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Nadeau, 2005), suggesting that the physiological benefits
of optimal Tb are higher than the costs imposed by thermally challenging habitats (Gilchrist, 1995). On the other
hand, when faced with the immediate risk of predation,
reptiles trade the benefits of thermoregulation for safety
by avoiding the thermally superior but hazardous basking
sites (Downes & Shine, 1998; Downes, 2001; Webb &
Whiting, 2005). According to the general theory, the latter
behavioural pattern should be an indicator of shifting the
behavioural thermoregulatory strategy towards
thermoconformity (Huey & Slatkin, 1976), but other explanations cannot be excluded. For example, another
possible mechanism connected to the avoidance of the
hazardous basking sites can be a decrease in the preferred
body temperature (Tp, the “target” Tb of behavioural thermoregulation).
We investigated the hypothesis that high predation
pressure at a certain life stage is coupled with decreased
Tp in reptiles. To test this hypothesis, we required a model
organism displaying considerable within-population differences in predation risk during a short time interval
while inhabiting the same area. Juvenile European adders,
Vipera berus, are susceptible to very high predation pressure compared to the adults, resulting in approximately
75–90% mortality before maturity (Prestt, 1971; Madsen
& Shine, 1994). Therefore, it is not surprising that more
than 50% of the variance in lifetime reproductive success
of V. berus is due to juvenile mortality (Madsen & Shine,
1994). Previous long-term studies reported that juveniles
of both V. berus and the closely related V. aspis are secretive and rarely bask, probably as a result of predator
avoidance (Madsen et al., 1999; Lourdais et al., 2002).
Hence, adders offer a model to study if differences in predation pressure (juveniles vs. adults) would result in
within-population variation in Tp.
We collected nine male, six female and 11 juvenile
adders (representing the nominate subspecies Vipera
berus berus) in the spring of 2004. All adders were released at the site of capture after the experiments. Our
study site was a rocky outcrop about 50 m long acting as
a common hibernaculum, located in a young open coniferous/deciduous forest in the Vantaa area near Helsinki,
southern Finland. The first male emerged from hibernation on 30 March, whereas the first female and juvenile
appeared on 8 April. Individual snakes were captured and
measured for snout–vent length (SVL; males: range = 41–
53 cm, mean = 45.5 cm; females: range = 44–57 cm, mean =
48.5 cm; juveniles: range = 13.5–19 cm, mean = 15.1 cm),
and the experiments were initiated within 10 days of the
appearance of the first individual. We note that in our
study population no melanistic individuals, which might
differ in their thermal ecology from the zigzag morph
(Forsman, 1995), were present.
We measured Tp (usually measured in a controlled
thermal gradient where ecological costs of behavioural
thermoregulation are assumed to equal zero, e.g. Hertz et
al., 1993) in three rectangular glass terraria (150 cm long x
60 cm wide x 50 cm high). The terraria were kept in a room
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or ectotherms, the maintenance of body temperature
(Tb) within a thermally optimal range is a necessity for
the efficient maintenance of physiological processes
(Stevenson, 1985; Angilletta et al., 2002a,b). Almost all
aspects of physiological or behavioural performances in
reptiles have shown to be Tb dependent (e.g. Van Damme
et al., 1991; Shine & Harlow, 1993; Bauwens et al., 1995).
The cost-benefit model of ectotherm behavioural thermoregulation predicts variation within and between
species in their thermoregulation strategy, with respect to
the local costs and benefits of the thermoregulatory behaviour and the thermal quality of the given environment
(Huey & Slatkin, 1976). The two extreme strategies are
thermoconformity (a lack of behavioural regulation) and
active thermoregulation. It seems that maintaining Tb
within the preferred range has a high priority for reptiles
even in cool habitats (Huey et al., 2003; Blouin-Demers &
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with adjustable temperature fixed at 10 ºC. One 250W reflector bulb was suspended at one end of each container
to provide a photothermal gradient. We measured the operative temperature distribution (Te, actually an estimate
of Tb for an object that does not behaviourally or physiologically thermoregulate, and that has reached thermal
equilibrium; Bakken et al., 1985) in the terraria with a fresh
road-killed carcass of an adult adder (stored prior to the
experiment in a freezer; the injuries were minimal) using
the thermometer described below. The Te gradients were
established as 12.5–60 ºC for an average adult adder. Although this relatively steep gradient would allow adult
snakes to have regional Tb differences (e.g. between the
head and the cloaca), we believe that this effect was minimal because 1) most snakes were basking in the typical
coiled position, 2) adult body temperatures were measured 4 cm deep in the cloaca and 3) we can assume the
temperature homogenising effect of blood flow. We note
that the gradients would mean something different for juvenile snakes due to their small size and thus smaller
thermal inertia, but this potential difference was negligible
from our point of view (assuming a zero cost thermal environment with available temperatures both beyond and
below the preferred range). Water was provided ad libitum. The individuals were not fed because, firstly, a
one-day starvation is totally natural for a snake, secondly, adders do not feed early in the season (Prestt,
1971) and thirdly, digestion might influence Tp (BlouinDemers & Weatherhead, 2001). We used a 5 cm layer of
sand as substrate in each terrarium, and evenly distributed rocks were provided as shelters. We changed the
substrate and washed the rocks between experiments.
