Altitudinal variation of the thermal biology
and running performance in the lizard Podarcis tiliguerta
Raoul Van Damme1. 2 , Dirk Bauwens!.*, Aurora M. CastilJa l.**, and Rudolf F. Verheyen 2
1
2

University of Antwerp (U.l.A), Field Biologica! Station, Verbindingsweg, B-2180 Kalmthou t , Bclgium
University of Antwerp (U.l.A), Department of Biology, U ni\'ersitei tsplein 1, B-2610 Wil rij k, Belgium

Summary. We studied, in the field and laboratory, aspects
of the thermal biology in two populations of the lizard
Podarcis tiliguerta along a 1450 m altitudinal gradient.
Body tem peratures (Tb) at high altitudes average lower,
are more varia bie, but are more elevated above environmen:
tal temperatures than at sea level. Lizards partially reduced
the impact of altitudinal changes in thermal loads through
presumable subtle behavioural adjustments. A comparison
of the thermal preferences in the laboratory, the maxima!
operative tem peratures predicted from a biophysical model,
and the activity Tb's at both sites, indicates that the main
response to changi ng environmental condi tions is an active
shift i n thennoregulatory set poi nts. Integration of field
Tb's and laboratory data on temperature specific sprint
speeds, predicts that the m ountainous lizards experience
reduced running abilities that are especially acute i n the
early morning. Despite this impairment of running perfor
mance, the thermal sensi tivity of running speed has not
evolved to match the Tb's experienced by both populations.
This result supports the view that the thermal physiology
of this lizard is evolutionarily conservative, but the lack
of information on the relation between running perfor
mance and fitness components impedes rejection of alterna
tive hypotheses.
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Active reptiles attempt to maintai n their body tem perat ure
between lower and upper threshold tem peratures (Berk and
Heath 1975; Barber and Crawford 1977) and rely primarily
on behavioural adjustments to buffer short term variation
in envi ronmental heat loads (Avery 1982; Huey 1982). The
resulti ng body tempera tures directly affect physiological
and whole-animal performances (Huey and Stevenson
1979) such as growth rate (Licht et al. 1969; Avery 1984),
d igestion (e.g. Harlow et al. 1976; Harwood 1979; Steven
son et al. t 985), predation success (Greenwald 1974; Avery

et al. 1982) and running speed (e.g. Bennett 1980; Hertz
et al. 1983; Crowley 1985; van Berk um 1986, 1988). The
ecological consequences of activity at suboptimal tempera
tures have been demonstra ted by Christian and Tracy
(1981), who found a clear relat ion between body tempera
ture and abilities to evade hawk predation by hatchling
Galapagos land iguanas.
Lizards may respond in several ways to long-term (geo
graphical, seasonal) changes in thermal environmen ts. Be
havioural adjustments are generally considered as t he pri
mary compensatory mechanism. Such regulatory behav
iours include habitat shifts (Clark and Kroll 1974; H uey
and Webster 1976; Hertz 1981; Hertz and Huey 1981 ; Ch r
istian et al. 1983), changi ng times of activity ( Huey and
Pianka 1977; Hertz 1981 ; Hertz and Huey 1981 ; Hertz
and Nevo 1981 ; Van Damme et al. 1987) and increasing
basking intensi ty (Huey and Webster 1976; Hertz 1981 ;
Hertz and H uey 1981 ; Hertz and Nevo 1981 ; Van Damme
et al. 1987). Behavi oural shifts may however not be entirely
effective i n buffering differences in thermal loads, or they
could be too costly in terms of time and energy expended
(Huey and Slatkin 1976). An ectotherm can then alter the
regulatory set-poin t tem peratures (Christian et al. 1983) or
even abandon thermoregulation (Huey 1974 ; H uey and
Webster 1976; Hertz and H uey 1981). If such responses
result in reduced physiological capacities, selection should
favour a shift in the physiologica l optimum tem perat ures
to restore performance levels (Hertz et al. 1983; Huey and
Bennett 1937).
The importance of each of these regulatory responses
(behaviour, shifts in regulatory set-points, physiological ad
aptation) can be examined by comparin g the thermal biolo
gy of organisms living in thermally distinct habitats. Con
specific lizard populations occurring along altitudinal gra
dients offer an excellent opportunity to tackle the problem.
Here we consider responses to va riation in the thermal
environment in two populations of the lacertid l izard Podarcis tiliguerta along a 1450 m al ti tudi nal gradient. We
examine variation induced by differential thermal regimes
in : 1) regulatory behaviours; 2) thermal preferences (se
lected body temperatures in a laboratory thermogradient)
and optima !tempera t ures of running performance; 3) con
straints imposed by the physical envi ronment in achieving
these temperature levels; 4) body temperatures main tai ned
in the field ; and 5) predicted sprint performances, obtai ned
through integrating data on activity body tem peratures and
on the temperature dependence of sprint speed. We discuss

