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Activity patterns of rodents: the physiological ecology of biological rhythms

Noga Kronfeld-Schor* and Tamar Dayan

Department of Zoology, Tel Aviv University, Tel Aviv, 69978, Israel

To date, most research in the field of biological rhythms has been performed on
nocturnal rodents under laboratory conditions. This research has made much progress
in recent years. It is now time to investigate the adaptive value of the studied
molecular mechanisms under natural conditions. Here we review relevant studies of
rodent activity patterns. We also review a case study of temporal partitioning between
spiny mice. We conclude that the response to environmental stimuli, using a system
composed of a rigid master circadian oscillator and more flexible mechanisms such as
peripheral oscillators with weak coupling, masking responses, and downstream
switching mechanisms, is adaptive since it enables an animal to reset its activity phase
without the cost of shifting the phase of the entire circadian system. We suggest that
these mechanisms play a significant role in determining activity patterns under natural
conditions, and are important for understanding the ecology and evolution of activity
rhythms.

Keywords: diurnal activity; Acomys russatus; temporal partitioning; masking; circadian
rhythms; ecology

Introduction

The scientific field of circadian rhythms biology has developed enormously during the past
decade. Breakthroughs in our understanding of the genetic and molecular underpinnings
of endogenous rhythmicity have triggered a surge of new research into such mechanisms,
and facilitated the development of research of others, such as peripheral oscillators. Now,
after such significant progress, it is time to ask how these molecular feedback loops
translate into behavioral and physiological rhythms; what is the adaptive value of the
described mechanisms, and how do they manifest under natural conditions? To do this, we
have to extend the study of circadian rhythms to diverse animal species, and to understand
the challenges and threats that they face in their natural habitat, as well as the
opportunities. Such studies may provide fresh insight into the workings of the circadian
system; here we review a variety of relevant studies of rodent activity patterns. We also
review a special case study of temporal partitioning between spiny mouse species, and
discuss the mechanisms that may account for this and for other temporal patterns in
activity rhythms of rodents.
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The temporal niche axis

Ecosystems are complex; they comprise ecological communities, in which each and every
species has it own specific niche, characterized by its relationships with the abiotic
environment and with other organisms. The niche definition includes not only resources
used by a species, but also when it uses these resources (the temporal niche axis). When
describing a species, an ecologist will invariably describe its activity time. Being active in the
same environment at different times, on the diel or the seasonal scale, exposes animals to
very different environmental challenges, both biotic and abiotic. These include not only the
obvious difference between light and dark, but also differences in ambient temperatures,
humidity, food availability, predation risk, prey availability, competitors, mates, and more.

Confining activity to part of the temporal spectrum allows animal species to adapt to
these conditions on an evolutionary scale. Diurnal animals usually use vision for locating
food, while nocturnal animals use tactile probing, smell, and hearing. Communication is
usually vocal and aromatic in nocturnal animals (and also, although rarely, luminescent).
Nocturnal animals use camouflage for concealment from their diurnal predators during the
day (e.g. moths and owls); diurnal animals use visual signals, e.g. aposematic coloration
(warning coloration markings that make a dangerous, poisonous, or foul-tasting animal
particularly conspicuous and recognizable to a predator) (Daan 1981). The development of
sociality (Ebensperger & Blumstein 2006) and of alarm calling (Shelley & Blumstein 2005) in
rodents was also attributed to diurnality. Retinas of nocturnal and diurnal mammals differ
in their photoreceptors, and adaptations to vision at a given light level not only improve
fitness at that light level, but also tend to reduce the efficiency of activity at other times
(Jacobs 1993; Van Schalk & Griffiths 1996). For example, wild-caught antelope ground
squirrels (Ammospermophilus leucurus) deprived of their suprachiasmatic nuclei (SCN,
where the master circadian clock is located) behaved normally but became arrhythmic and
active also during the night. Their nocturnal activity enabled nocturnal Mojave Desert
predators such as rattlesnakes, kit foxes, bobcats, coyotes, barn owls, and feral cats to take
advantage of the squirrels’ limited visual acuity at night and prey upon them (DeCoursey
et al. 1997; DeCoursey 2004b). In fact, Ashby (1972) suggested that it is possible to deduce
that mammals grade from being exclusively nocturnal to totally diurnal based on a study of
their eyes and of their hearing apparatus alone.

As a consequence of these different adaptations, the environment of an organism is
divided into times when it is optimal to perform a certain activity, and times when
performing the same activity may even be disadvantageous. Hence, it is not surprising that
most animals have a distinct activity pattern confined to a certain part of the diel cycle,
which is typical to the species, and to which they are adapted behaviorally, anatomically,
and physiologically (Daan 1981; DeCoursey 2004a). In fact, the phenomenon of distinct
activity rhythms is so evident, that it was already described in the Old Testament:

‘‘He appointed the moon for seasons: the sun knoweth his going down. Thou makest darkness,
and it is night: wherein all the beasts of the forest do creep forth. The young lions roar after their
prey, and seek their meat from God. The sun ariseth, they gather themselves together, and lay
them down in their dens. Man goeth forth unto his work and to his labour until the evening’’
(Psalms, 104: 20 – 23).

The internal circadian system

A special feature of the adaptation to the specific temporal niche is the development of an
internal circadian clock, which in mammals is located in the SCN. This clock allows the
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individual to be ready for predictable environmental changes, rather than just responsive
to them, and to choose the right time for a given response or activity. The contribution of
circadian rhythms for survival can be direct, e.g. by reducing predation risk or timing
reproductive activity to the time when mating success will be maximal. It can also be
indirect, e.g. by timing foraging to match food availability; the forager saves energy that
may contribute significantly to the number of offspring eventually propagated (Daan &
Aschoff 1982). Similarly, there are many circadian aspects to behavior and physiology,
such as rhythms in metabolic rate, body temperature, aggressive behavior, etc., which, by
recurrence day after day, may contribute to energy retention and have significant effects on
an animal’s performance and fitness (Bennet 1987; Horton 2001).

