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Chapter 8 
 

Population density, food availability and runway cover 
shape daily activity patterns of mice under semi-natural 
conditions 
 
Vincent van der Vinne, Jamey Scheepe, Sjaak J Riede, Roelof A Hut 
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Abstract 
Daily rhythms in physiology and behavior allow organisms to cope with the environmental 
changes resulting from the Earth’s rotation. Most mammals show distinct nocturnal activity 
rhythms under laboratory conditions but studies performed under natural conditions report 
differences in the preferred temporal niche. Laboratory studies have shown that mice 
become diurnal in response to energetic challenges, presumably to reduce energy 
expenditure under natural conditions (circadian thermo-energetics hypothesis). This 
suggests that mammals can shift their preferred temporal niche to cope with changing 
environmental conditions. Here the response to changes in population density, food 
availability and runway cover are assessed in mice living under semi-natural conditions.  
The effect of food availability was assessed by measuring the timing of feeder-site visits in 
three outdoor enclosures with female mice. Restricting food availability to approximately 
50% of ad libitum levels resulted in increased daytime activity. Daytime activity was 
reduced when the available food per mouse was increased by either doubling the daily food 
amount or removing half of the mice from the enclosure. The influence of runway cover 
between the nesting location and the feeder was assessed in a fourth enclosure with both 
male and female mice. The availability of cover resulted in increased daytime activity, 
which was most pronounced in male mice. Our study identifies energetic state and the 
perceived reduction in predation risk by covered runways as environmental factors that 
shape the daily distribution of activity under semi-natural conditions.  
 

Introduction 
The environment encountered by organisms changes daily as the result of the Earth’s 
rotation. Evolution under these daily environmental changes has resulted in endogenous 
daily (circadian) oscillators in organisms from most taxa (Panda et al., 2002b; Edgar et al., 
2012). These circadian clocks drive daily rhythms in physiology and behavior which allow 
organisms to anticipate daily environmental changes. The internal rhythms are entrained to 
the light-dark cycle so that activity occurs at the same time each day. Most small mammals 
are strictly nocturnal under laboratory conditions but different daily rhythms have been 
reported for these same species under natural conditions (Fenn and Macdonald, 1995; 
Begall et al., 2002; Levy et al., 2007; Gattermann et al., 2008; Daan et al., 2011; Tomotani 
et al., 2012). 
Daan et al. (2011) studied the daily distribution of activity in mice (Mus musculus) living 
under semi-natural conditions. This study reported a number of temporal niche switches 
during the two-year study period. Months with mostly nocturnal activity patterns were 
interspersed by months of diurnality or periods lacking clear daily activity rhythms. The 
factors driving these temporal niche switches were not apparent and changes in the daily 
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distribution of activity did not change consistently with season (Daan et al., 2011). These, 
as well as differences in daily distribution of activity between field and laboratory are 
likely resulting from environmental changes. Two major changes between field and 
laboratory are the changed energetic state and predation risk. 
The energetic state of an animal depends on the balance of energy intake and expenditure 
and can be altered by changing food availability or ambient temperature. Laboratory 
studies have shown that altering the energetic state of mice by low temperatures or reduced 
food intake results in a shift to diurnality (Hut et al., 2011; van der Vinne et al., 2014a, 
Chapter 3). The circadian thermo-energetics (CTE) hypothesis predicts that diurnal activity 
patterns reduce daily energy expenditure since they optimize the timing of activity and rest 
to daily environmental temperature cycles (Hut et al., 2012, Chapter 2; van der Vinne et al., 
2014a, Chapter 3; Chapter 6). The CTE hypothesis therefore suggests that small mammals 
can cope with conditions of lowered food availability by becoming diurnal.  
Increased activity during daylight hours is likely to increase predation risk and changes in 
(perceived) predation risk may thus also affect the daily distribution of activity. The 
benefits of an appropriate daily timing of activity have been shown in young guillemots 
(Uria lomvia) (Daan and Tinbergen, 1980) and chipmunks (Tamias striatus) (DeCoursey et 
al., 2000). In general, animals encountering differences in day- and nighttime predation risk 
would benefit from selecting the appropriate temporal niche. The influence of (perceived) 
predation rhythms on shaping daily activity patterns have been shown experimentally in 
rats (Rattus norvegicus) (Fenn and Macdonald, 1995) and rabbits (Oryctolagus cuniculus) 
(Bakker et al., 2005). In general, high daytime predation favors nocturnality while 
diurnality is beneficial when nighttime predation is relatively high (Chapter 7).  
The present study assesses the daily distribution of feeding activity in four populations of 
mice living in outside enclosures exposed to natural variation in temperature and light 
intensity. The first experiment was performed in three populations of female mice and 
manipulated the daily food amount to assess the influence of energetic state changes on the 
daily distribution of activity. The second experiment manipulated the availability of 
runway cover between nesting location and feeder in a mixed population of males and 
females. The cover manipulation was designed to increase the perceived vulnerability of 
the mice to (mostly daytime) aerial predation. We expected both of these manipulations to 
induce changes in the daily distribution of activity, with energetic challenges and cover 
availability both resulting in increased daytime activity.  
 

