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Freeze Avoidance in a Mammal: Body Temperatures
Below 0°C in an Arctic Hibernator

BriAN M. BARNES

Hibernating arctic ground squirrels, Spermophilus parryii, were able to adopt and
spontaneously arouse from core body temperatures as low as —2.9°C without freezing,.
Abdominal body temperatures of ground squirrels hibernating in outdoor burrows
were recorded with temperature-sensitive radiotransmitter implants. Body tempera-
tures and soil temperatures at hibernaculum depth reached average minima during
February of —1.9° and —6°C, respectively. Laboratory-housed ground squirrels
hibernating in ambient temperatures of —4.3°C maintained above 0°C thoracic
temperatures but decreased colonic temperatures to as low as —1.3°C. Plasma sampled
from animals with below 0°C body temperatures had normal solute concentrations
and showed no evidence of containing antifreeze molecules.

IBERNATION IN MAMMALS IS EX-

pressed by a fall in body tempera-

ture (Ty) to near the ambient tem-
perature of the hibernaculum. Torpid ani-
mals maintain low Ty’s for up to several
weeks until a brief (<24 hours) spontaneous
arousal to high Ty, occurs, after which ani-
mals recool. The lowest Ty’s previously re-
ported for natural hibernation in a variety of
mammalian hibernators are between 0.5°
and 2°C and in ambient conditions of 0° to
3°C (1). In experimental conditions, slowly
lowering ambient temperatures below 0°C
leads either to an increase in an animal’s
metabolism and stabilization of T}, or an
“alarm arousal” after which the animal,
upon returning to torpor, will actively regu-
late Ty at 2° to 3°C (2). Some ectothermic
vertebrates can endure subzero Ty’s either
by avoiding or tolerating freezing. For ex-
ample, many species of polar and north
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temperate fish, through use of blood anti-
freeze proteins or glycoproteins, live at tem-
peratures of —1.9°C (3), and painted turtles
and four species of frogs can pass the winter
frozen at temperatures of —3° to —7°C (4).
Accounts of endotherms surviving subzero
Ty’s are either anecdotal (5) or describe the
artificial induction of subzero body tem-
peratures, a condition from which the ani-
mal could not independently arouse (6). I
report telemetric and direct evidence of the
regular, prolonged, and spontancously re-
versible adoption of core Ty, of as low as
—2.9°C in the arctic ground squirrel, Sper-
mophilus parryii, hibernating in outdoor en-
closures.

Arctic ground squirrels were captured
during late August 1987 in the northern
foothills of the Brooks Range, Alaska, near
the Toolik Field Station of the University of
Alaska Fairbanks (68°38'N, 149°38'W,; ele-

vation 809 m) and transported to Fairbanks.
Animals were implanted abdominally with
miniature temperature-sensitive radiotrans-
mitters that had been previously calibrated
(7). On 19 September 1987, seven males
and five females were released in Fairbanks
into outdoor wire cages (0.9 by 0.9 by 1.8
m, buried to 1.3 m) where they dug bur-
rows and remained for the next 8 months
(8). Each cage was fitted with copper wire
loop antennas (two or four each) housed in
plastic pipe and connected to coaxial leads.
Each lead was connected to a radio receiver
with an interface to a computerized data
acquisition system (9). Bandpass filters were
used to overcome radio interference from a
local AM radio station, and data collection
began in mid-February 1988. In spring,
after each animal emerged from the hiber-
naculum, transmitters were recovered and
recalibrated (10). Soil and air temperatures
at the site were recorded with thermocou-
ples and a thermocouple thermometer. To
determine the temperature regimes arctic
ground squirrels experience during hiberna-
tion in the environment at which they were
collected, soil temperatures at a depth of 1.0
m at two natural burrow sites near the
Toolik Field Station were recorded over
winter on automated remote recorders (11).

