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Abstract Some mammals indigenous to desert environ-
ments, such as camels, cope with high heat load by tolerating
an increase in body temperature (7},) during the hot day, and
by dissipating excess heat during the cooler night hours, i.e.,
heterothermy. Because diurnal heat storage mechanisms
should be favoured by large body size, we investigated
whether this response also exists in Asian elephants when
exposed to warm environmental conditions of their natural
habitat. We compared daily cycles of intestinal 7, of 11 adult
Asian elephants living under natural ambient temperatures
(T,) in Thailand (mean T, ~ 30°C) and in 6 Asian elephants
exposed to cooler conditions (mean 7, ~ 21°C) in
Germany. Elephants in Thailand had mean daily ranges of T},
oscillations (1.15°C) that were significantly larger than in
animals kept in Germany (0.51°C). This was due to both
increased maximum 7}, during the day and decreased mini-
mum T, at late night. Elephant’s minimum 7}, lowered daily
as T, increased and hence entered the day with a thermal
reserve for additional heat storage, very similar to arid-zone
ungulates. We conclude that these responses show all char-
acteristics of heterothermy, and that this thermoregulatory
strategy is not restricted to desert mammals, but is also
employed by Asian elephants.
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Introduction

Elephants are the largest terrestrial animals with an extre-
mely small surface-to-volume ratio, which, while it can
reduce radiant heat load, also restricts heat loss. Still, both
African and Asian elephants typically live in warm cli-
mates with average annual temperatures reaching up to
35°C (Oliver 2005). Under these conditions, small tem-
perature gradients between the animal and its environment
render heat loss via convection and radiation rather inef-
fective, at least during daytime. In elephants, heat dissi-
pation is further restricted by their lack of sweat glands
(Hiley 1975; Mariappa 1986; Wright and Luck 1984) and
the absence of panting (Hiley 1975; Robertshaw 2006).
While elephants have means of behavioural thermoregu-
lation and passive diffusion of water through the skin that
may slightly contribute to heat dissipation (Hiley 1975),
they have no identified evaporative heat-loss mechanism,
such as panting, which can be activated as a part of thermal
homeostasis (Robertshaw 2006).

Given these physiological constraints it has been sug-
gested that the principal thermoregulatory mechanism by
which elephants cope with warm environments is simply
the storage of heat during day and cooling during night,
which would be highly efficient in an animal of this size
(Elder and Rodgers 1975; Hiley 1975). Hence, Elder and
Rodgers (1975) suggested that the elephant’s thermoregu-
lation is like that of the camel, which probably is the best
known case of increased daily fluctuations of body tem-
perature (7}), i.e., heterothermy, as a strategy to conserve
both energy and water under hot and dry conditions
(Schmidt-Nielsen et al. 1956). Meanwhile, this physiolog-
ical mechanism has been identified in number of mammals
indigenous to desert environments (Langman and Maloiy
1989; Louw and Seely 1982; Ostrowski et al. 2003;
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Ostrowski and Williams 2006; Taylor 1969, 1970; Taylor
and Lyman 1967; Willmer et al. 2005). However, the
concept of heterothermy as an adaptive mechanism
remained a matter of debate, because studies on captive
animals, such as the study by Schmidt-Nielsen et al. (1956)
on camels, may prevent opportunities for behavioural
thermoregulation (e.g., Mitchell et al. 2002). Subsequently,
this criticism was refuted by studies demonstrating the
occurrence of heterothermy in free-living Arabian oryx
(Oryx leucoryx) (Ostrowski et al. 2003; Hetem et al. 2010)
and in small Arabian sand gazelles (Gazella subgutturosa
marica) (Ostrowski and Williams 2006).

