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Biological clocks are evolved time-keeping systems by which organisms
rhythmically coordinate physiology within the body, and align it with
rhythms in their environment. Clocks are highly sensitive to light and are
at the interface of several major endocrine pathways. Worryingly, exposure
to artificial-light-at-night (ALAN) is rapidly increasing in ever more exten-
sive parts of the world, with likely impact on wild organisms mediated by
endocrine-circadian pathways. In this overview, we first give a broad-
brush introduction to biological rhythms. Then, we outline interactions
between the avian clock, endocrine pathways, and environmental and
internal modifiers. The main focus of this review is on the circadian
hormone, melatonin. We summarize information from avian field and lab-
oratory studies on melatonin and its relationships with behaviour and
physiology, including often neglected developmental aspects. When exposed
to ALAN, birds are highly vulnerable to disruption of behavioural rhythms
and of physiological systems under rhythmic control. Several studies suggest
that melatonin is likely a key mediator for a broad range of effects. We
encourage further observational and experimental studies of ALAN
impact on melatonin, across the full functional range of this versatile signal-
ling molecule, as well as on other candidate compounds at the endocrine-
circadian interface.

This article is part of the theme issue ‘Endocrine responses to environmental
variation: conceptual approaches and recent developments’.

1. Introduction

Life on our home planet is shaped by predictable rhythmicity on many time
scales (figure 1). These include Earth’s elliptical orbit around the Sun on a
tilted axis, generating annual cycles, Earth’s rotation around its axis, generating
diel cycles, and Moon’s orbit around Earth, generating lunar and tidal cycles.
The primary terrestrial manifestation of annual, diel and lunar rhythmicity
on Earth are cyclical changes in the availability, direction and composition of
light (figure 1). Indirectly, this causes many environmental factors to fluctuate,
such as ambient temperature, water availability and biotic context, which in
turn are essential for the life of organisms. It is thus little wonder that a
myriad of biological processes align with planetary periodicities (figure 1), ran-
ging from molecular to ecosystem levels. Perhaps more surprisingly, such an
alignment is not simply a response to environmental fluctuations, but is
based on an internal representation of time through biological clocks.
Biological clocks evolved an estimated 2-3 billion years ago [1,2]. It is
thought that these clocks aided cyanobacteria in acquiring resources
during light availability, while conducting sensitive processes, such as
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Figure 1. Biological rhythms, their planetary foundations, and their sensitivity to light. Organisms on Earth experience highly predictable planetary movements on
time scales of a year, a day, and of variants of lunar and tidal rhythms. These rhythms shape the light environment and thereby a myriad of biological processes,
exemplified by the inlays. Organisms’ clocks are highly sensitive to photic cycles, but artificial light at night (ALAN) interferes with perception of natural light,
indicated by bright yellow flashes. Image: Edda Starck, and WIKI commons. (Online version in colour.)

DNA-replication, during dark hours without risk of
UV damage. Benefits of clocks are thus principally twofold:
‘external’ with respect to the environment (i.e. for alignment
and anticipation), and ‘internal’ by maintaining temporal
order (i.e. for physiological coordination and compartmenta-
lization) [1]. Circadian clocks, which organize diel timing, are
found in most organisms, whereas circannual, circalunar and
circatidal clocks have been described in fewer species, albeit
also across the tree of life [3-6].

Underlying principles of clocks are similar across time
scales: organisms keep track of time through a combination
of endogenous rhythm generation and use of specific
environmental entraining cues (i.e. Zeitgebers). Zeitgebers are
cues from the environment that shift an organism’s internal
clock, rather than having just a momentary effect on pro-
cesses like sleep, feeding or locomotor activity. Thus,
organisms use as Zeitgebers highly reliable cues with strong
predictive power, which predominantly relate to properties
of light (e.g. sunrise, sunset, day length). Zeitgebers can also
include, e.g. clearly timed patterns in ambient temperature,
food availability, social factors, predation risk, and, for tidal
cycles, gravitational forces [4,7].

