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"That strange and mysterious phenomenon in the life of birds, their migratory journeys, repeated at fixed intervals and with unerring exactness, has for thousands of years called forth the astonishment and admiration of mankind." H. [START_REF] Gätke | Heligoland as an ornithological observatory. The results of fifty years experience[END_REF] 

Introduction

Prehistoric humans must have been well aware of the recurring appearance of migratory birds, as much of their own seasonal and daily organisation depended on anticipatory reactions to cues from the environment. Even today, mankind uses migratory birds (and their prey) as environmental indicators to reveal shifts in the timing of the seasons due to climate change [START_REF] Lehikoinen | Changes in migration[END_REF] and to draw attention to the ecological risk of trophic desynchronisation [START_REF] Both | Climate change and population declines in a longdistance migratory bird[END_REF]).

Hence, it is not surprising that much of the interest in avian migration has -and still is -focussed on the factors that determine its timing [START_REF] Gwinner | Circadian and circannual programmes in avian migration[END_REF][START_REF] Berthold | Control of Bird Migration[END_REF][START_REF] Coppack | Predicting life-cycle adaptation of migratory birds to global climate change[END_REF][START_REF] Newton | The Migration Ecology of Birds[END_REF].

Virtually all current knowledge of the mechanisms underlying the timing of songbird migration is based on measurements in captive specimens held under controlled environmental conditions.

Results from common-garden experiments suggest that endogenous circannual rhythms (in conjunction with photoperiodic cues) control the seasonality of passerine migration [START_REF] Gwinner | Circannuale Periodik der Mauser und der Zugunruhe bei einem Vogel[END_REF] for reviews, see [START_REF] Gwinner | Circadian and circannual rhythms in birds[END_REF][START_REF] Gwinner | Circannual rhythms in bird migration: Control of temporal patterns and interactions with photoperiod[END_REF], 1996[START_REF] Gwinner | Circannual and circadian contributions to the timing of avian migration[END_REF][START_REF] Berthold | Control of Bird Migration[END_REF], Coppack 2007).

Species-and population-specific differences in annual rhythmicity, however, depend strongly on differences in photoperiodic reaction norms and on latitudinal photoperiodic variation [START_REF] Gwinner | Einfluss der Photoperiode auf das circannuale System des Halsbandschnäppers (Ficedula albicollis) und des Trauerschnäppers (F. hypoleuca)[END_REF][START_REF] Helm | Flexible seasonal timing and migratory behavior: results from Stonechat breeding programs[END_REF], Noorwijk et al 2006, Coppack 2007[START_REF] Maggini | Endogenous rhythms of seasonal migratory body mass changes and nocturnal restlessness in different populations of northern wheatear Oenanthe oenanthe[END_REF].

While annual rhythms of migration have been extensively studied at the phenological, behavioural, physiological and quantitative genetic level [START_REF] Berthold | Bird migration[END_REF], day-to-day migratory routines have received less attention, despite the fact that the sum of migratory bouts determines the overall extent of migration. In this review, we attempt to briefly summarize current knowledge of the physiology and functional significance of circadian rhythms (sensu [START_REF] Halberg | Susceptibility to ouabain and physiologic circadian periodicity[END_REF] in avian migration, focussing on evidence from nocturnal passerine migrants. Principles found in this group of obligate migrants cannot be generalized to other groups of migrants, such as long-lived social or facultative migrants, which regularly migrate during the day and appear to be less dependent on endogenous timing factors [START_REF] Newton | The Migration Ecology of Birds[END_REF].

Nocturnal passerine migration: a circadian rhythm

Most migratory birds accomplish their journeys by intermittent flight and stopover phases [START_REF] Berthold | Bird migration[END_REF][START_REF] Newton | The Migration Ecology of Birds[END_REF]). Long-distance terrestrial migrants crossing vast bodies of water naturally deviate from this pattern, but for the majority of Afro-Palaearctic and Neotropical-Nearctic species, landing opportunities en route enable migrants to stopover on a more or less regular basis. Many insectivorous passerines restrict their migratory activity to the night [START_REF] Berthold | Bird migration[END_REF][START_REF] Newton | The Migration Ecology of Birds[END_REF].

