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Avian circannual clocks: adaptive significance
and possible involvement of energy turnover

in their proximate control
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Endogenous circannual clocks are found in many long-lived organisms, but are best studied in
mammal and bird species. Circannual clocks are synchronized with the environment by changes in
photoperiod, light intensity and possibly temperature and seasonal rainfall patterns. Annual timing
mechanisms are presumed to have important ultimate functions in seasonally regulating
reproduction, moult, hibernation, migration, body weight and fat deposition/stores. Birds that live
in habitats where environmental cues such as photoperiod are poor predictors of seasons (e.g.
equatorial residents, migrants to equatorial/tropical latitudes) rely more on their endogenous clocks
than birds living in environments that show a tight correlation between photoperiod and seasonal
events. Such population-specific/interspecific variation in reliance on endogenous clocks may
indicate that annual timing mechanisms are adaptive. However, despite the apparent adaptive
importance of circannual clocks, (i) what specific adaptive value they have in the wild and (ii) how
they function are still largely untested. Whereas circadian clocks are hypothesized to be generated by
molecular feedback loops, it has been suggested that circannual clocks are either based upon (i) a
de-multiplication (‘counting’) of circadian days, (ii) a sequence of interdependent physiological
states, or (iii) one or more endogenous oscillators, similar to circadian rhythms. We tested the
de-multiplication of days (i) versus endogenous regulation hypotheses (ii) and (iii) in captive male
and female house sparrows (Passer domesticus). We assessed the period of reproductive (testicular and
follicular) cycles in four groups of birds kept either under photoperiods of LD 12 L : 12 D (period
length: 24 h), 13.5 L : 13.5 D (27 h), 10.5 L : 10.5 D (23 h) or 12 D : 8 L : 3 D : 1 L (24-h skeleton
photoperiod), respectively, for 15 months. Contrary to predictions from the de-multiplication
hypothesis, individuals experiencing 27-h days did not differ (i.e. did not have longer) annual
reproductive rhythms than individuals from the 21- or 24-h day groups. However, in line with
predictions from endogenous regulation, birds in the skeleton group had significantly longer
circannual period lengths than all other groups. Birds exposed to skeleton photoperiods experienced
fewer light hours per year than all other groups (3285 versus 4380) and had a lower daily energy
expenditure, as tested during one point of the annual cycle using respirometry. Although our results
are tantalizing, they are still preliminary as birds were only studied over a period of 15 months.
Nevertheless, the present data fail to support a ‘counting of circadian days’ and instead support
hypotheses proposing whole-organism processes as the mechanistic basis for circannual rhythms. We
propose a novel energy turnover hypothesis which predicts a dependence of the speed of the
circannual clock on the overall energy expenditure of an organism.
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1. CIRCANNUAL RHYTHMS: PATTERNS
AND POSSIBLE ADAPTIVE SIGNIFICANCE
Circannual rhythms are self-sustained endogenous
rhythms with a period length of roughly 1 year that affect
the morphology, physiology and behaviour of an
organism. The first robust avian circannual rhythm was
reported in migration behaviour and moult of the willow
warbler (Phylloscopus trochilus) by Gwinner (1967, 1968).
This journal is q 2007 The Royal Society
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Gwinner was initially puzzled by the precise annual
timing of fat deposition and the onset of spring migration
of these birds in their equatorial wintering quarters. What
cues would trigger a northward departure in a place
where environmental variation, especially in terms of day
length, is minimal over much of the year? When he
took birds into captivity and kept them under a constant
photoperiod and temperature, individuals showed
persistent rhythms in migratory restlessness (zugunruhe)
and moult for up to 3 years, suggesting that the timing of
spring migration may be controlled by an endogenous
circannual clock, rather than being triggered by external
factors (Gwinner 1977). Since then, endogenous
circannual rhythms have been experimentally demon-
strated in a wide range of species, including more than 20
migratory and resident bird species from both tropical
and temperate regions (e.g. Gwinner 1986; Gwinner &
Dittami1990; Holberton & Able1992; Cadee et al. 1996;
Styrsky et al. 2004; Newton 2007).

The most obvious overt expressions of circannual
rhythms in vertebrates include seasonal changes in
reproduction (Hamner & Stocking 1970; Gwinner &
Dittami 1990), moult (Craig 1985), body mass,
hibernation (Pengelley & Fisher 1963; Kondo et al.
2006) and migratory restlessness (Gwinner 1967, 1968,
1996a,b; Pohl 1971) under constant captive conditions.
Circannual rhythms possess all properties expected of
self-sustained, free-running oscillations, including
persistence in isolation, a period length deviating from
12 months (usually shorter) under constant conditions,
entrainment to synchronizing cues (zeitgebers) such as
photoperiod, and transient changes in response to
zeitgebers (Gwinner 1986). In general, circannual
rhythms tend to be relatively weakly self-sustained, i.e.
they typically show considerable inter-individual vari-
ation and can be entrained to a wide range of period
lengths (Gwinner 1986; Goldmann et al. 2004; Helm
2006). Further, they are usually expressed only under a
relatively narrow range of permissive day length con-
ditions (Gwinner 1986; Lincoln et al. 2006). The
circannual organization of animals shows great diversity.
At one extreme are rhythms that persist for many years
under constant light–dark schedules, constant dim light
and in exceptional cases even under naturally changing
day length (e.g. Holberton & Able 1992; Heideman &
Bronson 1994; Loudon 1994; Gwinner 1996a,b; Kondo
et al. 2006). At the other extreme are cycles that damp
rapidly in amplitude or require a recurring seasonal signal
for sustained rhythmicity. The observed variation has
been classified into two types of annual rhythms, one
being truly circannual (Type II) and another displaying a
mix of endogenous and exogenous characteristics (Type
I; Mrosovsky 1978; Nelson et al. 2001; Prendergast et al.
2002; Goldmann et al. 2004; Lincoln et al. 2006).

