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Circadian rhythms are ubiquitous in many organisms. Animals that are forced to

be active around the clock typically show reduced performance, health and sur-

vival. Nevertheless, we review evidence of animals showing prolonged intervals

of activity with attenuated or nil overt circadian rhythms and no apparent ill

effects. We show that around-the-clock and ultradian activity patterns are

more common than is generally appreciated, particularly in herbivores, in

animals inhabiting polar regions and habitats with constant physical environ-

ments, in animals during specific life-history stages (such as migration or

reproduction), and in highly social animals. The underlying mechanisms are

diverse, but studies suggest that some circadian pacemakers continue to measure

time in animals active around the clock. The prevalence of around-the-clock

activity in diverse animals and habitats, and an apparent diversity of underlying

mechanisms, are consistent with convergent evolution. We suggest that the basic

organizational principles of the circadian system and its complexity encompass

the potential for chronobiological plasticity. There may be trade-offs between

benefits of persistent daily rhythms versus plasticity, which for reasons still

poorly understood make overt daily arrhythmicity functionally adaptive only

in selected habitats and for selected lifestyles.

1. Introduction
Circadian rhythms are based on endogenous clocks capable of generating

oscillations and of imposing this rhythmicity on downstream entities. The core

cellular mechanism that generates circadian oscillations involves transcription–

translation feedback loops of clock genes and their protein products. Circadian

clocks are cellular or multi-cellular entities, and function as pacemakers if, in

addition to sustaining their own oscillations, they are also capable of regulating

other oscillators [1]. Circadian clocks are key internal regulatory systems sustained

in cells of many types, including neurons, fibroblasts and even red blood cells that

do not have nuclei [2,3]. In animals, circadian clock cells are organized into multi-

cellular pacemakers and, together with the rhythms they regulate, are defined as

the ‘circadian system’. The circadian system includes ‘master clocks’ such as the

mammalian suprachiasmatic nucleus (SCN) in the brain, and peripheral pace-

makers that can regulate rhythmic processes in organs such as liver, heart and

ovary. Pacemakers throughout the body and their driven rhythms interact

through neuronal, endocrine or paracrine signalling, or are coupled by the

action of external synchronizing environmental cues (‘Zeitgeber’) that entrain

circadian rhythms to the daily (‘diel’) cycle [2,4].

The pervasiveness of circadian rhythms in life suggests that circadian clocks

are functionally adaptive. Indeed, circadian clocks coordinate physiological and

biochemical processes in the body, function as a timing reference (e.g. for sun

compass orientation and time place memory [5]), allow organisms to anticipate

the diel fluctuations in their environments, and are the basis for the transduction

of seasonality from photoperiod. Animals that are experimentally subjected to
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Figure 1. Body temperature of a representative free-living male arctic ground squir-
rel in northern Alaska, USA over one year (upper panel). Sections of body temperature
patterns (lower panels) shown in actogram form (double-plotted positive deviations
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schedules differing profoundly from a day or that have their

clocks continuously shifted typically show reduced perform-

ance, increased illness and lower survival [6,7]. Genetic data

further indicate that natural selection acts on clock-gene var-

iants [8], but the precise fitness benefits of circadian clocks

for wild organisms are still largely unclear [4,9].

There is a growing realization that the degree of circadian

organization differs widely depending on species’ biology. If

studied by improved recording techniques or under different

environmental conditions, some organisms that were thought

to show robust daily rhythms instead showed extended inter-

vals of around-the-clock activity with ultradian rhythmicity

(i.e. rhythmic patterns with periodicities that are much

shorter than 24 h), or arrhythmicity, without apparent ill

effects. Because these observations seem inconsistent with

the idea of universal benefits of daily cycles, a closer look

could refine our understanding of the mechanisms, functions

and adaptive value of circadian clocks in general. This contri-

bution focuses on circumstances wherein animals show

prolonged intervals of activity with no circadian or diel

rhythms (herein both referred to as circadian rhythms).
from 24 h mean, time of day on x-axis, sequential days on y-axis, marked as a and b
on upper panel). (a) A 10-day section from March, when the animal remains at high
body temperatures within the continuously dark burrow for 2 – 3 weeks while show-
ing no circadian rhythms. (b) A 10-day section from April, after the animal begins
above-ground activity and displays robust, diurnal rhythms in body temperature.
Details on methodology are provided in [20]. (Online version in colour.)
2. Evidence for activity around the clock
(a) Polar animals during continuous light or darkness
Polar regions show extreme seasonality driven by rapid changes

