value
variable P-value t-value OU
Gastropoda Habitat x Terrestrial -8.02x10°  2.79x10°° .004 -4.31x10°  3.88x10° -1.112 267
Maximum SVL 2.43x1077 2.15x1077 263 4.65x1077 1.61x107  2.893 .004
PC2 Temperature 2.83x107° 9.98x10°° 005 1.98x107° 7.04x10¢  2.817  .00S
Hemiptera Maximum SVL -5.35x1077 8.44x1077 528 -1.97x10¢  6.47x107  -3.048 .002
PC1 Precipitation -7.51x107° 3.20x10°° 020 -6.01x10°  3.17x10° -1.893 .059
PC1 Temperature 7.00x107° 3.12x10°° .026 8.18x107° 2.52x107°  3.252 .001
PC2 Precipitation -4.17x10°  4.21x10°° 919 8.09x10°° 4.07x10° 1989  .047
Hymenoptera Habitat x Semi-aquatic 6.60x10™* 2.47x107 .008
Insect Larvae Habitat x Fossorial 4.34x1073 7.98x107* .000
Habitat x Terrestrial 6.42x10™* 1.67x107* .000
PC1 Temperature -2.96x10™*  4.77x107* .000
PC2 Temperature 2.07x107* 5.99x10°° .001
Insect Pupae Habitat x Semi-aquatic 1.59x107* 4.31x107° .000 9.98x10°® 3.21x10°  3.105 .002
PC1 Temperature -8.65x107¢ 3.69x107° 021 1.17x107¢ 1.74x10¢  0.672  .502
Isopoda PC2 Temperature 2.51x10°° 1.89x107° 185 3.78x107° 1.88x10°  2.008 045
Isoptera Habitat x Fossorial 1.05x1073 1.14x1073 356 1.46x10°3  5.66x10™*  2.579  .010
Habitat x Semi-arboreal ~ 2.27x1073 9.61x10™ 019 1.82x1073 1.01x107%  1.810 .071
Maximum SVL -6.75x1077 1.84x107¢ 714 -421x10° 1.37x10° -3.064 .002
PC2 Temperature -1.71x10™* 8.53x107° 047 -3.04x10* 6.01x10°  -5.053 .000
Lepidoptera Habitat x Saxicolous 2.69x107* 1.17x107* .022 9.65x107° 121x10*  0.799 425
Habitat x Terrestrial 1.64x10™* 6.66x107° 01S 5.27x107° 1.08x10™*  0.049 961
PC1 Precipitation -3.94x107° 1.95x10°* .046 -3.64x10°  2.19x10° -1.664 .097
Lizard egg Maximum SVL 1.22x10°¢ 2.25x1077 .000
PC2 Precipitation 2.48x107° 1.13x10°° .030
Mammalia Maximum SVL 1.17x1077 3.68x107® .002
Mallophaga PC1 Precipitation 2.30x10°¢ 1.03x107¢ 027 1.05x107¢ 1.06x10°°  0.998 319
PC1 Temperature -3.08x10°¢ 1.01x10° .002 -7.57x107  8.04x107  —-0.942 .347
Mollusca PC1 Precipitation -5.60x10¢  1.84x10°¢ .003 -4.28x10¢  1.68x10° -2.552 .011
PC2 Precipitation -8.29x10°¢ 2.43x107°° .001 -1.20x10° 1.91x10° -0.631 .528
Myriapoda Maximum SVL 1.14x1077 4.17x107® .007
PC1 Precipitation 5.85x107° 1.58x107¢ .000
PC2 Precipitation -6.27x10°¢  2.08x10°° 003
Neuroptera Habitat x Bromelicolous  -2.21x10™*  1.09x107* 044
Odonata Habitat x Semi-aquatic 9.54x107° 2.41x10°° .000
PC2 Temperature 5.99x10° 2.58x10°° .022
Oligochaeta Habitat x Terrestrial 2.01x107* 4.09x107° .000
PC1 Precipitation -391x10°  1.20x107° .001
Orthoptera Habitat x Fossorial -3.29x107°  1.13x107° .004
Habitat x Saxicolous -1.11x10°  4.15x10* .008
Habitat x Terrestrial -1.89x10°  2.37x107* .000
PC1 Temperature 2.33x10™* 6.77x107° .001
PC2 Precipitation 4.44x107* 9.13x10°* .000
Phasmatodea Habitat x Saxicolous -1.45x10*  6.19x10°° .020
Habitat x Semi-aquatic -4.35x10*  1.18x10™* .000
Plant material Habitat x Terrestrial 3.23x10™* 1.64x107* .051 6.41x10™*  323x10* 1986  .048
Maximum SVL 3.90x10°¢ 1.27x107¢ .003 9.13x10°¢ 1.34x10°%  6.829 .000
PC1 Precipitation 2.10x107* 4.81x10°° .000 3.34x10™*  6.56x10°  5.089  .000
PC1 Temperature -1.24x10™* 4.69x107° .009 -1.42x10™*  5.26x10°  -2.697 .007
PC2 Temperature 7.73x107° 5.88x10°° 192 2.12x10™* 5.85x10°  3.629  .000
Plecoptera Habitat x Semi-aquatic 3.02x10™* 9.73x10°° .002 1.95x107* 7.29x10° 2671  .008
PC1 Precipitation 2.02x107° 8.54x107°° 019 2.93x107¢ 5.73x10¢  0.506  .61S
PC1 Temperature -1.75x107% 8.33x10°° 036 -4.66x10°¢  3.96x10°¢ -1.172 .245
PC2 Precipitation -3.50x10°  1.12x10°° .002 -3.65x107  3.41x10° -0.104 .918
Protura PC2 Temperature 3.10x107¢ 1.54x10°¢ 045
Pseudoscorpiones Maximum SVL -1.17x10*  2.43x10°® 633 -3.83x10%  1.87x10% -2.048 .041
PC1 Precipitation 2.11x10°° 9.21x1077 .023 2.39x10°° 9.15x107  2.615 009
PC1 Temperature -1.25x107¢ 8.99x1077 .167 -2.23x10¢  7.20x107  -3.092 .002
PC2 Precipitation -2.38x10°¢  1.21x10°° .050 -3.01x10°¢ 1.15x10° -2.630 .009

