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Proximate and ultimate drivers of variation in bite force
in the insular lizards Podarcis melisellensis and Podarcis
sicula
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Bite force is a key performance trait in lizards because biting is involved in many ecologically relevant tasks,
including foraging, fighting and mating. Several factors have been suggested to impact bite force in lizards, such
as head morphology (proximate factors), or diet, intraspecific competition and habitat characteristics (ultimate
factors). However, these have been generally investigated separately and mostly at the interspecific level. Here we
tested which factors drive variation in bite force at the population level and to what extent. Our study includes 20
populations of two closely related lacertid species, Podarcis melisellensis and Podarcis sicula, which inhabit islands in
the Adriatic. We found that lizards with more forceful bites have relatively wider and taller heads, and consume more
hard prey and plant material. Island isolation correlates with bite force, probably by driving resource availability.
Bite force is only poorly explained by proxies of intraspecific competition. The linear distance from a large island and
the proportion of difficult-to-reduce food items consumed are the ultimate factors that explain most of the variation
in bite force. Our findings suggest that the way in which morphological variation affects bite force is species-specific,
probably reflecting the different selective pressures operating on the two species.

ADDITIONAL KEYWORDS: bite force — head dimensions — intraspecific competition — island area — island
isolation — lizard — Podarcis melisellensis — Podarcis sicula — resource use.

INTRODUCTION by the concept of many-to-one mapping of form
to function, which suggests that morphology and
performance can sometimes be decoupled, with many
morphologies giving rise to the same functional output
(Wainwright et al., 2005). Studying the performance of

Whole-organism performance has been defined as
a measure of the ability of an animal to execute an
ecologically relevant task (Huey & Stevenson, 1979;

Arnold, 1983; Lailvaux & Irschick, 2006). Because . . . .
whole-organism performance traits may increase an animal in an ecological context thus contributes to

survival or fitness (Wainright, 1991; Le Galliard a better understanding of evolutionary processes and
et al., 2004; Miles, 2004; Lailvaux & Irschick, 2006: helps to explain how variation in morphology arises in

Calsbeek & Irschick, 2007), it is generally considered different ecological conte).(ts (Arnold, 1983;, Kingsolver
& Schemske, 1991; Brodie et al., 1995; Kingsolver &

Pfenning, 2007).

Numerous studies have considered bite force to be
a key performance trait because biting is involved
in many essential tasks in vertebrates including
*Corresponding author. E-mail: maxime.taverne@mnhn.fr feeding, mating (Leboeuf, 1972; Herrel et al., 1996),

that natural selection acts upon performance rather
than on the underlying morphological or physiological
traits (Irschick et al., 2008). This view is supported
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inter- (Snekser et al., 2008) and intraspecific competi-
tion (Blanchard et al., 2001), food manipulation (Jones
& Kamil, 1973; Reghem et al., 2011), communication
(Derryberry et al., 2012), parental care (Balshine-Earn
& Earn, 1998), predator defence, and even locomotion
(Williams & Bunkley-Williams, 2006). Variation in bite
force has been extensively studied as the acquisition
of bite force data is relatively straightforward in small
vertebrates and the measures are highly repeatable
(Herrel et al., 2005; Anderson et al., 2008; Lappin &
Jones, 2014). Biting is essential in resource acquisition
and food processing and it has been previously shown
that a high bite force is advantageous, rendering
digestion more efficient by increasing the surface area
available to digestive juices or microorganisms (e.g.
in turtles: Bjorndal et al., 1990; Bjorndal & Bolten,
1992). A direct association between the ability to deal
with tougher food items and an increase in bite force
has also been suggested for lizards (Verwaijen et al.,
2002; Herrel et al., 2004a, b; Herrel & Holanova, 2008;
Jones & Lappin, 2009), turtles (Herrel et al., 2002)
and mammals (Aguirre et al., 2003; Fabre et al., 2017).
Moreover, studies have established that the inclusion
of plant material in the diet is often associated with
higher bite forces, especially in lizards (Herrel et al.,
1998a, b, 2004a, 2008; Herrel, 2007; Sagonas et al.,
2014).

In lizards, biting is also important in the context of
several other fitness-relevant tasks. First, male lizards
often display territorial behaviours when defending
resources and sexual partners (Irschick, et al., 2007),
which may lead to male—male combat (Stamps, 1977).
Bite force is a good predictor of the outcome of these
interactions, with males that bite more forcefully
typically winning fights (Lailvaux et al., 2004; Huyghe
et al., 2005; Husak et al., 2006, 2009; Lailvaux &
Irschick, 2007). Second, biting may allow males to
immobilize females during mating by firmly gripping
their necks or abdomens (Noble & Bradley, 1933; Herrel
et al., 1996). Higher bite forces may thus increase the
reproductive success of males (Lappin & Husak, 2005;
Herrel et al., 2010). However, in some species females
avoid males with the greatest bite forces, possibly to
avoid injury (Huyghe et al., 2012).

The drivers of variation in bite force in lizards are
relatively well understood, at least at the proximate
level. Indeed, numerous studies have established the
morphological and anatomical basis for the variation
in bite force. Lizards with taller and wider heads
typically bite harder (Herrel et al., 2001a, 2010;
Verwaijen et al., 2002; Lappin et al., 2006; Huyghe
et al., 2009; Wittorski et al., 2016). The morphological
variation associated with variation in bite force has
been often linked to an increase in space available
for jaw muscles (Herrel et al., 2007), the size and
architecture of the jaw muscles (Huygue et al., 2009),

or the optimization of lever arms (Herrel et al., 2001a).
Although these previous studies have contributed
to unravelling the drivers of variation in bite force,
they have typically focused on interspecific studies
(Herrel et al., 2001b; Vanhooydonck et al., 2010;
Kaliontzopoulou et al., 2012), ontogenetic variation
(Herrel et al., 2006), or variation between males and
females within a species (Brecko et al., 2008; Sagonas
et al., 2014; Lopez-Darias et al., 2015). However,
analyses dealing with variation across populations of
the same species are relatively rare (but see Bonneaud
et al., 2016; Donihue et al., 2016). Yet, population-level
studies are especially insightful in helping understand
the drivers of variation in performance given that they
are not confounded by phylogenetic effects.

