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Endotherms exposed to air temperatures below thermal
neutrality reduce their metabolic heat production when
exposed to sunlight. The physiological effects of this
additional source of heat gain from the environment
usually are assumed to be proportional to the intensity of
irradiance if other factors are held constant. We test this
assumption by measuring changes in metabolic heat
production produced by exposing a small mammal, the
Siberian hamster (Phodopus sungorus) to four intensities of
simulated solar radiation (0 W m−−2, 317 W m−−2, 634 W m−−2

and 950 W m−−2).
In the absence of solar radiation, metabolic heat

production is inversely correlated with air temperature
over the measured range of 3–27 °C. The respiratory
quotient varies significantly with ambient temperature,
indicating that the catabolic substrate and the thermal
equivalent of oxygen consumed or carbon dioxide

produced also vary with temperature. The depression of
metabolic heat production resulting from exposure to
simulated solar radiation is not simply a multiple of the
intensity of irradiance. Rather, metabolic responses to
higher levels of irradiance are blunted by 14–29 %
compared with those expected on the basis of the response
to less intense irradiance. Because changes in irradiance
levels do not have simple linear effects upon the animal’s
metabolic heat production, even in a simplified situation,
significant errors may accumulate in biophysical analyses
in which an animal’s responses to a restricted set of
radiative conditions are measured and the results are
extrapolated to a wider range observed in nature.

Key words: metabolic heat production, Phodopus sungorus,
respiratory quotient, Siberian hamster, solar heat gain, sunlight,
thermoregulation.

Summary
Under natural conditions, the metabolic heat production
required for thermoregulation by endotherms depends upon a
complex array of factors that notably includes convective and
radiative heat exchange with the environment. During daylight
hours, the radiative environment is commonly dominated by
solar radiation which, under clear skies, often exceeds
900–1000 W m−2 on a plane perpendicular to the solar beam.
For small animals, this can produce physiological effects
equivalent to 10–20 °C elevations in air temperature (e.g.
Hamilton and Heppner, 1967; Lustick, 1969; Walsberg, 1982;
Wolf and Walsberg, 1996). It is difficult, however, to predict
quantitatively the physiological consequences of solar
radiation for animals such as birds and mammals that possess
insulating coats. Because sunlight penetrates significantly into
coats, the heat load transferred to the skin depends importantly
not only upon conspicuous factors, such as wind speed and coat
color, but also upon a series of much more subtle factors
(Kovarik, 1964; Cena and Monteith, 1975a; Walsberg et al.
1978; Gebremedhin et al. 1983). These include, for example,
the microstructure of the coat and the optical properties of
individual hairs. Such factors can be of overwhelming
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importance in determining the heat load imposed on the skin
by insolation (Walsberg, 1988a,b, 1990). Finally, the
complexity of the relationship between the intensity of
irradiance and the metabolic responses of animals can be
further complicated by changes in patterns of peripheral
circulation (Walsberg et al. 1997).

In the current analysis, we pose a simple, but fundamental,
question: do the physiological effects of solar radiation scale
directly with the intensity of irradiance? That is, are changes in
the intensity of the radiative heat input to the animal’s outer
surface matched proportionately by changes in the intensity of
its physiological responses to such heat input? We address this
question by measuring the changes in metabolic heat production
in response to exposure to simulated solar radiation in a small
mammal, the Siberian hamster (Phodopus sungorus).
Endotherms exposed to air temperatures below thermal
neutrality reduce their metabolic heat production when exposed
to solar radiation as a source of additional heat input. The
intensity of this depression in thermostatic heat production has
been used as a measure of the physiologically significant rate
of solar heat gain to the animal (e.g. Walsberg and Wolf,
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1995a,b; Wolf and Walsberg, 1996). In the present study, we
exposed hamsters to four intensities of simulated solar radiation
and examined the fashion in which their physiological
responses scaled with intensity of radiative heat input.

Materials and methods
Species acquisition and maintenance conditions

Siberian hamsters, Phodopus sungorus (Pallas, 1773), were
obtained from a colony at Arizona State University. Animals
were maintained on a 12 h:12 h light:dark photocycle at Tair=24
°C, fed Teklad Rodent Diet, and supplied ad libitum with
water. Mean body mass was 46 g, and all body masses reflect
animals with their cheek pouches empty of food.