in day length, culminating each year in several weeks or months

of the sun remaining above the horizon in summer or below the

horizon in winter. Vertebrate animals experiencing these

relatively constant conditions show highly diverse activity

patterns ranging from entrained circadian rhythms to arrhyth-

micity [10–12]. In two well-studied resident arctic herbivore

species, the Svalbard reindeer (Rangifer tarandus platyrhynchus)
and ptarmigan (Lagopus mutus hyperboreus), rhythmicity per-

sisted throughout the year in low arctic but not high arctic

conditions where animals were active around the clock during

the constant light in summer and constant dark in winter

[13–17]. These patterns have been interpreted as indicating a

modified circadian system in highly specialized, herbivorous

species that are active throughout the year at high latitudes.

Migratory bird species that occupy high latitudes during the

breeding season showed diverse patterns of activity ranging

from maintaining daily rhythmicity to switching to around-

the-clock activity [10,14,18]; S. S. Steiger, M. Valcu, K. Spoelstra,

B. Helm, M. Wikelski & B. Kempenaers 2013, unpublished data).

Penguins, which reproduce at Antarctic latitudes, but may

migrate to lower latitudes outside the breeding seasons, are

also highly plastic in their daily rhythms [11], showing either

24 h entrained or arrhythmic patterns, possibly in association

with different vertical migration patterns of their food species.

The circadian system may also be highly plastic in hiber-

nators. In free-living arctic ground squirrels in the low arctic

of northern Alaska, circadian rhythms of body temperature

and activity are entrained during transitions between seasons

and during summer months of 24 h sunlight [19,20]. After

ground squirrels become sequestered alone in their dark

hibernacula in autumn, circadian rhythms persist, but free-

run while animals remain euthermic. However, once they

become heterothermic, core body temperatures remain vir-

tually constant (+0.28C) during torpor bouts lasting 2–3

weeks [20] (figure 1), and arousal episodes do not occur at

a predictable time of day. In spring, males return to
euthermia, yet remain in their burrows for 2–3 weeks,

while they undergo reproductive maturation [21]; under

these constantly dark conditions, at high body temperatures,

and while feeding from cached food, body temperature

rhythms remain arrhythmic until the animals are first

exposed to sunlight on emergence [20,22] (figure 1a).

Entrained circadian cycles of body temperature and activity

resumed within 1–2 days of regular return to the surface

and continue under the midnight sunlight (figure 1b).

(b) Activity around the clock associated with
feeding patterns

Lack of overt, daily rhythmicity and ultradian rhythms are

often related to feeding behaviour, even at low latitudes [23].

This applies especially to herbivorous animals in which diges-

tive processes impose ultradian cyclic activity patterns [24].

Insectivorous species such as shrews and moles may also

show precise ultradian feeding patterns [25,26]. Observations

of ultradian rhythms in voles, both in the field and in laboratory

conditions, have a particularly long tradition [23]. Vole species

such as Microtus arvalis and Microtus agrestis show clear 2–3 h

ultradian rhythms; circadian aspects of behaviour seem of

secondary importance. In cages equipped with running

wheels, one observes a combined circadian and ultradian

activity pattern in voles. A pure ultradian activity pattern can

be triggered by blocking the running wheel, but spontaneous

losses of circadian rhythmicity may be observed even in

cages with a running wheel [27].