The diversity of circannual patterns parallels the
great natural diversity in seasonal behaviours. Animals
occupy habitats that are diverse with respect to the
amplitude and the predictability of environmental
fluctuations (e.g. Wingfield et al. 1992). Animals also
differ in the geographical ranges they inhabit over the
course of their lives. Accordingly, free-living
vertebrates, and birds in particular, differ greatly in
the timing and sequence of life-cycle stages (e.g.
Nelson et al. 2001; Newton 2007).
Phil. Trans. R. Soc. B
(a) Interactions of circannual rhythms with

environmental cues

Circannual rhythms need to function in interaction
with the environment and may be best understood as
‘seasonally changing dispositions to respond to
environmental cues’ (Gwinner 1999; Helm 2006). In
free-living animals, circannual rhythms, like circadian
rhythms, are normally entrained to temporal infor-
mation provided by the environment (Loudon
1994; Gwinner 2003; Newton 2007; but see, e.g.
Heideman & Bronson 1994). The most important
temporal cue in the wild and zeitgeber for circannual
rhythms is photoperiod, i.e. the light fraction of the day
(e.g. Hahn & McDougall-Shackleton 2007). Environ-
mental factors other than light may also influence
seasonal timing. While there is only tentative evidence
for non-photic cues as zeitgebers in the synchronization
of circannual rhythms (Gwinner & Scheuerlein 1998;
Scheuerlein & Gwinner 2002), factors like temperature
can clearly affect circannual behaviour, notably in
hibernating mammals (Mrosovsky 1977, 1978, 1986).
In free-living animals, non-photic environmental
factors are thought to function mainly as supplemental
and modifying cues (Hamner & Stocking 1970;
Mrosovsky 1986; Hahn et al. 1992, 1997; Hau et al.
2000, 2004; Helm et al. 2006). These cues provide fine
adjustment of life-cycle stages to the particular
ecological circumstances of an animal.

(b) Functional significance of circannual

rhythms: intuitive, but untested in the wild

The fact that circannual rhythms are normally
entrained to environmental information makes it hard
to test directly for fitness benefits of relying upon an
endogenous circannual rhythm in the wild (Gwinner
1996a,b). There seem to be only few examples of avian
species that do not entrain their annual cycles to the
external year (e.g. Chapin 1954). In a natural setting,
manipulations of circannual rhythms are inherently
difficult (Scheuerlein & Gwinner 2002; see also
Gwinner & Scheuerlein 1999) and effects of endogen-
ous rhythms cannot easily be separated from direct
responses to the environment. Furthermore, it is
difficult to monitor individual free-living animals over
long periods of time (but see Cooke et al. 2004). In
addition, output from circannual clocks can be
obscured by inter-annual effects in birds (Marra et al.
1998; Webster et al. 2002; Buehler & Piersma 2007).
Thus, the adaptive significance of circannual rhythms
has so far only been indirectly tested by comparing
endogenous rhythms in captivity with behaviour in the
wild. The implicit rationale is that endogenous clocks
help animals to keep time in the wild (e.g. Aschoff
1958; Gwinner 1986; DeCoursey 2004; Roenneberg
et al. 2005; Helm 2006; Menaker 2006).

(c) Variations in circannual rhythms of

populations or species with different life histories

(i) Latitudinal variation in circannual organization
Captive stonechats (Saxicola torquata) from equatorial
Africa display persistent circannual cycles of moult and
gonadal activation for several years. In contrast,
stonechats from higher latitudes show repeated but
irregular bouts of seasonal behaviours under constant
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conditions in the laboratory (Gwinner 1991, 1996a,b;
Helm 2006). Circannual rhythms of zugunruhe in
strongly migratory species, such as the willow warbler,
persist for many cycles without major damping or loss
of precision, while cycles of the sibling species, the
chiffchaff (Phylloscopus collybita), a shorter-distance
migrant, show greater inter-individual variability and
a stronger tendency to damp (Gwinner 1967, 1972a).
Furthermore, long-distance migrants that habitually
experience a wide range of day length differ from other
species by a greater range of conditions under which
circannual rhythms are expressed. Sylviid warblers
show persistent circannual cycles of zugunruhe over a
wide day length range from 10 to 16 h. Their
circannual clock is not temporarily arrested, as
evidenced by a progressively faster response to
photostimulation in late winter and spring (Gwinner
et al. 1988). In contrast, the European starling (Sturnus
vulgaris; Dawson et al. 2001) and the African stonechat
(Gwinner 1996b) show circannual rhythms only under
day lengths close to 12 h. Under longer or shorter
photoperiods, the rhythms of these birds may become
arrested in either active or regressed reproductive states
(Gwinner 2003). In addition to these differences under
constant conditions, birds from different latitudes differ
in the way they respond to day length cues. Their
responses can be characterized by population-specific
reaction norms to photoperiod that differ in overall
timing as well as plasticity to day length information
(Silverin et al. 1993; Helm & Gwinner 1999, 2001, 2006;
Gwinner & Helm 2003; Helm et al. 2005; Hahn &
McDougall-Shackleton 2007).

