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Polar organisms must cope with an environment that periodically lacks the
strongest time-giver, or zeitgeber, of circadian organization–robust, cyclical
oscillations between light and darkness. We review the factors influencing the
persistence of circadian rhythms in polar vertebrates when the light-dark cycle
is absent, the likely mechanisms of entrainment that allow some polar vertebrates to remain synchronized with geophysical time, and the adaptive function of maintaining circadian rhythms in such environments.
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function of maintaining rhythmic expression of
physiology and behavior in an environment that
no longer cycles between day and night?
Here, we review the responses of resident and
migratory polar vertebrates to the yearly intervals
of continuous lighting characteristic of polar summers and winters. First, we provide a brief overview of the organization of vertebrate circadian
systems. We then discuss the diversity of circadian
function that has been uncovered for polar vertebrates, with some species becoming arrhythmic
across the polar day and/or polar night, whereas
others maintain entrained daily rhythms of behavior throughout the year, and others still that exhibit
free-running circadian rhythms with periods that
are close, but not equal to, 24 h. We subsequently
discuss the primary cues vertebrates likely use to
entrain their circadian rhythms to geophysical
time in the absence of a LD cycle, and we explore
the functional significance of maintaining these
rhythms from both a physiological and an ecological standpoint.

Vertebrate Circadian Systems
Timekeeping by circadian clocks is driven by transcriptional-translational feedback loops, whereby
rhythmic expression of clock gene products activates the transcription of other clock-associated
genes in cycles of ⬃24 h. Although the specific transcriptional elements that make up the circadian
clock vary across taxonomic groups, the molecular
basis of circadian clocks is highly conserved within
vertebrates, and circadian clock function is broadly
similar (26, 28, 56). Although non-transcriptional
components alone are sufficient for circadian clock
function (88), transcriptional elements typically play
an important role.
Vertebrate circadian systems are comprised of
networks of endogenous clocks across organs and
tissues synchronized to one another by one or
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The rotation of the earth around its axis, once every
24 h, exposes almost all living organisms to highly
predictable daily rhythms of light intensity and temperature. Circadian systems, comprised of an endogenous biological clock or a network of clocks, are the
principal adaptation to this fundamental element in
the temporal structure of the geophysical environment. Circadian clocks enable organisms to anticipate and exploit favorable conditions for daily
activities through temporal coordination and
phasing of biochemical, physiological, and behavioral processes (39, 137, 140). The adaptive value of
these clocks is evidenced by their ubiquity, occurring in all organisms examined to date, from unicellular cyanobacteria to multicellular plants and
animals (38, 52, 66).
Although the benefits of maintaining circadian
rhythms in an environment with robust daily light/
dark (LD) cycles is relatively obvious, it has long
been speculated that endogenous rhythms of behavior and physiology on a circadian scale may be
of little advantage and possibly even disadvantageous and thus not expressed during the continuous lighting conditions of polar summers and
winters (34, 63, 123). Daily rhythms of light intensity persist in polar regions, but transitions between light and dark (e.g., day and night) are
absent, and, as latitude increases, there is a corresponding reduction in the amplitude of the
rhythm. Given that the LD cycle of day and night
is both the primary driver for the emergence and
evolution of endogenous clocks (111, 129) and also
the ultimate synchronizing agent (zeitgeber) for circadian clocks in free-living organisms (49), several
questions emerge related to rhythms of indigenous
polar organisms. Do entrained or free-running circadian rhythms persist in the absence of a robust LD
cycle? If so, what zeitgeber is used by animals to
maintain synchrony with geophysical time? And,
importantly, what is the biological significance or
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Persistence
It has long been assumed that strongly defined
cycles of light/dark, temperature, humidity, and
other physical and biotic attributes such as predation pressure within the environment place a premium on consolidating one’s activity during
particular phases of the daily cycle (24, 25, 60, 130).