There are, however, several problems concerning the
question whether or not the elephants indeed use diurnal
heat storage and nocturnal heat dissipation to cope with
increasing T,. First, while this type of thermoregulation has
been reported for animals in hot desert environments, with
high levels of solar radiation in which T, routinely exceeds
Ty, it may be questionable whether excessive heat storage
is actually used by elephants under warm, but less severe
climatic conditions. Second, the actual evidence for some
degree of heterothermy in elephants is weak. While Elder
and Rodgers (1975) reported a high variability of T}, in
African elephants, which was correlated with T, these data
were obtained by chasing and chemically immobilizing the
animals. Hiley (1975) reported a strong increase of Ty, (by
2.1°C) during the day under conditions of high heat load in
the African savannah, and evidence for facilitated cooling
in the evening, but measurements were apparently restric-
ted to a single animal. Also, none of these studies recorded
continuous, 24 h data of Ty,. The only previous study that
did employ continuous measurements of 7}, (Kinahan et al.
2007) failed to detect the evidence for a range of daily T,
changes in African elephants (0.8°C) that would much
exceed that expected for a mammal of this body size.
However, this study was conducted in three individuals
over a short period of similar and very moderate T,
(mean ~ 21°C), and upto now, there was no direct,
experimental comparison of thermoregulation in elephants
exposed to different ranges of T,.

Finally, heterothermic desert mammals under heat load
typically not only tolerate their T, to increase during the
day (which, theoretically, could be an unavoidable
response to heat stress), but allow Ty to fall below nor-
mothermic levels at night, which enables the animals to
start the next day with a thermal reserve (Louw and Seely
1982; Willmer et al. 2005). It is this characteristic of an
increase of the daily 7, rhythm in both directions which
indicates its adaptive value. For elephants, however, there
are no published data suggesting that increased heat load
also affects the extent of nocturnal cooling.

Therefore, we continuously measured temperatures in
the gastrointestinal tract of Asian Elephants (Elephas
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maximus, Linnaeus 1758), as a proxy for T,. Elephants
were exposed to two different thermal conditions. One
group was kept at moderate T, (mean ~ 21°C) in a Zoo
with outdoor enclosure in Germany, the second group was
living in Thailand under warm climatic conditions typical
for their natural habitat (mean 7, ~ 30°C). We predicted
that, if elephants use daily heat storage and dissipation for
thermoregulation, animals in the warm environment would
show both higher maximum daily 7}, and lower minimum
T, compared with elephants at cooler temperatures. We
also predicted that, if heat storage was a regulated process,
the range of daily rhythms in 7}, and thermal conductance
during nocturnal cooling should be continuous functions of
mean daily 7,.

Materials and methods
Study site and elephants in Germany

Measurements under moderate climatic conditions were
carried out in five female and one male Asian elephants
(aged between 7 and 48 years) at the Munich Zoo Hel-
labrunn, Germany (48°1'N, 11°55'E) between April and
August 2008. The animals were housed together day and
night. During August the elephants had free access to both
indoor and outdoor facilities, but chose to remain indoors
during night. During the remaining observation period the
elephants were allowed to stay outdoors during the daytime
only (0800—1700 hours). The time spent outdoors averaged
8 h per day (i.e., ~90% of the time outdoor facilities were
accessible). Their diet was a mixture of hay, tree branches,
apples and carrots. Food was provided during the entire day
but with a main feeding time at 1600 hours. The diet was
complemented by pellets (1.5 kg/day/elephant) given to the
animals at about 0600 hours in the morning. The animals
were exposed to natural photoperiods via glass domes at
the indoor facility. Body mass of the elephants ranged from
2,050 to 4,680 kg.

Study site and elephants in Thailand

Between February and March 2009 (i.e., at the onset of the
hot season) we studied seven female and four male adult
Asian elephants (aged between 14 and 60 years; body
weight not known) at the Samphran Elephant Ground and
Zoo in Thailand (13°43'N, 100°13’E). The animals were
exposed to the warm climate of their natural habitat. Most
parts of the elephant park were shaded by trees and awn-
ings with animals exposed to direct sunlight for periods of
maximally 15 min at a time, mostly between 1300 and
1600 hours. The park was on a flat terrain without any
elevations. The elephants had a daily routine that included
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an elephant show and elephant riding (between 1000 and
1530 hours for a maximum of 15 min per ride). Not all of
the experimental elephants participated in all shows. The
daily time spent in shows ranged from O to 30 min (mean
19.3 SEM 0.06 min). The elephants were kept outdoors
day and night. They were chained during the night (but still
could move around, lie down or seek contact to each other)
and kept under a roof on wooden beams, i.e., exposed to
natural ambient temperature (from 1600 to 0900 hours).
The main diet was hay complemented with pineapple
leaves. Water was provided only during the daytime. As at
Munich Zoo, food was provided during the entire day but
with a main feeding time at 1600 hours local time. Body
masses of Thai elephants could not be obtained, but there
was no obvious difference in the average size of animals to
the German group.

