
Late lactation in small mammals is a critically sensitive
window of vulnerability to elevated
ambient temperature
Zhi-Jun Zhaoa,1

, Catherine Hamblyb, Lu-Lu Shia, Zhong-Qiang Bia, Jing Caoa
, and John R. Speakmanb,c,d,1



aSchool of Life and Environmental Sciences, Wenzhou University, Wenzhou, Zhejiang 325035, China; bInstitute of Biological and Environmental Sciences,
University of Aberdeen, Aberdeen AB39 2PN, Scotland, United Kingdom; cState Key Laboratory of Molecular Developmental Biology, Institute of Genetics
and Developmental Biology, Chinese Academy of Sciences (CAS), Beijing 100100, China; and dCAS Center of Excellence for Animal Evolution and Genetics,
Kunming 650223, China

Contributed by John R. Speakman, July 27, 2020 (sent for review May 6, 2020; reviewed by Kimberly Hammond and Craig R. White)

Predicted increases in global average temperature are physiolog-
ically trivial for most endotherms. However, heat waves will also
increase in both frequency and severity, and these will be phys-
iologically more important. Lactating small mammals are hypoth-
esized to be limited by heat dissipation capacity, suggesting high
temperatures may adversely impact lactation performance. We
measured reproductive performance of mice and striped hamsters
(Cricetulus barabensis), including milk energy output (MEO), at
temperatures between 21 and 36 °C. In both species, there was a
decline in MEO between 21 and 33 °C. In mice, milk production at
33 °C was only 18% of that at 21 °C. This led to reductions in pup
growth by 20% but limited pup mortality (0.8%), because of a
threefold increase in growth efficiency. In contrast, in hamsters,
MEO at 33 °C was reduced to 78.1% of that at 21 °C, yet this led to
significant pup mortality (possibly infanticide) and reduced pup
growth by 12.7%. Hamster females were more able to sustain milk
production as ambient temperature increased, but they and their
pups were less capable of adjusting to the lower supply. In both
species, exposure to 36 °C resulted in rapid catastrophic lactation
failure and maternal mortality. Upper lethal temperature was low-
ered by 3 to 6 °C in late lactation, making it a critically sensitive
window to high ambient temperatures. Our data suggest future
heat wave events will impact breeding success of small rodents,
but this is based on animals with a long history in captivity. More
work should be performed on wild rodents to confirm these
impacts.
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Life on Earth is facing increasing temperatures and increasing
variability in the climate (1). Global temperatures are pre-

dicted to rise by between 1.5 and 5.5 °C by 2100, depending on
different scenarios (2). These changes are physiologically trivial
for most endotherms, which often experience much larger swings
in ambient temperature on a daily basis. However, as the average
temperature increases, the risk of periods with extreme high
temperatures (so-called heat waves) also increases (3). Heat
waves are defined as periods where the temperature exceeds the
previously established 95th temperature percentile for a given
period (4). Their increased likelihood comes about because of
changes in the temperature probability density function as the
climate warms and occurs under all scenarios where the distri-
bution is fixed but shifted upward, shows increased variability as
well as an upward shift, or shows elevated right skew (4, 5).
Climate models suggest that heat waves will not only increase in
frequency but also in severity (maximum temperature) and du-
ration (6, 7).
There has been a steady rise in the number of days per year

where the temperature–humidity index (THI) is >70, the
threshold causing heat stress in cattle. Between 1963 and 2003 in
southeast England there was on average only 1 d/y when the THI
exceeded the threshold. This increased to on average 5 d/y

between 2003 and 2006. It is predicted this will increase to 30 d/y
by the end of this century (8). The present-day average duration
of heat waves is from 8.3 to 12.7 d, but this is predicted to in-
crease to 11.4 to 17.0 d in the future (6). Urban heat wave days
per year are predicted to increase from 6 between 1981 and 2005
to 92 in the future in the southeastern United States (9).
These heat wave events are physiologically more significant

