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Abstract 
According to the heat dissipation limit theory, maximum metabolic turnover is limited by 
the capacity of the body to dissipate excess heat. Small mammals, including common voles 
(Microtus arvalis), face a heat dissipation limitation during lactation. Pup growth and milk 
production are reduced under higher ambient temperatures. Heat dissipation problems 
might in part be alleviated by modifying behavior, such as reducing nest attendance and 
being active at energetically optimal times of day. According to the circadian thermo-
energetics hypothesis, animals can make use of daily ambient temperature fluctuations to 
alter their energetic expenditure. In this study we test whether heat challenged (housing at 
30 °C compared to 21 °C) lactating common voles allocate their time differently among 
behaviors and whether their ultradian and circadian behavioral rhythmicity are altered.  
Behavior was scored every 13 min from automated picture recordings, while general 
locomotor activity was measured by passive infrared detectors to assess ultradian and 
circadian organization. The effects of ambient temperature on the ultradian organization of 
behavior were assessed by determining the ultradian period length and the distribution of 
activity within the ultradian bout. Changes in circadian organization were assessed by the 
distribution of activity over the light and dark phase. As a complementary measure nest 
temperature recordings were used to quantify nest attendance distribution between day and 
night. 
Lactating dams at 30 °C reduced the fraction of time spent on the nest while increasing the 
fraction of time resting without pups away from the nest. The ultradian period of locomotor 
activity was longer in voles housed at 30 °C during pregnancy and lactation, but not after 
weaning when the pups were removed. No differences in the distribution of activity within 
the ultradian bout could be detected. The circadian organization was also modulated by 
ambient temperature. Lactating voles housed at 30 °C became more day active and a loss of 
day–night differences in nest temperature suggests a shift of nest attendance towards the 
night. 
Reducing the time attending the nest can reduce the risk of hyperthermia, and may be the 
behavioral component resulting in lower milk production and hence reproductive output. 
Becoming more day active allows feeding and nursing of the pups during the rest phase to 
occur during the night at which lower ambient temperatures are expected in the field. In 
natural situations this strategy will increase heat dissipation and lactation capacity. Whether 
there are similar benefits associated with a longer ultradian period is currently unknown, 
but these are likely to result from decreased energy turnover at 30 °C. In conclusion, our 
study shows that lactating common voles facing heat dissipation problems re-organize their 
behavior in a way that can maximize heat dissipation capabilities and thereby optimize 
lactation capacity. 
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Introduction 
Animals require energy to fuel physiological and behavioral processes. Increasing 
sustained energy turnover allows an animal to increase its output, but also requires 
increased energy intake. Energy turnover is elevated during reproduction (McNab, 2002; 
Speakman, 2008) and is often associated with increased food intake. Ecological models 
commonly assume energy intake (foraging success) to limit energy turnover (Arim et al., 
2007). It has however been suggested that food availability may not be limiting during the 
breeding season (Boutin, 1990). Alternatively, the maximal sustained energy turnover of 
animals could be endogenously limited. The possible nature of these limits is debated and 
different mechanisms have been proposed (Speakman and Król, 2005). 
A ‘central’ limitation would be imposed by the capacity of the intestinal track and 
associated organs to process food while a ‘peripheral’ limitation would be imposed by the 
capacity of peripheral tissues to use this energy, e.g. mammary glands producing milk 
(Speakman and Król, 2005). These two hypotheses have been subject to testing but a series 
of experiments in small rodents suggest a third explanation for the occurrence of limits in 
sustained energy intake (Johnson and Speakman, 2001). The hypothesis derived from these 
experiments and also evidence from larger mammals is that sustained energy intake is 
limited by the ability of the organism to dissipate the heat that is being generated when 
food is metabolized, the heat dissipation limitation theory (Speakman and Król, 2010a). 