(ii) Reproductive timing
Reproductive timing, thought to be under particularly
strong natural selection, differs between species and
even local populations. Characteristics of reproductive
timing are often maintained under constant conditions.
For instance, blackcap warblers (Sylvia atricapilla) go
through one annual breeding cycle in central Europe
but on some climatically more mild Atlantic islands,
breeding occurs biannually and is only interrupted by a
post-breeding moult (Berthold & Querner 1993; for
further examples, see Hahn et al. 1997). This natural
diversity is paralleled in circannual patterns of these
birds. Captive blackcap warblers from the Cape Verde
Islands undergo two distinct annual gonadal cycles
whereas European populations show only one cycle
(Berthold & Querner 1993). Hybrids show a roughly
intermediate pattern.

(iii) Moult
Similar observations relate to the timing of another highly
important life-cycle stage in birds, moult (Barta et al.
2007). Free-living willow warblers and closely related
chiffchaffs differ not only in the duration of zugunruhe,
but also in schedules of reproduction and moult: while
chiffchaffs show the typical pattern of only one annual
complete moult, willow warblers have evolved a rare
pattern of a biannual complete moult (Weber et al. 2005).
These differences persist under constant conditions
(Gwinner 1971, 1972b). In-depth documentation of
moult rhythms also comes from different subspecies of
stonechats (Gwinner et al. 1983, 1995; Gwinner 1995;
Phil. Trans. R. Soc. B
Helm et al. 2005). European stonechats depart from their
birthplaces at a leisurely pace in late summer and thus
have a relatively long time available for concluding their
pre-migratory moult. Time constraints for moulting are
even more relaxed in African stonechats that do not
migrate at all. However, Siberian stonechats have to
condense their pre-migratory moult to terminate before
conditions deteriorate in late summer. These differences
in moult schedules are maintained in young birds in
captivity under constant short day length, such that
Siberian stonechats start moulting at 30 days of age and
finishwithin21days. Europeanstonechats start moulting
at about 38 days of age and need 55 days, whereas African
stonechats start to moult at 72 days of age and need
91 days to complete it. Hybrids again show intermediate
time patterns (Helm & Gwinner 1999, 2001). In
addition to this variation in moult schedule, stonechats
differ in the way they respond to day length cues. Again,
one might expect that such population differences in
endogenous moult timing are very likely to have ultimate
consequences in nature (Barta et al. 2007).

(iv) Migration
Perhaps the best explored life-cycle stage that
is controlled by circannual rhythms is migration.
Circannual rhythms have been documented for a suite
of migratory traits, including timing of zugunruhe, fat
deposition, orientation direction and modulation of
nocturnal melatonin patterns (Gwinner et al. 1993;
Bairlein & Gwinner 1994; Gwinner 1996a). Rhythms
and timing programmes are thought to be especially
important for first-year migrants that cannot rely on
prior experience (Gwinner 1986, 1996a; Berthold
2001; Mouritsen 2003). In long-distance migrants,
circannual timing of the onset of zugunruhe generally
matches species-specific patterns. Zugunruhe in captive
birds shows distinct responsiveness to photoperiod,
typically in accordance with calendar responses noted in
the wild (Gwinner 1968, 1971, 1972a,b, 1988). Thus,
in various species, including sylviid warblers and
stonechats, captive birds initiate fall migratory rest-
lessness at similar day length conditions as free-living
conspecifics (Gwinner, Helm et al. 2005; Helm 2006).
Circannual rhythms and programmed responses to
photoperiod have been found for many other
migration-related traits, including migratory direction
(Gwinner 1986; Berthold 2001; Mouritsen 2003). A
clock-and-compass mechanism could have important
adaptive advantages, for example for young birds which,
upon reaching Gibraltar (coastal Spain), need to change
their migratory heading from SW to SE, to avoid flying
out over the Atlantic. It is still unclear whether migrating
birds in the wild truly rely upon their endogenous
information, or instead follow informed conspecifics
(Chernetsov et al. 2004; Couzin et al. 2005) to
determine their direction, speed and overall timing.

In summary, there exists a compelling correspon-
dence between the functioning of circannual rhythms
in captivity and behaviour shown in the field, but these
findings cannot be taken as conclusive evidence for an
adaptive value of circannual rhythms. Any adaptive role
of circannual rhythms in the wild still requires
confirmation. As an additional cautionary note,
patterns in the field and laboratory are not always
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perfectly matched (Gwinner 1986; Helm 2006). For
instance, zugunruhe of many species reflects gradients
in migratory behaviour, yet even resident populations
display some zugunruhe (Berthold 2001; Helm 2006;
Helm & Gwinner 2006). Although these findings
caution against a direct parallelism of laboratory and
field studies, they point to the possibility of an extended
repertoire of life-history strategies that may only be
expressed under a given set of conditions.