and their increased frequency, severity, and duration are rapidly
emerging as an important threat to a variety of animals and
humans (10). In humans, heat waves cause significantly increased
mortality and are possibly the most important health aspect of
climate change (11–13). For example, the heat wave event in
France in 2003 killed 15,000 people (14).
In small mammals, high temperature has direct effects on

many aspects of physiology, behavior, and life history (15–20).
High temperatures adversely impact the body by reducing the
ability to dissipate heat and thermoregulate (21). This issue is in
theory more significant during periods of high energy require-
ments (22, 23). Lactation is the most energy-demanding period
for female mammals, during which both food intake and energy
expenditure are maximized to meet the energy requirements of
their offspring (22–25). For example, the energy expenditure
components including resting metabolic rate (RMR), daily en-
ergy expenditure (DEE), and milk energy output (MEO) are
considerably increased during lactation, and accordingly energy
intake is also increased to offset the energy expended (26–32).
Although nonshivering thermogenesis mediated by uncoupling
protein 1 (UCP1) in brown adipose tissue is considerably reduced
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(33), heat production as a by-product of digestion and milk syn-
thesis is inevitably increased, elevating the risk of hyperthermia.
This is because lactating females are hypothesized to be limited by
the capacity to dissipate body heat, namely the heat dissipation
limitation hypothesis (22, 23, 34, 35). It is widely acknowledged
that large domesticated animals such as cattle and pigs, with a low
surface-to-volume ratio, are susceptible to heat wave events (21,
36, 37). However, the susceptibility to elevated ambient temper-
atures of small mammals with high surface-to-volume ratios has
received far less attention.
Although lactation in small mammals is marked by extreme

hyperphagia, food intake reaches an asymptote in the second
half of the period. Studies in mice indicate this asymptote de-
pends on the capacity of the mother to dissipate body heat (23,
28, 38–41). These observations have since been extended to
numerous other small mammals including three vole species (29,
42, 43), gerbils (44), and two species of hamster (45, 46). Because
heat dissipation is affected by ambient temperature, hotter
temperatures should lead to reduced lactation performance
(milk production). This has been confirmed by exposing small
mammals to temperatures up to 30 °C (38, 42–44, 46, 47).
However, the impact is lower than expected. This may be be-
cause elevated temperatures are physiologically more favorable
for offspring development (43), and/or because offspring mod-
ulate their behavior, mitigating the impact of reduced milk de-
livery by improving growth efficiency (32). It is unclear whether
exposure to higher temperatures will have more significant
negative effects or if the offspring will exhibit further responses
to compensate. As a first step toward understanding these ef-
fects, we have studied here the responses of two captive lactating
small rodent species to temperatures exceeding 30 °C.

Results
Body Mass. Using the mouse and striped hamster as model sys-
tems, we exposed lactating females in late lactation (from day 6
onward) to ambient temperatures of 21, 27, 30, 33, and 36 °C.
Ambient temperature had an immediate significant negative
effect on body mass (mice, day 7, F4,121 = 13.42, P < 0.01,
Fig. 1A; hamsters, day 7, F4,122 = 4.03, P < 0.01, Fig. 1B). Body
mass of the mice at 27 °C was similar to that of mice at 21 °C over
the period of lactation, whereas body masses of mice in the 30
and 33 °C groups were lower by 21.3 and 22.0% on day 15
compared with those at 21 °C (day 15, F3,116 = 54.82, P < 0.01;
Fig. 1A). Female mice at 36 °C lost on average 18.3% of body
weight over the 24 h following temperature manipulation. At
36 °C, four out of six exposed lactating mothers died within 24 h
of temperature exposure. Mass loss was greater in those that
died (20 ± 0.4%) compared with those that survived (14.6 ±
2.1%). The experiment at 36 °C was terminated at this point.
Female hamsters lactating at 33 °C showed significantly lower
body mass than the groups kept at 21, 27, and 30 °C in late
lactation (day 15, F3,115 = 11.92, P < 0.01; Fig. 1B). Consistent
with the mice, two out of eight exposed lactating hamsters
appeared to be in a dehydrated state and on the point of death
within 24 h of temperature exposure to 36 °C and the whole
group had lost on average 14.0% of their body weight the pre-
vious day. The hamster experiment at 36 °C was also terminated
at this point. The two hamsters subsequently died.

