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ABSTRACT

We present an analysis of behavioral flexibility in a day-active caviomorph rodent, th©deglon degusn response

to temporal (daily and seasonal), spatial, and thermal heterogeneity of its environment. We quantified activity and
foraging behavior in a population, together with thermal conditions, in an open habitat in the seasonally hot and arid
matorral of central Chile. Summer activity was bimodal, with a gap of more than 8 h between the morning bout of 2.5
h of intensive foraging and the afternoon bout of 2 h. More than half of the 4.5 h of summer activity occurred in the shade
of early morning or late afternoon when the sun was below the local skyline. Autumn and spring activity were also
bimodal, but with greater proportions of activity under direct solar radiation, and with a shorter midday gap between
the two major bouts. Winter activity was unimodal and all occurred under direct solar radiation. In summer, autumn,
and spring the activity of degus was curtailed as our index of operative tempergtomeydd above 40 °C. We used

a single measurement of measured in a thermal mannequin representing degu size, shape and surface properties)
as an index of the interactive effects of solar radiation and convection on body temperature. At the winter solstice (June),
when degus remained fully exposed to solar radiation throughout the dangefally remained below 30 °C. Flexibility

in the timing of surface activity allows degus to maintain thermal homeostasis and energy balance throughout the year.
Degus shift the times of daily onset and end of activity and the number of major bouts (unimodal or bimodal) over the
course of the year. They remain active on the surface under a much narrower range or “window” of thermal conditions
than those that occur over the entire broad range of the day and year.
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RESUMEN

Presentamos un andlisis de la flexibilidad conductual en la actividad diaria delQ#gdop degus un roedor
caviomorfo, en respuesta a la heterogeneidad del ambiente temporal (diario y estacional), espacial y térmico. Junto con
las condiciones térmicas, cuantificamos la conducta de actividad y forrajeo en una poblacién que vive en un habitat
abierto en el matorral arido y estacional de Chile central. La actividad de verano fue bimodal, con 2,5 h de actividad
de forrajeo intenso durante la mafiana y con 2 h durante la tarde. No hubo actividad por mas de 8 h entre ambos eventos
Méas de la mitad de las 4,5 h diarias de actividad de la mafiana y de la tarde ocurrieron en la sombra, cuando el sol se
encuentra bajo la linea local del cielo. La actividad durante el otofio y la primavera también fue bimodal pero con una
mayor proporcién de actividad bajo radiacién solar directa y con un periodo de inactividad menor entre los dos eventos
principales. La actividad de invierno fue unimodal y bajo radiacion solar directa. En verano, otofio y primavera la
actividad estuvo sesgada cuando nuestro indice de temperatura opefatiyzerd los 40C. Usamos una medida de

T, (registrada en un maniqui térmico que representa las propledades de forma, tamafio y superficie de un degu) coma
un indice de los efectos interactivos de la radiacion solar y la conveccioén sobre la temperatura corporal. Durante el
solsticio de invierno (junio), cuando los degus permanecieron todo el dia totalmente expuestosgairsmialmente
permanecié bajo 30C. La flexibilidad en el tiempo de la actividad superficial le permitio a los degus mantener su
homeostasis térmica y balance de energia anual. Los degus cambiaron sus periodos de inicio y término asi como e
numero de eventos de actividad (unimodal o bimodal) durante el afio. Estos roedores permanecieron activos en la
superficie bajo un rango mucho mas estrecho de condiciones térmicas que las que ocurren durante el largo del dia y afic