The present study aims to explore and quantify the
drivers of variation in bite force across 18 insular and
two continental populations of two Podarcis species
(eight populations of Podarcis sicula Rafinesque-
Schmaltz, 1810, and 12 of Podarcis melisellensis
Braun, 1877). Taverne et al. (2019) have demonstrated
that these populations differ in diet, ranging from an
almost strictly insectivorous to a largely omnivorous
diet. Moreover, the islands that these lizards inhabit
are located in the southern Adriatic, off the coast of
Croatia, and differ in size, habitat structure and
substrate. Indeed, the islands range from very small
rocky islets to bigger islands with greater and more
complex vegetation cover and topography. The island
structure may affect the type and the intensity of social
interactions and intraspecific competition within each
population (Svanbick & Bolnick, 2007; Thomas et al.,
2009; Donihue et al., 2016). The formation of these
land bridge islands (Marjanac & Marjanac, 2004;
Sikora et al., 2014) as well as the time of isolation
and genetic divergence have been partially resolved
in the literature (Gorman et al., 1975; Podnar et al.,
2004; Podnar et al., 2005), allowing us to explore the
historical factors that drive variation in morphology
and performance in lizards across these islands.

First, we explored the impact of proximate factors
such as head shape and size on variation in bite force.
Second, we explored the relationships between the
functional properties of the food items ingested by
the lizards (data from Taverne et al., 2019), food niche
breadth and bite force. Intraspecific competition
between males is common, and as a result males
often display higher performance levels associated
with a sexual dimorphism in head size and shape
(Herrel et al., 1996; Verwaijen et al., 2002). Here, we
calculated the degree of sexual dimorphism in head
dimensions and use it as a proxy for the intensity
of sexual selection (Vanhooydonck et al., 2009, 2010)
and tested its role as a driver of variation in bite
force. Additionally, we tested whether two proxies
for intraspecific competition (i.e. the number of
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regenerated tails and the number of missing toes;
see Vervust et al., 2009) impacted bite force. As
insular populations typically experience an increase
in the level of intraspecific competition compared
to their mainland counterparts (Pafilis et al., 2009)
this may be an important driver of variation in bite
force (Donihue et al., 2016). Finally, island size and
isolation have been shown to significantly impact
the diversity and abundance of prey and vegetation
(Itescu et al., 2020), thus impacting the resources
available and population densities (Polis & Hurd,
1996). As such, island size and isolation may also be
drivers of variation in bite force. By comparing two
closely related species living on geographically close
islands of similar size and structure, we further aim
to explore whether the drivers of variation in bite
force are similar in different species under similar
contexts, or whether species-specific patterns are
observed.

We predict (1) that snout—vent length as well as
head size and dimensions should be good predictors
of bite force, (2) that the degree of sexual dimorphism
should be correlated with increased bite force
in males, (3) that bite force should be correlated
with food niche breadth, (4) that island size and
remoteness should be respectively negatively and
positively correlated with bite force, and (5) that
variation in bite force between populations should
not be related to the phylogenetic relationships
between populations.

MATERIALS AND METHODS
SPECIMENS

Twenty populations of Podarcis lizards were sampled:
eight populations of the Italian wall lizard Podarcis
sicula and 12 populations of the Dalmatian wall
lizard Podarcis melisellensis, including one mainland
site for each (Fig. 1). These populations are located
in the Adriatic, off the coast of Croatia. In total, 535
adult animals (between 15 and 42 individuals per
population) were captured by noose or by hand during
the late summer of 2016 (Table 1), with permission
from the Croatian Ministry of the Environment
(permit no. 517-07-1-1-1-16-6). We measured all
individuals using digital calipers (Mitutoyo absolute
digimatic; +0.01 mm; see Supporting Information, Fig.
S1) and recorded snout—vent length (SVL) and linear
head dimensions including head length (HL), head
width (HW), head height (HH), lower jaw length (LJL),
quadrate to jaw tip length (QT) and coronoid to jaw tip
length (CT).

Two other functionally relevant variables
were calculated: the in-lever for jaw opening
(open = LJL — QT) and the in-lever for jaw closing
(close = QT - CT).

IN VIVO BITE FORCE MEASUREMENTS

In vivo bite force was measured using an isometric
Kistler force transducer (type 9203) connected to

Figure 1. Location of the populations of Podarcis sicula (I: Bijelac, IT: Kopiste, III: Pijavica, IV: Pod Kopiste, V: Pod Mrcaru,
VI: Split, VII: Susac, VIII: Mala Palagruza) and Podarcis melisellensis (1: Brusnik, 2: Glavat, 3: Greben, 4: Jabuka, 5:
Korcula, 6: Mali Barjak, 7: Mali Parzanj, 8: Ravnik, 9: Sinj, 10: Veli Barjak, 11: Veli Budikovac, 12: Veli Tajan) included in the
present study. Lines point to the locations of the islands that are too small to be represented on the map. The large islands

Lastovo and Vis are respectively hatched and dotted.
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VARIATION IN BITE FORCE IN PODARCIS LIZARDS 5

a Kistler charge amplifier (type 5995, Kistler Inc.,
Winterthur, Switzerland; see Herrel et al., 1999a
for a detailed description of the set-up). Lizards
were made to bite the plates of the transducer (left
bare), at least five times, and the greatest bite force
across the five trials was retained as an estimate
of an individual’s maximum bite force. Gape angle
was standardized across trials by adjusting the
distance between the bite plates for each individual
to maintain gape angle constant at around 30°. Bite
position was standardized by ensuring that the tips
of the jaws of each lizard were up against the metal
stop mounted on the device. Bite force was log,-
transformed before statistical analyses.

