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The 24h light-dark cycle on earth presents all living organisms with a daily changing 
environment. To optimize the timing of physiology and behavior to these daily 
environmental changes, organisms have evolved circadian oscillators. These endogenous 
circadian clocks have a period of approximately 24 hours when external time cues are 
absent. It is hypothesized that endogenous clocks provide organisms with the opportunity 
to synchronize conflicting body processes, prevent exposure to adverse environmental 
conditions and predict predation risk, foraging success and energy expenditure (Daan, 
1981; Pittendrigh, 1993; Fenn and Macdonald, 1995; DeCoursey et al., 2000; Bakker et al., 
2005).  
In mammals, almost all cells contain an intracellular clock that produces a ~24h oscillation 
via a transcription-translation feedback loop. The core-clock loop consists of a positive 
limb (CLOCK, BMAL1) stimulating the expression of clock genes of the negative loop 
(PER, CRY) which inhibits the activity of the positive limb (reviewed in Ukai and Ueda, 
2010). At the organismal level, the main clock is located in the suprachiasmatic nucleus 
(SCN) which is reset daily by the environmental light-dark cycle (reviewed in Welsh et al., 
2010). Clocks located in other brain areas and peripheral organs receive timing information 
from the SCN and other zeitgebers such as feeding time (reviewed in Dibner et al., 2010). 
These different regulatory levels together control daily rhythms in physiology and 
behavior.  
Most studies investigating the mechanisms of circadian rhythms monitor model organisms 
under laboratory conditions, but not much is known about the preferred temporal niche of 
these species in the wild. The few studies of small mammals’ activity rhythms under 
natural conditions report substantial differences in daily activity rhythms in the wild 
compared to laboratory settings (Levy et al., 2007; Gattermann et al., 2008; Daan et al., 
2011; Tomotani et al., 2012). Furthermore, long-term activity registrations of mice under 
natural conditions report frequent temporal niche switching, presumably in response to 
changing environmental conditions (Daan et al., 2011). The daily activity rhythms of small 
mammals subjected to outside conditions is thus much more plastic than laboratory studies 
suggest. This thesis explores the underlying causes and consequences of such circadian 
plasticity with a special focus on the role of metabolism in modulating circadian rhythms.  
 

Circadian control of metabolism 
The circadian modulation of metabolism might be a crucial component for circadian 
rhythms in physiology and behavior (Bass and Takahashi, 2010). Circadian oscillators in 
the SCN and peripheral oscillators together control the regulation of metabolism on both 
cellular and systemic levels (Kalsbeek et al., 2010). Disruption of circadian rhythmicity of 
these regulatory pathways has been shown to result in metabolic disfunction (Turek et al., 
2005; Marcheva et al., 2010; Sadacca et al., 2010; Gerhart-Hines et al., 2014). In humans, 
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disruption of circadian rhythms has been associated with metabolic disorders, such as an 
elevated risk for obesity and type II diabetes (Scheer et al., 2009; Pietroiusti et al., 2010; 
Pan et al., 2011; Roenneberg et al., 2012).  
The SCN modulates metabolism in peripheral organs and tissues through systemic factors 
(Balsalobre et al., 2000; Brown et al., 2002; Guo et al., 2005; Vujovic et al., 2008) 
including hormonal release from the pituitary and through the autonomous nervous system 
(Kalsbeek et al., 2011). The daily rhythm in corticosterone release is regulated by circadian 
oscillations in the SCN and adrenal glands. The SCN controls the release of hypothalamic 
releasing factors and sets the sensitivity of the adrenal for these humoral factors via the 
autonomic nervous system (Kalsbeek et al., 2011) while the local adrenal clock modulates 
the daily rhythm in corticosterone release (Oster et al., 2006). The regulation of blood 
glucose concentration is another metabolic process tightly regulated by the circadian 
system. Synergistic sympathetic and parasympathetic inputs to the liver and pancreas are 
modified by the SCN to control fluctuations in plasma glucose concentration over the 
course of the day (Kalsbeek et al., 2011). Glucose release from the liver is stimulated by 
sympathetic activity prior to the active phase (Cailotto et al., 2005) while insulin release is 
reduced during the rest phase by inhibitory SCN outputs (Kalsbeek et al., 2008a).  
Further circadian control of metabolism is exerted through the regulation of gene 
expression in different organs (Kita et al., 2002; Storch et al., 2002; Panda et al., 2002a; 
Zambon et al., 2003). This local control of gene expression is believed to enable the 
optimal daily timing of a specific set of rhythmic genes for each organ. Circadian 
oscillators in peripheral organs receive time-of-day information from the SCN through 
direct neural and hormonal communication, feeding cues and body temperature rhythms 
resulting in a stable phase distribution of peripheral oscillators (Yamazaki et al., 2000; 
Stokkan et al., 2001; Brown et al., 2002; Buijs et al., 2003; Terazono et al., 2003; Guo et 
al., 2005; 2006; Vujovic et al., 2008; Buhr et al., 2010). 
 

Metabolic feedback on circadian clocks 
Experiments modulating metabolic state reveal the influence of metabolism on circadian 
rhythmicity. Changes in cellular metabolism have been shown to interact with the core 
translational-transcription loop (Bass and Takahashi, 2010). High NAD+/NADH ratios, 
signaling low intracellular energy levels, can modulate the core clock network in multiple 
ways (Rutter et al., 2001; Asher et al., 2008; Nakahata et al., 2008), resulting in altered 
clock gene expression (Asher and Schibler, 2011).  
A metabolically induced change in the circadian organization of behavior can be observed 
in the food anticipatory activity (FAA) induced by time-restricted feeding in rodents 
(Mistlberger, 1994; Stephan, 2002). FAA transiently re-entrains to changing mealtimes, 
persists during complete food deprivation and following SCN ablation (Stephan et al., 
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1979), showing that FAA is driven by an SCN-independent ‘food entrainable oscillator’ 
(FEO). Lesion studies aiming to identify the anatomical location of the FEO have been 
unsuccessful (reviewed in Davidson, 2009) leading to the hypothesis that the FEO consists 
of a dispersed network of oscillators (Davidson, 2009; Mistlberger, 2011).  
A number of experiments indicate that these different oscillators driving FAA are phase 
shifted by different signals, namely the timing of food and the energetic challenge resulting 
from reduced food intake, which is a crucial component of food restriction experiments 
inducing FAA (Challet and Mendoza, 2010). The importance of food timing in modulating 
the daily distribution of activity and rest has been demonstrated in experiments where ad 
libitum fed rodents received a timed palatable meal. Timing a palatable chocolate meal 
during the light phase to animals with ad libitum access to regular chow can induce FAA 
(Mistlberger and Rusak, 1987; Mendoza et al., 2005a; Verwey et al., 2007; Angeles-
Castellanos et al., 2008; Hsu et al., 2010) and this is associated with shifted gene 
expression in brain regions involved in the reward system (Mendoza et al., 2005a; Angeles-
Castellanos et al., 2007; Verwey et al., 2007; Waddington Lamont et al., 2007; Angeles-
Castellanos et al., 2008). The intensity of FAA induced by timed palatable food access is 
however much lower than that observed following complete food restriction, showing that 
the timing of food is not the only factor driving FAA.  
The energetic challenge presented by reducing food intake is another factor modulating the 
daily distribution of activity. Inducing FAA is typically accomplished by restricting food 
intake to 60-80% of ad libitum food intake and such reductions in food intake result in 
more pronounced FAA . To identify the effect of reduced food intake per se, we designed 
the ‘working for food’ (WFF) protocol. The WFF protocol reduces food intake by letting 
mice earn food at their own preferred time of day by running in a wheel. Increasing the 
workload reliably results in a diurnal activity pattern (Hut et al., 2011). Together, these 
experiments implicate energetic state of the animal as a modulating factor of the daily 
distribution of activity. This thesis aims to experimentally modulate the energetic state of 
mice to assess its influence on the daily timing of behavior.  
 

Thesis overview 
One of the main topics of this thesis is how the daily activity rhythm is shaped by 
environmental influences. The first chapter (Chapter 2) presents a review of existing 
literature for examples of temporal niche switching between and within species. The main 
focus of this review is the identification of environmental factors driving temporal niche 
switching. Based on these reported modulating factors, we proposed the circadian thermo-
energetics (CTE) hypothesis as a theoretical framework for understanding temporal niche 
switching in energetically challenged small mammals.  
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Figure 1.1 Thesis overview. The influence of different environmental factors on the daily timing of 
activity are assessed as well as the consequences of changes in the daily timing of activity.  
 
The isolated influence of energetic challenges on the daily distribution of activity is 
assessed in a number of laboratory experiments. The influence of energetic state on the 
daily distribution of activity of mice is tested experimentally in Chapter 3 by a 
combination of experiments in which energy intake is reduced and energy expenditure is 
increased. The importance of energetic challenges in modulating daily activity rhythms is 
further assessed in the ‘working for chocolate’ protocol which allows mice to earn a food 
reward without being energetically challenged (Chapter 4). Both of these chapters 
highlight how small mammals change their daily activity rhythm when energy becomes 
scarce. Conditions of easy energy availability were animals attempt to maximize their 
energetic turnover are assessed in Chapter 5. Here the behavioral adaptations to high 
ambient temperatures are measured in lactating common voles.  
The modulation of activity rhythms by energetic challenges is further assessed under semi-
natural conditions in Chapter 8. Mice living in outdoor enclosures exposed to natural 
fluctuations in light and temperature undergo manipulations of food availability to simulate 
conditions of food shortage. The influence of another environmental factor, namely the 
effect of changes in perceived predation risk, on daily activity rhythms is also studied in 
outdoor enclosures. The final chapter of this thesis deals with the regulation of seasonal 
rhythms (Chapter 9). The influence of photoperiod and the plant metabolite 6-MBOA, 
whose abundance peaks in spring, on the internal seasonal switch is measured in female 
common voles.  
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The mechanisms underlying plasticity in daily rhythms are explored in chapters 2, 3 and 4. 
Chapter 2 presents a number of theoretical mechanisms which might underly temporal 
niche switching and reviews morphological constraints limiting plasticity of activity 
rhythms. The mechanisms responsible for temporal niche switching in response to 
energetic challenges specifically are explored in a number of experiments in Chapter 3. 
First, the continued importance of the light-dark cycle for the entrainment of daily activity 
rhythms is shown in energetically challenged mice undergoing the WFF protocol. Second, 
the phase distribution of circadian clocks throughout the body is mapped, revealing a 
circadian re-organization of clocks in response to energetic challenges. Finally, the roles of 
the reward system and brain regions involved in metabolic regulation in shaping the daily 
distribution of activity are separated in Chapter 4.  
 
The consequences of temporal niche switching for daily energy expenditure and predation 
risk are assessed quantitatively in three chapters. The prediction of the CTE hypothesis that 
diurnality lowers energy expenditure is assessed in Chapter 3 using a model calculating 
daily energy expenditure based on the difference between outside and nest temperature 
rhythms. Chapter 6 extends this approach by presenting a fully quantitative model of the 
daily energy expenditure of mice under natural conditions. A combination of energetic 
measurements under laboratory conditions with outdoor measurements of natural nest 
insulation and outside chill is combined with daily temperature cycle information to 
calculate the daily energy expenditure of mice. This model is used to assess the energetic 
consequences of temporal niche switching and how these depend on the environment an 
animal is encountering. Finally, the model is used to predict the energetic benefits of 
diurnality in different European locations and on separate days to assess the influence of 
day-to-day changes in temperature cycles.  
The quantification of daily energy expenditure is then used to assess the optimal temporal 
niche for different combinations of foraging yield and day-night differences in predation 
risk (Chapter 7). Assuming that the animal is in metabolic balance, the active phase length 
of nocturnal and diurnal mice can be calculated for all possible foraging yields encountered 
under natural conditions. Reductions in active phase length enabled by diurnality have to 
be balanced against the changes in predation risk associated with this different temporal 
niche. The ultimate optimal temporal niche is therefore determined by calculating the daily 
predation risk of nocturnal and diurnal mice facing all possible combinations of foraging 
yield and day-night differences in predation risk. 
 
Finally, the synthesis chapter (Chapter 10) describes, based on experiments presented in 
this thesis, how plasticity in the daily timing of activity is driven by environmental factors 
and provides adaptive benefits to mammals subjected to changing environmental 
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conditions. The relevance of our findings for understanding the regulation of FAA by the 
FEO are discussed and possible mechanisms responsible for plasticity in the daily timing of 
activity are presented. Finally, a number of implications for humans of the studies 
presented here are discussed. 
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Abstract 
Time as an ecological niche variable or “temporal niche” can be defined in the context of 
the most prominent environmental cycles, including the tidal cycle, the lunar day and 
month, the solar day, and the earth year. For the current review, we focus on the 24-h 
domain generated through the earth’s rotation around its axis (solar day). The daily 
environmental cycles of light and temperature are a dominant ecological factor generating a 
variety of adaptations among animals. In this review, we describe these adaptations with a 
special focus on the visual system and on the adaptive plasticity of activity patterns. Our 
goals are: (1) Underscore the importance of the 24-h time axis as critical variable in the 
ecological niche. (2) Highlight cases of temporal niche switches at the evolutionary 
timescale (phylogenetic level). (3) Review temporal niche switching within an individual’s 
lifespan. (4) Evaluate possible underlying mechanisms for temporal niche switching. (5) 
Describe a new hypothesis of circadian thermo-energetics which may explain several cases 
of temporal niche switching in mammals. With this, we hope to inspire experiments under 
natural conditions or more complex laboratory environments, aimed to reveal 
environmental factors and mechanisms underlying specific temporal programs. 
 

Introduction 
More than half a century after G. Evelyn Hutchinson’s crisp definition of ecological niche 
as a multidimensional space delineated by the range of resources in which a species 
survives and reproduces (Hutchinson, 1957), “time” still struggles to make it into the list of 
critical niche orthogonal axes (Kronfeld-Schor and Dayan, 2003; 2008). Those of us 
studying how time shapes physiology and behavior take the inclusion of time in this 
multidimensional space for granted; after all, it is hard to imagine the survival of Arctic 
birds hatching just before the winter solstice or honeybees foraging at midnight. Yet, we 
feel that studies that have addressed which environmental factors and mechanisms shape 
this temporal niche deserve a closer look. 
The daily temporal niche of a species is usually defined as the time of day at which its 
individuals display locomotor activity. Thus, diurnality and nocturnality are defined as 
temporal patterns with activity, respectively, during daytime and nighttime. Similarly, 
crepuscularity is characterized by activity around dawn and dusk and cathemerality by 
activity both during the daytime and nighttime. These definitions have been biased to a 
great extent by the methodology to measure locomotor activity. For instance, measuring 
running-wheel activity may portray a different locomotor-activity pattern than patterns 
emerging from infrared-beam interruptions. The presence of a running wheel per se can 
even cause a shift in temporal distribution of locomotor activity as it is the case in Nile rats 
(Blanchong et al., 1999), degus (Kas and Edgar, 1999), Mongolian gerbils (Weinert et al., 
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2007), and golden spiny mice (Table 2.1; Cohen et al., 2009). Importantly, locomotor 
activity displayed by an animal under laboratory conditions may—regardless of the 
measurement method—represent the expression of different behavioral programs under 
natural conditions (Fig. 2.1). In other words, wheel running may reflect foraging behavior, 
predator avoidance, mate searching, or even escape behavior. Thus, it is important to define 
the conditions under which locomotor activity is measured and the methodology. 
 

 
Figure 2.1. Complexity of temporal distribution of behaviors. A complex scenario of behavioral 
programs is likely to be present in natural habitats. Multiple environmental cycles can act as 
Zeitgebers to entrain a master circadian pacemaker that in turn synchronizes peripheral oscillators. 
Specific Zeitgebers could also directly entrain peripheral oscillators and bypass the control by the 
master circadian pacemaker (dotted lines). Peripheral oscillators regulate specific physiological and 
behavioral outputs that could each have a different temporal niche. 
 
Circadian studies under narrow laboratory conditions have led to a dichotomous view of 
temporal niche in which animals display either nocturnal or diurnal phenotypes. However, 
the temporal programs under natural conditions, where environmental factors are more 
variable and the behavioral repertoire of an animal has a wider range, are likely more 
complex and more plastic. A classic example of this complexity is the locomotor-activity 
patterns migratory birds display in the laboratory. Most birds are diurnal and display 
behaviors such as foraging during the daytime; under laboratory conditions, this is usually 
manifested by increased locomotor activity during the light phase. During the migratory 
season, birds migrate during the night; under the proper photoperiod, this migratory activity 
is manifested in the laboratory as nocturnal restlessness (Gwinner, 1996; Bartell and 
Gwinner, 2005; Coverdill et al., 2008). This nocturnal locomotor activity can be 
distinguished from the activity birds display during the light phase by an experienced 
observer. However, an automatic locomotor-activity detection system would only portray a 
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bimodal pattern of activity but would provide no information about the respective 
behaviors each activity about represents. 
The temporal distribution of behavior can also shift under different environmental 
conditions. In fact, more and more examples of “temporal niche switches”, in which 
individuals of a species can switch from one temporal niche (e.g., nocturnality) to another 
(e.g., diurnality) are described both in nature and under laboratory conditions (Table 2.1; 
Mrosovsky and Hattar, 2005). Similarly, temporal niche switches occurred across 
phylogenetic branches of closely related groups. Moreover, within many taxa, these 
switches occur independently in different phylogenetic branches (e.g., Roll and Dayan, 
2006), indicating considerable changes in selective pressure on temporal niche phenotypes 
and consequently considerable adaptive plasticity in this trait. 
 

Temporal niche switching across phylogeny 
Evolutionary plasticity is limited, to a certain extent, by phylogenetic constraints. However, 
studies focusing on phylogeny as an evolutionary constraint limiting temporal niche 
switches are scarce. Here, we focus on mammalian taxa for which a phylogenetic 
framework has been used to map temporal niches. 
 

The mammalian nocturnal bottleneck 
The nocturnal bottleneck hypothesis (Young, 1962; Crompton et al., 1978; Foster and 
Menaker, 1993; Heesy and Hall, 2010) proposes that all mammals share a common 
nocturnal ancestor. Endothermic mammals evolved from ectothermic reptiles during the 
Mesozoicum between 205 and 65.5 mya. The first mammal-like species are thought to have 
evolved endothermia in order to occupy the nocturnal temporal niche to avoid ectothermic 
predators and competitors that were tied to the diurnal temporal niche because of their need 
for behavioral body temperature regulation through ambient temperature (Crompton et al., 
1978). The term “bottleneck” indicates that all mammalian taxa decent from species that 
faced a common selective pressure favoring nocturnality. 
The main arguments in favor of the nocturnal bottleneck hypothesis are threefold: (1) most 
current mammalian species seem to be nocturnal in their behavior (Roll and Dayan, 2006), 
(2) mammals have developed endothermia in order to occupy the nocturnal niche, and (3) 
most mammals have a rod dominated visual system (Table 2.2) and several cone types 
(except S and M cones) were lost in mammals, indicating specialization toward a nocturnal 
life style. 
 
  



 19 

Table 2.1. Examples of temporal niche switching in different species. 

Species  TNS Cause Con References 

House mouse Mus musculus N > D Natural conditions F Daan et al., 2011 

House mouse Mus musculus N > D Reduced food intake L Hut et al., 2011 

House mouse Mus musculus N > D Photoreceptor 
ablation 

L Mrosovsky and Hattar, 2005;  
Doyle et al., 2008 

House mouse Mus musculus N > D Subthreshold light L Doyle et al., 2008 

House mouse Mus musculus N > D Metabolic demand L Perrigo, 1987; 1990 

Golden spiny 
mouse 

Acomys russatus N > D Interspecies 
competition 

F Shkolnik, 1971 

Golden spiny 
mouse 

Acomys russatus N > D lab conditions F/L Levy et al., 2007 

Common 
vole 

Microtus arvalis N > Da Winter F Erkinaro, 1969 

Common 
vole 

Microtus arvalis D > Ca Spring F Lehmann and Sommersberg, 1980 

Field vole Microtus agrestis N > Da Winter F Erkinaro, 1969; Baumler, 1975 

Field vole Microtus agrestis N > A Cage size reduction L Lehmann, 1976 

Montane vole Microtus 
montanus 

N > D Short photoperiod F Rowsemitt et al., 1982 

Tundra vole Microtus 
oeconomus 

N > Da Winter F Erkinaro, 1969 

Syrian 
hamster 

Mesocricetus 
auratus 

N > C, 
D 

Natural conditions F/L Gattermann et al., 2008 

Desert 
hamster 

Phodopus 
roborovskii 

N > Nb interspecies 
competition 

F Scheibler and Wollnick, 2011 

Mongolian 
gerbil 

Meriones 
unguiculatus 

D > N Running wheel L Weinert et al., 2007 

Kangaroo rat Dipopomys 
spectabilis 

N > D Drought conditions F Lockard, 1978 

Ord’s 
kangaroo rat 

Dipodomys ordii N > D Drought conditions F Boal and Giovanni, 2007 

Rat Rattus norvegicus N > N, 
Dc 

Lactation L Strubbe and Gorissen, 1980 

Rat Rattus norvegicus N > D Natural conditions F/L Fenn and MacDonald, 1995 
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Species  TNS Cause Con References 

Rat Rattus norvegicus N > D Predation F Fenn and MacDonald, 1995 

Rat Rattus norvegicus N > D Hypothalamic lesion L Richter, 1978 

Rat Rattus norvegicus A > D Development L Honma and Hiroshige, 1977 

N. American 
beaver 

Castor canadensis N > FR Winter F Potvin and Bovet, 1975;  
Bovet and Oertli, 1992 

Rabbit Oryctolagus 
cuniculus 

N > D Predation F Bakker et al, 2005 

Degu Octodon degus D, C > 
N, C 

Lab, conditions, 
running wheel 

F/L Fulk, 1976; Bacigalupe et al., 2003; 
Garcia-Allegue et al., 1999; Kas and 
Edgar, 1999 

Degu Octodon degus D > N High temperature L Vivanco et al., 2010b; Hagenauer and 
Lee, 2008; Refinnetti, 2006; 2008 

Coruro Spalacopus cyanus D > N Lab conditions F/L Ocampo-Garces et al., 2006;  
Begall et al., 2002 

Tuco tuco Ctenomys cf. 
knighti 

D > N Lab conditions F/L Tomotani et al., 2011 

Blind mole 
rat 

Spalax ehrenbergi D > N High temperature, 
summer 

F Kushmirov et al., 1998;  
Oster et al., 2002 

Reindeer Rangifer taradus D > U Loss of LD cycle F van Oort et al., 2007 

Roe deer Capreolus 
capreolus 

C, N > 
C, D 

Winter F Bubenik, 1960 

Coyote Canis latrans N, D > 
Nd 

Hunting F Kitchen et al., 2000 

Bat-eared fox Otocyon megalotis D > N High temperature F Lourens and Nel., 1990 

Geoffroy’s 
cats 

Leopardusgeoffroy
i 

N > D Food shortage F Pereira, 2010 

Owl monkey Aotus azarai C > N Moonlight F Fernandez-Duque et al., 2010 

Human Homo sapiens; 
infant 

A > D Development F Kleitman and Engelmann, 1953 

Whiskered 
bat 

Myotis mystacinus N > D Spring, autumn F Nyholm, 1965 

Vampire bat Desmodus 
rotundus 

LN <> 
EN 

Moonlight avoidance F Turner, 1975 

Leaf nosed 
bat 

Artibeus lituratus LN <> 
EN 

Moonlight avoidance F&L Erkert, 1974; Haussler and Erkert, 1978 
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Species  TNS Cause Con References 

Fat-tailed 
dunnart 

Sminthopsis 
crassicaudata 

N > D Winter F/L Warnecke et al., 2008;  
MP Gerkema personal communication 

Green toad Bufo viridis N > D Rainfall F RA Hut personal observation 

Cane toad, 
metamorphs 

Bufo marinus D, N > 
De 

Cannibalism L Pizzatto et al., 2008 

Atlantic 
salmon 

Salmo salar A > N Low temperature F&L Fraser et al., 1995; Eriksson, 1973 

Atlantic 
salmon 

Salmo salar N > D Reduced growth L Metcalfe et al., 1999 

Atlantic 
salmon 

Salmo salar N > D Growth demand L Metcalfe et al., 1998 

Atlantic 
salmon 

Salmo salar D > C > 
N 

Winter > summer L Eriksson, 1973 

Brown trout Salmo trutta trutta D > C > 
N 

Winter > summer L Eriksson, 1973 

Golden-lined 
rabbit fish 

Siganus lineatus D > N Shore > reef F Fox and Bellwood, 2011 

Mediterran 
ean lobster 

Nephrops 
norvegicus 

N > D Deep water (>220 m) F Chiesa et al., 2010 

Fruitfly Drosophila 
melanogaster 

C > N Short photoperiod, 
low temperature 

L Dubruille and Emery, 2008 

Fruitfly Drosophila 
melanogaster 

C, D > 
C, N 

Moonlight L Kempinger et al., 2009 

Midge Chironomus 
thummi 

N > D Low temperature F&L Kureck, 1979 

Seed-
harvesting 
ants 

Pheidole spp. D > N, 
C 

High temperature F Whitford et al., 1981 

TNS, temporal niche switch; Con, condition; F, field study; L, lab study; F/L, comparison between 
field and lab study; F&L, effect observed in field and lab. Switch in the dominant temporal niche 
indicated as N, nocturnal; D, diurnal; C, crepuscular; U, ultradian rhythms with no diurnal/nocturnal 
preference; A, arrhythmic; FR, free running circadian rhythm; LN, late night active; EN, early night 
active. 
aStrong ultradian organization of activity always in either temporal niche preference. 
bEarlier-nocturnal activity. cIncreased-diurnal feeding. dReduced-diurnal activity. eReduced-nocturnal 
activity. 
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The mass extinction of dinosaurs at the end of the Mesozoicum (65.5 mya; Cretaceous–
Paleogene extinction event or K/Pg boundary, also called the Cretaceous–Tertiary 
extinction event or K–T boundary) opened the way for mammalian species to diversify 
their temporal niches. Diurnality and other forms of temporal niche exploitation emerged 
through evolutionary radiation and all known temporal niche patterns in mammals were 
probably present by the end of the Eocene (37 mya) when most modern mammalian taxa 
had evolved. 
 
Table 2.2. Dominant temporal niche and cone photoreceptor percentages. 

Species  DTN Cone (%) References 

European ground squirrel Spermophilus citellus D 97 Szel and Rohlich, 1988 

Mexican ground squirrel Ictidomys mexicanus D 95-96 West and Dowling, 1975 

13-lined ground squirrel Ictidomys tridecemlineatus D 95-96 West and Dowling, 1975 

Tupaia Tupaia belangeri D 95 Muller and Peichl, 1989 

Black-tailed prairie dog Cynomys ludovicianus D 90 West and Dowling, 1975 

California ground squirrel Otospermophilus beecheyi D 85 Kryger et al., 1998 

Eastern grey squirrel Sciurus carolineus D 60 West and Dowling, 1975 

Nile grass rat Arvicanthus niloticus D, C 34-40 Gaillard et al., 2008 

Degu Octodon degus D, N 32 Jacobs et al., 2003 

Plains pocket gopher Geomys bursarius N, D 25 Feldman and Philips, 1984; 
Benedix, 1994 

Talas tuco tuco Ctenomys talarum D, N 14-31 Schleich et al, 2010 

Magellanic tuco tuco Ctenomys magellanicus D, N 10-31 Schleich et al, 2010 

Agouti Dasyprocta aguti D, N 10-20 Rocha et al., 2009 

Pig Sus  scrofa domestica D, N, C 10-20 Hendrickson and Hicks, 2002 

Guinea pig Cavia porcellus C, A 8-17 Peichl and Gonzalez-Soriano, 1994 

Mongolian gerbil Meriones unguiculatus N, D 13 Govardovskii et al., 1992 

European mole Talpa europaea A, U 10-12 Glosmann et al., 2008 

Ansell’s mole rat Cryptomys anselli N, D, A 10 Peichl et al., 2003 

Giant mole rat Cryptomys mechowi N, D 10 Peichl et al., 2003 

Coruro Spalacopus cyanus N, D  10 Peicl et al., 2005 
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Species  DTN Cone (%) References 

Common shrew Sorex araneus A, U 6-13 Peichl et al., 2000; Crowford, 1953 

Greater white-toothed 
shrew 

Crocidura russula N  5-6 Peichl et al., 2000; Crowford, 1953 

Human Homo sapiens D  4,7 Curcio et al., 1990 

Fraser’s musk shrew Crocidura poensis N  4-5 Peichl et al., 2000 

Rabbit Oryctolagus cuniculus N, D, C  4 Peichl, 1997 

Mouse Mus musculus N  3 Carter-Dawson and LaVail, 1979 

Lesser hedgehog, tenree Echinops telfairi N  1.5-2.3  Peichl et al., 2000 

Rat Rattus norvegicus N  1 LaVail, 1976; Szel and Rohlich, 
1988 

Eastern woolrat Neotoma floridana N  1 Feldman and Philips, 1984 

Mouse opossum Thylamys elegans N  0.4-1.2 Palacios et al., 2010 

Cones are functional at higher light intensities than rods and therefore thought to be indicative of 
diurnal vision. Consequently, cone densities, as percentage of the total number of photoreceptors in 
the whole retina, may indicate the dominant temporal niche of a species. DTN, dominant temporal 
niche; D, diurnal; N, nocturnal; C, crepuscular; A, arrhythmic; U, ultradian. 
 