Food Intake. Ambient temperature had a significant effect on
food intake from day 7 onward in both species (mice, day 7,
F4,121 = 54.68, P < 0.01, Fig. 1C; hamsters, day 7, F4,60 = 19.65,
P < 0.01, Fig. 1D). Female mice and hamsters lactating at 30 and
33 °C significantly decreased their food intake relative to females
at 27 and 21 °C. The female mice and hamsters at 36 °C con-
sumed only 4.1 ± 0.5 and 2.9 ± 0.4 g food, respectively, on day 7.
The asymptotic food intake (aFI) was decreased by 10.5% at
27 °C, 40.6% at 30 °C, and 49.2% at 33 °C relative to the aFI at

21 °C in female mice (F3,117 = 208.13, P < 0.01; Fig. 1E), and
decreased by 12.5, 24.8, and 36.9% in female hamsters (F3,53 =
24.00, P < 001; Fig. 1F).
The female mice lactating at 30 and 33 °C showed significantly

less energy intake (gross energy intake [GEI], Fig. 2A; digestible
energy intake [DEI], Fig. 2B) and produced less feces compared
with those at 21 and 27 °C (gross energy of feces [GEF], Fig. 2C).
There was no effect of ambient temperature on digestibility
(Fig. 2D). GEI and DEI of female hamsters were also signifi-
cantly decreased at 30 and 33 °C compared with 21 °C (GEI,
Fig. 2E; DEI, Fig. 2F). Temperature had no significant effect on
GEF (Fig. 2G) and digestibility (Fig. 2H).

Daily Energy Expenditure and Milk Energy Output. DEE of female
mice measured by doubly labeled water was inversely related to
the ambient temperature and was reduced by 14.5% at 27 °C,
37.7% at 30 °C, and 45.1% at 33 °C compared with that at 21 °C
(F3,39 = 68.29, P < 0.01; Fig. 2I). The calculated MEO from the
difference between DEI and DEE of mice decreased strongly
with increasing ambient temperature (F3,69 = 56.87, P < 0.01;
Fig. 2K). In detail, the MEO averaged 146.6 ± 7.2 kJ/d in the
females lactating at 21 °C, and was decreased by 31.8% at 27 °C,
61.9% at 30 °C, and 82.1% at 33 °C relative to that at 21 °C. In
the hamsters, the DEE also declined significantly as the tem-
perature increased (Fig. 2 J and L). In detail, the DEE was re-
duced by 31.5% at 27 °C, 37.6% at 30 °C, and 48.5% at 33 °C
compared with that at 21 °C (F3,53 = 36.35, P < 0.01; Fig. 2J).
However, the calculated MEO from the difference between
metabolizable energy intake (MEI) and DEE of hamsters did not
decline as much with increasing ambient temperature as it did in
the mice (F3,53 = 2.96, P < 0.05; Fig. 2L). In detail, the MEO
averaging 61.7 ± 5.4 kJ/d in the females lactating at 21 °C was not
significantly different at 27 °C but was decreased by 15.2% at
30 °C and 21.9% at 33 °C relative to that at 21 °C.

