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Abstract

(1) This study was designed to understand how thermoregulatory constraints a�ect the timing of foraging bouts
and amount of food obtained from a feeding station that was subject to an intense heat load. (2) The degu, Octodon
degus, is a diurnal rodent inhabiting hot arid environments in Chile. Two-hour trials were run in a laboratory

experimental arena to determine time allocation between a food station located under a heavy radiant heat source
(2500 W/m2) and the rest of the arena, including a cool burrow. A video camera recorded the animal's movements
during the trial, and tapes were analyzed afterwards for seven degus with a heated food site and seven degus with a
normal, unheated food station. (3) Degus with a food patch exposed to heat spent less time foraging and harvested

less food than animals with no heat load. Over a two hour period time use of the food patch was signi®cantly less
when heated than when not heated (0.6520.59 vs 4.9021.73 min, respectively). Thus the degus subjected to heat
above their food source minimized time exposure to a physiologically stressful condition by decreasing their visits to

the heated food source, thereby reducing food (=energy) intake. (4) Oxygen consumption (VO2), evaporative water
loss (EWL) and body temperature (Tb) at air temperatures (Tair) of 33±34, 36±37, and 39±408C were also
determined. The metabolic response to rising Tair amounted to a doubling of VO2 and a ®ve-fold increase of EWL

at Tair 39±408C, compared with 258C; and Tb rose above 428C. (5) Using data from these metabolic measurements
together with a theoretical heating model, heating curves were obtained that suggested that degus can exploit
patches of food for only about 3 min at 608C and 8 min at 508C. These simulations are in agreement with our

observations that degus reduced their time spent feeding when there was a thermal constraint on foraging. # 2000
Elsevier Science Ltd. All rights reserved.
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1. Introduction

Environmental temperature is one of the most im-

portant constraints on the energy and time budgets of
organisms. In this respect thermal physiology is a sig-
ni®cant element in determining foraging success of ani-

mals (Caraco et al., 1990). This is particularly
important for diurnal endotherms that live in hot en-
vironments, because when foraging, these animals
must move around and select di�erent food patches

and dietary items, while at the same time attempting
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to avoid predators and adjusting their location to seek
suitable environmental conditions. To do this, animals

may compensate or adjust their behavior and/or physi-
ology, for instance, changing the duration and/or fre-
quency of exposures to stressful conditions.

Recognizing that physiological and behavioral traits
are a signi®cant component of foraging ecology
(Bautista et al., 1998; Bozinovic and MartõÂ nez del RõÂ o,

1996), we have examined the in¯uence of thermoregu-
latory constraints on time and energy use in the degu,
Octodon degus, in the laboratory. The degu is a diur-

nally active semi-fossorial herbivorous rodent inhabit-
ing the semiarid environments of central Chile. This
region is characterized by hot and dry summers.
Previous studies have shown that the activity patterns

and foraging sites of degus are constrained by their
limited thermal tolerance (Torres-Contreras and
Bozinovic, 1997) as well by other ecological factors

such as food distribution and quality and predation
risk (Jaksic, 1986; Lagos et al., 1995; VaÂ squez, 1997).
Degus are e�cient in water conservation (CorteÂ s et al.,

1990) and a low capability for evaporative cooling
(Rosenmann, 1977). Degus food items (e.g., the domi-
nant grass Poa pratensis ) are normally more abundant

in open microhabitats with no shrubs (Simonetti,
1989). During summer open microhabitats reach oper-
ative temperatures of up to 508C. Our aim is to evalu-
ate behavioral plasticity and thermal tolerance in an

extreme experimental system. Speci®cally, to under-
stand how thermoregulatory constraints a�ect the tim-
ing and duration of foraging bouts and amount of

food obtained from a feeding station that was sub-
jected to an intense heat load. The characteristics of
this system suggests that appropriate timing between

food patch and the rest of the arena could reduce ther-
mal stress.

