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It is all in the head: morphological basis for
differences in bite force among colour morphs of the
Dalmatian wall lizard
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Males of the lizard Podarcis melisellensis occur in three distinct colours that differ in bite performance, with orange
males biting harder than white or yellow ones. Differences in bite force among colour morphs are best explained
by differences in head height, suggesting underlying variation in cranial shape and/or the size of the jaw adductors.
To explore this issue further, we examined variation in cranial shape, using geometric morphometric techniques.
Additionally, we quantified differences in jaw adductor muscle mass. No significant differences in size corrected
head shape were found, although some shape trends could be detected between the colour morphs. Orange males
have relatively larger jaw adductors than yellow males. Not only the mass of the external jaw adductors, but also
that of the internal jaw adductors was greater for the orange morph. Data for other cranial muscles not related
to biting suggest that this is not the consequence of an overall increase in robustness in orange individuals. These
results suggest that differences in bite performance among morphs are caused specifically by an increase in the
mass of the jaw adductor, which may be induced by differences in circulating hormone levels. © 2009 The Linnean
Society of London, Biological Journal of the Linnean Society, 2009, 96, 13—-22.
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INTRODUCTION

The coexistence of alternative phenotypes (polymor-
phism) in a population has been described in many
taxa, with morphs primarily differing in external
morphology, colour, and/or behaviour. Polymorphism
implies a selective balance between the morphs,
resulting in similar fitness advantages for each. The
mechanisms underlying the origin and maintenance
of polymorphisms can be two-fold. Divergent selection
can cause a differentiation in habitat use (Hyla:
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Wente & Phillips, 2003), foraging mode (cichlids:
Hori, 1993), diet (Tyto alba, Roulin), or thermal niche
(salamanders: Petruzzi, Niewiarowski & Moore,
2006). Sexual selection, on the other hand, not only
promotes sexual dimorphisms (differences between
males and females), but can also give rise to sex-
limited divergence. In damselflies, female limited
morphs may represent different strategies of mating
behaviour (Forbes, 1991). Alternative reproductive
behaviours are, however, more typical in male limited
morphs, often resulting in one dominant and one
satellite or sneaker strategy. For example, in the
lek-breeding ruff (Philomachus pugnax), plumage
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colour polymorphism is associated with dominance
behaviour, with males of both the dominant and sat-
ellite strategy having an equal lifetime reproductive
success but differing in plumage colour (Widemo,
1998). Similarly, in the side-blotched lizard (Uta
stansburiana), males exhibit one of three alterna-
tive colour morphs, reflecting one of three mating
strategies (Sinervo & Lively, 1996): one morph is
ultra dominant, defending large territories; a second
defends a small territory, but also mate guards; and a
third morph comprises the sneaker males, which do
not defend territories. The continued existence of
polymorphism in a population is guaranteed through
frequency-dependent selection, providing a greater
fitness pay-off for the rarer morph, thus preventing
one morph from out-competing the other(s) (Sinervo
& Lively, 1996).

Not only can variation in phenotype (e.g. colour,
size of sexual structures, etc.) be associated with
reproductive fitness, but also variation in perfor-
mance. Surprisingly, few studies have addressed the
question of whether morphs that differ in their
appearance and lifestyle also differ in performance
traits, which can play a significant role in behaviours
associated with reproduction, and thus fitness. Male
swordtails (Xiphophorus nigrensis) occur in three
discrete morphs, which differ in body size and in
endurance capacity (Ryan, 1988). Another study
showed that blue, territorial male pupfish (Cyprin-
odon pecosensis) can swim longer and at higher
speeds than pale, nonterritorial males (Kodric-Brown
& Nicoletto, 1993). By contrast, in the colour poly-
morphic lizard Urosaurus ornatus, males of the dif-
ferent morphs do not differ in residual bite force or
sprint speed capacity (Meyers et al., 2006). However,
in the side blotched lizard (Uta stansburiana), colour
morphs do differ in endurance capacity (Sinervo et al.,
2000). In a population of the medium ground finch
(Geospiza fortis), beak size distribution is bimodal,
with large beak males producing songs of different
frequencies compared to small beak males (Huber &
Podos, 2006). This appears to be a consequence of
ecological selection for bigger beaks and sexual selec-
tion on vocal mating signals. Bigger, more robust
beaks are limited in opening and closing rates, they
are slower, and, consequently, produce songs with
lower trill rates and narrower frequency band widths
than birds with smaller, more gracile beaks (Podos,
2001). This latter example aside, the underlying
functional causes for the differences in performance
between morphs often remain unclear. In some
cases, sexual performance dimorphisms have been
explained through dimorphisms in body shape and
muscle mass allocation (e.g. male Anolis carolinensis
lizards differ from females in bite force as a conse-
quence of differences in skull shape and jaw adductor

