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ABSTRACT Bite performance in lizards influences many aspects of the animal’s lifestyle. Dur-
ing feeding, inter- and intrasexual interactions, and defensive behavior, the ability to bite hard
might be advantageous. Although biomechanical considerations predict clear relations between
head shape and bite performance, this has rarely been tested. Here we investigate the effect of
head shape on bite performance in three closely related species of xenosaurid lizards. Our data
show that in this family of lizards, bite performance is mainly determined by head height, with
high headed animals biting harder than flat headed ones. Species clearly differ in head shape and
bite performance and show a marked sexual dimorphism. The dimorphism in head shape also
results in an intersexual difference in bite performance. As head height is the major determinant
of bite performance in xenosaurid lizards, trade offs between a crevice dwelling life-style and bite
performance seem to occur. The evolutionary implications of these results are discussed. J. Exp.

Zool. 290:101-107, 2001. © 2001 Wiley-Liss, Inc.

The relation between organismal structure and
function is generally assumed to be determined
by the interaction of physical laws and evolution-
ary and developmental processes. Although this
provides the opportunity to use fairly simple bio-
mechanical models to investigate the nature of
these relations, the relations between form and
function (especially in seemingly highly con-
strained systems) are often inferred rather than
tested in any explicit way (Moon ’99). Yet, in the
last decade or two, functional morphologists have
become aware of the fact that biological systems
are highly complex, and that not only physical,
but also developmental (Hanken and Hall, ’93),
constructional (Barel, ’83), and historical (Felsen-
stein, ’85, ’88) constraints act to determine the
form-function relationship at the organismal level.

The relation between head shape and biting is
thought to be straightforward; simple external head
dimensions such as length, width, and height are
assumed to be good predictors of bite strength
(Carothers, ’84; Molina-Borja et al., ’98). Although
these inferences are supported by biomechanical
models (Smith and Savage, ’59; Freeman, ’79;
Kiltie, ’82; Wainwright, ’87; Sinclair and Alexander,
’87; Cleuren et al., ’95; Herrel et al., ’98a,b) actual
in vivo performance has rarely been measured
(Herrel et al., ’99). In lizards, bite force has been
determined to be important during territorial in-
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teractions (e.g., Trivers, ’76; Fitch, ’81; Anderson
and Vitt, ’90; Censky, ’96; Molina-Borja et al., ’98),
mating (Herrel et al., ’96), feeding (Preest, '94;
Herrel et al., ’98b; Herrel et al., ’99), and defensive
behaviours (Hertz et al., ’82; Green, ’88). If exter-
nal head measurements are indeed good predic-
tors of bite force, then these would be valuable,
and easily measurable, indicators of performance.
How can head shape influence bite perfor-
mance? Theoretical reasoning suggests that ani-
mals with wider heads can accommodate more jaw
adductor musculature without constraining the
space occupied by vital organs (i.e., brain, sensory
structures). The increase in jaw adductor muscle
mass is then assumed to result in a higher bite
force. Also an increase in head height (i.e., the
height of the skull) can theoretically increase the
available space for jaw adductor muscles. By tak-
ing advantage of complexly pennate jaw muscles,
an increase in head height can result in an in-
crease in the physiological cross-section, and thus
bite force. Predictions relating to total head length
are less straightforward, as an increase in the to-
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tal head length has the potential to increase both
the in- and outlevers of the jaw system. An in-
crease in lower jaw length, on the other hand, will
predominantly increase the outlever of the sys-
tem, and thus reduce bite force.

Bite force is obviously not the only measure of
bite performance (bite speed and endurance are
two other potentially important measures) and the
latter is likely not the only aspect of an animal
influencing its head shape. Other functions per-
formed by the cranial system (e.g., sensory func-
tions) or a diversity of behaviours (reproduction,
thermoregulation, anti-predation) might impose
similar or conflicting demands on head shape. For
example, many lizards species use crevices to hide
in when escaping from predators, or even spend
most of their lives in crevices (Deban et al., '94;
Schlesinger and Shine, '94; Cooper et al., ’99). Be-
cause an animal’s escape success and/or avoidance
of predators might depend on its ability to use
narrow crevices, its overall body and head shape
might be influenced by its habitat use (lizards
with high heads cannot utilise the narrower and
safer crevices; Arnold, ’98; Cooper et al., ’99). If
the simple biomechanical predictions stated pre-
viously hold, then crevice-dwelling lizards might
be highly constrained with respect to maximal bite
force and this might affect their potential dietary
scope and/or competitive abilities.