There are extremely few studies that have examined directly the contribution of
circadian rhythmicity to fitness. In a series of elegant experiments on free-living
populations of three species of squirrels, DeCoursey (2004b) provided direct evidence
for the contribution of circadian rhythms to survival: in two species predation rates were
higher in SCN-lesioned squirrels as compared to sham-operated controls and, in another
species, aberrations of hibernation arousal patterns that were metabolically expensive and
put individuals at risk of starvation immediately after emergence from hibernation were
documented in SCN-lesioned squirrels as compared to sham-operated controls.

The fact that, under constant conditions in the laboratory, the period of circadian
rhythms is usually in the general vicinity of 24 h, implies that changes in the physical
environment must synchronize or entrain the internal clock system regulating circadian
rhythms. Entrainment serves two purposes: phase control and period adjustment (Turek &
Takahashi 2001). Changes in the physical environment range from highly predictable to
unpredictable. In order to function optimally using the internal clock, an individual should
be ready for predictable changes, yet respond adaptively to unpredictable ones. Therefore,
in order for the internal timing mechanism to have adaptive value, it should be sensitive to
highly predictive environmental cues while insensitive to less or unpredictable environ-
mental cues (Daan & Aschoff 2001).

The most important and predictable cue in most environments is the day/night cycle,
resulting from Earth’s rotation on its axis, which changes on a daily and seasonal scale. As
would be expected, for virtually every species studied, it has been found that light
(photoperiod) is the main synchronizing stimulus of the SCN. The predictable fashion of
changes in photoperiod allows the development of relatively rigid internal circadian
programming of behavior and physiology as an adaptive strategy. Thus, a degree of rigidity
to other environmental stimuli is built into the circadian system. At the individual level, this
internal component is adjusted to its specific environment and is based upon individual
experience with the temporal organization of the environment: events related to food
availability, territoriality, predation, inter- and intra-specific competition, and temperature
fluctuations that affect the behavior over the course of the day, often change the perceived
activity rhythm. Thus, overt activity rhythms are a result of the animal’s direct response to
environmental stimuli superimposed upon the output of the endogenous clock.

The effects of non-photic stimuli on activity patterns of animals are of special
significance to their ecology and hence evolution; for example, predation and/or
competition could select for temporal partitioning within ecological communities
(Kronfeld-Schor & Dayan 2003). The flexibility to respond to non-photic cues is what
enables animal to cope with ecological interactions and other selective forces by shifting
diel rhythms. In turn, such variations are what natural selection operates upon.
Nonetheless, the mechanisms underlying the effect of ecological interactions on activity
patterns have rarely been studied.

Biological Rhythm Research 195
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Activity patterns and shifts in rodents

The common ancestor of mammals was nocturnal; even today, most mammals, including
most rodent species, are nocturnal (Smale et al. 2003; Roll et al. 2006). We carried out a
literature survey of activity patterns of 700 rodent species, and placed each species in an
activity time category: diurnal, nocturnal, or active at both periods (Roll et al. 2006).
Based upon our results, we concluded that diurnality in rodents evolved independently on
at least seven different occasions at the family level (Roll et al. 2006).

Since nocturnality is the ancestral state in mammals, the circadian system of nocturnal
species is expected to be conserved and similar. However, diurnality evolved independently
on several unrelated occasions; hence, the circadian system of diurnal species may be more
diverse (Smale et al. 2003), reflecting different independently evolved pathways; accordingly,
it may encompass different activity patterns. The high variability of diurnality may be both
intra- and inter-specific (Smale et al. 2003; Refinetti 2006). For example, analyzing activity
rhythms of seven rodent species, Refinetti (2006) found a gradient of temporal niches that
runs from predominantly diurnal species to predominantly nocturnal species with many
intermediate chronotypes. Nocturnal species had small intra- and inter-specific variability,
while in diurnal ones both intra- and inter-specific variability was high.

Shifts of activity time may occur on an ecological or evolutionary timescale. Changes
on the ecological scale may eventually lead to changes on the evolutionary scale, and
therefore the mechanism of the shifts may be similar on both scales. However, it is still not
clear how the master circadian clock mechanism is translated into activity rhythm, and
how it differs in animals with different activity patterns (Smale et al. 2003); thus the
mechanism underlying such shifts is still not understood.

Precise field data of activity rhythms are rare, and most are based on casual
observation rather than detailed study, in part because such studies are tedious and
extremely labor intensive (Halle & Stenseth 2000; DeCoursey 2004a). Examples of rodents
switching activity times in nature are relatively rare, and research of the mechanism of
such switching as a result of non-photic cues is even less common. Since adaptation to one
part of the diel cycle is usually advantageous, it is not surprising that such shifts are
unusual. Nevertheless, the fact that some species are cathemeral (active parts of the day
and the night) or do actually switch activity times suggests that, in some instances, the
advantages of cathemeral activity or of being active out of the normal phase are greater
than the disadvantages. Here we review several such cases; we suggest that studying the
mechanism of the shifts in these species is important for understanding the evolution of
activity patterns and their underlying mechanisms.

