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Does speed help you survive? A test with Collared Lizards

of different ages
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Summary

1. While it is generally accepted that the evolution of morphological traits is mediated
by selection on whole-animal performance, few studies have examined how variation
in performance explains variation in fitness. Most studies to date have studied how
performance predicts survival, and these typically examine only a single age class.

2. Maximal sprint speed was measured for hatchling and adult Collared Lizards
(Crotaphytus collaris), in addition to morphological measurements, in order to deter-
mine how well annual survival could be predicted by performance and whether the
relationship between performance and survival differed between age classes.

3. Logistic regression revealed that no morphological trait or sprint speed performance
predicted survival in adults. However, sprint speed predicted survival in hatchlings.
Further, hindlimb length differed between survivors and non-survivors and correlated
with sprint speed, suggesting that the evolution of hindlimb length in hatchlings may
be driven by selection on sprint speed performance.

4. Selection on sprint speed may be mediated directly by predators where hatchlings
cannot attain speeds sufficient to escape predators or indirectly where slower individuals
use a greater proportion of their maximal capacity than faster individuals while escaping
predators, perhaps causing elevated stress levels or a higher expenditure of energy stores.
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Introduction

Differential survival among individuals reflects varia-
tion in underlying morphological and physiological
traits, but selection acts on the integrated manifesta-
tion of such traits (i.e. whole-animal performance;
Huey & Stevenson 1979; Arnold 1983). Since Arnold
(1983) described an operational framework for linking
morphology, performance and fitness, many authors
have extended and refined his paradigm (e.g. Bennett
& Huey 1990; Wainwright & Reilly 1994; Irschick
2002). The link between morphology and performance
has received considerable attention (reviewed in Gar-
land & Losos 1994; Irschick & Garland 2001), whereas
the link between performance and fitness has received
comparatively little (Irschick & Garland 2001). The
lack of studies is probably due to the difficulty of quan-
tifying both physiological performance and lifetime
fitness in the same individuals. Studies attempting to
do so have focused on how performance predicts sur-
vival (e.g. Jayne & Bennett 1990; Miles 2004) typically
within a specific age class. These studies have been
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instructive regarding how natural selection may act on
performance, and they have revealed dramatic ontoge-
netic differences in how selection acts on performance
(Jayne & Bennett 1990; Kingsolver 1999; Warner &
Andrews 2002; Kingsolver & Srygley 2000; Miles 2004).
Locomotor performance predicted survival in hatch-
ling lizards Sceloporus undulatus (Warner & Andrews
2002) and Urosaurus ornatus (Miles 2004), but not
hatchlings of Garter Snakes, Thamnophis sirtalis (Jayne
& Bennett 1990), or S. occidentalis and S. merriami
hatchlings (unpublished studies cited in Bennett & Huey
1990). Juvenile endurance capacity predicted survival
in the lizard Lacerta vivipara (Le Galliard, Clobert &
Ferriére 2004). Among adults, locomotor performance
predicted survival in garter snakes (Jayne & Bennett
1990), but flight performance did not predict survival
in three butterfly species (Kingsolver 1999; Kingsolver
& Srygley 2000). More studies that examine how per-
formance predicts survival in different age classes of
the same species are needed to assess the generality of
ontogenetic shifts in selection on performance.
Ontogenetic differences in selection on performance
would not be surprising given that absolute perform-
ance typically differs between juveniles and adults.
Performance typically scales with body size such that
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younger individuals are ‘worse’ absolute performers
than adults owing to their smaller size (Garland & Losos
1994; Carrier 1996; Irschick 2000). Although there are
many instances of juveniles using very different niches
from those used by adults, juveniles in many vertebrate
species often inhabit the same environment as adults
where the two groups potentially compete for resources
and experience the same potential predators (Werner
& Gilliam 1984). The smaller size of juveniles may
make them vulnerable to a larger suite of potential
predators than adults and may limit the size range of
prey that may be consumed, reducing competitive
ability compared with adults (Schmidt-Nielsen 1984;
La Barbera 1989). Such factors suggest that natural
selection on performance traits affecting predator
avoidance and foraging may be stronger on juveniles than
adults (Carrier 1996). Studies that compare locomotor
performance in nature between adults and juveniles
support this hypothesis. Juvenile Anolis lineatopis lizards
and subadult Crotaphytus collaris lizards run slower than
adults, but they utilize a higher percentage of maximal
sprint speed capacity than adults when escaping pre-
dators (Irschick 2000; Irschick et al. 2000; Husak 2005).