Measurements of T}, and experimental procedure

T, was measured by feeding telemeters, a technique first
used in elephants by Toscano et al. (2001). The telemetry
system used was developed at the Research Institute of
Wildlife Ecology. The system consisted of a temperature
measurement unit, a non-volatile memory with a storage
capacity of 32,000 temperature readings, a VHF radio
transmitter, and an integrated microcontroller. The com-
ponents were embedded in epoxy resin in a cylindrical
stainless steel capsule (length 30 mm, diameter 22 mm,
mass 30 g) to protect the electronic parts from shock and
moisture. All capsules were calibrated against a certified
precision thermometer (Testo 950, Testo AG, Lenzkirch,
Germany) in a temperature-controlled water bath between
31 and 41°C at 2°C intervals. A third-order polynomial
function was fitted to these data for obtaining a calibration
function. The resolution of temperature measurements with
the capsules was 0.01°C, with an accuracy of 0.1°C.
Altogether, capsules were fed 69 times to 17 elephants.
The capsules transmitted a temperature measurement every
60 s and stored one every 600 s or 300 s at the German and
Thai site, respectively. Capsules were recovered from dung
with the help of a portable receiver and a hand-held H-bar
antenna. After downloading of data, capsules were re-used
in further experiments. We obtained 27,326 recordings of
T, during intestinal passage of the devices. Following
Kinahan et al. (2007) we removed all records from the first
(on average ~4) hours after feeding of the capsules when
it was located in the stomach, as indicated by large tem-
perature variations following ingestion of food and drink-
ing of water. The passage time of sensors through the gut
was extremely variable, ranging from 20 h to 10 days.
Presumably, during passages lasting several days the cap-
sule may have remained in the caecum for prolonged times,
but we were unable to actually determine the sensor’s

position in the digestive tract once it entered the gut. We
obtained 98 complete 24 h records from the 17 elephants
(range 1-10, median 6 per individual). Apart from the
initial (stomach) phase, there was no detectable relation
between mean daily T}, and the duration since the capsule
entered the gut.

In addition to the onboard storage, we measured T}, at
the Munich Zoo telemetrically. We used omnidirectional
antennae mounted permanently in both the outdoor and
indoor enclosure connected to a telemetry receiver to pick
up the signals from the capsules in the animals’ gut. Data
were stored in an onsite PC, which also automatically
adjusted the gain and fine tuning of the telemetry receiver
using self-developed software. In cases of failing to recover
the capsules we reverted to Ty, data recorded telemetrically
(about 25% of Ty, data). However, there were no statisti-
cally significant differences between the T;, recorded by
telemetric methods and the T, logged onboard (P = 0.5).
For a full description of the design, the functionality of the
temperature devices and further information about the
experimental procedure see Weissenbock et al. (2010a,
2010b).

T, and relative air humidity (RH) were measured
throughout the study in close proximity to the elephants
(<100 m) with temperature/humidity data loggers (Gemini
Data Loggers Ltd, Chichester, West Sussex, UK). All data
loggers, protected by a perforated plastic housing, were
placed away from direct sources of heat, sunlight and
water, and mounted at a height of approximately 2 m from
the ground in all enclosures. Mean 7, = SD in Thailand
throughout the study period was 30.3 £ 2.3°C and mean
RH + SD was 70.5 £ 13.9%. Mean daily 7T, for
the Munich site was calculated from measurements in the
indoor facility at night (1700-0800 hours) and from the
outdoor enclosure during the day (0800—1700 hours) where
animals spent ~ 90% of the daytime. This computation of
T, thus represents a close proxy to the environmental air
temperature actually experienced by the animals. Notably,
however, none of our statistical analysis was principally
affected by using either indoor T, or outdoor T, measured
throughout the day (mean 7, & SD in the outdoor enclo-
sure was 18.0 £ 7.5°C and in the indoor enclosure
20.9 £ 1.5°C). Also, it should be noted that even the mean
indoor T, was substantially lower than night time T, at the
Thai study site (Fig. 2). Mean RH £ SD in Munich was
64.7 £ 16.9% (calculated as for T,; mean RH & SD in the
outdoor enclosure was 63.8 & 18.4% and in the indoor
enclosure 74.4 + 11.1%).