Lactation is the energetically most demanding time in the life of a female mouse and 
sustained energy intake reaches limits at peak lactation and when larger litters are nursed 
(Speakman, 2008). When laboratory mice (Mus musculus) lactate at cold temperatures (5–8 
°C), they elevate their food intake (Hammond et al., 1994; Johnson and Speakman, 2001) 
and milk production (Johnson and Speakman, 2001) beyond the limits observed in mice in 
warm temperatures (21–23 °C). Mice housed in thermoneutral conditions (30 °C) show 
reduced milk production (Król and Speakman, 2003a) and pup growth (Król and 
Speakman, 2003b), compared to mice at 21 °C. Increased energy turnover may increase the 
risk of hyperthermia and so energy turnover to offspring depends on the capacity of the 
dam to dissipate heat, thereby limiting sustained energy intake during lactation. 
Heat dissipation limits have been demonstrated in a number of species, although not all 
studies show heat dissipation limits (reviewed in Speakman and Król, 2010a; Simons et al., 
2011). The heat dissipation limit has also been tested in the common vole (Microtus 
arvalis), subject of the current study, to investigate whether the heat dissipation limit could 
be an artifact of selection in the lab, for e.g. increased litter size (Simons et al., 2011). 
These voles were obtained from our breeding colony that was established with wild-caught 
individuals and is regularly supplied with new voles (Gerkema et al., 1993). During 
lactation, these voles show reduced milk production and pup growth in hot (30 °C) 
compared to warm (21 °C) ambient temperatures. The effects of lactation temperature on 
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pup growth were also observed in small litter sizes suggesting that the heat dissipation limit 
is not only found at limits induced by large litter sizes, but is a continuous trade-off 
between the negative effects of heat on the dam and increased pup growth (Simons et al., 
2011). 
Increasing heat dissipation capacity reduces the detrimental consequences of the heat 
dissipation limitation and therefore different behavioral adaptations to avoid these 
consequences are expected. Reductions in nest insulation would benefit animals facing heat 
dissipation problems. Indeed in wild lactating squirrels (Sciurus hudsonicus) nest insulation 
decreases with higher ambient temperature and larger litter sizes (Guillemette et al., 2009), 
while female short-tailed field voles (Microtus agrestis) build less insulated nests compared 
to males when exposed to cold environments (Redman et al., 1999). Lactating rats (Rattus 
norvegicus) with access to nesting material select cooler places on a thermal gradient to 
build their nests compared to rats without nesting material (Jans and Leon, 1983). Increases 
in heat dissipation by lactating dams are possible when the insulation of the fur is reduced 
as is seen in spring after molting. Reducing fur insulation by shaving allows mice to 
increase milk production which allows pups to increase growth (Król et al., 2007a). A 
physiological response to deal with the increased heat load observed during lactation is to 
reduce heat generation in brown adipose tissue (Trayhurn et al., 1982; Isler et al., 1984). 
Re-organizing behavior when animals face increased risk of hyperthermia may further 
reduce the detrimental effects of a heat dissipation limitation. Nest attendance bouts are 
stopped when high temperature in the medial preoptic area are reached (Jans et al., 1985) 
and the inter-bout interval is longer when dams are kept warm (Jans and Leon, 1983). In a 
field study in meadow voles (Microtus pennsylvanicus) nest attendance bout length 
shortened over the course of the lactation period (Madison, 1981).  
Allocating time differently among different behaviors is a way to avoid hyperthermia. 
Another way to reduce heat dissipation problems is to alter circadian and ultradian 
behavioral organization. The behavior of common voles is characterized by the interplay 
between ultradian (<24 h) and circadian (~24 h) rhythmicity. Ultradian rest-activity cycles 
with a period of approximately 2–3 h are evident in activity, body temperature and feeding 
(Gerkema et al., 1990). Ultradian rhythms have been reported to change according to 
metabolic demands (Hoogenboom et al., 1984). The ultradian rhythm is reset daily by the 
circadian system but the strength of the circadian component in the activity pattern depends 
on the environmental conditions. Running wheel access or a circadian feeding schedule 
will emphasize the circadian activity component (van der Veen et al., 2006; 2011). The 
periodicity and/or phasing of locomotor activity and nest attendance over the ultradian and 
circadian timescale could both be modulated by changes in energy turnover and heat 
dissipation problems. 
