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To heat or to save time? Thermoregulation in the
lizard Zootoca vivipara (Squamata: Lacertidae) in
different thermal environments along an
altitudinal gradient

Lumir Gvozdik

Abstract: Behavioural regulation of body temperature in thermally heterogeneous habitats requires different amounts of
time that could otherwise be dedicated to foraging and social activities. In this study | examined how four populations
of the lizardZootoca viviparaalong an altitudinal gradient (250-1450 m) adjust their thermal-physiology traits and
thermoregulatory behaviour to compensate for increasing time costs of thermoregulation. | focused on variation in sev
eral physiological (set-point temperature, heating rate) and behavioural traits (microhabitat selection, basking frequency,
extent of thermoregulation). To estimate potential time spent basking and foraging by lizards that were not employing
any behavioural compensatory mechanism, | used a simple biophysical model of thermoregulation, including informa
tion about operative temperatures at the study sites, selected temperature range, and heating/cooling rates. Time costs
of thermoregulation for each population were calculated as potential time spent basking relative to time spent foraging.
Operative temperatures varied among study sites, resulting in different time costs of thermoregulation. Lizards at

1450 m should spend about 50% more time basking than those at 250 m. | found that the only mechanism which
potentially compensated for the higher time costs incurred at high altitudes was a shift in the choice of basking sites.
Lizards thermoregulated with similar accuracy and effectiveness over the 1200-m altitudinal range, indicating that there
were no adjustments in the extent of thermoregulation. The observed basking frequencies of lizards were highly corre-
lated with potential time spent basking without behavioural adjustments, suggesting a minor compensatory effect of
thermoregulatory behaviour. Lizards responded to higher time costs of thermoregulation primarily by allocating differ-
ent amounts of time to basking. These results suggestZthaivipara regulated body temperature at the expense of

time that could be devoted to other activities.

Résumé: Le contrdle comportemental de la température du corps dans les habitats ou prévalent des températures hété-
rogénes entraine des dépenses variables de temps qui pourrait étre utilisé a d’autres fins, comme la recherche de nour-
riture et les activités sociales. J'ai tenté de déterminer comment les |éZzaotisca viviparade quatre populations

réparties le long d'un gradient thermique altitudinal (250-1450 m) ajustent leurs caractéristiques physiologiques thermi
ques et leur comportement thermorégulateur pour compenser les co(ts croissants en temps de la thermorégulation. J'ai
examiné plus particulierement la variation de plusieurs caractéristiques physiologiques (températures de consigne, taux
de réchauffement) et comportementales (choix d’'un microhabitat, fréquence des bains de soleil, importance -de la ther
morégulation). Pour estimer la durée potentielle du temps consacré aux bains de soleil et a la recherche de nourriture
chez les lézards qui n’'avaient pas recours a des mécanismes comportementaux compensatoires, j'ai utilisé un modele
biophysique simple de thermorégulation dans lequel il y avait des informations sur les températures effectives aux sites
de I'étude, I'étendue des températures préférées et les taux de réchauffement/refroidissement. Le colt en temps de la
thermorégulation pour chaque population a été calculé comme le rapport entre la durée potentielle des bains de soleil
et le temps consacré a la recherche de nourriture. Les températures effectives variaient d’'un site a l'autre et eette varia
tion a donné lieu a des colts en temps différents selon le site. Les Iézards qui vivent a 1450 m devraient passer au
moins 50 % de plus de leur temps au soleil que les lézards vivant a 250 m. J'ai constaté que le seul mécanisme qui
puisse compenser les colts en temps plus élevés a haute altitude est la variation dans le choix des sites de repos au
soleil. Les lézards ont une thermorégulation aussi précise et aussi efficace a toutes les altitudes le long du gradient de
1200 m, ce qui indique qu'il ne se fait pas d’ajustement de I'importance de la thermorégulation. La fréquence des bains
de soleil des Iézards était en forte corrélation avec le temps potentiel qu'ils peuvent consacrer aux bains de soleil sans
ajustements comportementaux; on peut voir la I'effet compensatoire peu important du comportement de thermorégula
tion. Les lézards ont réagi aux co(ts en temps plus élevés de la thermorégulation surtout en consacrant des périodes de
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temps variables aux bains de soleil. Ces résultats semblent indiquet. gindpara gére sa température par des dépen
ses de temps qui pourrait étre alloué a d’autres activités.

[Traduit par la Rédaction]

Introduction mechanisms compensating for long-term differences in the
) _ _ thermal environment along latitudinal and altitudinal gradi
Many lizards regulate their body temperature predominantients (Huey and Bennett 1990). Short-term fluctuations (e.g.,
by using various behavioural mechanisms (e.g., Cowles anGay to day) should be Compensated for by behavioural
Bogert 1944; Heath 1965; Adolph 1990; Bauwens et almeanswhereas long-term ones (e.g., seasonal or among years)
1996). Although ectothermy requires a much lower energ¥should becompensated for by acclimation or adaptations in
investment than endothermy (Pough 1980), behaviourahermal physiology.
thermoregulation of ectotherms is time-consuming and thus The |izard species studied thermoregulates actively by-bask
may constitute an important part of a lizard's time budgeting and by shuttling between sunlit and shaded sites (Avery
(Dunham et al. 1989). How much time a lizard spends thermo976). This thermoregulatory behaviour can be described us
regullatlng.(shuttllng .between sun anq shade, finding swtabl;ang a simple biophysical model (Bakken and Gates 1975).
basking sites, basking) depends primarily on the thermafpe model predicts that the time spent thermoregulating may
properties of its habitat. Variation in the thermal environ pe reduced by physiological or behavioural adjustments of
ment, through its effect on thermoregulatory behaviour andyyq trajts: set-point temperature and heating rate. Additionally,
activity time, may therefore hgve a profounq and direct iM Jizards may compensate for higher time demands by less
pact on the time budgets of lizards, and ultimately on theircarefy| regulation of their body temperature (Huey and Slatkin
life histories (Dunham et al. 1989; Adolph and Porter 1993'1976). Based on the above facts, | made five non-mutually
1996). ) exclusive predictions concerning the thermoregulatory responses
In several papers the effects of energetic costs on the exy |izards to altitudinal variation in time costs: (1) lizards
tent of thermoregulation have been exarr_uned in the field a”‘ﬁhysiologically adjust thermoregulatory set-points, (2) they
the laboratory (Huey 1974; Lee 1980; Withers and Campbelhnysiologically adjust heating rates, (3) they increase heat-
1985). In accordance with the cost-benefit model of thermojg rates behaviourally by adjusting microhabitat selection
regulation (Huey and Slatkin 1976), these studies showegh pasking, (4) they shift relations between body temperature,
that some lizards regulate their body temperature less Cargperative temperature, and set-point temperature range (i.e.,
fully in a high-cost environment, and this resulted in a shiftcaysing a shift in accuracy and effectiveness of thermoregulation

of the mean body temperature maintained during activity(sensu Hertz et al. 1993)), and (5) they allocate different
However, some species of lizards do maintain similar body;mounts of time to basking.

temperatures even at different altitudes, i.e., under different

costs, by means of effective, mostly behavioural, compensatory

mechanisms (Burns 1970; Hertz and Huey 1981; WaltneivI i

1991; Lemos-Espinal and Ballinger 1995). In addition, shitsMaterials and methods

in body temperature during activity do not necessarily indi

cate changes in the extent of thermoregulation. Such shift§tudy organism and study sites

may also be induced by environmental constraints or arise as Zootoca viviparais a small (adult snout—vent length (SVL)

a result of behavioural shifts in set-point temperature (Varca. 65 mm; body mass ca. 6.5 g) diurnal insectivorous lizard.