Palabras clave:Chile, forrajeoOctodon degusestacionalidad, ecologia térmica.
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INTRODUCTION that degus adjust the beginning and end of periods
of above-ground activity seasonally in accord
How an animal uses its habitat and the resultingith the suitability of thermal conditions. Does
daily behavioral rhythms may undergo dynamicsummer daytime heat prohibit activity? Do cold
changes over daily and annual time scales due winter conditions restrict activity? Because
temporal variation in the opportunities and limitsOctodon degusbelongs to a rodent family
of the environment. Options of what to do argOctodontidae) that is otherwise generally noc-
time-dependent, and the “decisions” (electedurnal (Contreras et al. 1987), our study also
behaviors) of the animal are integrated responseaises the question whether the daytime activity
to the environment and the animal’s internal statenf degus has resulted in any specialized thermal
e.g., energy balance (Krebs & Kacelnik 1991tolerance.
Cuthill & Houston 1997, Houston & McNamara
1999, Clark & Mangel 2000). Temperature is a
fundamental environmental feature, and MATERIAL AND METHODS
spatiotemporal variation of environmental
temperature clearly can set limits to activity byThe study was conducted about 30 km west of
challenging the thermal homeostasis of animalSantiago, at a remote site on a property of the
(Gates 1980). We present here an investigation iRacultad de Agronomia, Universidad de Chile, in
physiological and behavioral ecology that seekQuebrada de La Plata, at339’ S, 70 56’ W at
to shed light on temporal and spatial use of habit&ievation 800 m. The general habitat was typical
with particular regard to thermal environmentalof central Chilean matorral, but we selected our
conditions (Huey 1991). particular study area because of its extensive
We selected the degW¢todon degusfor an open space and sparse shrub and tree cover. The
empirical field study of daytime activity that ad- area was dotted with numerous degu burrows, and
dresses these issues of time (both daily and searnways radiated from burrow entrances through
sonal scales), temperature, and behavioral ren extensive grass and herb cover. Most of the
sponse to habitat. Degus (adult mass ~160-200 gearby shrubs werErevoa trinervigdeciduous),
are common herbivorous caviomorph rodents ibbut Baccharis linearis(evergreen) was also
the central Chilean matorral, which is hot and drypresent. A few small trees were also spread through
in summer and cool and moist in winter (Rundethe nearby area, mainhcacia caverandQuillaja
1981). As the only endemic small mammals okaponarig both of which are evergreen in this
central Chile that are routinely active in the dayarea.
time, their conspicuous diurnal activity attracted A 2.6-ha area, laid out as a 10 x 14 grid of 140
the attention of the Italian naturalist Molinastaked locations at 15-m intervals, was used for
(1782), who mistakenly identified them as squirtegular trapping of the degu population, some of
rels. Their general activity, reliance on shrubwhich was for other studies. We assessed percent
cover as a refuge from heat and predators, armbver by shrubs and trees in each 15 x 15 m square
thermal response to heat loads have been def the grid by counting the shrubs and trees and
scribed by Fulk (1976), Yanez & Jaksic (1978)then estimating, to the nearest 10 %, the percent-
Iriarte et al. (1989), and Lagos et al. (1995)age of surface covered by shrubs and trees com-
though these previous studies did not assess sdianed. We set live traps (mostly Sherman alumi-
sonality. Degus are generally associated withum box traps; smaller numbers of Tomahawk
shrub cover and variable amounts of open spaaeire traps), baited with oats, to assess numbers of
in which they forage (Le Boulengé & Fuentesdegus that could be captured in day versus night.
1978, Jaksic et al. 1981a, Meserve et al. 1984Ve set traps overnight as follows: in 1996; 150
Iriarte et al. 1989). traps on 21-22 November, 189 on 12-13 Decem-
We designed our study to test how degus adjuster; in 1997: 197 traps on 26-27 March, 40 on 27-
their activity on daily and seasonal time scales i28 June, 40 on 12-13 September, 150 on 17-18
relation to prevailing thermal conditions. To fo-September, 150 on 18-19 September, and 150 on
cus this basic question on the movement of degu®-20 September. We timed the trapping care-
between the surface and their burrows, we sdully to open and bait traps 30 misi L0 min) after
lected open habitat where the major shade coveunset on the horizon and to close them 30 min (
of trees, shrubs, and smaller woody perennidalO min) before sunrise on the horizon. Our day-
vegetation was not available. Investigating theéime trapping involved the same numbers and
general hypothesis that temporal and spatial varialates.
tion in thermal conditions limits the election of To quantify population levels of activity we
surface activity, our most general prediction wasbserved and visually counted degus in a small
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part of the large grid that contained six areas thamg, or ingesting food). Foraging (4) can occur
could be recognized using the grid stakes ansimultaneously, by definition, with states (1) or
were clearly seen from our elevated observatio(®) but not (3), whereas categories (1), (2), and
point on the east edge of the grid. This entiré3) are mutually exclusive. For foraging we also
observation area was open and visible, with exestimated the proportion of all animals foraging.
tensive grass and herb cover (90-100 %), in whichn the earliest and latest activity none of the few
the animals foraged. In December 1996 we inianimals present was foraging; later typically 75
tially observed only four small areas, which toto 100 % of all individuals were typically forag-
taled about 0.18 ha. Due to a decline in populatiomng. We designated two levels of foraging inten-
density we expanded the total area of observatiasity in Fig. 1-4: (i) a high level when most (75-
from March 1997 onward to include two addi-100 %) animals were foraging, and (ii) a low
tional areas, making a total of 0.83 ha. The sudevel, when less than one-third of all animals was
cessive decrease in animals observed at each séaraging, or if only one animal was present.
son (Fig. 1-4) was due to a general population We applied a limited version of the concept of
decline. operative environmental temperature(Bennett
We obtained continuous all-day counts of acet al. 1984, Bakken 1992). Ts an equilibrium
tivity on four dates near the solstices and equitemperature, measured with a physical model of
noxes: 10 December 1996 and 24 March, 10 Junap animal that lacks physiology and behavior.
and 13 September 1997. Thereby we examinebhe temperature achieved by the model is due to
the broad variation in daily activity over the coursats physical properties (size, shape, color, surface
of the year. We suspected that day-to-day variazovering) in response to the action of solar radia-
tion was very low compared to annual variatiortion, wind, and related environmental parameters.
for several reasons. Skies are typically clear i\lthough calibration of thermal models (using an
this area, and thus both the daylight and dailgrtificial internal heat flux), replication of mea-
thermal profile show little day-to-day change.surements, and further calculations are necessary
We avoided making observations on any day thab predict body temperature (Walsberg & Wolf
had significant cloud cover. In other work in thel996, Bakken et al. 1999), we usegdaBb a simple
area we observed a strong short-term consistencycalibrated index as originally applied by Bennett
of activity from day to day. Our complete andet al. (1984). This simple application cannot be
continuous observation throughout the choseunsed to predict the physiological responses of a
days produced daily patterns that differed conlve animal (Walsberg & Wolf 1996). Our appli-
spicuously over the year. Two of us generallyation thus amounts to use of a single standard-
observed together, using binoculars, from beforzed measurement of To correlate with changes
sunrise until after sunset, and each counted dego§behavior. Despite the lack of dynamic physiol-
in a share of the four or six small areas; duringgy and the problems of calibration and replica-
midday in summer and autumn when activity wasion, T, has a greater range and is thus more
low or nonexistent only one of us remained orsensitive and potentially more relevant to the
watch. We scanned the target areas on an ongoitlgermal exposure of an animal than the simple
basis to remain aware of the comings and goingseasurement of shaded air temperaturg, T
of individuals. However, our counts were made We recorded micrometeorological data, usu-
strictly within the first minute of each five-minute ally at 15-min intervals throughout the observa-
interval by recording the number of degus actutions (Fig. 1-4). Shaded air temperatureg Y&t
ally seen at that time. We averaged the six valuégs cm (degu height) and 2 m were obtained with
obtained over each half hour to give degus activeopper-constantan thermocouples at a station
each half hour (Fig. 1-4). All clock times arewithin the observation area, as read from a
Chilean Standard Time, i.e., in December an&ensortek telethermometer at our observation
March we subtracted one hour from local daylighpoint. T, was recorded at the same station from a
savings time. thermocouple permanently secured inside the
We assessed activity, as described elsewhehollow mounted skin of a degu, i.e., a “thermal
(Kenagy et al. 2002), at each of the one-minutenannequin” (Chappell & Bartholomew 1981a,
counts according to four categories: (1) sittingennett et al. 1984). The mannequin, prepared in
(stationary, lack of locomotion, alert and vigi-the typical quadrupedal posture, had a nose-rump
lant, performing small motor functions such adength of 195 mm and a mid-body girth of 175
grooming); (2) walking (often while searchingmm; we mounted the skin over a wire frame
for and gathering food); (3) running (rapid move-covered with aluminum foil, after the methods of
ment, usually within runways, and for longerBennett et al. (1984). To standardize and maxi-
distances), (4) foraging (searching for, harvestmize the influence of solar load on, we used a