The internal component of time-keeping can be demon-
strated when organisms are isolated from all rhythmic
environmental information, but continue to display rhythmic
processes. However, without environmental input, period
lengths commonly deviate from planetary rhythms, and
rhythmic processes can drift (i.e. free-run) and disintegrate
[7]. Thus, proper interfacing of internal clocks with the
environment is crucial for biological time-keeping [1]. This
interfacing is well-organized within time-keeping systems.
Clocks are highly sensitive to Zeitgebers and respond to
them depending on the phase of their rhythm [1,7]. Thus,
the same environmental cue can have opposite effects on an
organism’s behaviour or physiology. For example, light
exposure prior to expected sunrise advances the circadian
clock whereas light exposure after expected sunset delays it.
Similarly, on an annual time scale, organisms also respond
to Zeitgebers depending on the phase of their rhythm. For
example, in birds, exposure to long days in spring advances
the circannual clock whereas exposure to long days in
autumn delays it [3,8].

Hormones are at the main interface between clocks and
environment, and play key roles for temporal coordination.

Their contributions range from transduction and amplifica-
tion of Zeitgeber cues, through pacing of clock components,
to dissemination of clock information and modulation of
physiological responsiveness throughout the body [9-12].
Clocks are thus intimately coupled to several major endocrine
pathways on diel and annual time scales.

As an interface between clocks and the environment,
hormones also mediate many effects of artificial light at
night (ALAN) on organisms [12-15]. The focus of this
review is on the major circadian hormone, melatonin,
which is highly sensitive to light [16]. Melatonin is of central
importance because it conveys photic information, and
thereby also ALAN effects, within the organism [17]. How-
ever, other hormones involved in temporal coordination can
also be affected by light pollution (see below). For example,
in wild species, changes in rhythmic patterns have been
demonstrated for corticosteroids and their receptors, and
for reproductive hormones and their receptors [12,15,18,19].
Evidence for ALAN-induced endocrine disruption for a
wider range of hormones derives mostly from laboratory
rodents [20]. For wild species, studies commonly reported
changes in overall hormone levels in response to ALAN, in
particular for corticosteroids [12].

Negative impacts of ALAN have long been identified in
biomedical, veterinarian and sociological research that docu-
mented a broad range of effects of clock disruption [15,21,22].
Likewise, ecological effects of ALAN are now also well-
documented [13,23,24]. Worryingly, ALAN, and thereby
light pollution defined as biologically active artificial light
in the environment, is rapidly increasing in extent and
intensity [25]. Affecting biological rhythms on a global level
(figure 1), ALAN is now considered a major ecological
threat [24,26]. Changes in diel and annual timing as a
consequence of ALAN are widespread across taxa. A recent
meta-analysis has summarized published evidence for
impact of ALAN on physiology, activity patterns, life history
and communities across the tree of life [24]. One of the unex-
pected conclusions was that ALAN overall impacted
nocturnal and diurnal endotherms to similar extent. While
activity and life history of birds and mammals were more
affected for nocturnal species, as predicted by the authors,
effects on physiology were greater for diurnal species [24].

Effects on timing are particularly well explored in birds.
In this predominantly diurnal taxon, diel activity generally
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Figure 2. Pathways involved in avian time-keeping. Timing results from multiple bi-directional interactions between endogenous circadian and annual clocks, light input,
and environmental and internal modifiers like stress, nutrients, ambient temperature and immune state. Clock components are shown in blue circles, light input path-
ways in a yellow box and additional pathways in black boxes. The schematic shows only exemplary compounds of pathways, and only some interactions between
pathways. aa-nat, aralkylamine N-acetyltransferase; ciart, Circadian Associated Repressor of Transcription; ck75,£, casein kinase | isoform delta, epsilon; clock, Circadian
Locomoter Output Cycles Protein Kaput; HPG, hypothalamic-pituitary-gonadal axis; hsf, Heat Shock Transcription Factor; IEG, immediate early genes; npas, Neuronal PAS
Domain Protein 2; NPY, Neuropeptide Y; nr3c, nuclear receptor subfamily 3, group G; reverber, 3, nuclear receptor subfamily 1, group D member 1,2; rore;, 3, RAR Related
Orphan Receptor isoform A,B; top, DNA topoisomerase ; trp, transient receptor potential; and see text. lllustration: Blackcap (Sylvia atricapilla) by Corinna Langebrake.

starts earlier in the day during ALAN exposure in wild and
captive settings [24]. Similarly, spring activities, such as
breeding and return migration, are commonly advanced,
whereas autumnal activities, such as outward migration,
may be delayed by ALAN [18,27]. Several overview articles
have documented major effects on avian physiology, includ-
ing on melatonin and on other endocrine pathways that are
closely linked to time-keeping [12-14,21,24]. Here, we seek
to exemplify the endocrine-clock interface from environ-
mental and physiological perspectives for birds, and then
summarize evidence for implications of ALAN exposure.
For more comprehensive and detailed coverage of ALAN
effects, we refer readers to excellent published reviews
[12-15,21,23,24,28].

