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Many birds could expend substantially less energy at night by using hypothermia, but
generally do not. This suggests that the potential savings are offset by costs; one of
these costs is presumed to be the risk of predation at night. If this assumption is
correct, a bird will face one of two trade-offs: (1) it can avoid the cost of hypothermia
by gaining fat to decrease the risk of starvation, but this increases energetic costs of
fat maintenance and risk of diurnal predation, or (2) it can maintain lower fat
reserves and use hypothermia at night, but this option increases the risk of nocturnal
predation. We used a dynamic model to investigate these trade-offs and how the use
of nocturnal hypothermia changes energy management tactics in food-caching birds.
Our model predicted that: (i) optimal daily routines of fat reserves, feeding rate, food
caching, and cache retrieval should be similar in hypothermic and non-hypothermic
birds; (i) low fat reserves, small cache size, low ambient temperature, and high
variability in foraging success favor increased use of hypothermia; (iii) the effect of
ambient temperature on the use of hypothermia is especially important at higher
levels of variance in foraging success; (iv) hypothermic birds are predicted to have
lower mass at dusk than non-hypothermic individuals while their morning mass
should be more similar. Many of these predictions have been supported by empirical
data. Also, survival rates are predicted to be higher for birds using hypothermia,
especially in the most severe environmental conditions. This is the first attempt to
evaluate the role of cache maintenance and variance in foraging success in the use of
hypothermia. This is also the first discussion of the relationship between behavior
hypothermia and diurnal patterns of energy management.
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Birds must accumulate and maintain a sufficient level
of energy reserves to survive winter conditions (McNa-
mara and Houston 1990, Bednekoff and Houston
1994a, Pravosudov and Grubb 1997). The main source
of energy reserves for all birds is internally stored body
fat (Blem 1990), although some species can also store
energy externally in food caches (Vander Wall 1990).
Some birds wintering in the temperate zone are also
capable of reducing their body temperature during the
night (nocturnal hypothermia; Steen 1958, Haftorn
1972, Reinertsen 1996), resulting in a 10-30% reduc-
tion in nocturnal energy expenditure (Haftorn 1972,
Reinertsen and Haftorn 1983, 1984, 1986, Chaplin
1974, 1976, Waite 1991). By reducing their metabolic
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rate at night, birds can reduce starvation risk without
increasing levels of fat reserves. Limiting the regulated
level of fat reserves can, in turn, reduce the risk of
diurnal predation associated with acquiring and main-
taining fat reserves (Biebach 1996, Reinertsen 1996).
However, hypothermia is not always used to its maxi-
mum energy-saving capacity (Reinertsen 1996) and
some birds do not use hypothermia unless they have
been starved (Reinertsen and Haftorn 1986, Reinertsen
1996). Such facultative use of hypothermia suggests
that there must be some cost to using it.

One of the most widely hypothesized costs of hy-
pothermia is an increased risk of nocturnal predation
(Reinertsen and Haftorn 1986, Grubb and Pravosudov
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1995, Reinertsen 1996). Hypothermic birds have been
shown to be less responsive to external stimuli than
non-hypothermic birds (Reinertsen 1996) and, as a
result, their ability to detect approaching nocturnal
predators (e.g. weasels) is likely to be impaired. Unfor-
tunately, no empirical tests of this hypothesis have been
reported. However, we know enough about the en-
ergetic consequences of hypothermia to evaluate the
functional consequences of its use. We explore this issue
here.

To reduce risk of starvation, a bird can increase its
fat reserves at a cost of increased diurnal predation
(Lima 1986, McNamara and Houston 1990). Alterna-
tively, a bird can use nocturnal hypothermia, which
would reduce the need for high fat levels and thereby
reduce diurnal predation risk. However, this option
could increase the risk of nocturnal predation. Thus,
there appear to be complicated trade-offs among risk of
starvation, risk of diurnal predation, energy reserves,
hypothermia, and risk of nocturnal predation.

The trade-offs are made more complicated by the
fact that many birds that use hypothermia to reduce
energetic expenditures (Reinertsen 1996, Waite 1991)
also store energy externally as food caches (Vander
Wall 1990). It is not clear from the current literature
how these trade-offs affect birds’ optimal energy-re-
serve levels (including fat reserves and food caches) and
daily routines of energy acquisition. There are also no
data on the relationship between food caches and use of
nocturnal hypothermia.