(c) Eusocial animals
Highly social (eusocial) insects show intervals of activity

around the clock in several different contexts. In contrast to

most insects, newly emerged honeybees and bumble-bees
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Figure 2. Plasticity in circadian rhythms in locomotor activity in bumble-bee
(Bombus terrestris) mother queens. (a) A foundress queen that did not lay
eggs after her first batch of brood was removed at day 0 developed statisti-
cally significant circadian rhythms on day 3 after egg cell removal. (b) A
foundress queen that did lay again after her first batch of eggs was removed.
This queen showed weak but statistically significant circadian rhythms in the
first 4 days but not in the following days. On day 6 (red ring), the queen’s
cage was inspected and there were no eggs cells. A new egg cup was
detected only at a following inspection on day 10 (blue cross). Thus, this
queen switched to activity with no circadian rhythms several days before
laying again. Shown are double-plotted actograms (see figure 1). Locomotor
activity was monitored with a video-based data acquisition system. Adapted
from Eban-Rothschild et al. [53].
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typically have no circadian rhythms in locomotion or meta-

bolic activity. Endogenous circadian rhythms appear only

later in life (reviewed in [28,29]). Older workers typically

show plasticity in circadian rhythms that is associated with

the division of labour that characterizes insect societies.

Studies with honeybees, bumble-bees and ants show that

workers that care for (‘nurse’) the brood are active around

the clock inside the nest, whereas workers engaged in

foraging activities outside the nest show strongly entrained

circadian rhythms and consolidated periods of sleep during

the night (reviewed in [28,30]). In nursing honeybees, activity

around the clock requires direct contact with the brood [31]

and intact antennae [32].

Isopteran termites are highly eusocial insects that typi-

cally live inside trees, logs or underground, and forage for

wood material. Given the complex tunnelling structure of

their nest, the sum activity of the nest was recorded in most

studies, and results suggest strong diurnal rhythms for fora-

gers yet continuous activity inside the nest. Since the termites

were not individually marked, it is unclear whether the

in-nest activity is produced by individuals with circadian

rhythms differing in their phase of activity (e.g. shift work),

or by individual workers that are active around the clock,

similar to the pattern in nest honeybees and ants [33–36].

In mammals, eusociality is limited to a few species of mole-

rats that live in underground tunnels and are essentially

blind. Both solitary and social mole rats typically show clear cir-

cadian rhythms and entrainment when monitored individually

in the laboratory, indicating that they have a functional circadian

clock [37–39]. Telemetry studies suggest that solitary mole-rats

also show circadian rhythms under natural field conditions

[39,40]. By contrast, eusocial naked mole-rats Heterocephalus
gIaber and Damaraland mole-rats (Fukomys damarensis) show

attenuated or no circadian rhythms, and are active around the

clock when monitored in the social context of the colony

[37,41,42].

(d) Activity around the clock associated with
reproductive or maternal behaviour

Mammalian mothers may be active around the clock with atte-

nuated circadian rhythms for several weeks during the

postpartum period. Offspring in these species are typically

born with no apparent circadian rhythms, and their activity

and sleep patterns are not consolidated during their first

weeks to months of life. In newborn and mother killer whales

and bottlenose dolphins, who need to surface regularly to

breathe, around-the-clock activity is associated with little or

no typical sleep behaviour for the first postpartum month

[43]. Adults of these species are also active around the clock

but sleep in one brain hemisphere at a time. Newborn

humans and other primates also do not have consolidated

sleep–wake and activity circadian rhythms for the first weeks

postpartum [44–46]. The mothers who tend their infants

around the clock may show weak circadian rhythms and frag-

mented sleep. The attenuated circadian rhythms of the

mothers are commonly explained by masking or synchroniza-

tion with the ultradian rhythms of their infants [47].

Birds during their reproductive season may also show

extended intervals of around-the-clock activity [48]. Continu-

ous wakefulness occurs in an arctic-breeding species of

wader, the pectoral sandpiper (Calidris melanotos) [18]. In

this polygynous species, males are active around the clock
during the receptive period of surrounding females. Females

are also arrhythmic during their fertile period but shift to

entrained daily rhythmicity as soon as they have completed

laying of their clutches.