In vertebrates, circadian rhythms are primarily generated
through transcription—translation feed-back loops of clock
genes within cells [10,11]. Among avian core clock genes,
unlike in mammals, perl (Period Circadian Regulator 1) is
not expressed in birds [11], and cryptochromes (encoded by
cry- genes) might have photoreceptive capacities [29]. The
core clock loop is connected with auxiliary feed-back loops

(figure 2). One auxiliary loop links metabolism with the
central clock through metabolic sensors that interact with a
core clock gene, bmall (Basic Helix-Loop-Helix ARNT Like
1; aka arntl). Another loop links to stress systems also via
interactions with core clock genes that modulate corticoid
receptor function over the day [30]. The core loop and some
auxiliary loops are also tightly integrated with the immune
system in a bi-directional way [31-33]. Light information is
integrated in the molecular clock through action of cAMP
(cyclic adenosine monophosphate) response elements on
core clock genes and immediate early genes [34,35]. The
core clock loop is linked to melatonin by activating the
expression of synthesizing enzymes [36], and conversely
through melatonin feed-back on bmall [37].

Similarly, in several other pathways, endocrine—circadian
links on molecular levels are complemented by rhythmic pat-
terns of the hormone itself, and by two-way interactions of
pathway compounds with biological rhythms. For example,
corticosterone represents the major output of the hypothala-
mic—pituitary adrenal (i.e. HPA) axis and exhibits a distinct
circadian rhythm with the highest levels before activity
onset [38]. This general pattern is widespread among birds,
with some exceptions, e.g. at high latitudes, but it undergoes
seasonal modulation [39-41]. Sex steroids, such as circulating
testosterone and estradiol concentrations, also exhibit distinct
circadian rhythms [42,43], and in turn, can exert powerful
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Figure 3. The central circadian system of birds. It consists of three self-sustained oscillators, the SCN, the pineal gland and the eyes. The SCN receives light infor-
mation from the encephalic photoreceptors (EP), while the pineal gland and eyes have their own photoreceptors. They communicate via melatonin and can all be
differentially affected by ALAN. Suppressed melatonin levels may indicate weakened coupling between oscillators and reduced circadian control of behavioural and
physiological rhythms. Black lines show rhythmicity under natural light-dark cycles, red lines indicate rhythmicity suppressed by ALAN. Image shows a zebra finch

(Taeniopygia guttata).

effects on the circadian system [44,45]. Some of the pathways
that interact with biological rhythms are summarized in
figure 2.

Within the circadian system, the many cell-based
oscillators are usually synchronized within an organism
[19]. The circadian system has pacemaker functions in specific
tissues, with main control centres in the brain, and peripheral
clocks in all organs [46]. In mammals, the main control centre
is located in the suprachiasmatic nuclei (SCN) of the hypo-
thalamus, which relays time information across the body,
including to the pineal gland, the main production site of
melatonin. In birds, the central part of the circadian system
is more complex (figure 3). In addition to the SCN, the
avian pineal gland and retinas can also generate self-sus-
tained circadian oscillations under constant conditions
[11,35,47,48]. Moreover, birds possess extraocular encephalic
photoreceptors and can therefore be synchronized to light:
dark (LD) cycles in the absence of retinal photoreceptors
after enucleation [49-51].

The circadian system is also important for annual timing
through photoperiodism, as shown by multiple behavioural
experiments [10]. On a circannual time scale, rhythm
generation is poorly understood [52]. Photoperiodic infor-
mation informs annual cycles through at least two
pathways, one involving thyroid signalling, and another
implicating retinoic acid signalling [53-55]. These pathways
also integrate information on further organismal states, for
example on nutrition [56] (figure 2). Photoperiodic input
pathways of birds use deep-brain photoreceptors, in con-
trast to mammals, where melatonin plays a key signalling
role [13,57]. Mammalian and avian photoperiodism con-
verges in thyroid pathways and in further action on the
reproductive (i.e. hypothalamic—pituitary—gonadal (HPG))
axis [10,57].