Non-photic stimuli and activity patterns

Non-photic stimuli may entrain the circadian clock under controlled laboratory
conditions, at least partially through the arousal state resulting from them (Mrosovsky
1996; Mistelberger & Rusak 2005). However, they may all have a strong effect on
physiology and behavior without a corresponding change in the SCN being apparent
(reviewed by Mrosovsky 2003). The effect of non-photic stimuli may be downstream from
the master circadian clock in the SCN, i.e. in switching mechanisms that translate the SCN
into behavioral and physiological rhythms (Smale et al. 2003). They may also synchronize
peripheral oscillators (e.g. Van der Veen et al. 2006), mask the endogenous circadian
system (Mrosovsky 2003), or affect any combination of these factors. The possible
mechanism of the change in activity time as a result of non-photic stimuli or ecological
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interactions is discussed in detail by other authors in this issue. However, we suggest that,
more often than not, the effect is not on the SCN itself, which is relatively rigid to non-
photic cues, and that this mechanism has an adaptive value.

Masking

Masking (Aschoff 1961) is defined as ‘‘any process that distorts the original output from the
internal clock whether this originates from inside or outside the body’’ (Minors and
Waterhouse 1989).As soon as themasking effect is removed, the underlying circadian rhythm
is revealed (Waterhouse et al. 1996).Masking is a possible integral part of the mechanism for
switching activity patterns (Redlin&Mrosovsky 2004). It was originally described in relation
to light, which increases activity in diurnal animals (positivemasking) and suppresses activity
in nocturnal animals (negative masking), while dark acts in the opposite way (Mrosovsky
2003;Mrosovsky &Hatter 2005). The masking response to light serves as a means to confine
animals to nocturnal or diurnal niches (Redlin et al. 2005), and changes inmasking responses
to light may be an essential and integral component of switching between nocturnal and
diurnal activity (Redlin &Mrosovsky 2004); a nocturnal rodent switching to diurnal activity
must overcome the negative masking by light, and vice versa.

However, masking can also be induced by a variety of non-photic stimuli, including
ecological interactions (Kronfeld-Schor & Dayan 2003; Smale et al. 2003). Unstriped Nile
rats (Arvicanthis niloticus) in the laboratory show a diurnal activity rhythm (Blanchong
et al. 1999); however, introducing a running wheel to their cage induced an abrupt
dramatic change in the basic pattern of activity to a more nocturnal one within one day
(Blanchong et al. 1999). A similar effect of a running wheel was described for the diurnal
Octodon degus (Kas & Edgar 1999), which inverted its activity rhythm in 24–48 h
(Stevenson et al. 1968). An abrupt change in activity rhythms was also described in cotton
rats (Sigmodon hispidus), where a variety of distinctly different patterns coexist, and
individuals frequently switch from one kind of pattern to another (Johnston & Zucker
1983). Such an abrupt shift, without evidence of phase transients (progressive changes in
rhythm phase during the course of a phase shift [Kas & Edgar 1999) that are typical of the
process of entrainment, suggests that the mechanisms determining the overt diurnal or
nocturnal activity rhythm in these species are separate from phase control mechanisms
within the master circadian clock and that non-photic stimuli can modulate the
mechanisms that determine phase preference (Kas & Edgar 1999).

Food entrainable oscillator

A well-known example of an environmental stimulus that affects activity time without
changing the circadian clock is the effect of food availability. Food may affect activity
rhythms in two different ways. First, in the smallest mammals (such as shrews), or small
mammals feeding on low quality food (such as voles [Halle 2006), physiological
constraints may force the animal to be active around the clock, and will not allow the
adaptive confinement of activity time to a specific time of day. Second, if food availability
changes during the diel cycle, or if food is available at a certain time each day, it is
expected that an individual will be active at this time.

Indeed, limited availability of food at a certain time may entrain a food-entrainable
oscillator, which is a different oscillator and located outside the SCN. Such entrainment
results in food anticipatory activity (for reviews see Stephan 2002, Mistelberger & Rusak
2005, Selmaoui & Thibault 2006). This anticipatory activity is not lost after a lesion of the
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SCN, and it is possible to entrain anticipatory activity and general activity rhythms to
different periods (reviewed by Stephan 2002). Furthermore, restricting food and water
availability to the day in rats entrained the food-entrainable oscillator, but failed to phase-
shift or entrain the light-entrainable oscillator (Brinkhof et al. 1998). Nevertheless, some
examples of timed feeding entraining the circadian system have been described (for review see
Mistelberger & Rusak 2005). This food-entrainable oscillator has been well characterized
behaviorally, but its anatomical locationhasnot yet been identified (Landry et al. 2006), and it
is possible that a number of brain regions are capable of food-entrainable oscillations driven
by local oscillating clock cells (Davidson et al. 2004; Landry et al. 2006).

A switching mechanism

Non-photic stimuli can also affect activity rhythms via centers that are downstream from the
core pacemaker, which may differ between species, and which may interpret SCN output
signals differently (Smale et al. 2003). The SCNof laboratory rats, hamsters, andmice project
to a restricted number of targets, which are located mainly within the hypothalamus (Smale
et al. 2003). The major outflow is to the subparaventricular zone. The lower part of the
hypothalamic subparaventricular zone, the LSPV, which receives input from both the retina
and the SCN, exhibits rhythms inFos that differ in nocturnal laboratory rats compared to the
diurnal Arvicanhtis niloticus (Nunez et al. 1999; Mahoney et al. 2000; Schwartz et al. 2004).
Therefore, it seems to be closely tied to the circadian system (Schwartz et al. 2004). It is
possible that amechanism in the LSPV enables it tomodulate efferent SCN signals differently
in nocturnal and diurnal species (Nunez et al. 1999; Smale et al. 2003; Schwartz et al. 2004),
and may also act as a switching mechanism at the ecological scale.