Egg-laying queens of ants [49,50] and honeybees [51,52] are

active around the clock with no circadian rhythms. This pattern

of activity may be related to the remarkable fecundity of these

queens, which are typically not engaged in brood care. By con-

trast, bumble-bee (Bombus terrestris) queens found annual

colonies in early spring and care alone for the first batch of

larvae. Colony-founding queens with brood are active around

the clock with attenuated circadian rhythms, but virgin queens

or queens that lose their brood show activity patterns with

strong circadian rhythms. Queens that lose their brood but lay

again switched back to activity around the clock. Interestingly,

some of these queens switched to around-the-clock activity

before having a brood (figure 2). Thus, it appears that around-

the-clock activity in B. terrestris is associated with maternal

physiology and does not represent simple masking by the

brood [53].

(e) Animals during migration
Many birds that are otherwise diurnal assume additional noc-

turnal activity and travel at night when migrating [54].

Migrating species held in captivity show a corresponding,

often dramatic change of circadian activity patterns during

migration seasons (figure 3). While continuing to be actively

feeding and vigilant during much of the day, they also show

nocturnal activity that can last for weeks, termed ‘migratory

restlessness’ or ‘Zugunruhe’ [1,55,56]. Onset and termination

of migratory restlessness are usually regulated by long-term

timekeeping mechanisms, such as circannual rhythms and

photoperiodism [57] (figure 3). However, the day-to-day

expression of nocturnality is sensitive to additional cues such

as food availability and fuel stores: food shortage usually

promotes around-the-clock activity, whereas refeeding oppor-

tunities promote diurnality until fuel reserves are sufficient to

continue migration or Zugunruhe [55,58–61].
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Figure 3. Development of spring migratory restlessness in a songbird, the
Siberian stonechat (Saxicola torquata Maura). The figure shows a double plot
actogram (see figure 1). Although otherwise strictly diurnal, the bird was
almost continuously active from late March until mid-May, when the species
migrates under natural conditions. For background information see [55].
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Figure 4. Putative mechanisms underlying around-the-clock activity with no cir-
cadian rhythms in animals. (a) The pacemakers controlling circadian cycles such as
locomotor activity generate normal rhythms but are uncoupled from motor
centres (labelled ‘M’) controlling output (top arrow). The internal rhythms
may also be masked by potent external or internal factors (including ultradian
rhythms generating pacemakers) that influence circadian output (lower arrow).
(b) Some or all pacemaker cells are in an arrested state (marked by a horizontal
line). (c) Some or all pacemaker cells have dampened amplitude that is below the
threshold needed to drive an overt rhythm. (d ) Oscillations persist in individual
pacemaker cells, but the phases of these cells are desynchronized (depicted by
sine waves with different colours), so that the overall signal is dampened. Alter-
natively, distinct multicellular pacemakers could interact in ways that promote
activity around the clock, for example, if they drive activity at different times
of day when they are in anti-phase (depicted by the dashed and solid lines).
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( f ) Additional animals showing periods of activity
around the clock

Sharks and pelagic (open water) teleost fishes, such as tuna, sar-

dines and mackerels, swim and eat around the clock. Many of

these continuously swimming fishes are obligate ‘ram gill ven-

tilators’ that would suffocate if they were to cease swimming

more than momentarily [62]. Marine mammals are active

around the clock because they need to regularly surface to

breathe. Reef-dwelling fishes that spend the night among

corals perform regular fin motions, perhaps for ventilating the

coral area to prevent hypoxia [63]. Cave fish from diverse phy-

logenetic origins show convergent around-the-clock activity

with a reduction in sleep time [64]. Activity around the clock

is also common in other blind and cave-dwelling animals [62].
3. The mechanisms underlying activity around
the clock

As summarized above, circadian systems of animals are

based on multi-level processes, ranging from clock gene

loops to neuronal and endocrine communication between tis-

sues. Accordingly, a lack of overt daily rhythmicity can arise

in various, mutually non-exclusive ways (figure 4). Even if

basic oscillatory mechanisms are undisturbed, overt rhythmi-

city can be masked by external factors or by uncoupling of

motor controlling centres from pacemaker input (figure 4a).