In captivity, this is reflected in the occurrence of nocturnal migratory restlessness (German: Zugunruhe), which was first described in detail by aviculturists in the 18th century (cf. Birkhead 2008). Although the analysis Zugunruhe has played a pivotal role in the establishment of theories to explain the physiology and evolution of bird migration (e.g., [START_REF] Schildmacher | Zur Physiologie des Zugtriebes I. Versuche mit weiblichem Sexualhormon[END_REF][START_REF] Wagner | Über Jahres-und Tagesrhythmus bei Zugvögeln[END_REF][START_REF] Merkel | Zur Physiologie der Zugunruhe bei Vögeln[END_REF][START_REF] Palmgren | Studien über die Tagesrhythmik gekäfigter Zugvögel[END_REF][START_REF] Farner | The annual stimulus for migration[END_REF][START_REF] Helms | The annual cycle and Zugunruhe in birds[END_REF][START_REF] King | The relationship of fat deposition to Zugunruhe and migration[END_REF], Merkel et al. 1964[START_REF] Gwinner | Circannuale Periodik der Mauser und der Zugunruhe bei einem Vogel[END_REF][START_REF] Wiltschko | Magnetic compass of European Robins[END_REF][START_REF] Berthold | Relationships between migratory restlessness and migration distance in 6 Sylvia species[END_REF][START_REF] Czeschlik | Der Einfluß der Beleuchtungsstärke auf die Zugunruhe von Garten-und Mönchsgrasmücken (Sylvia borin und S. atricapilla)[END_REF], Berthold & Querner 1980[START_REF] Gwinner | Circadian and circannual programmes in avian migration[END_REF][START_REF] Berthold | Control of Bird Migration[END_REF][START_REF] Berthold | Bird migration[END_REF][START_REF] Pulido | Quantitative genetic analyses of migratory behaviour[END_REF][START_REF] Mueller | Identification of a gene associated with avian migratory behaviour[END_REF], questions regarding its circadian control have been addressed only occasionally and infrequently [START_REF] Mcmillan | Spring migratory restlessness in caged birds: a circadian rhythm[END_REF], MacMillan 1972[START_REF] Gwinner | Circadian and circannual rhythms in birds[END_REF], 1996[START_REF] Berthold | Control of Bird Migration[END_REF][START_REF] Gwinner | Circannual and circadian contributions to the timing of avian migration[END_REF].

Just a hand full of studies have explicitly tested whether the generation of Zugunruhe obeys to circadian principles, for which two criteria must be met: (1) Rhythms persist in the absence of external cues. (2) Rhythms can be reset to match local time by exposure to external cues (Zeitgeber).

Criterion (1) can be tested by keeping individuals over extended periods under constant (dim) light.

Through this approach, circadian rhythms of Zugunruhe have been experimentally demonstrated in the white-throated sparrow Zonotrichia albicollis [START_REF] Mcmillan | Spring migratory restlessness in caged birds: a circadian rhythm[END_REF], the European robin Erithacus rubecula [START_REF] Gwinner | Circadian and circannual rhythms in birds[END_REF], the blackcap Sylvia atricapilla [START_REF] Gwinner | Circadian and circannual programmes in avian migration[END_REF], the garden warbler Sylvia borin [START_REF] Bartell | A separate circadian oscillator controls nocturnal migratory restlessness in the songbird Sylvia borin[END_REF], and the blackheaded bunting Emberiza melanocephala [START_REF] Rani | A circadian clock regulates migratory restlessness in the blackheaded bunting, Emberiza melanocephala[END_REF]. In these species, Zugunruhe persisted with free-running circadian periodicities for several days under constant lighting conditions. In contrast, Gambel's white-crowned sparrows Zonotrichia leucophrys gambelii exposed to constant dim light continued to show migratory activity during subjective days, and individuals held under constant bright light became arrhythmic after three days, suggesting that migratory restlessness in this species may not be driven by endogenous oscillators but rather by ambient light cycles [START_REF] Coverdill | Circadian and masking control of migratory restlessness in Gambel's white-crowned sparrow (Zonotrichia leucophrys gambelii)[END_REF].