570 KENAGY ET AL.

SUMMER

Activity [number of animalg)
e = B @m ¥
T T T L]

— COparaive Tempamabrs |T"|

gl )
“‘é“ L s e e R T S N |:Jr"'-:-
— — & "
E 2 'T:':f':ff:!!hu
E
L H] 1a
Pl u
el
Sky (Cloud) -
=

i a2
e R
1 1 1 1 l | 1 1 | 1 l | | J

L 1 1 1
e oF 0o 8 o 10 N 2 13 14 15 16 17 18 1% 20

Time (Hours of day)

Fig. 1. Population activity and foraging by degus in relation to time of day (Chilean Standard Time)

and physical environmental conditions on 10 December 1996, near the summer solstice. Activity is
plotted over half-hour intervals, showing the average number of degus observed every five minutes
during one minute of counting over an area of 0.18 ha; see Methods for details and explanation of
intensity of “Foraging”. Operative environmental temperaturg i€lthat of a thermal mannequin (see
Methods); other temperatures are those of air at 5 cm (degu height) and 2 m above the ground. The
dashed line at 37 °C represents normal body temperature of degus. Solar symbols represent civil sunrise
and sunset (Ohorizon) and the M symbol represents the time when direct solar radiation first struck the
mannequin in the morning and last impinged on it in the afternoon. Sky (0 = cloudless; 2 = light, partial
cover; 4 = heavy overcast) and wind (0 = none; 2 heavy) are relative scales, described in Methods.
Actividad poblacional y de forrajeo de degus en relacién a las horas del dia (Tiempo Chileno Estandar) y a las condiciones
fisicas del ambiente el 10 de diciembre de 1996, cerca del solsticio de verano. La actividad se grafica en intervalos de
media hora mostrando el nimero promedio de degus observados cada cinco minutos y durante un minuto de conteo en un
area de 0,18 ha; véase Métodos para detalles y explicaciones de la intensidad de “Forrajeo”. La temperatura gperativa (T
es la del maniqui térmico (véase Métodos); las otras temperaturas son del aire a 5 cm (altura de un degu) y 2 m sobre el
suelo. La linea segmentada a°&/representa la temperatura corporal normal de los degus. Los simbolos del sol represen-
tan el amanecer y atardecer civil® (@ horizonte) y el simbolo M representa el momento del dia en que el maniqui recibe

o deja de recibir radiacion solar directa. Cielo (0 = despejado; 2 = con pocas nubes; 4 = completamente cubierto) y viento
(0 = nada; 2 = mucho). Ambas escalas relativas se describen en Métodos.
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Fig. 2: Population activity and foraging by degus in relation to time of day (Chilean Standard Time) and
physical environmental conditions on 24 March 1997, near the autumnal equinox. Activity is plotted
over half-hour intervals, showing the average number of degus observed every five minutes during one
minute of counting over an area of 0.83 ha. The size of the observation area was increased over that
used for the data of Fig. 1 to accommodate for the observed decrease in population density (see
Methods); for clarity of relative hour-by-hour changes in activity, the Y-axis is adjusted accordingly in
Fig. 2-4. Other explanations as in Fig. 1.

Actividad poblacional y de forrajeo de degus en relacion a las horas del dia (Tiempo Chileno Estandar) y a las condiciones
fisicas del ambiente el 24 de marzo de 1997, cerca del equinoccio de otofio. La actividad se grafica en intervalos de media
hora mostrando el nimero promedio de degus observados cada cinco minutos y durante un minuto de conteo en un area de
0,83 ha. El tamafio del area de observacién fue aumentado en relacién a lo de los datos de la Fig. 1 para acomodar a la
disminucién observada en densidad de poblacién (véase Metodos); para efectos de claridad de cambios en la actividad
relativa de una hora a la otra, el eje Y fue ajustado en las Fig. 2-4. Mayores en la Fig. 1.