ISLAND CHARACTERISTICS

The values of the island area were taken from
Duplanci¢ et al. (2004). The shortest linear distance
from the continent and the shortest linear distance
from the nearest large island (here, either Lastovo or
Vis) were calculated using Google Maps and ImagedJ
(Fig. 1; Table 1).

STOMACH CONTENT ANALYSIS

All individuals were stomach flushed immediately
after capture using a syringe with a ball-tipped steel
needle (Herrel et al., 2006; Measey et al., 2011) and
stomach contents were analysed as described by
Taverne et al. (2019). The lizards’ diet consisted mostly
of arthropods, arachnids, myriapods, gastropods and
plant material (leaves, seeds, fruits and flowers)
in various proportions. Diet across populations
ranged from strictly insectivorous (e.g. Mali Barjak)
to omnivorous, as some populations included a
significant part of plant matter in their diet (e.g. Susac,
Pod Mréaru). The maximum and minimum length,
maximum and minimum width, and maximum volume
of the food items in each stomach were recorded.
The volume of a prey item was calculated following
a spheroid equation [ellipsoid volume = (4/3) &t (L/2)
(W/2)2, with L the length of the item and W its width].
Every prey taxon was then attributed to a functional
group based on prey hardness and evasiveness as
proposed by Vanhooydonck et al. (2007). The relative
contribution of each of the six functional groups (soft
prey, prey of medium hardness, hard prey, sedentary
prey, prey of intermediate evasiveness and evasive
prey) and of plant material to the total mass of the
stomach contents was then calculated. The hardness
of each food item was further estimated using the
following regression equations proposed by Herrel &
O'Reilly (2006) that relate prey length and hardness,
according to the item hardness category:

(soft) logio[prey hardness (N)]=0.997 xlogy,[prey length (mm)]—1.379
(medium) logyo [prey hardness (N)]=1.780 x logy, [prey length (mm)]— 1.942

(hard) logio [prey hardness (N)| = 1582 xlogy,|prey length (mm)|—1.365

The maximal and mean hardness of the prey items in
each stomach were retained for further analyses.

A diet disparity metric was calculated for each sex of
each population (see Taverne et al., 2019). To do so the
hyper-volume occupied by each of these subsets in the
ecospace was estimated using the ‘disparity.per.group’
function from the ‘dispRity’ package (Guillerme, 2018).
Finally, an estimate of the taxonomic diversity of prey
found in the stomachs, Shannon’s diversity index, was
calculated for each individual following the equation:

S .
H=-% —log(
i—1

n;

N

where S is the total number of prey taxa found in a
stomach, n, the total number of prey items of taxon :
and N the total number of items found in a stomach.

PHYLOGENETIC ANALYSIS

For phylogenetic analysis, mitochondrial cytochrome-b
sequences were obtained from GenBank (accession
numbers in Supporting Information, Table S1) for
14 out of the 20 populations used in this study
(Table 1). DNA samples for three additional P. sicula
populations (Bijelac, Kopiste and Pod Mrcéaru) and
three P. melisellensis populations (Sinj, Veli Barjak
and Veli Tajan) were collected during sampling in
summer 2016. A piece of lizard tail tissue was taken
from two individuals per population and preserved in
96% ethanol. DNA was extracted from ~15 mg of lizard
tail tissue using a commercial DNA extraction kit
and the provided protocol (Sigma-Aldrich GenElute
Mammalian Genomic DNA Miniprep Kit). The quality
and quantity of the extracted DNA were examined by
agarose gel electrophoresis and spectrophotometric
measurement on a Nanodrop device (Thermo
Scientific 2000c).

Optimized protocols from Podnar et al. (2004, 2005)
were used to obtain mitochondrial cytochrome-b
sequences. For both P. sicula and P. melisellensis
populations, 40-50 ng of extracted DNA was
amplified in a 25-pL reaction containing 5x Iproof
buffer, nfH20, 1.5 mM MgCl,, 0.2 mM of each dNTP,
0.4 pM of each primer (Supporting Information, Table
S2) and 0.5 U iProof Polymerase (Bio-Rad). PCR
conditions included initial denaturation for 2 min at
98 °C, followed by 35 cycles of 10 s at 98 °C, 20 s at
50 °C and 90 s at 72 °C, and a final extension of 7 min
at 72 °C.
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Samples from Bijelac, Kopiste and Pod Mréaru were
further reamplified to account for the presence of
cytochrome-b nuclear pseudogene sequences (numts)
in the P. sicula populations (Podnar et al., 2005).
Reamplification was performed using 1 pL of the
amplification mix and included the same conditions
as the amplification, apart from the primers used
(Supporting Information, Table S2), reaction volume
which was set to 50 nLL and the PCR annealing
temperature that was adjusted to 55 °C. All PCRs
were performed in a Bio-Rad Gradient Thermal Cycler.
Macrogen (Amsterdam, Netherlands) provided PCR
product purification and bidirectional sequencing
using the primers listed in Table S2.