(Continued)
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Table 2. (Continued)

Dependent Parameter BM estimate BM SE BM OU value OUSE ou P-value
variable P-value t-value OU
Solifugae PC1 Temperature 6.83x107¢ 3.44x10°° .048
Squamata Maximum SVL 2.31x107¢ 9.41x1077 .015
Thysanoptera PC1 Precipitation 6.46x107° 2.94x107¢ .029
PC2 Precipitation -9.15x10¢  3.87x10°¢ .019
Thysanura Maximum SVL -1.83x1077 2.28x1077 424 -3.28x107  1.62x107  -2.025 .044
PC1 Precipitation 2.39x10°° 8.64x10°¢ .006 1.05x107° 7.25x10¢  1.452 .148
PC2 Precipitation -3.81x10°° 1.14x107° 001 -5.15x10° 4.76x10° -1.081 .280
Uropygi Maximum SVL 1.89x107%° 8.15x107 .021
Vertebrata Habitat x Terrestrial 8.33x10°° 4.15x10° .046
PC1 Precipitation 3.99x10°° 1.21x1075x1075  .001

Bold values indicate statistical significance. Results are the average F and P-values of each PGLS performed with <100 pseudo-posterior sets of molecular phylogenetic trees (Title ef al. 2024).
Some PGLS models failed to run owing to singular fit errors; consequently, we could not fit any model for some prey categories of very low importance in the diet of most lizard species. For
complete results of all PGLS models, see Supporting Information, Table S3. Abbreviations: BM, Brownian motion; OU, Ornstein—Uhlenbeck; PC, principal component; PGLS, phylogenetic

generalized least squares; SVL, snout-vent length.

lizard diets. Positive coefficients suggest a higher likelihood of
ingestion of the prey category in the specified habitat in compar-
ison to the reference, whereas negative coefficients indicate alower
likelihood, underscoring the complexity and specificity of ecolog-
ical interactions within these environments.

Finally, PGLS analysis identified prey groups that presented
significant positive relationships with body size, which were Uro-
pygi, Myriapoda, Mammalia, Gastropoda, Chelonia, lizard eggs,
Diplopoda, Squamata, and plants; conversely, there was a signifi-
cant negative relationship between ingestion and body size for
Araneae, Isoptera, Hemiptera, Thysanura, and Pseudoscorpiones
(Table 2). Overall, these results are consistent with larger lizards
ingesting prey categories that are usually larger, in addition to the
ingestion of plants.

DISCUSSION
Evolutionary history and diet

Our study revealed that lizards consume a wide variety of prey
categories. However, many of these categories are present in the
diet of only a few species. Specifically, ~80% of all prey categories
occur in <30% of species (Fig. 2). Consequently, we will focus on
the top 20% of the most frequent prey categories, which occurred
in ~50% of the species. We observed a significant phylogenetic
signal for some of these prey categories, notably plants, Isoptera,
Diptera, Formicidae, Hemiptera, and Coleoptera. The pPCA indi-
cated that global structure overwhelmingly accounts for dietary
variation, with the local structure being negligible. The prey
categories strongly influencing the two global axes were plants,
Isoptera, Formicidae, insect larvae, Araneae, Orthoptera, and
Blattodea. Our findings highlight significant niche conservatism
in lizard diets. Additionally, most of the prey categories with
significant phylogenetic signal are well known for defining clades
(e.g. Iguania) and are correlated with ecological traits such as
foraging behaviour.

Our dataset, although comprehensive, is subject to taxonomic
and geographical biases, which might influence some of our con-
clusions. Notably, some well-studied clades, such as Lacertidae,
Liolaemidae, and Anolis, are underrepresented in our analyses.

This is primarily attributable to the availability and format of dietary
data in the literature. Many studies on these groups report diet com-
position qualitatively or in non-standardized metrics (e.g. presence—
absence or prey counts without volumetric measures), making
integration with our dataset challenging (e.g. Meiri 2008, Cooper
et al. 2002). The absence of small-bodied lacertids, which are known
to include plant material in their diets (Cooper et al. 2002, Van
Damme 1999), could influence our findings regarding the relation-
ship between body size and herbivory. Likewise, liolaemids, a group
with multiple independent herbivorous lineages in cool climates
(Espinoza et al. 2004), and Anolis lizards, which exhibit diverse
dietary strategies across habitats (Schoener 1968; Schoener and
Gorman 1968; Losos 2009), could provide additional insights into
the evolutionary and ecological factors shaping lizard diets.
Although we believe that our main conclusions remain robust,
because our database has some of them, we acknowledge that the
inclusion of more samples from these groups in future studies could
refine our understanding of dietary evolution in lizards.

Plant consumption accounted for the highest contribution to
the first global axis of the pPCA, with iguanians showing the
highest plant ingestion. Within the Iguania clade, several fami-
lies, such as Iguanidae and Liolaemidae, include many strictly
herbivorous species. Moreover, even among species that are not
strictly herbivorous, some tend to consume higher proportions
of plants (Cooper and Vitt 2002, Espinoza ef al. 2004, Pietczak
and Vieira 2017). Iguanians have evolved morphological and
physiological adaptations for herbivory, including specialized
intestinal flora and colic valves (Iverson 1982, Cooper and Vitt
2002). Herbivory has also evolved independently in other
clades, and it has been hypothesized to be associated with factors
such as aridity (Van Leeuwen et al. 2011), insularity, and prey
availability (Cooper and Vitt 2002). Our findings align with
these studies, as we observed that all non-iguanian clades with
high plant consumption occur in arid climates (e.g. Teiidae:
Dicrodon guttulatum, Scincidae: Tiliqua multifasciata, and Ger-
rhosauridae: Gerrhosaurus skoogi) or on islands (e.g. Teiidae:
Cnemidophorus murinus). Additionally, we found that plant con-
sumption is related to low and seasonal precipitation (see PGLS
results and discussion below).
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High termite consumption evolved independently in several
non-iguanians, where typical iguanian dietary components, such
as Formicidae, Coleoptera, and non-ant hymenopterans, were
replaced by Isoptera, Orthoptera, and Araneae (Vitt et al. 2003).
Termite consumption accounted for the highest contribution to
the second global axis of the pPCA, with notable termite con-
sumption observed in many families (Fig. 4). The importance of
termites in the diets of lizards varies significantly across different
ecosystems. In the Brazilian Cerrado, many lizard species, includ-
ing Gymnodactylus carvalhoi (Colli et al. 20032, Mesquita ef al.
2006) and Ameiva parecis (Colli et al. 2003b, Mesquita and Colli
2003), rely heavily on termites as a primary food source. This trend
is even more pronounced in arid regions such as the Kalahari
Desert and Australia, where the proportion of termites in lizard
diets is substantially higher and with many species, such as those
in Ctenotus (Scincidae), specializing in them (Pianka 1969, 1986).
In contrast, Amazonian lizards exhibit a much lower dependence
on termites. This discrepancy is not attributable to differences in
termite availability but rather the presence of alternative prey.
In Amazonia, an abundance of energetically rewarding prey, such
as Orthoptera, Araneae, and Blattodea, reduces the reliance on
termites (Costa et al. 2008a).