Due to logistic constraints, we housed a maximum of three
adults (sexes separately) or six juveniles (separated from
adults) in a single terrarium. However, as 1) a lack of social
interactions has been reported for adders in the period
after hibernation and before the mating season (e.g.
Prestt, 1971), 2) we observed that snakes sometimes
basked together in the field and 3) we did not observe any
social interactions (which could have limited accessibility
to the heat sources) during the experiments, we assumed
that snakes were thermoregulating independently from
their conspecifics. We applied paint codes for individual
recognition of the snakes. Adders were transported from
the field to the laboratory during late afternoon, and
housed in the experimental terraria for acclimation to the
setting. Each experiment started on the following day. We
measured the cloacal Tb of the experimental animals at
hourly intervals (1000–1800) with a K-type thermocouple
connected to a digital thermometer (TESTO 925, TESTO
GmbH, Lenzkirch, Germany). The heating bulb was
switched on 1 h prior to the first measurements. This period is sufficient for adders to reach high Tb (Forsman,
1995). We only measured Tb of active adders (that is,
basking or moving; not hiding under rocks).
As repeated body temperature measurements of the
same individuals are unlikely to be independent (e.g.
Angilletta & Werner, 1998), we used a General Linear
Mixed Model (GLMM) with individual as a random factor
and group (male, female, juvenile) as a fixed factor to account for the lack of independence in our data. This

approach was also able to handle the problem imposed by
the missing data caused by inactive individuals (those
hiding under rock shelters). We compared least squares
group means with Tukey–Kramer post hoc tests. Activity
patterns during the experiments were analysed with χ2
tests, using the frequency data. We quantified activity as
the ratio between the potential maximal activity (the
number of measurements) and the actual activity (number
of times when individuals of a given group were not hiding). Statistical analyses were performed using
STATISTICA 4.5 for Windows (StatSoft Inc. Tulsa, Oklahoma) and SAS 8.02 for Windows (SAS Institute Inc.,
Cary, NC).
We found significant differences in Tp of the different
age/sex groups (F2,19=76.13; P<0.001; Fig. 1). The individual effect was nonsignificant (z=1.53; P>0.05). Post
hoc tests revealed that adult males and females did not
differ in their Tp (Tukey–Kramer test: P=0.24), while both
differed from juveniles (Tukey–Kramer tests; all P<0.001).
Percentage of activity was 100% for males and 96.3% for
females, but only 57.6% for juveniles; the juveniles were
found to differ significantly from both males and females
after Bonferroni correction (male–female: χ21=3.05,
P=0.08; male–juvenile: χ21=44.82, P<0.001; female–juvenile: χ 21=25.57, P<0.001).
Juvenile adders maintained considerably lower body
temperatures (approximately 5 °C; Fig. 1) in the zero cost
thermal gradient than their adult conspecifics did, while
adult males and females had similar thermal preferences.
One could argue that juveniles simply avoided the hot
area, as their smaller size resulted in an increased heating
rate (e.g. Grigg et al., 1979), making them more vulnerable
to overheating. However, even the much smaller
sympatric lizard Zootoca vivipara thermoregulates accurately, reaching high body temperatures in similar
enclosures (Gvozdik & Castilla, 1999; Carretero et al.,
2005; Herczeg et al., 2006). The narrow Tp ranges pertaining to both adults and juveniles suggest a drive towards
precise thermoregulation, although Tb maintained in a
laboratory zero cost thermal environment does not necessarily reflect thermoregulatory behaviour in the field
(Fitzgerald et al., 2003).