572 KENAGY ET AL.

single mannequin in a fully open location, reori-when cloud cover would have reached levels 3 or

enting it occasionally to maintain perpendicular4. We estimated wind speed on a scale of 0 (no

ity to solar radiation. apparent movement) to 2 (maximum), correspond-
We recorded level of cloud cover every 15 miring to speeds of 0 to 4 m' sneasured with a hand-

on a scale of 0 (cloudless) to 4 (heavy overcastheld anemometer.

but we avoided collecting activity data on any day
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Fig. 3: Population activity and foraging by degus in relation to time of day (Chilean Standard Time) and
physical environmental conditions on 10 June 1997, near the winter solstice. Activity is plotted over
half-hour intervals, showing the average number of degus observed every five minutes during one

minute of counting over an area of 0.83 ha. The size of the observation area was increased over that used
for the data of Fig. 1 to accommodate for the observed decrease in population density (see Methods); for
clarity of relative hour-by-hour changes in activity, the y-axis is adjusted accordingly in Fig. 2-4. Other
explanations as in Fig. 1.

Actividad poblacional y de forrajeo de degus en relacién a las horas del dia (Tiempo Chileno Estandar) y a las condiciones
fisicas del ambiente el 10 de junio de 1997, cerca del solsticio de invierno. La actividad se grafica en intervalos de media
hora mostrando el nimero promedio de degus observados cada cinco minutos y durante un minuto de conteo en un area de
0,83 ha. El tamafio del area de observacion fue aumentado en relacion a lo de los datos de la Fig. 1 para acomodar a la
disminucién observada en densidad de poblacién (véase Metodos); para efectos de claridad de cambios en la actividad
relativa de una hora a la otra, el eje Y fue ajustado en las Fig. 2-4. Mayores en la Fig. 1.
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To characterize the general thermal seasonaligropped below the skyline, and thus the last full
of the area, we obtained long-term data from hour of foraging, until 19:00 h, occurred in shade.
the Pudahuel weather station of the Chilean MeFhe afternoon increase of winds contributed to
teorological Service (http://www.meteochile.cl),the decline of Tstarting at 13:00 h (Fig. 1). The
about 10 km from the study site. We averagedssociation of the end of morning foraging with
monthly records of mean maximum and minimunil _rising above 40 °C and the beginning of after-
over 19 years (1979-1997) (Fig. 5). noon foraging associated with falling below 40

°C suggests that surface activity is inhibited by
the high environmental heat loads associated with

RESULTS summertime solar radiation.
Autumn.— At the autumnal equinox (March)
Activity, time, and temperature the first degu emerged about 07:30 h, about 40

min after sunrise at the horizon and 30 min before

At all times of year degus began foraging shortlyhe sun struck the observation site (Fig. 2). In-
after they emerged from their burrows into operiense population foraging lasted 2.7 h in the morn-
habitat in the morning. Within the defined obsering. Most of the few animals seen from 10:30 h
vation areas, about 75 % of the grid squaresntil about 15:00 h were resting in the shade of
completely lacked shrub and tree cover, and theouths of burrows or running quickly between
remaining grid squares had less than 30 % coveburrows. After 15:00 h many animals emerged
We present our observations one season at a tifrem burrows and by 15:10 h foraging was inten-
(Fig. 1-4) and then the overall pattern (Fig. 5). sive and continued until 17:35 h, amounting to a

Summer.— Near the summer solstice (Decem2.7-h foraging period (Fig. 2). The last animal
ber) the first degu emerged onto the surface atas seen at 18:05 h, 35 min after solar radiation
05:45 h, about 20 min after sunrise on the unoleft the observation site and 45 min before sunset
structed horizon and 1.5 h before the sun firsbn the horizon.
impinged on the study site (Fig. 1). Within 15 min Autumnal activity and foraging began in the
many other animals emerged and were foragingnorning at a T of about 10 °C, and this rose to
Extensive foraging and activity continued for onlynear 40°C by the middle of the period and climbed
2.5 h, until 08:30 h. After that only a few degusto 40-45 °C in the last hour of morning foraging
were seen, resting and mostly in shaded burro(Fig. 2). Very light clouds were present most of
openings or in the shadows of small rocks. We¢he day, but thinning of clouds around noon pro-
sighted a few individuals over the next threevided the maximum T just greater than 50 °C.
hours, none was foraging, and they appeared onlgptensive activity and foraging did not resume
briefly to run between burrows. After 12:00 h weuntil T, dropped below 40 °C after 15:00 h. Light
saw no degus until 15:55 h, when one animafternoon cloud cover in the west enhanced the
emerged briefly, sitting in the shaded mouth of itglecline of T, along with afternoon winds. A tran-
burrow. A few others appeared briefly over thesient effect of clouds blocking sun was respon-
next hour, sitting in shaded spots by rocks or isible for the sharp decline inBetween 15:00 and
burrow mouths. By 17:00 h degus moved out intd6:00 h, and this was accompanied by intense
the open and foraged, which lasted only two hourdoraging activity. Conversely, when the clouds
until 19:00 h, about 45 min before sunset on thenoved and allowed penetration of unobstructed
horizon. The few degus seen from 19:00-19:30 kolar radiation at 16:00 h, Tose sharply and
sat or moved briefly, but did not forage. foraging declined slightly. The entire afternoon