The chromatograms from the 12 processed
samples were loaded in Geneious 4.8.5 (Biomatters,
Auckland, New Zealand), corrected manually, aligned
and trimmed to the same length together with the
sequences from the other previously published
populations (Supporting Information, Table S1).
The optimal nucleotide substitution model was
determined with jModelTest 2.1.10 (Guindon &
Gascuel, 2003; Darriba et al., 2012). Likelihood scores
were computed using the ‘best’ base tree topology
search method (from both ‘Nearest Neighbour
Interchange’ and ‘Subtree Pruning and Regrafting’).
MEGA-X 10.0.5 (Kumar et al., 2018) was used to
calculate nucleotide composition, nucleotide pair
frequencies, and transition and transversion rates (R
ratio) according to the chosen nucleotide substitution
model. A cytochrome-b sequence of Lacerta bilineata
from Krbavica (Croatia) was added as an outgroup
before analysis (Table S1).

Phylogenetic trees were generated using three
methods: maximum parsimony (MP) and maximum
likelihood (ML) both implemented in PAUP 4.0a
(Swofford & Sullivan, 2003), and a Bayesian
inference analysis implemented in MrBayes 3.2.7a
(Ronquist et al., 2012). All analyses were performed
after setting the calculated nucleotide substitution
model and R ratio. MP and ML analyses were
performed with a full heuristic search and allowing
tree-bisection-reconnection (TBR) branch-swapping.
MP starting trees were obtained via stepwise
addition with ten replicates of each random addition
sequence, and bootstrap replicates were set to 1000
for MP trees. ML starting trees were obtained by
neighbour-joining (NJ), and bootstrap replicates
were set to 100. Because the computational power
and time required for ML is greater, the number of
rearrangements was limited to 8 x 10%, and time per
replicate was limited to 2000 min. For the Bayesian
inferred trees 6 x 10 generations were run, sampled
every 100 (60 000 trees) and the first 6000 trees were
discarded (burn).

The MP tree was preferred when correcting for
the non-independence of the data in subsequent
statistical analyses because this method maximizes
the resolution of the relationships between P. sicula
populations (Fig. 2). The trees which were generated
by the other two methods are provided in Supporting
Information, Table S2. The influence of phylogenetic
heritage on the variation in bite force and every head
dimension was investigated through calculation of
Pagel’s lambda (Pagel, 1999), using the ‘phylosig’
function from the ‘phytools’ package. This measure of
phylogenetic signal was calculated on both raw and
residual head dimensions.

PROXIES FOR INTRASPECIFIC COMPETITION

For both species separately, a principal component
analysis (PCA) was run on head dimensions using the
function ‘prcomp’ from the ‘stats’ package, allowing a
reduction of dimensionality. The contribution of each
specimen along the three first principal components
(PCs) was extracted and used to calculate the mean
contribution of each sex of each population on these
axes. The sexual dimorphism in head dimensions (SD)
for each site was determined as follows:

SD = \/(m1 — 1) + (ms — fo)? + (m — f)?

where m, and f, refer respectively to the mean
contribution of the males and females of the population
of interest along with PC..

Two other proxies for intraspecific competition were
estimated: the proportion of individuals missing the
longest toe on one of the hind feet (Vervust et al., 2009)
and the proportion of individuals with a regenerated
tail (Brock et al., 2014).

STATISTICAL ANALYSES

All analyses were performed in R (v.3.5.1, R Core
Team, 2018). To ensure normality, the proportion data,
values of which were between 0 and 1, were arcsin-
transformed. For the same reason, prey dimensions,
head dimensions, hardness, disparity, distance
variables and island area were log, -transformed.
A Shapiro test and Bartlett’s tests (‘shapiro.test’ and
‘bartlett.test’ functions from the ‘stats’ package) were
used to test the normality and the homogeneity of
residuals in each sub-dataset.

A two-way univariate analysis of covariance
(ANCOVA) with SVL as the co-variable was carried
out on the data for both species separately to test for
a possible effect and interaction of sex and island on
bite force. Similarly, a two-way multiple analysis of
covariance (MANCOVA) with SVL as the co-variable
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Figure 2. Phylogenetic relationships among the populations sampled in our study with one outgroup, generated using
maximum parsimony (MP). Branch lengths are proportional to the number of changes in the DNA sequences. Bootstrap
values for topology support are indicated and rounded (*96; **79). For precise values, see Figure S2a.

was performed to detect a possible effect of sex and
island on head dimensions. Phylogenetic univariate
analyses of variance, using Holm—-Bonferroni’s
correction for multiple comparisons, were carried out
to test for an effect of sex and species on residual bite
force and head dimensions (obtained subsequent to
phylogenetic linear regressions using the function
‘phylolm’ from the ‘phylolm’ package), by using the
function ‘phylANOVA’ from the package ‘phytools’.
Next, we explored associations between bite force
and variables such as disparity, prey hardness or
proxies for intraspecific competition through linear
regressions (function Ilm’ in the package ‘stats’). Three
different stepwise regressions (function ‘stepAIC’ in
the package ‘MASS’) computed on prey dimensions,
mass proportions or head dimensions enabled us to
detect possible associations between bite force and
these data. The best model was selected based on the
minimal AIC value, and variables in the model were
selected using both forward and backward procedures.