Circadian rhythms of Zugunruhe are robustly entrainable by artificial photoperiodic stimuli (Bartell andGwinner 2005, Rani et al. 2006) and by food cycles [START_REF] Rani | Role of food availability in regulation of daily and seasonal responses in birds[END_REF]. Under natural conditions, daily rhythms of Zugunruhe closely track sunset cues en route, as suggested by a study on wild-caught common redstarts Phoenicurus phoenicurus [START_REF] Coppack | Circadian flight schedules in night-migrating birds caught on migration[END_REF]Fig. 1). Redstarts captured during stopover at Heligoland Island and subjected to constant dim light conditions with ad libitum food showed clear-cut activity bouts that coincided with projected local sunset. During subjective days, migratory restlessness ceased and birds concentrated their activity to the vicinity of the feeding dish.

Infrared-videography revealed distinct behavioural transitions between night-and daytime activities.

The timing of these activity transitions was repeatable within individuals [START_REF] Coppack | Circadian flight schedules in night-migrating birds caught on migration[END_REF].

Individual consistency in the daily timing of migratory restlessness has also been found in a nonpasserine migrant, the European quail Coturnix coturnix coturnix [START_REF] Bertin | Stable individual profiles of daily timing of migratory restlessness in European quail[END_REF].

Findings from telemetric studies on departure times in various nocturnal passerine migrants at stopover sites (reviewed by [START_REF] Bolshakov | Time of nocturnal departures in European robins, Erithacus rubecula, in relation to celestial cues, season, stopover duration and fat stores[END_REF]) have questioned whether birds actually initiate migration within a fixed time window around sunset. But in one of the most detailed studies on day-to-day migration schedules in free-ranging migrants, [START_REF] Cochran | Wingbeat frequency and flap-pause ratio during natural migratory flight in thrushes[END_REF] showed that departures (N=64) and landings (N=31) of individual Swainson's thrushes Catharus ustulatus rarely occurred after dusk or before dawn. It has been hypothesized that songbirds use the setting sun as a reference to recalibrate their magnetic compass en route [START_REF] Cochran | Migrating songbirds recalibrate their magnetic compass daily from twilight cues[END_REF]. This may additionally explain why departure decisions often take place around sunset [START_REF] Coppack | Circadian flight schedules in night-migrating birds caught on migration[END_REF]. Further telemetric studies are needed to determine the relative contributions of acquired and developmentally fixed physiological attributes that shape daily activity budgets in free-ranging migrants. Comparing successive measurements on the same individuals in the lab and the field could clarify to what extent the internal clock determines the onset of nocturnal migration under natural conditions [START_REF] Coppack | Circadian flight schedules in night-migrating birds caught on migration[END_REF].

The physiological machinery

Which intrinsic factors cause songbirds to migrate like clockwork? And which mechanism enables individuals to adjust their timing system to capricious environmental conditions?

In the dissection of the physiological control mechanisms underlying the circadian rhythms of Zugunruhe, it is essential to distinguish between the timing and incidence of nocturnal activity. While the timing of Zugunruhe is predominantly affected by endogenous oscillators and external Zeitgeber [START_REF] Berthold | Control of Bird Migration[END_REF][START_REF] Gwinner | Circadian and circannual programmes in avian migration[END_REF], the incidence of nocturnal activity is modified by the nutritional state of the bird [START_REF] Bairlein | Nutritional mechanisms and temporal control of migratory energy accumulation in birds[END_REF]. The interaction between these levels of control is still poorly understood.

Evidence suggest that the timing of Zugunruhe is controlled by an endogenous pacemaker system, located predominantly in the pineal gland, which rhythmically synthesizes and secretes melatonin [START_REF] Gwinner | Complex bird clocks[END_REF][START_REF] Underwood | Circadian organization and the role of the pineal in birds[END_REF][START_REF] Kumar | Biological clocks and regulation of seasonal reproduction and migration in birds[END_REF]. Pinealectomy has been shown to abolish circadian rhythms of Zugunruhe in white-throated sparrows [START_REF] Mcmillan | Pinealectomy abolishes the circadian rhythm of migratory restlessness[END_REF]. Other components of the avian circadian system could potentially contribute to the scheduling of Zugunruhe: the hypothalamic oscillator (comparable to the mammalian superchiasmatic nucleus), the retina of the eye, as well as encephalic photoreceptors (EP). Both the pineal and the retina rhythmically synthesise melatonin and act as photoreceptors. The relative contribution of these different components and their apparent redundancy could reflect the complexity and diversity of the lifestyles birds have evolved in adaptation to the diverse environmental conditions they live in [START_REF] Gwinner | Complex bird clocks[END_REF]. The expression of Zugunruhe may either result from a "redefinition" of the endogenous circadian clock regulating day-time activity [START_REF] Rani | A circadian clock regulates migratory restlessness in the blackheaded bunting, Emberiza melanocephala[END_REF] or from a change in the phase relationship between separate circadian oscillators [START_REF] Gwinner | Circadian and circannual rhythms in birds[END_REF][START_REF] Gwinner | Circadian and circannual programmes in avian migration[END_REF][START_REF] Bartell | A separate circadian oscillator controls nocturnal migratory restlessness in the songbird Sylvia borin[END_REF]). Both models have found experimental support (cf. Bartell andGwinner 2005, Rani et al. 2006).