Pacemaker cells can be arrested, for example, by pausing of

clock-gene transcription (figure 4b), or when the amplitude

of pacemaker oscillation is below the threshold needed to

drive an overt rhythm of activity (figure 4c). Even if oscil-

lations persist, desynchrony between individual pacemaker

cells could dampen the overall pacemaker signal, or different

pacemakers could collectively create around-the-clock

activity (figure 4d ). In addition, strengthening of other

periodicities, such as ultradian rhythms with a period shorter
than 24 h, could override the daily activity pattern of the

circadian pattern and generate activity around the clock.
(a) The mechanisms of around-the-clock activity
in polar animals

Reindeer, which produce melatonin at night during seasonal

transitions of the equinox, lose these rhythms during the con-

tinuous winter nights of higher latitudes [65]. Lu et al. [13]

showed that in R. t. tarandus in autumn, short dark pulses

during daytime induce an immediate rise in plasma melatonin

that is suppressed by subsequent light exposure. These data

suggest that patterns in melatonin production result from

positive masking by darkness and are hardly under central cir-

cadian control. Cultured fibroblasts from reindeer skin with

transgenic constructs of clock gene promoters (mouse Bmal1
or Per2) driving a luciferase reporter were arrhythmic or

showed unstable and transient oscillations of bioluminescence.

By contrast, using this assay with fibroblasts from mice and

hamsters showed clear circadian rhythms [13]. These results

are in line with the weak circadian central and peripheral

organization in reindeer. It remains enigmatic whether the

reindeer SCN cells also show a low amplitude of circadian

rhythms at the molecular level (figure 4b,c) or reduced syn-

chronization (figure 4d), in winter and summer [66]. In

contrast to the reindeer, in galliform ptarmigans, there are

clear daily cycles of melatonin persisting throughout the
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Figure 5. The influence of SCN removal on the locomotor activity in common
voles (Microtus arvalis). Single plot actograms showing 10-day records of
locomotor activity measured by passive infrared detectors. (a) An intact
animal. (b) An SCN-lesioned animal. Adapted from Gerkema & Daan [72].
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winter at 708 N latitude [15]. This may indicate that parts of the

circadian system remained functional in these birds.

In hibernators, the near 08C brain and tissue temperatures

that prevail during the arctic winter may directly inhibit gene

transcription and translation [67,68], and thereby may also

prevent the generation of endogenous circadian rhythms

(figure 4b). Indeed, a halt of rhythmicity in clock-gene

expression in the SCN has been observed in hibernating

European hamsters (Cricetus cricetus) [69]. Alternatively, it

may be that expression of circadian rhythms is actively regu-

lated to allow hibernators to remain in continuous torpor for

weeks at a time.

(b) Mechanisms underlying ultradian activity rhythms
in voles and other rodents

The timing of activity bouts in the common vole is under strict

ultradian clock control and associated with the temporal

organization of foraging activity [70]. Eating and regular gut-

fill and emptying times might be expected to produce patterns

of body temperature change due to the heat increment of feed-

ing and the increase in metabolism that accompanies

digestion. Experimental manipulation of circadian periodicity

by photoperiod or deuteriation (D2O) of drinking water

(which slows circadian rhythms) affected the phase but not

the period length of ultradian patterns [71]. Lesion studies

suggest that the ultradian rhythm generation in voles does

not depend on the SCN-based circadian system [27,72]

(figure 5). In cases where the ultradian rhythm was impaired,

the retrochiasmatic area in the medio-basal hypothalamus was

damaged, suggesting that this area may play a role in the

expression of ultradian rhythms [27]. More recently, in vitro
studies have supported this premise by showing ultradian pat-

terns of firing activity in hypothalamic slices obtained from

common voles, whereas in the SCN circadian firing activity

and oscillations in clock-gene transcript levels prevail. This is

also true if voles have access to running wheels and ad libitum

food supply, in contrast to liver clock-gene mRNA patterns,

which in these circumstances become non-circadian [73].

The ultradian feeding patterns in larger herbivores differ in

many aspects from those in voles. Whereas reindeer seem to

respond to worse food conditions by lengthening the ultradian

pattern, voles do respond to increased food demands and

lower food quality by shortening feeding rhythms [24]. Voles

have a more derived digestive system than larger ruminants

and hindgut digesters, maintaining a strict ultradian pattern

of coprophagia [72].