Summer morning activity began when @nd foraging occurred with sun striking the observa-
T, were about 10 °C and the sun was not ydton area, and Jdropped from around 35 to about
above the local skyline (Fig. 1). Half way through20 °C over the last half hour of foraging.
morning foraging T reached 40 °C and then Winter.— Atthe winter solstice (June) a single
climbed to 47 °C by 08:30 h, when foragingdegu emerged from its burrow just after 09:30 h,
ceased all together. The difference between subut significant activity and foraging did not begin
rise or sunset on the local horizon’Ytand the until 10:30 h, about 2.75 h after sunrise at the
presence of sun on the observation site was duehorizon and 2 h after the first direct solar radia-
the profile of hills on the local skyline. In contrasttion struck the area (Fig. 3). Population activity
to the higher values of Tshaded air temperaturesand foraging in winter were strictly unimodal.
remained near 20 °C during morning activity. Therhough essentially all active degus were foraging
second bout of activity began in late afternoon an late morning, the intensity of population activ-
17:00 h as T dropped to 40 °C; direct solarity nearly doubled by the afternoon (Fig. 3). Gen-
radiation ceased 1 h later, at 18:00 h, when the s@mal activity and foraging dropped precipitously
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when direct solar radiation left the study area, a5 °C by the time of most foraging activity, de-
16:32 h, about 1.25 h before sunset on the horizapite a shaded air temperature that remained about
(Fig. 3). The single winter foraging period10 = 2 °C. Even in the afternoon and when the
amounted to 5.8 h. wind ceased, the highes} Was only 31 °C (Fig.

All winter activity occurred while sun was shin- 3). The entire day’s activity thus occurred in open
ing on the degus (Fig. 3). Activity onset wassun with T, remaining < 31 °C, and degu activity
phased much later with respect to sunrise than isid not appear limited by the maximum environ-
summer and autumn, which allowedtd exceed mental heat loads of winter.
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Fig. 4: Population activity and foraging by degus in relation to time of day (Chilean Standard Time) and
physical environmental conditions on 13 September 1997, near the spring equinox. Activity is plotted
over half-hour intervals, showing the average number of degus observed every five minutes during one
minute of counting over an area of 0.83 ha. The size of the observation area was increased over that
used for the data of Fig. 1 to accommodate for the observed decrease in population density (see
Methods); for clarity of relative hour-by-hour changes in activity, the Y-axis is adjusted accordingly in
Fig. 2-4. Other explanations as in Fig. 1.

Actividad poblacional y de forrajeo de degus en relacién a las horas del dia (Tiempo Chileno Estandar) y a las condiciones
fisicas del ambiente el 13 de septiembre de 1997, cerca del equinoccio de primavera. La actividad se grafica en intervalos
de media hora mostrando el nimero promedio de degus observados cada cinco minutos y durante un minuto de conteo en
un area de 0,83 ha. El tamafio del area de observacién fue aumentado en relacién a lo de los datos de la Fig. 1 para
acomodar a la disminucion observada en densidad de poblacion (véase Metodos); para efectos de claridad de cambios en la
actividad relativa de una hora a la otra, el eje Y fue ajustado en las Fig. 2-4. Mayores en la Fig. 1.
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Spring.— At the vernal equinox (September}tion of temperatures within this range varied widely
activity returned to a bimodal pattern (Fig. 4).according to season (Table 1). In winter 85 % of
The first degu emerged at 07:40 h, about an houhe activity fell within a single 5-degree range (25-
after sunrise and only 15 min before direct solaBO °C) that generally lies within the thermal neu-
radiation impinged, and other members of théral zone (24-32 °C, Rosenmann 1977). On the
population became active within 10 min (Fig. 4).other hand, in summer 85 % of the activity oc-
Activity declined precipitously after 12:30 h, andcurred over a 35-degree range (10-45 °C) and was
morning foraging amounted to 4.6 h. Over thdistributed bimodally toward the extremes of this
next 3 h (12:30to 15:30 h) few animals appearedange (Table 1). The occurrence of virtually all
showing only brief movements and occasionaWwinter activity within the range of thermal neutral-
foraging. From 15:25 until 17:15 h the populationity resulted from the low intensity of winter solar
resumed intensive foraging, for 1.8 h, after whichradiation (reflected by lower values of)Tand a
direct solar radiation ceased, about 1.15 h befongeriod of activity that occurred 100 % within the
sunset (Fig. 4). hours of directly impinging solar radiation (Table

Atthe beginning of early morning activity degus2). In contrast, summer activity was only about
encountered an initial land T, of only 5°C (Fig. half under sun and the other half protected by
4). T, rose during the morning, but still did notearly morning and late afternoon skyline shade
reach 40 °C until midway through foraging, when(Table 2). This bimodal distribution of & was
it held for about an hour and then declined as bhelow thermal neutrality during the shaded por-
modest cloud cover and light wind developedion of activity and above thermal neutrality dur-
(Fig. 4). Morning foraging ended when Tose ing the sun-exposed portion (Table 1). This sum-
above 45 °C. Afternoon foraging essentially aliner environmental bimodality resulted from the
occurred at T<40°C, and intense activity stoppedfact that the thermally neutral range of (R4-32
with a precipitous drop in Tbelow 10 °C. °C), which afforded comfortable existence

Upper thermal limit to surface activity.— In throughout the active day in winter, was rapidly
summer, autumn, and spring (but not winter), whenrossed once in the morning and once in the
T_rose above 40 °C, activity was curtailed (Fig. lafternoon in summer (Fig. 1). The pattern we
2, and 4), and from the year-round summation odbserved in autumn likewise showed little time
population foraging only 12 % of all degu activityavailable in the thermally neutral range of T
occurred when Texceeded 40 °C (Table 1). The(Fig. 2, cf. Table 1), whereas the spring pattern
overall annual thermal range for activity fell be-showed greater time availability in thermal neu-
tween T = 5-50 °C, and the breadth and distribuirality (Fig. 4, cf. Table 1).