2. Material and methods

Non-reproductive degus, all captured in Quebrada

de la Plata, central Chile (70850 'W, 33831 'S). We used
14 individuals (four females and ten males) with a
mean body mass (mb) of 200.6227.6 g (SD). They

were maintained on commercial rabbit pellets and
water, a photoperiod LD=12:12 and air temperature
of 208C, and later randomly assigned (seven individ-

uals per group) to di�erent treatments.
Trials of two hours (1030±1230 h) were conducted

to determine time allocation between a cool site lack-
ing food and a hot site containing food. Trials were

conducted in an experimental arena 160 by 96 by
150 cm, with a water bottle o�ered ad libitum in the
middle of the arena. The arena was maintained at an

air temperature (Tair) of 208C. The ¯oor of the arena
was covered with soil to a depth of 30 cm. A food

source of sun¯ower seeds was o�ered on a metallic
tray (30 by 30 cm) maintained under a 1000-W radiant

electric heater located 40 cm above the food patch and
delivering a radiant heat of 2500 W/m2 measured at
the surface. A cool burrow was provided at one end in

front of the food patch, which was made of a clay
cylinder (diameter=12 cm, length=15 cm) and cov-
ered with three frozen gel packs. In practice the degus

did not enter the cool burrow during trials, and thus
the design, e�ectively, turned out to allow for assessing
brief appearances at the heated feeder which alternated

with time spent throughout the unheated remainder of
the arena.
A video camera (Sony CCD-TR413 NTSC) placed

above the experimental arena and connected to a TV-

VHS allowed us to record the animals movements
without observers present in the room. We measured
frequency and duration of patch visits and events of

food collection by inspection of the video records. The
operative temperatures (Te) in the arena were in the
range of 50±608C similar to the range that we recorded

in open areas of the natural habitat of O. degus in
summer when they are ceased their foraging activity
(Kenagy et al., unpublished). In addition, the tempera-

tures of the food patch, open space and cool burrow
were measured and adjusted through measurements of
operative temperature (Te) by use of hollow mounted
skins or ``thermal mannequins'' (Bakken, 1992) that

contained an internal thermocouple. Temperatures
were recorded with a Digi-Sense instrument and
Copper±constantan thermocouples and with a Li-Cor

datalogger (LI-1400). Food in the hot site was o�ered,
randomly distributed in the patch, mixed with the
sand. A total of 8±9 seeds (=0.5 g or 15.1 kJ/g) were

o�ered in each trial representing 25% of the daytime
energy requirements of degus (Bozinovic, 1995).
Treatments were presented in random order to each
subject.

To determine the metabolic response to overheating,
oxygen consumption (VO2) was measured in a compu-
terized (Datacan V) open-¯ow respirometry system

(Sable Systems) in metabolic chambers of 900 ml at
di�erent air temperatures (Tair) above the upper limit
of the thermoneutral zone of degus (ca 338C,
Rosenmann, 1977). The metabolic chamber received
dried air at a rate of 900 ml minÿ1, from mass ¯ow
controllers (Sierra Instruments). Before and after the

chamber, air was passed through CO2 absorbent gran-
ules of Baralyme [Ba(OH)2] and H2O absorbent gran-
ules of Drierite [CaSO4] and was monitored every 5 s
by an Applied Electrochemistry O2 analyzer model S-

3A/I (Ametek). Ambient temperature was held con-
stant within 20.58C by maintaining the metabolic
chamber in an incubator water bath. Oxygen consump-

tion values were calculated by Eq. (4a) (Withers,
1977). Body mass (mb) and body temperature (Tb)
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were measured before and after each metabolic trial
with an electronic balance and a digital thermometer

with Copper±constantan thermocouples, respectively.
In conjunction with the VO2 records, evaporative
water loss (EWL) was also measured (Hainsworth,

1968). Because of the probability of killing some ani-
mals by hyperthermia, we used only two representative
individuals with a mb of 237.1217.1 g. The exper-

imental protocol was: acclimation to the metabolic
chamber for 30 min at 338C followed by VO2 and
EWL records of 30 min. Then a progressive increase
of Tair from 36±378C to 39±408C was carried out fol-

lowed by continuous 30 min recordings of VO2 and
EWL. Animals were observed continuously during all
the measurements.

Statistical analyses were performed using
STATISTICA1 (1997) statistical package for
Windows1 95 program. Data were analyzed by a

MANOVA and the a posteriori Tukey tests (a=0.05).