(c) The mechanisms for plasticity in circadian rhythms
in bees

In honeybees [74], bumble-bees (Belluci and Bloch, unpub-

lished observations) and ants [75], oscillations in clock-gene

expression in the brain are significantly attenuated or absent

in nurses active around the clock. This pattern is not consistent

with masking or uncoupling, which assume robust oscillations

in clock-gene expression (figure 4a). Differences between the

environment experienced by rhythmic foragers and nurses

active around the clock (e.g. light and temperature) are not

likely to account for task-related plasticity in circadian rhythms.

Nurse honeybees are active around the clock even when experi-

encing a light–dark illumination regime, and foragers continue

to show strong circadian rhythms under constant conditions
(reviewed in [28,30]). Honeybee nurses are typically younger

than foragers, but their attenuated rhythms are not due to

their circadian system being underdeveloped because they

switch to activity with strong circadian rhythms shortly after

transfer to the laboratory [31,74]. In addition, in colonies with

a severe shortage in nurses, some old foragers with strong cir-

cadian rhythms revert to care for the brood and are active

around the clock, like nurses in normal colonies [76].

Nurses removed from the hive and monitored individually

showed an onset of the morning bout of activity that was

correlated with the subjective morning in the hive from which

they were collected and not with the time of removal from the

hive [31]. These observations are not consistent with the hypoth-

esis that pacemakers in the brain are arrested at a certain phase

when in the hive (which would predict a correlation between

the onset of activity and the time of removal; figure 4b). Thus,

a more probable explanation is that some clock cells that gener-

ate strong molecular oscillations in foragers are not oscillating in

nurses, or they generate rhythms but the pacemaker cells are not

synchronized with each other (figure 4d). Another possibility is

that pacemakers in the nurse brain do cycle and are in phase

with each other, but their amplitude is low relative to foragers

(figure 4c). In bumble-bees the division of labour relates to

body size. Small bees are more likely to care for the brood,

have weaker circadian rhythms in locomotor activity and have

fewer cells that are immunostained with antibodies directed

against the circadian neuropeptide PDF compared with brains

of large bees, which typically have strong circadian activity

rhythms and perform more foraging activities [77,78]. Thus,

perhaps there are fewer pacemaker cells in the brain circadian

network of smaller bumble-bee workers, which in turn generate

weaker circadian rhythms.
(d) Mechanisms for activity around the clock in birds
Diurnal birds that show additional nocturnality (Zugunruhe)

during migration seasons maintain attenuated, but still very

clear circadian rhythms of plasma melatonin [79]. These

data suggest that around-the-clock activity in migratory

birds does not imply a halt of the entire circadian system.

Instead, several studies support a model of two separate

oscillators controlling the daily and nocturnal activities

(figure 4d ). Presumably, when the birds are diurnal the day-

time and night-time oscillators are phase-locked [80,81], and

daytime activity suppresses the Zugunruhe oscillator. When

phase-coupling weakens, the Zugunruhe oscillator is no

longer suppressed and stabilizes in antiphase to daytime
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activity. Once established, Zugunruhe consists of extensive,

flight-like movements that persist even in small cages and

can be clearly distinguished from hopping, preening or feed-

ing, which are typically controlled by the diurnal oscillator

[80]. When free-running period lengths were estimated separ-

ately for the two behaviours, they were shorter for daytime

activity than for Zugunruhe, supporting an involvement of

two oscillators. In some species, masking of activity at certain

times during the year may be a separate or additional way of

regulating Zugunruhe (figure 4a) [82].