Food availability and fat load are known to profoundly affect the incidence of nocturnal migratory activity and, consequently, determines stopover duration [START_REF] King | The relationship of fat deposition to Zugunruhe and migration[END_REF][START_REF] Berthold | Über den Einfluß der Fettdeposition auf die Zugunruhe bei der Gartengrasmücke Sylvia borin[END_REF][START_REF] Bairlein | Body weights and fat deposition of Palaearctic passerine migrants in the central Sahara[END_REF][START_REF] Biebach | Sahara stopover in migratory flycatchers: fat and food affect the time program[END_REF][START_REF] Biebach | Interaction of body mass, fat, foraging and stopover period in trans-Sahara migrating passerine birds[END_REF][START_REF] Gwinner | Food availability affects migratory restlessness in caged garden warblers (Sylvia borin)[END_REF][START_REF] Yong | Relation between migratory activity and energetic condition among thrushes (Turdinae) following passage across the Gulf of Mexico[END_REF][START_REF] Fusani | Stopover decision during migration: physiological conditions predict nocturnal restlessness in wild passerines[END_REF][START_REF] Goymann | Body fat influences departure from stopover sites in migratory birds: evidence from whole-island telemetry[END_REF], but see [START_REF] Salewski | Stopover duration of Palearctic passerine migrants in the western Sahara-independent of fat stores?[END_REF]. In garden warblers held on nutrient-poor food, the resulting drop in body mass was associated with a temporary decrease in migratory activity [START_REF] Berthold | Über den Einfluß der Fettdeposition auf die Zugunruhe bei der Gartengrasmücke Sylvia borin[END_REF]). In other food-deprivation experiments with captive migrants, nocturnal activity ceased as soon as birds were refed [START_REF] Biebach | Sahara stopover in migratory flycatchers: fat and food affect the time program[END_REF][START_REF] Gwinner | Food availability affects migratory restlessness in caged garden warblers (Sylvia borin)[END_REF][START_REF] Gwinner | Effects of food-deprivation on migratory restlessness and diurnal activity in the garden warbler Sylvia borin[END_REF][START_REF] Schwabl | Basal and stress-induced corticosterone levels of garden warblers Sylvia borin during migration[END_REF][START_REF] Fusani | Simulation of migratory flight and stopover affects night levels of melatonin in a nocturnal migrant[END_REF]. This suppression of Zugunruhe by refuelling after fasting is associated with increasing melatonin levels [START_REF] Fusani | Simulation of migratory flight and stopover affects night levels of melatonin in a nocturnal migrant[END_REF]).