The preferred body temperature of reptiles can vary
between seasons (Christian & Bedford, 1995), with photoperiod (Rismiller & Heldmaier, 1988), with food intake
(Blouin-Demers & Weatherhead, 2001) or with reproductive state (Mathies & Andrews, 1997) within populations,
and interactions between different external and internal
factors are conceivable (Rock et al., 2000). However, we
sampled one adder population from a small area during a
short time interval. Furthermore, adult adders remain
within the close vicinity of the hibernacula entrances
without feeding or involvement in social interactions after
spring emergence and before the mating season (e.g.
Viitanen, 1967; Prestt, 1971; Nilson, 1980). Although juveniles might start foraging soon after hibernation, we
checked them after capture by palpation, and their stomachs were found to be empty. Hence, the most obvious
factors affecting Tp can be ruled out in our study (we note
that the pattern reported here may be different in other
seasons). It is noteworthy that shifts in Tp do not neces59
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microhabitat choice. For example, permanent differences
between adder age groups in their prey, feeding frequency, microhabitat selection, moving rates, etc. could
all influence the thermal optima of the physiological functions over an evolutionary time scale or alter Tp without
changing the thermal optima. Further, in theory, the Tp of
juveniles could be interpreted as the norm, with Tp of
adults being viewed as an increase over this, but considering diurnal heliotherms, this is unlikely to be the case.
Juveniles hid under rock shelters during almost half
the time available for basking, while adults – with no sex
difference – exploited close to 100% of the time for basking. This behaviour is in accordance with the secretive
habit of vulnerable juvenile snakes in nature, which has
been reported for several species, including V. berus
(Madsen et al., 1999; Lourdais et al., 2002; Webb & Whiting, 2005), and is generally interpreted as a mechanism of
predator avoidance.
In summary, we found considerable differences in Tp
between adult and juvenile V. berus constrained by different levels of predation risk. Our results suggest that the
costs of thermoregulation can not only shift thermoregulatory behaviour from active thermoregulation towards
thermoconformity, but decrease the “target” Tb of behavioural thermoregulation as well. In this way, maintaining
Tb at a predictable level with successful thermoregulatory
behaviour (with regard to the lower Tp), and decreasing
the physiological costs of low Tb (compared to
thermoconformity) would be possible. Besides the reported plasticity in Tp, further investigations are needed
to explore whether 1) the thermal optima of the different
physiological functions, and 2) the thermoregulatory behaviour of adders – in terms of accuracy and
effectiveness of thermoregulation (as defined by Hertz et
al., 1993) – is labile or not.
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Fig. 1. Preferred body temperatures (mean ± SD) of
adult male, female and juvenile European adders
(Vipera berus) after spring emergence.
sarily represent shifts in the physiologically optimal body
temperature, even on an evolutionary time scale (Huey &
Bennett, 1987).
The difference between juveniles and adults can be interpreted from the point of view of one of the main costs
of behavioural thermoregulation, namely increased exposure to predation. Various potential adder predators, such
as ravens (Corvus corax), crows (Corvus corone cornix),
magpies (Pica pica), hedgehogs (Erinaceus europaeus),
weasels (Mustela nivalis) and, given the close proximity
of the city of Helsinki, feral dogs and cats occur on our
study site. Hence, basking in conspicuous places far from
refuges might be too costly for the vulnerable juvenile
adders irrespective of the sites’ thermal quality. On the
other hand, with their low Tp and small size (faster heating), juveniles might be able to thermoregulate accurately
and efficiently (with respect to their lower Tp) sensu Hertz
et al. (1993), using more hidden, although cooler sites.
This strategy would reduce the physiological costs of
low Tb when compared to a hypothetical thermoconformer. Moreover, maximum sprint speed and endurance
were found to be far less temperature dependent than digestive performance in reptiles (Angilletta et al., 2002a),
suggesting that juvenile adders might not lose too much
from their ability to escape by selecting lower Tb than the
adults. However, costs of low digestive performance and
probably lost foraging opportunities in terms of slow development and thus late maturity seem to be considerable
(Webb & Whiting, 2005).
However, based on our approach (i.e. lack of experimental manipulation of predation pressure), we cannot
exclude other explanations for the reported Tp differences
than the effect of size-dependent predation risk. In theory,
differences in Tp can reflect either “real” physiological differences between the groups (e.g. differences in the
thermal optima of physiological functions, thermal reaction norms or metabolism) or different ecological
constraints on thermoregulation, especially on thermal
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