A phylogenetic multiple regression was carried out to
estimate the relationship between bite force and head
dimensions when considering phylogeny (function
‘phylostep’in the package ‘phylolm’). Because a Shapiro
test revealed diversity to be non-normally distributed,
a Spearman-rank correlation test was used to detect
a possible relationship between bite force and prey
diversity. For this analysis the Shannon index of
diversity was averaged by population to avoid ex
aequo rankings in the Spearman test. Mean values of
absolute and residual (against head length) bite force
were also tested against island size, distance from the
mainland and distance from the nearest large island
using linear regressions. Other stepwise regressions
were performed to test for a relationship between
isolation metrics and the proportions and dimensions
of food items. Additionally, a simple regression
between isolation metrics and prey mean hardness
was carried out. Finally, the ecological variables that
were demonstrated to drive variation in bite force in
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these statistical analyses were combined in a final
stepwise regression to compare the contribution of
each relevant parameter to bite force. Standardized
estimates of the stepwise regressions were given with
the function ‘summ’ from ‘jtools’ to compare the relative
contribution of each variable to the final model. Each
of these statistical analyses includes all populations,
except when excluding mainland populations was
necessary (e.g. when testing the island area effect).

RESULTS

When considering the whole dataset, bite force
appears to be influenced by phylogeny (Table 2).
When considering sexes separately, phylogenetic
relationships affected bite force, and raw and residual
head dimensions in females only. At the intraspecific
level, phylogeny influenced raw head dimensions
(but not residuals) in females of P. melisellensis only.
No signal was detected in raw or in residual data in
males of P. melisellensis. The phylogenetic signal was
not calculated for P. sicula separately due to the very
weak differentiation among populations.

The two-way univariate ANCOVA revealed that in
P. sicula, bite force was influenced by SVL (P < 0.001),
sex (P <0.001) and island identity (P < 0.001) but there
was no interaction between sex and island (P = 0.249).
This was also the case in P. melisellensis, but the
interaction between sex and island identity was just
significant (P = 0.048). The two-way multivariate
ANCOVA indicated that head dimensions also
differed between sexes and islands in both species.
An interaction between sex and island was observed
for P. melisellensis only (P = 0.004). The phylogenetic
ANOVAs showed that when accounting for phylogeny,
bite force and head dimensions differed between sexes
but not between species. (Supporting Information,
Table S3).

MORPHOLOGICAL TRAITS UNDERLYING VARIATION IN
BITE FORCE

Bite force was highly correlated with body size (SVL)
for each sex and species (P < 0.001). The stepwise
regressions between bite force and residual head
dimensions further showed that head shape also
predicted bite force in each species and each sex. In
male P. sicula (P = 0.002, R* = 0.087, F,,,, = 350.1),
head height and lower jaw length were correlated
with bite force (f coefficients: 1.13, —0.69). In female
P. sicula (P < 0.001, R* = 0.187, F, ,, = 11.59), the
in-lever for jaw-opening and the lower jaw length were
correlated with bite force (f coefficients: —-0.19, 1.26).
In males of P. melisellensis (P < 0.001, R? = 0.211,
F, . =16.56), head height, head width and lower jaw

3,172

length were related to bite force (3 coefficients: 1.29,
1.27, -2.17). In female P. melisellensis (P < 0.001,
R? = 0.280, F3,148 = 20.57), head height, head width
and quadrate-to-tip length were correlated with bite
force (P coefficients: 1.84, 0.91, —1.98). The two latter
results still held when correcting for the phylogenetic
relationships among populations of P. melisellensis
(Supporting Information, Table S4).

INTRASPECIFIC COMPETITION

The three first axes of a PCA used to calculate sexual
shape dimorphism jointly explained over 90% of the
variance. In females, bite force did not correlate with
the degree of sexual dimorphism in head dimensions,
used here as a proxy for intraspecific competition
and aggression (P. melisellensis: P = 0.121, P. sicula:
P =0.985).In males, bite force increased with the degree
of sexual dimorphism in P. sicula (P = 0.030, R? = 0.498,
slope = 0.423; Fig. 3), but not in P. melisellensis
(P = 0.185). Except in females of P. melisellensis where
a correlation between the proportion of individuals
with missing toes was positively associated with bite
force (P =0.031, R? = 0.394, slope = 0.96) the proportion
of individuals with missing toes and the proportion of
individuals with regenerated tails did not predict bite
force (all P > 0.05).

RELATIONSHIPS BETWEEN BITE FORCE AND FOOD
PROPERTIES

The linear regression between bite force and maximum
prey hardness was significant in female P. sicula only
(P =0.039, R? =0.04, slope = 0.079) but explained little
of the total variance (Fig. 4; Table 3). Bite force was
also positively associated with mean prey hardness in
female P. sicula (P = 0.014, R? = 0.053, slope = 0.149),
female P. melisellensis (P = 0.034, R? = 0.025,
slope = 0.161) and male P. melisellensis (P = 0.026,
R? = 0.024, slope = 0.180). A stepwise regression on
food item dimensions revealed that an increase in
bite force in female P. sicula was associated with
greater minimum prey width (P = 0.019, R? = 0.048,
F, ,, =5.665), and that greater bite force was associated
with greater maximum prey length in female
P. melisellensis (P = 0.006, R* = 0.052, F,  , = 5.216).
Stepwise regressions on the proportion of different
food items in the diet also provided statistically
significant models in P. sicula (males: P = 0.010,
R?=0.080, F, ,,, = 3.481; females: P = 0.021, R* = 0.081,
F, i = 3.040). In males, bite force was explained by the
proportion of plant matter, the proportion of hard prey
and the proportion of prey of intermediate evasiveness
consumed (f coefficients: 0.05, 0.13 and -0.15).
Similarly, in females an increase in bite force was
associated with an increase in the proportion of plant
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Figure 3. Linear regressions between bite force and sexual dimorphism in head dimensions at the population level. Full
lines represent significant correlations (P < 0.05). Determination regression coefficients are also indicated when appropriate.
Dashed lines represent non-significant correlations.

matter, medium prey and hard prey (f coefficients: No statistically significant correlation was
0.16, 0.23 and 0.23). No statistically significant model observed between bite force and dietary diversity, nor
was detected for regression between bite force and the between bite force and diet disparity (all P > 0.05,
proportions of different prey types in P. melisellensis. see Table 3).
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Figure 4. Linear regressions between bite force and prey hardness variables at the individual level. Full lines represent
significant correlations (P < 0.05). Determination regression coefficients are also indicated when appropriate. Dashed lines

represent non-significant correlations.

