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Abstract 
Daily (circadian) rhythms in physiology and behavior allow animals to predict daily 
environmental changes. Many mammalian species are specifically adapted to activity 
during the night (nocturnal) or during daytime (diurnal). Synchronizing the daily 
distribution of activity and rest with environmental changes in temperature, food 
availability and predation risk can provide fitness benefits. Conversely, changing 
environmental conditions can alter the optimal daily timing of activity. Mammals have 
been reported to respond to changing conditions by switching their temporal niche from 
day to night and vice versa. We present a quantitative model to assess how different 
environmental conditions (daily temperature cycle, foraging yield and varying predation 
risk) determine the optimal temporal niche for activity in a small rodent.  
Daily energy expenditure is calculated using previously published quantifications for the 
house mouse. The duration of (foraging) activity needed to maintain energy balance is 
calculated for all possible foraging yields in nocturnal and diurnal mice in natural 
temperature cycles and thermal insulation during the rest phase. The analysis is extended 
by assessing the consequences of different levels of day- and nighttime predation risks.  
The assumption that small mammals will only be active when they leave their burrow 
during foraging excursions, leads to a direct relationship between energy expenditure, 
foraging yield, and duration of the active phase. Diurnality reduced the required activity 
duration at all foraging yields and provided the greatest benefit when the active phase was 
approximately 12 h long. Elevated daytime foraging yields potentiated the reduction of the 
activity duration by diurnality. The risk of being predated during foraging excursions 
depends on the night and daytime predation risk and the phase and duration of daily 
activity. Relatively high daytime predation risk favored nocturnality, although the reduced 
activity duration resulting from the energetic benefits of diurnality counteracted this effect 
at low foraging yields.  
Overall, the energetic benefits of diurnality, foraging yield and relative daytime predation 
risk interact to determine the optimal temporal niche. Diurnality is more likely to provide 
functional benefits in energetically challenged mammals since the benefit of diurnality is 
increased in these animals. The model explains previous reports on temporal niche 
switching in response to energetic challenges and to changes in predation risk.  
 

Introduction 
The rotation of the Earth around its axis results in predictable daily fluctuations in the 
environment of most organisms. Environmental factors that vary with time of day include 
light intensity, ambient temperature, food availability and predation risk. Circadian clocks 
drive daily rhythms in physiology and behavior and these allow organisms to anticipate 
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these predictable daily environmental changes. Most animals seem to be specialized for a 
specific temporal niche, which may result in preferred activity phasing either during the 
night (nocturnal) or during the day (diurnal). However, literature describes considerable 
plasticity in such daily activity patterns (Hut et al., 2012, Chapter 2).  
Optimizing the 24-h variations in physiology and behavior in response to the encountered 
environmental rhythms can provide fitness benefits to an organism (Daan, 1981). Mortality 
risk can be reduced by becoming nocturnal in a habitat dominated by diurnal predators or 
vice versa in habitats with more nighttime predation (Fenn and Macdonald, 1995). Food 
acquisition can also be increased by selecting the appropriate temporal niche. During 
daytime, visual senses may contribute to increase foraging efficiency. Indeed, in nocturnal 
mammals daytime cone vision was maintained throughout evolution and the existence of 
UV cones in extent nocturnal rodents indicate retained visual adaptation to diurnal activity 
(Gerkema et al., 2013). In general, an optimal temporal niche can maximize food 
acquisition when foraging efficiency fluctuates over the day. In burrowing temperate zone 
endotherms, daily energy expenditure (DEE) is reduced by diurnality, since it allows 
animals to encounter higher ambient temperatures throughout the day (van der Vinne et al., 
2014a, Chapter 3; Chapter 6). Reducing DEE will reduce the need for foraging and 
consequently the exposure to potential predators. Selecting the appropriate temporal niche 
can thus provide fitness benefits. The optimal temporal niche therefore ultimately depends 
on the encountered environmental conditions in terms of (rhythms in) predation risk, 
ambient temperature and foraging yield.  
Switching to a different temporal niche allows animals to cope with changing 
environmental conditions. Indeed, different mammal species respond to changes in 
predation risk and energetic challenges by switching between nocturnal and diurnal activity 
patterns (Hut et al., 2012, Chapter 2). Rats and rabbits have been shown to respond to 
increased (perceived) nocturnal predation risk by becoming diurnal (Fenn and Macdonald, 
1995; Bakker et al., 2005). Common voles shift to diurnality during winter, presumably in 
response to a possible combination of reduced food availability, low ambient temperatures 
and reduced daytime predation risk by foraging under the snow cover (Hoogenboom et al., 
1984). The influences of energetic challenges on the temporal organization have been 
assessed under laboratory conditions by exposing mice to cold and hunger (Hut et al., 
2011; van der Vinne et al., 2014a, Chapter 3). Challenging mice energetically induces 
diurnality in these typically nocturnal animals, and this is associated with reduced DEE 
under natural conditions (van der Vinne et al., 2014a, Chapter 3; Chapter 6). These 
examples show that mammals can indeed respond to changes in predation risk, food 
availability and energy expenditure by altering their daily timing of activity and rest.  
Here, we present a theoretical framework that is used to quantify consequences of temporal 
niche switching. The reduction in activity duration enabled by the energetic benefits of 
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diurnality (Chapter 6) is calculated for mice maintaining neutral energy balance (daily 
metabolizable energy intake (MEI) = DEE). This model is extended to assess the influence 
of increased daytime foraging yield. Secondly, the optimal temporal niche for maximizing 
survival is determined by comparing the daily predation risk encountered by nocturnal and 
diurnal mice maintaining neutral energy balance. The resulting quantitative model provides 
a framework to assess the daily distribution of activity and rest maximizing survival for 
combinations of environmental rhythms in ambient temperature, foraging yield and 
predation risk.  
 