Minimum Ty’s of six hibernating ground
squirrels occurred in February and March
and averaged —1.9° = 0.3°C (range —2.9°
to —1.1°C). The T} of the individual that
reached the lowest Ty, (—2.9°C) is shown

Institute of Arctic Biology, University of Alaska Fair-
banks, Fairbanks, AK 99775-0180.
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Fig. 1. Body temperature (A) of a hibernating
female arctic ground squirrel as indicated by an
abdominal temperature-sensitive radiotransmit-
ter; (B) with an expanded scale, abdominal tem-
perature during the last three arousals from torpor
and concurrent adjacent soil temperature. Break
in curve indicates missing data.

during the last 2 months of hibernation in
Fig. 1A; an expanded scale for the last three
arousals shows T}, and adjacent soil tem-
peratures (Fig. 1B). The pattern of change
in Ty, shown in Fig. 1 is typical for hibernat-
ing ground squirrels: prolonged bouts of
continuous torpor interspersed by short
spontaneous arousals. What is unusual is for
Ty to fall below 0°C. As animals entered
hibernation, the cooling rate of Ty slowed
significantly after reaching —1.5°C, which
indicates that the animal either increased its
insulation or more likely began to actively
produce heat in order to prevent cooling
below some further minimum Ty,. During
deep torpor, Ty in the region of the trans-
mitter did not vary more than 1°C, and it
remained between 1° and 3°C above the
temperature of the soil until mid-April when
Ty, approximated the temperature of the
warming soil just before the final arousal
(Fig. 1B). Several days before each sponta-
neous arousal, T, began to slowly rise,
increasing by approximately 0.5°C before
rapid arousal ensued. Early indications of
arousals have also been shown by a rise in
the hypothalamic set point of T, in hiber-
nating marmots (12). These patterns were
similar in all six animals studied.

Soil temperatures at a depth of 1.0 m at
natural burrow locations on the North
Slope of Alaska recorded over the winter of
1987-88 reached a minimum of —18°C,
whereas temperatures at the same depth in
the caged burrows in Fairbanks never fell
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lower than —7°C. Nest chambers where
animals hibernated in the experimental bur-
rows were excavated: the spherical nests
were constructed of straw, approximately 30
cm in diameter, and usually located in a
corner of the cage at 1.2 = 0.05 m depth.
Depth of natural hibernacula are limited by
the permafrost table; ground squirrels ap-
pear not to dig into frozen ground (13). The
permafrost table lies between 25 and 100 cm
deep over most of Northern Alaska (14).

To reproduce conditions of freeze avoid-
ance under laboratory conditions, arctic
ground squirrels were housed in an environ-
mental chamber whose temperature was
gradually reduced in fall 1988 from 5° to
—4.3°C during 1 month. Body temperatures
of hibernating animals were measured at
several locations, and blood was sampled by
cardiac puncture from individuals that ex-
hibited subzero rectal temperatures. Plasma
was separated from blood cells, measured
for solute concentration (15), and screened
for the presence of antifreeze properties by
testing for thermal hysteresis of melting and
freezing points (16).

In ambient temperatures of —4.3°C arctic
ground squirrels adopted colonic, foot, and
subcutaneous temperatures that ranged
from —1.3° to 0°C, and maintained oral and
thoracic temperatures of —0.70° to 0.7°C
(Fig. 2). Thus, under these conditions hi-
bernating ground squirrels had heteroge-
neous Ty's and typically sustained across
body temperature gradients of 1° to 2°C.
Subzero body parts seemed fully perfised as
subdermal wounds inflicted on toes and
abdominal skin bled promptly. In six ani-
mals with colonic temperatures averaging
—0.63°C, concentrations of plasma solutes
were normal (302 = 4.4 mmol/kg), and
freezing and melting points of plasma were
not different (—0.59° = 0.02°C  and
~0.56° £ 0.01°C, respectively) and were
similar to equilibrium freezing points of
blood in nonhibernating mammals (17).