In general, the most important adaptive function of
circannual clocks will be to provide an internal
representation of time. As such, circannual rhythms
may help to improve the consistency of seasonal timing,
the ability to respond in a programmed way to
particularly important cues, and buffer against mis-
leading environmental information. In particular,
circannual clocks may make the timing of seasonal
activities in relatively constant environments more
precise. At the same time, precise and consistent
circannual rhythms could help organisms living in
areas with unpredictable climates to determine
whether, e.g. a severe rainfall is indicative of the
coming rainy season or just a random rainfall during
a prolonged dry season (cf. Shine & Brown 2007).
These benefits also apply to animals that need to
anticipate environmental conditions they cannot
directly assess, e.g. long-distance migrants or hibernat-
ing mammals, or that need to keep local environmental
cues from influencing their seasonal schedules.

(d) Proximate mechanisms underlying

circannual rhythms

On the mechanistic level very little is known about how
circannual clocks work. While research on the prox-
imate control of circadian rhythms has made enormous
progress during the past decade (e.g. Brandstätter et al.
2001; Yamaguchi et al. 2001), the mechanisms
underlying circannual rhythms are only beginning to
be understood (Lincoln et al. 2003, 2006; Kondo et al.
2006). Gwinner (1986) wrote: ‘The problems [with
understanding circannual rhythms] stem partly from
our almost complete ignorance of the physiological
processes involved in generating circannual rhythmi-
city.’ Over 20 years later, we are still searching for the
mechanisms of circannual rhythms.

Several models have been suggested to provide the
basis for circannual rhythms (Mrosovsky 1978; Gwinner
1986). One hypothesis is the frequency de-multiplication
hypothesis (FDH). According to the FDH, an animal
derives a yearly rhythm from the de-multiplication
of a series of circadian rhythms (Gwinner 1973;
Farner & Follett 1979). In other words, animals may
count days to derive an annual cycle. The FDH thus
posits that circannual rhythms are intimately related to an
individual’s circadian rhythm. Thus, individuals with
circadian rhythms shorter than 24 h will exhibit circann-
ual rhythms with a shorter period length, and vice versa.
Several experimental tests of this hypothesis were
inconclusive: for instance, animals exposed to constant
photoperiods with shortened period lengths (e.g. 21 h,
10.5 L : 10.5 D) did not differ in the period of their
circannual rhythms in gonad size or moult from control
animalsheld under photoperiodsof24 h (12 L : 12 D) or
from those exposed to artificially lengthened
Phil. Trans. R. Soc. B
photoperiods of 27 h (13.5 L 0: 13.5 D; Gwinner 1973,
1981; Kenagy 1981; Carmichael & Zucker 1986). Thus
to date, there is no supporting evidence for the FDH.

Another hypothesis explaining circannual rhythmi-
city invokes a ‘sustained hourglass’ mechanism
(Mrosovsky 1970, 1978). Dawson et al. (2001) suggest
that, at least under 12 h photoperiods, circannual
rhythmicity may represent a simple consequence of a
life-cycle adaptation to the annual cycle. That is, animals
go through a sequence of physiological stages whose
summed duration creates an approximately 12-month
rhythm. For birds, Jacobs & Wingfield (2000) suggested
that this temporal sequence of life-cycle stages is
analogous to a ‘finite state machine’ whereby wintering
birds progress uni-directionally into a state of vernal
migration and from there to breeding, moulting and
autumn migration states (Buehler & Piersma 2007). As
each phase of the annual cycle is tuned to make full use
of the time available for it, such a ‘clock’ could run
indefinitely simply based upon the subsequent tran-
sitions between life-history stages (Mrosovsky 1970).
Dawson et al. (2001) conclude that ‘such a system could
still be defined as a clock, but one operating at a
macrolevel whose ‘clockworks’ are the physiological
processes of the entire organism rather than a
mechanism operating at the molecular or cellular level,
as is the case in circadian clocks’.

Although parsimonious and plausible in many cases,
the model of a sequence-of-states cannot sufficiently
explain observations from animals with strong (i.e. Type
II) circannual rhythms. For example, circannual rhyth-
micity is often restricted to particular life-cycle stages. In
various species kept under constant conditions, one life-
cycle stage may show persistent cycling while others are
not expressed (e.g. Lofts 1964; Pengelley 1968; Gwinner
1986; Helm 2006; Lincoln et al. 2006). For instance,
white-crowned sparrows (Zonotrichia leucophrys) show
persistent cycles in testicular size but not moult under a
range of day lengths (e.g. King 1968; Farner et al. 1980),
suggesting that the expression of gonadal rhythms does
not directly depend on an intermittent moult. Such
patterns have been explained by the existence of specific
permissive conditions for the rhythmic expression of
different life-cycle stages (e.g. Farner et al. 1980; Gwinner
1986; Lincoln et al. 2006). Further, in species in which all
major life-cycle stages are expressed under constant
conditions, these stages can get out of phase with each
other. Post-breeding moult can overlap or precede
migratory restlessness and gonadal activation (e.g.
Lofts 1964; Gwinner & Dorka 1976; Holberton & Able
1992; Helm 2006; Newton 2007). Thus, annual rhythms
in a given seasonal behaviour cannot solely be a
consequence of a preceding life-cycle stage.