Based on this assumption, early chronobiologists
speculated that activity rhythms might be absent
in animals that occupy natural environments that
are aperiodic, or nearly so, such as caves, the deep
sea, and polar regions (46, 91, 123). However, early
studies of arctic migratory birds revealed that individuals often maintained a rhythm of activity
across the polar day, typically characterized by a

quiescent period coincident with the lowest light
intensity (34, 75a, 124). It was later discovered that
persistence of daily rhythms of behavior was not
restricted to migratory species; Adelie penguins
(Pygoscelis adeliae) indigenous to the Antarctic, for
example, maintain daily peaks in feeding activity
during winter at latitudes as high as 77°S (83, 115,
136), and arctic ground squirrels (Urocitellus parryii) maintain daily above-ground activity rhythms
during the arctic summer at latitudes as high as
72°N (47, 72, 77, 123). These findings are notable
given what has been observed in captive animals
where exposure to constant lighting often disrupts
circadian organization, resulting in behavioral arrythmicity or “splitting” of rhythms of activity and
rest (78, 96), likely through the desynchronization
of clock neurons (87).
Although early studies reported the presence of
daily rhythms in polar vertebrates, subsequent research revealed diverse behavioral responses to the
relatively continuous lighting during the polar day
and polar night. For example, although Swade and
Pittendrigh (123) found that arctic ground squirrels, northern red-backed voles (Myodes rutilus),
and brown lemmings (Lemmus trimucronatus) all
exhibit daily rhythms of behavior during the arctic
summer, daily activity rhythms were abolished in
tundra voles (Microtus oeconomus). Some, but not
all, of the variation in the persistence of rhythms
can be explained by latitude. Daily activity rhythms
in captive Svalbard ptarmigan (Lagopus muta hyperborean) and free-living arctic reindeer [Rangifer
tarandus tarandus (70°N) and R. t. platyrhynchus
(79°N)] were present during the polar night, but
not the polar day, at 70°N where significant cycles
in civil twilight light intensity continue in winter,
whereas activity rhythms were absent during both
summer and winter at 79°N (FIGURE 1; Refs. 103,
127, 128). The diel vertical migration (DVM) of
polar cod (Boreogadus saida) at 70°N stops in late
May, coincident with onset of the midnight sun
(13). In some fishes, however, activity rhythms will
persist during the polar day or night (2, 81).
The occurrence of daily or “diel” (24 h) rhythms
of behavior and/or physiology does not necessarily
indicate that circadian systems are functional
and/or entrained to the natural environment since
animals may be responding directly to external
cues, a phenomenon known as “masking” (4, 7).
Masking behavior itself might also be adaptive,
and, therefore, functionality of a rhythm does not
necessarily imply that it is endogenously driven.
Furthermore, a variety of mechanisms may be
responsible for seasonal loss of rhythmicity in
behavioral and/or physiological parameters, including the uncoupling of circadian clocks from
output pathways, cellular uncoupling resulting
in desynchrony of the circadian phase of cells
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several “master” circadian clocks (26, 38). Master
clocks influence circadian physiology and behavior
via neuronal and humoral cues (62, 112) and via
the synchronization of peripheral circadian oscillators found throughout the body (23). In mammals, the suprachiasmatic nuclei (SCN) in the
hypothalamus houses the master clock responsible
for directing the circadian organization of physiology and behavior and synchronizing peripheral oscillators (38). Circadian organization in birds, in
contrast, is directed by multiple interacting but
dissociated master clocks located in the retinae,
pineal, and SCN (26). Similarly, fish are thought to
have master clock oscillators located within the
retinae, pineal organ, and likely the pre-optic region of the hypothalamus (44), although their role
as pacemakers has yet to be established through
rigorous experimentation.
Circadian clocks have an intrinsic period that
deviates slightly from 24 h and therefore must be
entrained by an external zeitgeber to remain in
synchrony with geophysical time. Alternation of
environmental light and dark is the most potent
zeitgeber for the entrainment of circadian master
clocks in most species; populations of weakly coupled or noncoupled cells within peripheral clocks
found throughout the body are synchronized by
humoral and neuronal signals (26, 38, 49). In mammals, SCN-directed rhythms of body temperature
of 1– 4°C amplitude play a critical role in entraining
peripheral oscillators (21, 23). Melatonin, synthesized and released during the night phase by the
pineal gland, is an important output of circadian
master clocks and acts as one of the primary internaltime givers for peripheral clocks and daily physiological processes (95). As such, measurements of daily
variation in circulating levels of plasma melatonin,
and to a lesser extent body temperature rhythms, in
addition to behavioral rhythms of locomotion, sleep,
or eating and drinking, are often used as a proxy for
assessing rhythmicity in free-living animals.