Several arguments against the nocturnal bottleneck hypothesis can be raised. First, 
ectothermia is not exclusively linked to diurnal behavior. Geckos, for instance, are small 
ectothermic reptiles that hunt for prey during the night. Second, it is debatable whether all 
dinosaurs were ectotherms. The arguments indicating that dinosaurs during the 
Mesozoicum may have evolved forms of endothermic capacity include the discovery of 
insulating feather structures, fossils of breeding dinosaurs in arctic regions suggesting heat 
transfer from adults to offspring, raised body posture, fibrolamellar skeletal bone structure, 
and the presence of nasal turbinate structures (Nespolo et al., 2011). Even without 
endothermia, large dinosaurs may have been able to retain enough body heat to support 
activity during the night through “inertial homeothermy” or “mass homeothermy”. Third, 
intra-ocular and orbital bone sizes indicate that several dinosaur species—including 
relatively small, feathered predatory Theropoda like Velociraptor—seemed to have had eye 
shapes that facilitate nocturnal vision (Schmitz and Motani, 2011). 
Taken together, it seems probable that the nocturnal bottleneck indeed has occurred in early 
mammals. Recent evidence, however, seems to indicate that potential predators of these 
early mammals (like some Therapoda species) may have responded to this novel invention 
of mammalian nocturnal activity by developing endothermic capacities, enabling these 
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dinosaurs to also exploit the nocturnal niche (as indicated by changes in eye morphology). 
This leads to the interesting conclusion that, already during the Mesozoicum (i.e., before 
the great extinction of the dinosaurs), the mammalian nocturnal bottleneck triggered an 
evolutionary arms race between predator and prey for temporal niche occupation. This in 
turn may have led to considerable adaptive plasticity in temporal niche usage among the 
earliest mammals. 
 

Temporal niche switching in mammals 
Rodents 
A literature survey of activity patterns of 700 rodent species found that activity patterns at 
the family level are significantly different from the expected random patterns, emphasizing 
the strong relationship between intrafamily taxonomic affiliation and daily activity patterns. 
Large families (Muridae and Sciuridae) analyzed by subfamilies and tribes showed a 
similar but stronger pattern than that of the family level. The researchers concluded that 
phylogeny constrains the evolution of activity patterns in rodents and may limit their ability 
to use the time niche axis for ecological separation (Roll and Dayan, 2006). Nevertheless, 
there are some striking examples of temporal niche dichotomy within relatively small taxa. 
For instance, ground squirrels form a species group which is typically exclusively diurnal. 
European ground squirrels (Spermophilus citellus), unlike diurnal birds, are not even active 
around dawn and dusk, but appear above ground ~3 h after sunrise and retreat below 
ground ~3 h before sunset (Hut et al., 1999b). In stark contrast to this extreme diurnal 
phenotype are flying squirrels, an example of strictly nocturnal Sciuridae (DeCoursey, 
1960; 1986). 
 
Primates 
The temporal niche of primates ranges from diurnality to nocturnality with many species 
showing “cathemeral” patterns of activity. Although the term cathemeral has been widely 
accepted in the primatology literature, a careful analysis of so-called cathemeral patterns of 
activity indicates that these patterns are crepuscular, with varying degrees of nocturnality 
and diurnality, which is in many cases determined by environmental factors (see 
Luminance and Temporal niche switching). Strepsirhine primates (lemurs and lorisiforms) 
are predominantly nocturnal. Haplorhine primates (tarsiers, monkeys, and apes), in 
contrast, are predominantly diurnal, with two genera representing the nocturnal exception: 
Tarsius (tarsiers) and Aotus (owl monkeys). Thus, owl monkeys represent a remarkable 
exception among anthropoid primates (Old World monkeys, New World monkeys, apes, 
and humans), as the only nocturnal genus. Because strepsirhine primates and tarsiers are 
typically nocturnal and both groups show more primitive features than anthropoid primates, 
it is traditionally believed that the ancestral Eocene primate was probably nocturnal (Martin 
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and Ross, 2005). This notion, however, has been challenged by molecular evolution studies 
of the S-opsin, which usually shows relaxed selection in nocturnal species, of several 
tarsiers and lemurs (Tan et al., 2005). The authors show great variability in the degree of 
relaxed selection among nocturnal species, suggesting that nocturnality has emerged at 
different times and multiple times among nocturnal primates, and that the ancestral primate 
may have been diurnal or cathemeral. Regardless of the temporal niche of the ancestral 
primate, it is likely that nocturnality–diurnality switches, and diurnality–nocturnality 
switches have emerged independently and multiple times throughout primate evolution 
(Ankel-Simons and Rasmussen, 2008), and this is consistent with the multiple mechanisms 
that could potentially lead to niche switches. 
 

Temporal niche switching within species 
Changes in the daily temporal niche have been reported in a wide range of animals. These 
changes can be associated with environmental cycles such as seasons and lunar month, 
with development and aging, and with changing ecological factors such as the presence of 
competitors, prey, or predators. The golden spiny mouse (Acomys russatus) seems to be 
forced to the diurnal niche under natural conditions, possibly through resource competition 
with the common spiny mouse (Acomys cahirinus). When golden spiny mice are placed 
under laboratory conditions, they immediately switch back to the nocturnal niche (Fig. 2.2; 
Levy et al., 2007). Many such cases of temporal niche switching are briefly summarized in 
Table 2.1. Here, we limit our discussion to environmental determinants of niche switches, 
both in laboratory and in field settings. Social determinants of niche switches, such as inter- 
and intraspecific interactions are reviewed by (Castillo-Ruiz et al., 2012). 
 

 
Figure 2.2. Temporal niche switching in golden spiny mice: field versus laboratory. Two examples of 
temporal niche switching in golden spiny mice. When the animals were taken from the field to the 
laboratory under continuous dim light to assess the phase of their activity rhythm, they show a clear 
switch from diurnal activity in the field to nocturnal activity in the lab. 
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Luminance and temporal niche switching 
The Mediterranean lobster (Nephrops norvegicus) represents a unique case of diurnal–
nocturnal temporal niche switching. These animals show nocturnal emergence from their 
burrows and foraging during the night when they live in the shallow sea shelf (10–50 m 
deep), they have a crepuscular phenotype on the lower shelf (50–200 m deep), and they are 
diurnal in the deeper slope (200–400m deep; Table 2.1). Whereas fishermen trolling for 
this commercially important species had long recognized this depth-dependent temporal 
niche switch (reviewed in Aguzzi and Sarda, 2008), a recent study has shown that light–
dark (LD) cycles that, respectively, mimic the brighter blue light of the shallow waters and 
the dimmer blue light of the deeper slope are sufficient to determine the nocturnal and 
diurnal phenotypes (Chiesa et al., 2010). Although similar experiments have not been done 
in other species with wide ocean-depth ranges, it is likely that the dramatic changes in light 
intensity and wavelength across water depths represent a key determinant of temporal niche 
in other species that inhabit the continental margin. 
Nocturnal species depending on vision may use moonlight to increase their foraging 
success. In fact, most nocturnal mammals rely on moonlight, and nocturnal dim light 
stimulates their locomotor activity. In these species, nocturnal activity patterns can often be 
synchronized with moon phases (Erkert, 2008). In the southernmost owl monkey (Aotus 
azarai), this moonlight dependence leads to predictable temporal niche switches with 
striking nocturnal activity during moonlit nights and crepuscular activity during new moon 
nights (Table 2.1, Fernández-Duque et al., 2010). In contrast to the stimulatory effects of 
moonlight on locomotor activity in nocturnal primates and rodents, bats, which rely more 
on echolocation than on vision, seem to avoid the moonlit part of the night (Erkert, 1974; 
Turner, 1975; Haeussler and Erkert, 1978). This behavior could increase their foraging 
success by timing hunting when their prey exhibits minimal avoidance behavior and also 
by reducing the risk of being predated upon. 
 

Ambient temperature and temporal niche switching 
In general, temperature differences in the terrestrial environment are much higher than in 
the buffered aquatic environment. Many ectothermic species may need the high daytime 
temperatures to augment their body temperature in order to facilitate locomotor activity. In 
doing so, they face the potential problem of increased evaporative water loss. These effects 
of temperature can explain why amphibians (with high evaporative water loss through their 
skin) in general choose the nocturnal niche for terrestrial locomotion, while reptiles (with 
reduced evaporative water loss through their scaled skin) choose the diurnal niche and even 
start their active phase with thorough sun basking in the morning. The terrestrial green toad 
(Bufo viridis) escapes daytime high temperatures on the Hungarian puszta plains by hiding 
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in abandoned ground squirrel burrows (Hut and Scharff, 1998). Rainfall allows this animal 
to emerge above ground in daytime, sometimes in extremely high numbers (Table 2.1, RA 
Hut, personal observation). A more subtle response to temperature was described in the 
midge (Chironomus thummi), which emerges from the water at dusk to swarm and 
reproduce at night. Colder water temperatures, however, trigger dawn emergence and 
daytime swarming. The low water temperature is apparently used by the insects as an 
indicator for night temperatures being too low to swarm and successfully reproduce (Table 
2.1, Kureck, 1979). The bat-eared fox (Otocyon megalotis) of the South African deserts 
forages during the night in the summer when midday soil temperatures reach 70 oC and 
during the day in the winter when night air temperatures drop to 10 oC (Lourens and Nel, 
1990). Desert seed-harvesting ants forage during the day in winter but avoid the heat of 
summer by foraging crepuscularly, nocturnally, or on cloudy days (Whitford et al., 1981). 
Several rodent species switch activity patterns between seasons, apparently for 
thermoregulatory reasons. For example, montane voles (Microtus montanus) become more 
diurnal during the winter (Rowsemitt et al., 1982). Similarly, the subterranean mole rat 
(Spalax ehrenbergi) is predominantly diurnal during winter but predominantly nocturnal 
during summer (Kushnirov et al., 1998; Oster et al., 2002), a behavioral switch which 
seems to be regulated at the molecular light input pathway of the core clock mechanism 
(Oster et al., 2002). Also, degus that are maintained at cooler temperatures (e.g., 18 oC) 
with food ad libitum, demonstrate diurnal rhythms in temperature and locomotor activity, 
whereas degus that are maintained under the same conditions but at more standard animal 
room temperatures (21–23 oC) shift to more crepuscular or nocturnal patterns (Hagenauer 
and Lee, 2008). Interestingly, in the field, there is no evidence of degus ever leaving their 
shelters at night. These data suggest that apart from thermoregulatory costs associated with 
ambient temperature, animals also integrate other variables like risk of predation, poor 
nocturnal eyesight, or other variables that may shape activity patterns (Jesseau et al., 2009). 
 

Factors limiting temporal niche switches 
Factors limiting temporal niche switches may be divided into internal (the organism 
anatomy and physiology, such as its sensory and thermoregulatory capabilities) and 
external (environmental conditions, both biotic and abiotic). As in the case of the factors 
leading to temporal niche switches, factors limiting temporal niche switches can be 
associated with environmental factors, and with inter- and intraspecies interactions. The 
latter are reviewed by Castillo-Ruiz et al. (2012). 
Day and night differ in many environmental factors other than light levels (e.g., 
temperature, humidity), and therefore expose animals to different challenges that require 
different anatomical, physiological, and behavioral adaptations. Diurnal animals usually 
use vision for predatory avoidance and foraging, while nocturnal animals use tactile 
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probing, smell, and hearing. Communication is usually through sound and olfaction in 
nocturnal animals (and also, although rarely, through bioluminescence). Nocturnal animals 
may use camouflage (e.g., moths or night jars) and burrowing for concealment from their 
diurnal predators during the day, whereas diurnal animals on the other hand use visual 
signals or even conspicuous aposematic coloration (Daan, 1981). All these complex 
adaptations to the specific temporal niche may limit temporal niche switches. Here, we 
focus on some properties of the visual system, the sensory system mostly studied in the 
context of adaptation to the nocturnal or diurnal temporal niche. 
 

Visual adaptations to specific temporal niches 
Night- and day-adapted vision 
Because the activity pattern within an individual may show considerable plasticity, it may 
not be the best parameter to determine the dominant temporal niche phenotype for longer 
time scale evaluations. Physiological and anatomical determinants for temporal niche usage 
likely integrate over a much longer time frames (generations) than individual activity 
patterns do. The best candidate for such a determinant is likely to be found in the eye, since 
this organ is specifically adapted to light levels that range—in up to five orders of 
magnitude—between the darkness of the night and the bright light during the day. These 
visual adaptations can take place at the anatomical, physiological, or molecular level to 
define a generally nocturnal or diurnal life style for a specific species. 
The adaptive value of a temporal niche will likely present trade-offs due to selective forces 
that act upon specific physiological and anatomical systems. For instance, in a species 
forced to become diurnal to escape nocturnal predators new physiological and behavioral 
strategies may need to be selected to cope with activity at the warmer phase of the day. The 
most prominent and predictable environmental variable that may exert selective pressure in 
association with specific temporal niches is the dramatic change in luminance across the 
24-h day. Several studies have focused on adaptations of the visual system as key features 
of evolutionary adaptation to specific temporal niches. 
The large majority of reef fish families are primarily diurnal. Nocturnality has been 
observed in at least 13 families across teleost reef fishes (reviewed in Schmitz and 
Wainwright, 2011). An analysis of morphological traits of the eyes in 265 species of teleost 
reef fish in 43 different families (Schmitz and Wainwright, 2011) revealed that the eye 
morphology of nocturnal reef teleosts is characterized by better light sensitivity, resulting 
from large relative eye size, high optical ratio, and large, rounded pupils. Improved dim-
light image formation comes at the cost of reduced depth of focus and reduction of 
potential accommodative lens movement. Diurnal teleost reef fish have much higher 
morphological and optical diversity than nocturnal species, with large ranges of optical 
ratio, depth of focus, and lens accommodation. The authors suggest that the trade-off 
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between improved dim-light vision and reduced optical diversity may be a key factor in 
explaining the lower trophic diversity of nocturnal reef teleosts. Thus, it is likely that the 
trade-off associated with nocturnal vision may represent a limiting factor for evolutionary 
radiation in nocturnal taxa. 
Several studies on different taxonomic groups tested the effect of switching from diurnal; 
vision based foraging, to nocturnal foraging, showing that low light levels can constrain 
visual abilities and reduce foraging success. For example, the common murre (Uria aalge), 
a diurnal, diving predator seabird, extends its activity to the night during the breeding 
season. Diving depths decreased with decreasing nocturnal light levels, probably 
decreasing foraging efficiency (Regular et al., 2011). Juvenile salmonids are visual 
foragers; they switch from being predominantly diurnal for most of the year to being 
nocturnal in winter. Their foraging efficiency is high at light intensities down to those 
equivalent to dawn or dusk but drops markedly at lower levels of illumination; even under 
the best night condition (full moon and clear sky), the feeding efficiency is only 35% of 
their diurnal efficiency (Fraser and Metcalfe, 1997). 
In the nocturnal house mouse, the retina is dominated by rods but also contains 3% cones 
(Table 2.2). This suggests that the mouse retina retained diurnal visual function. Indeed, at 
the functional level, Cameron et al. (2008) described increased cone functionality in the 
subjective day and increased rod functionality during the subjective night. This indicates 
that an endogenous circadian clock prepares the mouse retina for visual function during 
daytime. The existence of this daytime visual response indicates that phenotypic plasticity 
for temporal niche switching on the behavioral level might have generated enough selective 
advantage to retain some form of diurnal vision in this predominantly nocturnal species. 
 
Eye properties: Rod-cone densities, visual acuity, and sensitivity 
The extreme diurnal life style in ground squirrels is associated with two properties of their 
eyes: the rod/cone ratio and the spectral filtering properties of the lens. The European 
ground squirrel retina contains virtually only cone photoreceptors (97%; Szél and Röhlich, 
1988). Such extreme rod/cone ratios are only found in diurnal mammals, but the reverse 
conclusion that lower cone percentages are always associated with nocturnality, cannot be 
drawn. Much lower retinal cone percentages can be found in other species which also 
display a diurnal preference, and indeed, they may approach, or even overlap with, cone 
percentages found in nocturnal species (~10%, Table 2.2). Some of these diurnal species 
with relative low cone percentages have a clear overrepresentation of cones in the central 
retina, either in an elongated region called the visual streak or in a central area called the 
macula. These areas are tuned to high acuity cone vision and can be found in mammals, 
birds, amphibians, and reptiles (Rodieck, 1973). Within the macula, some species have a 
small indent or pit, packed with cone photoreceptors to further increase the acuity in a 
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small central area of the visual field. This structure is called the fovea and can be found in 
primates (including humans) and birds, which may have two or even three foveae. High 
density cone areas like the macula and the fovea can be seen as an adaptation to the diurnal 
niche. In fact, most nocturnal haplorhines (Tarsius and Aotus), which likely share a diurnal 
ancestor with diurnal haplorhines, have a fovea; although in Aotus individuals, it may be 
absent (Martin and Ross, 2005). 
A study comparing the retinal structure and composition of golden spiny mice (A. 
russatus), which are diurnal at their natural habitat when this is shared with the nocturnal 
common spiny mice (A. cahirinus), found that photoreceptor cells of both species were 
uniform in shape and tightly packed, and they conformed mainly to the morphology of rods 
(Kronfeld-Schor et al., 2001). This could indicate that no obvious anatomical adaptation to 
the diurnal life style has been found in the retina of this species so far. Accordingly, golden 
spiny mice prefer to forage under boulders, where light intensities are low (22–47 lux; 
(Kronfeld-Schor et al., 2001). These results suggest that the response of the golden spiny 
mice to become diurnal is either due to the phenotypic plasticity of this species or that the 
diurnal life style is a relatively recent evolutionary adaptation. 
The increased visual acuity conveyed by structures like the macula and fovea would 
obviously be advantageous for nocturnal species as well. However, these structures require 
a reduced pupil diameter to restrict the incoming images from the paraxial regions, and a 
reduced pupil diameter is not something nocturnal animals can afford as it would reduce 
the light-gathering ability of the eye (Heesy and Hall, 2010). The way in which nocturnal 
animals increase visual acuity is by increasing the visual field overlap between eyes 
(reviewed in Martin and Ross, 2005; Heesy and Hall, 2010). This not only conveys higher 
acuity but also increases luminance detection because each point in the binocular visual 
field will gather twice as many photons as a point in the monocular field. 
The presence of a tapetum lucidum is seen as an important adaptation to nocturnal life. The 
tapetum is a membrane located behind the retina that reflects back the light that has gone 
through the retinal cell layers, increasing light detection by photoreceptor cells. A tapetum 
is typically present in nocturnal species, such as most strepsirhine primates. Interestingly, 
there is a wide variation in the anatomy and histology of the tapetum, indicating that it is an 
analogous organ that has evolved multiple times from widely different cell types in the eye 
(Tan et al., 2005). 
 
Eye properties: Spectral filtering and UV protection 
Eyes of diurnal species are under permanent photooxidative stress from UV radiation 
(Ringvold et al., 2000a). It is thought that various levels of yellowish coloration of the 
mammalian eye lens shields the retina from the (DNA) damaging effects of short-
wavelength light (ultraviolet and blue-violet; below ~450 nm). Lenses of different species 
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may exhibit different amounts of coloration resulting in different spectral filtering 
properties. The coloration occurs because of the interaction of crystallines with a UV filter 
compound, 3-hydroxykynurenine glucoside. Hence, the mammalian eye lens could be 
viewed as a low-pass filter with a species specific cutoff value that relates to the species 
specific life style in the nocturnal–diurnal gradient. 
 

 
Figure 2.3. Cone percentages and lens filtering property relate to dominant temporal niche. 
Percentage of cones of total number of photoreceptors in the total retina plotted against lens filtering 
cutoff wavelength (in nm) correlate with each other such that diurnal animals are positioned in the top 
right corner (with the exception of humans) and nocturnal animals in the bottom left corner. Data 
taken from Tables 2.2 and 2.3, symbol fills correspond to dominant species specific temporal niche. 
EGS, European ground squirrel; PD, prairie dog; MGS, Mexican ground squirrel; TLGS, 13-lined 
ground squirrel; CGS, California ground squirrel; A, agouti; GS, gray squirrel (Western and Eastern); 
H, human; GP, guinea pig; D, degu; TTT, Talas tuco tuco; R, rat; C, cururo; MTT, Magellanic tuco 
tuco. 
 
Ground squirrel eyes typically have lenses that appear deep yellow to the human eye, 
indicating stronger filtering properties in the blue region of human visible light spectrum. 
Indeed, short-wavelength blue light that is not absorbed by the human lens (cutoff 445nm) 
is shown to be absorbed by the ground squirrel lens (cutoff 493 nm; Hut et al., 2000). In 
contrast, nocturnal animals like the Syrian hamster have a cutoff value ~340 nm, allowing 
UV-A light penetration to the retina (Table 2.3). The lens filtering property in the 300–500 
nm spectral band seems to reflect the long-term dominant temporal niche usage of a species 
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(Fig. 2.3). This lens filtering property is relatively easy to measure; it has a low within 
species variance and is easier to interpret than complex retinal properties like photoreceptor 
distributions (Table 2.3; Fig. 2.3). As such, it can be a useful tool for the evaluation of 
temporal niche switching within individuals. 
 
Table 2.3. Filtering properties of the eye lens relative to the species specific temporal niche. 

Species  DTN Lens cutoff 
(nm) 

References 

European ground squirrel Spermophilus citellus D 493 Hut et al., 2000 

Black-tailed prairie dog Cynomys ludovicanus D 482 Yolton et al., 1974 

Mexican ground squirrel Ictidomys mexicanus D 478 Jacobs and Yolton, 1971; Yolton et al., 
1974 

Golden mantled ground 
squirrel 

Callospermophilus 
lateralis 

D 471 Yolton et al., 1974 

13-lined ground squirrel Ictidomys 
tridecemlineatus 

D 470 Chou and Cullen, 1984; Yolton et al., 
1974 

California ground squirrel Spermophilus beecheyi D 464 Jacobs et al., 2003 

Agouti Dassyprocta aguti D, N  460 Peichl, 1997 

Western gray squirrel Sciurus griseus D  447 Yolton et al., 1974 

Human (32 years) Homo sapiens D  445 Stockman et al., 1999 

Guinea pig Cavia porcellus C, A  410 Zigman, 1983 

Degu Octodon degus D, N  378 Jacobs et al., 2003 

Talas tuco tuco Ctenomys talarum D, N  370 Schleich et al., 2010 

Rat Rattus norvegicus N 343 Jacobs et al., 2003 

Syrian hamster Mesocricetus auratus N 341 Hut et al., 2000, Brainard et al., 1994 

Coruro Spalacopus cyanus N, D 330 Peichl et al., 2005 

Magellanic tuco tuco Ctenomys magellanicus D, N  325 Schleich et al., 2010 

European mole Talpa europaea A, U 310 Glosmann et al., 2008 

The eye lens absorbs short-wavelength light below a certain wavelength in the UV/blue band to 
protect the retina from tissue damaging properties of high-energy short-wavelength light present 
during daytime. The wavelength at which transmission is reduced to 50% of the maximal 
transmittance is presented as lens cutoff value (in nm). DTN, dominant temporal niche; D, diurnal; N, 
nocturnal; C, crepuscular; A, arrhythmic; U, ultradian. 
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Eye properties: Ascorbic acid concentration 
Another possible mechanism for protecting the eye from UV radiation damages is high 
concentrations of ascorbic acid in the aqueous humor (Ringvold, 1980). High 
concentrations of ascorbic acid in the aqueous humor of the eye—20–40 times higher than 
in the plasma—was reported in many diurnal species including humans, antelopes, tree 
shrews, golden spiny mice, and rhesus monkeys. Conversely nocturnal mammals, including 
the slow loris, fruit bats, cats, common spiny mice, and owl monkeys have a concentration 
similar to that in plasma (Ringvold, 1980; Reiss et al., 1986; Koskela et al., 1989). 
Interestingly, such a trend was absent in nocturnal and diurnal birds, which apparently use 
a different mechanism for UV protection. The end product of nitrogen metabolism in birds 
is uric acid, which similarly to ascorbic acid, is a powerful UV radiation absorber. 
Mammals, and especially diurnal species, have high concentration of ascorbic acid and low 
concentration of uric acid in their aqueous, while birds have low concentration of ascorbic 
acid and high concentration of uric acid in their aqueous (Ringvold et al., 2000b). This 
suggests that uric acid in birds may have the same UV protection function as ascorbic acid 
in mammals, and it will be interesting to compare uric acid concentrations in the aqueous 
humor of diurnal and nocturnal bird species. 
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Figure 2.4. Mechanisms underlying temporal niche switches in behavioral outputs. Simplified 
scenario portraying a single behavioral output driven by a circadian oscillator. Top: The properties of 
the circadian oscillator could change, so that its phase relationship to the LD cycle is different by 
almost 180o, leading to rhythms of activity that are oppositely phased. Middle: The properties of the 
oscillator could be unaltered, but a switch in the output pathways regulating locomotor activity could 
alternate between nocturnal and diurnal patterns of activity. Bottom: The properties of the oscillator 
could be unaltered, but positive and/or negative masking could determine the rhythmic pattern of 
activity regardless of the oscillator-phase relationship to the LD cycle. Modified from Chiesa et al. 
(2010). 
 