Data ful®lled the assumptions of the tests. Results are

reported as mean21 standard error.

3. Results

Ambient temperatures (air and surface=Ta) of

Fig. 1. (A) Heating and cooling curves of a thermal manne-

quin with initial Te of 208C in the heat patch (where food was

also located in experiments with live degus); and cooling

curve of a mennequin with initial Te of 608C placed in the

cold burrow. (B) Various ambient temperature measurements

in the experimental arena over the course of the usual 2-h ex-

perimental period. All temperatures remained stable except

for the burrow temperatures, which rose slowly due to ad-

dition of environmental heat to the ice packs associated with

the cold burrow.

Fig. 2. Food consumption by O. degus during a 2-h test

period in the arena under two di�erent experimental regimes:

with food available under a heat lamp (left) and with food

available at an unheated location (right).

Fig. 3. Time spent by Octodon degus in di�erent areas of the

arena during a 2-h experimental run. Symbols as in Fig. 2.

F. Bozinovic et al. / Journal of Thermal Biology 25 (2000) 251±256 253



patches in which heat was provided as well as Te's in
the patch and in the burrow, are shown in Fig. 1. Over
a period of about 8 min, Te of a thermal mannequin

placed under the heat patch rose from 208C to nearly
608C, where it achieved equilibrium. An equilibrated
mannequin at Te=608C, when placed in the cold bur-

row, reached a level of about 108C within 8 min.
Food consumption was signi®cantly higher in the

animals foraging in the unheated arena than in degus

tested under the heat load (one-way ANOVA,
F(1,12)=8.309, P = 0.014, Fig. 2) Time use in the
areas was in¯uenced by the presence or absence of
heat (MANOVA, Wilks lambda=0.244, P = 0.002,

Fig. 3). The a posteriori Tukey test revealed that time
use of the heat patch for obtaining food was signi®-
cantly lower (P = 0.0002) than time use for feeding in

the absence of heat (Fig. 3). Nevertheless, time use of
the cool burrow was not signi®cantly a�ected by the
presence of heat or absence of heat on the surface

(P= 0.924, Fig. 3). Time use of the intermediate Ta's
associated with most of the arena space was signi®-
cantly higher under heat load than without it, due to
the greater amount of time spent at the food patch in

the unheated treatment (P = 0.0004, see Fig. 3). Of
course this di�erence disappears if we add the time at
the food patch to the time in the open area for the

unheated treatment, in which case the temperature is
the same at the food patch as in the rest of the arena.
The total number of patch visits in 2 h was signi®-

cantly a�ected by our treatments (MANOVA, Wilks
lambda=0.183, P = 0.0009). The a posteriori Tukey
test indicated that the frequency of visits to the food

patch was signi®cantly lower under heat load

(5.2922.69) than without heat (19.0024.61)
(P = 0.0002). As with total time, the number of visits

to the cool burrow did not di�er according to presence
or absence of heat above ground (12.4328.22 vs
16.14210.21 respectively, P = 0.468).

Oxygen consumption increased from a basal value
of 0.7820.11 ml/g h at 338C to 2.1820.15 ml/g h at
39±408C (Fig. 4). The basal value is within the range

of previous reports of basal metabolic rate in degus
(e.g., Bozinovic, 1995; Rosenmann, 1977; Veloso and
Bozinovic, 1993). In addition, after 135 min at di�er-

ent Tair, we observed that Tb increased from
37.120.78C to 42.920.98C (Fig. 4). Evaporative
water loss increased to 5.120.5 mg/g h at 39±408C
which is about ®ve times higher than the rate reported

by CorteÂ s et al. (1990) at 258C. By using the
equation C= VO2/(TbÿTair), McNab (1980), where
C = thermal conductance in mlO2/g h8C, we calcu-

lated the increase in C as a function of the increase in
Tair. At 338C, C was 0.22520.034 mlO2/g h8C and at
408C we calculated a C value equal to 0.78320.139

mlO2/g h8C. Rosenmann (1977) reported that below
the thermoneutral zone minimum C is 0.069 mlO2/g
h8C for degus of 195 g. These physiological data were

obtained and used to calculate thermal tolerance under
®eld conditions (see Discussion).