I examined how well morphological and perform-
ance traits predicted survival in hatchling and adult
Collared Lizards (Crotaphytus collaris), a broadly dis-
tributed species in the south-western United States.
Collared Lizards use sit-and-wait foraging to feed
opportunistically on available arthropods and small
vertebrates (Blair & Blair 1941; Husak & McCoy 2000;
Cooper et al. 2001). Therefore, predator escape and
prey capture may be contexts in which maximal sprint
speed is subjected to selection. I tested whether body
size and condition, hindlimb length or maximal sprint
speed capacity predicted survival, and whether there were
differences in what trait(s) predicted survival between
the two age classes.

Materials and methods

GENERAL METHODS

The study site was a 2-ha area on Sooner Lake dam in
Pawnee County, Oklahoma, where the substrate con-
sisted of concrete-covered rip-rap boulders. In April-
May 2003, adult (= 2 years of age) and yearling (~1 year
of age) male and female lizards were captured by noos-
ing and permanently marked with toe-clips and a unique
pattern of coloured paint spots for visual identification
at a distance (after Baird, Acree & Sloan 1996). Indi-
viduals that were captured and marked the previous year
as hatchlings were considered yearlings, whereas those
captured the previous year before hatchlings emerged
were considered > 2 years of age. I examined survival
for 54 adult and yearling lizards (12 yearling females,
14 yearling males, 15 females >2 years old, and 13
males > 2 years old). In August—October 2003, hatch-
lings (N = 64) were captured and marked as described
above. Morphological traits potentially related to survival

were measured, including snout—vent length (SVL), body
mass and hindlimb length. To remove effects of body size,
log-transformed hindlimb length was regressed against
log-transformed SVL, and residuals were used in sub-
sequent analyses. The residuals from a regression of
log-transformed mass against log-transformed SVL
were used as an index of body condition.

MAXIMAL SPRINT SPEED

Lizards were transported to Oklahoma State Univer-
sity and held for 1 day to allow passage of gut contents.
No gravid females were used. On the mornings of their
second and third days of captivity, I placed lizards
individually in net bags inside a lighted incubator at
37 °C. Three times a day, with trials separated by at
least 2 h, each lizard was removed from the incubator
and immediately chased down a 3-m racetrack into a
black bag. The racetrack had a high-friction sandpa-
per substrate. I video taped runs on SONY Hi8 (Sony,
Park Ridge, NJ, USA) film (following Brafia 2003),
and later viewed the tapes and counted number of
frames required to traverse 1-m intervals (yearlings and
adults) or 0-5-m intervals (hatchlings). The resulting
speeds were comparable to those found by Peterson
& Husak (in press) using a racetrack with infrared
beams. I classified the quality of each run as ‘good’
or ‘poor’ (van Berkum & Tsuji 1987), and data from
‘poor’ runs (pauses, reversals) were discarded. Only
the single fastest 1-m (for yearlings and adults) or
0-5-m (for hatchlings) split for each run was analysed.
Following a run, I immediately measured the lizard’s
body temperature with a quick-read cloacal thermometer.
All lizards were released at their exact point of capture
after all trials were completed. The best and second-
best performances of each individual, regardless of
the day on which they occurred, were highly correlated,
indicating high repeatability for adults and yearlings
(r =095, P <0-001) and hatchlings (r = 0-90, P < 0-001).
To remove the effects of body size, log-transformed
sprint speed was regressed against log-transformed
SVL, and residuals were used in subsequent analyses.