Dietary differences between Iguania and non-iguanian clades
stem from variations in foraging strategies, prey capture mecha-
nisms, and prey discrimination abilities (Huey and Pianka 1981,
Cooper et al. 2002, Vitt et al. 2003). Our results show a clear sep-
aration between iguanian and non-iguanian diets. Non-iguanian
lizards, often active foragers, use chemical cues to locate and dis-
criminate cryptic and sedentary prey, such as Blattodea, Araneae,
and Orthoptera, which are energetically rich and more accessible
during their active periods (Slobodkin 1962). In contrast, igua-
nians, which frequently include sit-and-wait predators, tend to
consume more conspicuous, mobile, and sometimes noxious prey,
such as Coleoptera and Formicidae (Sugiura 2018, Cavalcanti et
al. 2024). This dietary divergence is associated with evolutionary
adaptations, with non-iguanian lizards evolving traits that favour
active hunting and efficient prey discrimination, whereas igua-
nians use strategies suited for capturing highly mobile prey. These
differences are further compounded by morphological, physio-
logical, and behavioural variations across clades, leading to distinct
dietary preferences that reflect their evolutionary histories (Vitt
et al. 2003, Vitt and Pianka 2005).

Relationship between diet and climatic variables, foraging
mode, habitat, and body size

Our GLMs showed no significant relationships between lizard
diet and climatic variables. However, our PGLS analysis reveals
nuanced relationships between prey categories and climatic vari-
ables, highlighting how different prey types are correlated with
temperature and precipitation gradients represented by the pPCA
axis (Global axis). Significant relationships in the phylogenetic
model but not in the GLM highlight the importance of consider-
ing evolutionary history in ecological and evolutionary studies
(Brooks and McLennan 1991, Harvey and Pagel 1991, Diniz Filho
2000, Revell et al. 2008).

Insect larvae, plants, and Blattodea were frequently consumed
in cooler or less seasonal environments. This suggests that Blatto-
dea, which typically inhabit leaf litter, are important for many
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tropical forest lizards (Bell et al. 2016), whereas insect larvae and
plant material are less abundant or less consumed in hotter, more
seasonal areas (Pough 1973, Cooper and Vitt 2002, Pietczak and
Vieira 2017). Conversely, Coleoptera, Hemiptera, Formicidae,
and Orthoptera were more associated with hotter, more seasonal
environments. Coleopterans have adaptations for surviving in
variable temperatures (Sinclair 1999, Kime and Golovatch 2000),
and Formicidae are well suited to a wide range of habitats, includ-
ing deserts and savannas (Holldobler and Wilson 1990, 1994,
Cavalcanti ef al. 2024). Hemiptera and Orthoptera, common in
various climates (Specht 1988, Schuh and Slater 1995, Stamou
1998, Gonzélez and Seastedt 2000), also show a preference for
hotter conditions, aligning with their ecological flexibility and
abundance in seasonal environments.

Termite ingestion in lizards has been shown to decrease from
arid to mesic zones (Abensperg-Traun 1994, Abensperg-Traun
and Steven 1997, Costa et al. 2008a). In agreement, we found a
lower prevalence of Isoptera (and Formicidae) in colder and more
variable climates. Conversely, Diptera, plants, Coleoptera, and
insect larvae were more common in colder, more variable climates.
Diptera and Coleoptera are known for their broad distributions
and adaptability (Sinclair 1999, Kime and Golovatch 2000, Wag-
ner et al. 2008 ), which might explain their presence in colder envi-
ronments. The positive relationship with plant material and insect
larvae suggests that these resources are crucial for lizards in such
climates, perhaps owing to the availability of plant material as a
water source and larvae as a high-protein food option in challeng-
ing conditions (Espinoza et al. 2004).

Blattodea, Hemiptera, and Lepidoptera were consumed less by
lizards in drier, more seasonal environments. Blattodea and Lep-
idoptera often thrive in moist environments, supporting their
negative association with drier conditions. The negative relation-
ship of Hemiptera might be attributable to their reliance on mois-
ture in various life stages (Schuh and Slater 1995, Polhemus and
Polhemus 2008). Plant material was positively related to Precip-
itation PC1, reinforcing the idea that herbivory in lizards is influ-
enced by dry, seasonal climates where plant material can serve as
a crucial resource for water and nutrients, especially when other
food sources are scarce (Cooper and Vitt 2002, Espinoza et al.
2004, Pietczak and Vieira 2017). The negative relationship of
Hemiptera with Precipitation PC2 indicates a preference for
moister and less seasonal climates, possibly owing to the specific
moisture levels required for their lifecycle (Schuh and Slater 1995,
Polhemus and Polhemus 2008). In contrast, Araneae and Ortho-
ptera were positively related to Precipitation PC2, suggesting that
these prey types are more abundant or consumed in drier, more
seasonal environments. This is consistent with the habitat prefer-
ences of many spiders and grasshoppers (Gause 1930, Turnbull
1973, Wise 1984), which often favour moist conditions and the
abundance of prey items in such environments.