Peripheral oscillators

Peripheral oscillators exist in almost every cell in the body. They are entrained by the SCN,
but are also influenced by non-photic cues such as feeding. Voles show an ultradian
foraging rhythm with a period length of 2–3 hours, but show a circadian activity pattern
when provided with a running wheel (Gerkema et al. 1990). A recent study (Van der Veen
et al. 2006) revealed that, in voles and mice, rhythmic gene expression in the SCN is
circadian and very similar, but the expression of clock-controlled genes in the liver of voles
that forage in an ultradian rhythm is nearly constant throughout the day (and possibly
ultradian, although the sampling regime was not sensitive enough to detect this). When
circadian activity was imposed on the voles by manipulating feeding cycles or housing
conditions, the expression of clock-controlled genes in the liver was circadian too (Van der
Veen et al. 2006). The authors concluded that circadian gene expression in the liver
depends on the circadian and ultradian components of feeding and activity (Van der Veen
et al. 2006). Interestingly, this plasticity in clock-controlled gene expression in the liver
seems to be species-specific and related to the voles’ special feeding ecology, since ultradian
gene expression of clock-controlled genes in the liver of mice could not be achieved, even
when an ultradian feeding cycle was imposed (Van der Veen et al. 2006).

The unstriped Nile grass rat (Arvicanthis niloticus) is diurnal when housed without a
running wheel under laboratory conditions (Blanchong et al. 1999). Although clock-gene
expression in the SCN is similar in grass rats and mice, Per1 and Per2 expression in the
liver differs and is phased diametrically opposite (Lambert & Weaver 2006). The authors
suggest that most non-SCN oscillators are likely to be reversed in their phase of oscillation
when nocturnal and diurnal species are compared (Lambert & Weaver 2006), but that, as
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suggested by Smale (2003), some areas in the brain itself, which are downstream from the
SCN, function as switches controlling specific behavioral and physiological rhythms.

Evolutionary significance of the response to non-photic stimuli

It seems that the control of activity rhythms is much more complex than once thought.
The master circadian clock has many functions, including timekeeping, seasonal
adaptations, timing of reproduction, sun compass orientation, etc. Changing this clock
may have far-ranging effects on individual fitness. Responding to environmental stimuli
using a system composed of a master circadian oscillator and peripheral oscillators with
weak coupling, masking responses, and/or a downstream switching mechanism, may be of
adaptive value. Non-photic cues such as food availability, predation, inter- and intra-
specific competition, and temperature, even when relatively predictable, may shift
suddenly, while seasonal changes in sunrise and sunset are limited and gradual. In most
cases, a responsive abrupt change in activity may increase the animal’s fitness. Responding
to such a change via masking, peripheral oscillators or a switching mechanism may enable
an animal to reset its activity phase without shifting the phase of the entire circadian
system. Peripheral oscillators will allow prediction of the entraining variable to a certain
extent (although weaker than that provided by the SCN). Shifts in activity rhythms that do
not involve changing the master circadian clock allow the individual to respond adaptively
in terms of its activity time (including foraging and feeding) without changing the other
behaviors and processes that the circadian clock controls. It allows a certain flexibility of
the system that may have some cost, but this cost will be lower then changing the master
circadian clock itself. We suggest that these mechanisms, whose study was relatively
neglected until recently, play a significant role in determining activity patterns, are
extremely important for understanding the ecology and evolution of activity rhythms, and
should be thoroughly studied.

Ecological selective forces and evolutionary constraints in shaping rodent activity patterns

Being active during the night or daytime exposes animal species to different environmental
challenges; meeting them requires different anatomical, physiological, and behavioral
adaptations. Abiotic conditions are considered to have a primary role in affecting the
ecology of animals, and they have been found to affect activity levels and activity patterns
of some species. For example, being active during the night or daytime exposes animals to
different climatic conditions. Environmental conditions affect the activity of animal
species, and may even drive them to invert their activity patterns. For example, the bat-
eared fox (Otocyon megalotis) of the South African deserts forages nightly in the summer
when midday soil temperatures reach 708C, and diurnally in the winter when air
temperatures drop to 7108C during the night (Lourens & Nel 1990). Desert seed-
harvesting ants forage during the day in winter, but avoid the heat in summer by foraging
crepuscularly, nocturnally or on cloudy days (Whitford et al. 1981).

Similar seasonal shifts in activity patterns, which appear to be related to climatic
conditions, have also been reported for some rodent species, including several species of
voles in the wild. For example, montane voles (Microtus montanus) become more diurnal
in winter (Rowsemitt et al. 1982). Subterranean rodents are a special and interesting case.
Since they are subjected to more constant habitat conditions than rodents that live above
ground, it was suggested that, in these species, the circadian clock is not very strongly
coupled to the photic input (Oosthuizen et al. 2003) and that non-photic cues may play an

Biological Rhythm Research 199
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important role. For example, mole rats (Spalax ehrenbergi) that live in constant darkness
are predominantly diurnal during winter and predominantly nocturnal during summer,
possibly due to changes in ambient temperature (Kushnirov et al. 1998); and in species
belonging to the fossorial (adapted to life underground) family Bathyerigidae, diurnal
phase preference can be explained at least in part by social processes (Oosthuizen et al.
2003). Surface and subterranean activity of cururos (Spalacopus cyanus) in their natural
habitat is largely restricted to daylight hours (Urrejola et al. 2005). Furthermore, they
show adaptation to diurnal activity; rod density in their retinas is lower than that found in
nocturnal surface-dwelling rodents, while cone density is high (Peichl et al. 2005).
However, under controlled laboratory conditions, this species is clearly nocturnal
(Ocampo-Garces et al. 2006). It has been suggested that the diurnal phase preference of
cururus in the field results from a combination of a weak photic zeitgeber and a strong
social or other unknown zeitgeber and/or masking (Ocampo-Garces et al. 2006).