Results 
Temporal niche modifies foraging yield influence on activity duration 
Energy expenditure of a mouse during the active phase (EEact) is higher than that of a 
resting mouse (EErest) (Chapter 6). EEact and EErest were previously determined at a range of 
different Ta. These data allowed for the calculation of DEE under a natural Ta cycle, while 
the effect of nest insulation was taken into account during the rest phase (Chapter 6). This 
ecological energy budget model of the house mouse enabled us to evaluate the interplay of 
DEE, foraging yield and activity duration for a nocturnal or diurnal mouse. At the 
extremes, a mouse that was resting all day expended 22.1 kJ/d, while a mouse that was 
active all day expanded 86.5 kJ/d (Fig. 7.1A).  
The influence of temporal niche on the relationship between activity duration and DEE was 
assessed by comparing nocturnal activity (centered around midnight) and diurnal activity 
(centered around noon). Diurnal activity patterns always reduced DEE, since diurnality 
allowed animals to encounter higher Tas during activity at day time, but also at night while 
sheltering in burrows during the rest phase when Ta was low (van der Vinne et al., 2014a, 
Chapter 3; Chapter 6). The difference in DEE caused by temporal niche was largest when 
activity duration was 12 h (DEE difference: 2.94 kJ/day) and disappeared at activity 
durations approaching 0 h and 24 h (Fig. 7.1A, i.e. difference between blue and red curves).  
Under the assumption that all activity is foraging activity, metabolizable energy intake 
(MEI in kJ/d) was calculated for different combinations of activity duration and foraging 
yield (in kJ/h) in different habitat qualities (under energy balance: DEE = MEI = foraging 
yield (in kJ/h) * activity duration (in h/d)). MEI thus increased linear with activity duration, 
while the slope of this relation increased with foraging yield (Fig. 7.1A, black lines). The 
activity duration required to maintain energy balance (DEE = MEI) decreased with 
increasing foraging yield (Fig. 7.1B). Due to lowered DEE of diurnal activity patterns, the 
required activity duration was lower for diurnal animals. The difference in activity duration 
between nocturnal and diurnal activity patterns peaked at 2.04 h (foraging yield: 4.19 kJ/h; 
Fig. 7.1C) or 14.2% of the nocturnal activity duration (foraging yield: 4.53 kJ/h; Fig. 7.1D). 
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Figure 7.1. Foraging yield influences the required activity duration differently in nocturnal and 
diurnal animals. (A) Daily energy expenditure (DEE) and daily energy intake (MEI) increase with 
longer activity durations. Diurnality reduces DEE, especially when the active and rest phase have 
approximately similar lengths. MEI is depicted for the denoted foraging yields. (B) The required 
activity duration to maintain energy balance (DEE = MEI) shortens with increasing foraging yield. 
Diurnality reduces the required activity duration. The reduction in required activity duration by 
diurnality peaks at 2.04 h (C) or 14.2% of the nocturnal activity duration (D).  
 