Here we examine the relations between head
shape and bite performance in three closely re-
lated highly specialised crevice dwelling lizards
of the genus Xenosaurus. Within the three spe-
cies examined, a cline with head shape can be ob-
served from species with relatively high heads (X.
newmanorum) to extremely flat headed species (X.
platyceps). We specifically test the prediction that
bite performance is constrained by head shape
(i.e., flatness), and discuss the ecological and evo-
lutionary implications thereof.

MATERIALS AND METHODS
Animals

Eighteen Xenosaurus grandis (Veracruz), 18
Xenosaurus platyceps (Tamaulipas), and 16 Xeno-
saurus newmanorum (San Luis Potosi) were col-
lected in Mexico and transferred to the University
of Puget Sound (Tacoma, Washington). An addi-
tional 3 X. grandis, 7 X. platyceps, and 4 X.
newmanorum, which were born in captivity, were
used in the experiments. Different species were
placed in separate cages of five individuals per
cage. The animals were fed crickets dusted with
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calcium and vitamins, and were provided with
water ad libitum. Artificial crevices were created
for the animals to hide in. The animals were kept
on a 12L:12D light cycle with an ambient tem-
perature varying around 25°C.

Morphometrics

After the performance trials, the following mor-
phological measurements were taken from each ani-
mal: mass, snout-vent length (SVL), head length
(HL), lower jaw length (LJL), head width (HW), and
head height (HH). Head length was measured from
the anterior end of the premaxillary to the poste-
rior edge of the parietal bone. Lower jaw length was
measured from the anterior end of the dentary bone
to the posterior edge of the retroartricular process.
Head width was measured at the widest part of
the skull and included the bulging of the m.
pterygoideus and external jaw adductors. Head
height was measured at the highest part of the skull
just posterior to the orbita.

Bite forces

We measured in vivo bite forces using an iso-
metric Kistler force transducer (type 9203, Kistler
Inc., Switzerland), mounted on a purpose-built
holder (Fig. 1) and connected to a Kistler charge
amplifier (type 5995, Kistler Inc., Switzerland).
Biting causes the upper plate to pivot around the
fulecrum, and thus pull is exerted on the trans-
ducer. All animals were tested between 22°C and
24°C (mean activity temperatures observed in the
wild; see Cooper et al., ’98; Lemos-Espinal et al.,
’98). When the lizards were taken out of their cage,
they readily assumed a characteristic threat re-
sponse (opening of the jaws) and tried to bite the
person holding them. When the free end of the
holder (= bite plates, see Fig. 1) was placed in
between the jaws of the animal, usually prolonged
and repeated biting resulted. The place of appli-
cation of bite forces was standardised by mount-
ing acrylic stops onto the free end of the holder
(see Fig. 1). Gape angle was standardised (15 =
5°) by moving the bite plates away from each other
for larger animals. Measurements were repeated
five times for each animal with an inter-trial inter-
val of at least 15 min. The maximal value obtained
during such a recording session was considered
to be the maximal bite force for that animal.

Analyses

All morphological variables were logarithmically
transformed (Log10) before analyses. Because the
variation in shape was of special interest, all mor-
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Fig. 1. Experimental set-used to register bite forces in vivo.
The animals bite on the bite plates (b) which causes the upper
plate (c) to rotate, thus exerting pull on the piezo-electric force
transducer (d). The distance between bite plates is adjustable
(a, fulcrum; e, holder; modified after Herrel et al., ’99).

phological and performance variables were re-
gressed against snout-vent length. Residuals were
calculated and used in the subsequent analyses.