Metabolic measurements

Metabolic measurements were made within a closed-circuit
wind tunnel, in both the presence and absence of simulated solar
radiation (Walsberg and Wolf, 1995a). This wind tunnel had an
effective volume of 11 l, calculated following Bartholomew et
al. (1981). A variable-speed blower circulated air through the
test section at speeds of 0.3, 0.7 and 1.6 m s−1, measured using
an Omega HHF92 thermoanemometer that had been calibrated
as described by Walsberg (1988a). Horizontal and vertical
louvers upstream from the test section were used to make wind
speed more uniform within the chamber. Except within 1 cm of
the chamber walls, wind speed varied by less than 5 %
horizontally or vertically within the test section. The turbulence
intensity was less than 3 % at all wind speeds used, determined
by measuring the signal output of a Thermonetics HWA-101
thermoanemometer using a true root-mean-square voltmeter
(Beckman model 850) and computed using the method of Hinze
(1959). Temperature within the metabolic chamber was
controlled at 10±1 °C by placing it within a temperature-
controlled room and by circulating water from a temperature-
controlled reservoir through heat-exchange coils attached to
walls of the wind tunnel. Temperature was measured using a
26 gauge, type T thermocouple connected to a Campbell CR21x
datalogger. Simulated solar radiation was produced by a
Spectral Energy series II solar simulator, which filters light
produced by a xenon arc lamp to simulate direct solar radiation.
Radiation was passed through a 4.8 mm flint glass window in
the upper portion of the test chamber to block intense ultraviolet
radiation which would have burned the animals’ skin and eyes.
Irradiance in the test chamber was measured using a LiCor
LI200sz pyranometer that had been calibrated against an Oriel
pyroelectric radiometer. Simulated solar irradiance in the center
of the test chamber was maintained within 2 % of four different
levels: 950 W m−2 (100 % irradiance), 634 W m−2 (66.7 %
irradiance), 317 W m−2 (33.3 % irradiance) and 0 % irradiance.
In all cases, irradiance varied by less than 5 % across the
chamber floor. Measurements at 0 % irradiance were made with
fluorescent room lighting that allowed normal vision but is
thermally insignificant (i.e. <3 W m−2).

Metabolic rate was determined from the rate of carbon
dioxide production. Air was passed through the metabolic
chamber at 10.55 l min−1 after being dried and scrubbed of CO2
by an air dryer/CO2 absorber system (Puregas model
CDA1112). Air flow was measured using an Omega FL4002G-
HRV rotameter, calibrated to ±1 % using a 5 l soap-bubble flow
meter. These high flow rates allowed the entire respiratory
apparatus to equilibrate in 5 min, following the calculations of
Lasiewski et al. (1966). A 100 ml min−1 subsample of gas was
dried using anhydrous calcium sulfate and passed to a LiCor
model 6252 carbon dioxide analyzer. CO2 concentrations in
the sample gas ranged from 115 to 335 p.p.m. The carbon
dioxide analyzer resolved CO2 concentration to 0.1 p.p.m., or
less than 0.1 % of measured values. The gas analyzer was
calibrated daily using both CO2-free air and a calibration gas
known to contain 2840 p.p.m. CO2.

All measurements were made during the inactive phase of
the animal’s daily cycle, within 1 h of the animals being
removed from access to food. Data were collected at each of
the three wind speeds, both in the presence and in the absence
of simulated solar radiation. Animals were exposed to a given
wind speed and radiation regime for 30–60 min prior to
measurements. The order in a which an animal was exposed to
different wind speeds was randomized.

Instrument signals were recorded on a Campbell 21x
datalogger and averaged at 1 min intervals. Animals commonly
rested quietly within the chamber, and values reported are
those for periods in which the animal was inactive for an entire
5 min equilibration period prior to data collection. The rate of
carbon dioxide production was calculated using equation 3 of
Walsberg and Wolf (1995c) and corrected to STP (0 °C,
101 kPa).

This calculation and subsequent conversion to units of energy
requires knowledge of the respiratory quotient (RQ). Because
of high gas flow rates, O2 depletion was too small for accurate
measurement. Therefore, RQ was determined in separate
measurements in which animals were placed in 0.8 l metabolic
chambers in the absence of wind or solar radiation, with
chamber temperature maintained at 3, 10, 20, 25 and 27 °C. Dry,
CO2-free air flowed into the chamber at 150–510 ml min−1,
allowing chamber gas composition to equilibrate in 7–25 min
(Lasiewski et al. 1966). Rates of CO2 production and O2

consumption were measured simultaneously. The O2

concentration of air entering and leaving the chamber was
determined using an Applied Electrochemistry S3A oxygen
analyzer. All measurements were made during the active phase
of the animal’s daily cycle, within 1 h of an animal being
removed from access to food. O2 consumption was calculated
using equation 2 of Hill (1972). CO2 production was calculated
using equation 3 of Walsberg and Wolf (1995c).