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natively, rhythmicity may be independent of circadian systems since individuals could be directly
responding to lighting conditions, but this masking
is only occurring when it is functional.
Although much of the work on circadian
rhythms has focused on behavioral rhythms, many
studies have also examined physiological parameters that are controlled by circadian clocks, notably
patterns of circulating levels of melatonin. Exposure of laboratory animals to constant bright light
inhibits pineal function and abolishes circadian
rhythms of melatonin production (138). In many
arctic and antarctic species, however, melatonin
rhythms persist across the polar day [rhythmic
melatonin: Adelie penguins (30); Lapland Longspurs (Calcarius lapponicus; Refs. 8, 54); willow
warbler (Phylloscopus trochilus; Ref. 113); Weddell
seal (Leptonychotes weddellii; Ref. 10)], although
findings vary depending on species and in some
cases between studies [melatonin not rhythmic:
Emperor Penguins (Aptenodytes forsteri; Ref. 79);
Svalbard ptarmigan (104); Weddell Seal (10); reindeer (42)]. In arctic char (Salvelinus alpinus) at
70°N, diel melatonin rhythms persist during the
polar night even though lakes have thick ice and

FIGURE 1. Activity patterns throughout the year
Activity patterns throughout the year in Svalbard ptarmigan (A) and Svalbard (B)
reindeer at 78°N displayed as a double-plotted actograms in which each row represents 2 consecutive days, with bouts of activity (black spaces) interspersed with
bouts of inactivity (white spaces). Recorded activity was motion for free-ranging
reindeer and feeding behavior for captive ptarmigan. Time of day is indicated
above the actogram, and lines drawn on the actogram indicate the start or end of
civil twilight (ptarmigan: thick lines; reindeer: orange lines) and sunrise or sunset
(ptarmigan: thin solid lines; reindeer: yellow lines). Both species exhibit a seasonal
absence of rhythmicity in the circadian range during the polar day and polar night
at these latitudes. Reindeer exhibit ultradian rhythms (substantially shorter than 24
h) throughout the year due to alternating bouts of activity and inactivity typical of
ruminants. Ptarmigan actogram adapted with permission from Canadian Science
Publishing or its licensors (103). Diagram for reindeer adapted with permission from
Macmillan Publishers, Ltd. (127).
88
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within circadian clocks, or dampened or arrested
oscillations within circadian cells such that
clocks can no longer drive output pathways (19).
Thus, as with the overt expression of rhythms, the
absence of expression of daily rhythms of behavior
and physiology in free-living animals exposed to
extremes in lighting characteristic of polar environments often may not be indicative of a lack of
rhythms within circadian clocks. For example,
Steiger et al. (116) recently found that activity patterns of female pectoral sandpipers (Calidris melanotos) and male red phalaropes (Phalaropus
fulicarius) are arrhythmic before incubation, but
both groups display daily rhythms of behavior during
incubation. Pectoral sandpipers have female-only
parental care, whereas red-phalaropes have maleonly care; in both species, arrhythmic activity patterns persisted throughout the polar day in the sex
that does not care for the young (116). The most
parsimonious explanation for the resumption of
behavioral rhythms coincident with the onset of
incubation in midsummer is that circadian clocks
continue to function across the polar day, but
clock control of output pathways is plastic and
only exerted when it is beneficial to do so. Alter-
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males in spring, but daily body temperature
rhythms are reestablished coincident with exposure to light and emergence from the hibernacula,
and these rhythms persist under the midnight sun
(FIGURE 2; Refs. 133, 134). Interestingly, body temperature rhythms of male arctic ground squirrels
free run (⬎24 h) in individuals that are sequestered
below ground but euthermic before initiating torpor in autumn (133) strongly suggest that the body
temperature rhythm is endogenously driven and
not simply a result of masking. Despite the large
number of studies on the persistence of physiological and behavioral rhythms in polar vertebrates,
we are not aware of a study that has assessed
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snow cover; yet, melatonin rhythms are abolished
during the polar day (121). However, because light
exposure directly inhibits release of melatonin by
the pineal, persistent melatonin rhythms could
also result from masking.