Statistical analysis

Statistical tests were performed using the statistical pack-
age R (R Development Core Team 2011). First, we
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computed daily mean profiles for T, T,, and RH during the
measurement period of each animal from complete 24 h
records. These profiles were then used to calculate daily
means, maxima, minima, and ranges (mean maximum-—
mean minimum) of variables. Where we report standard
errors of means for the groups at different sites, they reflect
between elephant SEM. We used multiple regression
models to test for the effects of study site, or after
removing the factor “site”, for T,, daily T, range, RH, age,
sex and “daily time spent in a show” on T}, parameters.
Starting with the full model, we removed nonsignificant
terms in a stepwise procedure. We verified normality and
homoscedasticity of model residuals with Shapiro—Wilk
and Levene’s tests, respectively. To further assess the rel-
ative importance of climatic and other variables on mean
daily T, ranges, we also used a multi-model inference
approach (Burnham and Anderson 2002) implemented by
the R package “MuMIn” (Barton 2010). This procedure
allows estimating the relative explanatory strength of each
parameter while simultaneously accounting for uncertainty
in model selection. Models were ranked by minimizing the
value of Akaike’s Information Criterion corrected for small
samples size (i.e. AICc). We calculated model-averaged
standardized coefficients for all parameters by averaging
the estimates, weighted by multiplication with the model’s
Akaike weight (i.e. the relative likelihood of each model),
over the set of well-supported models (AAICc < 10)
including each parameter (Burnham and Anderson 2002).
We also derived the unconditional standard error and 95%
CI associated with each coefficient (i.e. not dependent on a
single model). The relative importance of all parameters
was calculated by summing the Akaike weights of each
model containing that parameter.

Second, we computed daily mean, minimum, and
maximum Ty, as well as daily Ty, ranges and mean daily T,
for all complete measurement days per individual. We
analysed these repeated measurements per individual using
linear mixed effect models (Ime; library nlme, Pinheiro and
Bates 2000, Pinheiro et al. 2009). In Ime models, individual
was entered as a random effect to avoid pseudoreplication.
We used these models to test for associations between Ty,
variables and mean daily 7, As these regression models
represent simple hypothesis tests, we used no multimodel
inference approach in these cases (Burnham and Anderson
2002). For all statistical models, we provide F and P values
from type III sum of squares ANOVA tables.

Ethical approval
This study was approved by the Ethics Committee of the
University of Veterinary Medicine Vienna, Austria and the

FVS-MU Committee on Ethics of Laboratory Animals Use
of the Mahidol University, Thailand.
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Results

The overall mean Ty, in Thai elephants was 36.17°C (SEM
0.04) and mean T}, in the German group was 36.34°C (SEM
0.10) (Fy 15 = 2.80, P = 0.11). There was no statistically
significant effect of T, (F;;5 =154, P =0.23), RH
(F1.15 = 3.21, P =0.09), sex (F;15 = 1.69, P = 0.21), age
(F1.15 = 3.62, P = 0.08) and “daily time spent in a show”
(Fi115 =2.83, P =0.12) on mean T, A distinct daily
rhythm of T}, was evident in both elephant groups, whereby
in the Thai elephants the time course of T, ran fairly par-
allel to the daily course of 7, (Figs. 1, 2). T, in Thai ele-
phants was lowest at 0623 hours (SEM 0.12 h), and T,
peaked at 1839 hours (SEM 0.08 h). Among elephants in
Germany the daily minimum 7}, occurred at 0928 hours
(SEM 1.35), and maximum 7, was reached at 1730 hours
(SEM 1.09 h) (Fig. 2).

Figure 3 illustrates the relation between T, and T3, using
means over 6 min intervals of both variables for the example
of the Thai group, in which daily excursions were much more
pronounced. This plot indicates that, at 7, > ~30°C, there
was a considerable hysteresis with changes in 7, lagging
behind changes in 7, during both heating and cooling phase.