Melatonin, an evolutionary ancient molecule, is synthetized
in vertebrates, invertebrates, plants and some bacteria,
including cyanobacteria [2,17,58]. Melatonin concentrations
are characterized by distinct daily rhythmicity with high con-
centrations at night and low concentrations during the day.
The main site of melatonin production in birds is the pineal
gland, although in some species, eyes can also be major con-
tributors [35,50]. Pineal glands cultured in vitro and isolated
pinealocytes in culture express circadian patterns of melato-
nin production and these rhythms persist in continuous
darkness, indicating their endogenous nature [17,47].

Melatonin is a derivative of the amino acid tryptophan
and is formed by a four-step biosynthesis. Tryptophan is
hydroxylated to form 5-hydroxytryptophan by tryptophan
hydroxylase, which is the rate-limiting step for serotonin
production. In the pineal gland, serotonin is converted by
the enzyme aralkylamine N-acetyltransferase (AA-NAT) to
N-acetylserotonin, from which hydroxyindole-O-methyl-
transferase generates melatonin [59].

The characteristic diel pattern of melatonin is determined
by circadian activity of AA-NAT, which is controlled by the
sympathetic system via adrenergic receptors on pinealocytes.
In birds, norepinephrine inhibits melatonin biosynthesis
during the day. Moreover, in the chicken, norepinephrine
increases amplitude and decreases damping of the melatonin
rhythm in constant darkness but does not phase-shift the
pineal circadian clock [60]. Rhythmic melatonin can also be
found in other avian tissues, such as gut [61]. It is possible
that melatonin measured in the gastrointestinal tract is
produced at least partially by microbiota, and has been
recently claimed to have protective effects on the host [62,63].
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Figure 4. Variation in diel melatonin concentration of European blackbirds
(Turdus merula) in winter (a) and summer (b), and responses to ALAN. The
experiment was carried out under simulated natural light cycles either with
dark nights (black symbols) or ALAN of 0.3 lux (white symbols). Blackbirds
derived either from a city (triangles) or a forest (circles). Melatonin (means +
sem.) was measured each season at the start and end of the respective
dark phase (grey shading), and during mid-night and mid-day in both seasons.
Asterisks indicate significant effects [66].

Although melatonin is ancient and widely involved in rhyth-
mic organization, its particular role in a given species, and
some main functions and underlying mechanisms, appear
to be quite variable. For example, melatonin and its main
secretory gland, the pineal, seem to be more important for cir-
cadian organization in birds than in mammals, because
pinealectomy in mammals does not disturb overt circadian
rhythms of locomotor activity as it does in birds [35]. Further-
more, sympathetic control of melatonin is inverted between
birds and mammals [60], but the final diel rhythm has the
same characteristic pattern in both taxa.

Birds display great diversity in mechanisms and melato-
nin profiles, even among closely related taxa, presumably
based on both phenotypic plasticity and evolutionary
adjustment [64,65]. Examples of plasticity include seasonal
modulation of melatonin profiles, e.g. in response to photo-
period [47,66] (figure 4), or via circannual changes in the
circadian system, for example during migration [67]. Modu-
lation also occurs in response to moonlight [68,69] and
ALAN (figures 2, 3 and 4).

Examples of evolved differences are species-dependent
consequences of pinealectomy and melatonin administration,
possibly due to differences in the relative importance of the
pineal gland and eyes in the central circadian control [70].
High-amplitude melatonin rhythms are generally found in
species with clear diurnal behaviour, such as many songbirds

(Passeriformes) and fowl (Galliformes). By contrast, some
species whose behaviour is flexible, for example involving
tidal cycles, have low-amplitude or undetectable melatonin
rhythms [69]. Similarly, nocturnal birds, such as owls, typi-
cally have low-amplitude melatonin cycles, despite strong
circadian rhythms [71].

Birds inhabiting polar regions exposed to continuous light
often retain rhythmic melatonin profiles, but with low ampli-
tude [41]. A recent example illustrates adjustments within
the circadian system that allow sustained rhythmicity even at
high latitudes. Lapland longspurs (Calcarius lapponicus) main-
tained low-amplitude melatonin cycles while breeding under
continuous light at 71°N during the polar summer [72].
When these birds were exposed to constant light or darkness
in captivity, melatonin amplitudes were greatly depressed,
but rhythmic expression of a clock gene remained undamped
in several target tissues [72]. These data indicate that melatonin
cycles can be stabilized [35] under bright natural light, and that
even if melatonin is suppressed, rhythmicity can persist
elsewhere in the circadian system.