mass; Herrel, McBrayer & Larson, 2007). These
sexual dimorphisms in muscle mass can be induced
by androgen hormones (Regnier & Herrera, 1993;
Eason et al., 2000). The mechanistic reasons for per-
formance polymorphisms (i.e. differences in perfor-
mance capacity among morphs of the same sex),
however, are generally not known.

In the lizard Podarcis melisellensis, males occur in
three different colours. Orange males have larger
heads and bite harder than white ones. White males
bite harder than yellow ones (Huyghe, Vanhooydonck
& Tadié Van Damme, 2007). The present study aimed
to investigate the underlying functional morphologi-
cal basis for the differences in bite force between
morphs. First, we compared external head measures
and bite force in one set of lizards to determine
whether, and how, these external measurement(s)
determine the observed variation in bite force.
Second, we tested the hypothesis that differences in
bite performance are related to differences in head
shape, excluding size effects, using geometric morpho-
metric techniques. Finally, we compared jaw muscle
masses to investigate whether differences in muscle
mass and/or allocation between morphs exist.

MATERIAL AND METHODS
HEAD SIZE AND BITE PERFORMANCE

A first set of adult male lizards (N =42) was caught
by noose on the island Lastovo (Croatia) and trans-
ported to the laboratory in Belgium. Only males with
a body size greater than 55 mm were kept, to ensure
that each individual was sexually mature (K. Huyghe,
pers. observ.). They were housed individually in glass
vivaria (30 x 30 x50 cm), and provided with food
(crickets, dusted with calcium powder) and water ad
libitum. Using digital calipers (Mitutuyo, with a pre-
cision of 0.01 mm), the following measurements were
taken: head length (from tip of the snout to the
posterior edge of the parietal bone), head width (at
the widest part of the head), head height (at the
highest part of the head just posterior to the orbit),
lower jaw length, distance from quadrate to the tip of
the jaw (jaw out-lever), and the distance from the
coronoid to the tip of the lower jaw. The in-lever for
jaw closing was estimated by subtracting the latter
distance from the jaw out-lever length.

Bite forces were recorded by inducing lizards to bite
onto two metal plates connected to an isometric force
transducer (type 9203; Kistler Inc.), mounted on a
purpose-built holder and connected to a charge ampli-
fier (type 5995A; for a more detailed description of the
set-up, see Herrel et al., 1999). Lizards were allowed
to thermoregulate to obtain their preferred body
temperature (32 £ 1 °C) before and inbetween trials.
Recordings were repeated five times, and only the
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Figure 1. Landmarks used in the geometric morphometric analyses in the dorsal (A) and lateral (B) view.

highest bite force was retained, and was considered to
be the maximal bite performance for each individual.