Elevated daytime foraging yield potentiates temporal niche effect on activity duration 
Daily fluctuations in foraging yield can exert substantial influence on the temporal niche 
modulation of activity duration. Reduced visibility of food items during dark nights might 
impact the decision for a mouse to become diurnal. Our model assumed a simple day-night 
difference in foraging yield whereby the baseline foraging yield was elevated by a specified 
percentage during daytime and decreased by the same percentage during nighttime (Fig. 
7.2). An elevated foraging yield during daytime decreased the required activity duration for 
diurnal activity patterns while it increased the required activity duration in nocturnal 
animals (Fig. 7.2AB). A 10% up-and-down modulation of the baseline foraging yield 
resulted in a 3-5.5 fold decrease in absolute activity duration, with a proportionally larger 
reduction at higher foraging yields (Fig. 7.2C). Expressed as a fraction of the length of the 
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nocturnal activity duration, a 10% modulation of the baseline foraging yield resulted in a 
30-40% reduction of the diurnal activity duration (Fig. 7.2D). 

 
Figure 7.2. Elevated daytime foraging yields potentiate the reduction of the activity duration by 
diurnality. (A) An elevated foraging yield during the light phase results in increased energy intake for 
diurnal animals and reduced energy intake for nocturnal animals for activity durations of up to 12 h. 
Shown is the MEI for diurnality and nocturnality for foraging yields increased by 20% during the day 
and decreased by 20% during the night. (B) Due to the difference in MEI between diurnal and 
nocturnal animals the difference in required activity duration is increased by elevated daytime 
foraging yields. (C and D) The difference in required activity duration for nocturnal and diurnal 
animals increases with greater differences in day- and nighttime foraging yield (daily fluctuation 
percentages are indicated in the graphs). 
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Figure 7.3. Optimal temporal niche depends on the encountered foraging yield and relative daytime 
predation risk. (A) Contour plot of the benefit of diurnality for different combinations of foraging 
yield and relative daytime predation risk. The diurnality benefit is the difference in encountered daily 
predation risk between a nocturnal and a diurnal activity pattern, expressed as percentage change 
relative to the predation risk of a 12 h active nocturnal mouse. Positive values indicate lower daily 
predation risks for diurnality. Nocturnality is beneficial for animals encountering high relative 
daytime predation risks (daytime predation risk > nighttime predation risk). Diurnality is beneficial at 
relatively high daytime predation risks only for animals experiencing low foraging yields. Selecting 
the optimal temporal niche provides the greatest benefits when the active and rest phase have 
approximately equal length (foraging yield: 4-5 kJ/h). Nighttime predation risk is assumed to be 
0.001 h-1 (see Fig. 7.4). (B) The optimal temporal niche for combinations of encountered foraging 
yield and relative daytime predation risk. Nocturnality is beneficial for animals encountering 
relatively high daytime predation risk combined with high foraging yields (dark grey) while 
diurnality is beneficial for animals encountering low relative daytime predation risks and/or low 
foraging yields (light grey).  
 
Relative daytime predation risk and foraging yield determine optimal temporal niche 
Although diurnality enables nocturnal mammals to reduce the activity duration, such 
temporal niche switching will also result in altered daily predation risks. Due to the 
specialization of most predators to a specific temporal niche, a switch to diurnality will 
result in a completely different set of predators and an associated change in predation risk. 
To evaluate the effect of day- and nighttime predation risk on the decision of temporal 
niche switching, our model incorporated separate day- and nighttime predation risks 
encountered during the active phase. Predation risk reduction associated with diurnal 
activity patterns (diurnality benefit) depended on the required duration of activity to 
maintain energy balance under a specific foraging yield. This relationship between 
diurnality benefit and foraging yield, however, changes with relative daytime predation risk 
in a complex manner (Fig. 7.3A), but was found to be almost independent of predation risk 
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level per se (Fig. 7.4). The diurnality benefit thus forms a landscape in which foraging 
yield and relative diurnal predation risk determine whether the nocturnal or diurnal 
foraging strategy is optimal (Fig. 7.3B). For animals encountering high foraging yields, 
nocturnality was nearly always the optimal temporal strategy when predation risk was 
higher during the day compared to the night (Fig. 7.3B). Diurnality was optimal at 
increasingly higher relative daytime predation risks with reducing foraging yield. The 
influence of temporal niche on daily predation risk was greatest for foraging yields that 
required an activity duration of approximately 12 h.  
 