Foraging mode significantly impacts the trophic niches of
species. Generally, sit-and-wait ambush foragers tend to feed on
more mobile, active prey (Huey and Pianka 1981, Cooper 1995).
In contrast, active foragers that can search for food more efficiently
tend to consume more sedentary prey, with higher energetic con-
tent and palatability (Cooper 1994, Cooper and Van Wyk 1994,
Vitt et al. 2003). Despite these general patterns, our study did not
find a relationship between most prey categories and foraging
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mode. This lack of association could be attributed to the pro-
nounced dietary niche conservatism of lizards. When accounting
for evolutionary history, the covariation between foraging mode
and dietary preferences might leave little variance to be explained
(Perry 1999, Pianka and Vitt 2003). However, we did observe
differences in the proportion of ingestion between foraging modes
for three prey categories. Araneae and Blattodea were more prev-
alentin the diets of active foragers, whereas Formicidae were more
common in the diets of sit-and-wait foragers. Phylogeny alone
cannot account for the observed patterns for these prey categories,
indicating an ecological relationship between prey ingestion and
foraging mode. Araneae, Blattodea, and Formicidae are prominent
in lizard diets (Fig. 2) and appear across various species within
the phylogeny. Specifically, Araneae and Blattodea are more asso-
ciated with non-iguanians (mainly in Teiidae, Gymnophthalmi-
dae, and Anguidae; Fig. 4), whereas Formicidae are more
associated with iguanians (mainly in Tropiduridae, Phrynosoma-
tidae, and Agamidae; Fig. 4).

Our PGLS models, which control for phylogenetic effects, indi-
cated that microhabitat preferences are significantly related to
lizard diets. Several trends emerge when comparing habitat cate-
gories with the reference habitat (arboreal) (Table 2). Lizards in
fossorial habitats show a distinct dietary preference for Isoptera
and insect larvae, probably owing to the abundance of these prey
types in subterranean environments (Pianka 1986, Kitivo et al.
2015, Jowett et al. 2021). Conversely, fossorial lizards consume
tewer Orthoptera and Diptera, suggesting a potential scarcity or
inaccessibility of these prey items underground (Gause 1930,
Grabener et al. 2020, Leksono et al. 2020). In saxicolous habitats,
lizards demonstrate a preference for Diptera and Lepidoptera,
which might be more accessible in open, rocky areas, where these
insects are prevalent (Grabener et al. 2020, Kozlov et al. 2022).
However, they consume less Orthoptera and Blattodea, which are
infrequent in this habitat owing to sparse vegetation (Gause 1930,
Bell et al. 2016, Grabener et al. 2020). Lizards in semi-arboreal
habitats show a notable increase in the consumption of Isoptera,
suggesting that termites are a significant dietary component in
these partly arboreal environments, which might offer a balanced
mixture of arboreal and ground-level foraging opportunities
(Pianka 1986, Colli et al. 2003a, Costa et al. 2008a). Terrestrial
habitats present a mixed dietary pattern, with lizards consuming
more plant material and fewer Orthoptera and Coleoptera. This
could indicate an adaptive dietary strategy to maximize the diverse
food resources available at ground level, including a variety of
plant matter alongside typical insect prey (Dearing 1993, Espinoza
et al. 2004, Vitt 2004, Pietczak and Vieira 2017). Overall, the
PGLS models underscore how habitat type is a strong selective
pressure on lizard dietary preferences. Lizards appear to specialize
in prey types that are more accessible and abundant within their
specific ecological niches. This finding aligns with broader studies
on the relationship between diet and habitat in reptiles, demon-
strating the crucial role of habitat-specific adaptations in shaping
dietary habits (Pianka 1986, Vitt et al. 2003, Costa et al. 2008a).

Body size and dietary preferences often covary in many taxa
(Mittelbach 1981, Fleming 1991, Emmerson and Raffaelli 2004).
Among predaceous lizards, larger body size is typically associated
with the consumption of larger prey, which maximizes energetic
gain from food, potentially leading to a narrower niche breadth

for larger species (Costa ef al. 2008b, Costa 2009). Our study
found a positive relationship between lizard body size and the
ingestion of several prey types, including Uropygi, Myriapoda,
Mammalia, Gastropoda, Chelonia, lizard eggs, Diplopoda, Squa-
mata, and plants. Although we did not directly measure prey size,
many of these categories consist of vertebrates and large arthro-
pods, supporting the idea that larger lizards tend to consume larger
prey. Interestingly, we also observed that herbivory was associated
with increased body size. Previous studies have suggested that
larger body size in lizards and reptiles facilitates the physiological
requirements of plant digestion (Pough 1973, Cooper et al. 2002).
Herbivory in lizards is often linked to larger body sizes and
warmer climates (Zimmerman and Tracy 1989, Van Damme
1999, Cooper et al. 2002). This trend is hypothesized to result
from the scarcity of large prey and the difficulty that smaller spe-
cies face in degrading plant material (Cooper ef al. 2002, Pietczak
and Vieira 2017).

However, some studies contradict these findings, noting that
certain herbivorous lizard species are small bodied and inhabit
cooler climates (e.g. liolemids; Espinoza et al. 2004, Vitt 2004).
These discrepancies might arise because many of these studies are
regional and rely on qualitative observations rather than a contin-
uum of plant ingestion. Additionally, some did not use phyloge-
netic comparative analysis. Our results suggest that larger body
size in lizards generally facilitates herbivory, although this rela-
tionship is not restricted to warmer climates. Other factors, such
as body mass, physiological activity, and ontogenetic variation,
might also influence plant ingestion. Conversely, we found that
Araneae, Isoptera, Hemiptera, Thysanura, and Pseudoscorpiones
were negatively correlated with body size. This inverse relationship
is likely to reflect the smaller size of these prey categories, indicat-
ing that smaller lizards tend to have diets with a higher proportion
of these smaller prey items (Costa et al. 2008b).