Melatonin secretion in arctic reindeer, which is only
rhythmic during the spring and the fall, appears to be
independent of endogenous circadian rhythms and is
instead driven predominantly by natural changes
in ambient illumination (73, 119). This, coupled
with the absence of circadian rhythmicity in two
key clock genes within the fibroblast cells of reindeer, led Lu et al. (73) to conclude that the molecular clockwork that drives circadian rhythms may
be weak, or absent, in this species, and melatoninmediated seasonal timing may be more directly
driven by photic information at particular times of
the year. However, patterns of clock-gene expression within fibroblast cells of reindeer were compared with patterns observed in nocturnal rodents
(73) rather than to temperate or tropical ungulates,
and therefore it is uncertain as to whether differences in the strength of circadian oscillation reflect
adaptation to the arctic environment or are due to
differences in taxonomy (i.e., rhythmicity in the
expression of circadian clock genes may be generally weaker in ungulates). It is also unclear whether
the absence of circadian control and direct sensitivity to illumination observed in melatonin secretion by the reindeer pineal is characteristic of
resident polar vertebrates. In fact, it has been argued that in species that exhibit persistent daily
rhythms in plasma melatonin levels, endogenous
control of melatonin production/secretion within
the pineal must be strong to override the suppressive effects bright light typically has on
melatonin secretion (30). It is generally assumed
that daily rhythms in plasma melatonin levels in
polar vertebrates reflect endogenous control
rather than responsiveness to subtle changes in
the color temperature or intensity of light, although this assertion has rarely been tested directly (but see Ref. 31).
Although melatonin levels are commonly measured to assess rhythmicity, other rhythmically expressed physiological parameters such as body
temperature, which acts as a synchronizing agent
for peripheral clocks in endotherms (21, 23, 49),
can also be useful. Five-month-old captive emperor penguins, for example, do not exhibit daily
body temperature rhythms during the constant illumination of summer, but body temperature is
rhythmic 6 wk later when 24 h of sunlight persists
but daily rhythms in ambient temperature and
light intensity are more pronounced (48). In freeliving arctic ground squirrels, body temperature
rhythms are abolished during hibernation, and the
preemergent euthermic intervals of reproductive

FIGURE 2. Annual patterns of core body temperature of a male arctic ground squirrel
Annual patterns of core body temperature of a male
arctic ground squirrel (top) at 69°N with a double-plotted actogram of when body temperature remained at
euthermic levels (i.e., active season; bottom). Each row
represents 2 consecutive days of data, with black bars
indicating when body temperature was above the
mean. Time of day is indicated above the actogram.
Body temperature of arctic ground squirrels is constant
during deep torpor (a) and arrhythmic during the prolonged interval of euthermic body temperature that occurs in males after heterothermy ends but before they
emerge from their burrows (b). Daily rhythms of body
temperature are reestablished coincident with emergence from the hibernacula (red line) and persist
throughout the active season, including the summer
solstice (c). Body temperature rhythms free-run (⬎24 h)
during the below-ground euthermic interval that precedes initiation of torpor in autumn (d). Figure adapted
from Ref. 133.
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persistence of rhythms at the level of clock gene
expression.