TABLE 1

Seasonal summary of degu population foraging activity in relation to operative temperature,
T.. Data are point observations obtained during one continuous all-day count of activity per
season, near the solstices and equinoxes

Resumen estacional de la actividad de forrajeo poblacional de degus en relacion a la temperatura opetatéva, T
datos corresponden a observaciones puntuales de registro continuo de actividad realizadas durante un dia en cada
estacion, cercanos a los correspondientes solsticios y equinoccios

Operative temperature (intervals of G)
5-10 10-15 15-20 20-25 25-30 30-35 35-40 40-45 45-50

Summer 6 11 6 5 1 1 14 8 2
Autumn 2 4 7 1 2 11 18 11 5
Winter 6 60 3

Spring 2 1 2 9 25 15 18 5

Values are the numbers of 5-min intervals during population foraging activity in whiiehl Within each 5 °C range, from
data contained in Fig. 1-4. The underlined range dbieach season represents the range that includes approximately 85
% of all activity. Total 5-min intervals are 261, consisting of 54 in summer, 61 in autumn, 69 in winter, and 77 in spring.
The sum of 31 intervals within the range of 40-50 °C amounts to 12 % of all activity.
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The benefit of bimodal activity patterns, whethef trapping: 1996: 21-22 November, 12-13 De-
in summer, autumn, or spring, was avoidance afember; 1997: 26-27 March, 27-28 June, 12-13
midday thermal extremes. However, the cost o8eptember, 17-18 September, 18-19 September,
avoiding the midday extremes was the paradoxiand 19-20 September. With the same traps set
cal exposure at each of these seasons to mornidgring the following mornings, we captured the
thermal conditions that were colder than any exfollowing numbers of degus in normal daylight
perienced by the degus in winter (Table 1). hours: 1996: 29 on 20 November, 17 on 9 Decem-

Nocturnal activity?— Because the possibilityber, 54 on 13 December; 1997: 14 on 22 March,
of nocturnal activity byOctodon degusas been 17 on 27 May, 25 on 31 May, 26 on 2 June, 1 on
raised, we conducted special nocturnal trappin@y8 September, 2 on 19 September, and 2 on 20
to ascertain any night-time surface activity. WeSeptember. We conclude that degus were not
captured no degus on any of the following nightsctive at night at any time of year.

FORAGING ACTIVITY

SUMMER -:[_J [I:- u:: M:x
ALITLIN 1 11 | :\G : -.

i Iu] -
WINTER x] il":l- | I = [a] -
& ™
SPRING e jsssn o e
SUMMER -:|:| q:. " :

1 i [l [ L 1 1 1 1 L 1 1 §

4 6 8 10 12 14 1 18 20 0 10 20 30
Time (hours of day) lemperature (“C)

Fig. 5: Summary of daily foraging activity of degus with respect to seasonal changes in day length and
temperature. Horizontal bars represent the daily periods of intense foraging activity by the population, as
shown in Fig. 1-4. The shaded portion of the bars represents activity that occurred before direct solar
radiation impinged on the observation site in the morning or after direct solar radiation ceased in the
afternoon (cf. Fig. 1-4, M-arrows indicating sun on/off the mannequin). The clear portion of the bars
represents activity that occurred under direct solar radiation, and the longer vertical lines across the bar
represents the first (A.M.) and last (P.M.) time whemwas 40 °C. The continuous vertical lines indicate
sunrise (left) and sunset (right) with respect to the unobstructgdh@dizon. Time is Chilean Standard

Time. Summer = December, Autumn = March, etc., as in Fig. 1-4, with Summer repeated at bottom.
Large dots at right are long-term monthly means of maximum and minimuat & weather station near

the study site (see Methods); months of January and February are plotted between Summer and Autumn,
April, May between Autumn and Winter, etc.

Resumen de la actividad de forrajeo diaria de degus en funcion de los cambios estacionales en el largo del diay en la
temperatura. Las barras horizontales representan los periodos diarios de intensa actividad de forrajeo de la poblacién (Fig.
1-4). La proporcién sombreada de las barras representa la actividad que ocurre antes que la radiacién solar llegue al sitio de
observacion en la mafiana y despues que la radiacion solar cesa en la tarde (cf. Fig. 1-4. Las flechas -M indican si sol esta
sobre el maniqui 0 no). La proporcion clara de las barras representa la actividad que ocurrié bajo radiacion solar directa, y
las lineas verticales largas a través de las barras representan el tiempo inicial (A.M) y final (P.M.) chand0°C.