Damme et al. 1989; Tosini et al. 1995). Recent conceptuaBecause this species has the largest distribution known among

and methodological advances in the study of thermoregulatiolizards (Avery 1982) and inhabits a wide variety of thermal

(Hertz et al. 1993; Bauwens et al. 1996; Christian and Weavergnvironments from sea level to an altitude of 3000 m, its life

1996), however, allow us to discriminate between these podhistory varies considerably among populations (see Bauwens

sibilities and thus shed more light on thermoregulatory re et al. 1986). In the Czech Republic, females give birth to 3—

sponses of lizards to different thermal environments. 10 juveniles in July—August. Maturity is reached in their
Unlike energetic costs, the time costs of thermoregulatiorsecond or third year of life (L. Gualik, unpublished data).

have attracted only limited attention. The main objective of | investigated populations &. viviparaat four study sites

this paper is to determine whether lizards compensate faslong an altitudinal gradient: (1) Ratly250 m; 49°53N,

different time costs of thermoregulation in various thermall7°12E): three small dried-up ponds (0.4 ha), well vegetated

environments. For this purpose | compared the thermal biologhy grassesalamagrostissp., Deschampsiap., Juncussp.)

of four populations of the lizardootoca vivipara(Lacertidae) and nettles Wrtica dioica) up to 2 m high; (2) Ostravice

living at different altitudes. The mean field body temperature(550 m; 49°34N, 18°28E): a meadow (7.5 ha) on a south

of this species is 4.3°C lower at high altitude (2000 m) tharneast-oriented slope surrounded by foreBagus sylvatica

at low altitude (25 m) (Van Damme et al. 1990). However, Picea abie} (3) Slun€&na (800 m; 49°5N, 17°28E): a

the reasons for this variation remain largely unknown.-Seaforest clearing (3 ha) with planted your®y abiesup to 3 m

sonal variation in the thermal environment had no obvioushigh on a south-oriented slope; (4) Vysoka Hole (1450 m;

effect on the extent of thermoregulation, and differences irb0°02ZN, 17°12E): a subalpine meadow (6 ha) with scattered

monthly mean body temperatures resulted from constraintsees P. abies Pinus mugd on a south-southeast-oriented

imposed by the thermal environment (Van Damme et alslope. For simplicity | will refer to the study sites only by

1987). However, thermoregulatory responses to season#ieir altitude. Climatic characteristics (Fig. 1) were obtained

variability at a single location may be quite different from from the nearest meteorological stations (Czech Hydro
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Fig. 1. Mean precipitation &), air temperaturel(), and sunshine  1999), the substrate (Lignocel) was maintained equally moist
hours €) for each study site by month (I-XIl). Because air tem over the whole gradient (for details see Geltk and Castilla
peratures at 550 m were not available, temperatures were ad  2001). As shelters | placed several pieces of bark along the
justed for differences in altitude between the study site and the gradient. Drinking water and food (crickescheta domestica
meteorological station at the theoretical adiabatic cooling rate of mealworms,Tenebrio molitoy were provided ad libitum. |
0.6°C per 100 m of altitude in moist air (Begon et al. 1996). assume that abiotic and biotic constraints on thermoregulation
were absent under these conditions. Animals were cared for
‘ —*—250m —#-550m —4—800m ——1450m in accordance with the principles and guidelines of the

180 Canadian Council on Animal Care (1993).

To measureT, | took two samples (June and August) of
six lizards from each locality so that lizards of both sexes
120 } and different age groups (adults and subadults) and +epro
ductive conditions (gravid and nongravid) were represented.
I measured body temperatures of surface-active (i.e., not in
60 | shelters) lizards by inserting a K-type thermocouple probe
(0.5 mm in diameter) connected to a digital microprocessor
thermometer (HH 21, Omega Engineering, Stamford, Conn.,

0 T U.S.A) 5 mm into its cloaca immediately after capture. Body
o vV Ve VI VI X X X X temperature was measured hourly for each of 12 lizards per
population. As the upper thermoregulatory set-point (BT
and lower thermoregulatory set-point (LEJ, | determined
20 the 10th and 90th percentile of each individudlsdistribution,
respectively. The set-points were averaged for each population.
Following arguments of Bauwens et al. (1995), | consider
10 t the central 80% ofT's, rather than the central 50% (e.g.,
Hertz et al. 1993), to be a biologically more realistic esti-
mate of the set-point temperature rangg.{ for Z. vivipara
ot However, because the determinationTgf; bounds is some-
what subjective (Wills and Beaupre 2000), | additionally
calculatedTge; bounds as the central 50% af's (50%T
-10 — bounds) to explore the extent to which differenced g esti-
Lo vV Ve VIE v IX X X X mation may affect comparisons of thermoregulatory indices.
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| used six lizards from each population to measure heating
250 rates. Each lizard was fixed on a white plastic board (12 x

300

E 200 | 25 cm) by two bands of transparent adhesive tape. A K-type
= thermocouple (0.25 mm in diameter) connected to the same
5 150 thermometer used for measurinig, was inserted into its
3 100 | cloaca. The lizard was then cooled to 19°C and placed under
@ a 100-W reflector lamp suspended 20 cm above the centre of
50 r its body. When the body temperatur€) (reached 20°C, |
0 e, started to record at 15-s intervals until it equalled 35°C.
o vov VI VI X X XXl The operative (equilibrium) temperature of a lizard model

measured under identical conditions was 42°C. All measure
ments were taken at an ambient room temperature of 19 +
meteorological Institute, Ostrava branch) situated at altitude3°C (for further details see Gudik 1999).

MONTH

(x50 m) similar to those of the study sites. To compare heating rates among populations | calculated
the thermal time constant for heatimg,X. This constant was
Thermoregulatory set-points estimated for each individual using the nonlinear equation

| estimated thermoregulatory set-points from measurementigescribing the heating curve of an ectotherm (Bakken and
of preferred body temperatureg X in a laboratory photothermal Gates 1975):
gradient (100 x 50 x 50 cm). A 100-W reflector bulb was
suspended 15 cm above the substrate as the source of heat
and light, and the opposite side of the gradient was cooled
from beneath with ice. Under these conditions, operative
temperaturesTy’s) of lizard models (see below for a deserip whereT(t) is the body temperature at timeT,, is the opera
tion) ranged from 18 to 80°C, a range that is substantiallytive (equilibrium) temperaturel(ty) is the body temperature
wider than all reported, ranges in this species (Pattersonat time 0, and is the elapsed time (min). Heating constants
and Davies 1978; Van Damme et al. 1986). Because humidvere obtained by fitting a straight line to the plot of Tp(-
ity may affect thermoregulatory behaviour (Lorenzon et al.T) versus time.

T = T +[T(9 - el
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Operative temperatures and habitat description (motionless position, often with body flattened, of a lizard

| used physical models of lizards to measig(Bakken exposed to sun; see also Figs. 2-5 in Avery 1979) or not,
1992). Models were made from copper cylinders (10 mm insubstrate type, vertical position (in centimetres above the
diameter, 60 mm long) whose ends were sealed with plastiground), and sun exposure (sun, partial sun, shade/overcast)
plugs. In the middle of the ventral sich 1 mmwide opening Wwere recorded. To avoid pseudoreplication (Hurlbert 1984),
was drilled for inserting the thermocouple probe. Cylindersonly one observation per individual was used for further
were painted to match the colour of the lizards. The pain@nalyses. Based on their body size (SVL and BM), sex, and
(Balakom, Opava, Czech Republic) was prepared using coloueproductive condition, lizards were classified as subadult
coordinates (400700 nm) obtained from colour measurementsale, adult male, subadult female, gravid female, or nongravid
(Dataflash 100, Datacolor International, Lucerne, Switzerland) female.
from 10 lizards. | verified thermal responses of randomly
chosen models by comparing their equilibrium temperaturetndices of thermoregulation
with those of four freshly killed lizards under different expo  To describe thermoregulation | used three indices (Hertz
sures to sunshine (full sun, partial sun, shade). As no signifiet al. 1993): (1) Accuracy of thermoregulatich,): d, = T, —

cant differences were found (paired Student®st, tj;;) =  UBTge for T, > UBTgg, Oy = LBTgi— Ty, for Ty, < LBT,
0.71, P = 0.51; difference 0.1 — 1.4°C), | considered theandd, = O for LBT; = T, = UBT4 This index indicates
models to be sufficiently reliable for measuriiig how closely lizards maintain their body temperatureTtg,