the relevance of our resul ts to questions on the extent of
thermal physiology evol ution (Hertz et al. 1983; Crowley
1985; van Berk um 1986, 1988; Huey a nd Bennett 1987).
Material and methods

Anima Is
Podarcis tiliguerta is a small (adult body size: 45-65 mm ;
mass: 2-6 g), agile, diurnal, insectivorous wall lizard that
is endemie to the Mediterranean islands Corsica and Sar
dinia and some adjacent smaller islets. P. tiliguerta is the
most ubiq ui tous lizard on Corsica, where dense populations
can be found in a wide range of habitats from sea-level
up to more than 1800 meter. It is a shuttling heliotherm,
that is partially ground-dwelling and partially saxicolous,
using boulders, rocks, stone piles and staple-walls as bask
ing and perching sites.
Field study
We studied lizards at two locations on Corsica that are
ca 50 km apart. The first is situated ca 5 km SW of Calvi
(42°32'N, 8°43'E; département Haute-Corse, France), at
elevations 0-70 m, between the shoreline and the coastal
road between Calvi and Galeria. This site is an unkempted
meadow with small rocky outcrops, stone piles, stone walls
and several small ruins standing scattered over the area.
Vegetation consists mainly of grasses and small herbal
plants, some shrubs (Rubus sp.. Cistus criticus, C. monspeliensis) and trees ( Pistacia lentiscus. Quercus ilex). The site
is surrounded by typical Corsican maquis. P. tiliguerta
shares this habitat wi th the congeneric wall lizard P. sicula,
the secretive little lizard Algyroides fit zingeri, two geckos
( Tarentola mauritanica and Phyllodactylus europaeus) and
the predatory snake Coluber viridiflavus, that was frequently
observed here.
The second study plot is situated near the ski-centre
Haut-Asco (42°25' N, 8°55' E ; département Haute-Corse,
Corsica, France), at 1450 m altitude. We sampled a SE
exposed hillside with vegetation consisting of grassy strips
that alterna te with large patches of dwarf-scrubs (Juniperus
nana, Genista labelli). The site is scattered with seedlings
of Pinus nigra , granite boulders and stones, rocky outcrops,
stone pi les and some (wooden) build ings. P. tiliguerta,
which was present here i n remarkably higher densities than
at the Calvi-site, was the only lizard encountered. The snake
C. viridiflarns was seen occasionaly.
We sampled each of both sites during 7-10 days in May
1988. Data were collected between 7.30-18.00 h (Mean Eu
ropean Time) coveri ng the entire daily activity period of
P. tiliguerta at that ti me of the year. We randomly walked
the study areas and captured active adu lt lizards (body size
>45 mm) with a noose. We immediately measured body
(cloaca !, = Th), air (shaded bulb, = 3 cm above substrate,
= Ta) and substrate temperatures (shaded bulb, = T,) to
the nearest 0. 1° C wi th a thermocouple connected to a
q uick-reading electronic thermometer (DGT Digital ther
mometer). We also noted time of day, sex, weather condi
tions (sunny. cloudy/varia ble - cither 5 or < 5 min of
con ti nuous sunsh ine before observation), amoun t of solar
radiation a t the spot of fi rst sighting (full sun, sun filtered
by vegetation. shade, overcasl), whether or not the lizard
was basking, and m icroha bitat characteristics. Microhabi-