SURVIVAL

I determined survival in the field to the beginning of
the next activity season. The time between release and
assessment of survival encompassed two ecologically
important times during which lizards may have per-
ished. The first was during the activity season when
predation, starvation or injuries associated with intra-
or interspecific interactions may have caused death.
The second was a period of overwintering when the
lizards are quiescent and when mortality may have
resulted from freezing, predation, infection or insuffi-
cient energy stores. This approximately spanned mid-
August to late March for adults and yearlings and late
October to late March for hatchlings. My goal was to
determine what trait(s) best predicted survival over
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these entire time periods, not to predict survival during
one or the other of the two ecological periods. Hence,
my estimate of condition has limited utility for how
well it can accurately predict survival, especially for the
later overwintering period (see Discussion). Body con-
dition of lizards, especially territorial males, decreases
over the activity season (e.g. Abell 2000), so my meas-
ure of condition early in the season may be important
to survival up to overwintering, but it might not reflect
winter survival. To test this hypothesis specifically, one
would need to measure condition just prior to lizards
overwintering, and after they have presumably increased
body fat stores after activities associated with repro-
duction are completed (e.g. territorial patrol in males
and egg production in females). Despite these limita-
tions, I made predictions based on the data available.
If most deaths were due to starvation (i.e. insufficient
energy stores during the active season or over winter),
I predicted that body condition or body size would best
predict survival and sprint speed would be non-significant,
whereas if selection pressures associated with activity
were the primary cause of death, I predicted that sprint
speed or body size would best predict survival.

ANALYSIS

I first used two-tailed #-tests to examine differences in
traits between survivors and non-survivors, analysing
hatchlings and adults separately. For subsequent ana-
lyses, unless indicated otherwise, adults and yearlings
were combined into a single ‘adult’ category. I used
logistic regression (e.g. Janzen & Stern 1998) to test for
both directional (linear) and stabilizing (quadratic)
selection (Lande & Arnold 1983). All independent vari-
ables were log,,-transformed for analysis. The dependent
variable was the untransformed probability of survival
(i.e. 0 or 1). Separate logistic regressions were con-
ducted for hatchlings and adults. The linear selection
logistic regression model included SVL, residual hind-
limb length, body condition, residual sprint speed and
sex (male = 1, female = 0). In adult analyses, age (adult
or yearling) was included as a variable. The results
were qualitatively the same if body mass was included
in the analysis instead of body condition. The quadratic
selection logistic regression model included squared
residual hindlimb length and squared residual sprint

speed. The results for the residuals were qualitatively
similar to those obtained for absolute hindlimb length
and sprint speed. Where significant logistic regression
models were obtained, the methods of Janzen & Stern
(1998) were used to convert the standardized (i.e. mul-
tiplied by the preselection standard deviation of the
trait, c,) logistic regression coefficients into selection
coefficients, using the average gradient of the estimated
selection surface (i.e. the probabilities of survival). This
results in selection coefficients (B, zzq) cOmparable to
those obtained from multiple linear regression (Janzen
& Stern 1998). All analyses were conducted in S-Plus
vs. 6-1 (Insightful Corporation, Seattle, WA).

Results

Of 54 adult lizards marked in 2003, 24 (44%) survived
to 2004. Survivors and non-survivors did not signifi-
cantly differ in SVL (¢ = 0-05, df = 52, P = 0-96, Table 1),
residual hindlimb length (1 = —0-44, df = 52, P = 0-66,
Table 1), body condition (z = 0-56, df = 52, P =0-58,
Table 1) or residual sprint speed (1 =—0-49, df = 52,
P =063, Table 1). The results are qualitatively the
same if yearlings and adult lizards are analysed separ-
ately and if males and females are analysed separately.
Of 64 hatchling lizards marked in 2003, 31 (48%) sur-
vived to 2004. Survivors and non-survivors did not
differ significantly in SVL (r = —1-30, df = 62, P = 0-20,
Table 1) or body condition (¢ = 106, df = 62, P = 0-30,
Table 1). However, survivors had significantly larger
hindlimb residuals (1 = —2-62, df = 62, P = 0-01, Table 1)
and significantly larger sprint speed residuals ( = —8-41,
df =62, P <0-001, Table 1) than non-survivors.