To measure the distribution of.'s available to lizards The higher the mead,, the lower the accuracy of thermo
during their activity period, | chose the first cloudless dayregulation of lizards. (2) Thermal quality of a habitak,),
with moderate or no wind at each site during the same pei.e., the mean deviation df,’s from the Ty, range, was calcu
riod and year for measuring field body temperaturggsy. lated analogously tal,, with T, instead ofT,,. (3) The effee
Every hour, | placed 24 models around the spot where théveness of thermoregulatiorEl was calculated ak = 1 —
first lizard was observed. Models were placed around thel,/d.. Values of E approaching 1 indicate active thermo-
spot on 8 lines intersecting at 45° angles. On each line teguldion, while values approaching O indicate thermoconformity.
placed three models, with random orientation to compass di-
rection, in the places with differing exposure to sunshineEstimates of potential duration of basking and foraging
(full sun, partial sun, shade) that were nearest to the central To examine whether lizards compensate for different time
spot. After 15 min their temperature was measured. Becausgemands for thermoregulation, it is necessary to use some
of the high conductivity of the copper body, models werequantitative estimate of time costs that can be compared
held only by their plastic ends during manipulation. If the among study sites. FoZ. vivipara thermoregulating (i.e.,
metal part was touched, the temperature reading was dignaintaining theifT, between LBT,and UBT,,) by basking and
carded. | assume thdt's measured in this way estimate the shuttling between warmer and colder microsites, | determined
overall distribution ofT.’s in the lizard’s habitats. the potential time costs of thermoregulation by calculating
| assessed the availability of substrates at each study ardlae potential duration of basking and foraging episodes. The
by walking along 5 randomly chosen 30 m long transectgpotential duration of basking is the timg,) spent by a liz-
and recording the type of substrate (e.g., bark, grass, stonajd to increase its body temperature from LBTo UBT,
every 0.5 m. (Bakken and Gates 1975):

Body temperatures and behaviour in the field thask = —T hln%%

| sampled lizards from June to August during two corsec (LBTger — Tel
utive seasons, 1996 and 1997 (250 and 550 m in 1996; 800
and 1450 m in 1997). The average air temperatures wer&hereTg > UBTgq,
similar at the same weather station during these 2 years. The potential duration of foraging is the timig,(q9 during
Because weather conditions may affect body temperatur@hich a lizard’'s body temperature decreases from LB
(Avery 1982) and surface activity of lizards (Van Damme etLBT et
al. 1987), | restricted sampling to fully sunny days. How
ever, because the study site at 1450 m was characterized by
a very small number of fully sunny days (Figc)l | also
sampled there during partially cloudy weather. Under these
conditions | measured,’s not later than 5 min after clouds where T, < LBT and 1. is the thermal time constant for
covered the sky and not sooner than 15 min after continuousooling. The constant was derived from the known ratie be
sunshine began. tweent, andty(1 /T, = 1.56 £ 0.03 (mean = SH) = 10) de

On each sampling day | walked haphazardly across #&rmined in another study (L. Gdik, unpublished data).
study site from sunrise until the end of lizard activity, i.e., Becauser,, and 1. are functions of BM, the constants were
1 h after | saw last active lizard. Lizards were captured byadjusted for the mean BM of each population category and
hand or with a noose. Immediately after capture | measuredtudy site. Their values are valid for windless conditions
the lizard'sT,, using the same apparatus as for measufipg only, because wind speed affeatsand t,, through convec
Each lizard was individually marked and SVL (to 0.1 mm tion (Stevenson 1985).
with plastic dial callipers), body mass (BM, to 0.1 g with  The longer the meaty,qand the shorter the medp, 40
Pesola scales), date and time of capture, whether baskirtbe higher the time costs of thermoregulation. To facilitate

O] -T1.0
tforage =T hm[bE:Ir_set -Treg
set” le
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Table 1. Lower and upper bounds of set-point temperature ranges (°C) estimated as the
central 50% (50%LBY,, 50%UBT,.) and 80% (LBT., UBTs) of preferred body temper
atures ofZootoca viviparaat different altitudes.

Altitude (m) n 50%LBTq 50%UBT,q LBT e UBTee
250 12 29.1+05 33.8+0.3 26.8 + 0.6 34.8 + 0.4
550 12 29.5 + 0.4 32.9 + 0.4 27.2+05 34.3 + 0.3
800 12 29.2 + 0.4 33.0+ 0.4 26.7+ 05 34.3+0.3
1450 12 29.7 + 0.6 33.1+05 27.2+ 0.6 342+ 05

Note: All values are given as the mean + SE.

comparisons among the study sites | used the fraction of po Table 2. Thermal time constants (min) of
tential activity time (hours per day that lizards could peten Z. vivipara at different altitudes.

tially be active, given the general thermal environment) used : -
for basking (Dreisig 1985) as a measure of the time cost of ~ Altitude (m)  Adjusted mean  SE  Mean

thermoregulationd): 250 6.9 0.3 7.5
£ 550 6.7 0.3 7.0

= bask 800 6.3 03 55

Cpask Tt forage 1450 6.9 0.3 6.3

The ¢, values are an estimate of the proportion of total Note: Adjusted (least squares) means were used to

. . ) . . remove an effect of body mass (In-transformed).
time that a lizard spends thermoregulating in a particular Y ( )

thermal environment without behavioural adjustments of its

heating rate. Additionally, | used this estimate as a “null

hypothesis” (no time compensation) for comparisons withsions, | provide information about the statistical power (1 —
actual frequencies of basking lizards. If the actual value$) of the test and the least significant number (LSN), which
varied like the calculated ones, this would indicate that timeds the minimum sample size necessary for obtaining a signif-
compensation mechanisms employed by lizards were mindeant result att = 0.05 and 1 8 = 0.80 (Cohen 1988; for a

ones. similar approach see also Forsman 1996).
Statistical analyses were performed using JMP 3.2 statisti-
Statistical analyses cal software (SAS Institute Inc., 1995) and Statistica for

For comparing continuous variables (temperature and tim¥Vindows 5.5 (StatSoft, Inc. 2000). Bootstrap resampling was
measurements) | used appropriate standard least-squares mégfried out using programs written by D. Bauwens and
els (analysis of variance (ANOVA), analysis of covarianced. Diaz (forE comparisons) in BASIC and by M. Gidik
(ANCOVA), multiple regression) after examining the valid- (for ¢, comparisons) in C++.
ity of assumptions of normality and homogeneity of variance
(Sokal and Rohlf 1995). In cases of significant departureResults
from homogeneity and normality, the data were transformed
using Box—Cox transformation or rank transformation (PotvinThermoregulatory set-points
and Roff 1993; Sokal and Rohlf 1995). The Tukey—Kramer Upper and lower thermoregulatory set-points were not sig
HSD test was used for multiple comparisons. The Kolmogorov-nificantly correlated within populations & 0.29-0.40, df =
Smirnov two-sample test was used to compare distributiond2, P = 0.20-0.37) and were therefore tested separately.
of continuous variables. LBT values did not differ significantly among or within

Frequencies of used and available substrates, occurrenpepulations (ANOVA, effect of populationt; . = 0.63,
above ground, and basking were compared usirg &®st. P = 0.6, 1 3 =0.16, LSN = 282; effect of popu‘ation cate
Effects of continuous factors, nominal factors, and their inter gory (sex, age, and reproductive conditiof); ,g = 1.61,
actions on nominal variables were modelled by logisticP = 0.19; effect of interactionF[lz,zg] = 1.78,P = 0.2).
regression. UBT, values did not differ significantly among populations

The comparison of the indices and ¢, was based on a (ANOVA, F3,¢ = 1.63,P =0.20, 1 {3=0.38, LSN = 111)
method proposed by J. Felsenstein (Hertz et al. 1993)- Indiand there was no significant interaction between the effects
ces were calculated 1000 times from pseudovalues generatefl population category and populatiof{, ,; = 0.86, P =
by bootstrap resampling (Manly 1997) the original sampled.59).