Food levels and food availability may also affect activity patterns. For example,
nocturnal bannertail kangaroo rats (Dipodomys spectabilis) reduced their activity during
nights when there was a full moon. However, when food resources were low, they were
active not only during the nights with a full moon but also showed sporadic diurnal
activity (Lockard 1978). Coypu (Myocastor coypus) are nocturnal in their natural habitat,
as well as in regions to which they were introduced. In contrast, an urban population in
Germany exhibited an almost completely diurnal activity pattern, possibly in response to a
human-made schedule of food availability (Meyer et al. 2005).

Additionally, ecological interactions may influence activity patterns of animal species.
Shifts on the temporal niche axis may facilitate coexistence between competitors and
between predators and their prey, although surprisingly little ecological research has
focused on this issue. Bank voles (Clethrionomys glareolus) were inactive at night and
exhibited a peak of activity at dawn but, in the presence of a weasel (Mustela nivalis),
shifted to being active both during the day and night (Jedrzejewska & Jedrzejewski 1990).
In a study of commensal Norway rats (Rattus norvegicus) on farms, Fenn and MacDonald
(1995) discovered a population, some members of which were ‘‘conspicuously diurnal’’.
An experiment revealed that rats shifted to diurnal activity in an area that is heavily
populated by foxes (Vulpes vulpes) while, in experimental fox-free enclosures in the same
area, they reverted to normal nocturnal activity. Nocturnal Patagonian leaf-eared mice
(Phyllotis xanthophygus) decreased their activity under high illumination and increased the
number of diurnal activity bouts, probably as compensation for reduced foraging (Kramer
& Birney 2001). A similar pattern of increased crepuscular activity of Merriam’s kangaroo
rats (Dipodomys merriami) in response to full moonlight was previously reported by Daly
et al. (1992).

Schoener (1974a), reviewing resource partitioning in ecological communities, found
temporal partitioning to be significantly less common than habitat- or food-type
partitioning. He argued that ‘‘in deciding to omit certain time periods, the consumer is
usually trading something — a lowered but positive yield in the time period frequented by
competitors — for nothing, no yield at all’’ (p. 33). Schoener (1974b) developed a
theoretical model which predicts that temporal resource-partitioning on the diel scale
should be relatively rare, requiring severe depletion of resources before it is no longer
optimal to feed in a period frequented by competitors.

An alternative hypothesis was presented by Daan (1981), who suggested that diurnal
and nocturnal activity require different evolutionary adaptations and therefore closely
related species, prime candidates for competition, are usually active during the same part
of the diel cycle.
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This hypothesis implies that animal species are evolutionarily constrained in their
activity patterns (Daan 1981; Kronfeld-Schor et al. 2001a, 2001b, 2001c; Kronfeld-Schor
& Dayan 2003; DeCoursey 2004a), and that the plasticity assumed by Schoener (1974a) in
adapting to ecological settings is limited. In fact, zoologists recognize that different species
tend to have taxon-specific activity patterns; for example, most birds are diurnally active,
while most terrestrial amphibians are nocturnal (Daan 1981). In a recent quantitative
study we demonstrated a very strong phylogenetic imprint on activity patterns in rodents
(Roll et al. 2006); activity patterns at the family level were significantly different from the
ordinal pattern, emphasizing the strong relationship between intra-family taxonomic
affiliation and daily activity patterns. Large families (Muridae and Sciuridae) analyzed by
sub-families and tribes showed a similar but stronger pattern than that of the family level.
Thus it is clear 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 et al. 2006).
These patterns are also congruent with the fact that many of the recorded shifts in activity
times or perceived patterns of temporal partitioning are contained within the preferred
part of the diel cycle, whether day or night (reviewed by Kronfeld-Schor & Dayan 2003),
although they are detectable only by detailed scientific research. This is in spite of the fact
that temporal segregation within the preferred activity phase limits foraging times and
hence energy intake of the competing species (see Schoener 1974a). The behavioral
response of prey to predation risk is also more commonly manifested in a restriction,
rather than shift, of activity times (reviewed by Kronfeld-Schor & Dayan 2003). Actual
inversion of activity patterns is not commonly described, although such gross differences
in activity patterns can be easily discerned. It could be argued that temporal partitioning
evolved in response to competitive (or predation) pressures, but activity patterns may have
since become ‘‘fixed’’ and are no longer amenable to manipulation (‘‘ghost of competition
past’’).

Little such general discussion of the potential use of temporal partitioning between
predators and their prey is found in the ecological literature, although some authors have
raised this issue regarding specific case studies (e.g. Flecker 1992; Fullard 2000). For
example, Flecker (1992) suggested that some anti-predatory behaviors may become
‘‘fixed’’ or ‘‘hard-wired’’, presumably where there is a ‘‘prohibitively expensive cost’’ in
assessing risk, meaning a high probability of mortality (Sih 1987). Thus, the general
question raised regarding competitors is of relevance also to predators and their prey.
Specifically, the issues are: (1) What is the degree of flexibility of the adaptations to
different activity patterns? (2) Are ecological- and evolutionary-level plasticity in the
adaptations to activity patterns limited, so limiting the use of the time axis in ecological
separation?

