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POPULATION VARIATION IN ESCAPE BEHAVIOR AND
LIMB MORPHOLOGY OF COLLARED LIZARDS
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ABSTRACT: The evolution of the morphological traits underlying locomotor performance is often addressed
at the level of species comparisons; however, examining variation in traits within a species and the underlying
selective pressures that presumably mold those traits can offer great insight into the effects of natural selection,
as well as the selective forces responsible for phenotypic changes. We studied limb morphology and escape
behavior of three Oklahoma populations of collared lizards: Glass Mountains (GM), Sooner Lake (SL), and
Wichita Mountains (WM). Predation differs among populations, with WM . SL .. GM. Habitat openness
also varies, with SL . GM . WM. Our analysis of limb morphometrics revealed that WM had the longest
hindlimb elements, GM lizards had the shortest, and SL lizards were intermediate. These differences are
consistent with the hypothesis that predation pressure rather than habitat structure is most important in
determining hindlimb morphology. WM lizards were found to have the longest approach distance among
populations, but GM lizards ran the longest distances from predators. These differences in escape behavior
support the hypothesis that predation pressure is important in determining population differences in behavior.
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INTRASPECIFIC correlations among morphol-
ogy, behavior, and ecology can give great
insight into the selective pressures that are im-
portant in different ecological contexts (e.g.,
Foster and Endler, 1999; Luyten and Liley,
1991; Van Damme et al., 1998). For example,
predation, habitat structure, or the potential for
sexual selection may differ among populations,
and any or all of these may have far-reaching
effects on the behavioral and morphological
phenotypes found in a population (e.g., Baird
et al., 1997; Endler, 1995; Herrel et al., 2001;
Stoner and Breden, 1988).

For lizards, there often is a strong correla-
tion between limb morphology and sprint
speed (reviewed in Aerts et al., 2000; Garland
and Losos, 1994; Irschick and Garland, 2001).
Attempts to understand the selective pres-
sures acting on these variables have focused
primarily on either predation (e.g., Christian
and Tracy, 1981; Irschick, 2000; Irschick and
Losos, 1998; Warner and Andrews, 2002;
Webb, 1986) or habitat structure (e.g., Herrel

et al., 2001; Irschick et al., 2005; Van Damme
et al., 1998, 2003). We investigated population
variation in limb morphology with a multi-
faceted approach, considering both predation
pressure and habitat structure as hypotheses
to explain phenotypic differences among pop-
ulations.

Collared lizards (Crotaphytus collaris) rep-
resent an ideal species with which to inves-
tigate selective pressures on phenotypic traits.
A great deal is known about their general
ecology and behavior (e.g., Baird et al., 1996;
Fitch, 1956; Yedlin and Ferguson, 1973),
especially in four Oklahoma populations which
have received extensive attention: Wichita Moun-
tains (WM), Glass mountains (GM), Arcadia
Lake (AL), and Sooner Lake (SL) (e.g., Baird
et al., 1997; Husak et al., 2006; McCoy et al.,
2003). Previous studies indicate that these
populations differ in conspicuousness of color
pattern (Macedonia et al., 2004), character-
istics of their habitat (Baird et al., 1997;
Macedonia et al., 2004), and predation pres-
sure (Baird et al., 1997; Husak et al., 2006).
Husak et al. (2006) examined attacks on lizard
models and found that predation pressure
varied by WM . SL .. GM. Consider-
ing these differences among populations, we
formulated a set of hypotheses regarding
escape behavior and limb morphology.
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Many potential selective pressures can affect
escape behavior (Cooper, 2003a; Templeton
and Shriner, 2004; Ydenberg and Dill, 1986).
Sexual selection can affect escape behavior by
favoring males that remain visible longer in the
presence of predators (Cooper, 2003b; Martı́n
and López, 1999). To stay visible, males should
not run into refuges immediately, but should
instead run away from predators. Further-
more, if sexual selection favors conspicuous
coloration, conspicuous individuals may rely
more strongly on fleeing while less conspicu-
ous individuals may rely more strongly on
crypsis (Martı́n and López, 1999). Among the
Oklahoma populations studied, WM lizards
are the most colorful and conspicuous (Mace-
donia et al., 2004) and experience the highest
predation pressure (Husak et al., 2006).
Hence, we predicted that they should rely
more on fleeing to escape predators than the
other populations. Specifically, we predicted
that WM lizards would run when predators
were further away and would not run as long
a distance in comparison to other populations.
SL lizards also have high predation pressure
but are the most cryptic, so we predicted that
they would run when predators are closer to
them compared to WM. GM lizards experi-
ence little predation and are intermediate in
their coloration and conspicuousness. Since
there is pressure to remain visible for territory
maintenance purposes, as also is true at the
other two sites, we predicted that GM lizards
would allow the closest approach, since pre-
dation is lowest, and run a longer distance
when disturbed by a predator in order to
remain visible to conspecifics.