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Increases in energetic turnover during lactation might also be achieved by circadian re-
organization. In the wild, animals are exposed to predictable fluctuations in ambient 
temperature over the day and behavioral re-organization across the 24 h day allows animals 
to be active at the energetically optimal time of day. According to the circadian thermo-
energetics (CTE) hypothesis, endothermic animals can reduce daily energy requirements 
when rest associated thermal insulation coincides with the coldest phase of the day (Hut et 
al., 2012, Chapter 2). Examples of temporal niche switches have been described in different 
species in the field (reviewed in Hut et al., 2012, Chapter 2). Also in a laboratory setting, 
mice increase daytime activity in response to simulated food shortage even though there is 
no energetic benefit in doing so (Hut et al., 2011; van der Vinne et al., 2014a, Chapter 3). 
In cases where animals face a heat dissipation limit, circadian re-organization is predicted 
to minimize the expected risk of hyperthermia and maximize heat dissipation capabilities. 
Feeding and nursing the pups during the night, during which temperatures are expected to 
be lowest, can allow animals to dissipate more heat and animals facing heat dissipation 
challenges are therefore predicted to show a more diurnal phenotype. The observation of 
increased milk production during the night compared to the day in rats is in line with this 
prediction (Grigor and Thompson, 1987). 
In this context the current study addresses two questions. The first was whether common 
voles altered the time spent in the nest and on other behaviors in response to increased heat 
dissipation problems. For this the different behaviors of voles lactating at 21 °C and 30 °C 
were sampled and scored every 13 min. These ambient temperatures were chosen because 
we previously showed a heat dissipation limitation in voles lactating at these temperatures 
that resulted in reduced milk output and pup growth at 30 °C (Simons et al., 2011). 
Secondly, this study investigated whether the ultradian and circadian rhythmicity driving 
behavior in the common vole were altered by lactation at different temperatures. Ultradian 
rhythms have been reported to change according to metabolic demands (Hoogenboom et 
al., 1984) and in response to heat dissipation challenges we expected voles, following the 
CTE hypothesis (Hut et al., 2012, Chapter 2), to re-organize their circadian activity to a 
more diurnal phenotype. 
 

Methods 
Animals 
Common voles were obtained from our indoor breeding colony established with wild 
caught individuals from the Lauwersmeer area in The Netherlands (53° 24′ N, 6° 16′ E; 
Gerkema et al., 1993). One or two females were paired with one male and inbreeding was 
avoided. The breeding colony was maintained on a 14h:10h LD cycle with temperatures 
fluctuating between 18 and 28 °C. Pups were weaned around day 18 of lactation and 
housed in same sex groups. Virgin females were moved to a climate controlled 
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experimental room at least one week before being mated with a male for 11 days at 20.8 ± 
0.2 °C in a 25×25×40cm (width, length, height) see-through plastic cage containing 
sawdust bedding (Lignocel hygenic animal bedding, Rettenmaier, Rosenberg, Germany) 
without additional nesting material in which the animals were housed for the remainder of 
the experiment. Food (Arie Blok Woerden AM-II diet, rodent chow 10 mm, 17.3 kJ/g; Arie 
Blok, Woerden, the Netherlands) and water were provided ad libitum. Experiments were 
approved under license 5210 of the Animal Experimentation Committee of the University 
of Groningen. 