Divergent circannual cycles within an individual are
better explained by a third set of hypotheses which
assumes truly self-sustained endogenous circannual
rhythms, possibly generated by multiple oscillators.
This idea has been proposed on theoretical grounds
(e.g. Pengelley 1968; Pengelley et al. 1976; Gwinner
1986) and has recently found empirical support in
studies of mammalian circannual rhythms (Lincoln
et al. 2006). Lincoln and colleagues described the
occurrence of free-running circannual rhythms driven
by a pacemaker that is separate from the regulation of
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reproductive activity by studying prolactin rhythms in
sheep. The authors suggest that ‘long-term feed-back’
processes are responsible for the continued oscillation.
Their findings together with circannual patterns
observed in birds support the notion of multiple sites or
‘systems’ of circannual oscillations (Lincoln et al. 2003,
2006), possibly similar to the situation observed for
circadian rhythms (e.g. Menaker 2006). As in circadian
rhythms, such separate units could be synchronized by a
master clock and/or entrainment to zeitgebers. As a
cautionary note, we acknowledge that all of the above
ideas still lack conclusive evidence, and that in view of the
diversity of seasonal behaviours, there is little ground to
expect one mechanism to provide a full explanation
(Mrosovsky 1970, 1978; Gwinner 1986; Prendergast
et al. 2002; Goldmann et al. 2004).
2. A FIRST TEST OF THE ENERGY TURNOVER
HYPOTHESIS AS A CIRCANNUAL MECHANISM
We wish to build upon the ideas discussed above and
propose a new approach to unravel the mechanisms
involved in annual timing. The FDH hypothesis differs
from the other discussed models in being restricted to
‘counting’ the incidence of day light events. In contrast,
both sequence-of-stage and true oscillation involve
physiological processes that may depend on other
physiological properties, e.g. metabolic activity
(Gwinner 1986). We suggest that in both the cases,
the turnover of energy may provide a parsimonious,
quantifiable and simple mechanism for tracking the
passage of time (see Mrosovsky 1977, 1980b). We
propose that this energy turnover hypothesis (ETH)
could provide a mechanistic explanation for circannual
rhythms in birds, and perhaps other vertebrates as well.
The ETH rests on the following assumptions. (i) The
average energy allocation to a given seasonal behaviour,
e.g. reproductive activation, is more or less fixed. That
is, a given life-cycle stage requires (and is allocated) a
relatively specific amount of energy. When resources
are available ad libitum, growing a gonad supposedly
takes a fairly invariant amount of time (Wingfield &
Farner 1993). (ii) As a consequence, the duration of a
given life-cycle stage is related to, and possibly
determined by, the amount of energy turnover that
occurs during that stage. (iii) After completion, the
time until reinitiation of the life-cycle stage is also
influenced by energy turnover, for example via long-
term feed-back processes (e.g. Lincoln et al. 2006).

Here we report on a first preliminary test of the ETH
versus the FDH in an experimental set-up that predicts
different outcomes for each hypothesis. In principle, we
repeated previous experiments testing the FDH by
using photoperiods with zeitgeber periods of 24, 21 and
27 h. However, in our experiment, we added a new
fourth group that was exposed to a zeitgeber period of
24 h but with a photoperiod in which the day was
interrupted by a 4 h period of darkness (skeleton
photoperiod). Birds perceive a skeleton photoperiod
as a continuous light period. Our aim in using a
skeleton photoperiod was to expose birds to the same
number of days in a calendar year as the 24 h group,
but reduce energy turnover by inducing a resting phase
by turning the lights off. The FDH states that
Phil. Trans. R. Soc. B
circannual rhythms progress at similar rates regardless
of the photoperiod (control and skeleton), whereas
zeitgeber periods of 21 h should lead to shorter and 27 h
zeitgeber periods to longer circannual rhythms. If the
FDH was correct, individuals under the skeleton
photoperiod should show a similar circannual period
length as the 24 h control group irrespective of the energy
turnover. In contrast, the ETH postulates that only the
amount of energy turnover determines the period length
of a circannual rhythm. Under this hypothesis, the
experimental group with the lowest overall energy
expenditure should have the longest circannual rhythm.
Hence, the ETH predicts that birds in the skeleton
photoperiod should have slower circannual rhythms if
they had lower total energy turnover compared to 24 h
photoperiod controls (figure 1).

As a potential alternative to the ETH, we considered
that circannual rhythms could be related to the total
amount of melatonin that birds in the different groups
experience. The hormone melatonin is secreted by all
vertebrates during darkness (Gwinner & Dittami
1980). Because the house sparrows exposed to the
skeleton photoperiod experience more dark hours than
any of the other groups, this group might be exposed to
higher cumulative melatonin levels.
3. MATERIAL AND METHODS
(a) Animals

In March and April 2000, 87 house sparrows of mixed sex

were captured in Champaign, IL, divided into four approxi-

mately equally sized groups with similar sex ratios in aviaries

of 2!1!1 m, and exposed to four different photoperiods.

The 24 h group (10 males, 11 females) was kept under a

light : dark (LD) cycle of 12 L : 12 D, the 21-h group

(11 males, 11 females) under LD 10.5 L : 10.5 D, the 27 h

group (10 males, 10 females) under LD 13.5 L : 13.5 D. A

fourth group (12 males, 12 females) was kept under a

skeleton photoperiod that was selected to mimic a LD

12 L : 12 D photoperiod, but designed to have fewer light

hours (12 D : 8 L : 3 D : 1 L; see figure 1) such that birds

could not eat as much and expended less energy (see below),

when compared with the 24-h group. We consider it a

confounding but uncontrollable effect in our experiment that

birds captured from the wild in central Illinois already

experienced about 12–13 h of daylight in March/April, thus

potentially experienced a shortening of the daylight period

when entering the experiment. It is possible that an initial

decrease in photoperiod prevented complete gonadal

regression in the subsequent winter (figure 2; cf. Hahn &

Ball 1995).