Discussion 
The present study used a quantitative modeling approach to assess the consequences of 
temporal niche switching under different environmental conditions. Although diurnality 
results in a reduction of DEE under most environmental conditions (Chapter 6), the present 
study shows that the reduction in activity duration enabled by these energetic benefits 
depends on the encountered foraging yield. Diurnality reduces the activity duration at all 
foraging yields but the reduction is greatest for foraging yields resulting in an active phase 
of approximately 12 h. These reductions in activity duration have to be balanced against the 
consequences that diurnality has on the daily predation risk. In general, high relative 
daytime predation risk favors nocturnality but the relative daytime predation risk at which 
diurnality is beneficial increases with decreasing foraging yields.  
The energetic model used to calculate DEE was based on energy expenditure 
measurements of ad libitum fed mice (Chapter 6). In response to energetic challenges, such 
as cold or hunger, mice employ additional energy saving strategies which increase the 
energetic benefit of diurnality (van der Vinne et al., 2014a, Chapter 3; Chapter 6). The 
present model did not incorporate such additional energy saving strategies such as the 
energetic benefits of reducing body temperature (van der Vinne et al., 2014a, Chapter 3) or 
daily torpor bouts (Hut et al., 2011). Incorporating these factors would result in a further 
shortening of the active phase in response to diurnality and thus make diurnality more 
beneficial.  
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Figure 7.4. The diurnality benefit 
landscape is hardly influenced by 
the predation risk level but 
depends on foraging yield and 
relative daytime predation risk. A 
contour plot of the diurnality 
benefit for different combinations 
of foraging yield and relative 
daytime predation risk is 
presented for three different 
predation risk levels. The 
diurnality benefit is the difference 
in encountered daily predation 
risk between a nocturnal and a 
diurnal activity pattern, expressed 
as percentage change relative to 
the predation risk of a 12-h active 
nocturnal mouse. Positive values 
indicate lower daily predation 
risks for diurnality. 
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Relatively small increases in foraging yield during daytime further increase the benefits of 
diurnality. Conversely, small increases in nighttime foraging yield will readily promote 
nocturnality. Behavioral responses to such small increases in nighttime foraging yield 
might be observed during nighttime illumination, when the visual system is able to 
contribute to foraging efficiency. Such predicted increases of nocturnal foraging activity 
have indeed been described in Owl monkeys foraging during full moon nights (Fernández-
Duque et al., 2010) and may further explain effects of artificial illumination on activity 
patterns in small nocturnal rodents.  
Our assessment of activity duration differences between nocturnal and diurnal animals 
assumes that a neutral energy balance is maintained (DEE = MEI). Since the temporal 
niche selection is independent of daily variations in energy expenditure (van der Vinne et 
al., 2014a, Chapter 3) our model is suitable for the assessment of average daily activity 
rhythms over periods of weeks, assuming a constant body mass. The assessment of 
temporal niche selection in animals exhibiting seasonal changes in body mass would 
require the additional step of converting body mass changes through surplus energy intake 
or under feeding.  
A difference between nocturnal and diurnal animals can be seen in how daily deviations 
from the optimal activity duration impact the long-term energy balance. Daily deviations in 
activity duration result in energy shortages or excesses which have to be compensated on 
successive days. The difference in slope of the DEE increase with activity duration 
between nocturnal and diurnal animals indicates that extending the activity duration on one 
day and shortening it by the same duration on another day provides energetic benefits to 
nocturnal but disadvantages to diurnal endotherms. Day-to-day variability in activity 
duration would thus provide long-term energetic benefits in nocturnal endotherms but 
would be energetically costly in diurnal endotherms. We therefore predict a greater 
selection pressure against day-to-day variability in activity duration for diurnal mammals 
compared to nocturnal mammals.  
The present model uses simple assumptions regarding the daily rhythms in foraging yield 
and predation risk. Foraging yield was assumed to be constant throughout the day in most 
analyses and predation risk differed only between day- and nighttime. Despite these 
simplifications, the hypotheses regarding the activity duration and optimal temporal niche 
under different environmental conditions proposed in this study can be tested under natural 
conditions. Our prediction that nocturnality provides adaptive benefits in environments 
with high relative daytime predation risks is in line with the nocturnal bottleneck 
hypothesis (Gerkema et al., 2013). The nocturnal bottleneck hypothesis states that early 
mammals could only survive by avoiding daytime predation from diurnal dinosaurs. Our 
results show that a high daytime predation risk can overcome other factors favoring a 
diurnal activity pattern (energy savings, foraging yield). The continued nocturnal activity 
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patterns in most small mammals suggest that predation risk is still relatively high during 
the day in most habitats.  
The circadian thermo-energetics hypothesis predicts temporal niche switching by typically 
nocturnal endotherms in response to energetic challenges (Hut et al., 2012, Chapter 2). 
Shifting to diurnality allows animals to encounter higher temperatures during both day and 
night and thereby reduce DEE (van der Vinne et al., 2014a, Chapter 3; Chapter 6). 
Experiments under natural conditions have reported temporal niche switches in response to 
changes in energy availability (Bakker et al., 2005), predation rhythms (Fenn and 
Macdonald, 1995; Bakker et al., 2005) and between seasons (Hoogenboom et al., 1984). 
The results presented here form a framework to understand how required maintenance of 
energy balance and behavioral plasticity in temporal niche switching act together to cope 
with changes in habitat quality in terms of food, temperature and predation risk.  
 