The experimental rooms were maintained at 20.8 ± 0.2 °C (21 °C) and 29.5 ± 0.1 °C (30 
°C) with a 12h:12h LD cycle. After separation from the male, half of the females were 
transferred to the 30 °C temperature room. One day after parturition half of the animals 
from both rooms were transferred with their home cage to the other temperature room 
where they remained until the end of the experiment (Simons et al., 2011). No effects of 
pregnancy temperature were observed in the behavioral analysis during lactation (p>0.6), 
so therefore only the effects of the ambient temperature during lactation are reported. To 
confirm previous findings in our lab of a heat dissipation limitation in voles (Simons et al., 
2011) pup growth was assessed by weighing all pups every other day (Kern PCB balance, 
to nearest 0.01 g) for both temperature groups (21 °C: N = 18; 30 °C: N = 23). The average 
pup growth before the behavioral assessment (lactation days 1–11) was significantly lower 
at 30 °C compared to 21 °C (F5,194=2.39; p=0.039). Average pup mass at day 11 was 
approximately 10% lower for animals lactating at 30 °C (21 °C: 6.82 g; 30 °C: 6.08 g). 
 
Nest attendance 
Behavior was sampled around lactation days 10 and 12 because heat limitation problems 
are expected to be greatest during this time (Król and Speakman, 2003b; Simons et al., 
2011) and pups are hardly moving independently at this age. A custom build platform 
containing two webcams (Logitech QuickCam chat, Silicon Valley, CA, USA) rotated 
automatically over two rows of eight cages and stopped for 1 min above each cage. 
Pictures were taken every 20 sec to assure that during each cycle of approximately 13 min 
at least two pictures were taken of each cage. An infrared light was used to enable the 
recording at night but due to infrared lighting problems in the 30 °C room behavior at night 
could only be scored in five dams in this room. The whole recording setup was moved once 
a day to the other temperature room. Behavior was scored on two days in each room and 
these days were chosen so that most animals were at lactation days 10 and 12. The second 
picture of each cage was used to sample behavior of each animal once every camera 
movement cycle. Behavior was scored in three categories: nest attendance, resting away 
from the nest and movement. The three behavioral categories were divided by the total 
number of observations to obtain the fraction of time spent on each of the behavioral 
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categories and analyzed separately for the light and dark phase. Data was included in the 
analysis when all pups from a nest survived until weaning, pups were older than 5 days 
during the behavioral sampling and less than 20% of all observations were missing (i.e. 
80% of the pictures could be reliably scored) (Fig. 5.1). 
 

 
Figure 5.1. Experimental setup (A). The behavior of lactating voles was sampled automatically by 
taking digital pictures (320 × 240 pixels) of each cage approximately every 13 min using a webcam 
connected to a custom-built camera rail operated by a stepper motor (B, C). Behavior was categorized 
as nest attendance (B), resting without pups (C) or movement. Changes in the distribution of activity 
between the day and the night were assessed based on passive infrared detector (PIR) recordings and 
fluctuations in nest temperature were recorded by ibutton thermochron data loggers placed under the 
nest. 
 
Rhythmicity analysis 
Throughout the experiment activity was monitored by passive infrared detectors placed 
above the cage. Activity counts were summed and stored in two minute bins. The ultradian 
period was determined for each day of the experiment separately by periodogram analysis 
(Sokolove and Bushell, 1978) and the effect of ambient temperature was evaluated for the 
pregnancy, lactation and post-weaning phase of the experiment while correcting for 
experimental day. The effect of ambient temperature on the ultradian period was also 
assessed on lactation days 10–12 when heat dissipation problems are expected to be 
highest. This 3-day subset of data has the optimal length to assess the ultradian period and 
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was assessed by Lomb–Scargle periodogram analysis using the ActogramJ plugin for 
ImageJ (Schmid et al., 2011). 