Temporal Niche Switching

Entrainment
Light
Entrainment of circadian rhythms depends on perception of the spectral and spatiotemporal patterns of light, which is influenced by both image
(i.e., vision) and non-image forming photoreception. Unfortunately, studies of circadian rhythms
in polar animals often report illuminance in lux, a
measure of light intensity as perceived by the human visual system and an inaccurate representation of lighting conditions that entrain circadian
systems (74). This has important implications for
the study of circadian rhythms in polar environments because the amplitude of daily fluctuations
in spectral intensity is wavelength-dependent, and
daily changes in spectral composition may be
more important than changes in light intensity per
90
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Animals are generally characterized as diurnal (day
active), nocturnal (night active), or crepuscular
(twilight active), based on the timing of their daily
locomotor activity. Temporal niche switching is a
relatively unusual phenomenon in which animals
alter their hormonal, physiological, and behavioral
rhythms and occupy a different temporal niche
without modifying the rhythm of the circadian pacemaker (68). Although the mechanisms that underlie
temporal niche switching are not well understood, in
at least some species, switching can be induced
through food deprivation during the time of day
individuals are normally active (59). Interestingly,
temporal niche switching has been observed in several polar vertebrates. Freshwater sculpins [Siberian
(Cottus poecilopus) and European bullhead (C. gobio;
Ref. 2)] and burbot (Lota lota; Refs. 67, 81) at 67°N are
diurnal during the spring and fall but become nocturnal during the winter; European bullhead are diurnal during the polar day, whereas both Siberian
bullhead and burbot develop asynchronous activity patterns. However, Westin and Aneer (131)
found that temporal niche switches in locomotory
activity occurred in 4 of 19 fishes studied in subarctic
(59°N) aquaria, which suggests this phenomenon
may be an adaptation to low ambient lighting conditions during the winter rather than an adaptation
to the polar night per se. In mammals, switches from
nocturnal wheel-running activity patterns in spring
to diurnal activity patterns in summer have been
observed in brown lemmings held in captivity at
72°N under natural conditions (123). However, captivity will sometimes induce temporal niche switching in rodents (18, 125), and whether switching
occurs in free-living lemmings remains unclear.

se (29, 70, 86, 117). Solar irradiance spectra data,
however, reflect radiation incident on a horizontal
surface and thus may not be indicative of lighting
conditions at the surface where photoreception is
occurring (e.g., the retina of the eye in mammals).
Mammalian circadian systems are sensitive to
multiple photoreceptive processes, including the
melanopsin-driven phototransduction mechanism
within intrinsically photosensitive retinal ganglion
cells (ipRGCs) expressing the photopigment melanopsin, as well as remote photoreception in rods
and cones (15, 51, 100). Recently, melanopic sensitivity functions, in which different wavelengths of
light are filtered according to the spectral sensitivity of ipRGCs, have been developed (22, 43), which
may provide a more effective means of assessing
the changes in light quality and quantity that occur
across the polar day that are relevant to mammalian circadian function. However, considerable uncertainty remains in our ability to quantitatively
predict how circadian systems will respond to different light exposures reaching the retina (101). A
further complicating factor is that circadian systems are influenced by light reception by visual
pigments within the retina. This was clearly evidenced by the observation that circadian photoresponsiveness in melanopsin knockout mice is
attenuated but not completely lost (89, 107),
whereas mice lacking rods, cones, and melanopsin
lose all circadian responses to light (53, 90).
The role of light in entraining circadian clocks is
more complicated in non-mammalian vertebrates
due to the occurrence of complimentary master
clocks in the pineal, retina, and SCN (26), the presence of two separate melanopsin pigments (12),
and the prevalence of deep-brain photoreceptors
that transduce light signals directly to both master
and peripheral circadian oscillators (41, 45, 65, 83).
However, understanding the importance of deep
brain photoreception in maintaining circadian
rhythms in an arctic environment is challenging
given that sensitivities of deep brain opsins to various wavelengths of light are not well defined.
Functionally, it appears as though deep brain
opsins and photoreception by the eyes of birds
differ in that constant lighting conditions can lead
to arrhymicity, but this effect is not manifest in
blinded individuals, which maintain persistent
free-running rhythms (41).
The range of wavelengths perceived by an animal’s circadian system also depends on pupillary
contraction and by transmittance of light though
the ocular media. Within mammals, lenses of diurnal sciurid rodents, tree shrews, and primates
prevent UV from reaching the retina, whereas
lenses among other species exhibit substantial diversity in the degree of short-wavelength transmission (40, 58, 71).
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Nonphotic Entrainment
Light is the dominant zeitgeber responsible for the
entrainment of circadian rhythms, and therefore
we expect that subtle changes in the intensity
and/or spectral composition of light are principally
used to entrain polar organisms to geophysical
time when a robust LD cycle is not present. How-

ever, other physical and ecological characteristics
of the environment are also rhythmic and could act
either to entrain circadian clocks or to drive significant physiological or behavioral rhythms through
masking. Ambient temperature commonly exhibits
diel rhythms in terrestrial polar environments, although whether the predictability of such rhythms
or their availability in semi-fossorial species is sufficient to entrain circadian clocks is unclear. Studies of captive non-polar vertebrates indicate that
robust diel oscillations in ambient temperature
can act as a zeitgeber, although variation in the
capacity of individuals to entrain is high (6, 102).