The mean range of daily T, fluctuations in elephants
exposed to higher T, in Thailand was 1.15°C (SEM 0.07),
which was more than twice as large as in the German group
(0.51°C [SEM 0.03]; Fy 15 = 41.5, P < 0.0001; Fig. 2a).
This increased range among Thai elephants was due to both
significantly higher daily peak T}, (Thailand 36.88°C (SEM
0.057); Germany 36.58°C (SEM 0.096; F, ;5= 7.57,
P =0.014) and lower minimum 7} (Thailand 35.73°C
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Fig. 1 Representative pattern of body temperature and ambient
temperature. Daily fluctuations of core body temperature (white
circles) in an adult female over 7 days and corresponding ambient
temperature (line) measured under natural ambient temperatures in
Thailand. The white and black bars at the top indicate the daily light—
dark cycle
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Fig. 2 Body and ambient temperatures in Thailand and Germany.
To ease visualization of daily rhythms, all data are double-plotted.
a Mean daily body temperature profiles in the Thai (black circles) and
the German group (white circles). Means = SEM from individual
animal 24 h patterns. Horizontal bars above the time axis indicate
mean hours of darkness during the study periods in Thailand (lower
bars) and Germany (upper bars). b Mean daily profiles of ambient
temperatures at the study sites. For Germany data are shown for both
the indoor facility in which the elephants spent all nights
(1700-0800 hours) and an outdoor enclosure in which the animals
spent ~90% of the daytime (0800-1700 hours)

(SEM 0.06); Germany 36.08°C (SEM 0.11; F, ;5 = 8.69,
P = 0.01). Differences in the range of T, rhythms were
almost entirely due to the effects of mean T, during the
measurement period (F ;5 = 35.2, P < 0.0001), while the
range of daily T, changes had no effect on the range of Ty,
rhythms (F; ;5 = 0.34, P = 0.57). Daily T, ranges tend to
be slightly higher among males (F; 14 = 4.73, P = 0.047).
Age (F114=039, P=053), RH (Fy14=1.76,
P = 0.20), and “daily time spent in a show” (F 14 = 0.74,
P = 0.40) had no significant effects on the range of T,
rhythms. These results were confirmed by a multimodel
inference approach indicating that mean 7, had by far the
highest relative importance (0.98) and was the only vari-
able for which the 95% confidence interval of the param-
eter estimate did not overlap O (Table 1).
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Fig. 3 Body temperature as a function of ambient temperature during
daily fluctuations of both variables in the Thai elephant group.
Means + SEM (grey areas) from 11 individual 24 h patterns
determined at 6 min intervals. Triangles pointing up show data for
the daily heating phase, i.e. between the mean daily minimum and
maximum 7y; triangles pointing down show the daily cooling phase

Regression models of daily means (of mean, minimum,
and maximum T, as well as daily T}, ranges) as a function
of mean daily 7, gave no evidence for any significant
difference in slopes between the data from the German and
the Thai site in all cases (Table 2). Therefore, we computed
linear mixed models without interactions across all data
from both elephant groups. These models indicated that the
daily range of T, significantly increased with rising mean
daily T, (Fig. 4; Table 2). Further, maximum daily T}
increased and minimum daily 7, decreased with increasing
daily mean T,, but mean daily 7}, was unaffected by T,
(Fig. 4, for parameter estimates and statistics see Table 2).

Discussion

Our study demonstrates that Asian elephants respond to
exposure to elevated T, by increasing heat storage during
the day and by decreasing T}, during the night, with T,
leading T}, due to body inertia (Fig. 3). At high T,, noc-
turnal decreases of T}, reached levels below those main-
tained at cooler T,, and enabled elephants to encounter
subsequent days with a large thermal reserve. Therefore,
we would consider this type of thermoregulation to repre-
sent heterothermy, very similar to the mechanisms used by
desert mammals, such as camels and antelopes to cope with
high environmental temperatures (Langman and Maloiy
1989; Louw and Seely 1982; Ostrowski et al. 2003;
Ostrowski and Williams 2006; Taylor 1969, 1970; Taylor
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Table 1 Averaged model parameters for the effects of climatic conditions, as well as sex, age, and daily time spent in a show on mean daily

amplitude of body temperature (73,)

Term Coefficient Adjusted SE Lower CI Upper CI
Intercept —0.9580 0.5270 —1.9900 0.0746
T, 0.0666 0.0154 0.0365 0.0967
Sex 0.2150 0.1140 —0.0094 0.4390
RH 0.0087 0.0089 —0.0087 0.0262
Time in show 0.0064 0.0094 —0.0121 0.0248
T, range —0.0317 0.0629 —0.1550 0.0917
Age —0.0016 0.0042 —0.0099 0.0067