Analyzing the distribution of activity within the ultradian bout has proved difficult because 
of variability in the ultradian period and the lack of an entraining zeitgeber that can be used 
to subdivide the ultradian bout. We developed a new analysis method whereby the 
distribution of activity within the ultradian bout was assessed per animal on lactation days 
10–12. To do so, all activity during a half ultradian period around each datapoint was 
summed and the maximal and minimal value of this sum for each interval with the length 
of the ultradian period was determined. These maximal and minimal values were then used 
to calculate the relative ultradian amplitude: [(Max − Min) / (Max + Min)], which was 
averaged per animal and used to determine the effect of ambient temperature on the 
distribution of activity between the active and inactive half of the ultradian bout. By 
comparing the maximal and minimal activity score over a portion of the ultradian period 
the effects of the small variation in ultradian period that hinder other ways of analyzing the 
distribution of activity within the ultradian period are removed. 
To assess circadian rhythmicity, passive infrared detector activity during each 12 h dark 
and light phase was added up and a diurnality index was calculated for each day by 
subtracting total activity during the preceding dark phase from the total light phase activity 
and dividing this number by the total daily activity (Hoogenboom et al., 1984). The 
diurnality index provides a measure for how day- or night-active an animal is, 1 or −1 
indicates a completely diurnal or nocturnal animal respectively while 0 indicates no 
preference for either temporal niche. Differences in diurnality index between the two 
temperature treatments were assessed during pregnancy and lactation by repeated measures 
ANOVA over days −5 till 12 because later in the lactation period pup movement may have 
also triggered passive infrared activity measurements. Nest temperature was measured 
every 2 or 4 min with ibuttons (ibutton DS1922L, Maxim Integrated Products, Sunnyvale, 
CA, USA; resolution 0.0625 °C) taped under the nest to assess nest attendance separately 
from the picture recordings. These temperature recordings during day 11 of lactation were 
included in the analysis when the temperature fluctuations (>2 °C) indicated that nest 
attendance was recorded reliably for 24 h. These temperature recordings during the dark 
and light phase were transformed into Z-scores by the formula: [(|Tday| − |Tnight|) / 
Stdev(T)] to determine the effect of ambient temperature on the distribution of nest 
attendance over the dark and light phase. 
 
Statistics 
All statistical analyses were performed using SAS JMP 7.0 software. In cases where 
repeated measurements were performed, restricted likelihood (REML) fitted mixed models 
with nest ID as a random factor were used. Where possible non-parametric Kruskal Wallis 
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tests were also performed on the behavioral data which did not change any of the 
conclusions, therefore only the parametric tests are reported. Error bars in figures represent 
standard error from the mean. 
 

 
Figure 5.2. Behavioral distribution across three categories of lactating voles in warm (21 °C) and hot 
(30 °C) ambient temperatures. Behavior was scored during the light phase and data is plotted as a bar 
graph and pie chart. The fraction of time spent attending the nest was reduced while resting without 
pups was increased in voles lactating at 30 °C compared to 21 °C. The fraction of time spent on 
movement was not different between the two ambient temperatures. 
 

Results 
Nest attendance 
During the light phase lactating voles showed a decrease in the fraction of time attending 
the nest in hot (30 °C) compared to warm (21 °C) temperatures (F1,36=7.20, p=0.011; Fig. 
5.2). The fraction of time spent resting away from the pups was increased at high ambient 
temperatures (F1,36=18.97, p<0.0001) while no significant difference in the fraction of time 
spent on movement was observed (F1,36=0.28, p=0.598). Although hampered by a reduced 
sample size at night due to technical difficulties in recording the 30 °C ambient temperature 
group, similar differences were observed at night in the fraction of time spent in the nest, 
off the nest and moving between the 21 °C and 30 °C ambient temperature groups. In 30 °C 
the fraction of time on the nest was reduced (F1,17=6.47, p=0.021), time spent away from 
the nest was increased (F1,17=44.42, p<0.0001) and no significant difference in the fraction 
of time spent on movement was observed (F1,17=2.75, p=0.115) during the night. 