HEAD SHAPE ANALYSIS

Dorsal and lateral head shape was quantified using
landmark-based geometric morphometric methods
(Rohlf, 1993, 1995; Rohlf & Marcus, 1993), standard-
izing for size by performing generalized procrustes
analysis. Two high resolution photos of all individuals
were taken with a digital camera (Nikon D70), one in
dorsal and one in tlateral view. Photos were made
with a grid as a background for scaling, and lizards
were held such that the anterior—posterior body axis
was identically oriented for all individuals. From each
image, landmarks were recorded using TpsDig (Rohlf,

2001a; available at: http:/life.bio.sunysb.edu/morph/):
16 in the dorsal and 12 in the lateral view (Fig. 1).
Landmarks were chosen based on their reliability of
identification in all specimens in addition to their
coverage of regions that could be functionally related
to biting. Moreover, these landmarks were tested
in previous studies on Podarcis lizards (Bruner &
Constantini, 2007; Kaliantzopoulou, Carretero &
Llorente, 2007). The thin plate spline approach was
used and the distribution of shape configurations
into the Euclidean tangent space was checked using
tpsSmall (Rohlf, 1998). TpsRelw (Rohlf, 2001b) was
used to calculate the consensus configuration of each
of the colour morphs (lateral and dorsal view), and
to perform a principal component analysis on the
weight matrix (including scores of both uniform and
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non-uniform partial warps). The centroid size of all
specimens was calculated, and used for regressing
shape variables versus size using tpsRegr (Rohlf,
2000).

MUSCLE MASSES

A second set of 11 lizards (Nunite =4; Nyeliow = 3;
Norange =4) was used for quantifying muscle masses.
These were road-killed specimens, with intact heads,
of the same population of lizards used for the morpho-
metric and performance measures. Specimens used
for dissection were chosen on the basis of their head
lengths, such that the difference in head length
between the smallest and biggest individual is mini-
mized (i.e. no more than 1.10 mm). Specimens were
preserved in 10% aquaeous formaldehyde solution
for 24 h, rinsed, and transferred to a 70% aquaeous
ethanol solution. All jaw closers (i.e. adductor exter-
nus, adductor internus and adductor posterior groups
sensu Lakjer, 1926) and jaw openers (musculus cervi-
comandibularis and musculus depressor mandibulae)
were removed on one side in each individual. Muscles
were blotted dry and weighed using a Mettler MT5
microbalance (with a precision of 0.01 mg).

STATISTICAL ANALYSIS

All data were logio-transformed to fulfill assumptions
of normality. A principal component analysis was
used to reduce the number of external head mea-
sures. Subsequently, an analysis of covariance
(ANCOVA) was used to determine differences in bite
force capacity between colour morphs, using the
newly-generated principal component as covariate.
Nonsignificant interaction effects (P > 0.05) are not
reported. A model incuding all six head measures as
independents and bite force as dependent variable
was tested in a multiple regression analysis.

To examine variation in head shape (geometric
morphometrics), a canonical variate analysis was per-
formed on the weight matrix to test for differences
between colour morphs using STATISTICA, version
6.0 (Statsoft Inc.). Additionally, to exclude nonsignifi-
cance levels due to non-normality and heterogeneity
of variance, a nonparametric multivariate analysis of
variance was performed (Bonferroni corrected) using
Euclidean distance measures (with 10 000 permuta-
tions) with PAST (Ryan, Harper & Whalley, 1995).
For both centroid size and the canonical root scores,
the Goodall test for goodness of fit was performed,
combined with a permutation test of a 1000 replicas.
Differences in shape between the consensus of each
morph were visualized by deformation grids gener-
ated by tpsSpline (Rohlf, 2002).

Univariate ANCOVAs and post-hoc pairwise com-
parisons were used (with head length as covariate) to
compare muscle masses between colour morphs.

RESULTS
HEAD SIZE AND BITE PERFORMANCE

A principal component analysis on all six external
head measurements yielded one principal component,
with positive factor loadings for all included vari-
ables, and describing 72.25% of the variation (eigen-
value 4.34). This new variable was called overall
head size.