Mechanisms underlying temporal niche switching 
The timing of specific behaviors throughout the day is the result of the interaction between 
the output of circadian clock(s) that are entrained to specific environmental cycles and 
masking, namely, the direct inhibition or stimulation of behavior by environmental factors. 
For example, a circadian clock that sustains locomotor activity during the night combined 
with an inhibitory effect of light on activity will result in a robust nocturnal niche. Three 
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basic mechanisms could result in switching of temporal niche usage, both across phylogeny 
or within a species or individual (Fig. 2.4). First, changes in circadian oscillator properties 
could lead to changes in its phase angle of entrainment, and therefore in the phase of the 
rhythms, it regulates (see below). Second, a circadian oscillator with essentially the same 
properties could lead to opposite temporal niches if a switch downstream from the 
oscillator translates the oscillator output into divergent timing of activity. This seems to be 
case for the switch between nocturnality and diurnality in rodents. Both, diurnal rats 
(Arvicanthis sp.) and nocturnal laboratory rats seem to carry a similarly phased master 
circadian pacemaker within the suprachiasmatic nucleus (SCN) of the hypothalamus, but 
the rhythms of locomotor activity and corticosteroid release that this oscillator regulates are 
oppositely phased (Smale et al., 2003; Kalsbeek et al., 2008b). In accord, the anatomy and 
the physiology of the SCN in the diurnal and nocturnal golden and common spiny mice 
show no differences (Cohen et al., 2010b; 2010a), and both, as well as the degu circadian 
system (Hagenauer and Lee, 2008), are largely consistent with that of nocturnal species. 
Third, expression of a behavioral program during the daytime or nighttime could be solely 
determined by masking, regardless of the phase of the oscillator. Even if masking does not 
represent the sole temporal niche determinant, it usually plays a critical role in shaping 
behavioral outputs of biological timing systems. In the owl monkey A. azarai, nocturnal 
activity regulated by a circadian oscillator is inhibited by darkness during new moon 
nights, leading to a prominent nocturnal niche only during moonlit nights. The negative 
masking by darkness—or positive making by moonlight—was evident after measuring 
activity during total moon eclipses during full-moon nights, which leads to dramatic 
decreases in nocturnal activity (Fernández-Duque et al., 2010). Moreover, in order to 
switch to diurnal activity, animals have to overcome the negative masking effect of light. A 
study comparing masking response to LD pulses in diurnal golden spiny mice and 
nocturnal common spiny mice found that whereas the nocturnal common spiny mouse 
display the expected responses, decreasing activity levels in response to a light pulse and 
increasing activity level in response to a dark pulse, golden spiny mice increased their 
activity in response to a dark pulse (as expected from a nocturnal species), and show 
insignificant and highly variable response to a light pulse, indicating that in this diurnally 
active species the negative masking effect of light was indeed removed (Cohen et al., 
2010b). Interestingly, diurnal and nocturnal degus present a stable masking by light, each 
according to its respective chronotype. Thus, whereas diurnal degus increase their activity 
with light, in nocturnal degus light induce a sharp drop in wheel-running activity (Vivanco 
et al., 2010a). The resistance to inhibitory effects of light on activity is likely to be essential 
for a switch into a diurnal niche and possibly occur very early in every evolutionary 
transition from nocturnality to diurnality. 
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The top panel of Fig. 2.4 portraits clocks with different properties leading to differently 
phased rhythms. Subtle changes in the circadian period of a circadian oscillator can lead to 
robust changes in the phase angle of entrainment of the oscillator (Daan and Aschoff, 1997; 
Johnson et al., 2003). In the fruit fly Drosophila melanogaster, the temporal organization 
of locomotor activity is the result of changes in period and phase of their circadian 
oscillator. The circadian clock that regulates locomotor activity is constituted by a neuronal 
network of approximately 150 neurons that express clock genes. The products of these 
genes constitute the molecular clockwork of biological clocks. D. melanogaster flies 
usually show crepuscular activity. Recent studies have shown that the generation of the 
morning (M) and evening (E) peaks of locomotor activity are associated with the activity of 
anatomically identifiable subgroups of cells within the clock neuronal network that 
oscillate with different phase and period (Grima et al., 2004; Stoleru et al., 2004; 2007; 
Yoshii et al., 2012). Interestingly, the relative phase between M and E activity is rather 
plastic, and it is modulated by both room temperature and photoperiod. Shorter 
photoperiods or lower temperatures will bring the E and M peaks closer together and lead 
to more consolidated diurnal activity (reviewed in Dubruille and Emery, 2008). The 
combined effect of photoperiod and ambient temperature likely provides adaptive value; it 
will push activity to the warmer hours during the winter but to the cooler dawn and dusk 
during the summer. Remarkably, the shift in the fly’s temporal niche relies to some extent 
on the transcriptional machinery of the molecular clockwork. The clock gene period (per) 
has two mRNA isoforms. Under lower temperatures or short photoperiods intron 8 of the 
gene is more efficiently spliced, and this leads to an earlier appearance of the PER protein, 
and of the E locomotor-activity peak (Majercak et al., 1999). This effect is further 
enhanced by the fact that splicing of the per gene has a peak during the day. This splicing 
occurs earlier under short photoperiods, but it is inhibited—and pushed to later times of the 
day—if temperature is high (Majercak et al., 2004). The effect of photoperiod on per 
mRNA maturation and timing of locomotor activity is synergized by the photodegradation 
of TIM, the product of the clock gene timeless (tim). TIM dimerizes with PER and by 
doing so protects PER from degradation. Under longer photoperiods, because of the photic 
degradation of TIM, it is hypothesized that it will take longer for PER to accumulate and 
for activity to take place. Other mechanisms contribute to the effects of photoperiod and 
ambient temperature on the timing of expression of molecular clock components. Finally, 
the fact that the E and M locomotor-activity components rely on different clock neurons 
offers further plasticity in the fly’s clock to independently regulate dawn- and dusk-
associated behaviors and their timing (Dubruille and Emery, 2008). 
The above scenarios only take into account a master circadian oscillator and a single 
environmental factor entraining it. The layout will obviously be more complex in natural 
environments where multiple Zeitgebers will be present (Fig. 2.1). Further, the presence of 
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multiple peripheral oscillators has been shown in all the species studied so far. The phase 
of these “slave” oscillators is typically set by a master circadian oscillator, but they can 
escape the master control. In mammals, specific peripheral oscillators can be entrained by 
environmental cycles other than light and in an independent manner from the photic 
entrainment of the master circadian oscillator within SCN (Stokkan et al., 2001). Thus, the 
physiological and behavioral temporal niche of a species in nature may represent a complex 
array of rhythms that emerge from a network of interacting circadian oscillators—within 
and outside the central nervous system—and their respective interactions with several 
Zeitgebers with different abilities to entrain them. 
 

Adaptive value of temporal niche switching: Unification through the 
hypothesis of circadian thermoenergetics? 
Temporal niche switching examples have been described in many species and under 
various circumstances (Table 2.1). The original descriptions are often accompanied by 
explanations involving the environmental cause which triggers the switch (proximate 
mechanism) or the adaptive value of the switching response (ultimate mechanism). The 
proximate mechanisms may involve light, temperature, or social interactions. Such 
mechanisms are discussed in this chapter, in the accompanying paper (social interactions; 
(Castillo-Ruiz et al., 2012) and in the original papers (Table 2.1). Studies evaluating the 
ultimate mechanisms underlying temporal niche switching rely more on parsimonious 
reasoning than on solid experimental evidence. Here, we would like to propose a new 
hypothesis of circadian thermo-energetics (CTE), which may unify the adaptive value of 
several cases of temporal niche switching. 
The ultimate mechanism driving temporal niche switching should involve the optimization 
process in which energy balance, survival, and reproduction are weighed against each other 
to maximize fitness. In the temperate zone, nocturnal activity is expected to be more costly 
because ambient temperatures are high during daytime and low during the night. At 
nighttime, when ambient temperatures are generally below the thermal neutral zone of most 
mammals, endothermic animals will energetically profit from reduced heat loss through 
insulation. This insulation is often found during the rest phase when animals retreat into 
burrows or nests, huddle together, or adopt a typically sleep-associated thermal insulation 
posture. Moreover, many endotherms neglect homeothermy and use torpor during the rest 
phase, making it even more energetically profitable to rest during the night. From an 
energetics point of view, all endothermic animals in the temperate zone would profit from a 
diurnal life style. However, other selective forces such as daytime predation pressure or 
competition may have forced endothermic animals to become or remain nocturnal. This 
nocturnal phenotype can only be sustained when enough food is available to allow for the 
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energetically costly nocturnal life style. If food becomes scarce, nocturnal animals may 
return to a diurnal life style to save energetic costs of thermoregulation. Indeed, Daan et al. 
(2011) observed robust periods of diurnal activity in populations of normally nocturnal 
house mice kept for 2 years in outdoor enclosures. Roughly, the same amount of food was 
delivered in these enclosures on a daily basis, but the mice were allowed to reproduce 
freely. This led to the hypothesis that food shortage might have triggered the observed 
temporal niche switch at times of high population density. This hypothesis was tested in the 
lab by letting lab mice work for their food to simulate natural food shortage. This “working 
for food” protocol indeed induced diurnality in house mice, showing that temporal niche 
switching can be induced by reduced food intake (Fig. 2.5, Hut et al., 2011). This 
phenomenon has been reproduced in several strains of lab mice (CBA/CaJ, C57bl6, CD1; 
RA Hut, personal communication), as well as in rats (S Daan, personal communication). 
The results confirm earlier findings by Perrigo who showed that pregnant female house 
mice and white footed deer mice changed from nocturnal to a diurnal life style when these 
mice had to combine working for food with the high metabolic demand of lactation 
(Perrigo, 1987; 1990). Together, these findings indicate that, rather than reduced food 
intake per se, the negative energy balance triggered the switch from nocturnal activity to 
diurnal activity.  
The CTE hypothesis can explain these findings by assuming a preserved mechanism in 
mammals, which associates a diurnal-activity pattern with lower energy requirements than 
a nocturnal-activity pattern. A negative energy balance (through reduced food intake, 
lactation, etc.) would induce a switch from nocturnal to diurnal-activity patterns, in order to 
save energy expenditure through reduced heat loss through increased insulation during the 
rest phase at night when ambient temperatures are low. In a similar vein, the CTE 
hypothesis would also predict that heat loss reduction through daily torpor would be 
optimal when it occurs at night time. This indeed has been found in the house mice in 
which food intake was reduced by letting these mice work for their food. At the end of the 
protocol, after the mice robustly occupied the diurnal temporal niche and placed their rest 
phase at (the end of) the night, the mice showed various degrees of daily torpor in the dark 
phase (Fig. 2.5; Hut et al., 2011). At this time, environmental temperatures are expected to 
be the lowest and the energy savings through torpor will be maximized. This nocturnal 
timing of torpor has also been confirmed in four species of elephant shrew [Elephantulus 
rozeti, E. myurus (Lovegrove et al., 2001a; 2001b); E. rupestris, E. edwardi (Boyles et al., 
2012)], in the fat-tailed dunnart (Sminthopsis crassicaudata, Warnecke et al., 2008) and in 
the golden spiny mouse (A. russatus, Levy et al., 2011a; 2011b). It may be that the well 
studied Djungarian hamster (Phodopus sungorus), with daily torpor timed at daytime 
(Ruby and Zucker, 1992), is an energetically suboptimal exception to this rule. 
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Figure 2.5. Experimentally induced temporal niche switching in mice that work for food. Two 
representative examples (a, b) of mice in which food intake (black line in side graphs) was 
successfully reduced through decreasing food reward for running-wheel revolutions (gray bars in side 
graphs). As a result, activity patterns (black bars in actogram) shifted into the light phase of the day 
(white bars and white lines in actogram). Peak body temperatures (color coded in actograms) also 
shifted into the day, but body temperatures also gradually lowered over the course of the experiment 
eventually resulting in clear occurrences of torpor during the rest phase at (end of) the night. 
 
The fact that the “working for food” experiments (Hut et al., 2011) and the effect of 
ambient temperature on circadian rhythms in the degus (Hagenauer and Lee, 2008) 
mentioned above were carried out under a LD cycle under constant temperature indicates 
that the underlying mechanism can use the LD cycle and not temperature cycle per se to 
predict the energetically optimal timing of the activity phase. 
The observation that ad libitum food supply in the “working for food” model (Hut et al., 
2011) immediately restores the nocturnal phase under continuous dim light indicates that 
the circadian pacemaker did not change its phase angle relative to the LD cycle. This leads 
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to the interpretation that the mechanism triggering behavioral temporal niche switching is 
downstream from the circadian pacemaker (SCN). This situation is schematized in the 
middle panel of Fig. 2.4 and is indeed identical to the temporal niche switch in diurnal 
mammals compared to nocturnal mammals, where activity patterns are in antiphase, but the 
SCN entrains with a similar phase angle relative to the LD cycle (reviewed in Challet, 
2007). 
 

Conclusions 
Although temporal niche switching is a complex phenomenon with a manifold of 
physiological and neurobiological mechanisms and evolutionary causalities, we may be 
able to draw a number of commonalities. This can be based upon the observation that the 
main environmental differences between night and day, which are of direct ecological 
importance for animals living in the wild, relate to temperature and/or light. 
Adaptations to the daytime as well as to the nighttime niche are commonly apparent in the 
eye. Mammals with robust nocturnality like microchiroptera bats have strongly reduced 
vision reflected in their tiny eye size, whereas exclusively diurnal ground squirrels have 
well developed vision reflected in their large eyes and cone dominated retinas (Table 2.2; 
Fig. 2.3). In other species, long-term adaptations to a specific temporal niche are also 
present at the level of the retina (e.g., rod and cone densities, Table 2.2), but sometimes 
difficult to interpret due to variation in local retinal density (i.e., fovea, visual streak, 
photoreceptor gradients). Protection of the retina against high energy short-wavelength 
light present during daytime is strongly reflected in the filtering properties of the lens 
(Table 2.3). For most mammalian species, the lens filtering property together with cone 
densities (and possibly distribution; Fig. 2.3) offers a useful measure for assessment of a 
species’ long-term adaptation to the day- or nighttime niche. 
Nocturnal animals need low light levels at night to accommodate vision. The interaction 
with the lunar cycle and the light properties of the environment can explain several cases of 
temporal niche switching. Such cases have been described above for nocturnal primates 
and lobsters, but similar responses may be widespread among nocturnal animals. 
Temperature can exhibit important and predictable changes between night and day. When 
temperatures are too high or too low, animals may modify their activity patterns to reach 
their optimal body temperature (in both ectotherms and endotherms) or to minimize the 
energetic needs to regulate their body temperature (in endotherms only). As such, 
temperature patterns can explain several cases of modification of activity patterns and 
temporal niche switching. In most regions on earth, the environmental temperature stays 
well below the lower critical temperatures of most endotherms for a large part of the day. 
This means that mostly energy is required to maintain euthermic body temperatures. 
Energy saving strategies during the rest phase will cause nocturnal activity to be 
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energetically more costly than diurnal-activity patterns. This feature has led us to propose 
the CTE hypothesis which is a useful tool to understand cases of temporal niche switching 
induced by temperature, season, or food abundance (Table 2.1). 
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Abstract 
The mammalian circadian system synchronizes daily timing of activity and rest with the 
environmental light–dark cycle. Although the underlying molecular oscillatory mechanism 
is well studied, factors that influence phenotypic plasticity in daily activity patterns 
(temporal niche switching, chronotype) are presently unknown. Molecular evidence 
suggests that metabolism may influence the circadian molecular clock, but evidence at the 
level of the organism is lacking. Here we show that a metabolic challenge by cold and 
hunger induces diurnality in otherwise nocturnal mice. Lowering ambient temperature 
changes the phase of circadian light–dark entrainment in mice by increasing daytime and 
decreasing nighttime activity. This effect is further enhanced by simulated food shortage, 
which identifies metabolic balance as the underlying common factor influencing circadian 
organization. Clock gene expression analysis shows that the underlying neuronal 
mechanism is downstream from or parallel to the main circadian pacemaker (the 
hypothalamic suprachiasmatic nucleus) and that the behavioral phenotype is accompanied 
by phase adjustment of peripheral tissues. These findings indicate that nocturnal mammals 
can display considerable plasticity in circadian organization and may adopt a diurnal 
phenotype when energetically challenged. Our previously defined circadian thermo-
energetics hypothesis proposes that such circadian plasticity, which naturally occurs in 
nocturnal mammals, reflects adaptive maintenance of energy balance. Quantification of 
energy expenditure shows that diurnality under natural conditions reduces 
thermoregulatory costs in small burrowing mammals like mice. Metabolic feedback on 
circadian organization thus provides functional benefits by reducing energy expenditure. 
Our findings may help to clarify relationships between sleep–wake patterns and metabolic 
phenotypes in humans. 
 

Introduction 
Environmental differences between day and night have resulted in daily (circadian) 
rhythms in physiology and behavior of most organisms. Many mammals are night active 
(nocturnal), which most likely reduces predation risk (Gerkema et al., 2013). Being active 
at night is however likely to be energetically costly because nocturnal mammals cannot 
escape the low temperatures at night by sleeping in sheltered places. Nocturnal mammals 
that are energetically challenged therefore may become day active (diurnal) to reduce 
energy expenditure (Hut et al., 2012, Chapter 2). Nocturnal and diurnal activity patterns are 
indeed subject to phenotypic plasticity (temporal niche switching) under natural conditions 
(Hut et al., 2012, Chapter 2). 
The central circadian pacemaker in mammals is located in the suprachiasmatic nucleus 
(SCN) and coordinates tissue specific circadian rhythms throughout the body (Dibner et al., 
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2010). In most cells, circadian rhythms originate from molecular feedback loops involving 
gene transcription (van der Horst et al., 1999; Shearman et al., 2000; Preitner et al., 2002) 
or a putative metabolic oscillator (Asher et al., 2008; Nakahata et al., 2008; O'Neill and 
Reddy, 2011; Edgar et al., 2012). At the molecular and systemic level regulatory loops 
interact to control circadian and metabolic function (Laposky et al., 2006; Bass and 
Takahashi, 2010; Kalsbeek et al., 2011), but a causal relationship between organismal 
metabolism and circadian phase of entrainment has not been shown. Here we aim to 
identify effects of metabolism on circadian organization by manipulating energy balance in 
mice. 
Ambient temperature (Ta) is a potent modifier of metabolic rate in mammals (Speakman, 
1997), but the period of circadian clocks is generally buffered against changes in Ta 
(temperature compensation; Pittendrigh, 1954; Sawyer et al., 1997; Dunlap, 1999). In 
nature, however, evolutionary selection pressures act on phase of entrainment relative to 
the light–dark (LD) cycle, rather than on circadian period per se. Because Ta fluctuates 
during the day, daily energy expenditure can be reduced by synchronizing rest-associated 
thermal insulation strategies with the coldest part of the day [circadian thermo-energetics 
(CTE) hypothesis; Hut et al., 2012, Chapter 2]. Negative energy balance can therefore be 
compensated by shifting activity into the warmer phase (i.e., light phase) of the day, 
resulting in a reduction of energy expenditure under natural conditions. 
According to the CTE hypothesis, both increasing energy expenditure and decreasing 
energy intake are predicted to lead to a relative increase in activity levels during the light 
phase (diurnality). Here, this prediction is tested by assessing phase of entrainment at 
different Ta and combining the effect of Ta on energy expenditure with decreased energy 
intake [working for food (WFF) protocol; Hut et al., 2011]. Entrainment to the LD cycle 
and the internal distribution of clocks in the SCN and peripheral tissues are assessed to 
confirm the diurnal phenotype in these energetically challenged mice. Finally, the energetic 
consequences of shifting to diurnality are quantified for mice living in natural conditions to 
assess the adaptive significance of diurnality in energetically challenged small mammals. 
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Figure 3.1. Low Ta and simulated food shortage (working for food, WFF) stimulate daytime activity 
in mice. (A) In ad libitum fed mice the percentage of total running wheel activity performed during 
the light phase increases significantly with lowered Ta (actograms in Fig. 3.S5). (B) At lower Tas, the 
switch point between nocturnality and diurnality occurs significantly earlier in the WFF protocol 
(actograms in Fig. 3.S6). (C) Mice became diurnal during the WFF protocol when performed in 
temperature cycles both in phase (25–15 °C) and in antiphase (15–25 °C) with the LD cycle (see 
example of actograms in Fig. 3.S7). Workload indicates the distance (in m) that mice had to run to 
obtain 1 Joule food reward. Data are plotted as mean ± SEM. 
 

Results 
Phase of entrainment depends on energetic balance 
To test the prediction from the CTE hypothesis that negative energy balance will induce 
diurnal activity patterns, we manipulated constant Ta. Reducing constant Ta from 25 °C to 
10 °C caused a threefold increase in relative activity during the light phase (F3,72=10.37, 
p<0.0001; Fig. 3.1A). To test whether the effect of Ta on circadian phase of entrainment 
was a direct effect of Ta on clock output or the result of a negative energy balance, energy 
balance was also manipulated by reducing energy intake. Letting mice work for a food 
reward at gradually increasing workload levels (WFF protocol; Hut et al., 2011) at various 
Tas reduced energy intake without restricting food availability to a specific time of day 
(Fig. 3.S1). Increasing workload also induced a shift from nocturnal toward diurnal activity 
patterns and lower Ta facilitated this shift (F3,43=72.29, p<0.0001; Fig. 3.1B). This effect is 
not due to fragmentation of activity or lengthening of the activity phase because it is also 
observed when activity onset, offset or center of gravity are used as markers for the phase 
of entrainment (Fig. 3.S2). These data indicate that negative energy balance can indeed 
induce a diurnal activity pattern in an otherwise nocturnal mammal. 
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Figure 3.2. Entrainment to the LD cycle is preserved under simulated food shortage conditions. 
Diurnal working for food mice (A) and nocturnal ad libitum fed controls (B) reentrain transiently to 
shifts of the LD cycle. (C) The percentage of daytime activity of both groups (mean ± SEM) is shown 
for the full duration of the experiment with a 8-h delay on day 21 and a 8-h advance of the LD cycle 
on day 38. WL is workload in the WFF protocol. 
 
Diurnal mice remain entrained to the LD cycle  
The observed increase in daytime activity can be explained as an advanced termination of 
sleep induced by hunger or it may reflect an entrained circadian phase optimization of 
activity to the light phase of the day. To discriminate between these two possibilities, the 
LD cycle during the WFF protocol was delayed by 8 h, followed by an 8-h advance 16 
days later. The observed transient entrainment patterns during the first days following the 
LD cycle shifts indicate that the underlying mechanism relies on a circadian oscillator. 
After these transient days, all WFF mice returned to their diurnal phenotype, showing 
circadian light entrainment (Fig. 3.2). Under energetically challenging conditions in nature, 
the LD cycle and Ta rhythm might both be used as entraining cues for the circadian rhythm. 
The relative strength of both environmental signals (Ta cycle and LD cycle) was tested by 
comparing a 25–15 °C Ta cycle in phase with the LD cycle to a Ta cycle in anti-phase with 
the LD cycle. Anti-phase Ta cycles did not prevent WFF mice from becoming diurnal (Fig. 
3.1C). 
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Figure 3.3. Internal circadian organization changes under simulated food shortage conditions. (A) 
SCN PER2 protein expression profiles for WFF (red) and ad libitum (green) fed mice do not show a 
phase shift of the SCN rhythm. Liver (B) and adrenal (C) Per2 mRNA expression is phase advanced 
in the WFF compared with the ad libitum fed group. (D) The plasma corticosterone concentration 
profile is phase advanced in mice undergoing the WFF protocol. (E) PER2 protein expression in 
coronal SCN sections at external time 6 and 18 for WFF and control mice. (F) Timing of peak 
expression as displayed (A–D) for WFF and ad libitum fed mice. (Left) Peak time using highest 
average value per day. (Right) Peak time as derived by harmonic regression (CircWave) analysis. 
 
Diurnality is associated with circadian reorganization of internal clocks  
To better understand the mechanisms underlying diurnality in mice, the phase distribution 
of internal clocks in the SCN and peripheral tissues was assessed (Fig. 3.3). Patterns of 
expression of the circadian clock protein period2 (PER2) in the SCN did not change under 
WFF conditions (F3,63=1.23, p=0.31; Fig. 3.3A), indicating that the mechanism responsible 
for a shift to diurnal activity patterns in mice is downstream from the SCN or parallel to it. 
Gene expression patterns indicate that WFF advanced Per2 mRNA rhythms in liver and 
adrenal glands by 3.85 h and 6.1 h, respectively (liver: F5.61=4.27, p=0.002; adrenal 
F3,60=5.95, p=0.001). Elevated plasma corticosterone levels peaked 5.5 h earlier in WFF 
animals (F3,61=23.01, p<0.0001), which corresponds closely to the earlier activity onset 
(t21=7.43, p<0.0001). 
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Figure 3.4. Quantification of the energetic benefit of diurnality. (A) Daily variation in average 
September surface and nest temperatures. The nest temperature is buffered from the surface 
temperature by nest insulation leading to a later peak phase and reduced amplitude. The expected nest 
temperature is calculated based on the nest insulation constant measured for mouse nests in our 
outdoor mouse enclosures. (B) Scholander curves showing the relation between Ta and energy 
expenditure for the rest and active phase of WFF mice. (C) Calculated daily energy expenditure 
decreases with increasing daytime activity for mice subjected to natural daily temperature cycles. 
Daily energy expenditure varies between 60.7 and 55.4 kJ/day. (Insets) The encountered temperatures 
for a completely nocturnal (Left) and diurnal (Right) mouse. Due to the buffered nest temperature, 
compared with nocturnal mice, diurnal mice encounter higher temperatures during both their active 
and rest phase. 
 
Diurnality provides energetic benefits  
To investigate the possible benefits of the observed shift to diurnality under energetically 
challenging conditions, the expected energy expenditure for a mouse under natural 
conditions was quantified. The average daily surface Ta rhythm (September 2001–2010) 
and associated nest temperature rhythm in our outdoor mouse enclosures (Fig. 3.4A) were 
combined with laboratory measurements of energy expenditure during the active and rest 
phase (Fig. 3.4B) to calculate daily energy expenditure (Fig. 3.4C). Because nest 
temperatures are buffered by thermal capacity of the surrounding material, they typically 
have lower amplitudes and a delayed phase compared with the surface Ta rhythm (Fig. 
3.4A). Diurnal mammals will therefore encounter higher temperatures than nocturnal 
mammals (Fig. 3.4C). When mice are active during the light phase and rest in their nests at 
night, the average encountered temperature also increases and daily energy expenditure can 
be reduced by 8.8% (Fig. 3.4C). This number is likely a minimal estimate because it does 
not take into account additional energy saving strategies during the rest phase (e.g., thermal 
insulation, huddling, timing of daily torpor), which are all more efficient during the night 
than during daytime. 
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Discussion 
Together our results show that circadian organization in nocturnal mammals shows 
considerable phenotypic plasticity in response to energetic challenges. The extent of 
circadian reorganization depends on the severity of the energetic challenge. The diurnal 
phenotype in our mice is accompanied by an unchanged SCN phase while peripheral clocks 
are phase advanced, approaching a situation normally observed in diurnal mammals. In 
nature, diurnality will generate energetic benefits, which have to be balanced against 
day/night differences in predation risk and foraging efficiency. 
The lack of a phase shift of the clock gene rhythm in the SCN is in line with earlier studies 
showing that patterns of electrical activity (Inouye and Kawamura, 1979; Sato and 
Kawamura, 1984), glucose metabolism (Schwartz et al., 1983) and Per1 and Per2 clock 
gene expression (Zylka et al., 1998; Lincoln et al., 2002; Lambert et al., 2005; Vosko et al., 
2009) of the SCN do not differ between nocturnal and diurnal mammal species. The 
finding that the SCN remains entrained to the LD cycle with a stable phase angle, 
unaffected by changed phasing of body temperature (Hut et al., 2011) and glucocorticoid 
rhythms seems a specific feature of the SCN (Oster et al., 2006; Buhr et al., 2010). These 
results indicate that the mechanism responsible for a shift to diurnal activity patterns in 
mice is downstream from the SCN or parallel to it. A possible model includes a slave 
oscillator driving activity and peripheral rhythms (activity oscillator), with its phase 
relation to the SCN depending on metabolic feedback (Fig. 3.S3). 
The phase advance of peripheral oscillators suggest that the diurnal phenotype in mice 
under WFF conditions indeed approaches the phenotype of a true diurnal mammal where 
the phase relationship between the LD cycle and the SCN is similar, but the phase 
relationship between the SCN and peripheral rhythms is reversed (Lambert and Weaver, 
2006). The observed phase advances of the liver and adrenal rhythms are comparable to 
those observed in animals fed during the light phase (e.g., Stokkan et al., 2001), suggesting 
the feeding rhythm as a possible mechanism behind the phase advance of the peripheral 
rhythms. The correspondence between the timing of behavior and corticosterone secretion 
is consistent with a role for the adrenal glands in circadian organization (Pezük et al., 
2012). 
Induction of diurnality by the energetic challenges described here is consistent with results 
in mice that become diurnal while earning food on a moderate workload while lactating 
(Perrigo, 1987). This finding provides further evidence that a negative energy balance 
indeed drives the diurnality response. To fully understand how the circadian system 
organizes behavior and physiology, it is important to understand whether diurnality is 
directly induced by low Ta or food intake rate, or whether it is induced through a common 
pathway that signals the energetic state of the animal. 
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The shift from nocturnality to diurnality seems independent of the actual energetic 
consequences of the observed phase shift. Under constant Ta, diurnality does not provide 
energetic benefits, whereas diurnality increases energy expenditure under inverted Ta 
cycles. The observed induction of diurnality by WFF in constant Ta and inverted Ta cycles 
therefore indicates that mice in the wild use the highly stable LD cycle as a proxy 
(proximate factor; Baker, 1938) for the more variable Ta cycle, to ultimately reach an 
energetically optimal phase of entrainment (ultimate factor). Our results further indicate 
that the effect of Ta on phase of entrainment under ad libitum conditions (Fig. 3.1A) is 
underestimating the effect of Ta on phase of entrainment under natural conditions, when 
mice have to search for their food at intermediate workload levels (Fig. 3.1B). The 
energetic benefit of diurnality is therefore likely to be one of the important factors involved 
in shaping the seasonal changes in temporal organization of many species (reviewed in Hut 
et al., 2012, Chapter 2). A description of the ultimate consequences of seasonal changes in 
temporal organization should thus combine the energetic consequences of these changes 
with seasonal changes in predation risk and foraging opportunities; all being direct or 
indirect consequences of changing day length. 
Under natural conditions, mammals can increase the energetic benefit of diurnality by 
combining diurnality with different energy saving strategies during the resting phase (e.g., 
thermal insulation, huddling, daily torpor). Lowering body temperature during the resting 
phase is one of the main strategies used by energetically challenged mammals to reduced 
energy expenditure (Geiser, 2004). Indeed, mice in the WFF protocol also reduce body 
temperature during the rest phase (Fig. 3.S4) and may even show daily torpor bouts when 
challenged by more challenging workloads than used here (Hut et al., 2011). The CTE 
hypothesis predicts that further energetic savings can be obtained when the daily torpor 
bout is synchronized with the coldest part of the day, which can only occur after the 
activity has shifted to daytime. In line with this prediction, a recent field study found that 
within a population of golden spiny mice, mice with the lowest food intake not only 
showed the longest torpor bouts but also concentrated activity during the warmest part of 
the day (Levy et al., 2012). 
Using the CTE hypothesis we predict that diurnal mammals will not shift when 
energetically challenged because their activity rhythm is already optimized for minimized 
energy expenditure. However, a positive energy balance could allow for a more nocturnal 
temporal organization, which would increase energy expenditure and restore the energy 
balance. This may even occur in diurnal animals, provided that a change in predation risk 
does not outweigh the benefits of a restored energy balance. The positive correlation 
between body mass index and late chronotypes in humans (Roenneberg et al., 2012) 
supports the notion that metabolic homeostasis can influence circadian phase of 
entrainment. The CTE hypothesis also predicts that forced activity during the night in 
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diurnal mammals will increase food intake to compensate for the expected increase in 
thermoregulatory costs of nocturnality. Forced nighttime activity occurs during night 
shiftwork in humans, but many nightshift-workers do not encounter the expected lower 
night temperatures. Additional thermoregulatory costs will therefore be absent and a 
surplus of energy intake induced by the phase shifted activity rhythm may thus result in 
obesity and metabolic syndrome. A positive relationship between nighttime activity and 
obesity and metabolic syndrome has indeed been found in human experiments (Scheer et 
al., 2009), social jet-lag (Roenneberg et al., 2012), and night shift workers (Pietroiusti et 
al., 2010; Pan et al., 2011). 
 