To date, there is no unifying theory that could explain the
wide diversity of melatonin rhythmicity. However, it has been
pointed out that low-amplitude rhythmicity within the
circadian system facilitates entrainment to subtle or shifting
Zeitgebers, for example during migration across longitudes,
under polar light conditions, and in environments that are
shaped by tidal rhythmicity [73].

Because of its rhythmic secretion and light sensitivity, melato-
nin primarily functions as a biological signal of the night
(figure 3). Thereby, melatonin can be considered as the
internal timing cue (Zeitgeber) for other organs. Rhythmic
melatonin conveys information on night length (i.e. on photo-
period), encoded by duration and intensity of its nocturnal
peak [47]. It also conveys information on the phase of the cir-
cadian system. For example, during short summer nights,
melatonin of songbirds peaks early in the night and can
decline before midnight (figure 4; [64,66]). Melatonin is
involved in control of many processes, such as locomotor
activity, sleep promotion, body temperature, metabolism
and growth (figure 3) [17,74-76]. Although many of melato-
nin’s actions occur in combination, comparative studies in
birds suggest that they can be disentangled and may there-
fore entail separate mechanisms [77]. Melatonin may partly
act via modulation of neurosteroids, at least in juvenile
birds (see below). It also contributes to regeneration by redu-
cing oxidative stress and by close interaction with the
immune system [17,32,77-79].

Various functions of melatonin are at the interface of
diel and annual behaviours. A striking example is avian
migration, a time during which many species carry out
migratory flights during the night [80]. During this migratory
phase, nocturnal migrants show a damped melatonin
rhythm, even under constant LD-cycles. The significantly
lower night-time levels during migratory phases thus
appear to be part of a circannual migration programme
[67,81]. In turn, bramblings (Fringilla montifringilla) captured
during spring migration and provided drinking water with
melatonin reduced migratory restlessness [82]. This suggests
that melatonin counteracts nocturnal migration. More
recently, Fusani and colleagues captured migrating warblers,
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treated them with melatonin applied topically on the skin
and observed migratory behaviour overnight. Melatonin
treatment reduced night-time migratory restlessness in wild
songbirds treated during autumn migration but not during
spring migration [83,84].

The encoding of night length through melatonin generates
seasonal information, which in temperate-zone mammals can
organize or modulate a host of seasonally changing processes
(e.g. reproductive condition, immune function, aggressive
behaviour, metabolism [17,21,85]). By contrast, for birds, mel-
atonin is usually not required for induction of reproductive
condition or the maintenance of annual cycles. For example,
birds whose melatonin rhythm was abolished by pinealect-
omy still showed annual gonadal and moult cycles [86,87].
However, pinealectomy modulated several seasonal functions,
possibly through damped or altered circadian rhythms [86].
Injections of melatonin or antibodies against melatonin in
quail modulated testicular growth [88,89]. Furthermore, a hor-
mone that regulates the termination of avian reproductive
condition, gonadotropin-inhibitory hormone (GnIH, the
avian analogue of RFRP-3), is responsive to melatonin
manipulation, both centrally and in the gonads [90,91]. GnIH
may thus be one potential mechanism whereby melatonin
could influence reproductive timing decisions. Melatonin
also affected further seasonal functions, such as neuroplasti-
city. In European starlings (Sturnus wvulgaris), melatonin
treatment altered the size of the HVC (formerly High Vocal
Centre). This brain region influences bird song, a behaviour
that is critical for reproduction [92].

While these studies were predominantly carried out in
male birds, melatonin could have further effects in females.
Full maturation of follicles in oviparous females requires
additional tissues beyond the gonads (e.g. liver). Intriguingly,
avian livers express melatonin receptors [93], suggesting that
melatonin may be capable of influencing yolk-precursor
production.

Very few studies have investigated a role of melatonin in
free-living birds. One exception to this were studies on great
tits (Parus major), which observed that melatonin manipu-
lation led to a delay in the onset of both clutch initiation
and diel activity [94,95]. The melatonin-induced delay in
clutch initiation differed between two study years, being
greater in the colder and wetter year. The data suggest that
melatonin indeed influences physiological systems regulating
timing of clutch initiation, and may influence how these sys-
tems balance inhibitory (e.g. signals of short days) and
stimulatory (e.g. temperature) cues. As the climate is chan-
ging, spring weather is becoming more unpredictable, and
birds that breed in response to cues of a ‘false-spring’ suffer
fitness costs [96-98]. Effects of ALAN on melatonin synthesis
and release (see below) may impact the sensitivity of females
to a diverse range of cues, with implications for reproductive
success in a changing world. More work is needed to clarify a
potential role for this endocrine signal of ‘season’ to calibrate
physiological systems regulating female laying decisions.