The role of melatonin in the temporal control of nocturnal migration is unclear. Exogenous application of melatonin suppressed the amount of Zugunruhe in bramblings Frigilla montifringilla [START_REF] Pohl | Circadian control of migratory restlessness and the effects of exogenous melatonin in the brambling, Fringilla montifringilla[END_REF]. In Sylvia warblers [START_REF] Gwinner | Twenty-four hour melatonin profiles in a nocturnally migrating bird during and between migratory seasons[END_REF][START_REF] Gwinner | Circadian and circannual programmes in avian migration[END_REF][START_REF] Fusani | Reduced amplitude of melatonin secretion during migration in the blackcap (Sylvia atricapilla)[END_REF]) and stonechats Saxicola torquata (cf. [START_REF] Gwinner | Complex bird clocks[END_REF] expressing Zugunruhe, the amplitude of night-time melatonin levels significantly decreases. Lowered levels of circulating melatonin found during migratory nights could either be the positive stimulus, a permissive factor or simply a consequence of nocturnal wakefulness (Gwinner 1996, Fusani and[START_REF] Fusani | Simulation of migratory flight and stopover affects night levels of melatonin in a nocturnal migrant[END_REF]. It has been suggested that low levels of melatonin may render the circadian clock more responsive to photic stimuli, facilitating its readjustment to latitudinal and longitudinal photoperiodic shifts during migration [START_REF] Gwinner | Circadian and circannual programmes in avian migration[END_REF][START_REF] Pohl | Circadian control of migratory restlessness and the effects of exogenous melatonin in the brambling, Fringilla montifringilla[END_REF]. This "jet-lag compensation" hypothesis awaits rigorous experimental corroboration.

Hormones regulating metabolic processes and stress responses (notably corticosterone, which promotes the mobilization of stored lipids) have regularly featured in migration physiology and ecology [START_REF] Wingfield | Endocrine mechanisms of migration[END_REF]), but an involvement in the control of nocturnal migration is uncertain [START_REF] Schwabl | Basal and stress-induced corticosterone levels of garden warblers Sylvia borin during migration[END_REF][START_REF] Ramenofsky | Seasonal and diel transitions in physiology and behavior in the migratory dark-eyed junco[END_REF][START_REF] Landys | Plasma corticosterone increases during migratory restlessness in the captive white-crowned sparrow Zonotrichia leucophrys gambelii[END_REF]. For example, garden warblers expressing Zugunruhe showed elevated levels of corticosterone at the end of the dark phase and low levels during daytime [START_REF] Schwabl | Basal and stress-induced corticosterone levels of garden warblers Sylvia borin during migration[END_REF]. When Zugunruhe was experimentally disrupted by food deprivation and subsequent refeeding, or after spontaneous termination of migratory activity, this rhythm was absent, suggesting that diel changes in adrenocortical hormonal activity could be involved in the regulation of nocturnal migration [START_REF] Schwabl | Basal and stress-induced corticosterone levels of garden warblers Sylvia borin during migration[END_REF]. In line with this, Gambel's white-crowned sparrows tended to increase plasma corticosterone levels during the transitional quiescent period that precedes the onset of Zugunruhe [START_REF] Landys | Plasma corticosterone increases during migratory restlessness in the captive white-crowned sparrow Zonotrichia leucophrys gambelii[END_REF]). [START_REF] Ramenofsky | Corticosterone and migratory behaviour of captive White-crowned Sparrows[END_REF] showed that extending the dark phase prolonged the period of Zugunruhe with sustained elevated levels of baseline corticosterone in captive white-crowned sparrows. Such results may suggest that the energetic demands of flight are related to glucorticoid levels. However, migrating passerines caught out of active flight or just after landing showed low levels of corticosterone [START_REF] Gwinner | Corticosterone levels of passerine birds during migratory flight[END_REF][START_REF] Jenni | Regulation of protein breakdown and adrenocortical response to stress in birds during migratory flight[END_REF], questioning its functional involvement in the control of migration.

Other hormones signalling the energetic state (fat load) of the bird and regulating food intake have been suggested to play a role in the control flight and stopover decisions: leptin [START_REF] Kochan | Leptin is synthesized in the liver and adipose tissue of the dunlin (Calidris alpina)[END_REF][START_REF] Fusani | Stopover decision during migration: physiological conditions predict nocturnal restlessness in wild passerines[END_REF][START_REF] Singletary | Nocturnal bird migration and disrupted sleep/wake cycle[END_REF]) and neuropedtide Y [START_REF] Singletary | Nocturnal bird migration and disrupted sleep/wake cycle[END_REF]. Leptin, secreted by fat cells, is generally associated with the regulation of adiposity, feeding behaviour, reproduction and immune function. Although leptin cDNA has been cloned in chicken, its existence could not been confirmed by a number of researchers, nor has corresponding genomic DNA been identified [START_REF] Ohkubo | Leptin signaling and action in birds[END_REF]Adachi 2008, Sharp et al. 2008).