The linear selection logistic regression model for
adults was not significant (x> = 5-85, df = 6, P = 0-44),
nor were any partial regression coefficients. Likewise,
the quadratic selection logistic regression model for
adults also was not significant (}* = 7-20, df =8, P =
0-52). The results are qualitatively the same if yearlings
and adult lizards are analysed separately. In contrast,
the linear selection logistic regression model for hatch-
lings was significant (y* = 13-00, df = 5, P = 0-02) with
only residual sprint speed predicting survival signi-
ficantly (Table 2; a logistic regression model with abso-
lute values resulted in B, ..q = 0-27 for sprint speed, a
coefficient very similar to that obtained for residual

Table 1. Descriptive statistics (mean = 1 SEM) for surviving and non-surviving hatchling and adult Collared Lizards
(Crotaphytus collaris). Numbers in parentheses represent the number of individuals for that category. Bold values represent a
significant difference in residual values between survivors and non-survivors using 7-tests (see text)

Hatchlings Adults

Survivors (31) Non-survivors (33) Survivors (24) Non-survivors (30)
SVL (mm) 66-25+1-38 63-:53+1-80 93-06 + 1-89 93-11+1-52
Hindlimb length (mm) 54-83 +1-22 51-39 £ 1-42 73-32+1-59 73-14 £ 1-45
Mass (g) 13-79 £ 0-97 12:83+£1-17 30-90 + 2-:60 30-30 £2-03
Condition —0-0071 + 0-008 0-0067 + 0-01 —0-0086 = 0-01 0-0027 + 0-02
Sprint speed (m s™") 333+ 0-06 2-50 £ 0-06 3-:34+£0-09 3-38 £0-07
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Table 2. Summary of linear selection analyses (directional
selection) on morphological and performance traits of hatchling
Collared Lizards using logistic regression. Coefficients represent

Baveerad (Janzen & Stern 1998). For sex, male = 1, female = 0
Selection coefficient ~ P-value
SVL (mm) 0-005 0-86
Residual hindlimb length 0-039 0-18
Condition -0-034 0-24
Residual sprint speed 0-229 <0-001
Sex -0-035 0-20

values). This indicates directional selection on residual
sprint speed in hatchlings but not adults. The quadratic
selection logistic regression model for hatchlings was
not significant (x> = 10-80, df = 7, P = 0-15).

Discussion

This study revealed a positive relationship between
locomotor performance and survival in hatchling but
not adult lizards. This is consistent with the hypothesis
that juveniles are likely under stronger selective pres-
sure from predators and/or for foraging proficiency
than adults. This could reflect a minimum range of speeds
that individuals must attain for success in escaping
predators and/or foraging. Correspondingly, the maxi-
mal sprint speed capacity of non-surviving hatchlings
barely lies within the range of that measured for older
age classes while foraging and escaping predators (Husak
2005). Yearlings and adults run on average between 0-8
and 1-3 m s™' while foraging and 2-0 and 2-5 m s~ while
escaping predators (Husak 2005). Given these, it is
unlikely that non-surviving hatchlings were unsuccess-
ful at foraging since the maximal capacity of hatchling
survivors and non-survivors (Table 1) was well above
the average speeds used by older lizards. However, the
average maximal speed of hatchling non-survivors was
approximately equal to that used by older lizards while
escaping predators in nature. Average maximal capacity
of hatchling survivors was greater than what is used by
older lizards while escaping predators. This suggests
two possibilities for how maximal sprint speed may be
under directional selective pressure from predators.
First, hatchling non-survivors simply may have been
unable to attain speeds sufficient to escape predators.
The primary predators of Collared Lizards are snakes
and raptorial birds (Husak et al. in press), and hatch-
ling Collared Lizards are likely vulnerable to a larger
size range of snake predators compared with yearlings
and adults. While modifying escape behaviour may be
sufficient to compensate for poor locomotor perform-
ance in some instances (Husak 2005), if snake preda-
tors can approach close to hatchlings, then fast sprint
speeds may be necessary for escape. The second way
that sprint speed performance may be under selective
pressure is indirect. Lizards might compensate for low
maximal capacity by using escape speeds closer to
maximal capacity (Irschick et al. 2000; Irschick 2002).