Animals withstand body temperatures be-
low the freezing point of water by being
freeze tolerant (4), by solute-dependent
freezing point depression (18), by using
antifreeze molecules (3), or by supercooling
(19). There was no evidence of an exotherm
(thermal heat of fusion) at subzero Ty’s,
which indicates that body water did not
freeze. Plasma solute concentrations mea-
sured in ground squirrels with subzero deep
body temperatures would have offered pro-
tection from freezing to temperature of ap-
proximately —0.6°C, but for the core tem-
peratures measured of —1.3° to —2.9°C a
further mechanism of freeze avoidance must
be offered. Antifreeze molecules depress
freezing points relative to melting points by
providing resistance to the growth of ice

g

Fig. 2. Regional body temperatures of a hibernat-
ing arctic ground squirrel (scale 1:6) housed in an
ambient temperature of —4.3°C. Average tem-
peratures (=SE) and depth of temperature probe
for 6 to 11 animals also at ~4.3°C were: colon
—0.62° + 0.11°C, 6 cm; foot —0.65° = 0.15°C,
3 mm; abdominal ~0.59° + 0.13°C, 2 cm; tho-
racic 0.49°+ 0.12°C, 1 cm; oral —0.16° +
0.16°C. Colon temperatures were measured with
a thermocouple thermometer (BAT-12) and a
RET-2 thermocouple (Sensortek, Clifton, New
Jersey); other temperatures were measured with
30-gauge thermocouple wire housed in a 19-
gauge needle. Thermocouple temperature read-
ings were calibrated with a glass thermometer
(10). Ground squirrels normally hibernate while
curled in a ball.

crystals (3). Freezing and melting points of
plasma taken from ground squirrels hiber-
nating at ambient temperatures of —4.3°C
were equal, indicating that, under these
conditions, antifreeze substances are not
present. By exclusion this leaves supercool-
ing, which is a metastable state of below
freezing temperatures that persists in the
absence of a nucleator which would readily
instigate crystallization (20). Rats, hamsters,
and other small mammals can be artificially
supercooled to colonic temperatures of
—2.5° to —5.5°C, with up to 100% survi-
vorship after they are artificially rewarmed
and resuscitated (6). However, the tenure of
subzero Ty in such supercooled animals
must be brief (<60 min); if it is prolonged,
spontaneous crystallization occurs and par-
tially frozen animals usually (but not always)
cannot be revived. Arctic ground squirrels in
this study maintained subzero Ty’s for more
than 3 weeks.

The ability of arctic ground squirrels to
undergo deep and prolonged supercooling
is a new finding, despite several decades of
measuring Ty’s in diverse species of hiber-
nating birds and mammals (21). This ability
may relate to the prolonged and extreme
conditions under which arctic ground squir-
rels must overwinter: 8 to 10 months within
the hibernaculum with soil temperatures at
nest depth declining to —18°C. Dormant
seasons for other species of hibernators are
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usually shorter and recorded hibernaculum
temperatures remain above freezing (22).
Supercooling to near —3°C should offer
energetic  advantages over maintaining
greater than 0°C Ty’s to ground squirrels
hibernating at ambient temperatures sub-
stantially below —0°C. Few metabolic mea-
surements have been made of hibernators
maintained in subzero conditions and none
have been made for animals with below 0°C
Ty. However, extrapolating from existing
data on the greatly elevated metabolic costs
of hibernators that maintain above 0°C Ty’s
at ambient temperatures of 0° and —2°C
(23) suggests that supercooling to —3°C
might save ten times the energy expended by
maintaining above 0°C T, (24). Any meta-
bolic savings accrued over the hibernation
season would be advantageous to ground
squirrels—presumably in the forms of in-
creased overwinter survivorship and of ener-
gy stores left after hibernation for use during
the short but frenetic reproductive season
that begins at emergence from hibernation.
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