Birds were transported in aviaries in a closed truck by

M.W. from Illinois to Princeton, NJ, on 4 August 2000, and

kept under their respective light regime during the transport.

Upon arrival, birds were immediately transferred into

separate aviaries whose light cycle matched each group’s

continued light cycle. Temperature was kept at 21G18C and

each aviary was illuminated by two 60 W fluorescent light

tubes. Due to feeding equipment failure, seven female

sparrows in the 21-h photoperiod group died in December

2000. Therefore, we do not use data for peak-to-peak follicle

sizes for females in this group.

At regular intervals (see figure 2), we measured the testis

and follicle sizes in all birds by unilateral laparotomy (Hau

et al. 1998). Birds were captured from their cages and

subsequently anaesthesized using an isoflurane–air mixture.
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Figure 1. Schematic of the four photoperiod schedules birds were exposed to during the experiment. (a–d ) The 24-h skeleton
photoperiod, the control 24-h day, the 27- and the 21-h day. The descriptions on the right-hand side indicate the number of
subjective days per calendar year, as well as the number of light hours. Note that double plots over 48 h are shown.
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A small incision was made between the two most distal ribs

which provides visual access to reproductive organs. We

measured the length and width of the left testes in males to the

nearest 0.1 mm below 1 mm total size, and to the nearest

0.2 mm above that size. Follicle sizes in females were assessed

as the largest single follicle measured to the nearest 0.2 mm.

Incisions were then closed with surgical glue and birds

allowed to recover in an opaque bag for 20 min. All birds

tolerated this procedure well.
(b) Respirometry

During early July 2001, we conducted continuous respiro-

metry measurements for 24 h on seven random males from

each group to determine their energy expenditure. We

decided that one respirometry measurement per year at a

time when birds had large gonads might give a representative

estimate of the relative energy expenditures of the various

experimental groups against each other (Klaassen 1995;

Wikelski et al. 2003). We do not want to suggest that the

absolute values we measured sufficiently represent the annual

energy expenditure of the sparrows, however. We used an

open-flow, push-through respirometry system (Martin et al.

2003). Birds were placed in 2 l plastic metabolic chambers in

a climate chamber at 258C and exposed to their respective

photoperiod. Each chamber contained a small dish of water

as well as no-waste bird seeds ad libitum. In the chamber,

birds could freely move and hop around. External, naturally

humid air (85–95% humidity) was pumped through a mass

flow controller (Sable systems, Nevada) and a multiplexer

(V2-0, Sable systems) into the metabolic and a reference

chamber. The flow rate was 700 ml minK1 and the flow

controller was calibrated prior to use with a bubble meter. A

factory-calibration post-experiment indicated that flow rate

errors were less then 1.2%. Air leaving the chambers was
Phil. Trans. R. Soc. B
dehumidified using a Peltier-effect condenser (Pc-1; Sable

systems) and CO2 concentration was measured from a

subsample of the outlet flow (Ca-1b, Sable systems). Before

oxygen concentration was determined (using Fc-1b, Sable

systems), drierite (Fisher) was used to scrub the potential

remaining water from the air. We measured each bird for

10 min, then switched to the next bird, waited for 3 min to

flush latent gases out of the tubing system, and continued the

measurements. This sequence was repeated continuously

throughout the 24 h period, thus providing 16 measurement

periods of 10 min duration for each individual. The rates of

oxygen consumption were calculated using Default 3b in

Withers (1977; using DATACAN software, Sable systems) after

adjusting flow rate for the amount of water due to humidity

(Labanalyst, Riverside).
(c) Melatonin

In early June 2001, we captured six individuals randomly

from each group at five different times during their subjective

night (early night, midnight, late night) and two time points

during their subjective day (indicated in figure 6). For the

skeleton photoperiod group, we included one sampling time

during the 3-h dark period in the later part of their subjective

daytime (figure 4). For each individual bird, we waited at least

3 days between successive samplings. When sampling during

the subjective night, we used dimmed headlamps with

additional dark blue gauze for the entire procedure so that

the birds’ melatonin-producing circadian rhythm would not

be impaired by light (Hau et al. 2002). We can, however, not

assess to what extent sleep rhythms may have been disrupted

by the sampling procedure. We collected 150 ml blood from

each bird’s alar vein, held it on ice until it was centrifuged

(within 4 h). We then collected plasma and stored it at K208C

until analysis.
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Plasma samples were analysed for melatonin content by

radioimmunoassay (Hau et al. 2002). In short, melatonin was

extracted from plasma with chloroform containing 1 M NaOH.

Samples were then aspirated, dried under N2, dissolved in

buffer and washed with petroleum to remove lipids. They were

then incubated with melatonin anti-serum at room temperature

for 30 min and subsequently with 3H-labelled melatonin at 48C

for 19 h. After separating the free, labelled melatonin from the

bound one, radioactivity was counted and melatonin concen-

tration determined. The lower detection limit of the assay was at

40 pg melatonin per ml, intra-assay variation was 11.4%. All

samples were run in a single assay.
(d) Data analysis

Data were processed with SPSS v.10 (1991) for Windows.