The expression of Zugunruhe could also relate to the physiological mechanism controlling sleep-wake behaviour. Despite being adversely affected by sleep loss during the non-migratory season, nocturnal migrants can obviously reduce sleep for longer periods without associated deficits in cognitive abilities [START_REF] Rattenborg | Migratory sleeplessness in the white-crowned sparrow (Zonotrichia leucophrys gambelii)[END_REF]). Sleep-loss during nocturnal migration could be compensated through "micro-napping" during the day [START_REF] Fuchs | Daytime naps in night-migrating birds: behavioural adaptation to seasonal sleep deprivation in the Swainson's thrush (Catharus ustulatus)[END_REF][START_REF] Fuchs | Daytime micro-naps in a nocturnal migrant: an EEG analysis[END_REF][START_REF] Németh | Observation of daytime sleep-like behavior in a migratory songbird during stopover[END_REF][START_REF] Jones | Seasonal influences on sleep and executive function in the migratory White-crowned Sparrow (Zonotrichia leucophrys gambelii)[END_REF]). However, whether the expression of Zugunruhe represents a disruption of the neural system controlling diurnal sleep-wake cycles is currently uncertain. Recently, [START_REF] Singletary | Nocturnal bird migration and disrupted sleep/wake cycle[END_REF] excluded a direct involvement of orexin -a key neuropeptide stabilizing sleep-wake cycles in mammals [START_REF] Saper | The hypothalamic integrator for circadian rhythms[END_REF]) -in the initiation and maintenance of Zugunruhe in white-crowned sparrows, though, an indirect role of the orexin system could not be ruled out.

The current view of the physiological elements controlling flight and stopover schedules in nightmigrating songbirds is summarized in Figure 2.

The functional significance of circadian clocks in avian migration

While circannual/photoperiodic timers provide a physiological mechanism by which migrants can anticipate seasonal environmental changes, circadian clocks adapt migratory birds to daily fluctuations in environmental conditions. There is no doubt that endogenous circadian rhythms of Zugunruhe are of functional significance and do not simply represent laboratory artefacts caused by overshooting physical urge. Even day-to-day changes in the intensity of Zugunruhe can be brought into accordance with the observed temporal course of migration in the wild [START_REF] Berthold | Das Zusammenwirken von endogenen Zugzeit-Programmen und Umweltfaktoren beim Zugablauf bei Grasmücken: Eine Hypothese[END_REF]. Thus, daily bouts of Zugunruhe can be viewed as the subunits of annual migration routines, and endogenous circadian clocks controlling this activity would provide the functional basis for the overall control of migration (vector-navigation hypothesis, cf. Berthold 1978(vector-navigation hypothesis, cf. Berthold , 2001)). Strong correlations between the number of nights with Zugunruhe measured in captive individuals and the duration and length of migration found in wild conspecifics support this classic theory of bird migration, both inter-and intraspecifically [START_REF] Berthold | Relationships between migratory restlessness and migration distance in 6 Sylvia species[END_REF][START_REF] Berthold | Bird migration[END_REF]). However, it is hitherto unproven whether circannual rhythms of migration are controlled by a "counting" of circadian periods or whether circannual and circadian rhythms of Zugunruhe are controlled (and have evolved) independently. While frequency demultiplication has so far found no experimental support [START_REF] Wikelski | Avian circannual clocks: adaptive significance and possible involvement of energy turnover in their proximate control[END_REF], the problem of whether circannual rhythms are organised by endogenous oscillators via molecular feed-back loops (as seen in the circadian system) or represent sequences of interdependent physiological states remains to be resolved [START_REF] Dawson | Photoperiodic control of seasonality in birds[END_REF].

Besides playing a role in the timing and extent of migration, circadian clocks may be involved in timecompensated celestial orientation [START_REF] Emlen | Migration: orientation and navigation[END_REF][START_REF] Able | Mechanisms of orientation, navigation, and homing[END_REF][START_REF] Cochran | Migrating songbirds recalibrate their magnetic compass daily from twilight cues[END_REF]) and could play a role in the navigational processing of geographic latitude and longitude (cf. [START_REF] Chernetsov | A long-distance avian migrant compensates for longitudinal displacement during spring migration[END_REF].