To investigate the effect of head shape on bite
performance, a multiple regression was performed
with bite performance as the dependent variable,
and the residual morphological traits, species and
sex, as independent variables. Next, head shape
and bite force data were analysed using a multi-
variate analysis of variance (MANOVA) with spe-
cies and sex as factors in the model. Univariate
analyses of variance were performed to investi-
gate which measures were significantly different
between species.

RESULTS
Effect of head shape on bite performance

Regression analysis of the head measures and
bite force against snout-vent length revealed
highly significant correlations (Table 1). Because
both head size and bite force are highly correlated
with body size, residual data were calculated and
used in further analyses.

A multiple regression analysis (stepwise) of the
data for all species resulted in a significant model
which included residual head height only (r = 0.55,
Fi6,= 28.33, P < 0.0001). Residual head width,
head length and lower jaw length were not re-
tained in the model (partial correlations: all P >
0.12). This means that lizards with relatively
higher heads bite significantly harder than liz-
ards with relatively flatter heads.
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TABLE 1. Regression summary

Variables r Intercept Slope F1,64 P
SVL~HL  0.97 -0.41 0.90 926 <0.001
SVL~-HW  0.96 -0.59 0.94 754 <0.001
SVL~HH 0.87 -0.66 0.86 447 <0.001
SVL~LJL 0.97 -0.48 0.95 1190 <0.001
SVL~BF  0.86 -2.30 1.73 185 <0.001
HL~BF 0.89 -1.50 1.91 238 <0.001
HW-~BF 0.85 -1.10 1.74 169 <0.001
HH~BF 0.91 —-0.96 1.98 314 <0.001
LJL~BF 0.87 -1.39 1.79 202 <0.001

All data were LOGq transformed before regression. BF, bite force;
HH, head height; HL, head length; HW, head width; LJL, lower jaw
length; SVL, snout-vent length.

Species and sex effects

The results of a MANOVA on the residual mor-
phological and performance data indicated signifi-
cant species (Rao’s R = 10.95; d.f. = 10,112; P <
0.0001) and sex (Rao’s R = 8.11; d.f. = 5,56; P <
0.0001) effects. Interaction effects were not sig-
nificant (Rao’s r = 1.14; d.f. = 10,112; P = 0.34).
Subsequent univariate F-tests showed that spe-
cies differed significantly in residual head length
(Fyg0 = 13.68; P < 0.001), residual head height (¥4
=20.97; P < 0.001), residual lower jaw length (Fy ¢,
=11.12; P < 0.001) and residual bite force (Fqz, =
8.42; P < 0.001), but not in residual head width
(Fy60 = 2.52; P = 0.09). Post-hoc tests (Duncan
multiple range test) showed that Xenosaurus
newmanorum have a significantly longer head and
longer lower jaws than X. grandis and X. platyceps
(Table 2, Fig. 3). Xenosaurus platyceps on the other
hand have a significantly flatter head and bite
less hard than the other two species tested (Table
2, Figs. 2 and 3).