Methods 
Animals, WFF procedure, and activity analysis  
All procedures were approved by the Animal Experimentation Committee of the University 
of Groningen (DEC 5454). Three- to nine-month-old CBA/CaJ mice from our breeding 
colony were housed in running wheel cages at the experimental temperature in climate 
controlled rooms in a 12h:12h LD cycle (240–420 lux). In the WFF protocol, mice had to 
earn 45 mg food pellets (612 J per pellet) by running in a wheel while the workload, e.g., 
the distance (starting workload: 65.3 m/kJ) they had to run to obtain a food pellet, was 
increased (6.5 m/kJ) daily. The WFF protocol allowed the mice to work and receive food at 
all times of day. 
The WFF protocol was performed at four different constant Tas (10 °C, 15 °C, 20 °C, 25 
°C; n=12 per temperature). Running wheel activity was recorded in 2-min bins and split in 
daily intervals. The total number of running wheel revolutions during the light phase was 
divided by the total daily running wheel activity to calculate the daily daytime activity 
percentage. For ad libitum fed animals (10 °C: n=20; 15 °C: n=19 ;20 °C: n=27; 25 °C: 
n=10) the individual daytime activity percentage was determined on experimental day 9–
18. Changes in activity patterns were analyzed by one-way ANOVA analysis using SAS 
JMP 7.0. 
For the phase shifting experiment (WFF: n = 7; ad libitum: n = 3; Ta = 20 °C), the 
workload was increased to induce diurnality (day 1 to day 21) and kept constant throughout 
the rest of the experiment (day 22 to day 51). On day 22, the LD cycle was delayed by 8 h 
for 18 days after which the LD cycle was shifted to the original phase. 
 
Tissue sampling, gene expression, and blood hormone analysis  
Thirty-six WFF and 36 ad libitum fed male mice housed at 20 °C were killed at 2-h 
intervals over the 24-h LD cycle (12 time points). Cardiac blood was sampled after which 
an aortic ligature was placed to enable transcardial brain perfusion with fixative while 
avoiding perfusion of abdominal organs. Mice were killed by isoflurane overdose 
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(Pharmachemie). Cardiac blood was drawn using heparinized syringes followed by plasma 
separation (centrifugation at 4 °C and 2,600 × g) and storage at −80 °C. Liver and adrenals 
were removed, snap frozen in liquid nitrogen and stored at −80 °C. Brains were perfused 
with 0.01 M PBS (PBS) + 10 units/mL heparin for 2 min followed by 4% (40 g/L) 
paraformaldehyde in 0.1 M PBS for 20 min and stored at 4 °C in PBS + 0.1% sodium- 
azide solution. 
Plasma corticosterone was measured by radio immunoassay (RIA, ImmuChem, MP 
Biomedicals). Relative Per2 mRNA levels in liver and adrenal was measured by standard 
CYBR green (Applied Biosystems 4385617) real-time quantitative PCR (Applied 
Biosystems 7500 Fast Real-Time PCR System) using β-actin as a control. Mouse Per2 
specific primers (accession NM_011066.3): AGGCACCTCCAACATG-CAA (fwd), 
GGATGCCCCGCTTCTAGAC (rev), and β-actin specific primers (accession 
NM_007393): CCTCTGAACCCTAAGGCCAA (fwd), AGCCTGGATGGCT-ACGTACA 
(rev). 
Immunocytochemistry (ICC) analysis for PER2 was performed on 20 µm thin SCN 
containing brain sections (primary antibody: rabbit anti-mouse PER2 1:2,000, Alpha 
Diagnostics Per21-A; secondary antibody: biotinylated goat anti-rabbit 1:300, Jackson 
Immuno Research 111-066-006) using diaminobenzidine (DAB) staining after avidin–
biotin amplification (Vectastain Elite, Brunswig Chemie 6-PK-6100). Background 
corrected integrated optical density analysis in three 60-µm separated medial SCN sections 
was performed by National Institutes of Health ImageJ software (NIH, 
http://rsbweb.nih.gov.ij/). Optical density data, gene expression data, and hormone levels 
were statistically analyzed using forward harmonic regression followed by an F-test on the 
residuals (CircWave procedure). Differences between WFF and ad libitum groups were 
tested after fitting a wave function through both groups separately compared with both 
groups combined. 
 
Surface and nest temperatures  
The average daily surface temperature cycle in September (2001–2010) was obtained from 
the Koninklijk Nederlands Meteorologisch Instituut (KNMI), weather station Eelde, the 
Netherlands (World Meteorological Organization, station #06280; 53° 07’N, 06° 35’E). 
The relationship between nest temperature and surface temperature was estimated by 
calculating the nest insulation constant k in mouse nests in outdoor enclosures at the 
laboratory in Groningen, the Netherlands (53° 14’N, 06° 32’E). Simultaneously measured 
nest temperatures and surface temperatures were used to determine k using the Newtonian 
Cooling Law equation: Tnest = Tnest,previous − k × (Tnest,previous − Tsurface) in 1-min steps. The 
daily nest temperature profile was calculated using the average September surface 
temperature cycle and nest insulation constant (k = 0.072 h-1) in steps of 10 min. 
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Metabolic measurements and calculation energy expenditure  
Energy expenditure was determined every 4 min by measuring O2 use and CO2 production 
using a dried air open-circuit indirect calorimetry system (O2: Servomex Xentra 4100; CO2: 
Servomex 1440; flow: 20 l/h, type 5850 Brooks mass flow controller) at different Tas (Fig. 
3.4B) in high-workload WFF mice. Energy expenditure during the active and rest phase 
was calculated as the maximal and minimal values respectively of the 2-h running average 
of measured energy expenditure. Expected energy expenditure was calculated for all 
temporal niches ranging from nocturnal to diurnal for a mouse with a 12-h activity and 12-
h rest phase using the measured energy expenditures during active and rest phase and 
surface and nest temperature cycles.  
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Figure 3.S1. Daily activity levels, energy intake and body mass per WFF workload for different Tas. 
(A) Daily activity increases with WFF workload at all different Ta. (B) Daily energy intake depends 
on Ta and decreases slightly during the WFF protocol although daily energy intake remains roughly 
constant with workload due to the increase in daily activity. Only days on which mice ate all 
available food pellets are included in analysis. (C) Body mass decreases during the WFF protocol, 
indicating an overall negative energy balance during the WFF protocol at all Tas. 
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Figure 3.S2. Onset, center of gravity (COG), and offset of activity per WFF workload for different 
Tas. White–gray background indicates the light–dark (LD) cycle. Activity onsets and offsets were 
calculated as the intersects of the 2-h running average with a 24-h running average (calculated using 
Chronoshop v1.02). COG is calculated as the time at which activity in the preceding and subsequent 
8 h is equal. Data are summarized as mean ± SEM. 
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Figure 3.S3. Possible regulatory mechanisms behind metabolically induced diurnality. (A) A 
nocturnal phenotype is supported by a nocturnal distribution of peripheral oscillators. (B) When 
energetic demands are increased, the phase relation of a slave oscillator (activity oscillator) with the 
suprachiasmatic nucleus (SCN) is shifted leading to a diurnal distribution of peripheral oscillators and 
a diurnal activity profile. Different possible mechanisms for the regulatory relation between the SCN 
and slave oscillator are presented in (Hut et al., 2012, Chapter 2). 
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Figure 3.S4. Daily body temperature amplitude is increased during WFF. (A) Average body 
temperature cycles and SEM for ad libitum fed (green, n = 2) and WFF (red, n = 3) mice. The body 
temperature of WFF mice drops earlier and deeper during the rest phase compared with ad libitum 
fed mice. Horizontal bars in indicate the LD cycle (yellow = light). (B) The difference in daily 
maximum and minimum body temperature is increased during WFF compared with ad libitum 
feeding conditions. Maximum and minimum body temperature were determined in 48-h recordings of 
body temperature (15-min interval) under WFF (animal 1–3) and ad libitum (animal 1–5) feeding 
conditions. 
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Figure 3.S5. Representative actograms of ad libitum fed mice housed in different ambient 
temperatures (Tas). Activity is plotted as a function of time of day with subsequent days being plotted 
under each other, white–gray background indicates the LD cycle. Increasing Ta decreases the daytime 
activity fraction, as shown in Fig. 3.1A. 
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Figure 3.S6. Representative actograms of mice undergoing the working-for-food (WFF) protocol at 
different Tas. Activity is plotted as a function of time of day with subsequent days being plotted under 
each other, white–gray background indicates the LD cycle. (Right) The WFF workload. Mice become 
diurnal at lower WFF workloads at lower Tas, as shown in Fig. 3.1B. 

 
Figure 3.S7. Mice under work for food (WFF) protocol become diurnal irrespective of the phase of 
the temperature cycle. Representative actograms of mice undergoing the WFF protocol in 
temperature cycles in phase (25–15 °C) and in antiphase (15–25 °C) with the LD cycle. (Right) The 
WFF workload. Both mice housed in a temperature cycle in phase and in antiphase to the LD cycle 
become diurnal in response to the WFF protocol, as shown in Fig. 3.1C. 
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Abstract  
Circadian clocks drive daily rhythms in physiology and behavior which allow organisms to 
anticipate predictable daily changes in the environment. In most mammals, circadian 
rhythms result in nocturnal activity patterns although plasticity of the circadian system 
allows activity patterns to shift to different times of day. Such plasticity is seen when food 
access is restricted to a few hours during the resting (light) phase resulting in food 
anticipatory activity (FAA) in the hours preceding food availability. The mechanisms 
underlying FAA are unknown but data suggests the involvement of the reward system and 
homeostatic regulation of metabolism. We previously demonstrated the isolated effect of 
metabolism by inducing diurnality in response to energetic challenges. Here the importance 
of reward timing in inducing daytime activity is assessed.  
The daily activity distribution of mice earning palatable chocolate at their preferred time by 
working in a running wheel was compared with that of mice receiving a timed palatable 
meal at noon. Mice working for chocolate without being energetically challenged increased 
their total daily activity but this did not result in a shift to diurnality. Providing a chocolate 
meal at noon each day increased daytime activity, identifying food timing as a factor 
capable of altering the daily distribution of activity and rest. These results show that 
energetic challenges and timing of food reward are both independently sufficient to induce 
diurnality in nocturnal mammals. FAA observed following timed food restriction is likely 
the result of an additive effect of distinct regulatory pathways activated by energetic 
challenges and food reward.  
 

Introduction 
Circadian clocks drive daily oscillations in physiology and behavior allowing organisms to 
anticipate daily changes in their environment (Pittendrigh, 1993). The main mammalian 
circadian oscillator in the suprachiasmatic nucleus (SCN) is synchronized with the outside 
light-dark cycle by light input from the eye (Reppert and Weaver, 2002). The SCN uses 
neuronal and endocrine pathways to orchestrate rhythmicity throughout the brain and 
peripheral tissues (Dibner et al., 2010), leading to nocturnal activity patterns in most small 
mammals.  
Plasticity in circadian organization allows for adaptation to changes in the temporal 
organization of the environment (Hut et al., 2012). Such plasticity can be observed when 
access to food is restricted to a limited time during the light phase (Mistlberger, 1994; 
Stephan, 2002). Food restriction during the light phase results in food anticipatory activity 
(FAA) accompanied by phase changes in body temperature, corticosterone (Mistlberger, 
1994; Stephan, 2002) and liver rhythms (Stokkan et al., 2001), while the SCN remains 
phase locked to the light-dark cycle (Stokkan et al., 2001). FAA related activity bouts 
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persists during periods of complete food deprivation, shows transients when entraining to 
different mealtimes and are expressed in SCN-ablated animals (Stephan et al., 1979). 
Together, these experiments show that FAA is driven by a SCN-independent ‘food 
entrainable oscillator’ (FEO).  
Time-restricted feeding protocols used to induce FAA typically reduce daily food intake to 
60-80% of ad libitum levels to motivate animals to eat during their rest phase. Increasing 
the severity of food deprivation also increases FAA (Mendoza et al., 2005b; Gallardo et al., 
2014), suggesting that negative energy balance per se might be able to induce diurnal 
activity in otherwise nocturnal mammals (Hut et al., 2011; 2012, Chapter 2). This idea was 
made explicit in the circadian thermo-energetics (CTE) hypothesis, which predicted that 
energetically challenged animals become day active, because diurnality is associated with 
reduced daily energy expenditure under natural conditions (Hut et al., 2012, Chapter 2; van 
der Vinne et al., 2014a, Chapter 3). The CTE hypothesis was tested in a protocol where 
mice were energetically challenged by letting them work for food (WFF; Hut et al., 2011). 
High ‘workloads’ (i.e. running long distances to obtain a food pellet) indeed induce 
diurnality in mice (Hut et al., 2011) and this effect is augmented by lower ambient 
temperatures (van der Vinne et al., 2014a, Chapter 3). The WFF experiments thus confirm 
that negative energy balance per se induces diurnality and hence negative energy balance 
can partly explain diurnal activity in FAA protocols. 
The argument above does not rule out the timing of food availability as an important factor 
in inducing FAA. Providing a palatable chocolate meal during the light phase in animals 
with ad libitum access to regular chow can induce FAA in rats (Mistlberger and Rusak, 
1987; Mendoza et al., 2005a; Verwey et al., 2007; Angeles-Castellanos et al., 2008) and 
mice (Hsu et al., 2010). The length and intensity of FAA, induced without challenging 
animals energetically, is reduced in comparison to the FAA observed when all food access 
is restricted to the light phase (Mendoza et al., 2005a; Verwey et al., 2007; Angeles-
Castellanos et al., 2008). Taken together, these data show that the FEO controlled 
expression of FAA is induced by effects of food timing combined with negative energy 
balance. This suggests that both the reward system and homeostatic regulation of 
metabolism are involved in the expression of the FEO.  
To test whether the reward system is also involved in WFF induced diurnality, we 
developed the ‘working for chocolate’ (WFC) protocol in which mice with ad libitum 
access to regular chow can obtain a palatable chocolate reward at all times of day by 
running in a wheel. The daily distribution of activity observed during the WFC protocol 
was compared to that of mice receiving a chocolate reward in the middle of the light phase 
to assess the importance of reward timing in re-organizing the daily activity pattern. 
Furthermore, the long-term impact of a palatable meal on the daily distribution of activity 
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was assessed by monitoring the daily activity pattern after termination of daytime chocolate 
feeding.  
 

Methods 
Animals 
CBA/CaJ mice were moved from our breeding facility (14h-10h LD cycle) to the 
experimental rooms (12h-12h LD cycle) at least one week before the start of experiments. 
Mice were housed individually in standard macrolon cages (15x32x13cm) equipped with a 
running wheel on a sawdust bedding (Lignocel hygenic animal bedding, Rettenmaier, 
Rosenberg, Germany). Standard chow food (AM II diet rodent chow 10 mm, 17.3 kJ/g, 
Arie Blok, Woerden, the Netherlands) and water were provided ad libitum throughout the 
experiments. Procedures were approved by the Animal Experimentation Committee of the 
University of Groningen (DEC 5454).  
 
Experiment 1: Working for Chocolate 
The WFC protocol allowed twelve ad libitum fed, five months old mice to additionally earn 
45 mg chocolate pellets (Dustless Precision Pellets®, Sucrose, Chocolate Flavor) by 
running in a wheel. The workload, the number of revolutions needed to obtain a chocolate 
pellet, started at 500 revs/pellet on day nine and was increased in steps of 20 revs/pellet 
daily to 700 revs/pellet, were it was kept stable (resulting in 37.3 ± 3.5 chocolate pellets per 
day). The timing of the chocolate reward in the WFC protocol was not manipulated but 
depended solely on the spontaneous activity rhythm of the mice. After the WFC protocol 
(day 26 until the end), each mouse was presented with 20 pellets daily at the middle of the 
light phase (ExT 12) to assess the effect of timed chocolate feeding (TCF) on the activity 
rhythm. Daily checks were performed around one hour before lights off, to confirm that all 
chocolate pellets had been consumed.  
 
Experiment 2: Timed Chocolate Feeding 
Eight mice (1.5 month old) were provided with 20 pellets for two hours, starting at the 
middle of the light phase (ExT 12). Food was given in a bowl without opening the cage and 
remaining pellets were removed after two hours to assess the number of pellets eaten. 
Chocolate pellets were provided on days 9-40. On days 41-60 chocolate was replaced by 
chow pellets provided between ExT 12-14, followed by 20 days of undisturbed ad libitum 
feeding with only regular chow. On experimental days 29-30, the acute effect of 
termination of daily TCF was assessed by providing mice with chow pellets between ExT 
12-14. Anticipatory activity around the feeding location was assessed by measuring general 
locomotor activity using a passive infrared detector placed directly above the feeding place.  
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Activity registrations and data analysis 
Running wheel activity and activity around the feeding place (only Experiment 2) were 
recorded in two-minute bins and split in daily intervals starting at lights on (ExT 6). 
Activity during the light phase was divided by the total daily activity to calculate the 
percentage of daytime activity. Daily activity onset and offset were calculated as the 
intersections of a short (10 minutes) and a long running average (24 hour; Hut et al., 
1999a). Daily center of gravity was calculated as the time of day where total activity in the 
preceding and following 8 hours was equal.  
In experiment 1, the daily distribution of activity was compared for the last 5 days 
preceding WFC (AL), the last 5 days of WFC (WFC) and the last 5 days of TCF. The 
effects of TCF in experiment 2 were assessed between the last 5 days preceding TCF (pre 
test), the last 5 days of TCF (Chocolate), the last 5 days of daily provisioning of additional 
chow pellets (Chow pellets) and the last 5 days without disturbance (post test). The acute 
effects of termination of TCF were assessed by comparing the changes in daily distribution 
of activity on day 27-32. Analyses were performed using custom build scripts in SciLab 
5.5.0, with statistics being performed using general linear models with animal ID as a 
random factor in SAS JMP 7.0. Data is represented as average ± SEM in graphs and text. 
 

Results 
Experiment 1: Working for Chocolate 
The effect of a food reward on timing of activity, without being energetically challenged, 
was assessed by the WFC protocol in mice with ad libitum access to regular chow (Fig. 
4.1A). WFC induced significantly higher daily activity levels (compared to no chocolate 
meal (AL) or timed chocolate feeding (TCF); F2,175=48.66, p<0.0001; Fig. 4.1C) without 
changing the timing of activity. Timing of activity was only altered when a chocolate 
reward was provided in the middle of the light phase (F2,162.1=222.1, p<0.0001; Fig. 4.1B). 
The total activity occurring during the light phase in mice undergoing AL (22.2 ± 4.1 %) 
and WFC (21.6 ± 4.8 %) was indistinguishable from that observed in undisturbed ad 
libitum fed mice (van der Vinne et al., 2014a, Chapter 3).  
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Figure 4.1. Mice remain nocturnal during working for chocolate (WFC) but diurnality is induced by 
timed chocolate feeding during the light phase (TCF). (A) Representative actogram of ad libitum fed 
mouse undergoing WFC (day 9-25, purple-hatched area) followed by TCF (day 26-39, purple line). 
The daily proportion of activity occurring during the light phase is plotted in the right hand graph. (B) 
The proportion of activity occurring during the light phase is unaffected by WFC (day 21-25) but 
increases significantly during TCF (day 35-39), compared to ad libitum (AL; day 4-8) fed mice. (C) 
Total daily activity is increased during the last five days of WFC compared to AL and TCF.  
 
The importance of timed chocolate feeding was also observed when the onset, center of 
gravity and offset of activity were used as phase markers of the activity rhythm. Compared 
to days without access to chocolate, WFC did not induce a phase shift in these three phase 
markers while TCF produced a phase advance of the activity rhythm (Onset: F2,165=23.21, 
p<0.0001; COG: F2,164=135.2, p<0.0001; Offset F2,166=62.25, p<0.0001; Fig. 4.2B). 
Analysis of the distribution of activity in 10-minute bins showed increased activity during 
the middle and late light phase and a decrease during the middle of the dark phase during 
TCF compared to AL and WFC (Fig. 4.2A).  
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Figure 4.2. Activity is phase advanced by TCF but not by WFC compared to AL. (A) Average 
relative activity profiles during the last 5 days of AL, WFC and TCF in 10-minute bins with SEM. 
TCF induced a phase advance of activity. Activity was increased during the middle and late light 
phase and decreased during the middle dark phase during TCF compared to AL and WFC. (B) 
Activity onset, center of gravity (COG) and offset were all phase advanced by TCF but not by WFC. 
 
Experiment 2: Timed Chocolate Feeding 
The importance of food timing for the induction of diurnality in mice not subjected to 
energetic challenges was studied to determine the influence of food reward on diurnality. 
Chocolate pellets were provided in a 2-h interval during the light phase and feeder 
approaches were measured using a passive infrared detector placed directly above the 
feeding cup. These measurements did not reveal a separate FAA bout in any of the eight 
mice preceding the administration of chocolate (Fig. 4.3). The obtained reward increased 
from 6.0 ± 1.0 pellets/day in the first 5 days to 16.8 ± 0.8 pellets/day in the last 5 days of 
chocolate feeding.  
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Figure 4.3. Representative actograms showing running wheel and feeding place activity of a mouse 
provided with chocolate (purple box; days 9-28, 31-40) or additional chow (green box; days 29-30, 
41-60) during the light phase. Chocolate feeding during the day advanced the main activity bout but 
did not induce food anticipatory activity in either running wheel or feeding place activity. The daily 
proportion of total activity occurring during the light phase is plotted (yellow) to the right of each 
actogram. The total number of consumed chocolate (purple) and chow (green) pellets eaten during 
the 2-h interval is shown in the middle graph.  
 
The importance of continued exposure to timed feeding during the light phase for the 
maintenance of the phase-advanced phenotype was assessed by replacing the chocolate 
reward with regular chow pellets. The immediate effects of chocolate replacement were 
assessed on experimental days 27-32 (Fig. 4.4B). Replacement of the chocolate reward by 
regular chow did not result in a return to a nocturnal activity profile (F5,35=1.724, 
p=0.1548). Prolonged absence (20-40 days) of timed chocolate feeding during the light 
phase resulted in a significant reduction in relative daytime activity but daytime activity 
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remained significantly increased compared to the pre-test period (F3,149=63.72, p<0.0001; 
Fig. 4.4A). Surprisingly, the fraction of activity occurring during the light phase stayed 
nearly the same between experimental day 60 and 80, showing a long lasting effect of food 
reward during the light phase on activity timing.  
 

 
Figure 4.4. Daytime chocolate feeding produces a slowly reversible increase in daytime activity. (A) 
The proportion of activity occurring during the light phase was significantly increased after 35-40 
days of daytime chocolate feeding (Chocolate). Relative daytime activity reduced significantly after 
termination of chocolate feeding but did not return to pre test levels in mice provided with additional 
chow pellets (Chow pellets; days 56-60) and left undisturbed (post-test; days 76-80). (B) Relative 
daytime activity did not change significantly during a two-day interruption of daytime chocolate 
feeding.  
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Discussion 
This study was designed to assess the relevance of energetic challenges and food timing on 
the daily distribution of activity. The lack of a phase shift of activity during WFC shows 
that an endogenously driven shift to diurnality as observed during WFF (Hut et al., 2011; 
van der Vinne et al., 2014a, Chapter 3) requires an energetic challenge and cannot be 
induced by elevated activity levels or the rewarding aspects of food. Although mice 
increased the number of revolutions to obtain more chocolate, these elevated activity levels 
did not change the phase of the daily rhythm of activity and rest. Timing of a palatable 
chocolate meal during the light phase did however induce a phase shift in the daily timing 
of activity. These results show that energetic challenges and daytime food reward are both 
independently sufficient to induce diurnality in mice. 
 
Previous studies assessing the influence of time-restricted palatable food access showed 
that the intensity of the FAA is typically lower than that observed in response to timed food 
restriction (Mistlberger and Rusak, 1987; Mendoza et al., 2005a; Verwey et al., 2007; 
Angeles-Castellanos et al., 2008), while other studies failed to induce FAA (Abe and 
Rusak, 1992; Pecoraro et al., 2002; Waddington Lamont et al., 2007). In the present study, 
all 20 mice subjected to timed chocolate feeding showed a shifted daily activity pattern 
although the behavioral changes were smaller than those observed during timed food 
restriction and WFF experiments (van der Vinne et al., 2014a, Chapter 3). The current 
study also produced prolonged changes in the daily distribution of activity and rest after 
daily chocolate exposure was stopped. Although mice became significantly less day active 
over the 40-day extinction period, mice were substantially more day active during the post-
test period than pre-test. Overall, this shows that our mice responded to time-restricted 
palatable food access by robustly altering the daily distribution of activity and rest. 
The behavioral changes induced by timed palatable food access in this study were 
qualitatively different compared to the FAA observed in previous studies in rats. Whereas 
the time-restricted feeding in rats induced a separate FAA activity bout (Mistlberger and 
Rusak, 1987; Mendoza et al., 2005a; Verwey et al., 2007; Angeles-Castellanos et al., 
2008), our mice responded to a timed daytime chocolate reward by phase advancing the 
entire active phase. Previous studies assessing the influence of time-restricted palatable 
food access in mice and hamsters did also not report a separate FAA activity bout during 
the light phase (Abe and Rusak, 1992; Hsu et al., 2010; Mendoza et al., 2010). Overall, 
these results indicate a possible species difference between rats and other rodents in their 
response to the weak timing signal provided by time-restricted palatable food access, with 
rats being more likely to split their total daily activity into multiple activity bouts.  
FAA induced by time-restricted feeding protocols is likely the result of the combined 
influences of the energetic challenges and food reward during the day that occur during 
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these protocols (Challet and Mendoza, 2010). Assuming that these two driving forces 
underlying FAA are located in anatomically distinct locations, may explain why a large 
number of studies have been unsuccessful in finding a single locus for the FEO (reviewed 
in Davidson, 2009). This leads to the suggestion that the FEO is comprised of a dispersed 
network of clocks (Davidson, 2009; Verwey and Amir, 2009; Mistlberger, 2011; Blum et 
al., 2012). In line with this network hypothesis is the observation that FAA is reduced 
following DMH lesioning but reappears after SCN ablation (Acosta-Galvan et al., 2011). 
Our results show that mice exposed to the WFC protocol did not become diurnal while the 
same mice shifted their active phase in response to timed chocolate feeding. Because WFC 
simulates the rewarding aspect of food in the previously used WFF protocol (Hut et al., 
2011; van der Vinne et al., 2014a, Chapter 3) without challenging mice energetically, we 
conclude that distinct regulatory networks activated by either energetic challenges or by 
food reward, are both capable of inducing diurnality. 
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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). 
 



 83 

 
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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Abstract 
Endogenous daily (circadian) rhythms allow organisms to anticipate daily changes in the 
environment. Most mammals are specialized to be active during night (nocturnal) or day 
(diurnal). However, typically nocturnal mammals become diurnal when energetically 
challenged by cold or hunger. The circadian thermo-energetics (CTE) hypothesis predicts 
that diurnal activity patterns reduce daily energy expenditure (DEE) compared to nocturnal 
activity patterns. Here, we test the CTE hypothesis by quantifying the energetic 
consequences of relevant environmental factors in mice.  
Under natural conditions, diurnality reduces DEE by 6-10% in energetically challenged 
mice. Combined with nighttime torpor, as observed in mice under prolonged food scarcity, 
DEE can be reduced by ~20%. The dominant factor determining the energetic benefit of 
diurnality is thermal buffering provided by a sheltered resting location. Compared to 
nocturnality, diurnal animals encounter higher ambient temperatures during both day and 
night, leading to reduced thermogenesis costs in temperate climates. Analysis of weather 
station data shows that diurnality is energetically beneficial on almost all days of the year 
in a temperate climate region. Furthermore, diurnality provides energetic benefits at all 
investigated geographical locations on European longitudinal and latitudinal transects.  
The reduction of DEE by diurnality provides an ultimate explanation for temporal niche 
switching observed in typically nocturnal small mammals under energetically challenging 
conditions. Diurnality allows mammals to compensate for reductions in food availability 
and temperature as it reduces energetic needs. The optimal circadian organization of an 
animal ultimately depends on the balance between energetic consequences and other fitness 
consequences of the selected temporal niche. 
 