Two-tailed test statistics were used. Data are shown as

meansGs.e. (if not indicated otherwise). The normal

distribution of data and residuals was tested before applying

parametric tests. To estimate the average melatonin concen-

trations per subjective day, we interpolated hourly melatonin

averages from the population averages shown in figure 4 and

assumed that the melatonin concentrations measured during

two random time points during the day were representative of

overall daytime levels. We then used a general linear model

(GLM) followed by Scheffe post hoc tests to identify

differences between groups. To determine the period lengths

of circannual rhythms, we measured the time (days) between
Phil. Trans. R. Soc. B
the peaks of gonad sizes for each individual. We then

conducted a GLM to determine differences between groups

(figure 3). To compare the average energy expenditure

between treatments, we first averaged the VO2 values for

each of the seven individuals during the respirometry trials

and normalized the values to 24 h by giving equal weight to

average nocturnal and diurnal energy expenditures. We then

used a GLM to determine whether there were differences in

the overall average energy expenditure for a 24 h period for

each group.
4. RESULTS
(a) Testis and follicle sizes

As an overt expression of circannual rhythms, we
determined the development of reproductive organs,
i.e. sizes of testes and follicles. Among the males of the
four treatment groups, we found a significant difference
in the number of months between testis peaks. Birds
under the skeleton photoperiod had longer peak-
to-peak intervals than the birds under the three other
photoperiods (GLM, F3,44Z32, p!0.001; Scheffe post
hoc test significant for skeleton photoperiod birds
compared to all others; figures 2 and 3). Likewise,
among females, there was a significant difference in the
duration of time between peak-to-peak follicle sizes.
Again, the skeleton photoperiod group showed a longer
period length than the control or the 27-h photoperiod
group (GLM, F2,32Z27, p!0.001; Scheffe post hoc test
significant for skeleton photoperiod birds compared to
all others; figures 2 and 3). Figure 3 shows a summary
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of the findings, indicating that all groups except the
skeleton photoperiod group had free-running circann-
ual period lengths of approximately 10 months,
whereas the skeleton photoperiod group had a period
length of around 12 months.

(b) Energy expenditure

The hourly average oxygen consumption of sparrows, a
measure of overall energy expenditure, showed a typical
circadian pattern, with lower levels at night than during
the day (figure 4). When we calculated the overall
average energy expenditure for a 24-h period, however,
we found that the skeleton photoperiod group had a
lower energy expenditure than all other groups, which
were indistinguishable from each other (GLM, F3,26Z
4, pZ0.021; Scheffe post hoc test significant for skeleton
photoperiod birds compared to all others; figure 5).

(c) Melatonin levels

All birds had a typical diel pattern of melatonin
secretion, with an increase during the dark phase in
the skeleton photoperiod group. We found no
differences among photoperiodic treatment groups in
the average cumulative melatonin concentrations when
normalized to a 21-, 24- or 27-h day (GLM, F3, 21, pZ
0.62; figures 6 and 7). Since we found no difference in
Phil. Trans. R. Soc. B
this conservative test, we did not conduct a time-series
analysis of the melatonin values.
5. DISCUSSION
Our experiment was designed to distinguish between
two hypotheses for the mechanistic basis of circannual
rhythms: if house sparrows count the approximate
number of days to compose 1 year, as suggested by the
FDH, birds exposed to diel zeitgeber periods of 24 h
duration, even a skeleton photoperiod, should have
circannual rhythms with similar period lengths. Birds
exposed to either shorter or longer zeitgeber periods
(such as 21 or 27 h), however, should have circannual
rhythms that are correspondingly shorter or longer
compared to the 24 h birds. Although this hypothesis
was not supported in three previous tests, it could not
be fully rejected by such simple negative evidence
(Gwinner 1973, 1986). Thus, alternative ideas such
as macro-level timing mechanisms or true oscillators
have remained plausible alternatives (Gwinner 1986;
Dawson et al. 2001). We hypothesized that the birds’
circannual clocks may involve tracking of the total
amount of energy expenditure they expend over a year.
Thus, we suggest that by measuring or accounting for
energy turnover (by a yet unknown mechanism),
individuals can tell what time of year it is independent
of environmental conditions.

One critical assumption for such a metabolically
based timing mechanism is that each particular life-
cycle stage has a specific energy budget. Based on field
studies (Nagy et al. 1999; McNab 2003), such an
assumption seems valid. Furthermore, animals pre-
sumably attempt to expend a constant amount of
energy per day, as evidenced by energy compensation
mechanisms (Deerenberg et al. 1998; Wikelski et al.
1999) or other physiological trade-offs individuals
employ if they are put to hard work (cf. Martin et al.
2007; Speakman 2007). If our ETH is correct, we
should see no difference in circannual rhythms of
individuals exposed to 21-, 24- or 27-h days given that
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days have equal durations of light and dark periods.