Furthermore, although peripheral clocks in endotherms are readily entrained to body temperature,
masterclocks are resistant to temperature entrainment and remain phase locked to the light-dark
cycle (21, 23). Similarly, patterns of circadian gene
expression in peripheral clocks can be phaseshifted in response to temporal feeding restriction
under LD or DD conditions, but the phase of circadian gene expression in the SCN is unaffected
(36, 118). Thus effects of these nonphotic cues on
rhythmicity in polar vertebrates are likely occurring through masking and/or the entrainment of
peripheral circadian oscillators. Field and laboratory studies also indicate that the social environment can influence daily and circadian rhythms in
numerous species (5, 80, 93), although the mechanisms that underlie social entrainment have yet
to be identified.
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Filtering of UV radiation is notable because
rhythms of UV radiation are more pronounced and
consistent (less affected by cloud cover) compared
with other wavelengths, and peaks in UV radiation
tend to coincide with activity (8, 58). Interestingly,
in arctic reindeer, the cornea and lens do not filter
UV light, and these animals extend their visual
range into the UV (57). However, rhythms of behavior within the circadian range are lost in reindeer during both the polar day and the polar night
at high latitudes (127, 128). Many birds and nocturnal rodents extend their vision into the UV
range, and at least some species can entrain to UV
light under laboratory conditions; however, evidence that arctic vertebrates actually use daily cycles in UV light as an entraining agent remains
equivocal (9, 40, 58, 98).
Despite widespread taxonomic differences in the
mechanisms of light reception in circadian systems, a clear distinction between mammalian and
non-mammalian vertebrates in their capacity to
entrain circadian rhythms to the polar day and
polar night is not evident. We suggest that variation among and within taxa is related to differences
in ecological and/or physiological function of
rhythms rather than being a manifestation of differences in modes of light reception. Although
there is evidence for adaptation of mechanisms of
light reception for visual systems in arctic vertebrates (120, 139), we are not aware of any adaptations to the arctic environment in light capture by
non-visual circadian systems. However, the discovery of melanopsin pigments, as well as opsins
associated with deep brain photoreception, is relatively recent, and this may be a fruitful avenue for
future research.
Although subtle diel changes in the intensity
and/or spectral composition of light are the most
likely cues for entraining circadian rhythms to the
polar day, it has also been suggested that the azimuth-position of the sun might be used as a zeitgeber in some polar vertebrates (69, 98). Birds may
be the most likely candidate vertebrate species for
use of a sun compass as migration routes in at least
some arctic birds are consistent with sun compass
trajectories (1). Krüll (70) found that captive greenfinches (Carduelis chloris) and canaries (Serinus
canaria) can entrain their activity rhythms to a
circling light bulb, providing some support for this
hypothesis.

Function
It is generally assumed that the adaptive value, or
function, of circadian clocks is that they allow organisms to anticipate predictable daily changes in
the environment and appropriately adjust timing
of their molecular, physiological, and behavioral
processes such that they occur at optimal phases of
the cycle. Although this concept of functionality
has mostly been based on conjecture, recent studies in a variety of taxa indicate that organisms with
functional clocks consistently outcompete their
clock-disrupted counterparts in rhythmic environments (37, 39, 137). It is currently unclear whether
persistent circadian rhythms in some polar vertebrates relates only to synchronizing schedules with
the geophysical environment, as interdependence
between circadian clock function and homeostatic
processes such as sleep and digestion have led
some to hypothesize that rhythmicity may be
adaptive even under constant conditions (97, 111,
129).
The physical environment in polar regions is
neither constant nor arrhythmic; however, diel
changes in ambient temperature, humidity, and
light persist, with the amplitude of such rhythms
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an organismal approach, and data on temporal
dynamics within communities is generally lacking.