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Ultradian rhythmicity 
The activity of the common vole is characterized by alterations of activity and rest with an 
ultradian period of approximately 1–4 h. The effects on the ultradian period of ambient 
temperature during the different phases of the experiment were determined by performing 
periodogram analysis on data subsets of one day for each day of the experiment. During 
pregnancy (F1,31.64=4.33, p=0.046) and lactation (F1,73.14=9.42, p=0.003) the period of the 
ultradian rhythm of lactating voles in warm (21 °C) conditions was significantly shorter 
than that of voles in hot (30 °C) conditions, post-weaning no differences in ultradian period 
were observed (F1,28.12=1.64, p=0.210) (Fig. 5.3A). These observations were confirmed by 
the periodogram analysis performed on the three-day data subset on lactation days 10–12 
when heat dissipation problems were expected to be most severe. Voles lactating in a warm 
temperature (21 °C) showed a shorter ultradian period on lactation days 10–12 than voles 
lactating at a hot temperature (30 °C) (F1,38=5.58, p=0.023; Fig. 5.3B). 
Effects of ambient temperature on the distribution of activity within the ultradian period 
were assessed by comparing the relative difference in activity between the most active and 
least active portion of the ultradian cycle for all ultradian cycles on lactation days 10–12. 
No significant difference in relative ultradian amplitude was observed (F1,28=0.51, 
p=0.480), suggesting that the distribution of activity within the ultradian cycle was not 
altered by the lactation temperature (Fig. 5.3C, D). 
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Figure 5.3. The ultradian period measured by daily periodogram analysis was longer in hot 
temperatures (30 °C) during pregnancy and lactation, but not after pups were removed (A). The 
ultradian period was longer in hot conditions (30 °C) on lactation days 10–12 when heat dissipation 
problems were expected to be greatest (B). The distribution of activity within the ultradian period on 
days 10–12 of lactation seems to be unaffected by the ambient temperature (C & D). The relative 
amplitude of the ultradian rhythm was not significantly changed (C). Four representative double 
plotted actograms of lactation days 10–12 plotted of voles housed in warm (21 °C) and hot (30 °C) 
temperatures (D). Data is double-plotted in sections with the ultradian period length (in h) to allow 
the detection of changes in the distribution of activity within the ultradian period. 
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Figure 5.4. Differences in distribution of activity over time of day in response to lactation in warm 
(21 °C) or hot (30 °C) ambient temperatures. Voles housed at 30 °C were more day-active than voles 
at 21 °C during lactation, but not during pregnancy (A). The standardized difference in nest 
temperature (|Tday| − |Tnight|) / Stdev (T) between day and night is decreased in voles lactating at 30 
°C, indicating a shift of nest attendance towards the night (B). Outspoken examples of actograms of 
voles housed at 21 °C and 30 °C during the different phases of the experiment show the increased 
proportion of activity during the light phase in voles lactating at 30 °C (C). 
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Circadian rhythmicity 
The distribution of activity of voles over the day and night was compared between the two 
lactation temperatures to investigate the use of circadian re-organization in response to 
increased heat dissipation difficulties. By calculating an individual daily diurnality score 
the effects of day-to-day changes and inter-individual differences in activity levels were 
removed. Between lactation days 0 and 12 voles lactating in a hot temperature (30 °C) are 
more day-active (F1,324.6=13.39, p=0.0003) than voles lactating in a warm temperature (21 
°C) (Fig. 5.4A). The changes in day-night distribution of activity over the 12 day lactation 
period did not differ significantly between the two lactation temperatures (lactation ∗ 
experimental day: F12,439=0.40, p=0.963). Changes in nest attendance between the two 
ambient temperatures were assessed by the average day and night nest temperatures. The 
standardized difference between day and night nest temperature was increased in warm 
temperatures (21 °C) compared to hot temperatures (30 °C) (F1,24=1.23, p=0.003), 
indicating increased daytime nest attendance in 21 °C (Fig. 5.4B). 