In humans, disturbed circadian rhythmicity, whether due to voluntary (e.g. shift work
or rapid travel across time zones) or involuntary (e.g. illness or advanced age)
circumstances, has been associated with numerous mental and physical disorders and
can have a negative impact on human safety, performance, and productivity (Turek &
Takahashi 2001). Among the very few studies of animals that shift their activity times,
studies which also explored other aspects of temporal organization (e.g. body temperature,
general activity, mating time rhythms), no differences were found between nocturnally and
diurnally active individuals (Blanchong et al. 1999; Weber & Spieler 1987; Kronfeld-Schor
et al. 2001a). This result suggests that, in these cases, the overt activity – rest cycle is,
indeed, out of synchrony with other circadian rhythms. Thus the optimal response to
environmental conditions and the internal temporal order of physiological and
biochemical processes may be out of synchrony. Such a shift may entail severe costs.
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In summary, it appears that circadian rhythmicity may limit the response to non-
photic cues, such as ecological interactions, which operate downstream from the SCN
master circadian clock. The cost of a shift may be considerable in terms of the physiology
and ecology of living organisms. Thus the plasticity of use of the time niche-axis on the diel
scale may be severely constrained. Field research of the interplay between ecological
interactions and environmental conditions, and their effect on activity and other rhythms,
may provide insight into the evolutionary forces at play, as well as the evolutionary
constraints involved. Here we review a unique case of temporal partitioning among
competing rocky desert rodents and point to general inferences that can be drawn from
our decade-long study of this system.

A case study of temporal partitioning and temporal activity shifts in spiny mice

An excellent model system for the study of shifts in activity patterns of rodents in the
context of the role of temporal partitioning and the evolution of activity patterns is found
in a hot rocky desert, near the Dead Sea. The common spiny mouse (Acomys cahirinus)
and the golden spiny mouse (A. russatus) coexist in rocky habitats (Shkolnik 1971;
Kronfeld-Schor et al. 2001a), where they overlap in microhabitat use, home ranges, food
habits, and reproductive period (Kronfeld et al. 1994; Kronfeld-Schor & Dayan 1999;
Shargal et al. 2000). These species have attracted considerable attention (reviewed by
Kronfeld-Schor & Dayan 2003) owing to their unique temporal activity patterns: the
common spiny mouse is active during the night, as are most desert rodents, whereas the
golden spiny mouse is active during the day.

During the 1960s, Shkolnik (1971) carried out a preliminary removal experiment. He
repeatedly trapped all individual A. cahirinus from a joint habitat, a rock pile, and after
several months he began to trap A. russatus individuals during the night. This shift in
activity patterns implies that the two species compete and that temporal partitioning is a
mechanism of coexistence between them (Shkolnik 1971). A recent study with replicated
experimental and control enclosures revealed that, while A. russatus also shifted their
activity into the night in the absence of their congener (a species that belongs to the same
genus), their diurnal foraging activity remained high (Gutman & Dayan 2005).

Being active during the day and during the night imposes different ecological and
environmental challenges on spiny mice. In the past decade we have been investigating the
effect of these challenges on free-living populations of both spiny mouse species at Ein
Gedi. These studies provide us with insight regarding the costs incurred in diurnal and
nocturnal activity, the mechanisms of the shifts, and the evolutionary constraints involved
in the shift from nocturnal to diurnal activity patterns.

Temporal partitioning as a mechanism of coexistence of competing species

Because in disturbed areas near human settlements, where food availability is high,
population densities increase, in particular that of common spiny mice, we suggested that
food may be limiting in this system (Kronfeld-Schor & Dayan 1999). Both spiny mouse
species overlap in their food preferences, with cafeteria experiments demonstrating a
preference for arthropods (Kronfeld-Schor & Dayan 1999). We studied variations in
arthropod taxa (species, genera, and families) and biomass in the spiny mice natural
habitat, and found that more arthropods and greater arthropod biomass were available
during the night at all seasons, suggesting that, in terms of resource availability, night
should be the preferred activity time for spiny mice.
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Results of a study carried out in experimental enclosures during summer suggest that
foraging tradeoffs (where each species exploits a part of the food niche axis more efficiently
than the others) are not a viable mechanism of coexistence between the two species
(Gutman & Dayan 2005), and certainly not in summer (Jones et al. 2001). However,
during summer both species turn primarily insectivorous. Because the arthropod prey of
A. cahirinus and A. russatus show diurnal patterns in availability, temporal partitioning
could well promote resource partitioning and coexistence, particularly in summer
(Kronfeld-Schor & Dayan 1999; Jones et al. 2001; Weinstein et al. 2004).

Resource competition may be mediated by interference competition, but a laboratory
experiment of agonistic interactions revealed that in fact golden spiny mice exhibited
significant overt aggression towards common spiny mice, a pattern opposite to that
expected (Pinter et al. 2006). Thus it is unlikely that common spiny mice use aggressive
interference when they displace golden spiny mice into diurnal activity. Possible cues for
the displacement of the golden spiny mice from nocturnal to diurnal activity are chemical
signals released by the common spiny mice (Haim & Fluxman 1996).

Anatomical, behavioral/ecological, and physiological adaptations

At Ein Gedi, the average maximal temperature in January is 208C, and the average
minimal temperature is 138C. In July, the average maximal temperature is 388C, and the
average minimal temperature is 288C (Jaffe 1988). During the summer days, when
temperatures are high, A. russatus avoid the heat behaviorally by staying in the shade
(Shkolnik 1971; Kronfeld-Schor et al. 2001b), reducing their midday activity (Kronfeld-
Schor et al. 2001a), and/or using evaporative cooling, which uses water, a scarce resource
in the desert. Nevertheless, A. russatus have low water requirements, owing to their ability
to reduce water loss in the feces (Kam & Degen 1993) and to produce highly concentrated
urine (Shkolnik 1966; Shkolnik & Borut 1969).

In a field study we found that water turnover is similar in both species at all seasons,
reflecting the adaptations of A. russatus to water conservation (Kronfeld-Schor et al.
2001c). In summer, the energy expenditure of A. russatus tended to be higher than that of
A. cahirinus. Energy requirements of A. cahirinus in winter were double those of A.
russatus, and may reflect the cost of thermoregulating during cold nights (Kronfeld-Schor
et al. 2001c).