Morphs differed in bite force capacity in absolute
terms (Fs39 = 7.51, P = 0.002). Furthermore, when cor-
recting for head size, morphs still differed in bite force
capacity (ANCOVA, covariate = overall head size,
interaction effect colour X head size nonsignificant,
Fy35=3.89, P=0.029; Fig. 2). Keeping overall head
size equal, orange males can bite relatively harder
than white males, and white males can bite relatively
harder than yellow males. This means that the varia-
tion in bite force capacity between morphs cannot be
fully explained by differences in overall head size. To
investigate which of these six external dimensions
individually best predicted bite force, we performed a
multiple regression analysis with bite force as the
dependent variable and all the external head mea-
surements as independents. This model was signifi-
cant (Fg35=2.67, P=0.031) and showed that head
height was the best predictor for bite performance
(B=0.53). When keeping all other measures equal,
lizards having higher heads can bite harder.

HEAD SHAPE ANALYSIS

Both the dorsal and lateral datasets indicated that
very little of the shape variation for the combined
dataset of all three colour morphs could be explained
by size-related allometry (5.4% for the dorsal dataset,
P =0.05; 2.3% for the lateral dataset, P < 0.05). There
was no significant difference in shape between the
colour morphs for both the dorsal and lateral datasets
(for results of the canonical variate analysis, see
Table 1). However, a plot of canonical root 1 versus
root 2 shows a different pattern for the two datasets:
(1) for the dorsal view, the yellow morphs are sepa-
rated from the orange ones along root 2, with the
white morph being separated along root 1 and taking
an intermediate position along root 2 (Fig. 3A) and (2)
in lateral view, the yellow morph is separated from
the other two groups by root 1, but taking an inter-
mediate position along root 2 (Fig. 3B). In the plot of
the canonical scores based on the dorsal view, the
specimens of all three groups lie well clustered and
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Figure 2. Scatter plot showing the regression of the newly-generated head size variable in the x-axis versus bite force
capacity (IN) in the y-axis. White symbols, white males; grey symbols, yellow males; black symbols, orange males. Note
that the residuals of bite force capacity still differ between morphs.

Table 1. Statistics of the canonical variate analyses (F,
parametric and nonparametric P-values) using the partial
warp scores for the dorsal dataset (below the diagonal of
the matrix, italic) and lateral datasets (above the diagonal,
roman)

White Yellow Orange
F-values
White 1.81 1.36
Yellow 1.50 2.01
Orange 1.63 1.06
Parametric P-values
White 0.100 0.255
Yellow 0.231 0.067
Orange 0.187 0.481
Nonparametric P-values
White 0.261 1
Yellow 1 0.258
Orange 0.349 0.457

Note that none of the pairwise comparisons were
significant.

morphs are separated. However, between-group dif-
ferences are not significant.

When exploring the subtle shape differences
between morphs, some interesting patterns were
observed. First, the amount of shape variance that
can be explained by the regression with root 2 (dorsal)
and 1 (lateral) versus shape (partial warp scores)
is quite low (3.9% and 6.5%, respectively) (Fig. 4).

Second, this subtle between-group variance is not
correlated to centroid size (R? < 0.2; Fig. 4), indicating
that there is a fair amount of within-morph variance.
However, when visualizing the aspect of shape varia-
tion that is largest (i.e. between the yellow and the
orange morph), the most distinctive feature appears
to be situated in the temporal region (Fig. 4). For the
dorsal view, this corresponds to a subtle increase in
the width of the orbito-temporal region, whereas, for
the lateral view, it mainly involves a shorter temporal
scale for the orange morphs.

MUSCLE MASSES

For a given head length, there is a tendency for morphs
to differ in total adductor muscle mass (ANCOVA:
Fy7;=3.78, P=0.094). When looking at the graph
(Fig. 5), it appears that orange males have a relatively
greater muscle mass than yellow males. The white
morph can be considered average, having adductor
muscle masses in between those of the orange and
yellow males. Post-hoc pairwise comparisons show
indeed that only the yellow and orange morphs
differ significantly from each other (Fi7;=6.68,
P =0.036). White do not differ from yellow morphs
(F17=1.50, P=0.26), nor from orange morphs
(F17=2.04, P=0.20).

