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OIKOS 84: 499-505. Copenhagen 1999

An experimental test of the costs of antipredatory refuge use in
the wall lizard, Podarcis muralis

José Martin and Pilar Lopez

Martin, J. and Lopez, P. 1999. An experimental test of the costs of antipredatory
refuge use in the wall lizard, Podarcis muralis. — Oikos 84: 499-505.

Prey often respond to predator presence by increasing their use of refuges. However,
refuge use may have some costs such as lost opportunities for foraging, and also
physiological costs, such as hypothermia. Many lizards escape from predators by
fleeing into rock crevices, which because of shady and colder conditions decreases
their body temperature below required optimal levels. By experimentally increasing
the frequency of attacks by a simulated predator (human) toward a group of wall
lizards, Podarcis muralis, we examined the hypothesis that lizards may respond to an
increase in risk of predation with an increase in refuge use, but that this strategy
entails costs to their body condition. At the end of the experimental period,
experimental lizards increased the time spent in a refuge after an attack (recovery
time), but they had significantly lower relative body mass than control individuals.
We suggest that an increase in the time spent in refuges at unfavourable temperatures
during the experiment led to a loss of time available for foraging and a diminution
of the efficiency of physiological functions, which resulted in loss of mass.

J. Martin and P. Lopez, Departamento de Ecologia Evolutiva, Museo Nacional de
Ciencias Naturales, CSIC, José Gutiérrez Abascal 2, E-28006 Madrid, Spain

(jose.martin@fresno.csic.es).

Prey often respond to predator presence by increasing
their use of refuges (Werner et al. 1983, Kotler 1984,
Sih 1986, Sih et al. 1992). However, refuges may have
some costs that should be minimized, influencing the
patterns of prey use of refuges, and this should have
important effects on the predator-prey interaction (Sih
1987, Ruxton 1995). Costs of refuge use include, for
example, the loss of time available for foraging (Godin
and Sproul 1988, Koivula et al. 1995) or mate searching
(Sih et al. 1990, Crowley et al. 1991). In addition,
unfavourable conditions in refuges (e.g. suboptimal
temperatures or oxygen levels) might entail physiologi-
cal costs, such as hypothermia or hypoxia (Wolf and
Kramer 1987, Weatherhead and Robertson 1992).
Many lizards escape from predators by fleeing into
the nearest refuge (Greene 1988). However, this simple
and safe strategy may have some costs, because avail-
able, or safer, refuges may be placed in microhabitats
such as rock crevices with shady and colder conditions.
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In reptiles, the attainment and maintenance of an opti-
mal body temperature are essential to maximize numer-
ous physiological process, such as food digestion or
gamete maturation (Huey 1982, Stevenson et al. 1985),
and performance functions with important future
fitness consequences such as sprint speed or foraging
efficiency (Bennett 1980, Avery et al. 1982). Careful
behavioural thermoregulation increases the time that
lizards spend at physiologically favourable body tem-
peratures (Grant and Dunham 1988, Bauwens et al.
1996). However, effective thermoregulation requires
that appropriate sources of heat from solar radiation
and/or warm substrates are available (Huey 1982).
Refuge use may, thus, imply the loss of these sources of
heat, and, consequently, the body temperature of a
lizard retreated into a cool refuge will decrease below
required preferred levels. This is specially important for
small lizards, with low thermal inertia, because it could
result in temperature impairment in only a few minutes.
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In these circumstances, lizards should minimize time
spent in a refuge, especially when refuge thermal condi-
tions are unfavourable relative to external ones in solar
irradiated patches.

Growth in ectotherms continues for very long peri-
ods, and is to a large extent indeterminate and set by
environmental variables. Variation in reptilian growth
rate is associated with differences in food availability,
and time available for foraging and thermoregulation
(Andrews 1982). Behavioural thermoregulation in-
creases growth rate by increasing time available for
voluntary food intake (Avery 1984, Autumm and De
Nardo 1995). Besides, the selection of elevated body
temperatures following feeding (Tossini et al. 1994)
may increase both digestive rate and efficiency (Harlow
et al. 1976, Harwood 1979). Therefore, when reptiles
are prevented from attaining their selected body tem-
peratures, the excess of energy stored as fat in the fat
body and liver should decrease and they should display
reduced growth rates (Sinervo 1990, Sinervo and
Adolph 1994). This is important because the amount of
stored fat, which can be estimated from individual body
condition (i.e., mass relative to body length), affects
survival and future reproductive success of lizards
(Ballinger 1977, Pond 1981).