The two-oscillator model conforms with ideas about

a multi-oscillatory pacemaking system [83–86]. The avian

clock system consists of several anatomical structures that

presumably reinforce each other’s rhythmicity, including the

pineal, which secretes melatonin with an endogenous

rhythm. A high-amplitude melatonin rhythm supports stab-

ility and self-sustainment of the circadian clock [57,81,87,88],

and its elimination in songbirds disrupts rhythms of both

Zugunruhe and daytime activity [89]. During migration

seasons melatonin cycles are spontaneously damped, but

secretion is still rhythmic, which may suggest the involvement

of melatonin in the coupling of the two putative oscillators [79].
4. The adaptive value of activity around
the clock

Since circadian rhythms in physiology and behaviour are

functionally important, and their disturbance typically compro-

mises cognitive performance, immunity, health and survival,

we assume that strong selection pressures are necessary to

evolve mechanisms to sustain prolonged activity around the

clock without harm. This premise is consistent with the evi-

dence that many of the animals discussed above are adapted

to very specific habitats (e.g. polar regions, caves and open

sea) or life-history traits (e.g. social cavity-dwelling animals,

migratory birds).

For some (but not all) species in polar regions, circadian

activity may be disadvantageous because regimented ani-

mals may miss ephemeral feeding opportunities that would

occur during an animal’s inactive phase [17]. Social naked

mole-rats may benefit from having active foragers, mainten-

ance workers and vigilant defenders around the clock [41].

Interestingly, many non-social fossorial mole-rats and moles

that essentially do not have to leave their subterranean tun-

nels do show circadian rhythms in their activity patterns. In

eusocial bees and ants the pattern of circadian rhythmicity

is linked to the division of labour between workers and is

thought to improve colony performance. The hypothesis

that plasticity in circadian rhythms is functionally significant

is supported by the strong link between division of labour

and circadian rhythmicity in honeybees [31,76,90], and by

comparative studies. There is a similar task-related plasticity

in the bumble-bee B. terrestris, in which division of labour is

based primarily on size, and in ants, whose division of labour

evolved independently of that in honeybees [78,91]. In these

cavity-dwelling insects there seems to be little advantage

for nest workers to be active with strong circadian rhythms.

Moreover, nurses active around the clock are thought to pro-

vide better care for the developing larvae [92]. Consistent with

this, bumble-bee queens that care alone for the first batch of

brood are also active around the clock [53]. Thus, around-

the-clock activity with altered sleep pattern in nurse workers
of social insects and in mothers caring for the young may

have been selected as a mechanism for improved and continu-

ous care, enabling the young to develop more rapidly, or to

pass through critical or dangerous periods. Queens of honey

bees and ants that do not care for the brood are also active

around the clock. Selection in these species could have

favoured activity around the clock to increase fecundity.

These queens lay hundreds or thousands of eggs per day,

allowing rapid growth of their colonies in a short time.

Additional specific life-history stages that appear to promote

around-the-clock activity include reproduction and migration.

Among birds, around-the-clock activity in arctic waders was

associated with high reproductive success, such that males

that were most active sired the most offspring [18]. Birds

during migration are also thought to benefit from their ability

to fly at night while feeding during the daytime [93].

In herbivore species around-the-clock activity and a lack of

circadian rhythms in body temperature may be driven princi-

pally by feeding cycles that depend on gut fill and emptying

rates, when food is constantly available (animals feeding from

caches, grazers) and predation is not a factor (in hibernacula,

or on Svalbard). The adaptive significance of post-hibernation

arrhythmicity in ground squirrels that remain in constant con-

ditions may be maximizing rates of fat deposition in spring in

recovery from winter periods of low food availability [20].

The lack of circadian timing in behaviour in winter and

summer has been also interpreted as a cost reduction in the

absence of circadian predation pressure or need for synchro-

nized social activity. In voles, the functional significance of

around-the-clock activity patterns may be related to the benefits

of ultradian rhythms, which are thought to be optimal for the

digestive processing of low-quality food in a hind gut system,

as may be the case also in ruminants and other herbivore

hind gut fermenters. Socially synchronized ultradian rhythms

in foraging activity may be also beneficial for reducing preda-

tion risk because they allow increased vigilance (more eyes

and ears looking for predators) and an effective communication

of risk by means of alarm signals [24].

A special challenge for animals active around the clock is

the regulation of sleep that is typically tightly linked to the

clock-controlled rest–activity cycles. Although there is still no

unifying theory for the adaptive significance of sleep, it is

well established that sleep deprivation is associated with

profound reduction in performance, health and survival.