We made two alternative hypotheses con-
cerning population differences in morphology.
Our first hypothesis is based on differences in
predation pressure and our escape behavior
predictions. Where there is greater predation
pressure we predicted that lizards would ex-
perience strong selection for fast maximal
sprint speed and, therefore, long hindlimbs
(Bauwens et al., 1995; Bonine and Garland,
1999; Snell et al., 1988). Hence, we predicted
that WM lizards would have the longest
hindlimbs with the longest distal elements of
the hindlimbs. We predicted GM lizards,
which experience low predation pressure and
likely do not experience strong selection for fast
sprint speed, would have the shortest hind-

limbs with short distal hindlimb elements. We
predicted SL lizards would be intermediate to
the other two. Because collared lizards typically
run bipedally when disturbed by a predator or
responding to a conspecific (Yedlin and Ferguson,
1973), we predicted that there would be little
selective pressure on forelimb length, and,
hence, no difference among populations.

Our second hypothesis focused on effects of
habitat openness on limb morphology. All
populations of collared lizards in Oklahoma
are saxicolous. However, there are large dif-
ferences in the degree of openness in the
habitat matrix surrounding the rocks on which
they live (see Baird et al., 1997; Macedonia
et al., 2004 for more specific habitat differ-
ences). WM lizards inhabit large boulders
along slopes and flats of the Wichita Moun-
tains, where rocks are surrounded by grass that
is taller than at the other sites studied. Thus,
for this population we predicted relatively
short hindlimbs, especially proximal elements
(Van Damme et al., 2003), for better maneu-
verability through the vegetated habitat when
escaping predators or patrolling territories
(e.g., see Newbold, 2005 for an example of
locomotion differing due to habitat structure).
At GM, lizards inhabit rocks on the tops of
steep-sided gypsum buttes or boulders along
the bases of those buttes. In either case, rocks
are surrounded by loose soil, gravel, or short
grass. The relatively open habitat at GM led us
to predict that these lizards would have long
hindlimbs with long distal elements (e.g.,
Melville and Swain, 2000; Van Damme et al.,
2003). SL has a unique substrate, with lizards
inhabiting a concrete-covered, rip-rap boulder
dam that is very homogenous in structure. The
habitat is completely open with vegetation only
in a narrow strip along the top of the dam.
Therefore, we predicted that SL lizards would
have the longest hindlimbs with long distal
elements. Hence, considerations of predation
pressure and habitat structure separately give
different predictions. Following habitat struc-
ture we would predict that hindlimb length
should vary by SL . GM . WM, whereas
following predation pressure we would predict
WM . SL . GM.

MATERIALS AND METHODS

We studied adult and juvenile male and
female lizards at the Glass Mountains (Glass
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[Gloss] Mountains State Park; Major Co.),
the Wichita Mountains (Ft. Sill Army base
and Wichita Mountains Wildlife Refuge;
Comanche Co.), and Sooner Lake (Pawnee
Co.). Descriptions of the sites are given above
and in Baird et al. (1997) and Macedonia et al.
(2004). Our dataset consisted of two compo-
nents: morphometric data and escape behavior
data. We captured lizards by noosing and
measured each with vernier calipers to the
nearest 0.1 mm for snout–vent length, total
hindlimb length, femur length, tibia length,
hindfoot length, length of the longest toe on
the hindfoot, and total forelimb length. All
measurements were taken on the right side of
the body by the same person (JFH).

We quantified two aspects of escape behav-
ior, following a modification of Cooper (1997):
approach distance and flight distance. The
same individual (wearing similar clothing each
time) walked toward a lizard at a constant pace
and in a straight line until the lizard fled. If
the lizard did not immediately seek refuge,
the walking individual continued approaching
it until it took refuge. We then measured the
distance between the lizard’s original location
and where the observer was when the lizard
fled (approach distance). We also measured
the distance from where the lizard originally
was, along its escape path, to where it took
refuge (flight distance). Our method of esti-
mating flight distance is a deviation from
typical methodology used when quantifying
escape behavior. However, we were interested
in a measure of how long lizards would remain
active and visible when disturbed by a preda-
tor. To avoid confusion, and to avoid creating
more jargon, we use the term ‘‘flight distance’’
but acknowledge that there are differences in
our meaning compared to traditional uses.