Many theoretical models have addressed the pre-
dicted optimal daily patterns of energy reserves and
daily activity patterns in wintering birds (Houston and
McNamara 1993, Bednekoff and Houston 1994a, b,
McNamara et al. 1990, 1994, Lucas and Walter 1991).
Compared to non-caching birds, food-caching birds
have an additional option of storing energy externally
(Vander Wall 1990). Unfortunately, only a few theoret-
ical models of energy management have considered
food-caching birds (McNamara et al. 1990, Lucas and
Walter 1991). No model has addressed trade-offs asso-
ciated with nocturnal hypothermia, even though species
on which the models were based typically employ hy-
pothermia under some conditions. Only one model
(Houston and McNamara 1993) suggests that nocturnal
hypothermia can offer energetic savings that can signifi-
cantly increase survivorship, but that model does not
consider the costs of hypothermia. Such costs are likely
to have a strong effect on the use of this physiological
tactic (a similar argument was made with respect to the
regulation of fat reserves (Lima 1986, McNamara and
Houston 1990)).

Here, we present results of a dynamic model of
short-term energy management in small food-caching
passerines, which we used to investigate the trade-offs
associated with nocturnal hypothermia and the effect of
hypothermia on optimal energy reserves including body
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fat and food caches. We specifically explored how food
variability, fat reserves, presence of food caches, risk of
nocturnal predation while hypothermic and ambient
temperature at night affect a bird’s decision to use
nocturnal hypothermia and how the use of hypother-
mia affects daily patterns of energy reserves and mor-
tality rates of wintering birds.

Model

We developed a stochastic, dynamic optimization
model (Mangel and Clark 1988) with two state vari-
ables: fat reserves and food caches. The optimal state-
dependent decision matrix was calculated assuming that
birds maximize over-winter survival. The dynamic pro-
gram calculates the behavior a bird should choose at
each state of fat reserves and cache size at every time
interval (McNamara et al. 1990, Lucas and Walter
1991). We used a forward simulation to find the mean
daily patterns of body mass, eating, caching, retrieving
intensities and mortality rates (as in McNamara et al.
1990). The results from the forward simulation can be
conceptualized as generating a theoretical probability
distribution of cache states and fat reserve states that a
bird is expected to exhibit at any time during the day.
Alternatively, it can be thought of as a description of a
population of birds that follow the optimal decision
matrix over the course of a day.

We modeled a small food-caching bird such as a
Black-capped Chickadee Poecile (Parus) atricapillus or
Willow Tit P. montanus. We assumed that body mass
ranges from 8.0 to 12.0 g (Lucas and Walter 1991,
Lucas 1994) and that a change in mass is caused by
differences in fat stores (Blem 1990). We divided the 4.0
g of fat reserves into 100 increments. Increasing the
number of increments to 150 (retaining a range of 4.0 g
of fat) had no effect on the results. We assumed a
maximum cache size of 300 food items divided into 300
increments. Increasing the upper limit to 400 caches
had no effect on the results of the model. We used a
linear interpolation to estimate survival consequences
of fractional increments for both fat reserves and cache
size in both the dynamic model and forward simulation.

We divided an active day of 6 hours (which approxi-
mately corresponds to December in northern Europe,
e.g. Stockholm, Sweden), into eighteen 20-min time
intervals. During each 20-min time interval, a bird
could perform one of four alternative behaviors: eating,
caching, retrieving, or resting. We decreased the time
interval to 10 min for several simulations and found no
effect on the predictions. We therefore assumed that the
results from 20-min intervals are robust. All real vari-
ables in the program were declared as double precision
(see Houston et al. 1997). In all cases, both backward
(i.e. the dynamic program) and forward simulations
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equilibrated before 65 days. We therefore used this
length as a conservative duration for all simulations.

We used a single set of parameters for our baseline
model, and tested the effect on the predictions of
altering a number of these parameters. Each component
of the model is listed below, and baseline parameters are
specified in each section.