Methods 
All procedures were approved by the animal experimentation committee of the University 
of Groningen (DEC 5454). CBA/CaJ mice were bred in our breeding colony (14h:10h LD-
cycle) and maintained with same-sex littermates in a 14h:10h LD-cycle. The mice were 
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housed individually in a 12h:12h light-dark cycle approximately one week before release in 
our outside enclosures. During this week, the mice were subcutaneously injected with a 
glass-covered passive information tag (PIT) (11.5 x 2.2 mm; Trovan ID100) under the skin 
of the back after being lightly anesthetized with Isoflurane.  
Our four outside enclosures (10 x 10 m) are located outside our laboratory in Groningen, 
the Netherlands (53o 14’ N 6o 32’ E). The enclosures were surrounded by a 1 m high wall 
and a 50 cm deep continuous underground wire mesh while predators were kept out by a 
overhead wire mesh. The enclosures were filled with white sand without vegetation. 
Nesting opportunities were provided in a hay filled wooden box (100 x 65 x 55 cm) located 
in one corner of the enclosure while the feeder and ad libitum water were located in the 
opposite corner. The distance between nesting location and feeder was covered for 
approximately 80% by a 4 m long overturned gutter, operating as runway cover. Food (AM 
II diet rodent chow 10 mm, 17.3 kJ/g, Arie Blok, Woerden, the Netherlands) was provided 
in a feeding hopper tube, which extended from the observation cabin into the enclosure and 
which was automatically filled by a custom-build conveyor belt rotating 2.6 mm every 15 
minutes throughout the day. Food delivery was distributed evenly over the day by 
spreading out the daily amount of food pellets over 25 cm on the conveyor belt.  
Activity of the mice was registered by an antenna surrounding the feeder and stored for all 
enclosures on a single data storage device (Trovan Automated PIT recording system; 
Dorset group BV, Aalten, the Netherlands). The daily distribution of activity was assessed 
by calculating the daytime activity percentage (feeder approaches between sunrise and 
sunset divided by total daily feeder approaches for each individual). The influence of the 
different treatments was assessed by comparing the daytime activity percentage during the 
last seven days of a treatment. Statistical comparisons were made using restricted 
maximum likelihood mixed effects models using animal ID as a random variable in SAS 
JMP 7.0, followed by Tukey HSD post-hoc comparisons when appropriate. Activity 
profiles were calculated in 10-minute intervals. 
The first experiment assessed the effects of changes in food availability at the population 
level on the daily distribution of activity. 76 Adult female mice (age: 4 - 13 months) were 
released in enclosure 1, 2 and 3 in early April 2014. The daily food amount was limited 
throughout the summer to induce robust diurnal activity patterns. The role of the energetic 
state in shaping the daily distribution of activity was assessed in each of the enclosures 
during a three-month period starting on 6 August 2014 by two 14-day manipulations. The 
manipulations consisted of either a doubling of the daily food amount (double food) or the 
removal of half of the mice from the enclosure (half population) with periods of food 
limitation before, in between and following the manipulations. The population reduction 
was performed by catching as many mice as possible over a two-hour period. 
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Approximately half of the mice were removed from the enclosure aiming at equal body 
masses of the removed mice and the mice that remained in the enclosure.  
 

 
Figure 8.1. Actograms of three populations of female mice subject to food manipulations. All three 
enclosures were subjected to food limitation (~50% of ad libitum food intake) except for 14-day 
periods in which food was doubled (double food) or half of the mice were removed (half population). 
Daytime activity was reduced by both manipulations in all three enclosures. Activity (feeder 
approaches) was normalized per mouse per day and summed in 5-minute bins. Twilight (between 
nautical twilight and sunrise/set) is indicated by the light-grey background while civil twilight is 
indicated by a black line. Dark-grey and white backgrounds represent night and day respectively. Day 
1 is 6 August 2014. 
 