Values are presented as means and 95 % confidence
intervals. Sample sizes are 10 for measurements of RQ and
metabolism made in the absence of wind or simulated solar
radiation, with the same individuals being used at each
temperature. These data were analyzed by analysis of variance
(ANOVA) followed by a Tukey-type test if significant
differences were detected (Zar, 1984). Sample sizes are nine
for measurements of animals exposed to wind or simulated
solar radiation, with the same individuals being used under
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each set of conditions. Data were analyzed using three-factor
ANOVA followed by Tukey-type tests if significant
differences were detected. In all cases, statistical significance
was accepted at P<0.05.

Results
Respiratory quotient

The respiratory quotient (RQ), the ratio of carbon dioxide
production to oxygen consumption, varied significantly (P<0.05)
with ambient temperature (Fig. 1A). RQ ranged from a mean of
0.76 at 10°C to 0.86 at 27°C. This indicates that the catabolic
substrate also varied with temperature, and consequently the
thermal equivalent of carbon dioxide production or oxygen
consumed also varied (Fig. 1B). For estimates of metabolic heat
production in subsequent measurements with animals held in the
wind tunnel at Tair=10°C, metabolic heat production was
estimated using the mean RQ (0.776) measured at 3–20°C and
the associated thermal equivalent of CO2 production (25.9Jml−1)
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Fig. 1. Respiratory quotients (A) and thermal equivalents of carbon
dioxide production (B). Values are means and 95 % confidence
intervals, with N=10.
calculated from the equation of Kleiber (1961). Within this
temperature range, RQ did not vary with temperature (P>0.6) and
metabolic rates were within the range measured for animals
during wind-tunnel experiments.

Heat production in the absence of wind and short-wave
irradiance

Resting rates of oxygen consumption and carbon dioxide
production and metabolic heat production were inversely
correlated with air temperature over the measured range of
3–27 °C (Fig. 2). No evidence of a thermal neutral zone was
detected. Basal metabolic rate, therefore, is presumably
attained at air temperatures at or above 27 °C. Our values for
rates of oxygen consumption in the absence of wind or solar
radiation are very similar to those of Heldmaier (1975); the
least-squares regression equation he fitted to his data below
27 °C predicts values within 1 % of our mean values.
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Fig. 2. Resting rates of oxygen consumption and carbon dioxide
production and metabolic heat production in the absence of wind and
solar radiation. Values are means and 95 % confidence intervals
(r2=0.99; N=10; P<0.05).
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Fig. 3. Metabolic heat production as functions of wind speed and
intensity of simulated solar radiation. Irradiance is expressed as a
percentage of the maximum used, 950 W m−2. Values are means and
95 % confidence intervals, with N=9. The value at 0 % irradiance and
0 m s−1 wind is that reported in Fig. 2 (N=10).
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Fig. 4. Depression of metabolic heat production (mW g−1) associated
with exposure to simulated solar radiation. Values are calculated for
individual animals as the difference between metabolic heat
production in the absence of solar radiation and that in the presence
of simulated solar radiation, with wind speed constant. Dashed lines
represent values expected on the basis of data at 33 % irradiance and
assuming that the physiological responses of the animal scale linearly
with the intensity of irradiance. Values are means and 95 %
confidence intervals, with N=9.
Heat production as a function of wind and irradiance

Increasing irradiance by amounts equal to or greater than
67 % of maximum irradiance (950 W m−2) significantly
depressed metabolic heat production (Fig. 3). That is,
metabolic rate was significantly depressed when irradiance was
elevated from 0 % to 67 % of maximum, from 0 % to 100 % of
maximum, or from 33 % to 100 % of maximum. Increasing
irradiance from 0 % to 100 % significantly depressed metabolic
heat production by 27–41 %, with the larger fractional
reductions occurring at lower wind speeds. Increasing
irradiance by only 33 % of maximum (i.e. from 0 % to 33 % of
maximum, and from 33 % to 67 % of maximum) had no
statistically significant effects upon metabolic heat production.

At both of the two highest irradiance levels, wind speed
significantly affected metabolic rate (Fig. 4). At 67 % of full
irradiance, metabolic heat production at 1.6 m s−1 averaged
26 % above that at 0.3 m s−1. At 100 % irradiance, metabolic
heat production at 1.6 m s−1 averaged 35 % above that at
0.3 m s−1. At the two lower irradiance levels of 0 % and 33 %
of maximum irradiance, wind speed had no statistically
significant effects upon metabolic heat production.