(dy, de thask tioragd USiNg formulas described above. The Means of 50%;, bounds were 1-2.3°C lower/higher than
pairs of resulting bootstrap estimatestbfindc, were com  those ofTg, bounds (Table 1). There was a strong relation
pared between populations. Because of multiple compariship between 50%; and T bounds within populations
sons an experimentwise error rate was specified for eacfLBTg r = 0.70-0.90, df = 12P < 0.01-0.0001; UBY;
comparison using the Dunn-Sidak method (Sokal and Rohlf = 0.78-0.97, df = 12P = 0.03—-0.0001).

1995).

A significance level ofx = 0.05 was used for all statistical Heating rates
tests. When an observed difference was judged to be The thermal time constant increased with BM (linear regres
nonsignificant and the result was important for drawing conclusion of In-transformed valuesf; ,,; = 65.1, P < 0.0001).
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Fig. 2. Distribution of operative temperature$) at 250 m &), 550 m ), 800 m €), and 1450 m d). The vertical lines indicate the
lower (LBT,.) and upper (UBY.) thermoregulatory set-points.
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Table 3. Operative temperature3d) and field body temperature§y) of Z. vivipara at dif-
ferent altitudes.

Te (°C) Ty (°C)
Altitude (m) Mean = SE Range n Mean = SE Range n
250 33.5+0.6 19.5-66.9 222 31.1+0.3 23.6-37.3 95
550 284 04 14.2-43.9 202 31.0+x0.4 17.2-36.0 91
800 32404 21.2-51.0 235 31.0 £ 0.6 22.7-35.2 30
1450 241 05 9.8-45.4 238 28.7 £ 0.5 19.9-34.8 50

There were no significant differences in heating ratgg ( hourly samples were above URJ(Fig. 3), suggesting that

among populations when the effect of BM was controlledlizards were rarely constrained by availaflgs to maintain

for (ANCOVA, population: Fi3 16 = 0.93,P = 0.45; BM:  their Ty's within T, B

Fr16) = 31.5, P < 0.0001; interactionf; 14y = 0.84,P = The index of thermal quality of the habitatlj varied

0.49; Table 2). among sites (ANOVAF 3 go3; = 21.68,P < 0.0001). In partie

ular, d, was higher at 1450 m than at other altitudes (Tukey—

Operative temperatures Kramer HSD testP < 0.05; Table 4). This resulted from a

Sun exposure (full sun, partial sun, and shade) and time diigher number off’s lying below T, (G test,Gj = 129.39,

day influencedT, (ANOVA, effect of sunshineF, g3
334.88,P < 0.0001; effect of timeF, g37) = 104.33,P
0.0001), their effects being additiveF[§4 ga7) = 1.46,P
0.07). Tg's varied among study sites (ANOVAF(; g37
58.31, P < 0.0001). In particularT,s at 550 and 1450 m

I A

were lower than those at 250 and 800 m (Tukey—Kramewithin Tg,,was at 1450 m, indicating that thermal conditions
were less favourable there than at other sites.

HSD test,P < 0.05 for all comparisons; Table 3).s were
similar at 250 and 800 mP(> 0.05). Distributions ofT,.'s

were platykurtic (Fig. 2), indicating that surface-active non-

thermoregulating lizards could potentially rea€fis within

P < 0.0001; Fig. 4). In contrast, the relatively higl, at
250 m was primarily a result of a high proportion f mea
surements that were aboig,, Proportions ofT,s lying be-
low, within, and aboveT,, varied among study sne@@l

129.39,P < 0.0001). The lowest proportion of.'s lying

Mean indices of habitat quality calculated using 5Q%
bounds (50%,'s) were 1.1-1.4°C higher than medgs calcu
latedusing 80% bounds (Table 4). A comparison of 5%

the range 29.7-47.4°C under similar weather conditions. Examong study sites yielded a result similar to that fQs

cept for 08:00 and 10:00 at 1450 m, maximuigs from

(ANOVA, Figgog = 22.27,P < 0.0001).
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Table 4. Indices of thermal quality of habitatlf), accuracy ¢,), and effectivenessE) of thermoregulation and their values (568%
50%d,, and 509%k) calculated using 50%, bounds inZ. vivipara at different altitudes.

Altitude (m)  nd de (°C) 50%d, (°C) n d, (°C) 50%, (°C) E 50%E
250 222 39+04 5004 95 0501 1.1%02 0.86 (0.80-0.92)  0.78 (0.72-0.85)
550 202 26+02 3803 91  06+02 09%01 0.78 (0.64-0.90)  0.76 (0.67-0.83)
800 235 28+02  3.9+£0.2 30 06+02 15%03 0.79 (0.62-0.93)  0.62 (0.47-0.80)
1450 238 56+03 7003 50 09+03 12%02 0.85 (0.75-0.93)  0.83 (0.78-0.90)

Note: Indicesd,, d,, 50%d,, and 50%l, are presented as the mean + SE &ndnd 50% as the mean with 95% confidence intervals in parentheses.
*Number of measurements.

Fig. 3. Maximum hourly operative temperatures at different-alti  Fig. 4. Frequency of operative temperatureg &nd field body

tudes. Horizontal lines indicate the lower and the upper temperaturesh) below (shaded columns), within (open columns),
thermoregulatory set-points. and above (solid columns) the set-point temperature ramgg (
70 at different altitudes.
m a
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Field body temperatures and indices of 60 1
thermoregulation
Sun exposure and time of day significantly affect&g 40
(ANOVA, effect of sunshineF, 53, = 16.91,P < 0.001; ef
fect of time: Fy, 535 = 7.67,P < 0.0001), but an interaction 20 f
of these effects with that of study site was not significant .
(Fl24,2541 = 0.22, P = 0.80). Ty’s varied among populations 0
(ANOVA Fiz254 = 3.62, P = 0.01). In particular, lizards 250 550 1450
from 1450 m had lowef,’s than those from other altitudes
(Tukey—Kramer HSD test? < 0.05; Table 3). To examine ALTITUDE (m)