Frequent use of near maximal capacity may cause
elevated levels of corticosterone or high expenditures
of energy, both of which can reduce survivorship (e.g.
Brown et al. 2005; Civantos & Forsman 2000). How-
ever, the consequences of using near-maximal capacity
often are poorly understood and deserve further
empirical attention.

Arnold’s (1983) paradigm predicts a correlation
between variation in fitness-related performance and
variation in relevant morphological traits. For Collared
Lizards, hindlimb length was positively correlated with
sprint speed in hatchlings (r = 0-28, P = 0-026), but
not in yearlings and adults (» = 0-12, P = 0-39). Corre-
spondingly, survival was predicted by sprint speed in
hatchlings but not adults. It would be instructive for
future research to examine what determines sprint speed
within these specific age classes. Muscle cross-sectional
area or muscle fibre composition are possibilities (e.g.
Bonine & Garland 1999). Variation in hindlimb length
of hatchlings seems at least partially responsible for
variation in sprint speed, indicating that selection on
sprint speed influences the evolution of limb length in
Collared Lizards. It is worth noting that the logistic
regression analyses revealed that residual sprint speed,
but not residual hindlimb length, predicted survival of
hatchlings, yet t-tests revealed that both residual sprint
speed and residual hindlimb length differed between
survivors and non-survivors. These results emphasize
the relatively more important role of whole-animal
performance compared with morphological traits that
underlie that performance in determining fitness.

Body condition did not significantly predict survival
in either hatchlings or adults, but this result does not
mean that body condition is unimportant to survival.
My goal was to determine what traits, as measured at
a discrete point in time, would predict survival in dif-
ferent age groups of lizards. Hence, I measured condi-
tion at the same time as the other traits measured, at
the peak of the active season. Condition very likely
changes over the course of the activity season (Abell
2000) when sexually mature lizards are involved in
reproductive activities. If condition deteriorates dur-
ing the season (Abell 2000) and then improves at the
end of the season after reproduction has ceased, then
my measure of condition may not be predictive of
overwinter survival. However, condition as I measured
it may be important during the time period from meas-
urement to overwintering. To determine how well con-
dition might influence survival accurately, one could
take multiple measurements over the activity season.
To determine how well fat stores influence overwinter
survival one could measure condition as close to over-
wintering as possible and determine survival to the begin-
ning of the next activity season. The utility and validity
of body condition indices have been the subject of con-
troversy (e.g. Green 2001; but see Schulte-Hostedde
et al. 2005), so I cautiously interpret the significance
(or the lack thereof) of my results relative to body
condition and survival. Investigators studying the



178
J. F. Husak

© 2006 The Author
Journal compilation
© 2006 British
Ecological Society,
Functional Ecology,
20, 174-179

evolution of phenotypic traits should clearly define what
body condition indices mean and what their limitations
are in studies of survival and selection.

Maximal locomotor capacity in lizards has been
proposed to be under selective pressures related to pre-
dation and foraging proficiency (Christian & Tracy
1981; Webb 1986; Irschick & Losos 1998). My results
suggest that predation pressure, but not foraging
proficiency, is an important selective force operating
on sprint speed performance of hatchling lizards, but
less so in adults. The result is selection on underlying
morphology that constrains performance. The finding
that only linear selection is operating on the traits
measured, and not quadratic selection, suggests that
there is directional selection on performance and its
underlying morphological basis.

The lack of a performance-fitness relationship in
yearlings and adults raises some questions. Is perform-
ance of these older age classes under the influence of
some other selective pressure(s)? If so, does the most
important pressure differ between the sexes? Adult
Collared Lizards are sexually dimorphic in relative
hindlimb length (McCoy et al. 1994), with the devel-
opment of sexual dimorphism beginning at sexual
maturity. Previous work has shown that territorial
adult males probably face strong sexual selection
pressures to be fast for purposes of territory defence,
whereas sprint speed of yearlings and adult females
may be under selection for predator avoidance (Husak
2005). These results, together with the present study,
suggest a complex scenario in which there are differing
selective pressures operating at different intensities
through ontogeny and between the sexes. Future work
will reveal how general these ontogenetic and sexual
differences in selection are among taxa and their ulti-
mate effects on phenotypic expression.
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