Sexes of the three species differed in all vari-
ables tested (all P < 0.001), with males having
larger heads and bite forces than females. Mul-
tiple regressions performed on the residual data
for both sexes separately showed that head shape
influences bite performance differently in male
and female lizards. The multiple regression analy-
sis for male lizards did not result in a significant
model (r = 0.42; F,5; = 1.20; P = 0.34) indicating
that none of the head shape variables explained
the observed differences in bite performance. Con-
sequently, size rather than shape determines bite
performance in male xenosaurid lizards. Yet, for
female lizards a model with residual head height
as a significant variable was retained (r = 0.62;
Fi3;, = 22.43; P < 0.001), indicating that females
with relatively higher heads bite harder than ones
with relatively flat heads. Backward and forward
analyses gave the same results.
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TABLE 2. Summary of morphometric and bite force data
Species Sex N SVL (mm) HL (mm) HW (mm) HH (mm) LJL (mm) BF (N)
Xenosaurus 3 10 89.37 + 16.51 2235 + 4.25 18.99 + 4.83 10.37 £ 2.06 24.21 + 528 12.43 + 4.36
platyceps ? 15 9854 +20.71 23.11 +4.39 19.62 + 411 10.66 £ 1.91 25.32 + 515 11.34 + 3.61
Xenosaurus 3 11 109.78 = 7.51 26.45 + 2.32 2163 + 1.64 13.18 + 0.58 28.79 + 1.96 1894 + 5.12
grandis ? 10 11249 +8.10 2695 + 2.33 21.84 + 1.83 13.16 + 1.08 28.46 + 2.09 18.30 + 4.93
Xenosaurus 3 7 106.42 £ 6.13  28.06 £ 1.61 21.65 + 0.93 13.31 + 0.72 30.07 + 1.80 20.38 + 5.29
newmanorum Q 13 90.09 + 28.09 22.39 £ 6.16 17.72 £+ 475 10.89 + 2.69 23.87 + 6.85 13.36 £ 7.55

Table entries are averages * standard deviations. BF, bite force; HH, head height; HL, head length; HW, head width; LJL, lower jaw length;

N, number of observations; SVL, snout-vent length.

DISCUSSION

The results gathered here for three species of
Xenosaurus indicate that in lizards, body and head
size are indeed good predictors of bite performance
(Table 1). Moreover, not only head size, but also
head shape (mainly head height) is a good indica-
tor of bite performance in these lizards. Simple
external head measurements are thus indeed in-
formative with respect to bite capacity, and are
valid indicators of performance. However, a mul-
tiple regression performed on bite force data for a
lacertid lizard (Gallotia galloti, see Herrel et al.,
’99) indicates that although head size is impor-
tant, head length and head width are the most
important shape variables predicting bite force (r
= 0.42; F3100 = 10.69; P < 0.001). The differences
among these groups of lizards in the relations be-
tween head shape and bite performance are most
likely related to the structure of the jaw adductor
musculature. Whereas in xenosaurid lizards the
jaw adductors have lost most of their internal ten-
dinous skeleton (Haas, ’60; Rieppel, '80), in
lacertid lizards the jaw adductors are character-
ised by a well-developed tendon system (Haas, *73;
Herrel et al., ’99). Without a well-developed ten-
don system, head height might indeed constrain
bite performance as the orientation of the jaw ad-
ductors will become less favourable. Despite these

Xenosaurus platyceps

Xenosaurus grandis

differences, the results for both groups indicate
that head shape is an important factor and should
be taken into account in studies trying to explain
patterns of sexual dimorphism or food resource
utilisation in lizards. Clearly, data for more groups
of lizards are needed to evaluate the effects of
head shape on bite performance.

Within the xenosaurid lizards examined here,
clear differences in head shape, associated with
differences in bite performance, are observed.
Whereas the species with the flattest head (X
platyceps) has the poorest performance, the spe-
cies with the highest head (X. newmanorum) bites
hardest. Head shape thus seems to constrain
maximal bite force in this group of lizards. At
present, one can only speculate on the reason why
one species has a much flatter head than the
other, as very little is known about the biology of
these lizards. Although all species of the genus
are crevice dwellers (Ballinger et al., ’95; Lemos-
Espinal et al., ’98), possibly, X. platyceps lives in
areas where the available crevices are narrower,
and/or where predation pressures are high. It is
known, however, that X. newmanorum, the spe-
cies with the highest head, lives in areas with
relatively dense second growth forest, and occu-
pies crevices with a mean width of about 18 mm
(Lemos-Espinal et al., ’98). Apparently, head

Xenosaurus newmanorum

Fig. 2. Photographs of the heads of the species in lateral
view to illustrate differences in head shape. All pictures were

salced to the same head length. Left, Xenosaurus platyceps;
middle, Xenosaurus grandis; right, Xenosaurus newmanorum.
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Fig. 3. Relations of head shape with bite force in Xeno-
saurus. Plotted are residual head length, residual head width,
residual head height and residual lower jaw length versus

height is fairly tightly linked to the height of the
crevices occupied by the animals (compare with
head height data in Table 2). Still, data on habi-
tat use of other species of xenosaurids are essen-
tial to gain insights into the proximate causes for
the observed difference in head shape.