Under these conditions, all individuals would experi-
ence the same number of daylight hours in a year, and

thus presumably expend similar amounts of energy.
This assumption about energy expenditure was found
to be true in our experiment as the 24-, 21- and 27-h

groups had similar energy expenditures. However,
individuals exposed to a 24-h skeleton photoperiod

that received 25% fewer light hours per year had
circannual rhythms with a longer period length. It is yet

unclear whether the decreased energy turnover itself
was responsible for slower circannual rhythmicity, or
whether birds perceived the skeleton photoperiod as a

decrease in light intensity by a mechanism that
integrates photons over the photophase (Bentley et al.
1998). The circannual clock could be differentially
sensitive to energy turnover in a phase-dependent

manner, in the following way: some species, for example
golden-mantled ground squirrels (Spermophilus lateralis),
responded to different temperature regimes in captivity
by changes in circannual behaviour (Mrosovsky 1986,
1990). These responses were phase-specific and differed
Phil. Trans. R. Soc. B
between the sexes and also between related species.

Thus, an alternative explanation for a delayed (slower

running) clock could be that the rhythm was phase-

shifted, i.e. phase-delayed, producing a longer overt

period length. It is also not yet clear if energy expenditure

is actually part of the circannual clockwork (the ‘gears’

of the clock), or whether it is simply an input component.

If it is just an input component, other mechanisms such

as changes in hormone secretion may be the primary

gear of the clock.

One potential mechanistic explanation underlying

the ETH, that the total levels of the hormone

melatonin are related to the speed of the circannual

clock, was not supported. Thus, it appears that

absolute melatonin concentrations may have no direct

relationship to the running of the circannual clock in

sparrows. A lack of a connection between melatonin

levels and circannual clocks is not too surprising, as

Gwinner (1981) likewise did not find a clear mechan-

istic connection between melatonin and circannual

clocks. However, melatonin could affect clocks

indirectly, for instance by influencing phase-relation-

ships of oscillators, photosensitivity or via other

hormones, for instance GnIH (e.g. Gwinner & Dittami

1980; Gwinner 1981; Ubuka et al. 2005). Other

hormones, such as leptin, orexin, ghrelin and thyrox-

ines could influence circannual rhythmicity, but so far

the evidence for a causal involvement in the generation

of these long-term clocks is missing (Yoshimura et al.
2003; Mustonen et al. 2005; Kondo et al. 2006).

The ETH is falsifiable as it proposes that whole-

animal changes in energy expenditure are related to the

speed of circannual clocks. Based on this prediction we

propose several additional experiments that could test

the ETH. Some of these experiments have already been

partially conducted in the past (Pengelley 1968;

Heller & Poulson 1970; Mrosovsky & Fisher 1970;

Mrosovsky 1980a,b). For example, hibernating
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animals expend very little energy during deep hiber-
nation. We suggest that preventing hibernators from
entering a low-energy state should significantly speed
up their circannual clock (cf. Mrosovsky & Lang 1971).
Mrosovsky (1980a, 1986, 1990) showed that at least in
golden-mantled ground squirrels (S. lateralis), a low
ambient temperature produced longer cycles and cold
pulses caused a phase delay in circannual rhythms,
apparently contradicting our above expectations.
However, low temperature could also induce additional
endogenous heat production (i.e. energy expenditure)
in hibernators, and thus support the predictions of a
phase delay according to the ETH. Another test would
be to put animals to hard work over long periods of time
without allowing them to compensate for their high
energy expenditure, which should result in faster
circannual clocks (Loudon 1994). Moreover, individ-
uals that are continuously housed below thermoneu-
trality and kept unable to acclimate energetically to
such conditions should have faster circannual clocks
than controls.

These and many other experiments have shown that
circannual clocks, like circadian clocks (e.g. Pengelley &
Fisher 1963; Aschoff 1979; Thomas et al. 1993; Sawyer
et al. 1997; Rensing & Ruof 2002), are not entirely
temperature-compensated. That is, if environmental
temperatures induce changes in energy turnover in
some individuals, these individuals should have faster
or slower endogenous circannual clocks. Alternatively,
rather than speeding up or slowing down the clock,
environmental temperatures might adjust rhythm
phase from year to year by some non-clock mechanism
(Mrosovsky 1986, 1990). The ETH also predicts that
circannual clocks of captive animals, i.e. individuals
that are fully fed and able to expend as much energy as
they can ingest, should have a shorter period length
than one year. In fact, most circannual rhythms are
shorter than 12 months, which is different from
circadian rhythms that are about as likely to be shorter
or longer than 24 h. All of these hypotheses are
currently speculative, but we want to provide a flavour
of the potential explanatory power of the ETH, as well
as methods for experimental falsification.

The study of circannual rhythms is notoriously
difficult, mostly owing to the unfavourable ‘ratio of
the period length of a single circannual cycle to the
length of the productive life of the biologist’ (Menaker
1974), and to the funding cycles of most funding
agencies. Nevertheless, we suggest that the ETH may
provide biologists with a new impetus for addressing
a mechanistic basis for circannual clocks, both in the
laboratory and in the wild.

All animal experiments adhere to the standards of the
American Ornithologists Union on the use of wild birds in
research, and were permitted by the Animal Care Commit-
tees of the University of Illinois and Princeton University, as
well as by local and state authorities.
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as well as Herbert Biebach and Dustin Rubenstein for
discussions, and Mary Grabowski for help in capturing and
caring for house sparrows. Heinz Wikelski constructed the
sparrow cages and helped in the bird transfer from Illinois to
New Jersey. Unfortunately, the circannual research field lost
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