Litter Mass. Despite the large reduction in milk production, the
litter size was not affected by ambient temperature in mice
(Fig. 1G). However, female mice exposed to 30 and 33 °C raised
significantly lighter litters than those at 21 and 27 °C on day 8
and onward (day 8, F4,121 = 3.69, P < 0.01; day 15, F3,117 = 61.48,
P < 0.01; Fig. 1I). On average, pups weaned at 33 °C were 20.0%
lighter than those at 21 °C (Fig. 1K). This was possible because of
a large increase in growth efficiency, which was 22.0% at 21 °C
and increased to 38.6% at 27 °C, 50.3% at 30 °C, and 63.3% at
33 °C (F3,38 = 3.59, P < 0.05). Although the hamster females
managed to sustain their milk output much better than the mice,
they and their pups seemed much less capable of dealing with the
reduction. At 33 °C, litter size declined significantly in hamsters
compared with that at 21, 27, and 30 °C (Fig. 1H), possibly due to
infanticide. The female hamsters at 33 °C raised only 5.7 pups
on day 15 of lactation, and it decreased by 24.5% compared with
that at 21 °C. Female hamsters exposed to 33 °C raised a sig-
nificantly lighter litter mass than the other three temperatures
on day 7 and onward (day 7, F4,122 = 4. 94, P < 0.01; Fig. 1J).
Litter mass was lower by 3.2% at 27 °C, 4.9% at 30 °C, and
30.0% at 33 °C compared with that at 21 °C. Pup mass was also
significantly affected by temperature on day 7 and onward
(day 7, F4,122 = 3. 27, P < 0.01; Fig. 1L), and the pups weaned
at 33 °C were 12.7% lighter than those at 21 °C. On average,
growth efficiency was 22.3% at 21 °C, and increased to 31.8%
at 27 °C, 31.9% at 30 °C, and 36.7% at 33 °C (F3,53 = 2.52,
P = 0.07).

Resting Metabolic Rate of Females and Litters.RMR of female mice
at 30 and 33 °C was decreased by 33.6 and 53.2%, respectively,
compared with those at 21 and 27 °C (F3,74 = 6.35, P < 0.01;
Fig. 2M). Consistent with these changes, RMR of female ham-
sters was also significantly decreased at 30 and 33 °C relative to
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21 and 27 °C (F3,42 = 10.16, P < 0.01; Fig. 2N). RMR of litters
was also significantly affected by temperature in both rodents,
and the litters weaned at 30 and 33 °C showed significantly lower
RMR than those weaned at 21 and 27 °C (mice, F3,74 = 12.67,
P < 0.01, Fig. 2O; hamsters, F3,42 = 29.52, P < 0.01, Fig. 2P).

Body Mass and Body Temperature in Response to Extreme Hot
Temperature. Nonlactating female mice survived at 40 °C for
24 h without difficulty (Fig. 3A). At 42 °C, two out of seven in-
dividuals looked like they were going to die after a 7-h exposure
because they were moribund and unresponsive to stimulation.
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Therefore, the exposure experiment was terminated. Upper le-
thal ambient temperature for Swiss mice is likely between 40 and
42 °C. Body mass dropped considerably following the hot ex-
posure in both groups, and it decreased by 5.7% over 24 h at
40 °C and by 10.0% over 8 h at 42 °C (40 °C, F23,115 = 4.63, P <
0.01; 42 °C, F4,42 = 21.84, P < 0.01; Fig. 3A). Nonlactating female
hamsters survived at 38 °C for 24 h, but only survived at 40 °C for
about 6 h before we terminated the experiment because several
individuals appeared about to die (Fig. 3B), suggesting that up-
per lethal ambient temperature for striped hamsters may be
between 38 and 40 °C. Body temperature (Tb) of female mice
increased during the first hour of exposure, on average to 38.8 ±
0.2 °C at 40 °C and 40.2 ± 0.2 °C at 42 °C (hour 1, t11 = 5.44, P <
0.05; hour 8, t11 = 2.47, P < 0.05; Fig. 3C). The Tb of female
hamsters increased significantly following hot exposure, and av-
eraged 38.5 ± 0.4 °C at 38 °C and 39.9 ± 0.2 °C at 40 °C at 1 h of
hot exposure (hour 1, t12 = 3.11, P < 0.05; hour 6, t12 = 2.95, P <
0.05; Fig. 3D).