We hypothesized that lizards may respond to an
increase in the presence of a predator (i.e. higher preda-
tion risk) with an increase in their refuge use. However,
this strategy may entail some costs that might be
reflected in the lizards’ body condition. In this paper we
test this hypothesis in a population of the common wall
lizard, Podarcis muralis, by experimentally increasing
the frequency of attacks by a simulated predator (hu-
man) toward a group of lizards during several days. We
specifically examined how this increase in predation risk
affected (1) the time spent by lizards in refuges after an
attack (recovery time), and (2) the body condition of
these individual lizards, in comparison with a control
group that were not attacked.

Materials and methods
Species and study site

Podarcis muralis is a small lacertid lizard (60—76 mm
adult snout-to-vent length, SVL) widespread in Central
Europe, although in the Iberian Peninsula it is re-
stricted to mountain areas of the northern half, where
they occupy soil dwellings, talus and walls in shaded
zones in forests (Martin-Vallejo et al. 1995). We chose
this species because in the microhabitats selected shade
greatly limits the time available to lizards for basking
and foraging. Thus, even small restrictions of the time
available, such as the time spent in a refuge to avoid a
predator, should be important in this lizard species.
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We performed the experiment in the Guadarrama
Mountains, in a pine forest at Cercedilla (Madrid
Prov., Central Spain) at an elevation of 1500 m. The
dominant vegetation at this altitude consists of Pinus
sylvestris forest, with shrubs such as Juniperus commu-
nis and Cytisus scoparius. We conducted the experiment
at an artificial wall (120 m long x 5 m high) built with
granite rocks to hold a sand bank. Active lizards were
found basking or walking on the wall. Lizards used the
numerous crevices between rocks as refuges. Shade
produced by the nearby pine forest limited the activity
of lizards on the wall to a maximum period of about 7
h daily, although during spring unfavourable weather
conditions (i.e. rain and clouds) often limited the time
available even more.

Experimental procedure

We conducted the experiment during April and May of
1997. In the first week of the experiment we searched
for lizards by walking a track close to the wall between
0800 and 1400 h (G.M.T.). We approached individual
lizards by simulating a predatory attack, thus we in-
duced lizards to flee and hide in a refuge (crevices of the
wall). Then, we measured their recovery time (see be-
low) in the first attack as an estimation of the lizards’
basal assessment of predation risk. Immediately there-
after we noosed these individual lizards to record SVL
(to the nearest mm), tail length, body mass (measured
to the nearest 0.1 g with a Pesola spring scale), sex and
tail condition (only adult lizards with completed tails
were used in the experiment). We randomly assigned
individual lizards to the control (N = 24; 13 males and
11 females) or experimental group (N =20; 11 males
and 9 females). Although males were smaller in length
but relatively heavier than females, lizards from the
control and experimental group did not differ in either
SVL (Two-way ANOVA, Sex, F=13.02, P=0.0008;
Treatment, F=1.32, P =0.26; Interaction, F=0.95,
P =0.35) or body mass residuals (Two-way ANOVA,;
Sex, F=8.45, P =0.006; Treatment, F=0.08, P =0.78;
Interaction, F=0.09, P=0.76) (Fig. 2). Lizards were
individually marked by toe clipping and with paint on
the dorsum for temporary identification, and released
at the capture site within less than two min.

In the next 15 d, we walked at a distance of 5-7 m
from the wall several times between 0800 and 1400 h to
locate and identify lizards with binoculars. We then
applied the experimental treatment consisting of simu-
lated predatory attacks to all the experimental individu-
als found, resulting in lizards retreating into refuges.
We passed nearby control individuals without dis-
turbing them. Each experimental individual was at-
tacked an average of 2.7 +0.5 times per day, which
resulted in about 38 simulated attacks per lizard during
the experiment. Finally, in the last week of the experi-
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ment we approached every individual found by simu-
lating a predatory attack to measure changes in re-
covery times after the experimental treatment, and
then noosed them to record changes in SVL and
body mass.

Recovery behaviour

We approached individual lizards by simulating a
predatory attack by walking directly towards the liz-
ard. To avoid confounding effects that may affect
risk perception of lizards (Burger and Gochfeld 1993,
Cooper 1997), the same person wearing the same
clothing performed all approaches in a similar way,
while another person recorded the lizard’s behaviour.
Lizards typically made a short flight to the nearest
available refuge (rock crevices) and hid entirely from
the observer. When the lizard hid we started a stop-
watch and retreated to a distance of 5~7 m to ob-
serve from a hidden position with binoculars. We
measured the time that the lizard spent in the refuge,
which could be divided into two partial recovery
times: time until the lizard’s snout appeared from the
refuge and the lizard looked outside (appearance
time), and time until more than half of the lizard’s
body emerged from the refuge (emergence time). Be-
cause thermal conditions of the refuge did not affect
the lizard once most of its body was outside of the
refuge, thermal costs of refuge use were considered to
be relevant only until this emergence time.