RELATIONSHIPS BETWEEN BITE FORCE, DIET AND
ISLAND CHARACTERISTICS

Linear regressions showed that in P. melisellensis
absolute bite force increased when the island was
located further from the nearest large island (males:
P =0.001,R?=0.695, slope = 0.077; females: P = 0.009,
R? = 0.540, slope = 0.094) (Fig. 5; Table 3). In male
P. melisellensis absolute bite force also increased when
the island was located further from the continent
(P =0.031, R? = 0.348, slope = 0.135). This no longer
held when considering residual bite force. Moreover,
in neither species was absolute or residual bite force
correlated with island area (all P > 0.05, see Table 3).

In female P. sicula only a significant model was
retained for the stepwise regression between the
distance from the nearest large island and prey
proportions (P = 0.01, R? = 0.99). In P. melisellensis
only a significant model was retained for the stepwise
regression between the distance from the mainland

and prey dimensions (females: P = 0.001, R? = 0.732;
males: P = 0.009, R? = 0.462). Simple regressions
carried out between isolation metrics and mean prey
hardness revealed marginally significant results in
P, sicula (females: P = 0.08; males: P = 0.06).

MAIN DRIVERS OF THE VARIATION IN BITE FORCE

The final stepwise regressions using distance metrics,
island area, proportion of plant matter, proportion
of hard prey as well as mean prey hardness did not
result in a statistically significant model in P. sicula.
However, in males of P. melisellensis, the retained
model (P = 0.004, R? = 0.803, F&6 = 13.29) indicates
that the proportions of plants and of hard prey, and
the distance to the nearest large island drive variation
in bite force (p coefficients: 0.30, —0.08, 0.08). In
female P. melisellensis, the retained model (P = 0.008,
R?=0.674, F,,=10.3) revealed that the proportion of
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Figure 5. Linear regressions between bite force and island isolation metrics. Full lines represent significant correlations
(P <0.05). Determination regression coefficients are also indicated when appropriate. Dashed lines represent non-significant

correlations.

hard prey and the distance to a large island were the
main drivers of bite force (3 coefficients: 0.30, 0.12).

DISCUSSION

VARIABILITY ACROSS POPULATIONS AND
PHYLOGENETIC INFLUENCE

We first investigated the effect of sex and island on the
variation in bite force across populations. In P. sicula
the lack of an interaction between the factors (sex
and island) in the two-way ANCOVA and the two-way
MANCOVA suggests that variation in bite force and
head dimensions differs by island, irrespective of the
sex considered. Differences between males and females
are further independent of the variation between
islands. In P. melisellensis the significant interaction
between these factors suggests different effects of

island and sex on the variation in bite force and head
dimensions, and justifies the subsequent statistical
analyses performed by sex and species separately.
Next, we investigated the influence of phylogenetic
relationships between populations. The consistency of
the results obtained with the phylogenetic ANOVAs
suggests that differences in bite force and head
dimensions between males and females are little
impacted by phylogeny. By contrast, differences
between species are impacted by phylogeny. At
the interspecific level, bite force variation across
populations can be partially explained by the history
of colonization of the islands given that the divergence
between the two species occurs relatively deep in the
tree. The impact of phylogeny on interspecific levels of
performance has, for example, also been demonstrated
in Anolis lizards (Wittorski et al., 2016). However, at
the intraspecific level, bite force and head dimensions
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seem to be largely independent from the phylogeny,
suggesting that local environmental characteristics
strongly constrain these traits. This statement is
supported by the fact that phylogenetic multiple
regression of residual head dimensions on bite force
provided similar results (Supporting Information,
Table S3). Because no phylogenetic structure for
P. sicula was detected among the examined island
populations we could not test for phylogenetic effects
(Fig. 2).

PROXIMATE DRIVERS OF VARIATION IN BITE FORCE

Although morphology can sometimes be decoupled
from performance (Wainwright et al., 2005), the
literature provides strong evidence that head shape
and size are good predictors of bite force in vertebrates
(Van Daele et al., 2008; Chazeau et al., 2013; Marshall
et al., 2014). In squamates (Penning, 2017), and
especially in lizards (Herrel et al., 2001a; Herrel
& Holanova, 2008), dimensions such as height and
length drive much of the variation in performance.
The present study confirms this and shows that
variation in bite force is mostly driven by variation in
head height in the two species and the two sexes. Not
only may a taller head allow the insertion of larger
jaw adductor muscles (Herrel et al., 2007), but it might
also enhance bite force by increasing the moment
arms of the muscles or by increasing the vertical
component of the line of action of jaw muscles (Herrel
et al., 2002). In males, wider heads are also associated
with higher bite forces, probably by providing more
space for muscles. Some studies have suggested that
bite force may trade-off with speed of prey capture
(Herrel et al., 2002, 2009). This trade-off is also
found in lizards where fast jaw closing benefits from
longer jaw out-levers as well as longer in-levers for
jaw opening, whereas bite force benefits from longer
in-levers for jaw closing and shorter out-levers (Herrel
et al.,2001a, b; Vanhooydonck et al., 2007). Our results
illustrate this trade-off between force and speed, as
the length of the in-lever for jaw opening in female
P, sicula is negatively correlated with bite force. This
may allow females to capture faster and more evasive
prey compared with males, as has been previously
suggested for Anolis carolinensis (Herrel et al., 2007).
Accordingly, males of both Podarcis species with
relatively shorter lower jaws had higher bite forces as
this optimizes the out-lever for biting.