All morphological data were log trans-
formed. Collared lizards are known to be
sexually dimorphic in body size and limb
dimensions (McCoy et al., 1994) and differ
geographically in the degree to which they are
sexually dimorphic (Baird et al., 1997), likely
as a result of differing selective pressures, so
we analyzed males and females in the same
analyses to look for patterns of sexual di-
morphism among populations. We performed
a two-factor ANOVA to determine differences
in SVL between sexes and among populations.
To reduce potential biases due to collection of

different proportions of ages of lizards among
sites, we used only the five largest lizards of
each sex in the comparison of SVL (McCoy
et al., 1994). For the remainder of the analyses
we used all individuals. We obtained residuals
for each (log-transformed) morphological vari-
able regressed against (log-transformed) SVL
for all populations and sexes combined. We
then performed two-factor ANOVAs on the
residual limb morphology variables, followed
by Tukey’s Honestly Significant Different
(HSD) pairwise comparisons on significant
variables. Approach distance and flight dis-
tance were compared in a similar manner with
two-factor ANOVAs followed by Tukey’s HSD
pairwise comparisons for significant ANOVAs.
If significant interactions were found in two-
factor ANOVAs, we used the ‘‘SLICE’’ option
in SAS version 8 (SAS Institute, 1999) to
examine simple effects (Kuehl, 2000). All
analyses were performed with SAS except the
regressions, which were performed with
SYSTAT 9 (SPSS, 1998). We report actual
P values for independent tests; however, all
P values reported as significant individu-
ally retained significance when adjusted for
Bonferroni probabilities (Rice, 1989).

RESULTS

For SVL, there was a sex*population in-
teraction (F2,24 5 10.27, P 5 0.0006). In tests
for simple effects, males were significantly
larger than females at GM (P 5 0.010), SL
(P , 0.0001), and WM (P , 0.0001; Table 1).
For females, there were no significant differ-
ences between GM and SL (P 5 0.411) or GM
and WM (P 5 0.870), but SL females were
marginally larger than WM females (P 5
0.055; Table 1). GM males were significantly
smaller than SL males (P 5 0.0002) and WM
males (P 5 0.0003), but there was no signifi-
cant difference between SL and WM males
(P . 0.90; Table 1).

None of the variables for residual limb
morphology had a significant sex*population
interaction (P . 0.18 for all). Total forelimb
length did not differ between the sexes or
among populations (P . 0.48 for both factors;
Table 2). All other variables had a significant
effect of sex and population (Table 2), with
males being larger than females (Table 1).
Tukey’s HSD pairwise comparisons between
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populations revealed different patterns among
sites, depending on the specific limb element.
For residual total hindlimb length GM lizards
were smaller than SL (P 5 0.006) and WM
lizards (P , 0.0001), but SL and WM lizards
did not differ (P 5 0.112; Table 2). For
residual femur length WM lizards were larger
than GM (P , 0.0001) and SL lizards (P 5
0.0005), but GM and SL lizards did not differ
(P 5 0.570; Table 2). For residual tibia length,
GM lizards were smaller than SL (P 5 0.025)
and WM lizards (P 5 0.0003; Table 2), but SL
and WM lizards did not differ (P 5 0.142). For
residual hindfoot length, GM lizards were
smaller than SL (P 5 0.002) and WM lizards
(P 5 0.007), but SL and WM lizards did not
differ (P . 0.9; Table 2). For residual toe
length, WM lizards were larger than GM (P 5
0.0006) and SL lizards (P , 0.0001), but
GM and SL lizards did not differ (P 5 0.249;
Table 2).

An ANOVA of approach distance revealed
no significant sex*population interaction
(F2,65 5 0.37, P 5 0.689) and no significant
difference between the sexes (F1,65 5 1.31,
P 5 0.256), but a significant difference among
populations (F2,65 5 6.20, P 5 0.003). Tukey’s

HSD pairwise comparisons revealed that WM
lizards had a significantly longer approach
distance than SL lizards (P 5 0.003) and a
longer approach distance than GM lizards
(P 5 0.0828), but there was no difference
between GM and SL (P 5 0.256; Table 3).
ANOVA of flight distance revealed a significant
sex*population interaction (F2,65 5 3.72, P 5
0.030; Table 3). Examination of simple effects
indicated that males ran further than females
at GM (P 5 0.010), but not at the other sites
(P . 0.90 for all; Table 3). GM males had a
significantly longer flight distance than SL
males (P , 0.001) and WM males (P , 0.001).
SL males and WM males did not differ
significantly (P . 0.90). There were no signif-
icant pairwise differences in flight distance
between populations for females (P . 0.75
for all).