tats were characterized by th ree parameters: su bstrate type
(stony, vegetation, gravel, wood), perch height ( < 25 cm.
25-50 cm, 50-100 cm . > 100 cm), and transi t distance to
the nearest spot of deep shade ( < 0.5 m , 0.5-1 m, 1-2 m. 25 m, > 5 m). Wi nd speed was measured with an elect ronic
anemometer (DGT-100 thermo-anemometer ; to nearest
0.1 m/s), at the spot were the lizard was noosed.
Additional meteorological data we re taken at 2 min in
tervals during a 24 h period at each study site. We measured
ai r temperatures in deep shade and in full sun at 150 cm
above the ground with copper-constantan thermocouples.
Photosynthetically active solar radiation (400-700 nm) was
measured with a quantum sensor (Ll-190SB, LI-COR Ine.).
Measurements were taken and registrated with a portable
data-logger (Squirrel SQ 16 meter/logger, Grant Instru
ments Ltd.).
Maxima! operative temperatures
For each Tb measured in the field, we calculated a corre
sponding "maxima! operative body temperature" (Tmax).
This is the maxima! temperature that theoretically can be
attained under ambient environmental conditions, and was
simulated assuming that the lizard was in full sun and ori
ented so that i t maximized solar radiation input. As the
estimation of the maxima] operative temperature assumes
that the anima! is in steady state with its environment and
maximizes heat gains, the Tmax values were estimated only
for lizards that were captured during sunny weather.
Estimates were obtained by solving the steady-state en
ergy balance equation of Tracy (1982) for body tempera
ture. Air temperature was estimated by the measured T0•
Radiation flux density at the data and time of capture was
calculated as described in McCullough and Porter (1971).
The amount of solar radiation absorbed by the lizard was
estimated as in Campbell (1977), using geometrical fonnu
lae for horizontal cylinders to calculate body areas exposed
to radiation (Monteith 1973) and a short wave absorption
coefficient equal to 0.84 (Knötig 1964). Thermal radiation
was computed from the Stefan-Boltzman equation (Tracy
1982). Convection was estimated as in Roughgarden et al.
(1981), using the field measured wind velocity values. Meta
bolic heat product ion, evaporative heat loss and conductive
heat flow were considered to be negligible (Muth 1977;
Porter et al. 1973; Tracy 1982).
As our calculations of Tmax are based on indirect esti
mates of radiation i ntensity, results should be regarded as
crude estimates. Accordingly, our aim was not to obtain
accurate estimates for each corresponding Tb-measurement ,
but rather to detect genera! patterns in the tem peratu res
that lizards can attain.
Selected body temperatures
On 6 June 1988, 15 freshly caught males from each popula
tion were flown to the Field Biologica) Station at Kalm
thout, Belgium. The liza rds were housed in terraria
(0.5 x 1.0 m) that were filled with sand, Stones and grasses.
No more than three lizards were placed in the same terrar
ium. A 150 W lightbulb was suspended above one end of
the terraria, produci ng a gradient of air temperatures rang
ing 18-55° C. Food (house crickets, mea! worms and fly
larvae) and water were pro vided at l ibit um.
We measured body temperat ures of active lizards in the

terra ria, wi th a minimum time interval of one hour between
two mcasurements, usi ng the same thermometer as that in
the field. These Tb-readings were considered as estimates
of selected or "preferred " body temperatures. We assume
that selected body temperatures represent the temperatures
that lizards would attempt to achieve in the field in the
absence of physical and biotic restrictions (Licht et al.
1966).
Thermal sensitivity of sprint speed
Sprint speed seems an ecological relevant process (Huey
and Stevenson 1979) in P. tiliquerta , as it frequently uses
quick short dashes to capture prey and to escape from (hu
man) preda tors.
We examined thermal sensitivity of sprint speed in males
from bath populations that had been transported to our
laboratory. Lizards selected for this experiment had intact
or completely regenerated tails and were matched for body
size (Calvi: x=58.4, SD= l.8, n=9 ; Haut-Asco: x =59.9,
SD = 2.0, n= 10,!-test, P >0.1). We measured sprint speed
at a fixed sequence of body temperatures (32.5, 25, 37.5,
35, 20, 27.5, 30° C) on a race track similar to those described
by Bennett (1980) and Huey et al. (1981). Body temperature
of lizards was controlled by placing them in an incubator
at the appropriate test temperature during at least 1 h. Sub
sequently we chased an individual lizard down the track
by hand. Nine pairs of photocells measured the time inter
vals needed to cover eight consecutive 0.25 cm intervals .
Each Iizard was tested three times per temperature, with
a 1 h rest between races and a maximum of three trials
a day. From the three trials at each body temperature, the
fastest 0.5 m interval was selected and considered as the
maxima! sprint speed for that individual at that tempera
ture.
After completion of the running experimen t, we deter
mined the critica! thermal maximum (CTMax) for 5 lizards
from each population, as an estimate of the upper tempera
ture for which locomotion is possible. Animals were heated
continuously in an incubator while we observed their behav
iour. The body temperature associated with a loss of right
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Fig. 1. Air temperatures in sun (Tsun) and shade (Tshadc) and intensi
ty of phatosynthetically active solar radiation (rad) for a typical
day during May at each of bath study sites
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Di urnal variation in air temperatures and solar radiation
at both sites during a predominantly sunny day in May
is depicted in Fig. 1. Differences in air temperatures be
tween the two locations were clear-cut. Solar radiation was
somcwhat higher in Haut-Asco, but during the afternoon
the sun often became obscured by clouds and disappeared
behind the mountain ridge at ca 16.30 h.
Thermoregu!atory behaviours
The n umber of l izards captured per hour in both popula
tions is shown in Fig. 2. At sca-level (Calvi), the hourly
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We used the procedure outlined by van Berkum (1986)
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Fig. 2. Number of lizards captured per person hour at differen t
times of day in bath study areas