Discussion
Many previous studies have concerned the likely impacts of fu-
ture climate change on reproduction in endotherms (birds and
mammals) (48–52). The primary focus of such studies has been
the potential problem of appropriate timing of reproductive ef-
fort, because the timing of maximal resource availability may
change with temperature but photoperiodic triggers for breeding
seasonality will not (53–58). Other studies have concerned the
impact on survival of hibernating mammals (59). Here we pre-
sent an issue that has not been previously addressed, which is the
direct impact that elevated ambient temperatures, such as might
be experienced in heat waves, will have on reproductive perfor-
mance of small mammals. We emphasize this problem is inde-
pendent of any impact on resource availability. Notably, the mice
in the studies described here had access to ad libitum food
supplies. Yet, as predicted from the heat dissipation limit theory,
their lactation performance declined as temperatures rose. At
33 °C, the mice were only able to produce 18% of the amount of
milk they did at 21 °C. In striped hamsters, we observed a similar

but attenuated effect, with hamsters at 33 °C producing 78% of
the milk they did at 21 °C.
This reduction in milk production, however, had a much lower

impact on the offspring in mice. Total weaned litter mass at
33 °C was 70% of that at 21 °C, and there was only minimal pup
mortality. This was possible because pups mitigated the impact
of reduced milk delivery by increasing their growth efficiency by
a factor of 3 between 21 and 33 °C. This was in part because of
the reduced resting metabolic rates of the offspring, but prob-
ably also involved suspending physical activity (32). In contrast,
in the hamsters at 33 °C there was significant pup mortality
(possibly infanticide by the mother to reduce demand) and
the growth efficiency was less responsive to the lowered milk
supply. Hence, the hamster offspring at 33 °C weaned 12.7%
lighter.
Although the two species responded somewhat differently to

the increasing temperature, in both of them there seemed to be a
catastrophic tipping point between 33 and 36 °C. At 36 °C, four
out of six exposed lactating mouse mothers died within 24 h and
two out of eight for the hamsters. They likely died because of
hyperthermia brought on by attempting to sustain lactation.
Excessive mass loss suggested the mortality was probably due to
dehydration as the animals attempted to regulate body temper-
ature via evaporation. This would be exacerbated by water loss in
milk. This mortality was unexpected. Since we also showed the
same strain of nonlactating mice exposed to 40 °C survives
without problems for at least 24 h but struggles at 42 °C, and
nonlactating hamsters survive at 38 °C but struggle at 40 °C, this
suggests the upper lethal ambient temperature was reduced in
both species by 3 to 6 °C by the process of lactation (60).
Impacts of high temperature on mortality during lactation are

well-known for large domesticated mammals such as cattle and pigs
(61, 62). This is expected because of their low surface-to-volume
ratio, and hence their reduced heat dissipation abilities. Our data
indicate that small lactating mammals with high surface-to-volume
ratios may also be severely impacted by high ambient tempera-
tures. Although the findings in captive mice and hamsters were
clear, we should be cautious when expanding these observations
to a prediction of what will happen in wild small mammals during
future heat wave events. Swiss mice have been in captivity for
about 200 to 300 generations. During this time, spent at a con-
stant temperature of 20 to 23 °C, these animals may have lost any
natural abilities to respond to extreme environmental conditions.
Concern over this possibility was in part why we expanded the work
to include striped hamsters. Our hamster colony was established
from wild-caught animals in 2013 and had therefore only been
in captivity for around 12 generations when the current measure-
ments were made. Nevertheless, this period of captive breeding
may also have blunted their response to the high-temperature
conditions. There is a clear need therefore for this work to be
repeated on wild mammals.
A second issue is that climate change will be a slow process