CONCLUSION

Our study underscores the significant influence of evolutionary
history on the dietary preferences of lizards, highlighting that
dietary habits are highly conserved. Prey categories such as
plants, Isoptera, Formicidae, and others exhibit significant phy-
logenetic signal, aligning with the established dietary patterns of
clades such as Iguania. Herbivory, for instance, is particularly
prominent in iguanians, which have evolved specialized morpho-
logical and physiological adaptations for plant digestion. Con-
versely, termite consumption is notable among non-iguanian
clades, indicating independent dietary specializations. These
results are also reflected in foraging modes, with sit-and-wait
predators consuming more mobile prey and active foragers tar-
geting more sedentary prey. Habitat type might also act as a
strong selective pressure on lizard dietary preferences, because
lizards appear to consume prey types that are more accessible and
abundant within their specific microhabitats. Finally, body size
is correlated with diet, with larger lizards tending to consume
larger prey and more plant material. These findings emphasize
the importance of evolutionary history and ecological interac-
tions in understanding lizard diets, supporting the idea that
dietary preferences are deeply rooted in phylogenetic heritage
and ecological adaptations.

G202 41990100 0 UO Josn BwoyepO Jo Asioniun ay L - seuelqi Ausioaun Aq 6£88928/2.04810/Z/9% L /91o1Le/UuEauUI0Iq/woo"dno-ojwapede/:sdy Wwoly papeojumoq



ACKNOWLEDGEMENTS

We acknowledge several undergraduate and graduate students,
field assistants who have their blood in fieldwork during the last
five decades.

AUTHOR CONTRIBUTIONS

Lucas B. Q. Cavalcanti, Gabriel C. Costa, and Daniel O. Mesquita
designed the study, analysed and interpreted the data, and wrote
the manuscript. All authors provided the data and reviewed the
manuscript.

SUPPLEMENTARY DATA

Supplementary data is available at Biological Journal of the Linnean
Society online.

CONFLICT OF INTEREST

None declared.

FUNDING

This work was funded by the Coordenagao de Aperfeicoamento
de Pessoal de Nivel Superior—CAPES. D.O.M. thanks CNPq and
FAPESQ-PB for financial support. GR.C. thanks CAPES, Con-
selho Nacional de Desenvolvimento Cientifico e Tecnolégico—
CNPq and Fundagio de Apoio a Pesquisa do Distrito
Federal —FAPDF for financial support. L.JV. was supported by
NSF Grants DEB 9200779, DEB 9505518, and DEB 0415430
and the Sam Noble Museum and the Research Council of the
University of Oklahoma. Eric Pianka is grateful for the Denton A.
Cooley Centennial Professorship in Zoology at The University of
Texas at Austin.

DATA AVAILABILITY STATEMENT

The data underlying this article are available in the article and in
its online supplementary material.

REFERENCES

Abensperg-Traun M. The influence of climate on patterns of termite eating
in Australian mammals and lizards. Australian Journal of Ecology
1994;19:65-71.

Abensperg-Traun M, Steven D. Ant- and termite-eating in Australian mam-
mals and lizards: a comparison. Austral Ecology 1997;22:9-17.

Bell WJ, Roth LM, Nalepa CA et al. Cockroaches: Ecology, Behavior, and
Natural History. Baltimore: Johns Hopkins University Press, 2016.
Blomberg SP, Garland T, Ives AR. Testing for phylogenetic signal in compar-

ative data: behavioral traits are more labile. Evolution 2003;57:717-4S.

Brooks DR, McLennan DA. Phylogeny, Ecology, and Behavior, a Research
Program in Comparative Biology. Chicago: The University of Chicago
Press, 1991.

Brown JH. Why are there so many species in the tropics?Journal of Bioge-
ography 2014;41:8-22.

Buchmann CM, Schurr FM, Nathan R et al. Habitat loss and fragmentation
affecting mammal and bird communities—the role of interspecific
competition and individual space use. Ecological Informatics
2013;14:90-8.

Dietary preferences in lizards « 13

Cadle JE, Greene HW, Phylogenetic patterns: biogeography, and the eco-
logical structure of Neotropical snake assemblages. In: Ricklefs RE,
Schluter D (eds.), Species Diversity in Ecological Communities: Historical
and Geographical Perspectives. Chicago, IL: University of Chicago Press,
1993, 281-93.

Cavalcanti LBQ, Costa GC, Colli GR et al. Myrmecophagy in lizards:
evolutionary and ecological implications. Zoological Journal of the
Linnean Society 2024;202:zIad175.

Cavalli-Sforza LL, Edwards AWF. Phylogenetic analysis: models and
estimation procedures. Evolution 1967;21:550-70.

Cody ML. Competition and the Structure of Bird Communities. Princeton,
NJ: Princeton University Press, 1974.

Colli GR, Mesquita DO, Rodrigues PVV et al. Ecology of the gecko
Gymnodactylus geckoides amarali in a Neotropical Savanna. Journal of
Herpetology 2003a;37:694-706.

Colli GR, Costa GC, Garda AA et al. A critically endangered new species
of Cnemidophorus (Squamata, Teiidae) from a Cerrado enclave in south-
western Amazonia, Brazil. Herpetologica 2003b;59:76-88.

Colston TJ, Costa GC, Vitt L]. Snake diets and the deep history hypothesis.
Biological Journal of the Linnean Society 2010;101:476—-86.

Cooper WEJr. Prey chemical discrimination, foraging mode, and phylogeny.
In: Vitt L], Pianka ER (eds.), Lizard Ecology: Historical and Experimental
Perspectives. Princeton, NJ: Princeton University Press, 1994, 95-116.

Cooper WE]Jr. Foraging mode, prey chemical discrimination, and phylog-
eny in lizards. Animal Behaviour 1995;50:973-85.

Cooper WEJr, Van Wyk JH. Absence of prey chemical discrimination by
tongue-flicking in an ambush-foraging lizard having actively foraging
ancestors. Ethology 1994;97:317-28.

Cooper WEJr, Vitt L]. Distribution, extent, and evolution of plant con-
sumption by lizards. Journal of Zoology 2002;257:487-517.

Cooper WEJr, Caldwell JP, Vitt L] et al. Food-chemical discrimination and
correlated evolution between plant diet and plant-chemical discrimination
in lacertiform lizards. Canadian Journal of Zoology 2002;80:655-63.

Costa GC. Predator size, prey size, and dietary niche breadth relationships
in marine predators. Ecology 2009;90:2014-9.

Costa GC, Nogueira C, Machado RB et al. Squamate richness in the Bra-
zilian Cerrado and its environmental-climatic associations. Diversity
and Distributions 2007;13:714-24.