n umber of lizards captured exhibi ted a typical u nimod al
pattern, with more Jizards acti ve during the wa rmer hours.
In the mountainous population, activity started and ceased
rather abruptly. Activi ty times during the afternoon were
restricted due to the carly disappearance of the sun behind
the mountain rim. The high n umber of animals caught im
mediately after 'sunrise' (i.e. when sunshine reaches the
study site, see Fig. 1) may partly reflect increased catchabi
lity. Nevertheless, it was obvious that during ca rly morning
more lizards wcre active in the mo untainous population
than at the lowland site. Overall, the number of li zards

Tablc t. Frequencics of lizards obscrYed on different substratc
types. perch height (cm) classes and transit distanccs (m) to ncarest
spot of dccp shadc. Data for r-:riods of un in terruptcd sunshi nc
only
Substrate:
Ca lvi (0--o m)
Haut-As,:o ( 1450 m)

Stony
98
104

Vegetation
4
8

Gravel
0
11

Wood
0
7

Hcight:
Calvi
Ha ut-Asco

< 25
32
65

25-50

50-100

21
16

28
3

> 100 cm
10
6

Distancc to shadow:

<0.5
89
98

Calvi
Haut-Asco

0.5-1

1-2

2-5

3
2

4
10

3
10

>5 m
3
10

captu rcd per hour was distinctly highest at the high altitude
area (Fig. 2). This probably reflects higher lizard abun
dance, higher visibility and a lower wariness of the lizards.
When weather conditions changed from sunny to
cloudy, and when the sun disappeared in the afternoon,
lizards initially remained exposed on stony substrates in
a basking-like posture. Within one hour, most retreated
to shelter. Lizards at the lowland site seemed to retreat
faster than the high-altitude lizards, despite the more ad
verse ambient temperat ures at the latter site.
At both si tes, the vast majority of lizards was seen on
stony substrates (Table 1). The difTerence in substrate use
between locations (G = 23.103.3 df, P <0.001) can be attrib
uted to the variabie number of observations on gravel and
wood, substrate types that were not available at the low
elevation site. Perch height distri butions also differed: in
Haut-Asco, a larger proportion of lizards was active near
ground level (G = 37.380, 4 df, P <0.001, Table 1). The
lower perch heights at high alti tude can, at least partly,
be attributed to the absence of stone walls a t that site;
these habitats were the lizards' favouri te perching and bask
ing sites at sea-level. Although rclatively less high altitude
lizards were found in the immediate neighbourghoud of
shade (Table 1), the difference between sites was not signifi
can t (G= 7.857, 4 df, P>0.05).
All mountainous lizards (11 = 130) and most (97% of
11 = 102) indi vid uals seen in the lowland area during sunny
weather, were in full sun when first sighted. The proportion

of liza rds secn basking showed typical U-shaped patte rns
during the course of the day in both populations. The over
all proportion of basking lizards was similar in both popula
tions (Calvi : 50%, Haut-Asco: 46%, G = 0.394, 1 df. P >
0.50).