Is there any indication that the crevice dwell-
ing lifestyle constrains bite performance in
xenosaurids? Given that head height strongly
influences bite performance, and that crevice
dwelling lizards such as xenosaurids have rela-
tively flat heads, there does seem to be a con-
straint on bite performance (male G. galloti bite
108 N on average, Herrel et al., ’99; compare to
data in Table 2). The question remains, however,
if the observed reduction in bite performance is
relevant to the ecology of the animal. To be eco-
logically relevant, the reduction in bite capacity
should result in a reduced dietary scope, a smaller
territory and/or a decreased mating success, or a
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reduced defensive potential. As information on the
diet of only one of the species studied is avail-
able (Ballinger et al., ’95), the first hypothesis is
hard to test. These data suggest that xenosaurids
are opportunistic insectivores (with the exception
of two lizards that have been found in the gut of
X. grandis; Presch, ’81; Ballinger et al., ’95) that
will eat anything that comes into the crack in
which they live (Ballinger et al., ’95; Smith et al.,
’97). Based on the literature on forces needed to
crush insect prey (Andrews and Bertram, ’97;
Herrel et al., ’96, ’99), we suggest that xenosaurids
are presumably generally not constrained in their
prey spectrum (average forces needed to crush
most insects are less than 8 N; compared to av-
erage bite forces in Table 2). Similarly, as xeno-
saurids rely heavily on their crevice dwelling
lifestyle and head wedging behaviour (personal
observation) as an anti-predatory tactic and
hardly ever leave their cracks, we do not think
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that the reduced bite performance in these liz-
ards will constrain their survival because of in-
creased predation.

However, bite performance is most likely eco-
logically relevant in intra-specific interactions.
The xenosaurids examined here are dimorphic in
head size with males having larger heads than
females (see also Smith et al., ’97). Because of
their larger heads, males bite harder than their
female conspecifics (Table 2). Because primarily
male xenosaurids are assumed to engage in ag-
gressive interactions (Ballinger et al., ’95; Smith
et al., ’97), higher bite forces are likely important
and presumably determine the outcome of male—
male contests. Also, during inter-sexual interac-
tions (i.e., copulations), males may benefit from
increased bite performance, because females can
actively resist copulation. If females do resist, only
males with large bite forces will be able to suc-
cessfully copulate with a female. Remarkably,
when the bite force data are analysed for males
separately, head height no longer seems to be lim-
iting bite performance. This indicates that males
somehow partially escape the constraint imposed
by their crevice dwelling way of life. Possibly, in
male xenosaurids the morphology of the jaw ad-
ductors has undergone changes (changed orien-
tation, degree of pennation), allowing them to bite
hard independent of their head height. This be-
comes especially apparent for the extremely flat
headed X. platyceps (see Table 2). Clearly, mor-
phological (muscle masses, orientation of muscles,
degree of pennation) and physiological data
(twitch characteristics, histochemistry) on the jaw
muscle complex of male and female xenosaurids
are required to be able to test this hypothesis.

In summary, we have shown how bite perfor-
mance is related to (1) body and head size and
(2) head shape (head height of females) in three
species of Xenosaurus. Moreover, the bite perfor-
mance of these animals seems to be limited by
their crevice dwelling lifestyle imposing a flat
head shape. However, the reduced bite perfor-
mance is likely only relevant in intraspecific in-
teractions. Yet male xenosaurids seem to have
found a way to escape the imposed constraint.
These data might have implications for other spe-
cies where demands on head shape are imposed
as a result of other aspects of animals’ ecology
(e.g., climbing lizards tend to be flatter than
ground dwelling ones; see Vanhooydonck and Van
Damme, ’99), but data on a wider array of spe-
cies and genera are clearly required to test the
generalisability of these results.
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