Las lineas verticales continuas indican amanecer (izquierda) y atardecer (derecha) con respecto al horizon sin obstruccién
(0°). El tiempo es Tiempo Chileno Estandar. Verano = diciembre, Otofio = marzo, etc como en las Fig. 1-4, con el verano
repetido abajo. Los puntos grandes de la derecha representan las medias mensuales de temperaturas minimas y maximas de
la temperatura del aire de una estacion meteorolégica cercana al sitio de estudio (véase Métodos); los meses de enero,
febrero se grafican entre verano y otofio; abril, mayo entre otofio e invierno, etc.
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Seasonality of environment and degu activity the observation area, or in the afternoon between
solar disappearance below the skyline and sunset
Associated with seasonal variation in day lengtlat the 0 horizon (Fig. 5, see shaded portions of
and temperatures we detected conspicuous sdaars in summer; cf. Table 2). Degus in summer
sonal changes in timing of daily activity of degusthus spent less time exposed to direct solar radia-
Day length (sunrise to sunset on thehrizon) tion than at any other season (Table 2), and local
ranged from about 14 h in summer to 10 h irskyline topography played a significant role in
winter (Fig. 5). The time from earliest to latestproviding the shade that allowed degus to avoid
major activity (“photoperiodic” exposure) rangedsummer solar flux.
from 13 hiin summer down to only 5.8 hin winter. Monthly means of daily maximum_Tshowed
This means that winter animals remained in theian annual range of 1&€ while those of minima
burrows for about 18 h per day. Autumn andanged 9C (Fig. 5). T, was higher than daytime
spring photoperiodic exposures were, respeck,, and more relevant to the thermal limits of
tively, 9.9 and 9.5 h. The total daily amount ofdegus with respect to solar influx. In summer T
time actually spent on the surface by the populaemained above Twhen direct solar radiation
tion was fairly similar over the course of the yeaimpinged on the area (Fig. 1). In autumn and
(Table 2), when compared to the extreme range sfpring T, alternated closely above and below T

13 to 5.8 h in time from first to last activity. (Fig. 2 and 4), and in winter, Temained below T
Throughout the year activity always fell be-all day (Fig. 3).
tween sunrise and sunset on tifeh@rizon (Fig. Seasonal biotic variation also contributed to

5). Furthermore, in winter all activity occurredchangesin daily time and energy balance of degus.
when sun was shining directly on the animals, anduveniles emerged in spring (October) and con-
most of the activity in autumn and spring alsainued their postnatal growth as they fed on fresh
occurred with sun above the skyline (Fig. 5, cfgreen grasses and herbs. By summer, beginning
Table 2). However, in summer more than half ofn December, the herbs and grasses were dried to
the activity occurred either in the morning aftera yellow-brown and no longer useful for fresh

sunrise at the Ohorizon but before the sun struckfood and water. Continuing in January and Febru-

TABLE 2

Seasonal summary of total time period (h) of population foraging activity of degus and the
breakdown of that time according to exposure of the habitat to sun or shade. Data are derived
from one continuous all-day count of activity per season

Resumen estacional del periodo de tiempo total (h) de la actividad de forrajeo poblacional de degus y los
componentes de dicho tiempo de acuerdo a la exposicion del habitat al sol o sombra. Los datos provienen de
observaciones puntuales de registro continuo de actividad realizadas durante un dia en cada estacién

Summer Autumn Winter Spring

Foraging Activity?
Morning 2.5 2.7 5.8 4.6
Afternoon 2.0 2.4 — 1.8
Total 4.5 5.1 5.8 6.4
Exposure Sun/Shable
Morning

Shade 1.3 0.3 — 0.1

Sun 1.2 2.4 5.8 4.5
Afternoon

Sun 1.0 2.3 — 1.8

Shade 1.0 0.1 — —
Total

Sun 2.2 4.7 5.8 6.3

Shade 2.3 0.4 — 0.1

aPeriod of activity and intensive foraging for the population, from data of Fig. 1-4