Discussion
Variation in respiratory quotient with environmental

temperature

Unexpectedly, the respiratory quotient varied significantly
with ambient temperature. Although relatively constant at low
air temperatures, RQ increased rapidly with temperature above
20 °C, despite diet composition being unchanged. This is
similar to the observations of Heldmaier (1975), who found
RQ in Phodopus sungorus to be stable at approximately 0.75
over the temperature range −35 to 0 °C but to increase to
approximately 0.92 at temperatures above 20 °C. The bases of
such elevations are unclear, but a likely explanation is that the
catabolic substrate varied with changing environmental
temperature and that reliance upon lipids increased at lower
temperatures. One possibility is that this reflects a shift from a
carbohydrate-rich substrate supplied by the diet to one
dominated by body lipid stores. Proximate analyses supplied
by the manufacturer indicate that the diet consisted of 26.6 %
protein, 4.8 % lipid and 68.6 % carbohydrate (ash-free, dry
mass). Using the conversion factors of Blaxter (1989), this
predicts a respiratory quotient of 0.92 if the animal digested,
assimilated and catabolized materials in direct proportion to
their abundance in the diet. If, because of increased metabolic
demands, animals at low temperatures move more rapidly
towards the reliance upon body lipid stores characteristic of
fasting metabolism, then the pattern observed in Fig. 1 could
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result. This would, however, require that animals at moderate
air temperatures (e.g. 20 °C) become nearly postabsorptive
within 1 h after removal from food, and that animals at higher
temperatures (e.g. 27 °C) do not. We cannot evaluate the
likelihood of this occurring.

Such variation in the respiratory quotient is probably
unimportant for the current analysis in which hamsters in the
wind-tunnel metabolic chamber were exposed to
environmental conditions that elicited rates of carbon dioxide
production similar to those of animals during RQ
measurements exposed to air temperatures below 20 °C in the
absence of wind and solar radiation. For other studies,
however, a significant thermal dependence of RQ upon
environmental conditions, independent of diet composition,
could create substantial difficulties. The error is smallest when
metabolic heat production is estimated from oxygen
consumption, as the thermal equivalent of consumed oxygen
varies by approximately 12 % between pure carbohydrate
substrates and pure lipid substrates (Walsberg and Wolf,
1995c). Errors can be much larger when heat production is
estimated from measurements of carbon dioxide production,
because the thermal equivalent of CO2 production can vary by
approximately 34 % with different substrates (Walsberg and
Wolf, 1995c). Estimated using the equation of Blaxter (1989)
and assuming that animals are not catabolizing protein, the
thermal equivalent of carbon dioxide production differs by
11 % as RQ changes from 0.76 to 0.86. The greater range
observed by Heldmaier (1975) corresponds to a 19 % change
in the thermal equivalent of CO2 production. Such variation is
much greater than errors likely to occur in either laboratory or
field measurements of carbon dioxide production. Well-
calibrated laboratory analyses should yield measurements of
carbon dioxide production accurate to within 2 %, and the
doubly labeled water technique for estimating CO2 production
in free-living animals is accurate within 8 % (Nagy, 1989). In
addition to this temperature-dependence, taxonomic
differences, time spent fasting, time of day and diet also
produce unexpected variation beyond that normally expected
from differing ratios of lipid:carbohydrate:protein. Such
variations can lead to rapid and large changes in the estimated
thermal equivalent of carbon dioxide production (e.g. >25 %;
Walsberg and Wolf, 1995c). This suggests that substantial
uncertainties exist in our understanding of the relationship
between respiratory gas exchange and metabolic heat
production, and that it is possible for these to represent large
and limiting errors in indirect calorimetry.

Depression of metabolic heat production with increasing
irradiance

The depression of metabolic heat production resulting from
exposure to simulated solar radiation is not simply a multiple
of the intensity of irradiance. Rather, metabolic responses to
higher levels of irradiance are significantly blunted compared
with those expected on the basis of the response to 33 %
irradiance; a doubling or tripling of irradiance does not result
in a doubling or tripling of the metabolic depression
experienced by the animal. Instead, depressions of metabolic
heat production are 14–29 % smaller than expected.

This blunting of metabolic responses to increasing insolation
is probably not an adaptive response to reduce the heat load on
the animal. The highest heat load on animals was produced by
the combination of 0.3 m s−1 wind and 950 W m−2 radiation,
which elicited a mean metabolic heat production of
15.9 mW g−1. This is similar to the value (16.3 mW g−1)
measured at an air temperature of 20 °C in the absence of solar
radiation and wind, and 71 % above the minimum measured at
an air temperature of 27 °C (Fig. 2). Thus, there is no evidence
that irradiance produced heat loads on the animal sufficient to
approach thermal neutrality, and it seems unlikely that the
animal would elect to reduce heat gain under such
circumstances.