 142 

The second experiment assessed the changes in the daily distribution of activity following 
changes in runway cover. A group of 15 males and 10 females was released into enclosure 
4 in mid-January 2014 (age: 3 - 11 months). This allowed the mice to reproduce, but no 
pups were observed during the experiment or in the three months following the 
experiments. The daily food amount was chosen as the maximal amount for which all food 
was eaten (4.5 g·mouse-1·day-1). The influence of the availability of runway covers between 
the nesting location and feeder was assessed over a period of 65 days starting on 3 April 
2014. During this period, there was either no cover, half cover (2 x 1 m) or full cover (4 m) 
available between the nesting box and feeder. 
 

Results 
Experiment 1: Energetic state 
All mice released into enclosures 1, 2 and 3 in early April 2014 survived until the start of 
the experiment in early August. Feeding rates for each enclosure were aimed at (2 g·mouse-

1·day-1), but unequal group sizes at the start of the experiment (enclosure 1: 24; enclosure 2: 
29; enclosure 3: 23) resulted in slightly different food amounts per mouse in the three 
enclosures (1: 2.33 g·mouse-1·day-1, 2: 1.86 g·mouse-1·day-1, 3: 2.26 g·mouse-1·day-1).  
The populations in all three enclosures showed a stable phase of entrainment during the 
baseline food limitation period (Fig. 8.1). Activity levels were highest around dusk in all 
three enclosures and this activity peak occurred around dusk throughout the experiment 
(Fig. 8.2). The baseline food limitation resulted in a daily distribution of activity with 
approximately 30% of all activity occurring between sunrise and sunset in all three 
enclosures. Differences between enclosures in this relative diurnal activity level (1: 28.5%; 
2: 33.7%; 3: 32.1%) correlated negatively with the amount of food per mouse per day for 
that enclosure (p=0.38; n=3).  
 



 143 

 
Figure 8.2. Activity profiles during food manipulations in all three enclosures showing reduced 
daytime activity when additional food was available. Activity profiles during the last seven days of 
food manipulations were compared to restricted-food periods immediately preceding or following 
these manipulations. Normalized activity per animal over a seven-day period was summed over all 
animals in ten-minute bins. Twilight (between nautical twilight and sunrise/set) is indicated by the 
light-grey background while civil twilight is indicated by a black line. Dark-grey and white 
backgrounds represent night and day respectively.  
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Figure 8.3. Food availability modulated daytime activity in female mice living under semi-natural 
conditions. (A) Female mice were significantly less day active when food availability was doubled 
(by doubling food or halving population size) compared to periods of limited feeding. The daily 
distribution of activity was compared between the last seven days of each feeding condition. (B) The 
reduction and consequent increase in daytime activity induced by elevated food availability and 
subsequent food limitation did not differ systematically between the two manipulations (double food 
and half population). Datapoints are slightly offset on the x-axis to improve graph reading. Error bars 
in both graphs represent SEM based on variance between animals. 
 
The influence of energy availability on the population level was assessed by doubling the 
available daily food amount per mouse. Daily food availability per mouse was doubled by 
removing half of the population or doubling the daily food amount. Both manipulations 
resulted in a gradual reduction in daytime activity in all three enclosures (Fig. 8.1). During 
the last seven days of all manipulation periods the average daytime activity was 
significantly reduced to approximately 13% of the daily total while renewed food limitation 
consistently resulted in approximately 30% daytime activity (F4,254.2=33.98, p<0.0001; Fig. 
8.3A). Actograms of individual mice (Fig. 8.4) and the small changes in variation between 
animals observed during the manipulation and food limitation periods (Fig. 8.3A) indicated 
that the manipulations induced a shift in the daily activity rhythm of the individuals. 



 145 

 
Figure 8.4. Representative actograms of feeder approaches of six female mice subject to energetic 
manipulations. Mice were subjected to food limitation (~50% of ad libitum food intake) except for 
14-day periods in which food was doubled (double food) or half of the mice were removed (half 
population). Twilight (between nautical twilight and sunrise/set) is indicated by the light-grey 
background while civil twilight is indicated by a black line. Dark-grey and white backgrounds 
represent night and day respectively. Day 1 is 6 August 2014. 
 