Bo( zi· and air temperatures
We found no differences in Tb's between males and femal es
at either of both sites (two-way ANOVA: P> 0.10) and
therefore lumped data for further analyses. As was to be
expected in an heliothermic lizard, availability of sunshine
has a profound effect on Tb in both populations (Table 2).
To reduce the effect of short-term variations i n weather
conditions, we will only consider sunny weather data i n
subsequent analyses.
Body temperatures of high altitude lizards were signifi
can tly lower and more variable than i n the low elevation
populatio n (Table 2). Mean T0 and T, were also signilicant
ly lower at high elevations. No differences in wind speed
between locations were evident (Table 2).
Slopes of regression lines of Tb on T0 were remarka bly
similar in the two populations (b = 0.31 in both cases) and
significantly smaller than 1 (P <0.001). The mean difference
between Tb and T. was highest at the high altitude site
(Table 2), indicating that Tb was high relative to T. at the
cooler site.
In both populations Tb varied with time of day (AN
OVA: Calvi : P=0.03 ; Haut-Asco: P<0.001 ; Fig. 3). This
variation is most apparent at the high elevation site.
Maxima! operative temperatures
Our estimates (Table 2) reveal a considerable altitudinal
variation in maxima! operative temperatures. At sea level,
Tm"-values were close to, or exceeded the critica! thennal
maximum (see Table 4) during most of the day (Fig. 3).
Hence, it is not surprising that measured body temperatures
were well below the predicted maxima. In the mountainous
populations, mean Tb 's closely approached mean vlaues of
Tmax d uring the early morning hours (Fig. 3). During the
rest of the day, field Tb's were well below the theoretica !
maxima, although the Jatter seldom exceeded the critica]
level. It should be noted that during most of the day, Tm"values at the high attitude site were above Tb's recorded
in the lowland popula tion. Hence, physical factors alone

Table 2. Statistics (mean ± 1 SE. range in parentheses, sample size) of body (Tb), air (T.) , substratc (T,) and maxima) operative tcm peratures
(T'"") (0 C) and wind speed (mis) recorded at both field sites and sclcctcd body temperat urcs (T,c1) in a laboratory thcrmogradienl.
Data for sun ny wcather samples only, cxcept where indicatcd
Field study
Tb (cloudy)

Thcrmogradien t
Tb

T.

T,

wind

Tb-T•

Tmu

T,.1

Calvi
(0-70 m)

30.20 ± 0.55 34.02 ±0.29 23.58 ±0.29 27.17±0.35 0.46 ±0.05
(23.6-36.8) (25.7 -39.2) ( 17.9 -32.2) (18.7-37.3) (0.0-2.7)
31
102
102
102
102

10.44 ±0.34
(1.4 -17.5)
102

43.19 ± 0.33
(34.4-51.9)
102

35.47± 0.20
(33.0 -38.2)
40

1-laut-Asco
(1450 m)

25.42± 0.46 30.Sl ± 0.34 15.06 ±0.26
(20.3 -32. 1) (21.5 -37.5) (8.0-23.5)
130
130
39

22.01 ±0.45 0.48 ± 0.04
(11.5-37.0) (0.0- 1.9)
130
130

15.75± 0.38
(5.0-24.6)
130

35.28 ± 0.40
(25.0 -44.7)
130

35.50 ±0.17
(32.7-38.4)
56

P mcans

< 0.001
>0:05

<0.001
<0.001

<0.001
> 0.05

<0.001
< 0.001

> 0.05
> 0.05

P va rianccs

<0.001
<0.001

< 0.001
> 0.05

> 0.05
> 0.05

alvi (0-70 m)
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Fig. 3. Body temperatures (Tb) and predicted maxiaml operative temperatures (Tm") at different times of day in both study areas.
Shown are mean values (± 1 SE) and sample sizes. The stippled area depicts the range of selected body temperatures
Table 3.Sprint speeds (m/s) at various body temperatures (0C) of lizards from both study areas. Values are means ± 1 SE
Body temperature

Calvi (0--70 m)
Haut-Asco (1450 m)

20

25

27.5

30

32.5

35

37.5

N

1.16± 0.09
1.07± 0.05

1.74±0.12
1.66±0.05

2.11 ± 0.15
1.82±0.08

1.99 ±0.14
1.78±0.09

2.19 ± 0.22
1.90±0.09

2.16± 0.16
2.21 ±0.10

2.49±0.19
2.34 ±0.11

lO

9

Table 4. Parameters of thermal sensitivity of sprint speed in both populations: optima! temperature (T0p1), the 95% and 80% performance
breadths (B95, B80) and their lower limits (L95, L80), and critica! thermal maxima (CTMax) (0C). Values are means ± 1 SE