Introduction 
The rotation of the Earth around its axis causes predictable daily changes in light and 
temperature. This results in large daily environmental changes to which organisms have 
adapted during evolution. Anticipation of these daily environmental changes is enabled by 
the presence of a circadian (from 'circa' - about; 'dies' - a day) system, involving circadian 
molecular oscillators (circadian clocks). Circadian rhythms in behavior and physiology are 
ubiquitous in a wide range of species and molecular circadian clocks have been described 
in virtually all taxa (Panda et al., 2002b; Edgar et al., 2012). These clocks allow animals to 
optimize physiology and behavior to specific times of day, resulting in species being 
mainly active during the day (diurnal), night (nocturnal) or around dawn and dusk 
(crepuscular).  
Since circadian rhythms are ubiquitous, it is assumed that these rhythms provide adaptive 
advantages. Experiments in which the growth rate of cyanobacteria circadian period mutant 
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strains was tested in competition showed an adaptive benefit when the circadian period was 
close to the environmental period (Ouyang et al., 1998; Woelfle et al., 2004). In mammals, 
a study following the progression of a mutant clock gene (Per2brdm1) in laboratory mice 
over multiple generations under semi-natural conditions did not reveal selection against this 
clock gene mutation, presumably because the mutation hardly altered the circadian 
organization of behavior under natural conditions (Daan et al., 2011). Earlier studies did 
however show increased mortality due to higher predation risk in response to ablation of 
the main mammalian circadian pacemaker (SCN) in ground squirrels housed in enclosures 
(DeCoursey et al., 1997) and under natural conditions in eastern chipmunks (DeCoursey et 
al., 2000).  
Possible fitness benefits of a circadian organization can be divided into intrinsic and 
extrinsic benefits (Sharma, 2003). Intrinsic benefits can be the result of distributing 
conflicting metabolic processes to different times of day (Pittendrigh, 1993). In the case of 
cyanobacteria, competition experiments between rhythmic and arrhythmic strains in 
constant conditions failed to reveal such intrinsic benefits (Woelfle et al., 2004). The 
intrinsic benefits of circadian rhythms have not been tested directly in more complex 
organisms. Studies using tissue specific clock gene knockouts do however indicate an 
important role for circadian clocks in glucose regulation and adaptive heat production 
(Marcheva et al., 2010; Gerhart-Hines et al., 2014).  
Extrinsic benefits can be derived from optimizing the timing of physiology and behavior to 
the time structure of the environment (Daan, 1981). To optimize fitness, animals need to 
adapt to rhythmic changes in light intensity, ambient temperature (Ta), predation risk, and 
food availability. An internal circadian clock is believed to provide fitness benefits by 
allowing organisms to anticipate these rhythmic changes (Daan, 1981). This is specifically 
apparent in seasonal breeders, where circadian clocks are used to detect the critical 
photoperiod as a signal for the start of the reproductive season (Elliott et al., 1972; Bartness 
et al., 1991; Hut and Beersma, 2011). Since proper seasonal timing has a strong effect on 
the fitness of an animal (Verhulst and Tinbergen, 1991; Visser et al., 1998; DeCoursey, 
2004) this suggests further extrinsic adaptive benefits for circadian rhythms.  
Reducing thermoregulatory costs allows animals to divert energy to different tasks and so 
optimize growth and reproduction. Examples of behavioral energy saving strategies 
typically occur during the rest phase and include torpor or hibernation (Heldmaier et al., 
2004), insulating body posture, huddling, and resting in insulated nests (Gilbert et al., 
2010). The energetic benefit of these strategies increases when Ta is lower. Thus, 
endothermic energy expenditure varies with time of day due to daily changes in Ta. 
Extrinsic benefits of circadian organization can therefore derive from optimizing timing of 
activity and rest with daily environmental Ta rhythms. The circadian thermo-energetics 
(CTE) hypothesis predicts that diurnal activity patterns allow endothermic animals to 
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reduce energy expenditure (Hut et al., 2012, Chapter 2; van der Vinne et al., 2014a, 
Chapter 3). Since night temperatures are usually lower than day temperatures and the rest 
phase is associated with behavioral strategies to reduce heat loss, resting during the coldest 
part of the day allows animals to optimize the energetic benefits of insulation and minimize 
daily energy expenditure (DEE).  
The energetic benefits of diurnality proposed by the CTE hypothesis would be most 
relevant for animals challenged to maintain energy balance. Indeed, a literature review on 
temporal niche switching found that most temporal niche switches occurred in typically 
nocturnal mammals under conditions of increased energetic requirements (e.g. winter cold 
or food scarcity) (Hut et al., 2012, Chapter 2). To investigate how metabolic demand 
shapes circadian organization, we developed the ‘working for food’ protocol (WFF) in 
which mice are subjected to conditions of simulated food shortage (Hut et al., 2011). Mice 
subjected to WFF have to obtain their food by working in a running wheel and become 
increasingly day active when the workload increases (Hut et al., 2011). This allows daily 
torpor bouts to occur during the second half of the night in mice challenged energetically 
for prolonged periods (Hut et al., 2011). The increased daytime activity is more 
pronounced when combined with other energetic challenges such as lowered Ta (van der 
Vinne et al., 2014a, Chapter 3) or lactation (Perrigo, 1987). All these findings are in line 
with the CTE hypothesis proposition that diurnality in endothermic animals provides 
energetic benefits (Hut et al., 2012, Chapter 2).  
An important determinant of energy expenditure for small endothermic animals is the 
encountered Ta (Speakman, 1997). The relationship between Ta and energy expenditure is 
described by Scholander curves (Scholander et al., 1950). Scholander curves have been 
measured in different species and environmental conditions, revealing a consistent 
relationship between Ta and energy expenditure (Fig. 6.1; Scholander et al., 1950; Gordon, 
2012). Energy expenditure is lowest in the thermoneutral zone with Ta between the lower 
(TLC) and higher critical temperature (THC). Energy expenditure increases linearly for Ta 
outside the thermoneutral zone, reflecting increased thermoregulatory costs.  
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Figure 6.1. Scholander curves describe the relation between ambient temperature (Ta) and energy 
expenditure. Energy expenditure increases linearly with decreasing Ta when Ta is below the lower 
critical temperature (TLC). The slope of this part of the Scholander curve extrapolates to the defended 
body temperature (Tb defended). Energy expenditure in the thermoneutral zone is relatively constant 
(standard metabolic rate, SMR). Above the higher critical temperature (THC) energy expenditure 
increases rapidly due to the energetic requirements of active cooling. Energy expenditure during the 
active phase is higher compared to the rest phase. Energy saving strategies associated with the rest 
phase (nest insulation, huddling, torpor) reduce the energy expenditure increase when Ta decreases 
below TLC and thereby also lower the TLC. Elevated heat loss due to exposure to the outside elements 
during the active phase (chill) augments the energy expenditure increase for Ta < TLC and raises TLC. 
The use of heat generated by activity for thermogenesis (activity thermogenesis) reduces the energy 
expenditure increase when Ta decreases below TLC and reduces TLC. 
 
The rate of energy expenditure increase (Scholander slope) with lowering Ta depends on 
the animal’s thermal conductance. Rest associated energy saving strategies, such as 
huddling and nest insulation reduce thermal conductance thereby decreasing energy 
expenditure at Ta below TLC (Fig. 6.1) (Gilbert et al., 2012). During the active phase, 
energy expenditure is elevated. An interspecies comparison estimates that thermal 
conductance is approximately 50% higher during the active phase compared to the rest 
phase (Aschoff, 1981). However, this does not account for changes in the shape of the 
Scholander curve during the active phase. A quantitative assessment of the energetic 
consequences of changes in circadian organization requires an understanding of the 
modulation of Scholander curves during the active phase in combination with the effects of 
energy saving strategies during the rest phase. 
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Figure 6.2. Model for the calculation of energetic benefit of diurnality under natural conditions. The 
daily surface temperature rhythm (Tsurface) and thermal buffering of the nesting location (knest) 
determine the daily nest temperature rhythm (Tnest). The encountered ambient temperature rhythm 
(Ta) depends on the animals temporal organization. Environmental conditions shape the Scholander 
curves during both the active and rest phases. The daily energy expenditure and energetic benefit of 
diurnality depend on the encountered temperature rhythm and the shape of the Scholander curves 
during the rest and active phase. 
 
This study presents a fully quantified model that estimates how the temporal organization 
of behavior influences DEE of mice under natural conditions in a temperate climate. The 
model takes into account the different relation between Ta and energy expenditure during 
the rest and active phase, the energetic consequences of rest-associated energy saving 
strategies (nest insulation, huddling, rest posture, torpor) and the differences in daily 
surface (Tsurface) and nest (Tnest) temperature rhythms. Combining these factors in a 
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computational model (Fig. 6.2) allows for the quantification of the energetic benefit of 
diurnality under different environmental conditions. Finally, the expected energetic 
consequences of diurnality are assessed for different European geographical locations and 
for different days separately to assess the impact of daily fluctuations in the Tsurface rhythm 
on the energetic benefit of diurnality.  
 

Results 
Energy expenditure during active and rest phase 
Energy expenditure of mice was measured by indirect calorimetry throughout day and 
night to ensure that every phase of the daily cycle was measured (Fig. 6.3AB). During both 
the active and rest phase, a linear increase of energy expenditure was found with decreasing 
Ta at temperatures below thermo neutrality. As expected, energy expenditure was higher 
during the active phase. The relative difference in slope of the Scholander curve below TLC 
between the rest and active phase depended on running wheel availability, which 
augmented the intensity of activity. While energy expenditure decreased with Ta at the 
same rate during the active and rest phase for mice housed without a running wheel (Fig. 
6.3A), mice with access to a running wheel showed a reduced Scholander slope during the 
active phase (Fig. 6.3B) compared to the resting phase. This is in line with the hypothesis 
that heat generated by muscle activation during activity can be used to maintain body 
temperature (Tb) and thereby reduce thermoregulatory costs during the active phase 
(Humphries and Careau, 2011). 
The measurement of energy expenditure in the laboratory should be adjusted for the altered 
heat loss under natural conditions by adjusting the slope of the measured Scholander curve. 
Heat loss under natural conditions will typically be increased by the different 
environmental conditions (e.g. humidity, wind). The thermal conductance constant (kmouse) 
was therefore measured under natural and laboratory conditions and division of kmouse under 
natural conditions by the laboratory’s kmouse provided a chill factor to adjust the slope of the 
measured active phase Scholander curve. The chill factor was determined for three mouse 
mannequins at 1.423 ± 0.184 (average ± s.d.).  
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Figure 6.3. Energy expenditure of mice during rest and activity. Scholander curves show the relation 
between energy expenditure and ambient temperature during the rest and active phase for mice 
housed without (A) or with (B) access to a running wheel. Energy expenditure was increased during 
the active phase, especially in the presence of a running wheel. (C) During the rest phase, energy 
saving strategies (nest insulation and huddling) reduced the energy expenditure increase with 
decreasing ambient temperatures. (D) Due to the decreased slope, increased nest insulation and 
huddling also lowered TLC. 
 
Energy saving during rest phase 
Energy expenditure can be reduced by minimizing heat loss to the environment. Strategies 
to do so during the rest phase include huddling with nest mates and nest insulation. The 
effectiveness of such strategies depends on the absolute difference between Tb and Ta and 
is thus greatest when Ta is low. This is reflected in a decreased slope of the resting phase 
Scholander curves (Fig. 6.3CD and 6.S1). The slope of the resting phase Scholander curve 
decreased in steps of 8.21*10-3 kJ·h-1·°C-1 when the amount of nest insulation material was 
increased from 0 g to 0,5 g to 2,5 g cotton wool. Increasing the group size from 1 to 3 mice 
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per nest reduced the Scholander slope by 4.34*10-3 kJ·h-1·°C-1 for each additional mouse 
(Fig. 6.3C). With a constant defended body temperature and SMR this resulted in a lowered 
TLC with increasing insulation (Fig. 6.3D). 
 

 
Figure 6.4. Daily energy expenditure depends on daily timing of activity. The difference between 
surface (Tsurface) and nest (Tnest) temperature rhythms (inset) allows diurnal mice to reduce daily 
energy expenditure by encountering the relatively warm Tsurface during the active phase and the 
relatively warm Tnest during the rest phase. The light-dark cycle is represented by the yellow-grey bar. 
The hatched bar represents the timing of the active phase for a mouse with an activity midpoint at 
ExT 16 and the associated expected daily energy expenditure. 
 
Environmental factors influencing the energetic benefit of diurnality 
The expected DEE of mice under natural conditions can be calculated by combining 
energetic measurements with daily rhythms in Tsurface and Tnest. Shifting activity to the day 
(diurnality) increases the encountered Ta during both the light and dark phase of the day 
(van der Vinne et al., 2014a, Chapter 3). In addition, rest associated energy saving 
strategies provide a larger relative reduction in energy expenditure at lower Ta. Therefore, 
the energetic benefit will be maximal when rest is synchronized with the colder night while 
the disadvantages of energetically detrimental conditions (humidity, wind) can be reduced 
by being active during the warmer light phase. Therefore, diurnality is associated with a 
lowered DEE (Fig. 6.4).  
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Figure 6.5. Impact of environmental factors on the energetically optimal daily timing of activity. 
Addition of environmental factors to our energetic model allows the assessment of the importance of 
each factor (see Fig. 6.S2 for effects of individual factors). (A) The optimal activity midpoint 
indicates the time of day associated with the lowest DEE for a mouse with an active phase starting 6 
h before and ending 6 h after the indicated time. (B) Daily energy expenditure associated with the 
optimal activity midpoint. (C) Percentage energetic savings associated with diurnality compared to a 
nocturnal mouse. (nest ins: nest insulation; hud: huddling; WFF: working for food protocol) 
 
The energetic consequences of changes in circadian organization depend on different 
environmental factors. The contribution of these factors is assessed systematically (Fig. 6.5, 
6.S2). For mice housed in constant Ta, changes in temporal organization did not alter the 
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expected DEE. When subjected to a daily temperature cycle, nocturnality was energetically 
beneficial (energetic benefit of diurnality: -0.2%; Fig. 6.5) since it utilizes activity 
thermogenesis to reduce thermoregulatory costs during the cold night. The energetic 
benefit of nocturnality was increased (-1.4%) by the presence of a running wheel. Access to 
a running wheel allowed for an increased intensity of activity, resulting in greater heat 
production. Diurnality became energetically beneficial when the Tnest rhythm was 
dampened by the thermal capacity of the nest (4.7%). Dampening of the Tnest rhythm 
depends on the thermal capacity of the nest. Increased thermal capacity results in a reduced 
amplitude and delayed peak phase of the Tnest rhythm (Fig. 6.4). Diurnality allows an 
animal to leave the nest during the day when it is warmer outside and be in the nest during 
the night when it is warmer inside. A buffered Tnest rhythm thus makes diurnal animals 
encounter higher Ta throughout the 24-h cycle compared to nocturnal animals. Addition of 
the benefits of nest insulation and huddling during the rest phase (5.6%), and the added 
energetic costs of outside chill (humidity, wind) during the active phase (6.0%) increased 
the expected energetic benefit of diurnality.  
Mice placed under conditions of simulated food shortage (WFF protocol) reduce Tb 
primarily during the rest phase, to approximately 32°C (van der Vinne et al., 2014a, 
Chapter 3). These changes further increased the energetic benefit of diurnality (10.2%). 
Prolonged energetic challenges can even induce daily torpor bouts in mice (Hut et al., 
2011), but the energetic measurements of WFF mice used here did not involve torpid mice 
(van der Vinne et al., 2014a, Chapter 3). Assuming negligible energy expenditure during 
daily torpor, a six-hour torpor bout during the late rest phase provides an additional 9.6% 
saving for a nocturnal and a 10.3% energetic saving for a diurnal mouse. The shift to 
diurnality and daily torpor bouts observed during prolonged simulated food shortage (Hut 
et al., 2011) would thus reduce DEE by ~20% under natural conditions. As is the case with 
other energy saving strategies associated with the rest phase (huddling, nest insulation), the 
energetic benefits of daily torpor are maximized by diurnality.  
The length of the active phase also influences the energetic benefit of diurnality (Fig. 6.S3). 
In nature, foraging yield is a major determinant of the length of the active phase. Here the 
energetic benefit of diurnality was assessed for different active phase lengths with an 
activity midpoint at noon or midnight. The maximal energetic benefit of diurnality was 
reached at an active phase length of 9.3 h (6.3%) with lower energetic benefits for both 
shorter and longer active phases. Being completely diurnal with an active phase length of 
12 h provided an energetic benefit of 5.9% compared to a completely nocturnal mouse.  
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Figure 6.6. Energetic consequences of thermal buffering of nest temperature (Tnest). (A) Increasing 
thermal buffering of Tnest by reducing knest results in limited changes in the timing of the energetically 
optimal and worst activity midpoint which remain timed around noon and midnight respectively. (B) 
Daily energy expenditure decreases with increasing thermal buffering of Tnest (decreasing knest) for 
mice active at the energetically optimal time (diurnal) and increases for mice active at the 
energetically worst time (nocturnal). (C) The energetic benefit of diurnality increases from 3.0% to 
6.2% when going from a small nest on the ground surface (knest ~3 h-1) to a nest 20 cm inside a hay 
filled nest box (knest ~0.07 h-1). 
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Energetic consequences of thermal buffering of Tnest 
Since the thermal buffering of Tnest was the most important environmental factor in making 
diurnality energetically beneficial (Fig. 6.S2), the energetic consequences of changes in the 
Tnest buffering constant (knest) were explored (Fig. 6.6). The knest nest buffering constant is 
the Newtonian cooling law constant for the complete nest compared to Tsurface. knest depends 
on the thermal conductance and heat capacity of the nesting location. Lower values of knest 
indicate better buffering of Tnest. While diurnality was energetically beneficial at all knest 
values (Fig. 6.6A) and changing knest decreased DEE by only 1.7% for a diurnal mouse 
(Fig. 6.6B), the energetic benefit of diurnality over nocturnality increased from 3.0% to 
6.2% when the nest became better buffered from Tsurface (Fig. 6.6C). The critical knest range 
determining the diurnal benefit of diurnality was between knest ~2 h-1 and knest ~0.1 h-1, 
representing nesting situations with a small nest on the ground surface and a nest 20 cm 
inside a hay filled box respectively. Highly buffered nests such as underground burrows do 
not encounter a daily Tnest rhythm and the constant Tnest depends on the surrounding ground 
temperature (Fig. 6.S4). The absolute energetic benefit of diurnality is constant in these 
conditions since diurnality still allows an animal to encounter the higher Tsurface during the 
active phase (Fig. 6.S5, 6.S6).  
 
Energetic benefits of diurnality in different geographical locations 
The generality of the expected energetic benefit of diurnality was assessed for different 
geographical locations. Tsurface data along a European East-West longitudinal and a North-
South latitudinal transect was collected for 36 weather stations around the March and 
September equinox (Fig. 6.7C, 6.S7, Table 6.S1, 6.S2, Mundomanz.com, 2014). Variation 
in average Tsurface was limited along the East-West transect ranging from European Russia 
to the Netherlands. Average Tsurface decreased along the North-South transect from southern 
Spain to Spitsbergen. On both clines average Tsurface was higher in September compared to 
March and the daily Tsurface range was correlated with the average Tsurface (Fig. 6.S7).  
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Figure 6.7. Diurnal benefit depends on 
average and range of the daily surface 
temperature rhythm (Tsurface). Grey lines 
indicate the expected energetic benefit 
of diurnality for specified daily Tsurface 
average and daily Tsurface range for mice 
under ad libitum (A) or simulated food 
shortage (B) feeding conditions. The 
bold green and red dot indicate the 
average (with s.d.) Tsurface on a 
longitudinal transect in March and 
September respectively (see Fig. 6.S7). 
Green and red lines indicate expected 
Tsurface on a latitudinal transect in March 
and September respectively with small 
dots indicating the Tsurface values 
measured for individual weather stations 
on the latitudinal transect. (C) The 
geographical locations of the weather 
stations used for the longitudinal and 
latitudinal transects. 
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The expected energetic benefit of diurnality for the observed daily Tsurface rhythms on the 
East-West longitudinal transect would be around 5% in March and 8% in September (Fig. 
6.7A). On the North-South latitudinal transect the energetic benefit of diurnality decreased 
from around 8% to 2% with latitude in March and from around 11% to 2% in September. 
These diurnal benefits were calculated based on the Scholander curves measured for ad 
libitum fed mice. When challenged energetically by situations of simulated food shortage 
(WFF), the difference in energy expenditure during the rest and active phase increased (van 
der Vinne et al., 2014a, Chapter 3) (Fig. 6.7B). The observed Tsurface rhythms on the East-
West longitudinal transect would provide an energetic benefit of around 7% and 13% for 
diurnal mice in March and September respectively. The expected energetic benefits of 
diurnality on the North-South latitudinal transect would range from 14% to 3% in March 
and from above 14% to 3% in September when moving from southern Spain to 
Spitsbergen.  
 
Day-to-day differences in temperature cycle 
Day-to-day variation in weather conditions can cause substantial variation in the 
encountered Tsurface rhythm. To investigate the day-to-day variability in the energetic 
benefit of diurnality, the diurnal benefit and optimal activity midpoint were calculated for 
all September and March days in the years 1991-2010. Diurnality was energetically 
beneficial on 98.5% (591 / 600) of all September days with an average energetic benefit of 
5.69 ± 3.06 % compared to a completely nocturnal mouse (Fig. 6.8A). An activity midpoint 
during the light phase was energetically optimal in 98.5% (591 / 600) of September days 
with an activity midpoint at or slightly after midday as the optimum (Fig. 6.8B). In March, 
complete diurnality was energetically beneficial on 94.4% (585 / 620) of all days with an 
average benefit of 3.27 ± 2.47 % (Fig. 6.S8A). In 95.6% (593 / 620) of all March days an 
activity midpoint during the light phase was energetically optimal (Fig. 6.S8B).  
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Figure 6.8. Diurnality is associated with energetic benefits on most individual September days. (A) 
The expected energetic benefit of a completely diurnal compared to a completely nocturnal mouse 
based on hourly Tsurface data. Diurnality is associated with energetic savings on 98.5% of all days. (B) 
The energetically optimal activity midpoint of a 12 h active phase is during the light phase on 98.5% 
of all days. 
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Discussion 
The CTE hypothesis aims to explain observed temporal niche switches from nocturnal to 
diurnal activity patterns in terms of energetic benefits (Hut et al., 2012, Chapter 2; van der 
Vinne et al., 2014a, Chapter 3). The current study quantifies that diurnal activity rhythms in 
mice are indeed associated with reduced DEE. Systematic evaluation of the different 
factors that modulate DEE identified thermal buffering of Tnest as being the most important 
factor in making diurnality energetically beneficial (Fig. 6.5, 6.S2). Thermal buffering of 
Tnest dampens the amplitude and delays the peak phase of the Tnest rhythm relative to the 
Tsurface rhythm (Fig. 6.S4). Diurnality allows an animal to use these relative differences in 
Tnest and Tsurface rhythms to encounter higher Ta during both day and night. Although the 
energetic quantification performed in this article was based on mice data, in temperate 
climates, diurnality will be energetically beneficial to all endothermic animals resting in 
sheltered locations.  
 
Based on the quantifications performed in the present study, diurnality is expected to 
reduce DEE by approximately 6-10% under natural conditions (Fig. 6.5). Lowering DEE 
reduces foraging requirements and allows a shorter active phase, thereby further reducing 
DEE. Diurnality can thus reduce foraging time by more than 6-10%, with the exact 
reduction depending on the encountered foraging yield. Foraging time will be reduced most 
under conditions that require a long active phase (low foraging yield). Diurnality provides 
energetic benefits for endothermic animals resting in sheltered locations, but the optimal 
distribution and time spend on activity and rest will depend on foraging opportunities and 
predation risk (Chapter 7). 
The present study quantified the consequences of different energy saving strategies to 
calculate the energetic benefit of diurnality. On top of the benefit of diurnality, 
energetically challenged mammals use additional strategies to reduce DEE. Mice exposed 
to prolonged periods of simulated food shortage show daily torpor bouts during which Tb 
drops to Ta (Hut et al., 2011). Combining daily torpor with becoming diurnal together 
reduces DEE by approximately 20%. Further energetic benefits could be obtained by 
mammals using sun basking to warm up (Warnecke et al., 2008). Since solar radiation can 
only be utilized during the light phase, including sun basking in our computations could 
only have increased the energetic benefit of diurnality.  
The assessment of outside energy expenditure based on laboratory measurements requires a 
correction for the altered thermal conductance. Comparing passive cooling of a warmed 
body in the laboratory and outside provides a scaling factor to adjust energy measurements 
from laboratory to outside conditions. In our opinion, this method provides a simpler and 
more accurate scaling factor than using a copper animal model with complex elements 
determining the thermo-dynamical properties of the whole model (Bakken, 1976; Long et 
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al., 2005). By simultaneously assessing all components contributing to heat loss in a 
sacrificed mouse, the total measurement error is minimized. An extensive assessment of the 
consequences of environmental conditions (humidity, wind, sun, cover) on the thermal 
conductance of an animal was beyond the scope of the current study but could provide a 
more accurate description of DEE in nature.  
 
The current study shows that becoming diurnal allows typically nocturnal endothermic 
animals to conserve energy. Indeed, in the wild, diurnality is observed in typically 
nocturnal mammals in response to demanding energetic conditions (reduced food 
availability, lowered temperatures) (Hut et al., 2012, Chapter 2). Under controlled 
laboratory conditions diurnality can be induced by challenging mice energetically (van der 
Vinne et al., 2014a, Chapter 3). This suggests shifting to diurnality as a strategy employed 
by typically nocturnal mammals to compensate environmental fluctuations in energy 
availability. 
The analysis of individual days' Tsurface rhythms revealed that diurnality decreased DEE on 
94-99% of all days in September and March (Fig. 6.8, 6.S8). This near certain diurnal 
benefit could provide an evolutionary selection pressure for a mechanism whereby animals 
use the LD-cycle as a proxi for the ultimately energetically optimal time of day to be active 
(as suggested by Baker (1938) for seasonal rhythms). Animals thus respond to a negative 
energy balance by becoming diurnal without continuously assessing energy expenditure 
throughout the day. Indeed, mice subject to conditions of simulated food shortage use the 
LD-cycle and not the Ta cycle to select their temporal organization (van der Vinne et al., 
2014a, Chapter 3). 
The energetic benefit of diurnality increases with average Tsurface and daily Tsurface range, 
both of which are affected by geographical location and season (Fig. 6.7, 6.S7). Since both 
average Tsurface and daily Tsurface range decrease with latitude but longitude only has a small 
effect on the average Tsurface in our European transects, the energetic benefits of diurnality 
are expected to increase from North to South but remain relatively constant from East to 
West. A clear season effect is discernible on the longitudinal transect. The energetic benefit 
of diurnality substantially increases during spring and summer compared to autumn and 
winter. These observations lead to the prediction that diurnality in response to energetically 
challenging conditions is more likely to occur in southern (warmer) locations and during 
the warmer seasons. The lowered DEE associated with higher average Tsurface makes it 
however less likely that animals require the energetic benefits of diurnality.  
Since all measurements in this study were performed at Ta below 30 °C, the present model 
cannot quantify the optimal circadian organization for animals facing heat dissipation 
difficulties (Speakman and Król, 2010b). However, the CTE hypothesis can predict the 
energetic consequences of diurnality at Ta above THC in qualitative terms. Since energy 
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expenditure increases dramatically when Ta increases above THC (Scholander et al., 1950; 
Gordon, 2012) avoiding activity during the warmest part of the day would be beneficial. 
Studies in multiple species suggest that such behavioral adaptations indeed occur in 
response to high Ta. The diurnal European ground squirrel (Spermophilus citellus) reduces 
activity during the warmest part of the day on sunny days (Váczi et al., 2006), while 
lactating common voles (Microtus arvalis) shift lactation to the night when challenged by a 
high Ta, presumably to reduce the risk of overheating (van der Vinne et al., 2014b, Chapter 
5). These examples illustrate that different species of small mammals adjust the distribution 
of activity and rest to reduce the risk of hyperthermia. 
 
This study describes the optimal distribution of activity and rest from an energetic point of 
view. Under natural conditions, the optimal circadian organization will depend on the 
consequences it has on all fitness components (e.g. energy expenditure, foraging efficiency, 
reproductive success and predation risk). The relative importance of each of these fitness 
components depends on the environmental conditions an animal encounters. The ultimately 
optimal circadian organization of activity and rest will be such that the sum of costs and 
benefits on all these factors is optimized. The shift to diurnality observed in response to 
energetic challenges suggests that the increased importance of energetic savings under 
these conditions adjusts the overall balance and makes diurnality beneficial. 
 