 

Discussion 
Nest attendance 
The present study shows that common voles respond to lactation in hot ambient 
temperatures by adapting behavior in a way that would reduce the detrimental effects of a 
heat dissipation limitation. The fraction of time spent on the nest was reduced in hot 
ambient temperatures, increasing the amount of time spent resting away from the nest, 
while the time spent moving through the cage was unchanged. These results are in line with 
the observed increase in time spent on feeding the pups observed in shaved lactating Swiss 
mice (Zhao and Cao, 2009). By reducing the time spent on the nest and increasing the time 
spent away from the nest, the dam may increase her heat dissipation capacity by reducing 
the local ambient temperature and insulation of the microenvironment. Although as a 
potential consequence of spending more time away from the nest nursing and lactating, the 
dam provides less milk and the growth of her litter is reduced (Simons et al., 2011). 
The reduced growth of pups at 30 °C confirms that the lactating dams in this study faced a 
heat dissipation limitation. The observed reduced pup growth during lactation at hot 
temperatures in common voles is in line with findings in mice (e.g. Król and Speakman, 
2003b) and our previous study in common voles (Simons et al., 2011). If the observed 
behavioral changes were the result of decreased thermoregulatory needs of the pups rather 
than a heat dissipation limitation, we would not expect a difference in growth rate between 
both ambient temperature groups. 
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Circadian rhythmicity 
The distribution of activity and nest attendance over the day was reorganized in animals 
lactating at hot ambient temperatures. Voles lactating at 30 °C showed more activity during 
the day while nest attendance was performed more during the night. According to the CTE 
hypothesis (Hut et al., 2012, Chapter 2), animals can use the predictable daily changes in 
ambient temperature to optimize their energetic expenditure by changing the time of day at 
which they are active. By increasing the relative time spent on attending the nest and 
lactating during the coldest part of the day, animals are predicted to maximize their heat 
dissipation capabilities, thereby maximizing milk production and/or minimizing the risk of 
hyperthermia. Voles studied here showed such a shift whereby lactation at hot ambient 
temperatures led to a shift of activity to the expected warm light phase with increased nest 
attendance during the expected cold dark phase. Previous studies looking at the selected 
temporal niche during lactation, without considering ambient temperature, found a shift of 
activity from the dark to the light phase in house mice (Mus domesticus) and rats (Strubbe 
and Gorissen, 1980; Perrigo, 1987; 1990). Compared to other studies on the CTE 
hypothesis, the presumed objective of shifting during lactation in this study is to maximize 
energy turnover rather than saving energy by resting (minimizing heat dissipation/energy 
loss) during the coldest part of the day. This study therefore shows that a different energetic 
challenge–the risk of hyperthermia induced by lactation–can also induce temporal niche 
switching. 
Although the present study was performed in a laboratory with constant temperatures 
during day and night, mice have been shown to use the LD-cycle to predict the 
energetically optimal time to be active when trying to minimize energetic turnover (van der 
Vinne et al., 2014a, Chapter 3). Therefore we believe that the circadian re-organization of 
activity observed in this study resembles a pattern that is comparable to the response to heat 
dissipation problems in the wild. Furthermore, since this response was present in constant 
ambient temperatures it is not driven by daily varying thermoregulatory demands or innate 
circadian rhythmicity of the pups (Christ et al., 2012) but is probably driven by the innate 
circadian rhythm of the dam. The observation of such an effect in constant temperatures in 
the lab, suggests that the effects of circadian re-organization in real life situations with 
daily temperature changes might be even greater. In fact, changes over seasons in the 
distribution of activity over day and night have been observed in different species of voles 
(Erkinaro, 1969). 