Coefficients were computed using Akaike weights from all models with delta AICc <10

Relative variable importance was: T, 0.98, sex 0.58, relative humidity 0.20, time in show 0.15, delta 7, 0.14, age 0.12

T, mean daily ambient temperature experienced by the animals

T, range: mean daily fluctuation o f 7, (daily maximum-minimum)

Table 2 Model parameters for repeated measurement regressions of four response variables (mean, maximum, and minimum 7}, as well as daily

T, range), as a function of mean daily 7,

Response Intercept Mean T, Fis0 P Site x T, Fi79 P

Mean T, 36.36 —0.004 0.43 0.515 —0.004 0.06 0.804
Max. Ty, 36.27 +0.023 8.91 0.038 +0.019 0.53 0.469
Min. Ty, 36.27 —0.020 5.57 0.027 +0.006 0.05 0.825
Ty, range —0.138 +0.048 29.90 <0.0001 +0.013 0.13 0.717

F and corresponding P values are given for the effect of mean 7, (i.e. the slopes) and for the site x 7, interaction (i.e. the difference between
slopes at both study sites). Note that there was no evidence for a site-dependency of mean T, effects. Hence, interactions were removed from the

final models

Significant effects are shown in bold face

and Lyman 1967; Willmer et al. 2005). The IUPS Thermal
Commission (1987) defined heterothermy as variation in Ty,
of more than 2°C, but in a later definition the use of
arbitrary absolute ranges of T, was avoided (IUPS Thermal
Commission 2003). We concur with the latter approach,
particularly because ranges of daily rhythms in 7;, (in the
absence of high heat load) differ between mammalian
species, and are known to significantly decrease with body
size (Aschoff 1982; Mortola and Lanthier 2004; Refinetti
2010). We also concur with the current definition of het-
erothermy (IUPS Thermal Commission 2003) in that it
does not specify whether increased variation in Ty, is caused
by external heat load or by endogenous heat production. In
our view, this broad definition of heterothermy should be
augmented, however, by the notion that heterothermy as an
adaptive thermoregulatory response (rather than an inevi-
table consequence of heat stress) can be identified by a
significant decrease of the set-point of T}, during the trough
of the cycle.

While the 0.51°C range of T;, rhythms in our elephants
in Germany is within the range expected for an animal of
this size, the 1.15°C range observed in our Thai animals at
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high T, was 2.5 times larger than that predicted from
(extrapolated) allometric relations (Mortola and Lanthier
2004). However, even disregarding any allometric predic-
tions, the finding that our Thai elephants exposed to a
higher 7, showed more than two-fold increase in T}, ranges
compared with the German group, by itself seems to justify
the classification of thermoregulatory responses to heat
load in Asian elephants as heterothermy. Although het-
erothermy includes all deviations of the set-point irre-
spective of the causative factor, we can exclude heat
increment of feeding and activity as the proximate cause of
increased daily T, ranges in the Thai elephants. By sup-
plementation of high caloric food pellets to the elephant’s
diet, as was the case for the elephants in Munich, one could
expect a larger increase of T, during daytime due to a
larger heat increment of feeding. This was, however, not
the case. Also, while there are reports of food quality on
overall levels of Ty, even under ad libitum feeding condi-
tions (e.g. Ahmed and El Kheir 2004), mean 73, did not
differ between the elephant groups in our study, and we are
not aware of experimental evidence for food quality dif-
ferences alone causing the magnitude of difference in daily
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Fig. 4 Relation between the mean daily body temperature and
ambient temperature. White circles and dotted line: daily maximum of
core body temperature and regression line. Black circles and dashed
line: daily mean of core body temperature and regression line. White
triangles and solid line: daily minimum of core body temperature and
regression line. Data points include both elephant observation groups
(Germany and Thailand). Note that, while this figure shows all daily
means, statistical analyses were carried out using linear mixed effects
models, which adjust for repeated measurements in the same
individuals. For parameter estimates and statistics see Table 2

Ty, profiles observed here. Similarly, we can rule out an
important role of locomotor activity in generating larger Ty,
fluctuations, as the daily time spent in a show had no
detectable effect on the degree of daily T}, ranges in our
Thai elephants. As indicated by Fig. 3, the daily T, range
seemed to be primarily driven by T,, although diurnal
cycles of Ti, did not simply follow the daily mean or
amplitude of 7, (cf., Fig. 1). At least part of these dis-
crepancies may be due to the fact that individuals moving
on the sites experienced environmental temperatures that
differed from the T, measured at a single point at each site.