Calvi (0--70 m)
Haut-Asco (1450 m)

35.5 ± 1.1
36.3 ±0.7

B95

L95

B80

L80

N

CTMax

N

6.1 ±1.1
5.8 ±1.0

32.4± 1.3
33.4 ±1.1

12.9±1.0
12.4± 1.2

27.6 ± 1.0
28.1 ±1.2

9
10

42.4 ± 0.3
43.0±0.4

5
5

do not impede the maintenance of similar temperatures at
both sites.
Se/ected body temperatures

Body temperatures selected in the thermal gradient, were
similar for lizards of both populations (Table 2). A compar
ison of field Tb's recorded during sunny weather with se
lected body tempera tures, reveals that the proportion of
Tb's that fell within the selected body temperature range,
was significantly higher at high el_evations (66%) than m
the lowland area (42%) (G= 12.581, 1 df, P<0.001).

Thermal dependence of sprint speed

A two way ANOVA showed significant effects of tem pera
ture (P <0.0001) and of sampling location (P=0.02) on
absol ute sprint speed. High altitude lizards consistently had
the lowest sprint velocities (Table 3). There was no signi fi
cant temperature x site interaction effect, indicaling that
temperature sensitivi ty curves for sprint speed are similar
in both populations. According ly, parameters dcrived of
the sprint performance curves (Table 4) showed no signifi
cant differences between the two populations (Hest, all P >
0.1).
.

We integrated resu lts of temperature dependence of
sprint speed with field data to assess the effects of observed
geographical differences in Tb' s on locomotor performance.
We calculated absolute and relative (% of maximal) speed
of each individua l raced in the laboratory, at each of the
Tb's recorded at its site of origin and then averaged perfor
mances among individuals. Resulting distributions of pre
dicted performances at both study sites are shown in Fig. 4.
At sea level, virtually all liza rds (98%) had Tb's allowing
them to run at 80% of their maxima! speed ; most (82%)
of the recorded Tb's were associated with speeds within
10% of their maxima! capacity (Fig. 4). In the mountainous
population, a considerable proportion (35%) of the active
lizards were predicted to run at <80%, some at only 50%
of their maxima! speed. At this site, we separately consid
ered the Tb's recorded after 9.00 h, when estima tes of Tm"
were within the selected temperature range. During this pe
riod, most lizards (81 %) ran at
80% of thei r maxima!
capaci ty (Fig. 4).
Differences between sites in absolute speeds were even
more pronounced (Fig. 4): the h igh eleva tion lizards did
not achieve the predicted modal speed of their lowland con
specifïcs ! In short, the moun tai nous lizards experience re
duced sprin t speeds, bccause t hey a re often active at temper
atures that reduce sprin t capaci ty, and because they have
lower maxima! velocities at each body temperature .
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Fig. 4. Distributions of predicted relative (% of maxima!) and absolute sprint speeds of Podarcis tiliguerta at both study sites. For
the Haut-Asco population, speeds predicted to occur before (crossed) and after 09.00 h (hatched) are given separately (see text for
explanation)

Discussion
The most pronounced changes in thermal environmental
with altitude were a decrease in air temperature and a reduc
tion of the daily duration of direct solar insulation. The
first is a general feature of high altitude locations (McCul
lough and Porter 1971), the second is attributable to pecu
liarities of local topographical and meteorological condi
tions.
In many lizards, behavioural shifts are the primary
mechanism that compensate for geographica l (and sea
sonal) changes in thermal enviornments (Hertz and Huey
1981; Hertz and Nevo 1981 ; Huey 1982). Such compensato
ry behaviours include selection of more open habitats, re
striction of activi ty times and a more frequent use of regula
tory behaviours (see references in Introduction). P. tiliguerta exhibi ted surprisingly few conspicuous behavioural
shifts. Observed differences in microhabitat use were small
an d possibly induced by differential microhabitat availabili
ty. Both study areas, which differed in the presence of struc
tural elements such as trees, shrubs and stone-walls, were
open sites where large sunlit patches were readily available.
Wc definitel y did not observe an obvious shift to open habi
ta ts, such as that exhibited by other lizards as a response
to lower temperatures at high elevations (Burns 1970; H uey
a nd Webstcr 1976; Hertz 1981; Hertz and Huey 1981).
Main differences in activity rhythms were the early af
ternoon retreat and the early morning emergence of the
high elevation lizards. The latter implies, as evidenced by
cstimates of Tmw that they temporarily exposed themselves
to su boptima l thermal condi tions. Hence lizards at the low
la nd site, bu t not in the mountainous population, restricted
t hci r activity to times when ambient condi tions enabled the
achicvement of body tcmperatures ncar sclccted or optima!