When comparing the jaw adductor muscle groups
separately, the same trend can be seen for the exter-
nus (Fig. 6A) and internus (Fig. 6B) muscle groups:
orange individuals tend to have higher muscle masses
than yellow ones and white morphs show average
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Figure 3. Scatter plot of canonical variate analysis scores based on data from dorsal view (A) and lateral view (B)
(percentages given are the amount of between-group variance explained by each root in the morphospace defined by root

1 and 2).

values. For the adductor posterior group (Fig. 6C), all
three morphs have similar muscle masses.

The total mass of the jaw opener muscles did not
differ between morphs (ANCOVA: F,; = 1.06, P = 0.40).

DISCUSSION

In accordance with previous studies (Huyghe et al.,
2007) colour morphs of P. melisellensis differ in bite
force capacity in both absolute and relative terms:
orange males bite harder than white and yellow ones,

and white males bite harder than yellow ones. The
increase in bite force is larger than would be pre-
dicted by the differences in external head dimensions
between the morphs. When correcting for head size,
males of the orange morphs still have greater bite
forces than yellow males, indicating differences in
internal head morphology and musculature. The
results obtained in the present study also showed
that head height predicted bite force best of all the
external head measurements. An increase in head
height may increase the available space for jaw
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Figure 4. Colour morphs with deformation grids, showing the shape differences between the mean shape of each morph.
Each grid represents pairwise shape difference, by deforming a rectangular grid fitting one morph until it fits another
morph (shape differences magnified three times).
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Figure 5. Scatterplot illustrating that orange coloured males (black symbols) have a greater residual jaw adductor
muscle mass than do yellow males (grey symbols). White males are the average (white symbols).

adductor muscles resulting in a higher physiological an increased moment arm around the quadrato-
cross-section, and thus bite force (Herrel et al., 1999; mandibular joint (Herrel, Aerts & Vree, 1998).
Herrel, Grauw & Lemos-Espinal, 2001). Alternatively, However, because we were restricted to using road
a taller head may allow for a more vertical orienta- killed animals for the dissections, we do not have
tion of the jaw adductors, providing them with muscle mass and bite force data available from the
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Figure 6. Means + SE of the residuals of the different jaw closer muscle groups for the three morphs (white symbols,
white; grey symbols, yellow; black symbols, orange). A, musculus adductor mandibularis externus. B, musculus adductor
mandibularis internus. C, musculus adductor mandibularis posterior. MAM, musculus adductor mandibularis.

same individuals. Consequently, we have to assume
that a positive correlation exists between jaw muscle
masse and bite force on the individual level. Previous
data comparing in vivo bite forces to bite forces cal-
culated based on the morphological properties of the
muscles and the jaw system in bats suggest that this
is a reasonable assumption (Herrel et al., 2008).
Interestingly, although geometric morphometric
analyses did not reveal any significant head shape
differences between morphs, we did find a subtle
trend that could be related to differences in mass of
the jaw adductor muscles: the width of the orbito-
temporal region is slightly larger in orange individu-
als than in yellow individuals. Moreover, orange
males have a higher relative muscle mass than yellow
males despite the near-identical head size (no more
than 1 mm difference). The observed subtle but
higher relative width of the orbito-temporal region in
orange males may thus provide a slightly expanded
space for the jaw muscles. Yet, additional space for
muscles still can be available (e.g. orange males may
have a medially enlarged adductor chamber). As we

were restricted to using non-invasive techniques, no
skulls were available for geometric morphometric
analyses to test this hypothesis. Alternatively, higher
muscle mass could also be achieved by a higher
degree of pennation, allowing for a more optimal
packing of muscle fibres and thus a higher mass and
force output (Gans & De Vree, 1987). A different
orientation of the muscles themselves might also
allow for more optimal packing and thus a higher
muscle mass. In short, differences in muscle architec-
ture between yellow and orange males may exist that
could explain the observed difference in adductor
muscle mass without changes in external head shape.
Additionally, even though landmark-based geometrics
are considered to efficiently grasp subtle changes in
shape, a suitable selection of landmarks is no guar-
antee that all relevant shape variation are included.