Nocturnal hypothermia

In the model, a bird can either enter nocturnal hy-
pothermia at dusk or it can sustain its normal body
temperature. If a bird enters hypothermia, it saves 15%
of its normal nightly energy expenditure. For simplicity,
we used only a single fixed value of savings for all ranges
of ambient temperature simulated in the model (from
—5 to —30°C). Under laboratory conditions, at +
20°C birds have been shown to reduce nocturnal energy
expenditures by as much as 35%, while at — 30°C such
savings were estimated to be about 10% (Reinertsen and
Haftorn 1986, Reinertsen 1996). We used fixed 15%
savings as an intermediate value. However, changing
that value to 10% or 20% of savings did not produce
any qualitative changes in the results, thus we assume
that the results with a single fixed value are robust.

Nocturnal hypothermia involves costs, presumably
including a risk of predation at night; however, we
found no data on nocturnal predation risk with or
without the use of hypothermia. Therefore, we arbitrar-
ily started with a hypothermia-induced predation risk
that is about an order of magnitude (4.6 x 10 ~¢/20 min)
less than mean daily predation risk at minimum body
mass (calculated from Lima 1986). However, we also
varied this parameter to evaluate its effect on the results.
For simplicity, when hypothermia is not used, predation
risk at night is set to zero like in the previously pub-
lished models of energy management in birds (McNa-
mara et al. 1990, Lucas and Walter 1991). Although we
realize that predation risk at night must exist, the
qualitative predictions of the model are not affected by
setting predation risk at night to zero when not hy-
pothermic. Instead, the critical level of predation risk is
the difference between risks when hypothermic and
when non-hypothermic.

As is true of any model, our description of the
predation costs associated with hypothermia can be
generalized to any costs that scale similarly with our
description of predation risk. In this sense, the model
offers predictions on a broader range of costs than the
prediction-risk costs implied in our discussion of the
model.

Starvation risk

Following Lucas and Walter (1991), we assumed that
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the risk of starvation was zero above some critical mass
(10% of the maximum range in body mass or 8.4 g body
mass). We used an incomplete beta function to calculate
the probability of starvation below that mass. Parame-
ter values for the incomplete beta function were taken
from Lucas and Walter (1991).

Predation risk

We modeled diurnal predation risk as a two-stage
process, the probability of a predator attack and the
probability of depredation conditional on an attack
occurring (as in Lima 1986, Lucas and Walter 1991).
When a bird was resting, its probability of being killed
by a predator was zero. When a bird was active, the
attack probability per 20-min time interval (oo = 0.00067,
recalculated from Lima 1986) was constant. If attacked,
the bird’s probability of escape was mass-dependent.
Lima (1986) assumed an accelerating quadratic func-
tion, although the relationship he used is nearly linear
over the range of mass we used in our model. Current
empirical evidence (Kullberg 1998) argues against a
strong linear relationship. Bednekoff (1996) also argued
that such a relationship is accelerating rather than
linear. We therefore chose an arbitrary function that has
predation-risk values similar to Lima’s (1986) at the
maximum and minimum mass levels we used in our
model (P e = 0.078 at mass =8 g; Peypiure = 0.173 at
mass = 12 g), but also included accelerating risk with an
increase in mass. We described the relationship between
risk of predation and body mass as

Ppture = 0.078 4 (0.5 x 10~ 8 — ¢! x Mass) (1)

The probability of being killed by a predator during one
20-min time interval was

Pkill =aXx Pcapture (2)

Energetic gain

We based prey encounter rates and food-item caloric
values on field data from small parids (Pravosudov
1983, 1985, Brodin 1994a). Prey encounter rate was
assumed to be identical irrespective of whether encoun-
tered items were eaten or cached. Variability in prey
encounter rate was simulated using a truncated normal
distribution. When a bird decided either to feed or to
cache during any given 20-min time interval, it could
find from 0 to 6 food items with a mean of three items.
Each item was equal to 0.064 g of fat, thus three items
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generated 0.192 g of fat per 20 min (based on Pravosu-
dov 1983, 1985, Brodin 1994a) with the baseline vari-
ance of 0.011 per 20 min. We altered variance over the
range of 0-0.16 per 20 min to evaluate how variation in
energetic gain might influence the use of hypothermia.