that gets gradually worse. Small rodents in the wild will experi-
ence an exposure to gradually worsening events and this may
allow a degree of adaptation and acclimation to occur. Hence,
the final impacts of heat wave events at the turn of the century
may be much lower than reported when contemporary individ-
uals are suddenly exposed to similar experimental events. Hence,
studies of the responses of acclimated animals would also be
useful to obtain a deeper understanding of the likely impacts.
Finally, animals in a cage have limited options compared with
their wild counterparts in terms of things like the ability to find
cooler microclimates as refugia or cooling themselves down by
immersion in water. Thus, studies allowing animals to exhibit a
range of mitigation strategies will also be a useful future step
forward.
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Fig. 3. Body mass change (A and B) and body temperature (C and D) in
nonlactating females exposed to hot temperatures over 24 h. Swiss mice: 40
°C, n = 6; 42 °C, n = 7; striped hamsters: 38 °C, n = 7; 40 °C, n = 7. Data are
means ± SEM; asterisks indicate a significant difference between the two
groups (P < 0.05), *P < 0.05, **P < 0.01.
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Methods
Ethical Review. All of the experiments were reviewed and approved by the
Institutional ReviewBoard of the Institute of Genetics andDevelopmental Biology,
Chinese Academy of Sciences (approval nos. AP20150005 and AP20150006). This
study was not designed with death as an end point but rather particular tem-
perature treatments were terminated when animals died unexpectedly.

Animals and Experimental Protocol. Virgin female Swiss mice, 10 to 11 wk old,
were obtained from a laboratory colony from the Experimental Animal
Centre of Shandong Province, China. Striped hamsters 3.0 to 3.5 mo of age
were obtained from our laboratory-breeding colony, which started with
animals that were initially trapped from farmland at the center of Hebei
Province (115°13′E, 38°12′S), North China Plain. They were housed individ-
ually in plastic cages (29 × 18 × 16 cm) with fresh sawdust bedding in the
animal house located at Wenzhou University, where temperature was kept
constant at 21 ± 1 °C with a 12:12-h light:dark cycle (lights on at 0800 hours).
Food (D12450B; Research Diets) and water were available ad libitum.

Experiment 1 was designed to examine energy intake and reproductive
performance in female mice and hamsters exposed to ambient temperatures
ranging from 21 to 36 °C. The primary outcome variable was milk produc-
tion. Based on the quantified variation from our previous measures of milk
production at 21 °C in this mouse strain using the same procedures planned
here (SD, 35 kJ/d), we performed a power analysis to define the sample size.
This suggested that a sample size of 25 per group would be necessary to
detect an effect size in milk production of 35 kJ/d (i.e., effect size, 1 SD) using
a one-way ANOVA with five levels, with a power of 80% at alpha = 0.05.
Consequently, 146 female mice and 185 female hamsters were paired with
males for 11 d, after which the males were removed; 127 female mice and
127 female hamsters became pregnant and gave birth. On day 0 of lactation
(parturition day), litters were manipulated to make the litter size 12 for all
female mice and 8 for female hamsters. Females were randomly assigned to
one of five temperature manipulation groups following parturition: 21, 27,
30, 33, and 36 °C groups. Mice and hamsters were kept at 21 °C until day 6 of
lactation and then transferred to their allocated temperature. Among the
first six female mice and eight female hamsters assigned to 36 °C, four fe-
male mice and two hamsters died within 24 h of temperature exposure, and
the other two female mice and one hamster were close to death at the end
of day 7. These two mice and one hamster were transferred back to 21 °C
but did not contribute data to any analysis. Based on ethical considerations,
we did not continue to expose further females to the 36 °C treatment. The
remaining individuals that had been previously assigned to the 36 °C
treatment were reallocated among the other groups. This resulted in final
sample sizes for each group as follows: mice: 21 °C, n = 29; 27 °C, n = 34;
30 °C, n = 27; and 33 °C, n = 31; hamsters: 21 °C, n = 38; 27 °C, n = 26; 30 °C,
n = 24; and 33 °C, n = 31. The females in the 21 °C group were maintained at
21 °C throughout lactation. All pups were weaned on day 16 of lactation.
Body mass of females and litter mass were measured on a daily basis (to 0.1
g; Sartorius balance), and litter size and litter mass were also measured daily.