In males, the melatonin-induced delay in diel behaviour
was fitness-relevant, as late-rising males lost paternity in
the clutches of their female mates [95].

Rhythmic melatonin biosynthesis in birds starts already
during embryogenesis, and thus earlier than in mammals

[99]. In precocial chicken, melatonin biosynthesis in the
pineal gland starts in the second third of embryonic life
[100], with similar patterns reported in geese [101]. Rhythmi-
city of AA-NAT has been detected by embryonic day 16, and
its amplitude increased progressively until hatching [102]. At
early embryonic stages, the melatonin rhythm can be directly
controlled by environmental light cycles, but is under circa-
dian control in 18-day-old embryos because it persists for 2
days in constant darkness [103]. In clock genes, rhythmic
oscillations also start to develop during embryonic life in the
chicken pineal gland and SCN [104]. Previous experience of
the embryo with a LD cycle is required for detectable rhythmi-
city [105], most likely for synchronization of single oscillators
in the studied structures. Therefore, both circadian clockworks
and rhythmic melatonin biosynthesis start to function during
embryonic life in the pineal gland. Whereas this may be
expected in precocial chicken, importantly, a distinct melatonin
rhythm immediately after hatching was also recorded in
altricial starlings [106] and zebra finches [107].

The early development of melatonin rhythmicity in birds,
compared to mammals, is most likely an adaptation to their
extrauterine development and the absence of direct maternal
signals [108]. It is possible that the main functions of melato-
nin in adult birds also apply to juvenile and perinatal stages.
Additionally, early melatonin cycles could be important for
ontogeny and for shaping other diel rhythms within off-
spring. For example, exogenous melatonin decreased heart
rate of avian embryos [109]. Some of melatonin’s develop-
mental actions might be via modulated neurosteroids.
During the early posthatch period, neurosteroids are
synthesized predominantly in the pineal gland [110]. For
example, biosynthesis of 7o-hydroxypregnenolone is modu-
lated by melatonin, and its intracerebro-ventricular injection
stimulated spontaneous locomotor activity in a dose-depen-
dent manner in chicks [111]. We speculate that melatonin
rhythms might epigenetically modulate the ontogeny of
other rhythms or the whole circadian organization. Research
on cell lines indicates potential epigenetic effects of melatonin
by DNA methylation and histone protein remodelling [112].
On an organismic level, rhythmic brooding of quail chicks
had epigenetic effects on circadian organization and
long-term effects on behaviour and physiology [113].

External reasons for early melatonin cycles could be syn-
chronization with parents and efficient coping with periodic
environmental conditions. A possible ecological relevance is
illustrated by the magnitude of environmental fluctuations
experienced in ovo. In nest-box-breeding starlings, recordings
from dummy eggs showed substantial diel increases in light
intensity, concurrent with drastic declines in temperature,
during daytime when parents left the nest [114]. Such possibly
synchronizing effects of ambient temperature on embryos
could be dampened in an increasingly warming world. Effects
of temperature on embryonic growth have been experimen-
tally documented in free-living passerine birds, but
synchronizing aspects of so-called ‘ambient incubation” were
not investigated [115]. Furthermore, temperature-mediated
changes of melatonin production could play a role in the adap-
tation of embryos to low temperature, given melatonin’s effects
on body temperature and energy metabolism in adults, but
experimental data in embryos are needed.

In the above nest-box study on starlings, the recorded
light intensity fluctuations were applied to eggs in incubators
to test effects on melatonin (figure 5). Hatchlings collected ca
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Figure 5. Hatchling melatonin synchronizes to low-amplitude light—dark
cydles. Starling eggs were exposed to alternating dim light (10 Ix) and darkness
in incubators for 4—5 days before hatching. One group (a) was exposed to natu-
ral light-cycles, the other (b) to inverted cycles. Melatonin (medians +
interquartile range) in plasma aligned with these cycles; based on data
from Gwinner et al. [114].