The interpretation of the increased night-time nest attendance as a strategy to use the daily 
ambient temperature changes to increase heat dissipation capabilities depends on the 
assumption that heat dissipation problems are greater during feeding and nursing of the 
pups than during other behaviors such as activity. Milk production and excretion in rats are 
greatest in the first hours after food consumption (Grigor and Thompson, 1987), suggesting 
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that most of the heat production associated with lactation occurs within a relative short 
timespan. Since radiotracking studies show that breeding female voles spent about 99% of 
their time within 2 m of their burrow (Boyce and Boyce, 1988), we believe that the heat 
generation during activity bouts of foraging is small in comparison to the heat generated 
during the feeding and nursing of pups. Also because the higher insulation and ambient 
temperature of the microenvironment in the nest will decrease heat dissipation potential 
while the dam is likely subject to much higher levels of heat dissipation during activity 
outside. 
In this study three different activity monitoring techniques have been used to evaluate the 
behavior of lactating dams. The moving webcam enabled us to sample nest attendance 
behavior during the light phase but had drawbacks when used during the dark phase. 
Because of this, we mainly relied on passive infrared recordings and nest temperature data 
to assess changes in rhythmicity between the two temperatures. These combined datasets 
showed that the balance between activity during the light and dark phase is altered by 
lactation at hot ambient temperatures. A similar difference in nest attendance between the 
light and dark phase was found in a smaller dataset of animals for which we could visually 
score nest attendance data during both day and night. So although the overall fraction of 
time spent attending the nest was decreased at hot ambient temperatures, on top of this, the 
balance between day- and night-time nest attendance was also modulated. 
 
Ultradian rhythmicity 
The period of the ultradian rhythm underlying the activity pattern of voles was shortened 
during pregnancy and lactation in dams housed in warm compared to hot ambient 
temperatures. The shortened ultradian period length observed at warm (21 °C) ambient 
temperatures, where food intake was increased, is in line with an earlier report showing 
shorter periods in response to cold ambient temperatures and lowered food quality 
(Hoogenboom et al., 1984). The reduced difference in ultradian period in the post-weaning 
phase of the experiment suggests that the effects of ambient temperature on the ultradian 
period are stronger during pregnancy and lactation. Since the ultradian rhythm in voles is 
linked to cycles of feeding and cecotrophy (Gerkema and Daan, 1985; Liu et al., 2007), a 
shorter ultradian period might be the result of greater metabolic demands and thus a faster 
processing of food. This notion is supported by the finding that females that lactated in hot 
(30 °C) temperatures have a reduced total intestinal length (Simons et al., 2011). 
The distribution of activity and rest over the ultradian timescale has previously proved to 
be hard to analyze since there is no external zeitgeber that can be used as an external time 
marker. We believe that the newly developed method of comparing a relative ultradian 
amplitude between the two ambient temperatures is more reliable than previous methods 
since it is more robust to variation in ultradian period and does not depend on the definition 
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of onsets and offsets of the active bout. With this method, we did not find a difference in 
the distribution of activity within the ultradian bout. These analyses show that an increased 
metabolic turnover in voles was capable of modulating the ultradian period but suggests no 
change in the distribution of activity within this time. 
 
Reproductive success in the field 
This study showed that common voles lactating at high ambient temperatures re-organize 
their behavior, probably to maximize their heat dissipation capabilities and thereby 
minimize the risk of hyperthermia. During lactation at high ambient temperatures dams are 
presented with a trade-off between offspring investment and increased risk of 
hyperthermia. Reducing the time spent attending the nest and shifting nest attendance to the 
coldest part of the day is predicted to allow the dam to increase milk transfer and/or 
decrease hyperthermia risk. The question thus becomes why these strategies are not used at 
lower ambient temperatures. Since energy transfer between mother and pups can be 
performed via milk but also direct heat transfer, the risk of pup hypothermia and the 
possible associated increase in mortality (Simons et al., 2011) might prevent the dam from 
performing this strategy at lower ambient temperatures. By increasing the time away from 
the nest, the dam might also increase predation risk of herself or her pups. To assess the 
possible adverse consequences of the behavioral re-organization in response to heat 
dissipation problems these should be studied in a (semi-)natural setting. 
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