whether this lowT,, resulted from purely environmental con
straints, | repeated the analysis with a smaller subset of data
including only T,'s measured at those times of day whenside this period. The new comparisondyfs among popula
T > UBTset(Fig 3). The test yielded similar results (ANOVA, tions gave similar results to the previous teft ¢ss = 1.23,
F[S 1921= 4.71,P = 0.003), suggesting that the decreas@jn P =0.30; 1 {3 =0.33; LSN = 769). Lowdy’s indicate that
was not caused by lower ambient temperatures that prdizards in all populations thermoregulate with a high degree
vented lizards from reaching UBJ at high altitude. of accuracy. Proportions of,’s below, within, and above
Distributions ofT,'s at 250, 550, and 800 m were leptocurtic T did not differ significantly among populations(test,
and left-skewed, whereas the distribution at 1450 m wa$5g = 8.39,P = 0.21; Fig. 4). The index of “effectiveness”
symmetrical (Fig. 5). The distributions df,’s were much TI thermoregulation ranged from 0.78 to 0.86 (Table 4).
narrower than those of.s (Kolmogorov—Smirnov test? < Multiple paired comparisons oE pseudovalues generated
0.001 for all comparisons), suggesting that lizards activelyoy bootstrapping revealed no significant differences among
regulated theirT,, populations.
The indices of accuracy of thermoregulation did not vary Mean indices of accuracy of thermoregulation calculated
significantly among populations (ANOVAF 3 56,; = 0.824,  using the central 50% ofF, values (50%,’s) were 0.91.5°C
P =0.48, 1 3 = 0.21, LSN = 1240; Table 4). Because-liz higher than meard,s (Table 4). Comparisons of 508s
ards at 1450 m were constrained to redch during a re  among populations showed results similar to comparisons of
stricted period of the dayg, could be confounded there. dy's (ANOVA, F3 .6, = 0.57,P =0.64, 1 #=0.17, LSN =
Therefore, | recalculated,’s using onlyT,'s measured odt  1710). The mdex otJ effectiveness of thermoregulation based
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Fig. 5. Distribution of field body temperature§) at 250 m @), 550 m @), 800 m €), and 1450 m ). The vertical lines indicate the
lower (LBT,.) and upper (UBY.) thermoregulatory set-points.
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Fig. 6. Frequency of substrates available (solid columns) and used (open columns) by lizards at 26&50 (m @), 800 m ¢), and
1450 m €). B, bark; DV, dead herb vegetation; IP, iron plate; S, soil; ST, stone; T, tar; V, living herb vegetation; W, wood.
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Fig. 7. Frequency of occurrence of basking lizards on different substrates at different altitudes.
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Fig. 8. Frequency of occurrence of basking and nonbasking lizards on and off the ground at different altitudes.
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on 50%d, and 50%, indices (50%) was lower tharE in  quency was tested separately for each population. Lizards
all populations (Table 4). Multiple paired comparisons ofbasked more often on dead vegetation and other substrates
50%E pseudovalues revealed significant differences betweethan on living vegetation at 550 nGf,; = 15.34,P = 0.0005)
populations at 800 and 1450 m, which differed in 99% ofand 800 m G,; = 9.02,P = 0.01). No significant differences

paired comparisons. in occurrence of basking were found at 250 @j,( = 0.76,
P = 0.69) or 1450 m G, = 0.56,P = 0.75).
Microhabitat selection The proportion of lizards captured off the ground varied

Substrate availability varied among study sit€3 test, among populationsq test,Gj5; = 19.22,P < 0.0002; Fig. 8).
G = 178.8,P < 0.0001). The most frequent available sub The probability of being captured off the ground increased
strates were living and dead herb vegetation (Fig. 6% Bewith tbask(loglstlc regressmn)(1 =8.57,P = 0.001) but not
cause other substrates were relatively scarce, | pooled thewith t;;age ()(1 =041,P = 0 52) Lizards off the ground
into one category (“other”). Substrate frequencies used bpasked more frequently than those on the grouBdtdst,
lizards differed from those available at 250 @4 = 13.87, Gy = 23.0,P < 0.0001; Fig. 8). These results suggest that
P=0. 001) 550 m @, = 134.88,P < 0.0001), and 800 m the occurrence of lizards off the ground was a thermoregulatory
(G = 27.43,P < 0. 0001) whereas they did not differ at adjustment to longer basking time.
1450 m G = 1.88,P = 0.39; Fig. 6). These results indicate
substrate selection by lizards at some of the study sites. T@bserved basking times and potential time costs of
find out whether substrate selection was of thermoregulatoryhermoregulation
importance, | compared frequencies of lizards basking on The frequency of occurrence of basking lizards changed
different substrates (Fig. 7). Because overall log-linear-analduring the day (log-linear analysis, L—F)(izz] = 10.43,P =
ysis revealed significant interaction between study site an@.005) but interaction between time of day and population
substrate (likelihood ratio (L-R)X[ZG] = 22.31,P = 0.001), was not significant (time of day x population: L—REZG] =
the degree of association between substrate and basking fr&l.78, P = 0.07). The proportion of lizards that basked
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Fig. 9. Observed frequencies of basking lizar®)(and potential ~ Fig. 10. Potential calculated heatin@®] and cooling Q) times
time costs of thermoregulation, i.e., the relative proportion of of lizards at different altitudes. Values are presented as the

time spent basking®), at different altitudes. mean = SE.
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varied among study site$(test, Gjz; = 17.75,P = 0.0005;  contributions of various physiological and behavioural
Fig. 9), except between those at 250 and 8003 (= 0.29, mechanisms to compensation for the higher time costs of
P = 0.59). thermoregulation according to the predictions stated in the
Based on my estimates &f,, lizards at different study Introduction.

sites should spend different amounts of time basking (ANOVA,

Fs,361) = 4.07,P = 0.007). In particular, lizards at 550 m
should bask longer than those at 250 m (Tukey—Kramer HS
test,P < 0.05; Fig. 10). The potential mean duration of for-
aging episodes varied among populations (ANOW#, 44, =
65.47, P < 0.0001). In particular, for lizards at 550 an

B’he limitations of comparing thermoregulatory indices

A comparison of the thermoregulatory indices &f vivi-
para and other lizards (Hertz et al. 1993; Christian and
g Weavers 1996; Bauwens et al. 1996; Diaz 1997; Schauble

1450 M, troage Should be lower than for lizards at other sites and Grigg 1998) showed that this species, like other known

(Tukey—Kramer HSD tesP < 0.05; Fig. 10). Differences in lacertids (for a review see Castilla et al. 1999), is one of the

mean ty,,,cS were more pronounced than those in meanMost accurate and effective thermoregulators. Nevertheless,
orage

thassS, indicating that the differences in total time costs were@vailable data are still very limited and, moreover, thermo-
determined mainly byy.ge The correlation between mean 'egulatory-index values must be compared with caution be
tpask AN torage WAS NOL significantr < 0.0001, df = 2p > ~ cause of methodological inconsistencies. Herein, | note two

0.99). methodological modifications, used in this study, that affected

According toc’s (Fig. 9), lizards should spend from 29.7% index values irrespective of the extent of thermoregulation.
(250 m) to 45.7% (1450 m) of the daily time budget bask  First, | estimatedT as the central 80% of all body tem
ing. Paired comparisons of 1000 pseudovalues,offom  peratures preferred in the gradient, although the central 50%
each site revealed significant differences between all stud9f T,'s was also used elsewhere (e.g., Hertz et al. 1993;
sites (differences from 98.4 to 100% of all pairs), except forChristian and Weavers 1996; Schauble and Grigg 1998). The
250 vs. 800 m. In this case,s were higher in only 19% of arbitrary determination of,was recently criticized (Wills
all pairs that were compared. The observed relative frequerfnd Beaupre 2000) because of its unknown effect on thermo
cies of occurrence of basking lizards were highly correlatedegulatory-index values. To demonstrate how the estimation
with ¢, i.e., the predicted relative proportion of time spentOf Tsetmay affect these values, | additionally calculated the
basking (s > 0.99, df = 2,P < 0.0001; Fig. 9). indices using the central 50% @f's as the estimate OFgq,
Generally, compared with original values, mean 5Q%oand
50%d.’s were higher, whereas mean 58% were lower (Ta
ble 4). However, the extent of these shifts varied among indi

To maintain similarT,’s in thermally different habitats, ces and populations, owing to differences in data distribution
lizards may either employ various physiological and behav (Figs. 2, 5). An important finding was that a statistical com
ioural adjustments or spend more time thermoregulatingarison of “50% indices” among populations yielded similar
(Hertz 1981; Hertz and Huey 1981; Hertz and Nevo 1981yesults to those obtained with original variables, showing
Van Damme et al. 1989; Adolph 1990; Diaz 1997). The re that in this case, the thermoregulatory indices were little
sults of this study indicate the latter responsezbyivipara affected by arbitrary determination of tAg. range. Never
First, 1 will mention some methodological issues in evaluat theless, because of an unpredictable effect of diffefignt
ing the extent of thermoregulation. Then | will consider theand T, distributions on comparisons of thermoregulatory in
advantages and limitations of the method of estimating podices, at least two estimates of thermoregulatory set-points
tential time costs that was used. Finally, | will discuss theshould be used for calculating them.