Proximate mechanisms possibly explaining this dif-
ference in muscle masses between morphs involve
testosterone levels. Skeletal muscle is a major site of
testosterone action (Bardin & Catterall, 1981) not
only early in development through permanent orga-
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nizational effects on cells and tissues, but also past
sexual maturity (Emerson, 2000). An increase in tes-
tosterone can activate the recruitment of quiescent
satellite cells in muscles and, consequently, cause
muscle fibre hypertrophy in males (Joubert & Tobin,
1995). This anabolic effect in males versus females
also occurs within males: the cross-sectional areas of
a frog’s forelimb muscles enlarge after testosterone
treatment (Dorlochter, Astrow & Herrera, 2004). In a
previous study, we found that morphs of P. melisel-
lensis differ in circulating testosterone levels: orange
males have higher levels than yellow ones (K.
Huyghe, J.F. Husak & A. Herrel, unpubl. data). More-
over, testosterone levels appeared to be positively
correlated with bite force capacity on the individual
level. Combining these results with what those
obtained in the present study, testosterone might be a
probable proximate factor causing differences in
muscle masses between the morphs. Testosterone
implant or castration experiments are needed to
confirm this hypothesis.

The finding that only the external and internal jaw
adductor muscle groups differed between morphs, and
not the posterior group or the jaw openers, means
that there is no overall increase in muscle mass. Only
the first two functional muscle groups (external and
internal) contribute significantly to the generation of
force through biting, whereas the adductor posterior
group is attached to the quadrate and lower jaw and
has predominantly a joint stabilizing function during
the biting process (Herrel et al., 1999). This result
indicates that selection for biting harder is occurring,
resulting in muscle hypertrophy in the orange morph,
and that the presumed action of circulating testoster-
one is very site specific. Selection on bite force could
be ecological, resulting in dietary divergence between
morphs, with orange males being able to handle and
crush harder prey items. Indeed, orange males had a
larger proportion of hard prey items in their stomachs
than the other two morphs (Huyghe et al., 2007).
However, the hardness of food items available does
not appear to restrain any of the morphs from eating
all potential food items: all maximal bite forces are
higher than the force needed to crush the hardest food
item found on the study site. The divergence in diet is
thus not limited by performance, but is at least partly
related to differential foraging behaviour.

Alternatively, a second type of selection might be
occurring. Greater bite forces may be favored through
sexual selection either directly or indirectly through
selection on some other trait (e.g. aggression). Biting
opponents in male—male competitive interaction or
territorial defense is common in lizards (Lailvaux
et al., 2004; Huyghe et al., 2005; Lappin & Husak,
2005), and males with higher maximal bite forces have
a higher probability of dominating such encounters.

Biting is clearly associated with aggressive behaviour.
Within a polymorphic species, where morphs have
differential bite force capacities, one might expect
morphs representing different strategies in male-male
interactions, with the most aggressive morph biting
hardest. In general, in P. melisellensis, males were
frequently observed attacking each other using fast
chases and biting. In particular, the orange males
clearly behave more aggressively than the other
morphs (K. Huyghe, B. Vanhooydonck & A. Herrel,
unpubl. data), suggesting that their higher bite forces
are a reflection of this behaviour. The other morphs
might be using other behavioral strategies, resulting
in an equal net lifetime reproductive success. Mate
guarding after copulation, defending small or no ter-
ritories, or displaying a sneaker strategy are a few
possibilities, but further intensive behavioral observa-
tions should shed light on this issue. In conclusion, we
find that selection can have an effect on performance
(bite force), either directly or indirectly, through under-
lying lower-level mechanisms, such as morphology
(head size), muscle mass and architecture, and
possibly hormone levels (testosterone). Ultimately,
behaviour (competitive ability, aggression, feeding
behaviour) might be the target of selection, and per-
formance, morphology, muscles and hormone levels are
consequently affected.
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