Recovery times of lizards may be dependent on the
thermal costs of refuge use, which may be dependent
on the thermal state of individuals when hiding (i.e.
their body temperature), and/or the thermal condi-
tions of the refuge (i.e. potential cooling rate) (un-
published data, see below). Thus, immediately after a
lizard emerged from the refuge and resumed its activ-
ity, we measured the operative temperature at the
point where the lizard was before the simulated at-
tack and at the refuge using hollow copper models
(Bakken et al. 1985, Bakken 1989). Models were 7 cm
long by 1 cm diameter copper cylinders. The probe of
a digital thermometer was suspended in the centre of
the hollow model and both ends were sealed (Bakken
1989). Models were employed as a way to measure
the integrated effect of solar radiation, thermal radia-
tion, convection and conduction as they affected heat
transfer at the surface of the animal (Bakken et al.
1985, Bakken 1989). Because the experimental design
did not allow us to capture lizards to measure their
body temperature immediately before they hid, poten-
tial body temperatures were estimated from operative
temperatures.

Emergence times were significantly correlated with
the operative temperatures of copper models placed in
the exterior (Pearson correlation for all individuals
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pooled in their first attack: r=0.31, P=0.047), so
they were also probably dependent on the body tem-
perature of lizards before the attack. Nevertheless,
emergence times were not correlated with the opera-
tive temperatures inside the refuges (r=0.06, P=
0.68). Thus, lizards with potential higher initial body
temperatures had longer recovery times, independently
of refuge conditions. A similar result was obtained
for appearance time (exterior: r=0.26; interior: r=
0.08). Therefore, to correct recovery times taking into
account the thermal state of lizards, we used the ex-
ternal operative temperature as a covariate in subse-
quent analyses.

Data analyses

We used repeated-measures three-way analyses of co-
variance (ANCOVAs) (Sokal and Rohlf 1995) to test
for differences in each of the recovery times of the
same individuals before and after the experimental
treatment (within-subjects factor). External operative
temperature was the covariate, and sex (male vs fe-
male) and group (experimental vs control) were the
between-subjects factors. Sex was included to adjust
for the size difference between males and females (see
above), which might affect heating and cooling rates
(Carrascal et al. 1992), and, hence, recovery times.
The interactions between sex and treatment were in-
cluded to determine whether the relationships between
thermal conditions and recovery times were different
in males and females. The interactions between group
and treatment tested for effects of the experimental
treatment on recovery times.

We also used a repeated-measures three-way AN-
COVA to test for changes in relative body mass (log,
transformed) before and after the experimental treat-
ment (within-subjects factor). We used SVL as a co-
variate, and sex and group as the between-subjects
factors. Sex was included to adjust for the size differ-
ence between males and females (see above), which
might affect body mass changes. The interaction be-
tween group and treatment tested for effects of the
experimental treatment on relative body mass. Indi-
vidual values of relative body mass were equivalent to
the residuals from the regression equation of In mass
(g) on SVL (mm), which may represent an index of
the relative amount of fat stored, and, hence, an esti-
mation of individual physical condition or nutritional
status (Bonnet and Naulleau 1994).

For each ANCOVA we first tested for slope het-
erogeneity; in each case it was not significant (P >
0.20 in all cases). Significance levels for the multiple
tests of each ANCOVA were calculated by using the
sequential Bonferroni adjustment of Rice (1989) for
multiple comparisons (Chandler 1995).
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Results

Recovery behaviour

The results of the ANCOVAs on recovery times of
lizards indicated that at the beginning of the experiment
lizards from the control and experimental group did
not differ in recovery time, once corrected for different
thermal conditions. However, after application of the
treatment, experimental lizards had significantly longer
recovery times than control lizards (Treatment x Group
effect) (Fig. 1, Table 1). Therefore, experimental lizards
seemed to increase their shyness to emerge from a
refuge after they had suffered repeated attacks by a
human observer. We did not find any effect of sex on
recovery times.
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Emergence time (s)

o

Before After

Fig. 1. Recovery times (mean + SE) of lizards after a simu-
lated predator attack in the control (open bars) and experi-
mental group (solid bars) before and after the experimental
treatment.
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Changes in body mass

Although, at the beginning of the experiment, lizards
from the control and experimental group did not differ
in either SVL or body mass residuals (see Materials and
methods), the ANCOVA of body mass indicated that,
at the end of the experiment, experimental lizards had
significantly lower relative body mass than control
lizards (Treatment x Group effect) (Fig. 2, Table 2).