Discussion
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Second, because the surface activity of lizards may varompensation for the higher time costs of
in space and time for reasons in addition to thermoregulatiothermoregulation
(Rose 1981), | measuref, in habitat surrounding surface-  According to the sequential responses of organisms to en
active lizards only instead of creating a thermal map of the/ironmental stress (Slobodkin and Rapoport 1974; Huey and
whole study site. Even though lizards may thermoregulate irBennett 1990; Hoffmann and Parsons 1991), | predicted that
shelters (for a review see Huey 1982), | could not measuréizards would cope with long-term fluctuations in environmen
T, and T, there and | therefore restricted the evaluation oftal temperature through acclimation or adaptation of thermal-
the extent of thermoregulation to a period of surface activityphysiology traits (thermoregulatory set-points and (or) heating
only. As a result, | got fewer but biologically more realistic rates). However, the present study showed minor variation in
Te values. It is likely thatT,'s, measured in this way were thermoregulatory set-points and heating rates aniing-
less extreme than those measured in other studies that yieldgghara populations. These findings, along with the previous

lower d, and E values. ones (Gvadik and Castilla 2001), suggest that differences in
thermal environment across 1200 m altitude were too low to
Advantages and limitations of calculatingc, induce physiological adjustments in this species. A similar

This study showed that the biophysical model of thermo conclusion was reached by Van Damme et al. (1990). Their
regulation (Bakken and Gates 1975; Dreisig 1985) can easilgtudy, although based on a comparison of two populations,
be used for calculating the potential relative time spent baskinincluded an even larger altitudinal gradient. There are at
by lizards that are not employing any behavioural compensaeast four hypothetical explanations for these findings. First,
tion mechanism. This “null hypothesis” of time demands fora minor variation of thermal-physiology traits was also found
thermoregulation without behavioural adjustments can theamong populations of other active thermoregulating lizards
be compared with the actual proportions of basking lizardsalong altitudinal gradients, suggesting the evolutionarily-con
or, even better, with observed proportions of time they spenservativecharacter of these traits; that is, they respond slowly
basking. Such a comparison may help to determine whethdo directional selection (Bogert 1949; Hertz and Nevo 1981,
or not thermoregulatory adjustments actually compensatetlertz et al. 1983; Crowley 1985; van Berkum 1988; Van
for time spent thermoregulating. Besides this advantage, caBDamme et al. 1989). Second, because populations of thermo-
culated potential time spent basking and foraging is a suiteonformers show greater variation in thermal physiology than
able measure of the thermal quality of a habitat. In an idea&ctive thermoregulators, careful behavioural thermoregulation
thermal habitat, mosE, measurements should be withig,, =~ may reduce selection pressure on these traits (Hertz 1981).
which means that a lizard should spent no time thermoThird, high gene flow between populations at different alti-
regulating. However, if a proportion of.s lie outsideT,,, tudes may prevent local adaptation of thermal-physiology
then a more thermally suitable habitat is one that maximizeraits (e.g., Kirkpatrick 1996). However, this is less probable
foraging and minimizes basking episodes, provided that thé the species studied, because negligible differences in thermal
proportion of microhabitats withl, outside T, is not so  physiology were also found between isolated populations
high as to constrain the surface activity of lizards. Using thisfrom Great Britain and populations in this study (Guk
criterion, the best thermal habitats were at 250 and 800 nand Castilla 2001). Finally, the absence of adaptation may
(Fig. 10). However, based on thik value, | obtained a dif be due to various anti-adaptive forces, e.g., genetic cerrela
ferent result: the highest thermal quality was in the habitat$ion, developmental constraints, or phylogenetic inertia (Van
at 550 and 800 m (Table 4). Damme et al. 1990).

On the other hand, | must mention some limitations of this Physiological heating rates can be increased behaviourally
approach. First, the biophysical model of thermoregulatiorby selecting substrates with different thermal conductivities
used is necessarily an oversimplification. The model is base(Heatwole 1970; Pearson and Bradford 1976; Stevenson 1985;
on the assumption that a lizard does not leave a site with Bakken 1989). | found that lizards selected substrates
particular equilibrium temperature during basking and ferag nonrandomly for basking at 550 and 800 m, which is consis
ing. In fact, a lizard moves across various sites, especiallyent with my prediction and previous observations (House et
during foraging. The resulting cooling curve is thereforeal. 1980; Hailey 1982). Surprisingly, | found no evidence of
composed of a number of cooling and heating curves, denonrandom substrate selection at the site with the highest
pending on the time a lizard spent at sites with differenti.e., at 1450 m, which suggests that microhabitat choice was
equilibrium temperatures. In any event, | believe that estimatealso influenced by factors other than thermoregulation. Be
of mean time spent basking and foraging in a particular habcause of the lack of additional information, | hypothesize
itat do not differ markedly from actual values measured inthat this was a consequence of the short potential forag
the field. ing times (Fig. 10), making the time costs of finding a suit

Second, because the spectrum of radiation from the suable basking site higher than the potential benefits of heating
differs from that of an incandescent bulb, heating ratedaster on more suitable substrates (Hailey 1982),iiQr
measured under laboratory conditions may differ from thoseeompromise between the thermoregulatory benefits of -bask
measured in the field. This may affect estimates of timeing, requirements for other resources, and cost of predation
spent basking. However, Diaz et al. (1996) found that twgBakken 1989; Huey 1991). Lizards can increase physiological
lacertids increase their body temperature at similar rates urheating rates not only by selecting microhabitats for basking,
der field and laboratory conditions. Because | used a similabut also by changing body shape or orientating the body
method for measuring heating rates as those authors, | aplane perpendicular to the sun (Heath 1965; Stevenson 1985;
sume minor differences between heating rates measured undefaz 1992; Martin et al. 1995). In this study the observed
both conditions in this study also. relative frequencies of basking were highly correlated with
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G, i.e., the predicted proportion of time spent basking in theferences in thermal environments, and hencecinwere
absence of any behavioural compensation. Provided thaufficiently high in this study.
observed frequencies of basking lizards reflect the actual Consistent with my last prediction, the results of this study
proportion of time spent basking, this result implies that theshowed that lizards in cooler habitats compensated for higher
relative contribution of these unexplored behavioural adjusttime costs of thermoregulation by allocating more time to
ments to increase heating rates was negligible. basking than to other activities. This fact, together with a
Most behavioural adjustments serve to increase heatinghorter activity season, should therefore affect the energy
rates (for a review see Stevenson 1985), and hence redudgdget, and ultimately the reproductive success, of lizards in
basking time, not heat loss. However, closer examination ofigh-altitude populations (Dunham et al. 1989; Adolph and
time costs among study sites revealed that the differences forter 1993, 1996). Furthermore, these results confirm that
potential time spent thermoregulating were mainly due tdizards, either within or among populations, cope with tem
differences in foraging time (Fig. 10). Although lizards may Poral and altitudinal variation in the thermal environment in
reduce heat loss by avoiding microhabitats with Bwdur- ~ the same way, by increasing the frequency of basking (Van
ing foraging, use of this strategy is very unlikely in habitatsDamme et al. 1987). Thus, the time scale and severity of
like those in this study, where dense herb cover created Buctuations in the thermal environment seem to have a neg
very diversified thermal mosaic of sun/shade patches. Alterligible effect on the kind of thermoregulatory compensation
natively, lizards could physiologically change the blood flow €mployed and the extent of thermoregulatioZirvivipara
to their appendages during cooling, but this adjustment has
little effect in small-bodied lizards (Dzialowski and O’Connor
1999). Thus, the hypothetical reason why lizards at 1450 mAcknowIedgements
insufficiently compensated for higher time costs was that This work represents a portion of my doctoral dissertation
their ability to reduce the higher rates of heat loss they expesubmitted to the Department of Zoology, Palacky University,
rienced during foraging was limited. Olomouc, Czech Republic. | thank S.C. Adolph and P.E.
Another way to reduce time costs of thermoregulation isHertz for their comments, which improved the manuscript;
to shift the extent of thermoregulation (Huey and SlatkinD. Bauwens and E. Tkadlec for language corrections and
1976). Contrary to this prediction, my results showed negli-nelpful comments on earlier drafts of the manuscript; S.
gible differences in thermoregulatory indices among populaBures, A.M. Castilla, A. Herrell, R. Van Damme, and K.
tions. This could have resulted from three facts: (1) timeZvara for their valuable discussions, advice, and correction
costs were compensated for by using various behaviourdlf my ideas during the writing of my dissertation; J.z54ind
and physiological adjustments, (2) the extent of thermoregulatioA- Gvozdik for making the paint and lizard models; J. Diaz
was not a function of time costs, or (3) time costs were tocand M. Gvadik for providing computer programs; and L.
small to induce a shift in the extent of thermoregulation. TheKostal and his family for housing and food during fieldwork
absence of differences in the accuracy and effectiveness @t Ostravice. This work was partially funded by grants from
thermoregulation under different environmental conditionsthe Faculty of Natural Sciences, Palacky University, Olomouc
implies that during activity, lizards carefully maintained their (3210-3005), and the Ministry of the Flemish Community of
body temperature within the preferred range, irrespective oBelgium.
the time spent thermoregulating. This finding is consistent
with the “static concept of thermoregulation”, i.e., lizards
thermoregulate carefully whenever possible (Bogert 1949)Beferences
and the suggestion of Dunham et al. (1989) that “requireAdolph, S.C. 1990. Influence of behavioral thermoregulation on
ments for thermoregulation, because of immediate effect of microhabitat use by tw&celoporudizards. Ecologyy1: 315-327.
temperature on organism biochemical functions and physioAdolph, S.C., and Porter, W.P. 1993. Temperature, activity, and liz
logical performance, should usually have precedence over ard life histories. Am. Nat142 273-295.
the requirements of foraging and maintaining social status"Adolph, S.C., and Porter, W.P. 1996. Growth, seasonality, and liz
These views are also supported by the fact that some lizards, ard life histories: age and size at maturity. Oikag, 267-278.
including Z. vivipara thermoregulate carefully despite the Avery, R.A. 1976. Thermoregulation, metabolism and social be
various costs involved under controlled laboratory conditions Naviour in Lacertidaeln Morphology and biology of reptiles.
(Avery 1976, 1985; Cabanac 1985; Balasko and Cabanac Edited byA.d’A. Bellairs and C.B. Cox. Academic Press, L-on
1998). The lack of thermoregulatory response to a shift in_ 40N PP. 245-259. . .
time costs may result from an unknown relationship betweeﬁ‘very’ R.A. 1979. Lizards—a study in thermoregulation. Edward