DISCUSSION

Determining the selection pressures that
shape morphology can be difficult (e.g., Herrel
et al., 2001; Schulte et al., 2004; Van Damme
et al., 1997, 1998; Vanhooydonck and Van
Damme, 2003). We used an intraspecific
approach to test alternative hypotheses about

TABLE 2.—Results of analysis of variance, with sex and population as factors, on residual limb variables of collared lizards
(Crotaphytus collaris) in Oklahoma, U.S.A. None of the sex*population interactions were significant. Pairwise
comparisons represent the direction of order of magnitude; nonsignificant comparisons are indicated with an equals sign.

GM 5 Glass Mountains, SL 5 Sooner Lake, WM 5 Wichita Mountains.

Sex Population

Pairwise comparisonsF1,87 P-value F2,87 P-value

Total hindlimb 46.33 ,0.0001 10.83 ,0.0001 WM 5 SL . GM
Femur 18.51 ,0.0001 11.20 ,0.0001 WM . SL 5 GM
Tibia 39.72 ,0.0001 8.41 0.0005 WM 5 SL . GM
Hindfoot 19.14 ,0.0001 7.03 0.0015 WM 5 SL . GM
Toe 28.86 ,0.0001 17.88 ,0.0001 WM . SL 5 GM
Total forelimb 0.03 0.859 0.74 0.482 —

TABLE 1.—Morphometric data (means in mm 6 1 SE) for three populations of collared lizards (Crotaphytus collaris) in
Oklahoma, U.S.A.

Glass Mountains Sooner Lake Wichita Mountains

Male Female Male Female Male Female

n 13 12 24 19 12 13
SVL 92.4 (63.17) 85.9 (63.27) 95.9 (62.50) 89.7 (61.67) 101.1 (62.30) 90.0 (61.31)
Total hindlimb 74.0 (62.07) 64.8 (61.73) 77.9 (61.34) 69.9 (60.74) 82.6 (61.21) 71.5 (61.05)
Femur 22.1 (60.83) 19.1 (60.51) 22.7 (60.55) 20.6 (60.39) 24.9 (60.55) 21.6 (60.33)
Tibia 26.5 (60.81) 23.7 (60.66) 28.3 (60.53) 25.0 (60.36) 29.8 (60.58) 25.7 (60.30)
Hindfoot 30.0 (60.81) 25.6 (61.22) 32.1 (60.42) 28.7 (60.21) 33.1 (60.87) 29.0 (60.45)
Toe 15.6 (60.59) 13.9 (60.32) 15.8 (60.26) 13.7 (60.18) 17.9 (60.28) 15.3 (60.28)
Total forelimb 40.1 (61.23) 36.6 (60.94) 41.9 (60.75) 38.2 (60.56) 41.3 (62.89) 38.6 (60.43)
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selection in collared lizards. In our study,
differences among populations in morphology
and behavior were consistent with predictions
based on predation pressure and inconsistent
with predictions based on habitat structure.

Lizards that inhabit open, rocky habitats are
expected to have long hindlimbs with relatively
long hindfeet and toes that allow for more
surface area during the initial acceleration of
fleeing (Van Damme et al., 2003), but our
morphometric data did not match this pattern.
Instead, our results supported the prediction
drawn from the hypothesis that predation
pressure is responsible for hindlimb morphol-
ogy. As predicted, WM lizards had the longest
hindlimbs and longest distal hindlimb ele-
ments. As predicted based on the low preda-
tion pressure present at GM, GM lizards had
the shortest hindlimbs and hindlimb elements.
This result is likely due to weaker selection for
fast sprint speed at GM compared to the other
populations studied. Hindlimb morphology
of SL lizards was intermediate between WM
and GM lizards, as predicted by the predation
hypothesis. SL lizards unexpectedly had the
longest hindfeet but the shortest toes, implying
that SL lizards have long metatarsals compared
to the other populations. The reasons for this
result are unclear.

The lack of significant differences in fore-
limb length among populations is not surpris-
ing considering the bipedal locomotion of
collared lizards. When disturbed by a predator,
male and female collared lizards typically uti-
lize bipedal locomotion to escape (Fitch, 1956;
J. F. Husak, unpublished data). Because of this
mode of escape, there may be little selective
pressure on forelimb length related to maximal
locomotor capacity and, hence, no differences
among populations.