Costa GC, Colli GR, Constantino R. Can lizard richness be driven by ter-
mite diversity? Insights from the Brazilian Cerrado. Canadian Journal
of Zoology 20082;86:1-9.

Costa GC, Vitt L], Pianka ER et al. Optimal foraging constrains macroeco-
logical patterns: body size and dietary niche breadth in lizards. Global
Ecology and Biogeography 2008b;17:670-7.

Crisp MD, Cook LG. Phylogenetic niche conservatism: what are the underlying
evolutionary and ecological causes?New Phytologist 2012;196:681-94.

Dearing MD. An alimentary specialization for herbivory in the tropical
whiptail lizard Cnemidophorus murinus. Journal of Herpetology
1993;27:111-4.

Diniz Filho JAF. Métodos Filogenéticos Comparativos. Ribeirao Preto, SP:
Holos Editora, 2000.

Emmerson MC, Raffaelli D. Predator—prey body size, interaction strength
and the stability of a real food web. Journal of Animal Ecology
2004;73:399-409.

Espinoza RE, Wiens JJ, Tracy CR. Recurrent evolution of herbivory in
small, cold-climate lizards: breaking the ecophysiological rules of rep-
tilian herbivory. Proceedings of the National Academy of Sciences of the
United States of America 2004;101:16819-24.

Estes R, de Queiroz K, Gauthier J. Phylogenetic relationships within Squa-
mata. In: Estes R, Pregill G (eds.), Phylogenetic Relationships of the Lizard
Families. Essays Commemorating Charles L. Camp. Stanford, CA: Stan-
ford University Press, 1988, 119-281.

Fleming TH. The relationship between body size, diet, and habitat use in
frugivorous bats, genus Carollia (Phyllostomidae). Journal of Mammal-
o0gy 1991;72:493-501.

Freckleton RP, Harvey PH, Pagel M. Phylogenetic analysis and comparative
data: a test and review of evidence. The American Naturalist
2002;160:712-26.

G202 41990100 0 UO Josn BwoyepO Jo Asioniun ay L - seuelqi Ausioaun Aq 6£88928/2.04810/Z/9% L /91o1Le/UuEauUI0Iq/woo"dno-ojwapede/:sdy Wwoly papeojumoq


https://academic.oup.com/biolinnean/article-lookup/10.1093/biolinnean/blaf072/#supplementary-data

14 .« Cavalcantietal.

Garda AA, Wiederhecker HC, Gainsbury AM et al. Microhabitat variation
explains local scale distribution of terrestrial amazonian lizards in
Rondonia, western Brazil. Biotropica 2013;45:245-52.

Gause GF. Studies on the ecology of the Orthoptera. Ecology
1930;11:307-25.

Gittleman JL, Kot M. Adaptation: statistics and a nullmodel for estimating
phylogenetic effects. Systematic Biology 1990;39:227-41.

Gonzilez G, Seastedt TR. Comparison of the abundance and composition
of litter fauna in tropical and subalpine forests. Pedobiologia
2000;44:545-55.

Grabener S, OldelandJ, Shortall CR et al. Changes in phenology and abun-
dance of suction-trapped Diptera from a farmland site in the UK over
four decades. Ecological Entomology 2020;45:1215-9.

Grafen A. The phylogenetic regression. Philosophical Transactions of the
Royal Society B: Biological Sciences 1989;326:119-57.

Harvey PH, Pagel MD. The Comparative Method in Evolutionary Biology.
New York: Oxford University Press, 1991.

Helmus MR, Savage K, Diebel MW et al. Separating the determinants of
phylogenetic community structure. Ecology Letters 2007;10:917-25.

Herrel A, Joachim K, Vanhooydonck B, Irschick D]J. Ecological conse-
quences of ontogenetic changes in head shape and bite performance in
the Jamaican lizard Anolis lineatopus. Biological Journal of the Linnean
Society 2006;89:443-54.

Herrel A. Herbivory and foraging mode in lizards. In: Reilly SM, McBrayer
LB, DB Miles (eds.), Lizard Ecology. Cambridge, UK: Cambridge
University Press, 2007, 209-36.

Herrel A, Vanhooydonck B, Joachim R et al. Frugivory in polychrotid
lizards: effects of body size. Oecologia 2004;140:160-8.

Hijmans RJ, Cameron SE, Parra JL et al. Very high resolution interpolated
climate surfaces for global land areas. International Journal of Climatology
2005;25:1965-78.

Hélldobler B, Wilson EO. The Ants. Cambridge, MA: Harvard University
Press, 1990.

Holldobler B, Wilson EO. Journey to the Ants: A Story of Scientific Explora-
tion. Cambridge, MA: Harvard University Press, 1994.

Huey RB, Pianka ER. Ecological consequences of foraging mode. Ecology
1981;62:991-9.

Iverson JB. Lizards as Seed Dispersers? Journal of Herpetology 1985;19:292.

Iverson JB. Adaptations to herbivory in iguanine lizards. In: Burghardt
GM, Rand AS (eds.), Iguanas of the World. Park Ridge, NJ: Noyes,
1982, 60-76.

Jombart T, Pavoine S, Devillard S et al. Putting phylogeny into the analysis
of biological traits: a methodological approach. Journal of Theoretical
Biology 2010;264:693-701.

Jowett K, Milne AE, Garrett D et al. Above- and below-ground assessment
of carabid community responses to crop type and tillage. Agricultural
and Forest Entomology 2021;23:1-12.

Kelt DA, Brown JH, Heske EJ et al. Community structure of desert small mam-
mals: comparisons across four continents. Ecology 1996;77:746-61.

Kime RD, Golovatch SI. Trends in the ecological strategies and evolution
of millipedes (Diplopoda). Biological Journal of the Linnean Society
2000;69:333-49.

Kitivo EN, Kimatu JN, Nyamasyo GH et al. Diversity and abundance
of subterranean termites engineers islands of soil quality in different
land cover types. Journal of Biodiversity and Ecological Sciences
2015;5:184-93.

Kozlov MV, Zverev V, Zvereva EL. Diversity but not overall abundance of
moths and butterflies (Insecta: Lepidoptera) decreases around two
arctic polluters. Insects 2022;13:1124.

Lande R. Natural-selection and random genetic drift in phenotypic evolu-
tion. Evolution 1976;30:314-34.