The present results show that relevant head
dimensions correlated with bite force, yet accounted
for a relatively low amount of the total variance
(from 9 to 28%). Unexpectedly, in both species head
dimensions are stronger predictors of bite force in
females than in males. This is possibly because head
width is strongly influenced by pterygoid muscles that

are proportionally larger in males (Herrel et al., 1996).
Wider heads are thought to be a determining factor in
the outcome of male-male encounters (Molina-Borja
et al., 1997; Huyghe et al., 2005). We suggest that head
dimensions possibly are poorer predictors of bite force
in males than in females because some traits such as
head width are shaped by sexual selection, resulting
in investment in the size of the pterygoid muscles,
which conversely contribute relatively little to the bite
force for its size (Herrel et al., 1999a, b).

ULTIMATE DRIVERS

We tested whether sexual selection (i.e. the degree of
sexual dimorphism) and resource use (i.e. functional
properties of food items and food niche breadth) are
drivers of variation in bite force. Sexual dimorphism
in head dimensions may allow for food partitioning
between males and females (Schoener, 1967; Herrel
et al., 1999a, b) but is generally considered to be
maintained through male-male competition in lizards
(Vincent & Herrel, 2007; Vanhooydonck et al., 2010).
Dimorphism in head dimensions was previously
demonstrated to be decoupled from dimorphism
in diet in this study system (Taverne et al., 2019),
hence suggesting that niche partitioning for limited
resources probably does not explain the observed head
dimorphism. This makes sexual dimorphism in head
dimensions a good proxy for sexual selection, however.
We found that the intensity of intra-sexual competition
impacted bite force in male P. sicula. This makes sense
because individuals with greater bite forces often
win male-male interactions (Lailvaux et al., 2004;
Huyghe et al., 2005; Husak et al., 2006; Lailvaux
& Irschick, 2007). Additional information on other
populations are needed, however, because extreme
populations appear to be driving the correlation
between sexual dimorphism and bite force. Moreover,
other proxies for intraspecific competition including
the proportion of individuals missing the longest toe
on the hind feet and the proportion of individuals with
regenerated tails did not explain the variation in bite
force across populations in contrast to what was has
been observed in other systems (Lailvaux et al., 2004;
Lailvaux & Irschick, 2007; Donihue et al., 2016). Data
on population density would be informative in better
understanding the relationship between intraspecific
competition and performance in this system.

A previous study revealed great diversity and
disparity in the functional properties of food items
eaten by insular Croatian Podarcis lizards (Taverne
et al., 2019). Whereas this was not the case for diet
diversity, diet disparity was shown to be impacted by
island area, possibly because competition for food and
population density tend to increase on smaller islands
(Case, 1995; Buckley & Jetz, 2007). Variation in bite
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force has further been demonstrated to be associated
with competition in similar insular systems (Donihue
et al., 2016). For these reasons, a greater bite force can
be expected to enable lizards to widen their dietary
breadth, but this is not confirmed by the present
study. However, our results do show that female
P sicula that incorporate more plant items in their
diet also bite more forcefully. Plants are considered
very tough and fibrous (Lucas & Luke, 1984; Hiiemae
& Crompton, 1985), their reduction requiring greater
bite force (Herrel et al., 1998a,b). A greater bite force
thus enables lizards to rely on alternative food sources
when resources are scarce. Moreover, in both sexes
of P. sicula, animals that bite harder also include a
proportionally greater proportion of hard prey items
in their diet. Higher bite forces would thus enable
them to gain access to other, harder resources such as
beetles or snails.

The bite force of all individuals typically exceeds
the maximum hardness of any prey item eaten,
yet mean hardness is generally correlated with
bite force (with the exception of male P. sicula). In
bats (Aguirre et al., 2003) maximum food size and
hardness correspond well with the maximum bite
force of an individual, suggesting that functional
prey properties may be important drivers of bite force
in some cases. In lizards and bats the mechanisms
underlying variation in bite force thus seem to differ.
On the one hand, bats are endotherms that need to
maintain a high metabolic rate (Pough, 1980; Nagy,
2005). To fulfil their energetic needs, they select large
food items to optimize their food intake and reduce
foraging costs (optimal foraging, Stephens & Krebs,
1986; see also Hawlena & Pérez-Mellado, 2009). Prey
hardness increases with size and thus may become
a limiting factor driving an increase in bite force. In
ectothermic organisms such as lizards, maximum
hardness does not appear to drive an increase in bite
force. Rather, a higher level of performance allows
them to eat more hard items on average (see also
Verwaijen et al., 2002). From an energetic point of
view, processing large or tough items requires more
time and costs more energy than processing soft and
small items (Preest, 1994; Herrel et al., 1999b, 2001a,
b; Verwaijen et al., 2002). During this period, lizards
are exposed to predation (Hawlena & Pérez-Mellado,
2009) and competition. Reducing handling time
while foraging is consequently probably important
for these lizards. A greater bite force enables them to
reduce the intraoral transport time (Verwaijen et al.,
2002) which may provide enough of an advantage to
select for higher bite forces. However, the mechanical
resistance of plant material was not considered here.
A previous study (Herrel et al., 1999b) established
that the hardness of plant material was far beyond
those of arthropods of comparable size, so including

these quantitative data into account in future studies
would be of particular interest because (1) it might
reveal some direct correlation between maximum
hardness and bite force in our study system, and (2)
it might explain the low yet significant amount of
variance in bite force explained by prey hardness
(Fig. 4).