Evolutionary constraints may affect the activity patterns of spiny mice. A. russatus has
evolved some adaptations to diurnal activity, such as dark skin pigmentation and a high
concentration of ascorbic acid in its eyes, which permits the eye to withstand intense solar
radiation (Koskela et al. 1989). However, it also retained the retinal structure of a
nocturnal mammal (Kronfeld-Schor et al. 2001b). Moreover, it has a similar potential for
non-shivering thermogenesis (NST) as does its nocturnal congener (Kronfeld-Schor et al.
2000), which is exposed in winter to much lower ambient temperatures and spends more
energy on thermoregulation (Kronfeld-Schor et al. 2001c), suggesting that, in terms of
NST, A. russatus still displays its legacy as a nocturnal rodent.

Predation pressure as a selective force

In order to gain insight into the evolution of activity patterns of spiny mice, we considered
predation risk by predators from four different functional groups. In the field, spiny mice
are exposed to predation risk by owls, snakes, foxes, and probably also diurnal raptors,
depending on their hour of activity (Jones et al. 2001). General indirect evidence for the
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evolutionary significance of predation are spines on spiny mouse rumps, in particular
those of golden spiny mice, a histological mechanism for tail loss (Shargal et al. 1999), and
relative immunity to viper venoms (Weissenberg et al. 1997). Research has revealed
information on specific predators.

A. cahirinus reduce their foraging activity as a result of predation risk by owls in open
habitats during moonlit nights, as has been demonstrated for rodents of sandy deserts
(Mandelik et al. 2003). Interestingly, golden spiny mice reduce their daytime foraging
following nights when there is a full moon, possibly retaining this behavioral adaptation as
a legacy of their nocturnal activity (Gutman & Dayan 2005). Also, in response to owl calls,
the level of stress hormones of A. cahirinus increases (Eilam et al. 1999), and their motor
behavior changes with rising illumination levels. Predation risk by owls is a cost during the
night, in particular in open habitats, and in particular during moonlit nights.

Blanford’s foxes (Vulpes cana) are active at night throughout the year round, and risk
of predation in open areas probably bolsters the pattern exhibited by A. cahirinus. Spiny
mouse foraging patterns were not clearly affected by the presence of fox feces (Jones &
Dayan 2000), and we view risk of predation by foxes as merely reinforcing a pattern driven
by risk of owl predation.

The saw-scaled viper (Echis coloratus) is active at Ein Gedi during the warm summer
months. A. cahirinus have evolved relative immunity to its venom (Weissenberg et al.
1997). Predation by vipers is a threat primarily under boulders during the day (where these
nocturnal sit-and-wait predators rest curled up); during the night, the threats comes from
both under and between boulders and in open areas, habitats where the snakes are either
lying still or actively moving at night (Hadas Hawlena, unpublished data, Mendelssohn
1965). Both A. cahirinus and A. russatus reduce their foraging in sheltered microhabitats,
and shift their foraging activity to more open microhabitats in summer, the activity season
of vipers (Jones et al. 2001). Thus, in summer the response to risk of predation by vipers
counters the response to risk of predation by owls during the night (see also Kotler et al.
1992) and that of physiological stress during the day.

In summary, predation pressures clearly affect activity levels of spiny mice. Although
they do not appear to directly cause an inversion in activity patterns, they confer a cost on
both diurnal and on nocturnal activity that varies seasonally.

Circadian rhythms of A. russatus, the mechanism of the shift, and diel rhythms as an
evolutionary constraint

In the field,A. cahirinus are nocturnally active, whileA. russatus are diurnally active, and their
temperature rhythms are generally compatible with these activity patterns (Elvert et al. 1999;
Levy et al. 2004, 2007). Under controlled laboratory conditions, most golden spiny mice are
nocturnal, but some are diurnal, and activity patterns show high variability both at the
individual and population levels (Cohen & Kronfeld-Schor 2006). Moreover, spontaneous
changes in activity patterns from nocturnal to diurnal and vice versa have also been observed
(Cohen & Kronfeld-Schor 2006; Gutman et al., in press). When activity and the body
temperature of golden spiny mice were measured in the field and again immediately after
removal to the continuous dark of the laboratory, all golden spiny mice had diametrically
opposite activity patterns in these two conditions (Levy et al. 2007): activity and body
temperature patterns in the field were diurnal while, in the laboratory, all individuals
immediately showed a free-running rhythm starting with a nocturnal pattern. We found no
evidence of phase transients toward the preferred nocturnal activity pattern, as would be
expected in the caseof true entrainmentwhen the animalswere transferred to continuousdark
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(Levy et al. 2007) or to a natural light – dark cycle (Kronfeld-Schor et al. 2001a) in the
laboratory. This finding supports our hypothesis that, in termsof internal rhythmicity, golden
spinymice are nocturnal and their diurnality in their natural habitat in the field results from a
change that is downstream from the internal clock or reflects a masking effect (Kronfeld-
Schor et al. 2001a; Kronfeld-Schor & Dayan 2003).

In addition, in the laboratory, the presence of A. cahirinus provoked a change in daily
rhythms of body temperature and urine volume. Lesion of the pineal gland in A. russatus
resulted in diminution of urinary 6-sulfatoxymelatonin (6SMT) and modification of body
temperature and urine volume rhythms. However, the modifications in body temperature
and urine volume provoked by the presence of A. cahirinus were similar in pineal-lesioned
and sham-operated A. russatus, and the presence of A. cahirinus did not affect glucose
uptake of the SCN in pineal-lesioned and sham-operated A. russatus. These results
indicate that the effect on A. russatus of the presence of A. cahirinus is a direct, pineal-
independent one (Zisapel et al. 1998, 1999). Thus, numerous generations of selection for
diurnal activity in golden spiny mice have not caused a shift in their basic activity patterns
and, when possible, they still also return to nocturnal activity. The diel rhythms that
normally enable mammals to respond to environmental stimuli in an appropriate manner
appear to lack the plasticity required to enable A. russatus to adapt to community-level
interactions, even on an evolutionary scale.