One notable aspect of heterothermic responses observed
in our Asian elephants is that they occurred at compara-
tively moderate temperatures, when T, was still below T,.
This is in contrast to free-ranging arid-zone antelopes that
used heterothermy only when exposed to 7, > 40°C
(Ostrowski et al. 2003; Ostrowski and Williams 2006), but
not when climate conditions were moderate (7T, < 35°C)
(see also Fuller et al. 1999, 2005; Mitchell et al. 1997). We
suggest that this difference merely reflects the effects of
extremely large body size in elephants, which inevitably
constrains the dissipation of heat resulting from endoge-
nous heat production when 7,,~T, gradients are small. Still,
these results suggest that heterothermy is a strategy not
necessarily restricted to desert mammals, but also

employed by Asian elephants when T, remains below T,
Since large parts of their distribution range are character-
ized by mean T,s that can well exceed the T,s at our Thai
study site it seems likely that Asian elephants under severe
heat load may undergo daily cycles of T, that are signifi-
cantly larger than observed here.

In African savannah elephants, which often inhabit areas
characterized by high solar radiation (with effective
T, > Ty), both the benefits of heterothermy and its extent
may be even larger. In African elephants under relatively
cool mean T, ( ~21°C) there was no clear evidence for
heterothermy (Kinahan et al. 2007). The mean daily 7}, range
of animals in that study (Kinahan et al. 2007) was 0.8°C,
which is intermediate between the T}, range observed in our
elephants form the Munich study site (range 0.51°C at
T, ~ 21°C), and the Thai elephants (range 1.15°C at
T, ~ 30°C). The somewhat higher range of 0.8°C in Afri-
can elephants compared with our elephants at the Munich
site may have been due to the comparison of different spe-
cies, or simply coincidental, as data in the study by Kinahan
et al. (2007) were obtained from 3 individuals only. Under
conditions of high 7, and intense solar radiation (ground
temperature ~43°C) in the African savanna, Hiley (1975)
reported, however, an increase of T}, during the day from
36.1 to 38.2°C (i.e., arange of 2.1°C), which clearly exceeds
the variation in 7}, of our Thai Asian elephants. As men-
tioned before, Hiley’s (1975) data were, however, appar-
ently obtained from a single animal only, which underlines
the need for further studies on free-living elephants under
conditions of high environmental temperatures.

The nocturnal decline of T}, in our warm-exposed Thai
elephants was more rapid and reached lower levels than in
the German group (Fig. 2). Theoretically, this facilitated
the decrease of T}, which could be due to both a decrease in
metabolic rate and hence endogenous heat production, and
by increased thermal conductance. While it is likely that
elephants, like most mammals (Mortola and Lanthier
2004), have a daily cycle of metabolic rate, it is unclear to
which degree such a cycle may have contributed to daily T3,
rhythms, or if it was affected by differences in T,. As far as
rates of heat loss are concerned, our present data suggest
that Asian elephants may undergo profound changes of
thermal conductance. During night, and perhaps even at
mean T, at both sites, both groups probably were at ther-
moneutral temperatures. As elephants show signs of com-
plete vasoconstriction (determined by infrared imaging)
only at T, < ~10°C (Weissenbock et al. 2010a, 2010b),
even the Munich group was probably never cold-exposed.
If mean T, correspond to thermoneutrality at both sites,
mean thermal conductance at those environmental tem-
peratures would have been ~2.5 times higher in the Thai
group, corresponding to the smaller 7,—7, gradient (at
mean Ty,). During times of rapid nocturnal cooling in the
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Thai group, changes in thermal conductance temporarily
may well have been larger than that, since elephants have a
greater capability to control the temperature of their surface
than all other terrestrial mammals (Phillips and Heath
1995). Active elevations of thermal conductance in ele-
phants typically not only involve increased vasodilatation
and blood flow in ear vessels, but also involve thermal
windows on other parts of the body surface, which seems to
be the primary mechanism by which at least African ele-
phants dissipate excess heat (Buss and Estes 1971; Hiley
1975; Phillips and Heath 1992; Willmer et al. 2005; Wright
1984, Weissenbock et al. 2010a, 2010b). Further heat loss
was most likely assisted by ear flapping which (although
not quantified) indeed appeared to be much more frequent
in elephants at the Thai study site. Irrespective of the
mechanism, either facilitated heat dissipation and/or
decreased endogenous heat production, our animals did not
only return to levels of T}, as observed at low T,, but also to
further lower the daily minimum 73, as 7, increased
(Figs. 2, 3). Thus, elephants entered the day with a thermal
reserve for additional heat storage, very similar to arid-
zone heterotherms (Louw and Seely 1982; Willmer et al.
2005).