The reduction in daytime activity induced by both manipulations occurred over period of 
approximately a week and remained constant during the second week of the manipulation 
(Fig. 8.3B). The increase in daytime activity resulting from renewed food limitation also 
required approximately one week to take effect and remained constant during the second 
week. This shows that although all manipulations altered food availability within 2 hours, 
the changes in daily distribution of activity required a substantially longer period to take 
effect. Furthermore, the two manipulations resulted in a statistically undistinguishable 
reduction in daytime activity levels (Fig. 8.3A) and took a similar time to take effect (Fig. 
8.3B). Together, these observations suggest that the reductions in daytime activity observed 
in this study were the result of changes in the energetic state of the animals induced 
through different manipulations. 
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Figure 8.5. Daytime activity and body mass were negatively correlated. Higher body mass was 
associated with lower daytime activity during the seven days of food limitation preceding the body 
mass measurement.   
 
In order to perform the reduced population manipulation, 55 out of 76 mice alive were 
weighed following a food limitation period of at least fourteen days. A correlation between 
body mass and daytime activity in the preceding seven days revealed a significant negative 
relationship (p=0.0015; R2=0.1741; Fig. 8.5), where individuals with higher body mass 
showed lower daytime activity levels.  
 
Experiment 2: Runway cover 
The influence of runway cover on the daily distribution of activity was assessed in a single 
enclosure with a stable population of 15 males and 10 females. The daily food amount was 
chosen as the greatest amount that was completely eaten (4.5 g·mouse-1·day-1) to prevent 
energetic challenges from inducing daytime activity. A number of small burrows had been 
dug around the feeder in the first weeks after release of the mice. These allowed the mice to 
stay in hiding for most of the time during feeding excursions. Longer periods of inactivity 
occurred when the mice were hiding in their nesting box five meters away from the feeder. 
The lack of vegetation in our enclosures meant that mice had to cross this five-meter open 
area for each feeding excursion.  
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Figure 8.6. Actograms of a mixed population of male and female mice subjected to changes in 
runway cover. (A) Mice increased daytime activity when runway cover was available between 
nesting location and feeder. The removal of covers or the availability of half of the covers resulted in 
reduced daytime activity. (B) The increase in daytime activity in response to cover availability was 
more pronounced in males compared to females. Activity (feeder approaches) was normalized per 
mouse per day and summed in 5-minute bins. Twilight (between nautical twilight and sunrise/set) is 
indicated by the light-grey background while civil twilight is indicated by a black line. Dark-grey and 
white backgrounds represent night and day respectively. Day 1 is 3 April 2014. 
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Figure 8.7. Activity profiles of male (left) and female (right) mice subject to changing runway cover 
availability. Daytime activity was increased when cover was available between nesting box and 
feeder in both sexes, but most pronounced in males. Activity profiles were compared during the last 
seven days of each cover condition. Normalized activity per animal over a seven-day period was 
summed for all animals in ten-minute bins. Twilight (between nautical twilight and sunrise/set) is 
indicated by the light-grey background while civil twilight is indicated by a black line. Dark-grey and 
white backgrounds represent night and day respectively.  
 



 149 

The lack of runway cover between the nesting location and feeder resulted in a nocturnal 
activity pattern with hardly any activity occurring between sunrise and sunset (<1%; Fig. 
8.6A). The nocturnal activity pattern was characterized by pronounced crepuscular activity 
bouts around dusk and dawn which persists regardless of the availability of cover (Fig. 
8.7). Providing a covered path stretching most of the distance between the nesting location 
and feeder resulted in elevated daytime activity which could be reversed by removing the 
runway cover (Fig. 8.6A). Changes in activity patterns resulting from the change in cover 
conditions occurred over a period of approximately 3-5 days (Fig. 8.6A). Comparison of 
the daytime activity levels during the last seven days of each of the cover conditions 
showed the significant influence that the cover condition had on the daily distribution of 
activity (F4,96=35.21, p<0.0001; Fig. 8.8A). Mice were significantly more day active when 
cover was available compared to time periods where no- or only half of the typical runway 
cover was present.  
 

 
Figure 8.8. Runway cover availability between nesting location and feeder increased daytime activity. 
(A) Full cover availability significantly increased daytime activity compared to periods with no- or 
half cover. (B) Males increased daytime activity significantly more when cover became available 
compared to females. Error bars represent SEM based on variance between animals. 
 
Comparison of the response to changes in runway cover conditions between males and 
females revealed a quantitative sex difference in the percentage of activity occurring during 
daytime (Fig. 8.6B). Both sexes became more day active in response to increased cover but 
these changes were more pronounced in males. Without runway cover, less than 1% of the 
total daily activity occurred during the light phase in both sexes. Males increased their 
daytime activity significantly more than females when the runway cover was present for 
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the first time (F1,23=21.19, p<0.0001), resulting in a significantly higher daytime activity in 
males when full cover was present (F1,23=20.99, p<0.0001; Fig. 8.8B).  
 