the currency used, time, and the ultimate currency of cost Arnold, London. .
’ ! Avery, R.A. 1982. Field studies of body temperatures and

benefit models, fithess. Using the true currency, fitness, the thermoregulationtn Biology of the Reptilia. Vol. 12. Physiology

res_ults of this study imply that for. this species, the benefit . physiological ecologyEdited byC. Gans and F.H. Pough.
gained from careful thermoregulation is higher than the as  academic Press, London. pp. 93-166.

sociated costs across various thermal environments. It ma)ery, R.A. 1985. Thermoregulatory behaviour of reptiles in the
also be argued that the time costs were too small to induce field and in captivity.In Reptiles: breeding, behaviour and veter
any thermoregulatory shift. However, the variation dgis inary aspectsEdited byS. Townson and K. Lawrence. British
among study sites is comparable to that which induced shifts Herpetological Society, London. pp. 45-60.

in the extent of thermoregulation in other species (Hertz et alBakken, G.S. 1989. Arboreal perch properties and the operative
1993; Christian and Weavers 1996), suggesting that the dif temperature experienced by small animals. Ecol@gy922-930.

© 2002 NRC Canada



Gvozdik 491

Bakken, G.S. 1992. Measurement and application of operative and ecology of terrestrial vertebrate ectotherms. Physiol. Z6al.
standard operative temperatures in ecology. Am. Z8al.194— 335-355.
216. Dzialowski, E.M., and O’Connor, M.P. 1999. Utility of blood flow
Bakken, G.S., and Gates, D.M. 1975. Heat-transfer analysis of ani to the appendages in physiological control of heat exchange in
mals: some implications for field ecology, physiology, and-evo  reptiles. J. Therm. Biol24: 21-32.

lution. In Perspectives of biophysical ecolodydited byD.M. Forsman, A. 1996. An experimental test for food effects on head
Gates and R.B. Schmerl. Springer-Verlag, New York. pp. 255— size allometry in juvenile snakes. EvolutiobQ: 2536—-2542.
290. Gvozdik, L. 1999. Colour polymorphism in a population of the

Balasko, M., and Cabanac, M. 1998. Behavior of juvenile lizards common lizard,Zootoca vivipara(Squamata: Lacertidae). Folia

(Ilguana iguand in a conflict between temperature regulation  Zool. 48: 131-136.

and palatable food. Brain Behav. Evél2: 257-262. Gvozdik, L., and Castilla, A.M. 2001. A comparative study of pre
Bauwens, D., Heulin, B., and Pilorge, T. 1986. Variations spatio- ferred body temperatures and critical thermal tolerance limits

temporelles des caracteristiques demographiques dans et entreamong populations oZootoca vivipara(Squamata: Lacertidae)

populations du lezartlacerta vivipara In Colloque National du along an altitudinal gradient. J. Herpet@b: 486—492.

Centre National de la Recherche Scientifique « Biologie dedHailey, A. 1982. Choice of substrate and heating ratéagerta

Populations ». Université Claud-Bernard, Lyon, France. pp. 531— Vivipara. Br. J. Herpetol6: 206-207.

536. Heath, J.E. 1965. Temperature regulation and diurnal activity in
Bauwens, D., Garland, T., Jr., Castilla, A.M., and Van Damme, R. horned lizards. Univ. Calif. Publ. Zoo64: 97-136.

1995. Evolution of sprint speed in lacertid lizards: morphologi Heatwole, H. 1970. Thermal ecology of the desert dragampht

cal, physiological, and behavioral covariation. Evolutigt®; bolurus inermis Ecol. Monogr.40: 425-457.

848-863. Hertz, P.E. 1981. Adaptation to altitude in two West Indian anoles
Bauwens, D., Hertz, P.E., and Castilla, A.M. 1996. Thermoregulation (Reptilia: Iguanidae): field thermal biology and physiological

in a lacertid lizard: the relative contributions of distinct behav ~ €cology. J. Zool. (1965-1984)95 25-37.

ioral mechanisms. Ecology,7: 1818-1830. Hertz, P.E., and Huey, R.B. 1981. Compensation for altitudinal

Begon, M., Harper, J.L., and Townsend, C.R. 1996. Ecology. 3rd changes in the thermal environment by soAwmolis lizards on
ed. Blackwell, Oxford. Hispaniola. Ecologyf2: 515-521.

Bogert, C.M. 1949. Thermoregulation in reptiles, a factor in evolu-Hérz, P.E., and Nevo, E. 1981. Thermal biology of four Israeli
tion. Evolution,3: 195-211. agamid lizards in early summer. Isr. J. Zo8D: 190-210.

Hertz, P.E., Huey, R.B., and Nevo, E. 1983. Homage to Santa
Anita: thermal sensitivity of sprint speed in agamid lizards. Evo-
lution, 37: 1075-1084.

%ertz, P.E., Huey, R.B., and Stevenson, R.D. 1993. Evaluating tem-

perature regulation by field-active ectotherms: the fallacy of the

inappropriate question. Am. Nat42 796-818.

Hoffmann, A.A., and Parsons, P.A. 1991. Evolutionary genetics

and environmental stress. Oxford University Press, Oxford.

ouse, S.M., Taylor, P.J., and Spellerberg, I.F. 1980. Patterns of
daily behaviour in two lizard speciekacerta agilis L., and

Lacerta viviparaJacquin. Oecologia44: 396—402.