A more general aspect is that circadian pacemakers may provide the functional basis ("Grundlage"; sensu [START_REF] Bünning | Die endonome Tagesrhythmik als Grundlage der photoperiodischen Reaktion[END_REF] for seasonal photoperiodic time measurement. Though, as [START_REF] Bradshaw | What season is it anyway? Circadian tracking vs. photoperiodic anticipation in insects[END_REF] have recently pointed out, photoperiodic mechanisms controlling annual seasonality do not necessarily require a circadian system. While circadian clocks cycle via molecular feedback loops and can be reset by photic cues on a daily basis, seasonal photoperiodism is more likely to involve physiological switches which are stimulated directly by photoperiod and which kickoff physiological processes that run to completion and are irreversible [START_REF] Bradshaw | What season is it anyway? Circadian tracking vs. photoperiodic anticipation in insects[END_REF]. In agreement with this notion, the molecular mechanism controlling the seasonal photoperiodic stimulation of the hypothalamic-pituitary-gonadal axis in the Japanese quail Coturnix japonica [START_REF] Yoshimura | Light-induced hormone conversion of T4 to T3 regulates photoperiodic response of gonads in birds[END_REF] has been shown to be independent from circadian clock-gene expression in the putative suprachiasmatic nucleus (SCN) and pineal, indicating that differential expression of clock genes in these circadian pacemakers is not an absolute requirement for encoding and decoding seasonal photoperiodic information [START_REF] Yasuo | Circadian clock genes and photoperiodism: comprehensive analysis of clock genes expression in the mediobasal hypothalamus, the suprachiasmatic nucleus and the pineal gland of Japanese quail under various light schedules[END_REF]. Hence, when variation in clock genes is found within and among populations, its adaptive significance is more likely to be explained by circadian function than by seasonality/photoperiodism per se [START_REF] Bradshaw | What season is it anyway? Circadian tracking vs. photoperiodic anticipation in insects[END_REF].

However, the lack of evidence for pineal and SCN in mediating a circadian regulation of photoperiodic responses is not definitive. A circadian based photoperiodic timer appears to be located in the mediobasal hypothalamus (MBH) of birds [START_REF] Yasuo | Circadian clock genes and photoperiodism: comprehensive analysis of clock genes expression in the mediobasal hypothalamus, the suprachiasmatic nucleus and the pineal gland of Japanese quail under various light schedules[END_REF]. Furthermore, experiments using skeleton photoperiods suggest that circadian clocks are involved in photoperiodic time measurement, and this may be the case for the seasonal control of Zugunruhe [START_REF] Bartell | A separate circadian oscillator controls nocturnal migratory restlessness in the songbird Sylvia borin[END_REF]. [START_REF] Mueller | Identification of a gene associated with avian migratory behaviour[END_REF] have recently reported the first candidate gene to be associated with variation of migratoriness among blackcap populations: ADCYAP1, which encodes the pituitary adenylate cyclase-activating polypeptide (PACAP). How this gene and its product are functionally linked to the expression of nocturnal migratory restlessness is currently unknown, though PACAP could potentially influence clock gene expression and the regulation of the avian circadian system (cf. [START_REF] Mueller | Identification of a gene associated with avian migratory behaviour[END_REF]. The genes and physiological pathways that are directly involved in the control of nocturnal migration and its seasonal/photoperiodic programming have yet to be established. Further functional genetic analysis of the migratory syndrome promises to bring new insight into the proximate control of bird migration and its evolutionary potential.

Figures

Fig. 1 Circadian flight and stopover schedule of a male redstart Phoenicurus phoenicurus caught during spring migration on Heligoland Island and kept in a cylindrical feeding cage for three days under constant dim light conditions. The above graph shows the position of the bird relative to the feeding dish in the cage centre as detected by motion-controlled infrared videography. The spline curve in the below graph represents the average amount of locomotor activity (locally weighted).

Adapted from [START_REF] Coppack | Circadian flight schedules in night-migrating birds caught on migration[END_REF]. [START_REF] Singletary | Nocturnal bird migration and disrupted sleep/wake cycle[END_REF]. The link between the circadian clock system that schedules nocturnal migration and the metabolic/hormonal path-ways that regulate its expression is presently uncertain. 
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 2 Fig. 2 Schematic representation of the physiological processes and components involved in the day-
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