Discussion 
The present study measured the daily distribution of activity in four populations of mice 
living under semi-natural conditions in outside enclosures. Using this setup, changes in the 
timing of activity resulting from manipulations to the daily food amount and runway cover 
were assessed experimentally. Doubling of the food amount of female mice exposed to low 
food availability (~50% of ad libitum food intake) resulted in a significant reduction of 
daytime activity. The presence of a covered path between the nesting location and feeder 
also resulted in elevated daytime activity, presumably because the cover reduced the 
perceived daytime predation risk. These experiments identify both the energetic state and 
availability of cover as important factors shaping the daily distribution of activity in mice 
living under semi-natural conditions.  
The relationship between the energetic state of an animal and its daily distribution of 
activity was predicted by the CTE hypothesis (Hut et al., 2012, Chapter 2). Previous 
laboratory experiments showed that individual mice became diurnal in response to 
energetic challenges (Perrigo, 1987; Hut et al., 2011; van der Vinne et al., 2014a, Chapter 
3) while the present study shows that similar temporal niche switching occurs in a 
population of mice living under semi-natural conditions. The role of the energetic balance 
in shaping the daily distribution of activity is further highlighted by the negative correlation 
between body mass and daytime activity.  
Changing the daily timing of activity would result in altered daily predation risks in 
habitats with different day- and nighttime predation risks (Chapter 7). Our runway cover 
manipulation was designed to alter the perceived relative daytime predation risk. Although 
the perception of predation risk by mice is hard to assess, the observed behavioral response 
would be adaptive if the increased cover availability reduced the perceived predation risk 
mainly during the day. Reducing daytime predation risk would make diurnality less risky 
and thereby provides an ultimate explanation for the increase in daytime activity (Chapter 
7).  
Changes in energetic state and exposure to predation are two of the main environmental 
differences between laboratory and field situations. Previous studies of the activity patterns 
of small mammals living under (semi-)natural conditions reported substantial differences 
compared to daily rhythms observed in the laboratory (Fenn and Macdonald, 1995; Begall 
et al., 2002; Levy et al., 2007; Gattermann et al., 2008; Daan et al., 2011; Tomotani et al., 
2012). Such differences in daily timing of activity have previously been associated with 
changes in food availability, temperature, predation risk, interspecies competition and 
season (Hoogenboom et al., 1984; Fenn and Macdonald, 1995; Levy et al., 2007; Daan et 
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al., 2011). The present study confirms that the daily distribution of activity can be 
modulated by the encountered environmental conditions and demonstrates the effect of 
changes in food availability and cover on the temporal niche selection in mice living under 
(semi-)natural conditions.  
Manipulating runway cover revealed quantitative differences in the response to these 
changes between males and females. While both sexes increased daytime activity when 
runway cover became available, this increase was significantly greater in males. Since the 
influence of food availability was at present only assessed in female mice, the sex influence 
on the response to energetic challenges cannot be assessed in this experiment. Preliminary 
observations from ‘working for food’ experiments in the laboratory show that males 
become more readily diurnal in response to an energetic challenge compared to females (SJ 
Riede, V van der Vinne, RA Hut; unpublished). This indicates that the greater changes in 
temporal organization observed in males following changes in cover availability reflect a 
more general sex difference, with males being more plastic in their daily timing of behavior 
in response to changing environmental conditions. Although this sex difference in plasticity 
of temporal organization remains subject to further investigation, it suggests that the 
negative fitness consequences of diurnality might be greater in female mice. 
Both the manipulations of food amount and runway cover take a number of days to result 
in a new stable daily distribution of activity. This delayed response suggests that changes in 
the timing of activity are mediated by changes in the phase angle of oscillators controlling 
behavior and not a direct masking influence by the manipulations. Laboratory experiments 
have shown that temporal niche switching induced by energetic challenges is not the result 
of phase shifts of the main circadian oscillator in the suprachiasmatic nucleus (van der 
Vinne et al., 2014a, Chapter 3). Diurnal activity patterns in mice are however associated 
with a re-organization of different oscillators involved in controlling the timing of 
physiology and behavior (van der Vinne et al., 2014a, Chapter 3). The similar response to 
changes in cover availability and energetic challenges suggests that a re-organization of the 
circadian system might be a more general response to changing environmental conditions. 
Together, our results suggest that mice under natural conditions use plasticity in their daily 
organization of behavior to balance the energetic benefits of diurnality against the 
increased risk of predation during daytime. 
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