Huey, R.B. 1974. Behavioral thermoregulation in lizards: importance
of associated costs. Science (Washington, D184, 1001-1002.

Huey, R.B. 1982. Temperature, physiology, and the ecology of re

Cohen, J. 1988. Statistical power analysis for the behavioral sci til)és. In Biology of tt?e Reptili;. \3;0'_ 129.yPhysioIogy o ggysio P

ences. Lawrence Erlbaum Associates, Hillsdale, N.J. logical ecology.Edited byC. Gans and F.H. Pough. Academic
Cowles, R.B., and Bogert, C.M. 1944. A preliminary study of the  prass [ ondon. pp. 25-91.
thermal requirements of desert reptiles. Bull. Am. Mus. Nat.jey R.B. 1991. Physiological consequences of habitat selection.
Hist. 83 265-296. Am. Nat. 137: S91-S115.
Crowley, S.R. 1985. Thermal sensitivity of sprint-running in the jyey, R.B., and Bennett, A.F. 1990. Physiological adjustments to
lizard Sceloporus undulatusupport for a conservative view of  fjyctuating thermal environments: an ecological and evolutionary

Burns, T.A. 1970. Temperature of Yarrow's spiny liz&deloporus
jarrovi at high altitudes. Herpetologic26: 9-16.

Cabanac, M. 1985. Strategies adopted by juvenile lizards foragin
in a cold environment. Physiol. Zoob8: 262-271.

Canadian Council on Animal Care. 1993. Guide to the care and use
of experimental animals. Vol. 1. 2nd ed. Canadian Council on
Animal Care, Ottawa, Ont.

Castilla, A.M., Van Damme, R., and Bauwens, D. 1999. Field body|_|
temperatures, mechanisms of thermoregulation and evolution of
thermal characteristics in lacertid lizards. Nat. Cr@R253-274.

Christian, K., and Weavers, B.W. 1996. Thermoregulation of moni
tor lizards in Australia: an evaluation of methods in thermal bi
ology. Ecol. Monogr.66: 139-157.

thermal physiology. Oecologi&6: 219-225. perspectiveln Stress proteins in biology and medicirdited
Diaz, J.A. 1992. Choice of compass directions around shrub patches by A. Morimoto, A. Tissieres, and C. Georgopoulus. Cold Spring

by the heliothermic lizar’sammodromus algirusierpetologica, Harbor Laboratory Press, Cold Spring Harbor, N.Y. pp. 37-59.

48: 293-300. Huey, R.B., and Slatkin, M. 1976. Cost and benefits of lizard

Diaz, J.A. 1997. Ecological correlates of the thermal quality of an thermoregulation. Q. Rev. Biob1: 363—384.
ectotherm’s habitat: a comparison between two temperate lizargiurlbert, S.H. 1984. Pseudoreplication and the design of ecologi
populations. Funct. Ecolll: 79-89. cal field experiments. Ecol. Monog4: 187—211.

Diaz, J.A., Bauwens, D., and Asensio, B. 1996. A comparativeKirkpatrick, M. 1996. Genes and adaptation: a pocket guide to the
study of the relation between heating rates and ambient tempera theory. In Adaptation.Edited byM.R. Rose and G.V. Lauder.

tures in lacertid lizards. Physiol. Zod$9: 1359-1383. Academic Press, San Diego. pp. 125-146.
Dreisig, H. 1985. A time budget model of thermoregulation in Lee, J.C. 1980. Comparative thermal ecology of two lizards. Oecologia,
shuttling ectotherms. J. Arid Enviro®: 191-205. 44: 171-176.

Dunham, A.E., Grant, B.W., and Overall, K.L. 1989. Interfaces be Lemos-Espinal, J.A., and Ballinger, R.E. 1995. Comparative-ther
tween biophysical and physiological ecology and the population mal ecology of the high-altitude lizar@celoporus grammicus

© 2002 NRC Canada



492 Can. J. Zool. Vol. 80, 2002

on the eastern slope of the Iztaccihuatl volcano, Puebla, MexicoStevenson, R.D. 1985. The relative importance of behavioral and

Can. J. Zool.73: 2184-2191. physiological adjustments controlling body temperature in ter
Lorenzon, P., Clobert, J., Oppliger, A., and John-Alder, H. 1999. restrial ectotherms. Am. Nal26 362—-386.

Effect of water constraint on growth rate, activity and body temper Tosini, G., Jones, S., and Avery, R.A. 1995. Infra-red irradiance

ature ofyearling common lizardL(acerta viviparg. Oecologia, and set point temperatures in behaviourally thermoregulating
118 423-430. lacertid lizards. J. Therm. BioR0O: 497-503.

Manly, B.F.J. 1997. Randomization, bootstrap and Monte Carlovan Berkum, F.H. 1988. Latitudinal patterns of the thermal sensi
methods in biology. Chapman & Hall, London. tivity of sprint speed in lizards. Am. Nall32 327-343.

Martin, J., Lopez, P., Carrascal, L.M., and Salvador, A. 1995. Ad Van Damme, R., Bauwens, D., and Verheyen, R. 1986. Selected
justment of basking postures in the high-altitude Iberian rock body temperatures in the lizatchcerta vivipara variation within

lizard (Lacerta monticolg Can. J. Zool.73: 1065-1068. and between populations. J. Therm. Bibl: 219-222.

Patterson, J.W., and Davies, P.M.C. 1978. Preferred body temper&an Damme, R., Bauwens, D., and Verheyen, R. 1987. Thermo
ture: seasonal and sexual differences in the lizaaderta vi regulatory responses to environmental seasonality by the lizard
vipara. J. Therm. Biol.3: 39-41. Lacerta vivipara Herpetologica43: 405-415.

Pearson, O.P., and Bradford, D.F. 1976. Thermoregulation ef lizVan Damme, R., Bauwens, D., Castilla, A.M., and Verheyen, R.
ards and toads at high altitudes in Peru. Copeia, 1976: 155-170. 1989. Altitudinal variation of the thermal biology and running

Potvin, C., and Roff, D.A. 1993. Distribution-free and robust statis  performance in the lizardPodarcis tiliguerta Oecologia,80:
tical methods: viable alternatives to parametric statistics?-Ecol 516-524.

ogy, 74: 1617-1628. Van Damme, R., Bauwens, D., and Verheyen, R. 1990. Evolution
Pough, F.H. 1980. The advantages of ectothermy for tetrapods. ary rigidity of thermal physiology: the case of the cool temper

Am. Nat. 115 92-112. ate lizardLacerta vivipara Oikos, 57: 61-67.
Rose, B. 1981. Factors affecting activity #celoporus virgatus  Waltner, R.C. 1991. Altitudinal ecology #gama tuberculata&Gray

Ecology, 62: 706-716. in the western Himalayas. Univ. Kans. Mus. Nat. Hist. Misc.
SAS Institute Inc. 1995. JMP statistics and graphics guide. SAS In  Publ. No. 83.

stitute Inc., Cary, N.C. Wills, C.A., and Beaupre, S.J. 2000. An application of randomiza
Schéauble, C.S., and Grigg, G.C. 1998. Thermal ecology of the tion for detecting evidence of thermoregulation in timber rattle-

Australian agamid?ogona barbataOecologia,114 461-470. snakes Crotalus horridug from northwest Arkansas. Physiol.
Slobodkin, L.B., and Rapoport, A. 1974. An optimal strategy of Biochem. Zool.73; 325-334.

evolution. Q. Rev. Biol49: 181-200. Withers, P.C., and Campbell, J.D. 1985. Effects of environmental
Sokal, R.R., and Rohlf, F.J. 1995. Biometry. 3rd ed. W.H. Freeman costs on thermoregulation in the desert iguana. Physiol. Zool.

and Co., New York. 58. 329-339.

StatSoft, Inc. 2000. STATISTICA for Windows (computer program
manual). StatSoft, Inc., Tulsa, Okla.

© 2002 NRC Canada