4. Discussion

In this paper we evaluated behavioral plasticity and

thermal tolerance, in an extreme experimental system.
Movements among various thermal dimensions of the
environment have been described, mainly in desert

dwelling ground squirrels. These movements within the
environment occur between areas used for feeding
(exposed to a high Ta) and cooling (burrow and/or
shade at lower Ta's). Di�erent authors (e.g., Bennett et

al., 1984; Chappell and Bartholomew, 1981a,b; Van
Heerden and Dauth, 1987; Vispo and Bakken, 1993)
have suggested that the regulation of body temperature

of squirrels imposes a constraint on the time these
organisms can spend foraging in thermally costly
areas, determining a behavioral pattern of shuttling

between hot and cold (cooling) patches.
Our results indicate a role for ``shuttling'' behavior

in degus, with adjustments in timing and frequency of

foraging. Challenged with a patch that poses a poten-
tial thermal stress, similar to extremes found in the
®eld during the hot season, degus in the laboratory
changed the time relationships between foraging time

(FT ) and time not foraging (NFT ) in an area where
there is no food, with FT/FT+NFT= 0.005 under
heat load and 0.04 under no heat. That is, degus mini-

mized time exposure to physiologically costly con-
ditions by nearly one order of magnitude by

Fig. 4. Oxygen consumption as a function of time at di�erent

air temperatures (Tair) in two individual of degus. Body tem-

perature (Tb) before and after the experiment are indicated.

F. Bozinovic et al. / Journal of Thermal Biology 25 (2000) 251±256254



decreasing their visits to a hot food patch, and as a

consequence, degus reduced energy intake.
We predicted periodic locomotory movements

between patches characterized by di�erent thermal
conditions and that is what they did. Degus were able

to maintain heat balance without retreating to the
extremely cold arti®cial burrow. Interestingly under the
presence of a heat load degus did not select the bur-

row, which is at lower Tair, but rather an intermediate
one that was widely available throughout the space of
the arena, which comprised most of the space available

to them. Apparently degus did not allow body tem-
perature to increase and they did this by moving out
of the thermally stressful patches, despite compromis-

ing their energy intake.
In an attempt to extrapolate our laboratory

measurements of energetics and thermal tolerance to
®eld conditions, we used the heating model proposed

by Hainsworth (1995) to calculate changes in Tb over
time under di�erent simulations of the thermal en-
vironment. In short, the model is an integration of the

Newton Law of Cooling, that is:

log�Tb ÿ Te� � log E� C�t�
K
�log e� �1�

where E is (TbÿTe) when t= 0, e is the base of the
natural logarithm, C (J/g min 8C) is the thermal con-
ductance measured by us at di�erent Tair under labora-

tory conditions and K is the speci®c heat of
rodents=3.431 J/g 8C (Hainsworth, 1995). We used
the equivalent of 20.1 J/mlO2 (Schmidt-Nielsen, 1987)

for the transformation of C and VO2 values. Thus,
heating at ®eld Te's of 50 and 608C were calculated
according to:

Tb � Te � �Eÿ 0:2�t���e�ÿ0:076�t� �2�
where 0.2 represents our records of metabolic rate

(Fig. 4) divided by K, and 0.076 is C/K at 408C. Based
on our laboratory measurements and this model, we
obtained the heating curves plotted in Fig. 5. It is clear
that degus can exploit patches of food for only ap-

proximately 3 min at 608C and 8 min at 508C. These
simulations are in agreement with our records of
spatial movements in the experimental arena (Fig. 3).

During periods of high temperatures degus used
food patches during shorter bouts of time than pre-
dicted by our simulations. It is probable that degus

defend their Tb from exceeding lethal or even sublethal
limits by evaporative cooling but compromising their
water economy because EWL is substantial (Fig. 5).
The interaction between these factors should be

re¯ected in a trade-o� between thermoregulatory risk,
activity and foraging. Hypothetically, if degus are max-
imizing energy intake, then we predict that the energy

saved from thermoregulation would at least balance
the decrease in energy intake caused by a reduction in
foraging time. Certainly, our ®ndings need to be tested

under ®eld conditions to determine whether our con-
clusions apply to this and other systems.
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