bShade refers to that amount of the activity period (a) that occurred prior to morning appearance of direct solar radiation
(sun above skyline at the observation area) or following the afternoon disappearance of direct solar radiation. Sun refers to
the period when direct solar radiation is impinging on the habitat (See Fig. 5.)
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ary, summer heat and aridity desiccated the enviamily. The Piute ground squirre§permophilus
ronment further. April and May brought consid-mollis, of North America’s Great Basin Desert,
erable precipitation in 1997. By late May andceases activity in open grassland during midday
early June, as the degu mating season began, timeesummer; however, in sagebrush habitat they
environment started becoming green again, as tlremain active all day (Sharpe & Van Horne 1999).
herbs and grasses forming the dietary staple dfhe antelope ground squirrdlmmospermophilus
degus were restored. With a three-month gestdeucurus of North American deserts, remains
tion (Morales 1982), young were not born andactive all day all year and has an extremely labile
lactation did not start until September. The nevbody temperature; when above ground it acquires
green vegetation continued growing into Octoexcess heat, which it loses either while resting in
ber, when the young emerged onto the surfacethe shade or by retiring into its burrow (Chappell
The population spent as little as 4.5 h but n& Bartholomew 1981a, 1981b). The Cape ground
more than 6.4 h per day foraging (Table 2). Thesgquirrel of southern AfricaXerus inaurisis also
population values are an overestimate of foragingctive all day, apparently has similar physiologi-
time for individuals, because individuals occacal capacities to antelope ground squirrels
sionally entered their burrows or rested on théBennettetal. 1984, Van Heerden & Dauth 1987),
surface without foraging. The shortest total dailyand both species use their tails to shade the body,
foraging, 4.5 h in summer, occurred after then parasol-like fashion (Bennett et al. 1984).
decline of green vegetation and post-weaning Patterns of activity, heat load, and intermittent
juvenile growth. The longest total daily foraging,retreat into burrows (“shuttling”) have been ana-
6.4 h in spring, occurred when females werdéyzed in ground squirrelsAmmospermophilus
lactating. and Spermophilup recognizing the lability of
their body temperature. Our observations did not
reveal shuttling of degus between surface and
DISCUSSION burrow. Such surface-to-burrow shuttling coupled
with T, oscillations provides a theoretically ap-
Our observations show that degus changed thegpealing behavioral mechanism of thermoregula-
daily activity pattern over the year in response toion (Hainsworth 1995). Although Chappell &
changes in day length and environmental hed@artholomew (1981a, 1981b) thoroughly docu-
load. Summer heat load in the open habitat wasented short-term changes in df A. leucurus
sufficiently stressful to prohibit activity over a they did not include simultaneous direct behav-
midday gap of more than 8 h. Despite the scarcitipral observation of retreat into the burrow to
of shade (due to lack of shrubs and trees) thesmload heat. Vispo & Bakken (1993), studyig
animals did not appear to shuttle regularly betridecemlineatusdemonstrated an increase of time
tween surface and burrows. More than half then the burrow as environmental temperature in-
duration of the two daily activity bouts of summercreased; they found a 10-min cycle gfWith a 2
activity occurred under early-morning and late®C amplitude that accompanied bouts of shut-
afternoon shade provided when the sun was béling.
low the local skyline. Behavioral mechanisms for The degu’s seasonal shift of activity from bi-
avoiding heat stress thus assure that degus are modvdal to unimodal resembles the pattern in desert
pressed to their physiological tolerance limitslizards (Porter et al. 1973, Huey et al. 1977).
This fundamental role of behavior in avoidingHowever, the physiological basis of the behavior
physiological stress has been articulated earligs different. Degus, as endotherms, avoid ex-
by Bartholomew (1964). Autumn and spring aciremes of environmental temperature and regu-
tivity of degus was also bimodal, but with shortedate T, narrowly (homeothermy). Lizards, as ec-
gaps between the two bouts. Winter activity wasotherms, also avoid extremes, but select times
unimodal and occurred exclusively under direcand thermal conditions that allow daytime'sT
solar radiation, which was less intense than ahat fall within a broader acceptable range for
other seasons. Paradoxically, a cost of avoidingptimizing behavioral performance. Desert beetles
midday heat through development of a bimodabf the family Tenebrionidae, also ectotherms,
activity pattern is that degus in summer, autumrshift activity seasonally between unimodal and
and spring can be exposed to colder early mormimodal and between day and night to achieve
ing thermal conditions on the surface than they,’s in a relatively narrow and cool range for
are during winter unimodal activity. optimizing behavioral performance (Kenagy &
Thermal ecology of small day-active mammalsStevenson 1982).
in hot, arid environments has been most thor- How do habitat structure and thermal charac-
oughly investigated in rodents of the squirrekeristics influence distribution of degu popula-
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tions? Our study indicates the importance of be(Spermophilusspp.) fur that provide protection
havior in the success of degus in open habitat. Wieom solar radiation, including outer coat colora-
noted that in habitat adjoining our observatiortion and depth and density of middle and outer
area degus were active in the shade of shrubs aledjers of coat hair. It is important to determine
trees when the degus in our open area were nahether solar protection provided by the coat of
above ground. The shade-producing advantageegus approaches that of sciurid rodents, which
of shrub and tree cover for thermal protection ohave a longer phylogenetic history of daytime
degus have been demonstrated by Lagos et alctivity.
(1995), who also suggested that such cover pro-Daytime activity s apparently recently derived
vides protection from predators. in O. degusTwo other species @ctodonand the
In contrast to the use of cover for protectiorrest of the South American endemic family
from predators, degus occupying open areas shoctodontidae are all considered nocturnal
a greater tendency to group together and devo{€ontreras et al. 1987). Although most reports
more time to antipredatory vigilance (VasquezandicateO. deguss diurnal (Fulk 1976, Yafiez &
1997, Vasquez etal. 2002, Ebensperger & Walleaksic 1978, Iriarte et al. 1989), possible contra-
in press). The timing of their activity also sub-diction was raised (Iriarte et al. 1989). Our ex-
jects degus, uniquely and precariously, to a variplicit trapping design revealed a lack of nocturnal
ety of major types of predators that are activactivity any time of year. We conclude that the
either diurnally, nocturnally, or both (Jaksic et alrecent derivation of day-time activity . degus
1981b). This challenge adds to the repertoire ahay explain its strong behavioral avoidance and
behavioral mechanisms required for degus to avoigpparent physiological intolerance of midday ther-
predation, and they are not able to dedicate themrmal conditions during most of the year.
selves to a single activity window that promotes What are the consequences of seasonal shifts in
avoidance of predation (Clark & Levy 1988). foraging time for daily energy balance? What
Because no data are presently available pn Tlexibility do degus have for shifting the timing
and tolerances of free-ranging degus, we are linof passage of ingested food through the gut? We
ited to laboratory data to interpret our field obserhave explored in the laboratory the time con-
vations. Degus in the laboratory reduce time feedstraints for food processing by degus on their
ing if food is only available under a heat lamplow-quality (high-fiber) diet (Kenagy et al. 1999).
(Torres-Contreras & Bozinovic 1997). The deguDespite experimental reduction in daily food avail-
thermal neutral zone ranges 24-32 °C (Rosenmarmility to as little as 5 h, as experienced in sum-
1977), which means that energy expenditure anmier, degus maintained positive energy balance
water mobilization must be accelerated gt ¥ by regular reingestion of feces, i.e., coprophagy
32 °C to avoid an increase in.TAverage Tis (Kenagy et al. 1999). Thus another behavioral
37.2 °C (Rosenmann 1977) or 36.8 °C (Refinettinechanism adds to the flexibility of degus for
1996), depending on method of measurementesponding to environmental variation.
and the daily amplitude is about 2.6 °C, with
range 36-38 °C (Refinetti 1996). Although a
lethal T of 42 °C is reported by Rosenmann ACKNOWLEDGMENTS
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