Ecological effects on the persistence of circadian
rhythms may be most obvious in the marine environment, where zooplankton DVM bring migrants
from deep water into the epipelagic zone at night
to feed and back at depth in daytime to avoid
visual predators. These DVM affect the activity patterns of predators at higher trophic levels, including fish, marine mammals, and seabirds (55).
Persistent zooplankton DVM at high latitudes has
been reported at some locations during the polar
day and polar night, although the strength and
synchronicity of the DVM is weaker than in spring
and fall (13, 14), and data on how rhythmicity in
predators corresponds with zooplankton DVM at
these sites is lacking. Other studies conducted during the polar day, however, have not detected the
upward and downward movement of scattering
layers that typically characterizes zooplankton
DVM (17, 32). Cottier et al. (32) measured vertical
migration of zooplankton in an arctic fjord at 79°N
and found that individual zooplankton make unsynchronized migrations toward the surface each
day, which may indicate migration is no longer
under circadian control or circadian rhythms are
no longer entrained to geophysical time.
Although circadian rhythms are typically entrained to the geophysical environment, free-running circadian rhythms can also be entrained by
social cues (5, 80, 93), and this may be adaptive in
some polar vertebrates. Steiger (116) found that,
although semipalmated sandpipers (Calidris pusilla)
express behavioral rhythms during incubation that

FIGURE 3. Activity patterns of a male and a female semipalmated sandpiper
Activity patterns of a male (A) and a female (B) semipalmated sandpiper from a mated pair at 72°N displayed as a
double-plotted actograms in which each row represents 2 consecutive days with bouts of activity (colored bars) interspersed with bouts of inactivity (white spaces). Time of day is indicated above the actogram, and color indicates
breeding stage (red: pre-incubation; blue: incubation; green: post-incubation). Although individual semipalmated
sandpipers do not maintain synchrony with geophysical time, both sexes display activity rhythms that are synchronized within the breeding pair, which allows them to coordinate incubation activities. These activity rhythms are
⬍24 h and ⬎24 h before and after the summer solstice, respectively. Although these rhythms are functional, they
are not thought to be controlled by the circadian clock and may instead reflect an energy store-based interval timer
with the switch in apparent tau reflecting changes in body composition or energy supply/demand. Pre- and postincubation activity data are not available for the female. Figure adapted with permission from Ref. 116.
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decreasing with increasing latitude. The persistence of entrained circadian rhythms of physiology
and behavior in polar vertebrates may therefore
function in synchronizing timing with these or
other abiotic and ecological elements of the environment. The persistence of circadian rhythms in
arctic ground squirrels, for example, is thought to be
functional because it allows them to time their periods of above-ground activity to coincide with periods
in the day when environmental conditions are more
likely to be within their thermoneutral zone (72, 133,
135). Unlike some animals, ground squirrels are able
to exploit a thermal refuge of a burrow system and
nest, thereby avoiding exposure during the coldest
time of day. In contrast, energetic savings of maintaining persistent rhythms may be absent or negligible for larger or nonburrowing animals at high
latitudes.
For many polar vertebrates, the adaptive value of
maintaining circadian rhythmicity may not be influenced directly by abiotic features of the environment but may instead relate to ecological
interactions including diel variation in predation
threat, prey or forage availability, and/or competition. Daan and Tinbergen (35), for example, reported a daily rhythm in the timing of young thickbilled murres (Uria lomvia) jumping from their
breeding cliffs down to the sea. This behavioral
rhythm allows murres to swamp their predators,
although it is unclear whether the rhythm is driven
by an entrained circadian oscillator or is a direct
response to environmental cues (e.g., the change
in light intensity). However, studies of circadian
rhythms in polar vertebrates have principally taken
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Humans in Polar Environments
The situation for biological rhythms of humans
residing in polar regions is different from other
polar vertebrates because humans are routinely
exposed to artificial light, and timing of daily activities, including sleep-wake cycles, is governed by
knowledge of clock-time and work/social schedules. Furthermore, most studies focus on people
temporarily occupying these areas (e.g., bases in
Antarctica); humans living in the arctic for generations (indigenous people) might be better able to
cope with polar lighting conditions, although data
supporting this hypothesis is lacking. Interestingly,

four human volunteers that overwintered in Antarctica (78°S) without knowledge of clock-time developed free-running circadian rhythms in their
sleep/wake cycles, as well as in their excretion of
melatonin, cortisol, and electrolytes (64). Two of
the four individuals had unique free-running
rhythms; the other two individuals were synchronized to one another. Similarly, free-running body
temperature rhythms were observed in two volunteers who spent 18 days in July living at a remote
hut in the arctic (79°N; Ref. 61).