Escape behavior differences also were as
predicted based on our knowledge of predation
pressure for the various populations (Husak
et al., 2006). These results are consistent with

previous studies that found intraspecific differ-
ences in escape behavior corresponding to
presumed population differences in predation
pressure (Bulova, 1994; Snell et al., 1988). WM
lizards experience the highest predation pres-
sure, and we found them to flee when the
simulated predator was further away compared
to the other populations. GM lizards had the
longest flight distance, and we interpret this
as an evolutionary response to low predation
intensity, because male collared lizards are ex-
tremely territorial, and there are likely strong
sexual selection pressures for them to remain
active and visible in their territories (Baird
et al., 1996; Husak and Fox, 2003). Despite this
expectation, we found sexual dimorphism in
flight distance only for GM lizards. Surpris-
ingly, there was no sexual dimorphism in
approach distance for any of the populations.
This result could be due to sexual differences in
behavior that we did not measure such as time
to re-emergence (e.g., Cooper, 1998). If males
experience greater pressure than females to be
visible in their environment for purposes of
territory maintenance (Baird et al., 1996), then
approach and flight distances need not differ if
males can simply re-emerge sooner.

Reasons for sexual differences in hindlimb
morphology are unclear. Since we found no
sexual dimorphism in escape behavior except
at GM, there may not be differing selective
pressures between the sexes on hindlimb
morphology for faster sprint speed. In fact,
there is no sexual dimorphism in sprint speed
for SL lizards (Husak, 2005; Peterson and
Husak, 2006). This result may be attributable
to compensation for the greatly enlarged heads
of males as a result of intra-sexual selection
(Lappin and Husak, 2005). This possibility
deserves further study. We found no signifi-
cant sexual dimorphism in forelimb length,
which is not surprising in light of the fact that
males and females rarely touch the ground
with their forelimbs while sprinting.

TABLE 3.—Mean approach distance (means in m 6 1 SE) and flight distance (means in m 6 1 SE) for three populations
of collared lizards (Crotaphytus collaris) in Oklahoma, USA.

Glass Mountains Sooner Lake Wichita Mountains

Male Female Male Female Male Female

n 14 8 11 8 16 14
Approach distance 8.27 (61.98) 6.79 (61.98) 5.26 (60.86) 4.83 (60.95) 13.43 (62.33) 9.81 (61.50)
Flight distance 24.17 (65.11) 8.53 (63.76) 4.02 (61.06) 2.89 (61.10) 3.89 (61.26) 2.56 (61.42)
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We do not know the genetic basis of
hindlimb morphology and escape behavior
differences among populations of collared
lizards, and differences may be the result of
phenotypic plasticity (e.g., Losos et al., 2000).
However, most results followed a priori pre-
dictions based on population differences in
predation pressure and color conspicuousness,
suggesting adaptive processes at work (Reilly
and Wainwright, 1994) as a result of different
selective regimes. Even if plasticity underlies
population variation in collared lizard hind-
limb length, the plasticity may be advanta-
geous by producing phenotypes that function
better in a given environment (Losos et al.,
2000; Schlichting and Pigliucci, 1998). Cer-
tainly, insight into the genetic basis of such
differences would add greatly to our under-
standing of the mechanisms involved in such
dramatic intraspecific variation in numerous
morphological and behavioral traits in this
species and in others. Knowledge of differ-
ences in maximal sprint speed performance
would be very enlightening for further clarifi-
cation of our hypotheses and an understanding
of functional tradeoffs in the face of differing
selective pressures.

The role of predation pressure in shaping
lizard limb morphology has received some
attention. Van Damme et al. (1998) suggested
that differences in predation pressure between
island and mainland habitats might explain
differences in locomotion between two pop-
ulations of the lizard Podarcis hispanica.
Schulte et al. (2004) outlined potential strat-
egies for lizards that live in flat, open micro-
habitats and suggested that they may either
remain motionless or run long distances from
a predator, with hindlimb length being under
selection only when the lizard species adopts
the latter strategy. However, this model as-
sumes that predation pressure does not vary
greatly within the distribution of the species.
We found that different collared lizard pop-
ulations with differing predation pressures had
different escape strategies based on predation
pressure. Where predation pressure was weak
(GM) lizards ran from predators, but the
distances run were much longer on average
than the other populations with greater pre-
dation pressure. Aligned with the relaxed
predation pressure, GM lizards had the short-
est limbs among the populations we studied.
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