It is still not clear what the cues are that affect the activity patterns of A. russatus in the
field. Both interspecific competition and abiotic pressures may select for diurnal activity inA.
russatus. Even so, it appears that A. russatus is not a typical diurnal or nocturnal species, a
notion that is supported by its adaptations to both nocturnal and diurnal ways of life.

An unresolved question that arises is whether the nocturnal circadian system and the
adaptations to anocturnalwayof life are the legacyof a nocturnal past; i.e. isA. russatus in the
evolutionary process of turning diurnal? Alternatively, there may be an evolutionary
advantage to the plasticity of activity rhythms and the preservation of past nocturnal
characteristics while developing diurnal ones (Cohen & Kronfeld-Schor 2006; Kronfeld-
Schor &Dayan 2003). High flexibility and variability of the circadian rhythmsmay enableA.
russatus tobetter exploit its habitat, switchingbetweendiurnal andnocturnal activity patterns
in order to optimize its use of the environment (Kronfeld-Schor & Dayan 2003). The major
challenge that now exists is that of understanding the neural and molecular mechanisms
allowing for such plasticity. The results also support the notion that the classification of a
species as nocturnal or diurnal may sometimes be very deceptive. Diurnality has evolved
following several unrelated events, andmay therefore includemanydifferent forms of activity
patterns and circadian mechanisms (Roll et al. 2006; Smale et al. 2003).

We further suggest that, although the time axis may well be significant for ecological
separation among competitors and between predators and their prey, the evolution of
temporal partitioning may be severely constrained. If A. russatus are indeed constrained in
terms of their rhythm biology to their legacy as nocturnal mammals, then they must be
paying a price for being active at a phase opposite to their natural rhythm. Our research so
far suggests that not only are the activity patterns and foraging microhabitat affected by
ecological and physiological costs and constraints, but the community structure of these
rocky desert rodents is also affected.

Artificial light pollution: new vistas for research

In recent years there has been a growing global concern regarding the possible adverse
effects of artificial lights on the ecology and environment of living organisms, including
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humans (Harder 2004; Longcore & Rich 2004). Artificial lighting involves the disruption
of one of the most important and predictable cues in the environment, the day/night cycle,
which allows the development of relatively rigid internal circadian programming of
behavior and physiology as an adaptive strategy. It also involves the misrepresentation of
light as a cue, and affects the foraging abilities of predators and the susceptibility of prey—
so affecting population dynamics, habitat use, and also foraging behavior. These effects
scale up to the level of ecological communities, but little is understood about this
phenomenon.

There is a sizable literature, much of it of an unknown scientific standard, on the effect
of artificial lighting, a growing phenomenon in the modern world. In 1998 the
‘‘International Dark-Sky Association’’ was established (http://www.darksky.org/abouti-
da/aboutida.html), whose goals are to stop the adverse environmental impact of artificial
light, by influencing building design, for example. Humans, a diurnal species, have tried to
increase illumination in their immediate environment for thousands of years—in fact,
since humans learned to control fire. However, the effect of artificial lighting on the
environment has increased dramatically only in the past century, when the combination of
electrical lighting (Thomas Edison produced the first light bulb in 1878, but years elapsed
before this new technology became widespread) and a threefold increase in the world’s
population during the twentieth century has flooded many areas of the globe with artificial
lighting. In fact, Cinzano et al. (2001) calculate that only 40% of Americans live where it
becomes sufficiently dark at night for the human eye to make a complete transition from
cone to rod vision and that 18.7% of the terrestrial surface of Earth is exposed to night sky
brightness that is polluted by astronomical standards.

Light alters the environment for living organisms and their perception of it. Moreover,
as an important zeitgeber, light pulses dictate a host of physiological processes. While the
biological plausibility of the effects of artificial illumination is conceptually strongly based,
the environmental effects of artificial illumination have been studied only sporadically, and
focusing on few organisms.

Artificial illumination can affect living organisms in various ways. Organisms that use
light for orientation can be misled by artificial lighting; the best studied examples are of sea
turtles (e.g. Salmon 2003) and birds (e.g. Ogden 1996). It can extend the activity hours of
diurnal species, increase their foraging activity into illuminated night-time, and affect their
prey (Schwartz & Henderson 1991). On the other hand, nocturnal species that are sensitive
to illumination can be deterred from activity; many prey species are more susceptible to
predation under strong illumination (e.g. Mandelik et al. 2003). Thus the interaction
between the different species in the ecological community may be affected by artificial
illumination.

The physiology of species can also be affected by artificial illumination, since it may
provide misleading photic cues. These effects can also affect population dynamics and
interspecific interactions. Both circadian rhythmicity and seasonal responses to expected
ambient temperatures (non-shivering thermogenesis and reproduction) are governed by
photic cues and by the length of the day. Artificial illumination alters light from being the
most predictable and reliable environmental signal for daily and seasonal time to an
unreliable signal, and this will probably interrupt the temporal order of the individual and
the ecological community.

Study of the ecological ramifications of artificial illumination is only just beginning; we
suggest that physiological ecologists with an interest in rhythms biology can play a key
role in understanding the effect of artificial light pollution on communities and ecosystems
worldwide.
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