Food Intake, Gross Energy Intake, and Digestibility. Food intake of females was
measured on a daily basis throughout lactation. As described previously, food
intake was calculated as the mass of food missing from the hopper every day,
subtracting food residues mixed with the bedding (orts) (63). aFI was cal-
culated based on the food intake between days 9 and 15. GEI and digest-
ibility were measured between days 13 and 14 of lactation (64). Briefly, food
was provided quantitatively at the start of day 13 of lactation, and uneaten
food, orts, and feces were collected 24 h later. The spillage of food and feces
was sorted and separated manually after they were dried at 60 °C for 10 d to
constant mass. Gross energy contents of the diet and feces were determined
using a bomb calorimeter (C2000). GEI, DEI, and digestibility were calculated
using the equations GEI (kJ/d) = dry matter intake × energy content of food;
GE of feces (kJ/d) = dry mass of feces × energy content of feces; DEI (kJ/d) =
GEI − GE of feces; and digestibility (%) = DEI/GEI × 100% (65, 66).

RMR of Females and Litters. RMR was quantified at weaning as the rate of
oxygen consumption with an O2-measuring module high-speed sensor unit
(994620-CS-HSP-01) for calorimetric measurements in an open-flow respi-
rometry system (TSE PhenoMaster System). Air was pumped at a rate of
1 L/min through a cylindrical sealed Perspex chamber (1.5 L). Gases leaving
the chamber were directed through the oxygen analyzer at a flow rate of
380 mL/min, and the data were collected every 1 min (TSE PhenoMaster
System). The metabolic chamber temperature was controlled to within
±0.5 °C in an incubator. Both females and litters were measured at the
temperature of 30.5 ± 0.5 °C (within the thermal neutral zone of laboratory

mouse and striped hamsters) (60, 67). Neither females nor pups were de-
prived of food before the measurements started. After a 1-h adaptation to
the chamber, oxygen consumption was recorded for 2.5 h at 1-min intervals,
and for 1 h for the litters. Metabolic rate was calculated from the consec-
utively lowest readings over 10 min, using the following equation: VO2 = FR
(FiO2 − FeO2)/(1 − FiO2 × (1 − RQ)), where FR is flow rate, FiO2 is input
fractional concentration of O2 to the chamber, FeO2 is excurrent fractional
concentration of O2 from the chamber, and RQ is respiratory quotient (68,
69). Here, RQ was assumed to be 0.85 (70). Metabolic rate was corrected to
standard temperature and air pressure conditions and expressed as mL O2/h.
Body mass was recorded before and after the measurements. All measure-
ments were made between 1000 and 1700 hours.

Daily Energy Expenditure and Milk Energy Output. Daily energy expenditure
(kJ/d) wasmeasured using the doubly labeledwater (DLW) technique (71, 72).
This method has been previously validated by comparison with indirect
calorimetry in a range of small mammals (22). Briefly, on day 13 of lactation,
females were weighed and injected intraperitoneally with ∼0.2 mL of DLW
containing enriched 2H and 18O. The syringe was weighed (to 0.1 mg) using a
Sartorius balance before and immediately after the injection. Females were
re-placed in the home cages, and initial blood samples to estimate initial
isotope enrichments were taken after 1 h of isotope equilibration (73). After
exactly 24 h (to avoid circadian effects) (74, 75), final blood samples were
taken to estimate isotope elimination rates. Baseline, initial, and final blood
samples were collected by tail tipping for mice and from the orbital cavity
for hamsters, and immediately sealed in two 60-μL glass capillaries using a
handheld butane torch. Both ends of the capillaries were additionally sealed
with sealing wax. The females and their offspring were also weighed at the
time of DLW injection and final blood collection. Analysis of the isotopic
enrichment of blood was performed blind to the experimental manipula-
tions, using a liquid isotope water analyzer (Los Gatos Research) (76). Ini-
tially, the blood encapsulated in the capillaries was vacuum-distilled (77),
and the resulting distillate was used for analysis. Samples were run alongside
five laboratory standards for each isotope and international standards to
correct delta values to parts per million. A single-pool model was used to
calculate rates of CO2 production as recommended for use in animals less
than 5 kg in body mass (78). There are several approaches for the treatment
of evaporative water loss in the calculation (79). We assumed evaporation
was 25% of the water flux (equation 7.17 in ref. 80), which minimizes error
in a range of conditions (81, 82).