Differences in body mass between groups were a
consequence of control lizards increasing body mass
during the experimental period, whereas experimental
lizards lost mass, or increased mass only slightly, prob-
ably as a result of the experimental treatment (Two-way
ANCOVA of differences between initial and final body
mass with SVL as covariate; Sex, F=0.05, P=0.82;
Group, F=12.78, P=0.001; Interaction, F=2.50,
P =0.12) (Fig. 3). Thus, the regression equations be-
tween mass and SVL at the beginning of the experiment
were similar in control and experimental lizards: Con-
trol: In mass=0.49+0.02 SVL, r>=0.49, P<0.01;
Experimental: In mass =0.45+0.02 SVL, r?>=0.68,
P <0.01, whereas at the end of the experiment the
regression equations were: Control: In mass = 0.66 +
0.02 SVL, 2 =10.50, P <0.01. Experimental: In mass =
0.39+0.02 SVL, r*=0.36, P <0.01.

Discussion

The results of our experiment suggest that P. muralis
lizards identified a higher probability of suffering at-
tacks as an increase in predation risk, and that they
were able to compensate for it by increasing the time
spent in refuges. Modifications of microhabitat or
refuge use according to perceived levels of predation
risk seem to be widespread among animals (Gilliam and
Fraser 1987, Lima and Dill 1990, Sih et al. 1992), and
also among lizards (Carrascal et al. 1992, Martin and
Salvador 1992, 1993a).

However, when changes in microhabitat or refuge
use are costly, animals may face a trade-off when
deciding the time spent in a refuge after a predator
attack. The risk of predation is maximal at the moment
of the attack, but it will decrease gradually as time
spent in the refuge increases. This is because, at least
when prey are abundant, most predators will probably
leave the area and divert their attack to other exposed
and unaware prey, after this particular one has disap-
peared into a refuge. Thus, the probability of the
predator waiting for the prey outside the refuge (i.e.
probability of a new attack) will decrease with time. On
the other hand, the costs of refuge use will increase with
time spent in the refuge (e.g. loss of time or decrease of
body temperature in lizards). Prey should choose to get
out of the refuge when the cost of refuge use is higher
than the risk of predation. Therefore, this emergence
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Table 1. Results of the repeated-measures three-way ANCOVAs examining group, sex, and treatment effects on each of the
recovery times of lizards. In each ANCOVA, repeated factor was the recovery time before and after the experimental treatment,

and external operative temperature was the covariate.

Appearance Emergence
df F P F P
Between subjects effects
Group 1,38 15.36 0.00004* 20.05 0.00007*
Sex 1,38 0.01 0.91 0.36 0.55
Group x Sex 1,38 0.31 0.58 0.12 0.73
Within subjects effects
Treatment s 7.31 0.01 3.81 0.06
Treatment x Group 1,38 8.15 0.007* 7.84 0.0079*
Treatment x Sex 1,38 2.79 0.10 2.39 0.13
Treatment x Group x Sex 1,38 1.09 0.30 3.24 0.08

P values are unadjusted for multiple comparisons. Asterisks denote values significant at o = 0.05 using the sequential Bonferroni

method with 7 comparisons (Rice 1989).

time could be modified in two ways: by increasing the
predation risk (then the diminution of predation risk
should be slower and the time spent in the refuge
should increase), or by increasing the cost of refuge use
(then the time spent in the refuge should decrease). In
our experiment, one of the costs of refuge use was
probably the decrease of lizards’ body temperature with
time. In accordance with these predictions, lizards with
higher initial body temperature stayed for longer peri-
ods inside the refuge. On the other hand, at the end of
the experiment, experimental lizards increased the time
spent inside the refuge. This may be because lizards
that had suffered repeated attacks assessed that the
probability of a new attack was higher (i.e. diminution
of predation risk with time is slower).