We assumed that mean energy gain from cache re-
trieval increases with cache size. The logic behind this is
as follows: parids have fairly large territories (up to 50
ha for Siberian Tit Parus cinctus, Pravosudov 1987; 4-5
ha in case of Carolina Chickadee P. carolinensis, pers.
obs.) and these birds are scatterhoarders. If a bird has
only a small number of caches when it decides to
retrieve caches, it might be far away from these caches
and it would take more time and energy to retrieve
them thus making the mean return smaller. At higher
cache densities, cache retrieval should be more rapid
and the mean energetic reward from retrieval should
correspondingly increase. We calculated the mean en-
ergetic gain from retrieval per 20 min time unit using
the function (see Fig. 1B)

Nrel X Mrel X (1
Yr=19 +0.2x (1 —e=0925xCS)) if CS >N, 3)
CSxM otherwise

ret

where yg = mean retrieval gain measured in g of fat/20
min, N, =5=zero intercept of retrieval function
(measured in number of items retrieved), M, =
0.064 = value of one retrieved food item (g of fat),
CS = cache size (number of individual caches).

A
No hypoth’

Fig. 1. Decision matrix for use of hypothermia by birds at all
levels of their fat and cache reserves at nocturnal temperatures
of —10°C (A) and —20°C (B). Birds below some threshold
mass fail to survive the night. These are designated as ‘dead’.
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A bird can retrieve an average of 5-6 (=1.2 x N,
items per 20 min if it has more than five food items
cached. This number of items is converted to g of fat by
multiplying by M,... The shape of the curve is deter-
mined by the function (1 —e~%925>CS) Thus, we as-
sumed that energetic gain from cache retrieval is 1.7-2
times larger than the mean energetic gain from feeding
(0.192 g of fat).

We assumed a variance in energetic gain from re-
trieval equal to 0.10 g of fat per 20 min for all calcula-
tions. The variance in retrieval gain was incorporated in
the model by using a truncated normal distribution of
N,¢ with the mean equal to 5.

Cache loss

We assumed that pilferage rates were constant during
the entire 24-h of each day and that the combination of
pilferage and forgetting cache locations resulted in a
50% loss (“‘half-life”’) of the cache in 20 days. There is
some debate about the true pilferage levels in the field
(Lucas and Zielinski 1998). Some authors argue that
caches should last only a few days (Sherry et al. 1982,
Stevens and Krebs 1986). In contrast, Brodin (1993)
suggested that these high pilferage rates measured in
the field may result from a bias caused by providing
food at feeders. The 20-day half-life is a figure Brodin
(1994b) measured in a Swedish population of Willow
Tits. Finally, we assumed that forgotten or lost caches
do not increase food encounter rate (in contrast to
Brodin and Clark 1997, Smulders 1998).

Metabolic costs

Mass-dependent metabolic costs were taken from Lucas
and Walter (1991) and scaled for 20-min time intervals:

BMR = 0.00616 x MR’ x (Mass/1000)"-¢ )

where BMR = basal metabolic rate measured in g of fat
lost per 20 min, Mass =body mass of a bird in g,
MR’ =45.65 —(1.33 x Temperature), with ambient
temperature measured in °C.

Equation (4) incorporates the effect of higher fat
loads (higher body mass) which along with mass-depen-
dent predation risk represents modeled fat maintenance
costs.

To calculate the metabolic cost of different activities,
we used multiples of the BMR: metabolic rates was 8
times BMR when foraging, caching, or retrieving, 1.95
BMR when resting during the day, and BMR when
normothermic at night.

Using doubly-labeled water, Carlson and Moreno
(1992) showed that the cost of short flights, routinely
used by parids during foraging, can be as high as
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12 x nighttime BMR. Thus, we think that our estima-
tion of MR of any activity that usually involves short
flights including foraging, caching and retrieving food
caches is reasonable. The figure for resting metabolic
rate (1.95 BMR) is from Weathers et al. (1984) and
Buttemer et al. (1986).