Methods 
Animals 
CBA/CaJ mice (5-9 month) housed in standard macrolon mouse cages (15x32x13 cm) 
equipped with or without running wheel were placed in a 12h:12h LD cycle at least 10 days 
before energetic measurements. Food (AM II diet rodent chow 10 mm, 17.3 kJ/g, Arie 
Blok, Woerden, the Netherlands) and water were provided ad libitum. Animals were 
housed on sawdust bedding (Lignocel hygenic animal bedding, Rettenmaier, Rosenberg, 
Germany). Procedures involving animals were approved by the Animal Experimentation 
Committee of the University of Groningen (DEC 5454). 
 
Scholander curves during activity and rest 
Ta was set to the temperature of interest (Fig. 6.3) 24 h before indirect calorimetric 
measurements (O2, CO2 analyses) started. Solitary housed mice (n=8 for each Ta treatment) 
were transferred in their home cage to the indirect calorimetry setup at external time (ExT) 
17. The mice stayed in their home cage during the indirect calorimetry measurements, 
eliminating the need for a long acclimatization period. Energy expenditure was determined 
every 10 minutes for at least 23 h by measuring O2 use and CO2 production using a dried 
air open-circuit indirect calorimetry system (O2: Servomex Xentra 4100; CO2: Servomex 
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1440, Crowborough, UK; flow: 30 l/h, type 5850 Brooks mass flow controller, Rijswijk, 
NL). Energy expenditure during the active and rest phase were determined as the maximum 
and minimum values respectively of the 2 h running average of measured energy 
expenditure. To reduce variability in the energy expenditure measurements caused by short 
bouts of high or low activity, energy expenditure rate was averaged over this 2-h time 
interval, thereby obtaining a reliable estimate for energy expenditure during the full rest 
and active phase. Standard metabolic rate (SMR), lower critical temperature (TLC) and the 
energy expenditure increase per °C at Ta < TLC (Scholander slope) were determined by 
fitting a Scholander curve (Scholander et al., 1950) to the energetic measurements using a 
least squares parameter estimation procedure for these three parameters (hockey stick 
regression procedure).  
 
Energy expenditure effects of energy saving strategies 
The energetic consequences of nest insulation and group size were quantified in a crossover 
design. Three different group sizes were used (group size: 1, 2 or 3 mice; n = 7, 8 and 6 
groups respectively). These 3 group sizes were provided in random order with 3 different 
nest insulation conditions (0, 0.5 or 2.5 g of standard medical cotton wool). Nest material 
was provided at least 2 days before the energetic measurements started, which gave enough 
time for nest building. All nests incorporated all the wool provided. Cooling curves of these 
nests showed that nest insulation depended significantly on the amount of cotton wool 
(F2,40=12.34, p<0.0001; cooling constants: 0 g: 3.99 h-1, 0.5 g: 3.54 h-1, 2.5 g: 2.98 h-1). All 
groups of mice were measured in the 3 nest material conditions at one-week intervals 
during the light (rest) phase. Energy expenditure of groups of mice was measured between 
ExT 7 and ExT 17 and Ta was lowered from 30 °C to 10 °C in steps of 5 °C every 2 h. The 
Ta were applied in the same time order to disentangle the effects of huddling and insulation 
excluding the effect of time of day. Scholander curves were calculated for all nest 
insulation and group size combinations based on the average energy expenditure per animal 
in the second hour of measurements in each Ta. In this analysis, the effect of nest insulation 
and huddling on the TLC and energy expenditure increase at Ta < TLC were estimated as 
linear effects using a least squares fitting procedure while SMR was kept constant (Fig. 
6.1).  
 
Chill factor 
The laboratory based Scholander curve for the active phase was adjusted to account for the 
different rate of heat loss under outside surface conditions in nature. The total effect of 
different environmental influences (e.g. humidity, wind) on heat loss was determined by 
comparing the kmouse of pre-heated sacrificed mice (n=3) in the indirect calorimetry setup 
versus outdoor enclosures (Fig. 6.S9). The kmouse was determined under each condition by 
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direct comparison between Tb during passive cooling and Ta using the Newtonian cooling 
model: Tmouse (t) = Ta,initial + (Tmouse,initial - Ta,initial) * exp ( -kmouse * t). Tb and Ta were 
measured every 2 minutes using wax-sealed Thermochron iButton abdominal data loggers 
(Lovegrove, 2008). The cooling constant of mice outside was divided by the cooling 
constant of mice inside to obtain the chill factor.  
 
Surface and nest temperature 
The hourly Tsurface for the months September and March were obtained from the Koninklijk 
Nederlands Metereologisch Instituut (KNMI) weather station Eelde, the Netherlands 
(WMO: 06280; 53o 07’N, 06o 35’E) for the years 2001-2010. An average daily surface 
temperature profile was determined by averaging all data per time point per month for all 
years and linearly interpolating the average hourly values to obtain a Tsurface profile in 10 
minute intervals. The daily Tnest rhythm depends on thermal buffering of the nest (knest) 
against Tsurface. knest depends on the thermal conductance and heat capacity of the nesting 
location. knest was determined for 4 nest locations in our outdoor mouse enclosures at the 
laboratory in Groningen, the Netherlands (53° 14' N, 6° 32' E). The nighttime cooling rates 
of these nests compared to Tsurface was modeled using the Newtonian cooling law equation: 
Tnest = Tnest,previous + knest * (Tsurface,previous - Tnest,previous) in one minute steps (knest = 0.0722 ± 
0.0178 h-1; average ± s.d.). The expected Tnest was calculated in 10 minute iterative steps: 
Tnest = Tnest,previous + knest * (Tsurface,previous - Tnest,previous) using knest for 30 days, the Tnest profile 
on day 31 was used as the daily Tnest rhythm (Fig. 6.4). The reduction in amplitude and 
phase delay of Tnest (Fig. 6.S4) with increasing thermal buffering was similar to 
measurements of underground Tnest measurements (Skliba et al., 2014). 
 
Daily energy expenditure model 
DEE was calculated for a mouse with a 12 h active and 12 h rest phase in 144 bins of 10 
minutes (Fig. 6.2). For each bin, energy expenditure was calculated based on whether the 
mouse was active or resting, using the corresponding Ta (Tsurface when active, Tnest during 
rest). During the rest phase, the energetic benefits of nest insulation and huddling were 
presumed to equal those of mice huddling in groups of 3 with 2.5 g of cotton wool. During 
the active phase the negative slope of the Scholander curve increased (more negative) due 
to multiplication of the slope by the chill factor. Energy expenditure was calculated for all 
possible temporal niches in 30 minute steps. The energetically optimal and worst activity 
midpoint were defined as the activity midpoint resulting in the lowest and highest DEE 
respectively. The energetic benefit of diurnality was calculated as percentage of the 
nocturnal DEE, by comparing the optimal and worst DEE which typically occurred around 
noon or around midnight. All energetic calculations described above were performed using 
custom build scripts in SciLab 5.5.0. 
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The energetic consequences of changes in Tnest buffering were assessed by varying knest. 
The assessed knest constants ranged from nests build by mice in standard laboratory cages 
(knest = 3 - 4 h-1) to underground burrows (knest = 0.018 - 0.0004 h-1; Strijkstra, 1999). The 
nests build by mice in our outdoor enclosures were found to have intermediate Tnest 
buffering constants (knest = 0.0722 h-1). Stepwise addition of the parameters (the energetic 
effects of a Tsurface rhythm, running wheel access, Tnest rhythm, nest insulation, huddling, 
chill and simulated food shortage (WFF)) was used to quantify the contribution of these 
factors to the energetic benefit of diurnality. 
 
Activity profile validation 
To assess the validity of using a 12 h active, 12 h rest (block) activity profile in our 
energetic model, we compared this profile to the average activity profile of nocturnal and 
diurnal mice (Fig. 6.S10). The average activity profiles of 12 mice during the 5 days 
preceding start of the WFF protocol (all mice nocturnal) and the last 5 days of the WFF 
protocol (all mice diurnal) (van der Vinne et al., 2014a, Chapter 3) were used to calculate a 
diurnal and nocturnal activity profile normalized to the total activity levels.  
The validity of using a 12 h active phase was assessed by comparing the energetic benefit 
of diurnality for different activity phase lengths (4-20 h). The activity midpoints were fixed 
at noon (ExT 12) for the diurnal DEE and at midnight (ExT 24) for the nocturnal DEE (Fig. 
6.S3).  
 
Predicted energetic benefits of diurnality along longitudinal and latitudinal transects 
Daily maximal and minimal temperatures in different European geographical locations on 
an East-West longitudinal transect (Table 6.S1) and North-South latitudinal transect (Table 
6.S2) were obtained from (Mundomanz.com, 2014). For each location, daily maximal and 
minimal temperatures were collected over 6 days around the September and March equinox 
for the years 2006-2010. From the daily extremes, the average daily Tsurface and daily Tsurface 
range were calculated.  
The expected energetic benefits of diurnality for combinations of average Tsurface and daily 
Tsurface range were calculated by optimizing the daily Tsurface range for each average Tsurface 
to obtain the specified diurnal benefit of 0-14%. This analysis assumed an energetic model 
where the shape of the daily Tsurface rhythm (Eelde, NL weather station) was scaled by the 
Tsurface average and daily Tsurface range. The Tnest rhythm was derived from the Tsurface rhythm 
in 10 minute iterative steps using the measured nest cooling constant (k = 0.0722) while the 
effects of nest insulation, huddling and chill factor were incorporated in the energetic 
model. The expected diurnal benefits were calculated for mice under energetically relaxed 
(ad libitum, RW Scholander curves; Fig. 6.3B) and demanding (WFF Scholander curves; 
Fig. 3.4B) conditions. 
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Variation in daily temperature rhythm 
The energetic consequences of Tsurface variation between days was assessed by calculating 
the energetic benefit of a completely diurnal mouse over a completely nocturnal mouse and 
the optimal activity midpoint for all days in September and March in the years 1991-2010. 
Hourly Tsurface temperatures were obtained for the Eelde, the Netherlands weather station 
for all days in September and March 1991-2010.  
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Figure 6.S1. Scholander curves showing energy expenditure at various ambient temperatures for 
different insulation conditions. With increasing group sizes (left-right: 1, 2 or 3 mice per cage) and 
nest insulation (top-bottom: 0 g, 0.5 g or 2.5 g cotton wool) the rate of increase in energy expenditure 
with lowering Ta is reduced. The lower critical temperature is reduced with increased insulation 
accordingly. 
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Figure 6.S2. Impact of individual environmental factors on the energetically optimal daily timing of 
activity. Thermal buffering of the nest temperature (Tnest) is the main environmental factor 
determining the energetic benefit of diurnality. The energetically optimal activity midpoint (A), daily 
energy expenditure (B) and energetic benefit of diurnality (C) are calculated for the individual 
environmental factors. (nest ins: nest insulation; hud: huddling; WFF: working for food protocol) 
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Figure 6.S3. The energetic benefit of diurnality is modulated by the active phase length. Daily energy 
expenditure is compared between diurnal mice with an activity midpoint at noon and nocturnal mice 
with an activity midpoint at midnight for different active phase lengths. An active phase of 9.3 h 
provides the greatest energetic benefit of diurnality compared to nocturnality. 
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Figure 6.S4. Daily Tnest rhythm depends on the thermal buffering of the nest (knest). With increasing 
thermal buffering of Tnest (lowering knest) the Tnest rhythm deviates more from the Tsurface rhythm. 
Decreasing knest leads, in consecutive order, to a delayed peak Tnest phase (A), a reduced daily Tnest 
range (B) and an altered Tnest average (C). The deviation of the Tnest average from the Tsurface average 
for low knest values (representing underground burrows) depends on the initial nest temperature 
(Tinitial). All curves are calculated by modeling the effects of the average September Tsurface rhythm on 
a nest for 30 days. All calculations are performed for 5 different Tinitial values. Black lines indicate 
curves unaffected by Tinitial. Red background lines represent the Tsurface rhythm in all three figures. 
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Figure 6.S5. Energetic consequences of thermal buffering of Tnest by knest. The energetic 
consequences of diurnality are calculated for knest values ranging from a small nest on the ground 
surface (knest ~3 h-1) to an underground burrow (knest ~10-3 h-1) for 5 different initial temperatures 
(Tinitial; see Fig. 6.S4). (A) Reducing knest hardly affects the phase of the energetically optimal activity 
midpoint. (B) The minimal daily energy expenditure depends on Tinitial for highly insulated 
underground burrows (knest < 10-2 h-1) and increases slightly with increasing knest at higher knest values 
(see Fig. 6.6). (C) The energetic benefit of diurnality increases sharply with increasing insulation for 
knest > 10-1 h-1 and is roughly constant for knest < 10-1 h-1 and is weakly modulated by Tinitial. 
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Figure 6.S6. Energetic consequences of thermal buffering of Tnest by knest without nest insulation and 
huddling. The energetic consequences of diurnality are calculated for knest values ranging from a 
small nest on the ground surface (knest ~3 h-1) to an underground burrow (knest ~10-3 h-1) for 5 different 
initial temperatures (Tinitial; see Fig. 6.S4). (A) Diurnality is energetically beneficial for all knest values. 
(B) The daily energy expenditure depends on Tinitial for highly insulated underground burrows (knest < 
10-2 h-1) and increases slightly with increasing knest at higher knest values (see Fig. 6.6). (C) The 
energetic benefit of diurnality is roughly constant for knest < 10-1 h-1 is weakly modulated by Tinitial. As 
expected, the energetic benefit of diurnality is close to zero for knest ~3 h-1 in this situation where mice 
do not use any energy saving strategies during the rest phase. 
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Figure 6.S7. Changes in longitude and latitude affect the daily Tsurface average and range differently. 
The effects of longitude and latitude on Tsurface are assessed on a longitudinal transect between 
european Russia and the Netherlands and a latitudinal transect between southern Spain and 
Spitsbergen (see Fig. 6.7C). (A) The relation between longitude and daily Tsurface average differs 
between seasons, with greater differences between seasons occurring further East (land climate). (B) 
The daily Tsurface average decreases with latitude in all seasons with higher daily Tsurface averages in 
June and September compared to December and March. (C) The daily Tsurface range is independent of 
longitude but is higher in June and September compared to December and March. (D) The daily 
Tsurface range decreases with latitude. (E) The daily Tsurface range is positively correlated with the daily 
Tsurface average when assessed over different months. (F) The daily Tsurface range is positively 
correlated with the daily Tsurface average when assessed over different latitudes. (G) Summary of the 
effects of longitude and latitude on the daily Tsurface average and range; the daily Tsurface average 
depends on both longitude and latitude while the daily Tsurface range depends mostly on latitude. 
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Figure 6.S8. Diurnality is associated with energetic benefits on most individual March days. (A) The 
expected energetic benefit of a completely diurnal compared to a completely nocturnal mouse based 
on hourly Tsurface data. Diurnality is associated with energetic savings on 94.4% of all days. (B) The 
energetically optimal activity midpoint of a 12 h active phase is during the light phase on 95.6% of all 
days. 
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Figure 6.S9. Representative cooling curves for a mouse mannequin under laboratory and outside 
conditions. Passive cooling of a warmed up mouse mannequin is measured using an implanted 
thermologger under laboratory (respirometry setup) and outside conditions. The steeper cooling curve 
under outside conditions indicates an increased heat loss under these conditions. 
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Figure 6.S10. Effects of the shape of the activity profile on the energetic consequences of diurnality. 
(A and B) The energetic consequences of diurnality are comparable for different shapes of the 
activity profile (block, WFF, ad libitum). The shape of the activity profile has only small 
consequences for the energetic consequences of different temporal organizations.  
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Table 6.S1. Weather station information for longitudinal cline.  

Name Latitude Longitude Alt (m)1 
Sep 

avg2 
Sep 

range 
Mar 
avg2 

Mar 
range 

Jun 
avg2 

Jun 
range 

Dec 
avg2 

Dec 
range 

De Bilt 52˚ 5' N 5˚ 10' E 3 14.84 10.04 5.72 7.89 16.23 8.93 0.35 4.78 

Leeuwarden 53˚ 13' N 5˚ 45' E 2 14.78 8.21 4.89 6.70 15.49 7.52 0.39 4.61 
Twente 52˚ 16' N 6˚ 53' E 34 13.92 11.72 4.84 8.55 15.86 10.71 -0.65 4.70 
Rostock/Warnemunde 54˚ 10' N 12˚ 4' E 12 14.12 6.46 4.60 4.52 16.79 7.21 0.35 3.53 
Berlin/Schonefeld  52˚ 22' N 13˚ 31' E 50 14.18 10.41 5.47 5.85 17.64 11.68 -1.62 4.83 

Dresden/Klotzsche  51˚ 7' N 13˚ 45' E 232 14.39 9.46 4.02 5.67 18.17 10.03 -0.92 5.38 
Warsaw/Okecie  52˚ 9' N 20˚ 57' E 106 13.09 10.09 5.02 6.33 17.95 11.15 -1.97 4.67 
Lublin/Radawiec  51˚ 13' N 22˚ 23' E 239 11.62 9.72 4.09 6.96 17.06 10.59 -2.86 4.32 

Bialystok 53˚ 6' N 23˚ 10' E 150 11.61 10.68 3.53 6.11 16.52 11.11 -2.88 4.33 
Minsk 53˚ 55' N 27˚ 38' E 223 11.63 9.39 2.77 5.65 18.01 9.17 -3.68 3.67 
Orsha 54˚ 30' N 30˚ 26' E 185 11.03 9.44 2.20 7.18 17.20 11.35 -4.80 4.16 
Gomel 52˚ 24' N 30˚ 57' E 126 12.60 10.17 3.22 7.56 19.70 10.83 -4.00 3.93 

Moskva 55˚ 50' N 37˚ 37' E 156 10.95 8.93 1.41 6.88 18.07 11.14 -5.79 4.64 
Tula 54˚ 14' N 37˚ 37' E 203 11.17 8.18 0.35 8.22 18.06 12.23 -6.08 5.48 
Elec 52˚ 38' N 38˚ 31' E 168 12.83 7.82 1.52 7.99 19.57 12.37 -5.80 5.81 
1 Alt: altitude; 2 avg: average temperature (°C) 
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Table 6.S2. Weather station information for latitudinal cline.  

1 Alt: altitude; 2 avg: average temperature (°C) 
  

Name Latitude Longitude 
Alt 
(m)1 

Sep 
avg2 

Sep 
range 

Mar 
avg2 

Mar 
range 

Jun 
avg2 

Jun 
range 

Dec 
avg2 

Dec 
range 

Svalbard 78˚ 15' N 15˚ 28' E 26 1.54 3.14 -14.86 7.15 4.99 3.09 -7.49 4.42 
Hornsund 77˚ 0' N 15˚ 30' E 11 1.81 2.66 -13.97 4.70 3.57 3.28 -5.48 4.05 
Hopen 76˚ 30' N 25˚ 0' E 10 2.31 1.88 -14.46 4.38 1.65 2.63 -5.32 4.00 
Jan Mayen 70˚ 55' N 8˚ 40' W 9 3.37 2.13 -5.56 4.14 3.39 3.02 -2.84 3.90 
Tromso 69˚ 39' N 18˚ 55' E 114 7.32 4.67 -4.09 4.87 9.48 5.97 -2.11 3.93 
Bodo VI 67˚ 16' N 14˚ 21' E 12 10.02 4.01 -1.65 4.57 11.06 5.06 -1.54 3.73 
Trondheim/Vernes  63˚ 27' N 10˚ 56' E 17 10.60 7.10 0.26 6.11 12.85 7.05 -4.81 6.12 
Oslo Gardermoen  60˚ 12' N 11˚ 4' E 207 10.58 8.38 -0.79 8.68 14.01 9.77 -7.50 4.93 
Stavanger/Sola 58˚ 53' N 5˚ 38' E 8 13.42 5.02 3.67 5.61 13.16 5.40 1.32 4.62 
Aalborg 57˚ 5' N 9˚ 51' E 13 13.57 8.02 3.92 6.46 15.38 8.23 0.17 5.91 
Kobnhavn  55˚ 36' N 12˚ 38' E 5 14.05 6.14 4.35 5.84 16.15 7.78 1.08 3.89 
Schleswig 54˚ 31' N 9˚ 32' E 48 13.95 8.26 4.13 6.71 15.81 10.03 0.23 3.91 
De Bilt 52˚ 5' N 5˚ 10' E 3 14.84 10.04 5.72 7.89 16.23 8.93 0.35 4.78 
Leeuwarden 53˚ 13' N 5˚ 45' E 2 14.78 8.21 4.89 6.70 15.49 7.52 0.39 4.61 
Twente 52˚ 16' N 6˚ 53' E 34 13.92 11.72 4.84 8.55 15.86 10.71 -0.65 4.70 
Paris/Orly 48˚ 43' N 2˚ 23' E 90 15.39 12.41 7.16 9.33 18.14 10.95 2.15 6.07 
Nantes/Bouguenais 47˚ 9' N 1˚ 36' W 26 16.26 12.10 8.12 8.77 17.73 10.51 3.91 7.12 
Poitiers/Biard 46˚ 35' N 0˚ 18' E 120 15.71 12.89 8.14 10.07 17.59 11.83 3.27 6.91 
Bilbao  43˚ 17' N 2˚ 54' W 39 19.09 9.37 11.90 7.94 19.34 8.90 8.34 6.44 
Perpignan 42˚ 44' N 2˚ 52' E 47 19.72 8.28 11.33 8.37 22.82 10.23 7.70 8.80 
Barcelona  41˚ 17' N 2˚ 4' E 5 21.64 6.86 11.68 8.32 22.73 7.78 7.91 7.56 
Sevilla/San Pablo 37˚ 25' N 5˚ 52' W 31 24.05 11.27 15.94 10.73 27.13 13.76 12.23 8.28 
Almeria  36˚ 50' N 2˚ 21' W 21 23.34 7.48 14.69 8.41 23.59 7.66 13.33 6.39 
Malaga  36˚ 40' N 4˚ 29' W 7 22.94 8.06 14.90 7.96 24.35 9.06 12.85 6.22 
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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. 
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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. 
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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).  
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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. 
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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.  
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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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Abstract 
The annual cycle of changing day length (photoperiod) is widely used by animals to 
synchronise their biology to environmental seasonality. In mammals, melatonin is the key 
hormonal relay for the photoperiodic message, governing thyroid-stimulating hormone 
(TSH) production in the pars tuberalis (PT) of the pituitary stalk. TSH acts on neighbouring 
hypothalamic cells known as tanycytes, which in turn control hypothalamic function 
through effects on thyroid hormone (TH) signalling, mediated by changes in expression of 
the type II and III deiodinases (Dio2 and Dio3, respectively). Among seasonally breeding 
rodents, voles of the genus Microtus are notable for a high degree of sensitivity to 
nutritional and social cues, which act in concert with photoperiod to control reproductive 
status. In the present study, we investigated whether the TSH/Dio2/Dio3 signalling 
pathway of female common voles (Microtus arvalis) shows a similar degree of 
photoperiodic sensitivity to that described in other seasonal mammal species. Additionally, 
we sought to determine whether the plant metabolite 6-methoxy-2-benzoxazolinone (6-
MBOA), described previously as promoting reproductive activation in voles, had any 
influence on the TSH/Dio2/Dio3 system. Our data demonstrate a high degree of 
photoperiodic sensitivity in this species, with no observable effects of 6-MBOA on 
upstream pituitary/hypothalamic gene expression. Further studies are required to 
characterise how photoperiodic and nutritional signals interact to modulate hypothalamic 
TH signalling pathways in mammals. 
 

Introduction 
Timing of seasonal breeding in animals has important fitness consequences, because it 
affects both offspring survival and the chance of survival of parents to the next breeding 
event. Seasonal animals use a range of environmental cues to time their reproduction with 
favourable food and ambient conditions. Outside the tropics, the annual change in day 
length (photoperiod) provides animals with the most reliable information on the time of 
year and forthcoming season (Goldman, 2001; Hut and Beersma, 2011). In mammals, the 
length of day is transduced into a biochemical signal through the nightly secretion of the 
methoxyindole hormone, melatonin, from the pineal gland (Reiter, 1993). Recent work has 
demonstrated that melatonin acts through type 1 melatonin receptors (MT1) localised in the 
pars tuberalis (PT) of the anterior pituitary gland to control thyroid hormone action in the 
hypothalamus, leading to changes in seasonal reproductive function (Barrett et al., 2007; 
Hanon et al., 2008; Hazlerigg and Loudon, 2008; Hanon et al., 2010; Hut, 2011). This 
involves the release of thyroid-stimulating hormone (TSH, a heterodimeric complex of a 
common glycoprotein hormone α-subunit and specific TSHß-subunit) from the PT, at 
levels that increase in long photoperiod and decrease in short photoperiod, mainly due to 
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changes in TSHß gene expression (Dardente et al., 2010). PT-derived TSH acts on adjacent 
tanycytes in the ependymal cell layer lining the third ventricle of the hypothalamus to alter 
the expression of type II and III deiodinases (Dio2 and Dio3, respectively). The Dio2 gene 
encodes the enzyme that converts thyroxine (T4) into biologically active triidothyronine 
(T3), whereas Dio3 is responsible for degrading T4 and T3 to inactive metabolites (Lechan 
and Fekete, 2005). Depending on the species, the release of TSH from PT may trigger 
upregulation of Dio2 expression (Soay sheep and Syrian hamster Mesocricetus auratus), 
downregulation of Dio3 expression (Siberian hamster Phodopus sungorus) or reciprocal 
regulation of both deiodinases (European hamster Cricetus cricetus and Fischer F344 strain 
rats) (Revel et al., 2006; Barrett et al., 2007; Hanon et al., 2008; 2010; Ross et al., 2011). 
The balance between Dio2 and Dio3 determines local concentrations of T3 in the 
mediobasal hypothalamus (MBH) and hence seasonal changes in the activity of the 
hypothalamo-pituitary–gonadal axis. 
Seasonal animals are also exposed to non-photoperiodic environmental cues, which are 
potentially able to modify the photoperiodic signal and allow fine-tuning of breeding time 
to local and year-specific conditions (Visser et al., 2010). Indeed, food, ambient 
temperature, rainfall and social cues have all been demonstrated to alter seasonal phenotype 
(Paul et al., 2008). The reported effects of non-photoperiodic cues appear to be relatively 
minor, compared to the effects exerted by photoperiod. However, the reproductive impact 
of non-photoperiodic cues may be underestimated due to the common practise of testing 
animals in either long (>14 h light/day) or short (<12 h light/day) photoperiods, rather than 
at intermediate-duration day lengths (12–14 h light/day). Paul and colleagues (2009a) 
exposed Siberian hamsters to intermediate and long day lengths and showed that mild food 
restriction altered reproductive function under intermediate photoperiod, despite no effects 
on animals housed under long photoperiod. These results indicate that variability in food 
supply, particularly at vernal day lengths, may significantly modify photoperiodic 
induction of the reproductive axis. Despite their significance, the neuroendocrine 
mechanisms responsible for integration of photoperiodic and non-photoperiodic cues 
remain largely unknown (Paul et al., 2009b). 
Nutritional influences on reproduction are particularly striking in arvicoline rodents of the 
genus Microtus, which have long been of interest to ecologists because of their fluctuating 
population dynamics (Krebs et al., 1973; Raptorgroup RuG 1982; Ergon et al., 2001). An 
intriguing aspect of this phenomenon is the hypothesised role of plant secondary 
metabolites whose dietary abundance varies seasonally. Dietary supplementation with the 
new growth of grasses or legumes such as alfalfa (Medicago sativa) is widely reported to 
have a marked stimulatory effect on reproduction in North American and European vole 
species, effectively acting as a signal for spring (Martinet et al., 1969; Berger and Negus, 
1974; Rissman and Johnston, 1986; Meek et al., 1995). While new plant growth in general 
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is energetically and nutritionally rich, Sanders and Berger have suggested that the 
reproductive stimulatory effects of new grass are specifically due to production of 6-
methoxy-2-benzoxazolinone (6-MBOA) (Berger et al., 1981; Sanders et al., 1981). 6-
MBOA is a breakdown product of 2,4-dihydroxy-7-methoxy-2-11-24-benzoxin-3-(4H)-one 
(DIMBOA), a primary glucoside of growing monocotyledons that provides protection 
against pathogens and herbivores (Berger et al., 1981; Epstein et al., 1986). Grazing of 
grass releases enzymes that rapidly convert DIMBOA to 6-MBOA. Thus, detection of 6-
MBOA in the diet has been proposed to act as a reliable signal that the growing season has 
begun and that food will be abundant. The initial evidence for the 6-MBOA hypothesis 
derived from studies in North American vole species (Berger et al., 1981; Sanders et al., 
1981), and was followed by a limited number of subsequent reports of effects in other 
rodent species, including mice and rats (Butterstein et al., 1985; Cranford and Wolff, 1986; 
Schadler et al., 1988; Nelson and Shiber, 1990; Nelson and Blom, 1993). Despite some 
structural similarity with melatonin (Sanders et al., 1981; Yuwiler and Winters, 1985), no 
satisfactory mechanism for the postulated role of 6-MBOA has been forthcoming. 
In this study, we first sought to determine whether the common vole (Microtus arvalis), an 
inhabitant of open grassland and farmland habitats in Europe, shows a similar 
photoperiodic sensitivity at the level of the pituitary and hypothalamus to that already 
described for photoperiodic hamsters (Dardente et al., 2003; Revel et al., 2006; Barrett et 
al., 2007; Hanon et al., 2008) and ungulates (Hanon et al., 2008). Secondly, we sought to 
determine whether these molecular hallmarks of photoperiodic sensitivity were also 
responsive to 6-MBOA treatment. We tested these ideas in young female animals initially 
acclimated to a short photoperiod and low ambient temperature to simulate winter 
conditions, and then exposed to intermediate or long photoperiods. 
 