Leksono A, Yanuwiadi B, Afandhi A et al. The abundance and diversity of
grasshopper communities in relation to elevation and land use in
Malang, Indonesia. Biodiversitas Journal of Biological Diversity 2020;
21:5614-20.

Lenihan HS, Holbrook SJ, Schmitt RJ et al. Influence of corallivory,
competition, and habitat structure on coral community shifts. Ecology
2011;92:1959-71.

Losos JB. Historical contingency and lizard community ecology. In: Vitt
L], Pianka ER (eds.), Lizard Ecology: Historical and Experimental
Perspectives. Princeton, NJ: Princeton University Press, 1994, 319-33.

Losos JB. Phylogenetic perspectives on community ecology. Ecology
1996a;77:1344-54.

Losos JB. Phylogenies and comparative biology, stage II: testing causal
hypotheses derived from phylogenies with data from extant taxa.
Systematic Biology 1996b;45:259-60.

Losos JB. Phylogenetic niche conservatism, phylogenetic signal and the
relationship between phylogenetic relatedness and ecological similarity
among species. Ecology Letters 2008a;11:995-1003.

Losos JB. Rejoinder to Wiens (2008): phylogenetic niche conservatism,
its occurrence and importance. Ecology Letters 2008b;11:1005-7.
Losos JB. Ecology and Adaptive Radiation of Anoles. Berkeley, CA:

University of California Press, 2009.

Losos JB, Hillis DM, Greene HW. Who speaks with a forked tongue?Science
2012;338:1428-9.

Lynch M. Predation, competition, and zooplankton community structure:
an experimental study. Limnology and Oceanography 1979;24:253-72.

Meiri S. Evolution and ecology of lizard body sizes. Global Ecology and
Biogeography 2008;17:724-34.

Mesquita DO, Colli GR. Geographical variation in the ecology of popula-
tions of some Brazilian species of Cnemidophorus (Squamata, Teiidae).
Copeia 2003;2003:285-98.

Mesquita DO, Colli GR. Life history patterns in South American tropical
lizards. In: Gallegos OH, Cruz FRM, Sénchez JFM (eds.), Reproduccién
En Reptiles: Morfologia, Ecologia y Evolucién. México: Universidad
Auténoma del Estado de México, 2010, 45-71.

Mesquita DO, Colli GR, Franga FGR et al. Ecology of a Cerrado lizard
assemblage in the Jalapao region of Brazil. Copeia 2006;2006:460-71.

Mesquita DO, Costa GC, Vitt L] et al. Life history patterns of lizards of the
world. The American Naturalist 2016;187:689-705.

Mittelbach GG. Foraging efficiency and body size: a study of optimal diet
and habitat use by bluegills. Ecology 1981;62:1370-86.

Morin PJ. Interactions between intraspecific competition and predation in
an amphibian predator-prey system. Ecology 1986;67:713-20.

O’Meara BC, Beaulieu JM. Modelling stabilizing selection: the attraction
of Ornstein-Uhlenbeck models. In: Garamszegi LZ (ed.), Modern Phy-
logenetic Comparative Methods and Their Application in Evolutionary
Biology. Berlin and Heidelberg: Springer, 2014, 381-93.

Orme D, Freckleton R, Thomas G et al. caper: Comparative Analyses
of Phylogenetics and Evolution in R. R package. version 0.5.2 ed.
http://CRAN.R-project.org/package=caper, 2013.

Penone C, Davidson AD, Shoemaker KT et al. Imputation of missing data
inlife-history trait datasets: which approach performs the best?Methods
in Ecology and Evolution 2014;5:961-70.

Perry G. The evolution of search modes: ecological versus phylogenetic
perspectives. The American Naturalist 1999;153:98-109.

Pianka ER. Sympatry of desert lizards (Ctenotus) in western Australia.
Ecology 1969;50:1012-30.

Pianka ER. The structure of lizard communities. Annual Review of Ecology,
Evolution, and Systematics 1973;4:53-74.

Pianka ER. Ecology and Natural History of Desert Lizards: Analyses of the
Ecological Niche and Community Structure. Princeton, NJ: Princeton
University Press, 1986.

Pianka ER, Vitt L]. Lizards: Windows to the Evolution of Diversity. Los Angeles,
CA: University of California Press, 2003.

Pietczak C, Vieira LR. Herbivory by lizards. In: Vonnie DCS (ed.),
Herbivores. Rijeka: IntechOpen, 2017, Ch. 7. 155-68.

Polhemus JT, Polhemus DA. Global diversity of true bugs (Heteroptera;
Insecta) in freshwater. Hydrobiologia 2008;595:379-91.

Pough FH. Lizard energetics and diet. Ecology 1973;54:837-44.

Pyron RA, Burbrink FT, Wiens JJ. A phylogeny and revised classification
of Squamata, including 4161 species of lizards and snakes. BMC
Evolutionary Biology 2013;93:1-53.

Pyron RA, Costa GC, Patten MA et al. Phylogenetic niche conservatism
and the evolutionary basis of ecological speciation. Biological Reviews
2015;90:1248-62.

G202 41990100 0 UO Josn BwoyepO Jo Asioniun ay L - seuelqi Ausioaun Aq 6£88928/2.04810/Z/9% L /91o1Le/UuEauUI0Iq/woo"dno-ojwapede/:sdy Wwoly papeojumoq


http://CRAN.R-project.org/package=caper

RDevelopment Core Team. A Language and Environment for Statistical Com-
puting. Vienna, Austria: R Foundation for Statistical Computing, 2021.

Revell L]. phytools: an R package for phylogenetic comparative biology
(and other things). Methods in Ecology and Evolution 2012;3:217-23.

Revell L], Harmon L]J, Collar DC. Phylogenetic signal, evolutionary
process, and rate. Systematic Biology 2008;57:591-601.

Rolland J, Condamine FL, Jiguet F et al. Faster speciation and reduced
extinction in the tropics contribute to the mammalian latitudinal diver-
sity gradient. PLoS Biology 2014;12:e1001775.

Rubin DB. Multiple imputation after 18+ years. Journal of the American
Statistical Association 1996;91:473-89.