Alternatively, it is possible that blunting of the physiological
consequences of increasing levels of simulated solar radiation
is a passive result of changes in coat or boundary layer
insulation. Heat loss from an animal occurs through insulating
coats by the coupled processes of long-wave radiation, free
convection and forced convection (Cena and Monteith,
1975a,b). Changes in solar irradiance are likely to alter the
balance of these processes, because short-wave radiation is not
merely absorbed at the outer coat surface, but rather penetrates
substantially into the fur. In the case of free convection,
increasing short-wave irradiance penetrating into a coat may
exacerbate internal thermal gradients driving heat flow within
the coat. This would reduce coat thermal resistance, elevating
net heat loss from the animal and reducing the metabolic
depression associated with exposure to solar radiation.

Another process might be the reduction of the thermal
resistance provided by the aerodynamic boundary layer
adjacent to the outer coat surface. This is most likely to be
significant at wind speeds sufficiently low for free convection
to be a dominant mode of heat flow. However, free convection
is unlikely to dominate heat flow even at 0.3 m s−1, the lowest
wind speed used. The relative importance of free and forced
convection can be evaluated by calculating the ratio Gr/Re2,
where Gr is the Grashof number and Re is the Reynolds
number (Campbell, 1977). This value represents the ratio of
buoyant forces in the aerodynamic boundary layer (stimulating
free convection) to inertial forces (stimulating forced
convection). Assuming a characteristic dimension of 0.06 m
and that the surface-to-air temperature gradient is less than
15 °C, calculating Gr/Re2 for the lowest wind speed of
0.3 m s−1 indicates that free convection is of only marginal
importance (Gr/Re2=0.3). Under such conditions, heat flow by
forced convection should occur at a rate approximately three
times that by free convection. At higher wind speeds, free
convection is likely to be even less important. For temperature
gradients of less than 15 °C, forced convection at 1.6 m s−1

should occur at a rate approximately 80 times that by free
convection (Gr/Re2=0.013).

Concluding comments

Solar radiation can be of overwhelming importance for the
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heat balance of animals in nature, but predicting its effects
precisely is fraught with difficulties. Currently, three
approaches are most common and each incorporates
significant difficulties or uncertainties. Mathematical models
are available that integrate major modes of heat transfer
between animals and their environments and allow
computation of net heat loads (e.g. Campbell, 1977). Not only
does the use of such models require quantification of the
variety of microenvironments occupied by animals in nature
(which can be technically challenging) but, for species with
insulating coats, the requisite models (e.g. Walsberg et al.
1978; Gebremedhin et al. 1983) subsume variables such as the
microstructure of the fur as well as the optical properties of
individual hairs (which is technically challenging). A retreat
to simpler models not incorporating such factors leads to large
errors in estimates of animal heat balance (Walsberg et al.
1978; Walsberg, 1988b).

An alternative approach is the use of taxidermic mounts of
animals that consist of a metal cast of the animal’s body
covered by the animal’s integument (Bakken and Gates, 1975).
These ‘operative temperature thermometers’ are supposed to
integrate all critical environmental and animal properties,
including hair and coat properties, and have become widely
used over the past 20 years (e.g. Chappell and Bartholomew,
1981; Bennett et al. 1984; Chappell et al. 1984; Goldstein,
1984; Weathers, 1986; Kenagy et al. 1989; Gibson and
Bachman, 1992). However, empirical tests of such mounts
reveal that their use without careful calibration can yield large
errors (Walsberg and Wolf, 1996a,b). The accuracy of mounts
differs greatly among species and among types of mounts for
the same species. Therefore, for each particular application
involving exposure to sunlight, it is necessary to demonstrate
empirically the accuracy of operative-temperature
thermometers. Unfortunately, this can require extensive
investment of time and resources and has rarely been
accomplished (Walsberg and Wolf, 1996a).

A third approach is to measure the animal’s responses to a
restricted set of radiative conditions and to extrapolate to the
continuous range observed in nature. The present study
demonstrates the difficulties of this approach. Because changes
in irradiance levels do not have simple linear effects upon the
animal’s metabolic heat production, even in a simplified
situation, significant errors can accumulate from such
extrapolations. This may substantially complicate biophysical
analyses.
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