Materials and methods 
Animals and experimental protocol 
All procedures and experimental manipulations were authorised by the Animal 
Experimentation Committee of the University of Groningen (DEC 6122). Common voles 
were obtained from a captive-bred population that was regularly supplemented with wild 
animals caught in the Lauwersmeer area (Netherlands, 53° 24’N, 6° 16’E). The breeding 
colony (University of Groningen) was maintained on 14 h light/24 h, (lights on 08.00 h) at 
an ambient temperature of 21 °C (range 20–22 °C) and 60% relative humidity (range 50–
70%). All voles were housed in translucent macrolon cages (15 x 32.5 x 13 cm) provided 
with sawdust, dried hay and ad libitum water and food (standard rodent chow AM-II; Arie 
Blok B.V., Woerden, Netherlands). The experiment was carried out in three large 
temperature-controlled environmental chambers that had similar ambient temperatures and 
relative humidity, but different photoperiod regimes (details below). 
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The voles used in the experiment (48 females) were born between December 2010 and 
January 2011, weaned at 3 weeks of age and kept in same-sex sibling groups until housed 
individually. At 1–7 weeks of age, animals were exposed to a short day winter photoperiod 
(8 h light/24 h, lights on 08.00 h) for a total of 10 weeks. During the first 6 weeks of the 
acclimation period, the ambient temperature was regulated at 21 °C, after which voles were 
separated into individual cages while the temperature decreased gradually (over 2 weeks) 
to 12 °C (range 11–13 °C) and remained at this level until the end of experiment. We chose 
12 °C because previous studies demonstrated that the responses of voles to photoperiodic 
manipulation were more pronounced at lower rather than higher ambient temperatures 
(Król et al., 2007b). 
Following the acclimation period, voles were weighed (±0.01 g) and assigned to 6 groups 
(3 photoperiod regimes x 2 types of injectate) of 8 animals that were matched for mean 
body mass and age. These voles were then individually housed and exposed (day 0) to 
either spring photoperiod (12 h light/24 h, lights on 04.00 h, n = 16), summer photoperiod 
(16 h light/24 h, lights on 00.00 h, n = 16) or they remained in the original winter 
photoperiod (n = 16). On days 7, 8 and 9 of photoperiod manipulation, voles were injected 
intraperitoneally with 6-MBOA or vehicle (details below) in the middle of the light phase 
(summer, 07.30–8.30 h; spring, 09.30–10.30 h; winter, 11.30–12.30 h). 24 h after the last 
injection (day 10), all animals were weighed and decapitated to remove brains with 
anatomically preserved PT. Brains were snap frozen within 2–3 min of decapitation on a 
brass block cooled with liquid N2, and stored at -80 °C for in situ hybridisation analysis. 
Reproductive organs were excised, cleaned of fat and connective tissue, and wet masses of 
paired ovaries and uterus were recorded (±0.0001 g). 
 
Administration of 6-MBOA 
The selected dose (5 µg/day) and administration of 6-MBOA was based on the maximal 
observed response in a dose–response experiment performed in sub-adult montane voles 
(Sanders et al., 1981). 6-MBOA powder (Sigma–Aldrich Company Ltd., Gillingham, UK) 
was dissolved in 100% ethanol (200 µg/ml) and then stored in aliquots at -20 °C. On the 
day of injections, the 6-MBOA stock solution was brought to room temperature and diluted 
20-fold with 0.9% saline. Each vole received one 0.5 ml injection/day of this solution or of 
vehicle (hereafter ‘‘control’’) for three consecutive days. 
RNA in situ hybridisation 
Messenger RNA levels were quantified by radioactive in situ hybridisation in 20-µm 
coronal brain sections using techniques described previously (Lincoln et al., 2002; Dupré et 
al., 2011). Antisense riboprobes complementary to fragments of rat MT1 (GenBank 
accession No. AF130341, nucleotide [nt] position 1–982) (Klosen et al., 2002; Poirel et al., 
2002) and TSHß (GenBank accession No. M10902, nt position 106–478) (Chin et al., 
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1985; Dardente et al., 2003), and to fragments of vole Dio2, Dio3 and the orphan G-protein 
coupled receptor GPR50 (details below) were transcribed from cloned cDNA templates. 
The transcription reactions were performed using 35S-UTP (Perkin Elmer, Boston, MA, 
USA). Coronal sections of vole brains were cut on a cryostat and collected throughout the 
rostrocaudal extent of the hypothalamus (from the optic chiasm to the mammillary bodies) 
onto gelatin and poly-L-lysine-coated slides, with 6–8 sections mounted on each slide. All 
slides for a given gene were fixed, acetylated and hybridised overnight at 58 °C with the 
corresponding riboprobe at approximately 1 x 106 c.p.m. per slide. The next day, slides 
were subjected to RNase-A digestion and stringency washes in sodium citrate buffer to 
remove nonspecific probe hybridisation. Slides were then dehydrated in graded ethanol 
solutions, air-dried and exposed to an autoradiographic film (Kodak, Rochester, NY, USA) 
for 3–7 days, depending on the riboprobe used. Films were digitised with an Epson 
Expression 1640XL scanner (Epson UK Ltd., Hemel Hempstead, UK) along with a 
calibrated optical density step wedge (T2115C, Stouffer Graphic Arts Equipment Co., 
Mishawaka, IN, USA). Autoradiographic images were quantified using ImageJ software 
(NIH Image, Bethesda MD, USA) that computed the integrated optical density (IOD) of the 
hybridisation signal, measured above threshold and relative to a calibration curve generated 
from the transmission step wedge. Quantification of the signal for MT1, TSHß, Dio2 and 
Dio3 was performed for all sections with detectable expression of the specific gene in the 
MBH. Quantification of the GPR50 signal was restricted to MBH of two adjacent sections 
at the rostrocaudal level of PT, which corresponded to the region with the strongest 
expression of Dio2/Dio3. The IOD values from specific regions of interest in all analysed 
sections were summed for each animal. 
 
cDNA templates for vole Dio2, Dio3 and GPR50 
Total RNA from a brain of the common vole was isolated by homogenisation in TRI 
Reagent (Sigma–Aldrich Company Ltd.). Reverse transcription of the total RNA into 
cDNA was performed using Omniscript RT Kit (Qiagen, Hilden, Germany). The fragments 
of vole Dio2, Dio3 and GPR50 were amplified by PCR using Platinum Taq Hifi 
(Invitrogen, Carlsbad, CA, USA) and subjected to electrophoresis. The PCR fragments 
were then extracted using QIAquick Gel Extraction Kit (Qiagen) and cloned into pGEM-T 
Easy vector (Promega, Madison, WI, USA). The sequence and the orientation of the PCR 
fragment in the vector was verified (MWG Biotech Ltd., Milton Keynes, UK) and 
deposited in GenBank (Dio2, accession No. JF274709, nt position 1–771; Dio3, accession 
No. JF274710, nt position 1–477; GPR50, accession No. HQ825084, nt position 998–
1719). The resulting plasmids were linearised with appropriate restriction enzymes and 
used to synthesise the vole-specific riboprobes. 
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Statistical analysis 
All data were assessed for normality and homogeneity of variance using appropriate plots 
of the residuals. The effects of photoperiod (winter, spring and summer) and injectate (6-
MBOA and control) on PT and hypothalamic gene expression, body mass and mass of 
reproductive organs were determined using two-way ANOVA, with photoperiod and 
injectate as factors and an interaction between the factors included in the model. Because 
the gene expression data did not meet the required distributional assumptions, p values 
were calculated using permutation tests (Venables and Ripley, 2002). This approach is 
analogous to a conventional ANOVA except that the p values are obtained by pairwise 
permutation of the data instead of being derived from F tests. Permuted (gene expression) 
and Tukey HSD (body mass and reproductive organs) post hoc pairwise comparisons were 
used to compare individual treatment contrasts when required. All analysis was performed 
using the R statistical environment and permutation tests were conducted using the lmPerm 
function (Wheeler, 2010). An association between Dio2 and TSHß gene expression was 
assessed using Pearson correlation coefficient. Statistical significance was determined at p 
< 0.05. 
 

Results 
PT and hypothalamic gene expression 
The anatomical distribution of MT1, TSHß, Dio2 and Dio3 mRNA expression within the 
MBH of the common vole (Fig. 9.1) is similar to that described in other photoperiodic 
rodents (Dardente et al., 2003; Revel et al., 2006; Hanon et al., 2010) as well as in the Soay 
sheep (Hanon et al., 2008). We observed MT1 and TSHß gene expression only in the PT, 
whereas the expression of Dio2 and Dio3 was restricted to the ependymal zone lining the 
ventral part of the third ventricle. This region is also noted for photoperiodic expression of 
the orphan melatonin-related receptor GPR50 (Barrett et al., 2006), which has been linked 
to metabolic rate in mice (Ivanova et al., 2008; Bechtold et al., 2012). Consistent with these 
reports, we observed GPR50 expression in the ependymal zone as well as in a number of 
other hypothalamic sites (Fig. 9.1 and data not shown). 
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Figure 9.1. Representative autoradiographs showing localisation of mRNA by in situ hybridisation of 
antisense riboprobes to adjacent coronal hypothalamic sections of a vole brain at the rostrocaudal 
level of the pars tuberalis (PT). Subadult females of the common vole were acclimated to winter 
photoperiod (8 h light/24 h) for 10 weeks, and then exposed to either spring photoperiod (12 h 
light/24 h) or summer photoperiod (16 h light/24 h) for 10 days. On days 7, 8 and 9 of photoperiod 
manipulation, voles were injected with 6-MBOA (images not shown) or control solution (depicted). 
Scale bar = 1 mm. MT1, type 1 melatonin receptor; TSHb, thyroid-stimulating hormone b subunit; 
Dio2, type II deiodinase; Dio3, type III deiodinase; GPR50, G-protein coupled receptor. 
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Figure 9.2. Effects of photoperiod and 6-MBOA treatment on gene expression in the pars tuberalis 
(PT) and mediobasal hypothalamus (MBH) of subadult female common voles. The bar charts show 
integrated optical measurements of expression of MT1 (A) and TSHb (B) in the PT, and of Dio2 (C), 
Dio3 (D) and GPR50 (E) in the MBH. Data are means + SEM (n = 8). The effects of 6-MBOA were 
not significant (p > 0.28); different letters above bars indicate significant differences between 
photoperiod regimes (p < 0.04). 
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Figure 9.3. Relationships between Dio2, Dio3 and TSHb expression levels in subadult female 
common voles. (A) scatterplot of Dio2 versus TSHb expression; (B) scatterplot of Dio3 versus Dio2 
expression. The x-axes are split into two sections for clarity, with each section having a different 
scale. Each plot combines data from winter (n = 16), spring (n = 16) and summer (n = 16) animals. 
Data for 6-MBOA treated and control animals were pooled as the effects of 6-MBOA were not 
significant (p > 0.28). 
 
Densimetric analysis of gene expression is summarised in Fig. 9.2. The interaction between 
photoperiod and 6-MBOA treatment was initially included in all statistical analyses of gene 
expression, but was subsequently removed due to lack of statistical significance (p>0.42). 
The level of MT1 expression in PT was not affected by photoperiod or administration of 6-
MBOA (photoperiod, df=2,44, p=0.11; 6-MBOA, df=1,44, p=0.88) (Fig. 9.2A). The 
expression of all other genes was highly photoperiodic (df=2,44, p<0.001 in all cases), with 
no significant effects of 6-MBOA (df=1,44, p>0.28 in all cases) (Fig. 9.2B–E). The levels 
of TSHb and Dio2 expression were similarly regulated by photoperiod, with high levels in 
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voles exposed to summer photoperiod, and minimal or undetectable levels of expression 
under winter or spring photoperiods (pairwise comparisons, p<0.001). As a result, there 
was a strong positive correlation between the levels of Dio2 and TSHß expression (r=0.83, 
p<0.001, n=48) (Fig. 9.3A). In contrast to Dio2, the expression of Dio3 was highest in 
voles exposed to winter photoperiod, intermediate under spring photoperiod and 
undetectable under summer conditions (p<0.007 for all pairwise comparisons between 
means). Further examination of the inverse relationship between Dio2 and Dio3 gene 
expression revealed that individuals tended either to express Dio2 or to express Dio3, 
rather than both these transcripts simultaneously (Fig. 9.3B). The expression level of 
GPR50 in the ependymal layer was higher in voles exposed to summer photoperiod than 
under winter or spring day lengths (pairwise comparisons, p<0.04), but this effect was less 
dramatic than was the case for Dio2 expression in the same anatomical region. 
 

 
Figure 9.4. Effects of photoperiod and 6-MBOA treatment on mass of paired ovaries (A) and uterus 
(B) in subadult female common voles. Data are means + SEM (n = 8). The effects of 6-MBOA were 
not significant (p>0.81); different letters above bars indicate significant differences between 
photoperiod regimes (p < 0.04). 
 
 
 



 164 

Body mass and reproductive organs 
Body and reproductive organ mass data are summarised in Fig. 9.4. The interaction 
between photoperiod and 6-MBOA treatment was initially included in all models of body 
and organ masses, but was subsequently removed due to lack of statistical significance 
(p>0.24). Prior to photoperiod manipulation, voles assigned to the experimental groups did 
not differ in their mean body mass (photoperiod, F2,44=0.2, p=0.82; 6-MBOA, F1,44=0.02, 
p=0.88). Neither photoperiod nor administration of 6-MBOA had significant effects on 
vole body mass at the end of experiment (photoperiod, F2,44=1.2, p=0.30; 6-MBOA, 
F1,44=0.1, p=0.74). There were small but significant effects of photoperiod on masses of 
paired ovaries and uterus, with no significant effects of 6-MBOA (ovaries: photoperiod, 
F2,44=4.0, p=0.02; 6-MBOA, F1,44=0.002, p=0.97; uterus: photoperiod, F2,44=4.9, p=0.01; 6-
MBOA, F1,44=0.06, p=0.81). Voles exposed to spring photoperiod had heavier ovaries than 
summer voles and heavier uterus than animals under winter or summer day lengths 
(pairwise comparisons, p<0.04). 
 

Discussion 
Our study is the first to demonstrate the effects of photoperiod on the pituitary TSHß and 
hypothalamic deiodinase gene expression in any member of the genus Microtus. In our 
experimental paradigm, we sought to establish a winter-like physiological state by 
acclimation to short photoperiod and low ambient temperature, and we predicted that this 
would lead to suppressed TSHß and Dio2 expression, but elevated Dio3 expression. Our 
data strongly confirm these predictions, validating the basic experimental approach, and 
suggesting that, as in other mammalian groups, the TSH/deiodinase pathway is crucial to 
seasonal reproductive control. Additionally, we found that the orphan melatonin-related 
receptor GPR50 is photoperiodically controlled in the common vole, consistent with the 
emerging involvement of this gene in hypothalamic regulation of metabolic rate (Ivanova 
et al., 2008; Bechtold et al., 2012). 
In contrast to these clear-cut effects of photoperiod, we were unable to observe any effect 
of the plant metabolite 6-MBOA on pituitary/hypothalamic gene expression or on 
downstream reproductive physiology in M. arvalis. This molecule has previously been 
linked to new growth of grasses that make up a large part of the diet of Microtus species, 
although its role in reproductive control of M. arvalis has not been determined. 
Nevertheless, the concept that this species is sensitive to springtime nutritional signals from 
growing plants is supported by studies comparing the effects of spring and fall harvested 
alfalfa (a legume in which 6-MBOA has not been detected) on ovarian activity (Martinet et 
al., 1969). 
The protocol we followed for administering 6-MBOA was carefully designed based on the 
work of Sanders and colleagues in North American vole species, as well as in Swiss 
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Webster laboratory mice (Sanders et al., 1981). Based on this earlier work, we would have 
expected to see overt effects on reproductive organ weights within the time frame of our 
experiment. We therefore do not favour the possibility that the lack of observed effects was 
due to a failure of drug delivery. Moreover, by designing our study to include short, 
intermediate and long photoperiods, we sought to reveal subtle modulatory effects 
potentially masked by strong stimulatory or inhibitory day lengths. The intermediate spring 
photoperiod clearly generated an intermediate state in terms of hypothalamic gene 
expression profile (reduced Dio3 expression compared to winter animals, but a continuing 
absence of Dio2 expression), consistent with our experimental aims. At this moment, we 
speculate that while common voles share with their North American cousins a sensitivity to 
nutritional cues to time reproduction, 6-MBOA is not important among these cues. 
Importantly, responsiveness to 6-MBOA has so far been reported only for voles from the 
main North American clade (M. montanus, M. pinetorum and M. ochrogaster), while M. 
arvalis belongs to the genetically distant main European clade (Fink et al., 2010). This 
leaves open the possibility that responsiveness of Microtus voles to 6-MBOA might be 
clade-specific, reflecting the evolutionary history of rapidly radiating taxa within Microtus 
(Triant and DeWoody, 2006; Fink et al., 2010). 
As in our earlier work on the Soay sheep (Hanon et al., 2008), we were unable to detect the 
expression of MT1 within the MBH of the common vole and we confirmed in this species 
the presence of MT1 within the PT (Fig. 9.1). This provides further support for the central 
role of the PT in relaying the melatonin photoperiodic signal (Dardente, 2007; Barrett and 
Bolborea, 2012; Dardente, 2012). Exposure of voles to summer photoperiod for 10 days 
generated a large increase in the expression of TSHß in the PT, which is consistent with the 
uniform response of PT to long days manifested by all vertebrate species studied so far, 
including the Japanese quail Coturnix japonica (Nakao et al., 2008), Soay sheep (Hanon et 
al., 2008; Dardente et al., 2010), photoperiodic rodents (Hanon et al., 2010; Yasuo et al., 
2010; Ross et al., 2011) and non-photoperiodic mice (Ono et al., 2008). As in the European 
hamster and Fischer F344 strain rats (Hanon et al., 2010; Ross et al., 2011), the increase in 
the expression of TSHß in voles exposed to summer photoperiod was paralleled by the 
increased expression of Dio2, with concomitant downregulation of Dio3 transcript. The 
highly significant and positive correlation between the expression levels of Dio2 and TSHß 
(Fig. 9.3A) is likely to reflect a causal relationship, since intracerebroventricular 
administration of TSH to short day acclimated quail (Nakao et al., 2008) and Soay sheep 
(Hanon et al., 2008) directly stimulates the expression of Dio2. Furthermore, photoperiodic 
induction of Dio2 expression is abolished in TSH-receptor knockout mice (Ono et al., 
2008). 
Although there is general acceptance that interactions between levels of Dio2 and Dio3 
expression modify hypothalamic function by limiting T3 availability, the temporal 
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relationship between the expression of these enzymes is complex and appears to vary 
between species. A striking feature of the present study was the absence of individuals co-
expressing intermediate levels of these two genes: instead mutually exclusive expression 
prevailed. This result suggests that a flip–flop switch between winter (Dio3 dominated) and 
summer (Dio2 dominated) hypothalamic states may operate in this species. It will be 
interesting to explore the extent to which this switch operates in the field, and the extent to 
which it predicts reproductive activity. 
Finally, the exposure of voles to summer photoperiod upregulated the expression of GPR50 
in the ependymal region of the MBH, which is consistent with the downregulation of 
GPR50 reported in Siberian hamsters following transfer to short photoperiod (Barrett et al., 
2006). Recent evidence from knockout mice (Ivanova et al., 2008; Bechtold et al., 2012) 
implicates GPR50 in leptin sensitivity and control of energy expenditure. Hence, we 
speculate that photoperiodic effects on GPR50 expression in the MBH may be linked to 
seasonal changes in metabolic physiology. 
In summary, recent insights into the molecular pathways of melatonin action in mammals 
open up new avenues for investigating how photoperiodic and non-photoperiodic cues are 
integrated to synchronise breeding with optimal environmental conditions. Members of the 
genus Microtus may be particularly suited for this avenue because of their ecological 
diversity and well-documented sensitivity to nutritional signals. Our study in M. arvalis 
demonstrates that the core elements of the mammalian photoperiodic machinery operate as 
in other vertebrates, but we find no evidence for a role of the plant compound 6-MBOA in 
seasonal neuroendocrine function of this species. 
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The circadian system structures the timing of physiology and behavior of organisms and 
thereby allows the optimization of internal processes to the daily changes in the 
environment. Temporal specialization to a specific temporal niche optimizes the internal 
organization of organisms to the rhythmic outside world but simultaneously constrains 
activity in other temporal niches (Kronfeld-Schor and Dayan, 2003). Experiments 
measuring daily activity rhythms under natural conditions show substantial differences in 
the temporal organization of small mammals compared to the laboratory. While mice are 
strictly nocturnal under standard laboratory conditions, outside conditions can result in 
diurnal activity rhythms (Daan et al., 2011). This thesis explored causes and consequences 
of such plasticity in the daily timing of activity.  
 

Environmental factors driving temporal niche switching 
Studies reporting daily activity rhythms of small mammals under natural conditions show 
distinct differences from the 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). Plasticity in the daily timing of activity has been linked to 
environmental changes in food availability (Daan et al., 2011), ambient temperature (Fulk, 
1976), interspecies competition (Shkolnik, 1971), season (Hoogenboom et al., 1984) and 
predation risk (Fenn and Macdonald, 1995). Overall, examples of temporal niche switching 
(reviewed in Chapter 2) show the plasticity of the circadian system in response to 
environmental changes.  
This thesis focusses on the influence of energetic challenges on the daily distribution of 
activity. The circadian thermo-energetics (CTE) hypothesis predicts that diurnality is 
associated with energy savings and that typically nocturnal endotherms therefore become 
diurnal in response to reduced food intake or elevated energy expenditure (Chapter 2). In 
line with this prediction, the intensity of food anticipatory activity (FAA) in response to 
time-restricted feeding is increased when food intake is reduced (Mendoza et al., 2005b; 
Gallardo et al., 2014). Reducing food intake without timed feeding also makes nocturnal 
mice active at daytime (Hut et al., 2011) and this effect is enhanced when energy 
expenditure is elevated by low ambient temperatures (Chapter 3) or lactation (Perrigo, 
1987). The importance of energetic challenges in shaping the daily distribution of activity 
was further highlighted by the ‘working for chocolate’ protocol, which did not reduce 
energy availability, and−presumably therefore−failed to increase daytime activity (Chapter 
4). The notion that negative energy balance or energetic challenge in general would 
stimulate diurnal activity in otherwise nocturnal mice under laboratory conditions, was 
further substantiated under more natural conditions. The food availability manipulations 
performed in our outdoor enclosures indeed showed that the amount of daytime activity of 
mice living under semi-natural conditions depended on energy availability (Chapter 8).  
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The risk of overheating in response to high ambient temperatures presents another kind of 
energetic challenge to endotherms (Scholander et al., 1950; Gordon, 2012). Reducing 
activity during the warmest part of the day allows animals to reduce heat dissipation 
difficulties. Indeed, exposure to high ambient temperatures or solar radiation reduces 
activity levels during the middle of the light phase (Fulk, 1976; Bacigalupe et al., 2003; 
Váczi et al., 2006). The shifted daily distribution of activity and nest attendance observed 
in lactating common voles housed in constant ambient temperatures (Chapter 5) showed 
that such changes are not only a direct effect of the encountered daily temperature cycle, 
but indicates that the light-dark (LD) cycle is used as a proxy by the animals to anticipate 
warm or cold temperatures.  
Day-night differences in perceived predation risk are another environmental factor which is 
likely to influence the daily activity rhythm (Chapter 8). Since most predators are 
specialized for a specific temporal niche, prey species can alter predation risk by changing 
their temporal niche (Daan, 1981; Gerkema et al., 2013; Chapter 7). The observation of 
mice under semi-natural conditions becoming strictly nocturnal in response to the absence 
of covered runways suggests that the perceived predation risk shapes the daily distribution 
of activity of mice (Chapter 8). Our results are in line with previous studies showing that 
high (perceived) predation risks during the night (Fenn and Macdonald, 1995; Bakker et 
al., 2005) or day (Kitchen et al., 2000) drive activity rhythms of the prey species toward the 
opposite temporal niche. The transient changes in the daily activity rhythm following 
runway cover manipulations showed that the observed changes in activity timing are not a 
direct masking effect but suggest regulation by an internal oscillatory system involved in 
the regulation of daily activity patterns.  
The shift to diurnality induced by energetic challenges in the ‘working for food’ (WFF) 
protocol in ambient temperature cycles in-phase and in anti-phase with the LD-cycle shows 
that daily activity rhythms remain entrained to the LD-cycle in energetically challenging 
conditions (Chapter 3). The LD-cycle is thus used as a proximate cue to ultimately reduce 
daily energy expenditure by synchronizing the activity rhythm to the daily ambient 
temperature cycle. Since the LD-cycle is a better predictor of the daily ambient temperature 
cycle than ambient temperature cycles encountered on previous days (Chapter 6), adaptive 
benefits can be derived by not assessing the ambient temperature rhythm on a daily basis. 
Whether other environmental rhythms (e.g. predation risk rhythm) are also purely assessed 
on the basis of the LD-cycle remains to be studied. Daily predation risk rhythms may show 
less day-to-day variability and might thus provide a more reliable predictor of future daily 
predation risk rhythms.  
Sex differences in temporal niche switching in response to changes in cover availability 
(Chapter 8) and WFF workload (SJ Riede, V van der Vinne, RA Hut; unpublished) 
indicate greater plasticity of the circadian system of males. While both sexes are capable of 
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shifting the daily activity rhythm, males more readily become diurnal in response to 
changes in the environment. Future studies should therefore focus on a sexual dimorphism 
in the risk taking behavior and plasticity of the circadian system. Based on our results, a 
positive correlation between risk taking behavior and circadian plasticity would be 
expected when the two sexes will be compared. 
Overall, the experiments presented in this thesis demonstrate the environment’s influence 
on the daily timing of activity and rest. The energetic state and perceived predation risk of 
mice modulate daily activity rhythms. The controlled conditions used to assess the 
influence of energetic challenges could also be employed to assess the influence of other 
environmental factors on the daily timing of activity. Ultimately the interaction between 
conflicting environmental influences should be assessed to gain a full understanding of 
how animals interpret and adapt to the time structure of their environment.  
 

Benefits of temporal niche switching 
Since circadian rhythms are present in the physiology and behavior of most species, it is 
assumed that these rhythms provide adaptive advantages. Possible fitness benefits of a 
circadian organization can be divided into intrinsic and extrinsic benefits (Sharma, 2003). 
Intrinsic benefits can result from distributing conflicting metabolic processes to different 
times of the rest activity cycle (Pittendrigh, 1993) while extrinsic benefits can be derived 
from optimizing the daily timing of physiology and behavior to the time structure of the 
environment (Daan, 1981). Endogenous circadian rhythms provide extrinsic benefits by 
allowing organisms to anticipate daily environmental changes in light intensity, ambient 
temperature, predation risk, and food availability. The ultimately optimal daily distribution 
of activity and rest will maximize fitness by balancing the consequences of all daily 
environmental rhythms. Temporal niche switching allows animals to cope with changes in 
the environment and optimize the daily activity rhythm to the encountered conditions. 
 