Daytime ambient temperature was set constant at
— 5°C for all calculations. For our baseline model,
nightly ambient temperature was modeled using a trun-
cated normal distribution with a mean of —5°C, a
variance of 3.8, and a total range of 10°C. To evaluate
the effect of nocturnal temperature on the use of noc-
turnal hypothermia, we varied mean nightly tempera-
ture from —5 to —30°C. To test for the effect of
variance on model predictions, we set the mean noctur-
nal temperature at —20°C and changed variance in
nocturnal temperature from 0 to 9.9. We also tested the
effect of greater variance in nocturnal temperature by
increasing the range of temperatures to either 20°C
(variance 36.3) or 30°C (variance 78.4).

The complete model code, written in Fortran 90, is
available to anybody interested from the senior author.

Results

Effect of nightly temperature and variability in
foraging success on use of nocturnal hypothermia

Results of our dynamic model show that both fat
reserves and food caches affect a bird’s decision to use
nocturnal hypothermia (Fig. 1). In general, the use of
hypothermia is predicted when fat levels and cache sizes
are low.

Our model predicted that use of nocturnal hypother-
mia should be affected by both nightly temperature and
variability in foraging success (Figs 1, 2, 3, 4). In
general, nocturnal hypothermia is triggered when the
body mass and number of caches drop below some
threshold value. These thresholds increase as tempera-
ture declines or as the variability in foraging success
increases (Fig. 2). In essence, nocturnal hypothermia is
more easily triggered in environments that are more
energetically stressful. The response to ambient temper-
ature and variability in foraging success is non-linear:
low temperature compounds the effects of variability
and vice versa (Fig. 3).

With a mean nocturnal temperature of — 20°C, the
proportion of birds predicted to use hypothermia when
there was no variance in nightly temperature and at a
variance of 9.9 differed by only 4% (from 24% to 28%).
When we increased the range of possible nocturnal
temperatures from 10°C (used in all other calculations)
to 20°C with a variance of 36.3, the proportion of birds
predicted to use nocturnal hypothermia increased to
36.7%. When we increased the range of possible noctur-
nal temperature even further (to 30°C with a variance
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Fig. 2. Thresholds in dusk fat reserves (A) and in dusk cache
size (B) at which birds were predicted to switch from using
hypothermia to using normal body temperature. Note that the
thresholds are a function of both fat reserves and cache size.
Thus, these figures together represent the nocturnal hypother-
mia thresholds at each combination of nocturnal ambient
temperature and variance in foraging success. Mean foraging
success was 0.192 g of fat/20 min for all runs. Circles: c> =0,
squares: o> = 0.004, diamonds: o2 = 0.01, triangles: o> = 0.02.

of 78.4), the proportion of birds predicted to use hy-
pothermia increased to 50.1%. Thus, only a wide range
of nocturnal temperature variation (from —35 to
—35°C, with a mean of —20°C) coupled with high
variance in nocturnal temperature is predicted to have a
strong impact on birds’ decision to use nocturnal hy-
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pothermia as a function of nightly temperature (°C) and
variance in foraging success. Circles: o?=0, squares: o> =
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(A) and variance in foraging success (B). Variability in forag-
ing success is fixed at 0.011 in A and ambient temperature is
fixed at —5°C in B.
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pothermia; moderate nocturnal temperature variation
(from — 15 to —25°C, with a mean of — 20°C) is not
predicted to have a strong impact on birds’ decision to
use nocturnal hypothermia.

We compared mortality rates of birds that did not
have hypothermia as a physiological option with those
that did. Birds with hypothermia as an option were
predicted to have low mortality rates, especially at
lower night temperatures and at higher levels of vari-
ability in foraging success (Fig. 4).

Effect of predation risk at night

When it is not mentioned otherwise, all previous data
were generated at a baseline hypothermia-induced noc-
turnal predation risk of 4.6 x 10 ¢ per 20 min. When
we decreased nocturnal predation risk during hypother-
mia by an order of magnitude (4.6 x 10 =7 per 20 min),
all birds were predicted to use hypothermia at all
modeled levels of nightly temperature (Fig. 5). Altering
variability in foraging success had no effect on this
result (data not shown). When we increased nocturnal
predation risk for hypothermic birds, the use of hy-
pothermia was predicted only under relatively lower
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ambient temperatures and higher variability in foraging
success. No birds were predicted to use hypothermia
under milder conditions (Fig. 5). Under the lowest
simulated nightly temperature (— 30°C), nocturnal hy-
pothermia was predicted to be used by some birds at a
predation risk three orders of magnitude greater than
the baseline risk (4.6 x 103 per 20 min, Fig. 5).