levels. This result contrasts common expectations (Hertz
and Huey 1981; Huey 1982). The relative number oflizards
observed basking, a crude index of the time invested in
behaviours that tend to increase Tb, did not differ with
altitude.
In short, we are unable to document obvious behaviour
al shifts that may compensate for changes in the thermal
environment. This however does not imply that compensa
tory behaviours were absent. High altitude lizards main
tained Tb's that were more elevated above ambient tempera 
tures; precision of thermoregulat ion, as indexed by the re
gression slope of Tb on T0, was similar i n both populations.
We infer from these results that lizards partially reduced
the impact of thermal conditions by subtle behavioural ad
justmen ts which remained unquantified by us.
The main response to changing environmental condi
tions seems to be an active shift in the set points of thermo
regulation . This interpretation is based upon a comparison
of the lizards' thermal preference in the laboratory, the
maxima! operative temperatures and the actual activity
body temperatures at both study sites. The similari ty of
selected body tempera tu res indica tes that, in the absence
of physical and biotic restrictions, lizards from bath popula
tions regulate their Tb between identical upper and lower
set points. Estimates of Tmax predict that climatic conditions
at sea-level enable lizards to maintain Tb's near selected
levels throughout the daily acti vity period. Accordingly, a
considerable proportion of the Tb-readings were within the
sclected range. At the mountainous site, physical factors
prevented the attainment of selected temperaturcs during
the early mornin g hours. The close agreement between Tb's
and maxima! operative temperatures d uri ng this interrnL
indicates that lizards maintain body temperat u res as high
as it physically possible. During the rest of the day, t he

high altitude lizards could theoretically achieve thei r se
lccted temperatures, but they were most often active a t
lower Th' s. Geographic differences in body temperatures
therefore appear to represent an active shift in regulation
rather than a purely passive result induced by differences
in thermal regi mes.
Following, not mutually exclusi ve hypotheses can ex
plai n this regulatory response. First, achievement of se
lected temperature levels by the high altitude lizards is pos
sible only at the expense of considerable i nvestment i n ther
moregulatory behaviours. We adopt this assertion because
Tmax-values were sim ulated assuming that the lizard re
mai ned fully exposed to solar radiation. Regulation of their
Tb near Tmm within the selected range, would therefore
seriously reduce the time available for other importan t ac
tivities, and seems not feasible within the actual ecological
con text (Huey and Slatkin 1976; H uey 1982).
lt may also be suggested that the high altitude lizards
regulate at lower Tb's in order to maximize the daily period
during which they can maintain a constant body tempera
ture (Christian et al. 1983). At high elevations, lizards can
achieve their selected temperatures only for a relatively
short period of the day (:;:::; 6 h, Fig. 3). By regulating at
a temperature sligh tly below the selected level, they can
increase the number of hours (:;:::; 7-8 h) during which they
can maintain their Tb constant.
To what extent does the observed geographic shift in
Tb's influence sprint performance of active lizards? In the
lowland population , the vast majority of Tb-readings were
associated with high ( 90%) relative running capacities.
The mountainous lizards accepted activity at much lower
performance levels. Major running impairments were how
ever predicted to occur primarily during the early morning
hours, when physical factors impede attainment of higher
body temperatures. During the rest of the day, most lizards
were active at Tb's that enabled them to run at
80%
of their maxima! capacity. These lizards hence seem to shift
thermoregulatory set-points to a level associated with a
rather limited decrease in running performance, at least
when the physical environment does not i nhibit them of
doing so. This regulatory zone is supposed to be a com
promise between minimizing the risks associated with a de
creased performance and maximizing the time available for nonthermoregu latory activities and/or the period during which
Tb can be maintained constant.
Our results bear some relevance to discussions on the
extent of evolutionary change of thermal physiology in ec
totherms. Two conflicting opinions have been identified by
Hertz et al. (1983). The "labile" view states that when envi
ronmental conditions induce a shift i n activity body temper
atures, parallel changes in thermal optima should readily
evolve. Partial coadaptation between activity body temper
atures and thermal optima has indeed been documented
through interspecific studies of anoline (van Berkum 1986)
and scincid lizards (Huey and Bennett 1987). The an tago
nistic "statie" view claims that thermal physiology is evolu
tionary inert and resistant to directional selection. Support
has been provided by Hertz et al. (1983) and Crowley
(1985), who found no differences in the therrnal sensitivity
of locomotor performance among conspecific lizard popu 
lations inhabiting thermally distinct habi tats.
We have shown that, in our mountai nous population ,
the maintenance of Tb's near the optima! range is temporari
ly impossi ble and costly during most of the day. Assumin g