Theoretically, the fact that elephants in the Thai group
were chained at night could have prevented them from
fully employing the enhanced metabolic heat production of
locomotion, as a defence against body cooling at night, or
from positioning themselves relative to other objects,
including other elephants, to manipulate radiant heat
transfer. However, if those mechanisms had played an
important role, minimum 7, at the end of the night in
elephants of the Thai would be expected to increase with
mean T,. As illustrated in Fig. 4, the opposite was the case
(see also Table 2). Also, since it seems likely that, during
night, all elephants were at thermoneutrality, no additional
mechanism such as enhanced heat production would be
required. However, the ability of Asian elephants to dis-
sipate heat during nocturnal cooling might be impaired by
high humidity in their natural habitats, in which RH at high
environmental temperature may routinely exceed 90%
(Oliver 2005; Spinage 1994). Even at the moderate mean
RH of 70.5% at our Thai study site, average water vapour
pressure was 3.05 kPa, compared with 1.65 kPa at the
German site (given the mean T, at both sites). Hence, the
potential for evaporative cooling was almost twice as high
at the German site. However, while high humidity will
hamper evaporative heat loss, this pathway of heat dissi-
pation via respiration and diffusion through the skin
apparently accounts for no more than approximately 7%
(N = 1) in elephants (Hiley 1975). Heat loss via convec-
tion, however, which—next to radiation—appears to be a
major mechanism of nocturnal cooling in elephants, will be
actually facilitated by increased RH, due to increased
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specific heat capacity of humid air. Thus, even the high
humidity of typical habitats of Asian elephants should not
have counteracted the evolution of heterothermy in this
species.

While daily cycles of heat storage and release provide a
very effective mechanism to cope with warm and hot
environments, there are, of course, important additional
effects of behavioural thermoregulation. In elephants,
coping with heat load involves seeking shade, covering the
skin with dust or mud, wallowing, or spraying themselves
with water (Hiley 1975; McKay 1973). Previously, it had
been suggested that observations of heterothermy may be
an artefact, caused by preventing adequate behavioural
thermoregulation in captive animals, or by prior dehydra-
tion (Fuller et al. 2005; Mitchell et al. 2002). Meanwhile, it
has been shown in three studies, however, that hetero-
thermy occurs in free-living animals (e.g. Hetem et al.
2010; Ostrowski et al. 2003; Ostrowski and Williams
2006), which refutes this general criticism. While water
limitation may be the primary driver of heterothermy in
desert animals (Hetem et al. 2010), in our study animals,
which had free daily access to water, dehydration certainly
played no role in inducing heterothermy. Also, our analysis
indicates that thermoregulation in our Thai animals was
unaffected by their daily routine in the elephant park. The
animals were able to seek shade or water during the vast
majority of the day, and were exposed to direct solar
radiation only for short periods. Most importantly, how-
ever, the elephants in our study responded to increasing 7T,
by a continuous drop in nocturnal minimum 73, that is,
increased capacity for subsequent heat storage. Clearly,
this type of fine-tuned, predictive thermoregulatory ability
could not have been caused by artificial behavioural con-
straints but indicates that heterothermy in Asian elephants
results from natural selection.

Taken together, our data suggest that adaptive hetero-
thermy is an integral part of thermoregulation in Asian
elephants. We are aware, however, that further studies are
needed to clarify the underlying mechanisms (i.e. mea-
surements of heat production and thermal conductance)
and the frequency, magnitude, and role of heterothermy for
free-living elephants. It would particularly be interesting to
study the thermoregulation in both Asian and African
elephants under the conditions where the same individuals
are exposed to a much larger range of environmental
temperatures, and higher heat load, than could be examined
in this and previous studies on elephants.
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