Methods 
Daily energy expenditure 
The DEE of nocturnal and diurnal mice with varying activity durations was calculated 
using our previously published quantitative mouse energetics model (Chapter 6). The 
model calculated energy expenditure during the active and rest phase separately using 
Scholander curves of ad libitum fed mice measured during their active and rest phase. 
Resting animals were assumed to be huddling in groups of three in well insulated nests 
while energy expenditure during the active phase was increased due to higher outside chill 
compared to laboratory situations (Chapter 6). Animals were assumed to encounter the 
average September daily temperature profile (KNMI weather station, Eelde, NL; WMO 
#06280; 53o 07’ N 06o 32’ E; 2001-2010) during the active phase. The buffered daily nest 
temperature cycle (nest buffering constant: 0.0722 h-1) was derived from the outside daily 
temperature cycle and assumed to be encountered during the rest phase (Chapter 6). Using 
the adjusted Scholander curves and daily temperature cycles, energy expenditure of 
nocturnal and diurnal animals was calculated in 10-minute intervals. DEE was calculated 
for activity durations between 0 h and 24 h in 20-minute steps with a continuous active 
phase centered around midnight or noon for nocturnal or diurnal animals respectively.  
 
Activity duration 
The required activity duration was determined for nocturnal or diurnal animals as the 
activity duration for which DEE equals MEI. MEI was calculated by multiplying the 
activity duration with the hourly foraging yield (stepsize: 20 minutes), and linearly 
interpolating the difference between MEI and DEE within this 20-minute interval to 
determine the exact required activity duration (MEI = DEE). For analyses assessing the 
influence of foraging yield differences between day and night, the baseline foraging yield 
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was increased by the specified percentage (0%, 2%, 5%, 10%, 20%) during the 12-h day 
and reduced by the same percentage during the 12-h night. 
 
Daily predation risk 
The influence of day-night differences in predation risk on the total daily predation risk 
was assessed by varying the ratio (relative daytime predation risk) between day- and 
nighttime predation risk. The total daily predation risk was calculated for nocturnal and 
diurnal mice at all possible constant foraging yields. The daily predation risk was 
determined by integration of the instantaneous survival rate per 10-minute interval over the 
full active phase, while assuming a negligible predation risk during the rest phase. This 
calculation was performed for different nighttime predation risk levels to confirm that the 
temporal niche influence on survival was hardly affected by the overall predation risk level. 
The benefit of diurnality was calculated by subtracting the total daily predation risk for a 
nocturnal mouse from that of a diurnal mouse. The benefit of diurnality was calculated as a 
ratio relative to the daily predation risk of a mouse active for 12 h throughout the night. 
  