Circadian thermo-energetics hypothesis 
The CTE hypothesis introduced in Chapter 2 proposes diurnality as a strategy to reduce 
the daily energy expenditure of endotherms living in temperate climates. Shifting the 
timing of activity to the warmest part of the day synchronizes the rest phase with the colder 
night. Since most energy saving strategies are associated with the resting phase (e.g. nest 
insulation, huddling, daily torpor) and these strategies provide the greatest energetic 
benefits when ambient temperatures are lower, diurnality is expected to reduce daily energy 
expenditure.  
The energetic consequences of temporal niche switching were assessed in a fully 
quantitative model in Chapter 6. This model combined laboratory measurements of energy 
expenditure during the active and rest phase with the quantification of the energetic 
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consequences of different energy saving strategies in mice. The modeling approach used to 
assess the energetic consequences of diurnality allowed the identification of the temporal 
niche influence from other energy saving strategies used by energetically challenged 
animals. The systematic assessment of the factors determining daily energy expenditure 
revealed the importance of buffered nest temperatures in making diurnality energetically 
beneficial. Overall, the quantitative modeling assessment of energetic consequences of 
diurnality identified diurnality as an energy saving strategy for endotherms that are able to 
rest in sheltered locations with some degree of thermal insulation.  
Shifting to diurnality is one of a number of energy saving strategies used by energetically 
challenged mice. When exposed to increasing energetic challenges, mice use a hierarchy of 
energy saving strategies to reduce daily energy expenditure while presumably minimizing 
other costs associated with these energy saving strategies. Increased energetic challenges 
can be countered by huddling with nestmates (Chapter 6, 8) and resting in insulated nests 
(Chapter 6, 8). Shifting to diurnal activity subsequently allows for a lowering of body 
temperature during the rest phase and eventually the occurrence of daily torpor at night 
(Chapter 3; Hut et al., 2011). The observation that males become more readily diurnal in 
response to energetic challenges in the WFF protocol compared to females (SJ Riede, V 
van der Vinne, RA Hut; unpublished) suggests a sex difference in the hierarchy of energy 
saving strategies. 
The energetic benefits of diurnality will ultimately be balanced against other consequences 
of the daily activity rhythm. Chapter 7 determines the optimal temporal niche 
quantitatively when the encountered energetic benefits of diurnality, foraging yield and 
predation risk rhythms are all taken into account. Although this analysis did not incorporate 
reproductive success, it illustrated the importance of assessing different consequences of 
temporal niche switching simultaneously. Ultimately, the optimal temporal distribution of 
activity and rest depends on the environment encountered by an animal. Whether animals 
are capable of adapting their daily activity rhythm to the interaction of environmental 
factors determining the optimal temporal organization remains to be tested.  
 
The CTE hypothesis predicts that diurnal endotherms will not phase shift in response to 
reduced energy availability (Chapter 3). High energy intake can however be compensated 
by re-organizing the daily timing of activity and rest (Chapter 5). In our modern-day 
society, the abundance of food might thus result in a wider range of human chronotypes by 
allowing some people to develop a later chronotype where much of the active phase 
extends in the night. Since suprachiasmatic nucleus (SCN) phase seems insensitive to 
changes in metabolic state (Buhr et al., 2010; Chapter 3), the modulation of chronotype by 
metabolism could be studied by assessing the discrepancy between SCN-driven melatonin 
rhythms and the daily behavioral rhythm.  
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Mechanisms responsible for circadian plasticity 
The circadian system, consisting of circadian oscillators throughout the body orchestrated 
by the SCN (Dibner et al., 2010), is entrained to the environmental LD-cycle in conditions 
of normal energy availability (Pittendrigh and Daan, 1976). Under WFF conditions, the 
mice eventually become diurnal by advancing their phase angle of entrainment: they start 
running in their running wheels earlier every day when the workload is increased. It was 
essential to test whether the mice were selectively choosing to become active during the 
daytime, as predicted by the CTE hypothesis, or whether the increased need to eat at the 
end of the rest phase was causing this early rise. When hunger is causing the advancing 
activity and thereby ignoring the LD-cycle, mice would continue to advance their activity 
onset, even when the LD-cycle was phase delayed. The Chapter 3 shows that mice 
delayed there active phase when the LD-cycle was delayed and advanced when the LD-
cycle was advanced. This shows that mice were selectively choosing to be active during the 
light phase. The transient re-entrainment of activity in response to phase advances and 
delays of the LD-cycle (Chapter 3) shows that an endogenous circadian rhythm maintain 
entrainment to the LD-cycle under the energetically challenging conditions of the WFF 
protocol.  
 
Circadian re-organization: SCN versus liver and adrenal 
The phase distribution between oscillators in different organs is altered by metabolic 
challenges (Chapter 3). While the SCN remains phase-locked to the LD-cycle, peripheral 
oscillators in the liver and adrenals are phase advanced. Challenging nocturnal mice 
energetically, results in a reorganization of oscillators that resembles that of diurnal 
mammals (Lambert and Weaver, 2006). The role of the SCN as orchestrator of peripheral 
oscillators and physiological rhythms has been extensively studied under ad libitum feeding 
conditions (e.g. Kalsbeek et al., 2011). The metabolic changes responsible for the phase 
advance of physiology and behavior was however not associated with a phase shift in 
PER2 clock gene (Chapter 3) or immediate early gene FOS (M Verreij, SJ Riede, V van 
der Vinne, RA Hut; unpublished) expression in the SCN. This observation is in line with 
earlier reports that SCN phase does not change in response to changes in corticosterone 
(Oster et al., 2006) and body temperature rhythms (Buhr et al., 2010), while the phase of 
peripheral oscillators does. These experiments identify the SCN as an internal 
representation of the external LD-cycle, which provides the body with a reliable internal 
clock unaffected by endogenous and environmental changes.  
The observation that activity remains entrained to the LD-cycle and not the ambient 
temperature cycle during WFF (Chapter 3) indicates that the SCN retains a central role in 
the regulation of daily activity rhythms in energetically challenged mammals. The role of 
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the SCN in regulating seasonality in response to changes in photoperiod provides a 
functional explanation for the unresponsiveness of the SCN to endogenous changes. The 
circannual pacemaker driving seasonal changes in reproductive state uses the SCN-
controlled melatonin rhythm as a measure for day length (Hut, 2011; Chapter 9). 
Fluctuations in the phase relationship between the LD-cycle and SCN would make the 
melatonin signal an unreliable readout of the external photoperiod. Proper annual timing 
thus requires a SCN which phase only depends on the external LD-cycle and not on 
endogenous changes driven by metabolism and/or stress. 
Peripheral oscillators in the liver and adrenals are, unlike the SCN, phase advanced in 
response to energetic challenges (Chapter 3). Similar phase shifts have been reported in 
peripheral tissues in response to time-restricted daytime feeding (Damiola et al., 2000; 
Stokkan et al., 2001). These peripheral phase shifts adjust physiology of these organs 
(Kornmann et al., 2007) to be in line with the diurnal activity rhythm. Phase synchrony 
within and between peripheral oscillators is maintained through a combination of daily 
rhythms in feeding (Damiola et al., 2000), corticosterone (Le Minh et al., 2001; Pezük et 
al., 2012) and neural communication from the SCN (Guo et al., 2005; 2006; Vujovic et al., 
2008). Since the SCN was not phase shifted and adrenalectomy did not result in behavioral 
changes in the WFF-induced shift to diurnality (V van der Vinne, SJ Riede, RA Hut; 
unpublished), the altered feeding rhythm is a likely candidate to be responsible for the 
phase advance of peripheral oscillators.  
The diurnal activity pattern of energetically challenged mice was also associated with a 
shifted corticosterone rhythm, peaking during the middle of the light phase (Chapter 3). 
Daily corticosterone rhythms are regulated by a combination of autonomous nervous 
system input, pituitary hormones and the adrenal clock (Oster et al., 2006; Kalsbeek et al., 
2011). Since the SCN (Chapter 3) and pituitary rhythms (V van der Vinne, MT Sellix, M 
Menaker, RA Hut; unpublished) were not phase shifted by the WFF protocol, the shifted 
corticosterone rhythm is likely a result of the altered rhythmicity of the adrenal clock. Since 
corticosterone release is gated by the adrenal clock (Oster et al., 2006), a phase advance of 
this adrenal clock could make the adrenal more sensitive to ACTH stimulation during the 
day, in addition to corticosterone release driven by the local shifted adrenal clock.  
 
Mechanisms underlying diurnality: relationship with the food entrainable oscillator  
This thesis presents experiments in which mice were energetically challenged without 
restricting the access to food to a specific time of day (Chapter 3, 8). These experiments 
show that mice respond to energetic challenges by becoming diurnal but the mechanisms 
responsible for such an endogenously driven phase advance are unknown.  
The anatomical substrate resulting in daytime activity has previously been investigated 
using time-restricted feeding protocols (reviewed in Davidson, 2009; Mistlberger, 2011). 
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Time-restricting food access to a few hours during the light phase results in FAA in the 
hours preceding food availability (Mistlberger, 1994; Stephan, 2002). FAA persists during 
periods of total food deprivation, entrains transiently to changed mealtimes and persists 
following SCN ablation (Stephan et al., 1979). These findings show that FAA is driven by 
a SCN-independent ‘food entrainable oscillator’ (FEO; Mistlberger, 1994; Stephan, 2002). 
A large number of lesion studies have been unsuccessful in localizing the FEO (reviewed 
in Davidson, 2009), resulting in the hypothesis that the FEO is comprised of a dispersed 
network of oscillators (Acosta-Galvan et al., 2011).  
 

 
Figure 10.1. Regulation of daytime activity by time-restricted feeding (A) and working for food (B).  
 
The time-restricted feeding protocols used to induce FAA provide both an energetic and a 
timing signal which might each result in increased daytime activity (Challet and Mendoza, 
2010). This thesis showed that energetic challenges (Chapter 3) and timed feeding 
(Chapter 4) are both separately sufficient to induce diurnality in mice. If energetically- and 
timed-feeding induced diurnality are driven by distinct neural networks (Webb et al., 2009; 
Blum et al., 2012), FAA likely results from an interaction between these regulatory 
networks (Fig. 10.1). Identifying the neural substrate of the FEO would thus require the 
identification of the neural substrates responsible for the energetically- and timed-feeding 
induced daytime activity. Since these regulatory networks are complementary and 
separately capable of inducing diurnality, modulations in one network will be compensated 
by the other network when assessed using time-restricted feeding protocols.  
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The mechanisms responsible for the endogenously driven shift to diurnality in response to 
energetic challenges can be studied using the WFF protocol. The lack of a phase shift of the 
SCN clock-gene rhythm (Chapter 3) indicated that mechanisms responsible for the shift to 
diurnality must be downstream or parallel to the SCN. The transient re-entrainment patterns 
following LD-cycle shifts (Chapter 3) showed that the diurnal activity patterns are driven 
by a light-entrainable oscillator. These observations could result from different regulatory 
mechanisms (Fig. 10.2).  
 

 
Figure 10.2. Possible regulatory mechanisms driving temporal niche switching in response to 
energetic challenges. See text for details. 
 
The shift to diurnality observed in response to energetic challenges might result from a 
mechanism whereby the period of the activity rhythm is dictated by the SCN but the 
preferred SCN phase to be active depends on the energetic state (Fig. 10.2A). The timing of 
behavior might also be controlled by both the SCN and an ‘activity oscillator’ positioned 
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parallel or downstream to the SCN. A parallel oscillator model requires direct (non-SCN) 
LD-input while metabolic feedback would control the relative influence of the SCN and 
‘activity oscillator’ on the activity rhythm (Fig. 10.2B). An ‘activity oscillator’ located 
downstream from the SCN would require timing input from the SCN to entrain to the LD-
cycle. The coupling strength of the SCN on the ‘activity oscillator’ would be determined by 
metabolic feedback (Fig. 10.2C). 
 

 
Figure 10.3. Working for food (WFF) in constant light conditions (LL) results in two behavioral 
periods in the activity rhythm. Two representative actograms of mice housed in constant light 
undergoing WFF (starting on day 0) are shown. Prolonged exposure (>3 months) to LL resulted in a 
single behavioral period (~25 h; top of actograms). WFF resulted in two behavioral period as shown 
in the periodogram analyses (day 14-75). (V van der Vinne, SJ Riede, RA Hut, unpublished) 
 
Discerning between these different regulatory mechanisms requires a set of experiments. 
Activity rhythms of mice undergoing WFF in constant light conditions (LL) support the 
hypothesis of an ‘activity oscillator’ (Fig. 10.3). Exposure to LL in mice typically 
lengthens the circadian period and prolonged exposure to LL weakens the output of the 
SCN and eventually could lead to arhythmicity (Spoelstra and Daan, 2007). CBA/CaJ mice 
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under LL conditions (>3 months) and ad libitum feeding conditions did not lose circadian 
rhythmicity in behavior, but did show the expected lengthening of the circadian activity 
rhythm  (~28h) in all mice. Weakening the output of the SCN under LL might reveal the 
nature of the circadian activity oscillator, if it exists (Fig. 10.2A vs. Fig. 10.2B/C). When 
mice under LL were transferred from ad libitum feeding to WFF conditions, the activity 
bout was split in two bouts, one with an ~24h period and one oscillating with an ~28h 
period (Fig. 10.3). The presence of two behavioral periods in the activity pattern of these 
energetically challenged mice showed the presence of an ‘activity oscillator’, which is 
sensitive to energetic challenges.  
The experiment presented in Fig. 10.3 provides preliminary proof that an additional activity 
oscillator may exist parallel or downstream from the SCN. Distinguishing between the 
parallel ‘activity oscillator’ (Fig. 10.2B) or the downstream ‘activity oscillator’ (Fig. 
10.2C) can be done using SCN-lesion experiments. Performing WFF in a LD-cycle should 
result in entrained activity rhythms if the ‘activity oscillator’ is parallel to the SCN while a 
downstream ‘activity oscillator’ would not be able to entrain the activity rhythm of SCN-
lesioned mice. 
 

Human implications of plasticity in daily timing 
This thesis attempts to understand the causes and consequences of plasticity in the daily 
timing of activity at a fundamental level, but the presented findings may also have 
important societal implications. For instance, understanding how SCN output shapes timing 
of the sleep-wake cycle and rhythms in peripheral tissues will have consequences for 
understanding causes and consequences of the extremely wide distribution of sleep phase 
in modern human society (Roenneberg et al., 2007). The distribution of human individuals’ 
chronotypes is increased by exposure to the modern human society (Wright et al., 2013), 
but the causes and consequences of altered activity timing remain largely unknown. The 
influence of the energetic state of an animal on the timing of activity, studied in this thesis, 
provides a possible explanation for the large variation in chronotypes observed in humans.  
A study performed during this PhD project assessed how high school performance is 
changes with time of day in different chronotypes (van der Vinne et al., 2015). The 
relationship between chronotype and age in humans suggests that the occurrence of late 
chronotypes is related to the development of children, leading to a peak of late chronotypes 
during adolescence (Roenneberg et al., 2007). High school students thus face a mismatch 
between their endogenous late chronotype and early school hours imposed by societal 
schedules. Late chronotypes obtained on average lower school grades, but this effect could 
be ameliorated by testing later in the day (van der Vinne et al., 2015). A better 
understanding of the causes resulting in variation in chronotypes (e.g. metabolic state; 
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Roenneberg et al., 2012) could be used to reduce the mismatch between internal time and 
societal schedules. 
Further applications of fundamental knowledge on the regulation of circadian phase might 
be found in human health care. Development of personalized medicine will optimize health 
care and should include optimizing the timing of medication and treatment for individual 
patients (chronotherapy). Understanding the relationship between the behavioral sleep-
wake cycle and the timing of physiology and toxicology would be essential in developing 
personalized treatments. Measuring individual phase and understanding how and why some 
people have late sleep-wake cycles while others are early will form an essential component 
in chronotherapy. The evolutionary approach to understand the behavioral phenomenon of 
temporal niche switching may therefore ultimately contribute to human health care.  
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Circadiane ritmiek 
De draaiing van de aarde om haar as zorgt voor een continu veranderende omgeving waarin 
periodes van licht en donker elkaar afwisselen. De dagelijkse afwisseling van licht en 
donker gaat gepaard met veranderingen in predatierisico, foerageersucces, blootstelling aan 
UV-straling en omgevingstemperatuur. Al deze variabelen zijn van belang voor het 
evolutionair succes van een organisme en door actief te zijn op de optimale tijd van de dag 
kan een organisme zijn evolutionair succes vergroten. Circadiane klokken stellen 
organismen in staat om te anticiperen op dagelijkse veranderingen in de omgeving  en 
fysiologie en gedrag op de optimale tijd van de dag uit te voeren.  
Het circadiane systeem van zoogdieren bestaat uit klokken op verschillende niveaus. De 
belangrijkste circadiane klok bevindt zich in de suprachiasmatische nucleus (SCN) van de 
hypothalamus, gelocaliseerd boven de kruising van de oogzenuwen. De SCN ontvangt 
informatie over de externe licht-donker cyclus vanuit de ogen en orkestreert ritmiek in de 
rest van het lichaam via meerdere output signalen. Circadiane ritmiek in fysiologie en 
gedrag wordt gereguleerd door directe signalen vanuit de SCN en lokale klokken in 
perifere organen zoals de lever en bijnier.  
 

Circadiane plasticiteit 
De temporele niche van een dier is de tijd van de dag waarop het actief is. Hoewel de 
meeste kleine zoogdieren strikt nachtactief zijn onder standaard laboratoriumcondities, kan 
blootstelling aan meer natuurlijke omstandigheden in veel gevallen leiden tot een 
verschuiving naar dagactiviteit. Deze observatie ligt ten grondslag aan het hier 
gepresenteerde onderzoek naar de oorzaken en gevolgen van plasticiteit in de dagelijkse 
timing van gedrag. Dit proefschrift probeert inzicht te verschaffen in de volgende vragen: 
Welke omgevingsfactoren resulteren in temporele niche verschuivingen? Hoe wordt deze 
dagactiviteit aangestuurd door verschillende circadiane oscillatoren? En wat zijn de 
consequenties van een verschuiving naar dagactiviteit voor kleine zoogdieren in een 
natuurlijke omgeving? 
 

Hoofdstuk 2 
In dit hoofdstuk wordt literatuuronderzoek gepresenteerd naar voorbeelden van temporele 
niche verschuivingen. Op een evolutionaire tijdschaal kunnen veranderingen in temporele 
niche worden waargenomen in verschillen in de dagelijkse timing van gedrag tussen 
verwante soorten. Veranderingen van temporele niche binnen een soort zijn vaak het 
gevolg van veranderingen in de energetische staat van een dier. Lage 
voedselbeschikbaarheid en koude temperaturen zijn omgevingsfactoren die vaak in verband 
worden gebracht met dagactiviteit. Naar aanleiding van deze observaties wordt in dit 
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hoofdstuk de circadiane thermo-energetische (CTE) hypothese voorgesteld. De CTE 
hypothese voorspelt dat dagactiviteit resulteert in een lager energieverbruik doordat de 
omgevingstemperaturen hoger zijn gedurende de dag en dagactiviteit dieren hier efficiënter 
gebruik van laat maken. Dagactiviteit van dieren die normaal nachtactief zijn is dus een 
gevolg van energetische uitdagingen en stelt dieren in staat om energie te besparen.  
 

Hoofdstuk 3 
De voorspelling van de CTE hypothese dat het energetisch uitdagen van nachtactieve 
dieren resulteert in dagactiviteit wordt in hoofdstuk 3 getest onder gecontroleerde 
laboratoriumcondities. Muizen die worden blootgesteld aan honger of kou worden meer 
dagactief en dit effect is versterkt wanneer beide manipulaties worden gecombineerd. Zelfs 
wanneer muizen bloot worden gesteld aan een omgekeerde temperatuurcyclus (en dus 
energetisch nadeel ondervinden van dagactiviteit) verschuift de activiteit naar de dag in 
hongerige muizen. Dit laat zien dat muizen de zeer constante licht-donker cyclus en niet de 
meer variabele temperatuurcyclus gebruiken om de optimale temporele niche te bepalen. 
Na het verschuiven van de licht-donker cyclus blijven de energetisch uitgedaagde muizen 
dagactief, wat aantoont dat de dagelijkse ritmiciteit nog altijd aangestuurd wordt  door een 
circadiane oscillator. De belangrijkste circadiane oscillator in de SCN ondergaat echter 
geen faseverschuiving tijdens de energetische uitdaging. Dit suggereert de aanwezigheid 
van een alternatieve oscillator voor het aansturen van de timing van gedrag die door 
energetische uitdagingen wordt losgekoppeld van de SCN. Hoewel de fase van de SCN niet 
verandert, verschuift de fase van andere klokken in het lichaam wel naar de dag, waardoor 
de faseverdeling van klokken in het lichaam gelijk wordt aan die van traditionele 
dagactieve zoogdieren. Energetische uitdagingen maken een nachtactieve muis dus 
dagactief in zowel fysiologie als gedrag.  
 

Hoofdstuk 4 
De circadiane anticipatie op maaltijden is een onderwerp waar binnen de chronobiologie 
veel aandacht aan is besteed. In dit soort onderzoek is voedsel alleen beschikbaar 
gedurende de normale rustfase van een dier en dit resulteert in verhoogde dagactiviteit. Het 
beperken van voedselbeschikbaarheid tot de lichtfase zorgt voor een verminderde 
voedselinname en een veranderde voedseltiming. In hoofdstuk 4 wordt de geïsoleerde 
invloed van voedseltiming op de dagelijkse verdeling van activiteit onderzocht. Hierbij 
wordt aan een groep muizen chocola aan geboden tijdens de lichtfase terwijl andere muizen 
in staat worden gesteld om op alle tijden van de dag chocola te verdienen door te rennen in 
een loopwiel. Deze experimenten laten zien dat dagactiviteit geïnduceerd kan worden door 
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zowel een veranderde voedseltiming als door energetische uitdagingen, maar dat muizen 
nachtactief blijven wanneer beide factoren afwezig zijn.  
 

Hoofdstuk 5 
In dit hoofdstuk wordt onderzocht of plasticiteit in de dagelijkse timing van gedrag ook 
plaatsvindt in situaties waarin dieren een verhoogde energieomzetting hebben. Het hoogste 
energieverbruik dat door kleine zoogdieren wordt behaald vindt plaats wanneer moeders 
hun pups voeden met melk. Op dat moment wordt de maximale energie-overdracht beperkt 
door het risico dat de moeder oververhit raakt. Door lacterende veldmuizen te huisvesten 
bij verschillende omgevingstemperaturen hebben we het energieverbruik van deze moeders 
gemanipuleerd. Zoals voorspeld door de CTE hypothese, resulteert een verhoogde kans op 
oververhitting in een faseverschuiving waarbij moeders vooral op het nest zitten gedurende 
de nacht. Naast deze faseverschuiving zorgt een hoge omgevingstemperatuur er ook voor 
dat moeders minder tijd doorbrengen op het nest. Deze effecten laten zien dat een 
verhoogde energieomzetting resulteert in gedragsveranderingen bij veldmuizen en dat 
plasticiteit in de dagelijkse timing van gedrag ook gebruikt wordt door dieren die 
energetisch worden uitgedaagd om zo veel mogelijk energie om te zetten. 
 

Hoofdstuk 6 
De energetische consequenties van dagactiviteit zijn gekwantificeerd in hoofdstuk 6. Om 
de invloed van temporele niche veranderingen te kunnen bepalen zijn het dagelijkse 
energieverbruik van muizen en de energetische voordelen van isolatie gekwantificeerd en 
in een rekenkundig model gecombineerd met een natuurlijke temperatuurcyclus. Op deze 
manier kan de invloed van verschillende omgevingsfactoren op het energetisch voordeel 
van dagactiviteit worden bepaald. Deze analyse identificeert het rusten in beschutte locaties 
als de belangrijkste factor die dagactiviteit energetisch voordelig maakt. Het uitrekenen van 
de energetische consequenties van dagactiviteit voor verschillende locaties in Europa en 
voor individuele dagen laat zien dat dagactiviteit op vrijwel alle locaties en dagen 
energetisch voordelig is. De kwantitatieve analyses in dit hoofdstuk laten zien dat 
dagactiviteit vrijwel altijd energetisch voordelig is voor kleine zoogdieren die leven in een 
gematigd klimaat.  
 

Hoofdstuk 7 
Hoewel dagactiviteit onder vrijwel alle omgevingscondities energetisch voordelig is, zijn 
kleine zoogdieren het grootste deel van de tijd nachtactief. Dit wordt waarschijnlijk 
veroorzaakt door het grotere predatierisico dat gepaard gaat met dagactiviteit. De optimale 
tijd van de dag om actief te zijn zal uiteindelijk bepaald worden door de combinatie van 
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alle consequenties die gepaard gaan met dagactiviteit. Een muis kan ervoor kiezen om 
dagactief te worden en het energetisch voordeel te gebruiken om minder lang buiten naar 
voedsel te hoeven zoeken maar als dit leidt tot een hoger predatierisico is het uiteindelijk 
voordeliger om nachtactief te blijven. In dit hoofdstuk wordt het energetisch model uit 
hoofdstuk 6 gebruikt om voor verschillende predatierisico’s uit te rekenen of dag- dan wel 
nachtactiviteit de optimale temporele niche is. Deze analyses laten zien dat dagactiviteit 
voordelig is wanneer het predatierisico tijdens de dag weinig hoger is dan gedurende de 
nacht en vooral in condities waarin het moeilijk is om voldoende voedsel te vinden. 
 

Hoofdstuk 8 
De kwantitatieve analyses uitgevoerd in de voorgaande twee hoofdstukken voorspellen dat 
muizen dagactief zullen worden wanneer ze energetisch worden uitgedaagd maar dat hoge 
predatierisico’s gedurende de dag resulteren in nachtactiviteit. Deze voorspellingen zijn 
getest onder semi-natuurlijke condities in de buitenverblijven van ons laboratorium door de 
voedselhoeveelheid en de beschikbare beschutting tegen roofdieren te manipuleren. Zoals 
verwacht zijn de muizen dagactief wanneer voedsel schaars is maar verschuift de activiteit 
naar de nacht wanneer er meer energie beschikbaar is of het ervaren predatierisico hoger is.  
 

Hoofdstuk 9 
Naast de rol van de SCN in de regulatie van dagelijkse ritmiek in fysiologie en gedrag is de 
SCN ook betrokken bij de meting van daglengte. De lengte van de dag wordt door veel 
diersoorten gebruikt om te bepalen welk seizoen het is en aan de hand daarvan te besluiten 
om al dan niet voort te planten. Het meten van de daglengte wordt gedaan door de interne 
tijd in de SCN te vergelijken met de externe licht-donker cyclus. Wanneer de juiste 
daglengte voor reproductie bereikt is, wordt er een hypothalamische schakelaar omgezet 
die ervoor zorgt dat het lichaam gereed gemaakt wordt voor voortplanting. Analyse van de 
hersenen van veldmuizen die zijn blootgesteld aan verschillende daglengtes toont aan dat 
de voortplantingsschakelaar aanwezig is in veldmuizen en dat de schakelaar gevoelig is 
voor veranderingen in daglengte. De rol van de SCN in het reguleren van de 
voortplantingsschakelaar verklaart dat de SCN niet van fase verschuift in energetisch 
uitgedaagde muizen (hoofdstuk 3). Het meten van de kritieke daglengte om de 
voortplantingsschakelaar om te zetten zou namelijk onmogelijk zijn wanneer de fase van de 
SCN zou veranderen als gevolg van de energetische condities.  
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Conclusie 
De data in dit proefschrift laten zien dat muizen en andere nachtactieve zoogdieren 
plasticiteit in de dagelijkse timing van gedrag gebruiken om om te gaan met veranderingen 
in de omgeving. Als gevolg van energetische uitdagingen als honger en kou worden 
muizen dagactief. Wanneer veldmuizen proberen hun energieverbruik te verhogen gaat dit 
gepaard met een activiteitsverschuiving. Naast de invloed van energetische uitdagingen 
laten experimenten onder semi-natuurlijke condities ook zien dat veranderingen in 
predatierisico faseverschuivingen tot gevolg kunnen hebben.  
De CTE hypothese voorspelt dat dagactiviteit zorgt voor een lager energieverbruik. Het 
energetisch voordeel van dagactiviteit is vooral het gevolg van rusten op beschutte locaties, 
een gedrag dat vrijwel alle zoogdieren vertonen. De energetische voordelen van 
dagactiviteit zullen uiteindelijk moeten worden afgewogen tegen alle andere consequenties 
(zoals het predatierisico) van dagactiviteit. De optimale dagelijkse verdeling van activiteit 
en rust hangt af van de omgeving waarin een dier zich bevindt.  
De verschuiving van activiteit als gevolg van energetische uitdagingen gaat niet gepaard 
met een faseverschuiving van de SCN. Dit duidt erop dat onder energetisch uitdagende 
condities een alternatieve oscillator de dagelijkse timing van gedrag beïnvloedt. Wat de 
anatomische locatie van deze oscillator is en of deze zich parallel aan of downstream van 
de SCN bevindt, kan met de huidige data niet worden vastgesteld. De verschillende 
experimenten in dit proefschrift identificeren de SCN als de locatie van een 
geïnternaliseerde licht-donker cyclus die door de rest van het lichaam gebruikt kan worden 
als betrouwbaar horloge. Plasticiteit in de dagelijkse timing van fysiologie en gedrag duidt 
er echter op dat de controle van de SCN over deze processen niet absoluut is en afhankelijk 
is van de omgeving die een dier ervaart.  
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