Effect of hypothermia on optimal daily routines
of energy reserves, food caches, cache retrieval
and eating

We assumed that the decision to use nocturnal hy-
pothermia is made at dusk. However, the potential use
of nocturnal hypothermia at dusk should affect deci-
sions made throughout the day; these decisions, in turn,
will affect diurnal patterns in body mass regulation and
cache use.

Using a ‘forward’ simulation of the decision matrix
generated from the dynamic program, we can estimate
the mean body mass at dusk of those birds choosing
nocturnal hypothermia and of those birds choosing to
regulate normal body temperatures. Our model predicts
that birds using nocturnal hypothermia should enter
nocturnal rest with lower fat reserves than those not
being able to use hypothermia at any level of night
temperature and variability in foraging success (Fig. 6).
Not surprisingly, the energy savings derived from noc-
turnal hypothermia are predicted to narrow the differ-
ence in fat reserves between the two groups by morning
(Fig. 6).

To investigate the relationship between nocturnal
hypothermia and fat and cache reserves throughout the
day, we compared birds that did not have an option of
hypothermia with birds that were forced to use noctur-
nal hypothermia all the time at the same baseline
conditions. These two strategies offer bounds for two
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Fig. 5. Proportion of birds predicted to use nocturnal hy-
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squares: predation risk =4.6 x 10 ¢, diamonds: predation
risk =4.6 x 10~°, triangles: predation risk =4.6 x 104,
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(empty squares) while some do not (filled circles). Variance in
foraging success is constant (0.011) for all simulations in A.
Mean nightly temperature is fixed at — 20°C for all simula-
tions in B.

pure strategies. Any mixed strategy, in which some
proportion of birds employ nocturnal hypothermia,
would show values between the two pure strategies.
Hypothermic birds were predicted to have lower fat
reserves in the evening, but the predicted optimal daily
routine of fat reserve accumulation was qualitatively
similar for hypothermic and non-hypothermic birds. In
both groups, birds were predicted to gain mass steadily
throughout the entire day with a small plateau toward
the end of the day (Fig. 7). Feeding rates were slightly
lower for hypothermic birds, but the daily routine of
feeding rate was almost identical for hypothermic and
non-hypothermic individuals (Fig. 8).

Cache size was predicted to be somewhat lower for
hypothermic birds with the same daily pattern (Fig. 7).
Daily caching routine was similar for non-hypothermic
and hypothermic birds with the latter caching earlier in
the morning and less during the rest of the day (Fig. 8).
Daily cache-retrieval routine again was strikingly simi-
lar between non-hypothermic and hypothermic birds
with the latter retrieving a little less during the late
afternoon (Fig. 8).

JOURNAL OF AVIAN BIOLOGY 31:4 (2000)

Discussion

Our model generates the following predictions: (1) Low
fat reserves, small cache size, low ambient temperature
and high variability in foraging success all favor the use
of nocturnal hypothermia. (2) Nocturnal predation risk
while hypothermic has a strong effect on a bird’s deci-
sion to use nocturnal hypothermia. At low levels of
nocturnal predation risk, all birds are predicted to use
hypothermia at all modeled conditions; while at higher
levels of nocturnal predation risk birds were predicted
to use hypothermia only under the most severe en-
ergetic conditions. (3) The ability of a bird to use
hypothermia has no effect on qualitative patterns in the
optimal daily routines of fat reserves, feeding rate,
caching rate, and retrieval rates. (4) Optimal levels of
energy reserves are predicted to be smaller for birds
employing nocturnal hypothermia. Many of these pre-
dictions give further support to earlier knowledge of
how passerines should optimize daily routines of energy
management. In addition, there are several predictions
that provide new insights into energy-regulation tactics
of birds using nocturnal hypothermia. These new pre-
dictions concern the effect of food caches and variance
in foraging success (not simply food deprivation) on use
of nocturnal hypothermia. The prediction that optimal
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Fig. 7. Predicted daily trajectories of mean body mass (A) and
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birds use hypothermia (filled circles).
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Fig. 8. Predicted daily trajectories of mean feeding gain (A),
mean caching rate (B) and mean retrieval gain (C) for a
population in which all birds use hypothermia (open squares)
and for a population in which no birds use hypothermia (filled
circles).

daily routines of energy management should not be
affected by use of hypothermia has also not been
addressed in the literature.