MEO was calculated from the difference between MEI and DEE, during
which MEI was calculated from DEI × (100% − 3%), since urinary energy loss
was assumed to be 3% of DEI (35). The growth efficiency of pups was cal-
culated as the kilojoules of MEO over days 9 to 14 of lactation, assuming
constant milk production per day over this period, divided by the kilojoules
of growth over the same asymptote period (days 9 to 14 of lactation); ki-
lojoules of growth was calculated as litter mass gain between days 9 and 14
multiplied by gross energy content of pups (35, 83).

Experiment 2 was designed to define the maximum temperature at which
nonreproductive females could survive. Maximal survival temperature will be
slightly lower than the upper lethal temperature, but has the benefit that it
can be measured without killing individuals via hyperthermia, which is
necessary to establish upper lethal temperature. Thirteen female mice and 14
female hamsters maintained at 21 °C, age 9 to 10 wk, were randomly
assigned to two hot-temperature groups. Based on the lethal core Tb of
laboratory mice described by Gordon (60), 40 and 42 °C were used as the two
levels of hot ambient temperatures for mice and 38 and 40 °C for hamsters.
The two groups of mice were exposed to 40 °C (n = 6) or 42 °C (n = 7), and
hamsters were exposed to 38 °C (n = 7) and 40 °C (n = 7) for 24 h. The an-
imals were watched continuously, and body mass and Tb were measured at
hourly intervals. Body mass was measured to 0.1 g (Sartorius balance). Tb was
measured using an encapsulated thermosensitive passive transponder (di-
ameter 2 mm and length 14 mm; Destron Fearing). The transponder was
implanted abdominally 1 wk before the hot exposure, and a pocket reader
was then used to receive and collect Tb data. The female mice were not
obviously uncomfortable at 40 °C and female hamsters were not too hot at
38 °C, whereas after 8 h of exposure to 42 °C for mice and 6 h of exposure to
40 °C for hamsters, two out of seven mice and one out of seven hamsters
were stationary and unresponsive and appeared likely to die. In this situa-
tion, the experiment was terminated and all of the female mice at 42 °C and
the hamsters at 40 °C were transferred back to 21 °C. Hence, no animals died
as a result of the manipulations.

Statistics. Data were analyzed using SPSS 21.0 statistical software. Distributions
of all variables were tested for normality using the Kolmogorov–Smirnov
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test. In experiment 1, effects of temperature on the measurements,
including body mass, GEI, DEI, DEE, MEO, and litter size and litter mass,
were analyzed using one-way ANOVA, followed by Tukey’s honestly sig-
nificant difference post hoc tests where appropriate. In experiment 2, the
changes of body mass and Tb over the period of hot exposure were ex-
amined using repeated-measures ANOVA. The effects of temperature on
body mass change and Tb were examined using an independent t test.
Data are reported as means ± SEM. Statistical significance was determined
at P < 0.05.

Data Availability. All relevant data have be placed on the Open Science
framework (identifier: DOI 10.17605/OSF.IO/WBNG9).
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