For individuals overwintering in polar regions
that do have knowledge of clock-time, disruptions
of sleep-wake cycles, late sleep onset, and reductions in sleep efficiency, total sleep time, and slowwave sleep are commonly reported, suggesting
clock-function may be impaired (3, 16, 86). Additionally, some individuals suffer from seasonal affective
disorder (SAD), a form of recurrent seasonal depression that is linked to disruption of circadian clock
function (92). Although the etiology of SAD remains
uncertain, disruption of brain monoamine transmission has been implicated (84, 99, 132). Recent studies
indicate variation in the melanopsin gene (OPN4) is
associated with the prevalence of SAD and with timing of sleep and activity (105, 106), supporting the
hypothesis that these effects are associated with
disruption of circadian rhythms. Although variance
in the prevalence of SAD among immigrant groups
has been reported at temperate latitudes (108,
122), some studies at higher latitudes have failed to
detect seasonal changes in depression or sleep
problems altogether (75, 114); the causes underlying discrepancies between studies are unclear. Altogether, it is apparent that humans are able to
adjust to the polar day by behaviorally adjusting
their exposure to light, although 24-h light can
cause phase shifts (3). During the polar night,
however, phase delays and clock disruption are
more apparent and may have negative health
consequences.
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appear to free-run across the 24-h polar day, rhythms
of individuals remain entrained to their partner such
that mated pairs remain synchronized. Thus, although semipalmated sandpipers are not maintaining synchrony with the day, persistent circadian
rhythms could allow them to coordinate incubation
and chick-rearing activities within a mated pair
(FIGURE 3). However, the behavioral rhythms detected in semipalmated sandpipers are not necessarily controlled by endogenous circadian clocks
and may instead result from an energy store-based
interval timer in which the incubating partner has
to be relieved every 12 h or so. Lack of clock control
is supported by the finding that artificially reducing the rate of egg cooling in semipalmated sandpiper nests by ⬃20% results in a 10% increase in
mean incubation bout length (33).
Although the LD cycle is thought to be the primary driver for the emergence and evolution of
endogenous clocks, a variety of physiological processes, including metabolic homeostasis, are now
tightly linked to circadian regulation (11, 20), with
dysregulation of circadian rhythms being associated with a variety of diseases (76, 94, 110). This
has led to the hypothesis that circadian clocks may
have additional “intrinsic” value, such that they
maintain adaptive function, even in constant conditions (97, 111). The Somalian cavefish Phreatichthys andruzzii, for example, retains a functional
food-entrainable molecular clock despite having
evolved for millions of years in constant darkness,
although the clock has developed an infradian period
(tau of ⬃47 h) and is no longer entrainable to light
(27). Functionality of rhythms in polar vertebrates is
typically discussed in the context of optimal timing of
daily behaviors, with little consideration given to the
intrinsic role circadian clocks play in coordinating
metabolic functions. Furthermore, new questions
emerge when the intrinsic functionality of clocks is
considered with respect to how polar species that
do not exhibit persistent rhythmicity avoid the
metabolic pathologies typically associated with
clock dysregulation.

Conclusions
Polar vertebrates exhibit diverse behavioral and
physiological responses to the continuous lighting
conditions during summers and winters at high
latitudes, which may reflect variance in the ecological niches they occupy, as well as differences in
their evolutionary histories. Our understanding of
how light signals are captured and integrated by
circadian systems has advanced markedly in the
past decade, although it is currently unclear
whether polar vertebrates have specific adaptations within their circadian photoreceptive pathways that increase sensitivity to subtle daily
variation in the intensity or spectral quality of light.
Functionality of persistent circadian rhythms in
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polar vertebrates is generally thought to be linked
to synchronization of physiology and behavior
with the geophysical environment, although persistent rhythmicity may also be adaptive due to
interdependence between circadian clock function
and homeostatic processes. 䡲
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