The results of our experiment further indicate that an
increase in the use of refuges may, however, entail some
costs. Thus, at the end of the treatment experimental
lizards had poorer body condition and, thus, probably
less fat stored than control lizards. Variation in body
condition has been explained by variation in food
availability in natural populations of lizards (Ballinger
1977), and showed experimentally by manipulating
food intake (Licht 1974). Thus, in our study the main
cause that induced lower body mass in experimental
lizards might be a decrease of the time available for
foraging, which would lead to reduced food intake.
This could result from an increase in time spent in the
refuge, or outside the refuge but stationary looking for
predators, instead of devoting time to forage. Similarly,
lizards that have lost their tail compensate for a higher
predation risk with changes in microhabitat use and
time budgets (Martin and Salvador 1992, 1993a). How-
ever, these changes also affect their foraging success
(e.g. by decreasing the diversity of prey in the diet;
Martin and Salvador 1993b). This may partly explain
why tailless lizards use up fat reserves more quickly
(Dial and Fitzpatrick 1981).

Thermoregulation requirements may also be impor-
tant to explain the low body condition of experimental
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lizards. Body temperature decreases inside the refuge,
thus, lizards have to either spend more time basking to
regain their preferred body temperature, or start to
forage at suboptimal temperatures with a lower sprint
speed and lower predatory efficiency (Bennett 1980,
Avery et al. 1982). In addition, when the body temper-
ature is lowered, the speed at which food is processed is
also lowered and the energy available for storage de-
creases (Harlow et al. 1976, Harwood 1979). Other
additional energetic costs for the experimental lizards
might come from the frequent fleeing sequences needed
to reach the refuge and escape from the predator. All of
these costs of refuge use should influence notably the
patterns of prey use of refuges (Sih et al. 1992), and
also the escape decisions of prey (Ydenberg and Dill
1986). Thus, when the costs of refuge use are higher,
prey should not only reduce their recovery time, but
they should also delay their escape decisions, waiting
for longer before retreating to the refuge.

7.5
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cor U

Body mass (g)

o
o

5 Males Females Males Females
Control Experimental

Fig. 2. Body mass (mean + SE) of control and experimental
lizards before (open bars) and after (solid bars) the experimen-
tal treatment.
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Table 2. Repeated-measures three-way ANCOVA examining
group, sex, and treatment effects on body mass of lizards (log,
transformed). Snout-to-vent length was the covariate. Re-
peated factor was the body mass before and after the experi-
mental treatment.

df F P

Between subjects effects

Group 1,39 13.18 0.0008*

Sex 1,39 5.44 0.025

Group x Sex 1,39 0.18 0.68
Within subjects effects

Treatment 1,39 1.88 0.18

Treatment x Group 1,39 9.18 0.004*

Treatment X Sex 1,39 1.68 0.20

Treatment x Group x Sex 1,39 0.20 0.66

P values are unadjusted for multiple comparisons. Asterisks
denote values significant at o =0.05 using the sequential
Bonferroni method with 7 comparisons (Rice 1989).

The addition of mass to an animal may influence its
locomotory capabilities and, thus, increase the preda-
tion risk (Witter et al. 1994). The increment of mass
associated with pregnancy (Schwarzkopf and Shine
1992) and recent feeding (Ford and Shuttlesworth 1986,
Martin 1996) is known to reduce the locomotory capa-
bilities of many reptiles. Experimental lizards in our
study might compensate the cost of a lower relative
body mass with the benefit of an increase in the ma-
noeuvrability against predators’ attacks, increasing
their escape performance. Nevertheless, the reduction
of fat stored may have important long-term conse-
quences for reptiles. The amount of energy stored de-
termines the time that an individual can stay alive
during periods of low food availability, and thus affects
survival (Pond 1981). For example, during the hiberna-
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0.2

-0.2

Increase of mass (g)
)
.? Qo

=3
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Males Females Males Females
Control Experimental

Fig. 3. Changes in body mass (mean + SE) during the experi-
ment of control (open bars) and experimental lizards (solid
bars).
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tion period, lizards that have lost their tail, and thus the
fat stored there, have a lower survival (Bauwens 1981).
Also, stored fat influences frequency of reproduction,
and females with more fat have greater reproductive
success (Ballinger 1977, Andren and Nilson 1983).

In conclusion, this experiment shows that P. muralis
lizards are able to compensate for an increase in risk of
predation by increasing the use of refuges, and by
delaying the recovery time when predation risk is as-
sessed to be higher. However, the use of refuges placed
in microhabitats of low quality for foraging and for
attaining preferred body temperatures entails costs that
are reflected in the body condition of individuals. We
suggest that restrictions in time available for foraging,
and thermoregulatory costs (i.e. a higher proportion of
time spent at unfavourable body temperatures) may
have led to a loss of relative body mass of experimental
lizards.
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