We expected island area to be correlated
with variation in bite force because this is an
important feature that impacts the ecology of
insular ecosystems (Hamilton & Armstrong, 1965;
Whittaker & Fernandez-Palacios, 2006; Santos
et al., 2016; Itescu et al., 2020). First, islands are
isolated environments hosting simpler communities
that often lack top-predators (Losos & De Queiroz,
1997). Ecological release then often favours higher
densities of meso-predators such as lizards (Litvaitis
& Villafuerte, 1996; Ritchie & Johnson, 2009). Higher
rates of intraspecific competition (Pafilis et al.,
2009; Itescu et al., 2017) for territories and resource
access due to food scarcity are also observed on the
smallest islands. In contrast to a previous study that
demonstrated a direct relationship between island
area and bite force in Podarcis lizards (Donihue
et al., 2016), our results did not show this pattern.
Why this is the case remains unclear, but possibly
the proximity of many of these islands to large
islands or to the mainland may perturb the expected
relationships.

Island isolation (linear distances of the island
from the nearest large island and/or from mainland)
was also predicted to be correlated with bite force
because the most remote islands are thought to host
the poorest species diversity (Whittaker et al., 2008;
Santos et al., 2016). Distance from the mainland is a
very common isolation metric because the mainland
is assumed to be the richest source (Weigelt &
Kreft, 2013), whereas the distance from the nearest
large island is typically used when predicting plant
species richness (Diver, 2008). We did find a positive
correlation between island isolation and absolute
bite force, but only in P. melisellensis. Stepwise
regressions further suggested a direct relationship
between isolation metrics and diet variables (Fig. 6).
The combined results reveal that island remoteness is
correlated with the functional characteristics of diet
in both species (marginally significant in P. sicula),
including prey dimensions, mean prey hardness and
the proportions of different prey. Subsequently, these
correlate with variation in bite force. The present
results suggest that island remoteness may impact
bite force by constraining the functional properties
and abundance of the available resources to meso-
predators such as lizards, and that lizards can access
these resources by increasing bite force along with
their head size.
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Figure 6. Summary of the significant correlations between the different factors tested and bite force (BF). Factors are
grouped by diet, and morphological and habitat features. Line thickness is proportional to the determination coefficient
(R?), except for the blue lines which summarize the results of the final stepwise regression and for which line thickness is
proportional to the standardized f§ coefficients. Dashed lines represent marginally significant correlations (P < 0.1). The
direction of correlations found with simple regressions are indicated with plus and minus symbols.

CONCLUSIONS within P. melisellensis, this does not hold in P. sicula.
Given that the intensity of sexual competition in
this study system was shown to impact bite force
in males of P. sicula only, we assume that strong
competition between males in this species may be
driving the different evolutionary response. Greater
bite forces were not associated with a wider niche

Variation in bite force appears to be driven by different
factors in the two species considered here. Indeed,
whereas head width seems to be a fair predictor of
bite force in P. melisellensis, it appears to be decoupled
from bite force in P. sicula. Moreover, whereas
patterns are consistent between males and females
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breadth (estimated by the prey taxonomic diversity
and the dietary disparity) in either of the two species.
Nevertheless, greater bite force enables the inclusion
of greater amounts of difficult-to-reduce items (i.e.
mean prey hardness, the proportion of hard prey or
plant material) in males and females of both species,
suggesting that diet is an important driver of variation
in bite force. The results of the present study also show
that in P. sicula island remoteness indirectly impacts
bite force by influencing food resource availability.
On the other hand, a more direct correlation between
island isolation and bite force was demonstrated in
P. melisellensis. In summary, the present study suggests
that different evolutionary responses between species
might originate from different levels of intrasexual
competition. Future studies exploring these patterns
in other island systems with other lizards are, however,
needed to confirm the generality of these observations.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online version of this article at the publisher’s web-site:

Table S1. Population, sequence origin, species and GenBank accession numbers of the samples used in the
analyses.

Table S2. List of primers used for cytochrome b sequence analysis. Primer use: A — PCR amplification, R — PCR
reamplification, and S — sequencing.

Table S3. Results of the phylogenetic multiple regression of residual head dimensions on bite force (hl: head
length, hw: head width, hh: head height, ]jl: lower-jaw length, qt: quadrate to tip length, ct: coronoid to tip length).
Figure S1. Linear head dimensions. HL: head length, HW: head width, HH: head height, CT: coronoid to tip
length, QT: quadrate to tip length, LJL: lower-jaw length, ilJO: in-lever for jaw opening, ilJC: in-lever for jaw
closing.

Figure S2a. Podarcis MP bootstrap 50% majority-rule consensus phylogram tree (top) with the length of each
branch according to the number of changes, and consensus cladogram tree (bottom) with percentage of trees
supported (1000 bootstrap repetitions).

Figure S2b. Podarcis ML bootstrap 50% majority-rule consensus phylogram tree (top) with the length of each
branch according to the substitution rate, and consensus cladogram tree (bottom) with percentage of trees
supported (100 bootstrap repetitions).

Figure S2c¢. Podarcis 50% majority rule phylogram tree calculated with MrBayes with the length of each
branch according to the substitution rate (top), and consensus cladogram tree (bottom) with posterior probability
associated with each clade.

SHARED DATA
The data from this study may be downloaded from the Dryad Digital Repository (Taverne et al, 2020).
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