Around-the-clock activity is associated with sensory inputs

and is expected to make it difficult for the animal to obtain pro-

longed restorative bouts of sleep. Thus, animals that are active

around the clock are expected to show specific adaptations in

their sleep regulation. For example, it has been suggested

that constantly active pelagic fishes and sharks function per-

fectly without sleeping at all [62]. Blind cave fishes need very

little sleep [94], and there is also evidence for a reduction in

total sleep time without compromising cognitive performance

in birds during migration [56]. Behavioural analyses suggest

that honeybees active around the clock have intermittent

sleep that is distributed throughout the day in association

with times of inactivity [95,96].
5. Concluding remarks
The evidence summarized above suggests that around-the-

clock activity with attenuated or nil circadian rhythms and
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without detectable harmful consequences is more common

than is generally appreciated. Species showing patterns of

activity around the clock are found in taxonomically distant

groups, including invertebrates and vertebrates. The selection

pressure for evolving the capacity to being active around the

clock also appears to be very diverse. The mechanisms under-

lying around-the-clock activity are not well understood, but

the available data suggest that several different mechanisms

may lead to this extreme form of chronobiological plasticity.

The prevalence of around-the-clock activity in phylo-

genetically distant species and the diversity of underlying

mechanisms are consistent with convergent evolution.

The complexity of the circadian system and its many levels

of regulation make it liable to evolutionary modifications that

enable plasticity in the expression of overt circadian rhythmi-

city. The studies that have looked at additional circadian

markers suggest a wide range of facilitating mechanisms, ran-

ging from masking to plasticity in the molecular organization

of pacemakers. In voles, ultradian cycles of activity are associ-

ated with attenuated molecular rhythms in the liver, whereas

the central brain SCN clock continues to show normal oscil-

lations in clock-gene expression. Conversely, in hibernators

and nurse honeybees around-the-clock activity is associated

with attenuated brain clock-gene cycling, suggesting that

the central brain pacemakers function differently than when

animals show entrained circadian rhythms. In migrating song-

birds a circadian pacemaker, the melatonin-secreting pineal

gland, remains rhythmic, while the functioning and phase

relationship between the oscillators controlling diurnal and

nocturnal activity may change. These examples suggest that

around-the-clock activity may not imply that all the pace-

makers in the body stop generating rhythms. Rather, rhythm

attenuation may be limited to only a few pacemakers, includ-

ing those controlling locomotor activity. In honeybees, there

is evidence that at least some brain pacemakers and
biochemical processes continue to generate circadian rhythms

in nurses active around the clock, in which brain clock-gene

oscillations are severely attenuated [31,97].

A view of the circadian system as being evolutionarily

dynamic fits well with emerging insights into chronobio-

logy. Accordingly, ideas of multiple, interactive clocks have

replaced earlier views of strictly hierarchical organization,

and clock regulation is progressively seen as being task-specific

[2,4]. The proposed ‘differential pacemaker regulation model’

could also explain the resilience of animals that are active

around the clock: vital processes in the brain and other tissues

may continue to benefit from circadian regulation even in ani-

mals that show no circadian rhythms in their locomotor

activity. However, plasticity of the circadian system may coun-

ter against benefits of persistent and robust daily rhythmicity

[98]. This alleged trade-off may explain why many animal

species, including humans, evolved a circadian system with

little plasticity, which cannot switch to activity without circa-

dian rhythms without suffering from reduced performance

and survival. Comparison of plasticity between different

species and its mechanistic basis could thereby indicate which

processes in the body, under given environmental conditions,

require 24 h rhythmicity. Under some circumstances, when cir-

cadian organization may indeed not be critical, ultradian

organization of behaviour and physiology could also allow

temporal coordination. Approaching these questions may not

only shed light on the ecology and evolution of activity patterns

of animals, but may also promote answers to fundamental

functional and mechanistic questions in chronobiology. We

therefore see great value in studying unusual activity patterns

of animals with the help of integrative approaches.
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