that ru nni ng speed infl u ences foraging success (Greenwald
1974 ; Avery et al. 1982) and/or probab ilit ies to ·evade pre
da tion (Ch ristian and Tracy 1981). the estimated impai r
ment of running abili ties in our mountai nous lizards seems
large enough to have important ecological consequences.
I n fact, the reduction in relative speed experienced by h igh
altitude P. tiliguerta is larger than that estimated for other
high elevation lizard popu lations (Hertz et al. 1983; Crow
ley 1985; van Berkum 1986). Still. we found no geographic
differences in sprint performance curves. Hence, physiologi
cal adaptation to different thermal regimes, at least with
reference to running abilities, is a bsent in P . tiliguerta.
This result supports the statie view of thermal physiolo
gy, bul at the same time it does not falsify the labile hypoth
esis. Rejection of the latter view requires actual demonstra
tion of an adverse effect of locomotor impairment on fitness
or, in other words, that differences in running performance
constitute a "fitness gradient" (Arnold 1983). Our data
do not add ress this issue, but we may consider why there
could be no direct connection between performance and
fitness.
First, high altitude P. tiliguerta were predicted to exhibit
a serious locomotion handicap during only a portion of
the day, at least during May. This daily interval may be
extended at the onset of the activi ty season (April), but
is probably more restricted during summer. The total annu
al duration of this period could be too short to induce
a significant decrease in fitness.
Second, physiological performance (running speed) and
ecological performance (foragi ng and escape success) prob
ably do not scale directly (Huey and Stevenson 1979). Con
sequences of differential velocities wou l d be levelled when
large decrements in speed would be associated with only
small changes in ecological performance . This assumption,
however, seems counter-intuitive and examination of the
few existing data (Huey and Stevenson 1979; Christian and
Tracy 1981) suggests that the opposite is true: foraging
and escape success scale positively to speed.
A complementary hypothesis is that the consequences
of low speed are offset by compensatory behaviours, such
as increased wa riness (Rand 1964) or a shift in escape
behaviours (Bauwens and Thoen 1981; Hertz et al. 1982;
Crowley and Pietruzka 1983). We <lid not observe such
behaviours, at least not in response to human predators.
In contrast, lizards at the high attitude site were far less
wary and easier to catch than the lowland lizards. Crowley
(1985) describes remarkably similar experiences, in an ident
ical context, with a phylogenetically distant lizard.
Third, the ecological relevance of high speed may va ry
between populations because of difTerences in selection
pressures. If predation pressure at high attitudes is reduced
and/or prey is more abundant or more easy to catch, main
taining high speeds might be less important there than at
sea level (Crowley 1985). The observation that our moun
tainous lizards had red uced absolute velocities, accen tuat
ing the locomotor impai rment induced by activity at subop
timal Tb's, migh t indicate that selection on sprint speed
is actually relaxed at high elevations. Also, in traspecific stu
dies of several lizard species have revealed considerable geo
graphic variation in demogra phic parameters, reflecting
proxi male or adaptive responses to differential selection re
gimes (e.g. Tinkle and Balli nger 1972: Ballinger 1979; Dun
ham 1982; Ferguson et al. 1980).
The existence of physiological adaptation to environ-

menta l condi tions i n a single liza rd species still awaits dem
onstra tion. Sm:cess might depend upon the choice of perfor
mance traits t hat are subject to operative selcctive prcssures
at different locali ties (see also Hertz et al. 1983; van Berk um
1986). Selecti on and adaptation wi ll only be fully under
stood when we estimate both the effects of physiological
on ecological performance and of ecological performance
on fitness (Bock 1980; Arnold 1983).
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