All of the predictions are driven by trade-offs be-
tween the risk of starvation, risk of diurnal predation,
and the risk of nocturnal predation. When a bird has
low fat reserves, it should use nocturnal hypothermia to
avoid starvation overnight. In this case, nocturnal pre-
dation risk is traded for starvation risk. If nocturnal
risk of predation is high, birds should avoid nocturnal
hypothermia; to do so, they must also gain more mass
during the day to reduce the risk of starvation but at a
cost of increased diurnal predation risk. If diurnal
predation risk is high, birds should gain less fat reserves
during the day and employ hypothermia at night to
reduce risk of starvation.

Surprisingly, qualitative aspects of the daily pattern
of mass gain are not predicted to be affected by the use
of nocturnal hypothermia. Under these short-day con-
ditions, all birds are predicted to increase fat reserves
almost linearly through the first part of the day (a trend
predicted by for non-caching birds). However, the rate
of mass gain is predicted to be higher in non-hypother-
mic than in hypothermic birds, since the former have to
store more energy by dusk in order to meet nighttime
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energy expenditures. Non-hypothermic birds should
also cache and retrieve more food than hypothermic
birds, although the pattern of caching and retrieval
should be similar between the two groups.

Most of the predicted results are in agreement with
available data. The effects of ambient temperature and
low fat reserves on use of hypothermia have been well
documented (Haftorn 1972, Reinertsen and Haftorn
1983, 1984, 1986, Reinertsen 1996). Predicted optimal
daily trajectories of body mass are also supported by
field data on food caching parids that regularly use
nocturnal hypothermia (Haftorn 1989, 1992). Other
predictions of our model, such as the effect of variance
in foraging success on use of hypothermia do not yet
have direct empirical support. We are aware of only
one study that suggests that birds placed on a harsh
feeding schedule might employ nocturnal hypothermia
whereas birds maintained on a favorable feeding sched-
ule did not (Bautista et al. 1998). Our prediction that
cache size should affect use of hypothermia could be
expected because caches are part of the energy re-
sources that a bird can use at critical times. However,
while many caching birds are known to use nocturnal
hypothermia (Reinertsen 1996), we are unaware of any
literature on the explicit relationship between cache use
and nocturnal hypothermia.

As mentioned in our Introduction, the energetic
benefits of nocturnal hypothermia are known (Reinert-
sen 1996), but there are no direct measurements of the
costs of nocturnal hypothermia. The results of our
model provide some bounds within which these costs
are likely to fall. By trying different levels of predation
risk at night, we found that the risk of nocturnal
predation should be lower than the risk of diurnal
predation by an order of magnitude to produce predic-
tions in accordance with available empirical data. If the
level of nocturnal predation is equal to that of risk of
diurnal predation at minimum mass (8 g), birds are
predicted to use hypothermia only under the most
severe conditions of ambient temperature and variance
in foraging success. Again, we would like to add that
even if there are other physiological costs to using
hypothermia, the predictions of our model remain ro-
bust as long as such costs result in increased mortality.

In conclusion, nocturnal hypothermia is an impor-
tant ecological adaptation allowing birds to adjust to
prevailing conditions and available energy reserves, in-
cluding fat and food caches, as a trade-off between risk
of starvation, risk of diurnal predation and risk of
nocturnal predation. In addition to supporting our
existing knowledge, the model predicted that food
caches and variance in foraging success should have an
effect on birds’ decision to employ nocturnal hypother-
mia and that the use of hypothermia should have no
qualitative effect on optimal daily patterns of energy
regulation in small passerine birds. These predictions
have not yet been empirically tested and thus, more
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data are needed to better understand the trade-offs
associated with use of nocturnal hypothermia.
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