Schoener TW. The Anolis Lizards of Bimini: Resource Partitioning in a
Complex Fauna. Ecology 1968;49:704-26.

Schoener TW, Gorman GC. Some Niche Differences in Three Lesser Antil-
lean Lizards of the Genus Anolis. Ecology 1968;49:819-30.

Schuh RT, Slater JA. True Bugs of the World. Comstock, Ithaca, NY: Cornell
University Press, 199S.

Sinclair BJ. Insect cold tolerance: how many kinds of frozen? European
Journal of Entomology 1999;96:157-64.

Sites , JWJr., Reeder TW, Wiens JJ. Phylogenetic insights on evolutionary
novelties in lizards and snakes: sex, birth, bodies, niches, and venom.
Annual Review of Ecology, Evolution, and Systematics 2011;42:227-44.

Slobodkin LB. Energy in animal ecology. In: Cragg JB (ed.), Advances in
Ecological Research. London and New York: Elsevier, 1962, 69-101.

Specht RL. Soil and litter invertebrates. In: Specht RL (ed.), Mediterra-
nean-type Ecosystems. Dordrecht, Berlin, Heidelberg: Springer, 1988,
197-226.

Stamou GP. Arthropods of Mediterranean-Type Ecosystems. Berlin and
Heidelberg: Springer, 1998.

Stekhoven D]J. missForest: Nonparametric Missing Value Imputation Using
Random Forest, version 1.4 ed. R Package, 2013. https://www.r-project.
org, https://github.com/stekhoven/missForest.

Stekhoven DJ, Bithmann P. MissForest—non-parametric missing value
imputation for mixed-type data. Bioinformatics 2012;28:112-8.

Sugiura S. Anti-predator defences of a bombardier beetle: is bombing essen-
tial for successful escape from frogs?Peer] 2018;6:5942.

Szarski H. Some Remarks on Herbivorous Lizards. Evolution 1962;16:529.

Taverne M, Fabre A-C, King-Gillies N et al. Diet variability among insu-
lar populations of Podarcis lizards reveals diverse strategies to face
resource-limited environments. Ecology and Evolution 2019;9:
12408-20.

Title PO, Singhal S, Grundler MC et al. The macroevolutionary singularity
of snakes. Science 2024;383:918-23.

Townsend TM, Larson A, Louis E et al. Molecular phylogenetics of
Squamata: the position of snakes, amphisbaenians, and dibamids, and
the root of the squamate tree. Systematic Biology 2004;53:735-57.

Dietary preferences in lizards « 15

Turnbull AL. Ecology of the true spiders (Araneomorphae). Annual Review
of Entomology 1973;18:305-48.

Van Buuren S, Brand JPL, Groothuis-Oudshoorn CGM et al. Fully condi-
tional specification in multivariate imputation. Journal of Statistical
Computation and Simulation 2006;76:1049-64.

Van Damme R. Evolution of herbivory in lacertid lizards: effects of insu-
larity and body size. Journal of Herpetology 1999;33:663-74.

Van Leeuwen JP, Catenazzi A, Holmgren M. Spatial, ontogenetic, and
sexual effects on the diet of a teiid lizard in arid South America. Journal
of Herpetology 2011;45:472-7.

Vitt L]. Shifting paradigms: herbivory and body size in lizards. Proceedings
of the National Academy of Sciences of the United States of America
2004;101:16713-4.

Vitt L], Pianka ER. Deep history impacts present-day ecology and biodi-
versity. Proceedings of the National Academy of Sciences of the United States
of America 2005;102:7877-81.

Vitt L], Pianka ER, Cooper WE]r et al. History and the global ecology of
squamate reptiles. The American Naturalist 2003;162:44—60.

Vitt L], Colli GR, Caldwell JP et al. Detecting variation in microhabitat use
in low diversity lizard assemblages across small-scale habitat gradients.
Journal of Herpetology 2007a;41:653-62.

Vitt L], Shepard DB, Caldwell JP et al. Living with your food: geckos in the
termitaria of Cantao. Journal of Zoology 2007b;272:321-8.

Wagner R, Bartak M, Borkent ART et al. Global diversity of dipteran families
(Insecta Diptera) in freshwater (excluding Simulidae, Culicidae, Chiron-
omidae, Tipulidae and Tabanidae). Hydrobiologia 2008;595:489-519.

Webb CO. Exploring the phylogenetic structure of ecological communities: an
example for rain forest trees. The American Naturalist 2000;156:145-55.

Wiens JJ. Commentary on Losos (2008): niche conservatism déja vu.
Ecology Letters 2008;11:1004-S5.

Wiens JJ, Graham CH. Niche conservatism: integrating evolution, ecology,
and conservation biology. Annual Review of Ecology Evolution and
Systematics 2005;36:519-39.

Wiens JJ, Ackerly DD, Allen AP et al. Niche conservatism as an emerging
principle in ecology and conservation biology. Ecology Letters
2010;13:1310-24.

Wiens JJ, Pyron RA, Moen DS. Phylogenetic origins of local-scale diversity
patterns and the causes of Amazonian megadiversity. Ecology Letters
2011;14:643-52.

Wise DH. The Role of Competition in Spider Communities: Insights from Field
Experiments with a Model Organism. Princeton, NJ: Princeton Univer-
sity Press, 1984.

Zaret TM, Rand AS. Competition in tropical stream fishes: support for the
competitive exclusion principle. Ecology 1971;52:336-42.

Zimmerman LC, Tracy CR. Interactions between the environment and ecto-
thermy and herbivory in reptiles. Physiological Zoology 1989;62:374—409.

G202 41990100 0 UO Josn BwoyepO Jo Asioniun ay L - seuelqi Ausioaun Aq 6£88928/2.04810/Z/9% L /91o1Le/UuEauUI0Iq/woo"dno-ojwapede/:sdy Wwoly papeojumoq


https://www.r-project.org,
https://www.r-project.org,
https://github.com/stekhoven/missForest

	Active Content List
	INTRODUCTION
	MATERIALS AND METHODS
	RESULTS
	DISCUSSION
	CONCLUSION
	AUTHOR CONTRIBUTIONS
	SUPPLEMENTARY DATA
	CONFLICT OF INTEREST
	FUNDING
	DATA AVAILABILITY STATEMENT