10 h post-hatching had melatonin concentrations that aligned
with these dim-light-dark cycles. Synchronization was corro-
borated by setting light cycles in one incubator synchronous
to local time, whereas in a second incubator dim-light
cycles were phase shifted by 12 h. In both incubators, hatchl-
ings had significantly higher pineal and plasma melatonin
concentrations during the respective dark phases than
during the light phases (figure 5) [114]. Thus, ambient light
clearly exerts strong perinatal effects, but how light and
temperature interactively affect clock ontogeny is unknown
for songbirds. To our knowledge, this research line has not
been continued in wild birds. However, research on chicken
has detailed wavelength-specific effects of light on
embryonic melatonin rhythms [116]. In addition, ambient
temperature cycles can also entrain embryonic rhythmicity
and affect melatonin levels in chicken [117]. When both,
light and temperature cycles were applied, embryos
responded more strongly to light, and temperature had a
modulatory role [117]. Thus, similar to findings of tempera-
ture-dependent effects of melatonin on clutch initiation (see
above), these data also suggest interactive effects of light
and temperature on melatonin patterns, which need to be
explored in a warming world.

4. Impacts of light pollution on birds

Changes in avian physiology were already reported soon after
electric lighting spread in starlings that rested below street-
lights in London [118]. More than 80 years later, evidence for
light-induced changes in behaviour of free-living and captive
organisms is pervasive [13,23,24]. The most consistent obser-
vation is advanced diel activity onset under ALAN [24].
Annual phenology was also modified, but the direction of
change varied, possibly due to species-specific and phase-
specific photoperiodic responses [18,24]. Changes in behav-
ioural rhythms were investigated both in the laboratory and
in the field. Overall, patterns in these settings were similar,
but ALAN effects in the laboratory were typically much

stronger. This could be due to limitations of simulating the
many features of natural light in the laboratory, to the com-
plexities of fieldwork, where conditions cannot be controlled,
and to differences in state of animals in captivity and the
wild [72,119]. Nonetheless, as the overall trends are similar,
the respective strengths of field (realistic scenarios) and
laboratory (causal inference) jointly corroborate the evidence.

Many further aspects of avian behaviour are vulnerable to
light pollution. For example, nocturnally migrating birds use
stars for navigation, based on stellar positions they learn
during development [120]. This behaviour requires heigh-
tened visual sensitivity at night and dark skies with visible
stars. In fact, ALAN effects on migratory birds are a major
conservation concern. Birds may be attracted or repelled by
ALAN. On close distance, many lose orientation and suffer
fatal collisions with human infrastructure [121,122]. ALAN
has also major ecological effects on birds, such as changes
in prey availability, in predation risk and in complex
ecosystem functions [24,123,124].

Among the vast physiological effects of light pollution,
many affect rhythmic features or arise from circadian or
seasonal disruption, as laid out in recent overview articles
[12-15,21,24,28]. A slate of studies, reviewed therein, have
elaborated important general features of physiological
responsiveness. Briefly, these include extremely high sensi-
tivity, whereby birds responded to ALAN below 1 lux
(figure 4). Secondly, responses were dose-dependent. Thirdly,
responses were wave length-dependent. Rhythmic processes
of birds were typically most affected by blue light, or by
white light containing high contributions from the blue spec-
trum [13,14,28]. These patterns were broadly generalizable
across further organisms, although intensity thresholds and
spectral sensitivities varied between taxa.

Physiological changes were particularly evident in
hormones. Many endocrine-linked measures were affected
by ALAN, but except for those on melatonin, most studies
were not tailored to address diel rhythmicity, and responses
were typically diverse [19,24]. Disruptive effects of ALAN on
plasma glucocorticoid levels have been reported in several
studies. One study with a detailed sampling routine on
zebra finches showed a clear damping of corticosterone
rhythms alongside melatonin rhythms under ALAN [125]. A
damping of rhythms in corticosterone and its receptors was
supported by several other studies, which however were
measured only at one or two time points over a 24 h cycle
[12,18,19]. Research on rodents advises caution for conclusions
from studies with few time points which may lead to contra-
dictory findings [22]. When in a study on rats the complete
daily rhythm was assessed after whole-night exposure to 2
lux, corticosterone rhythmicity was seen not to be abolished.
Rather, it was preserved, but the rhythm was phase-advanced
and had a lower amplitude [20]. The shift may result in earlier
awakening, interfere with sleep quality and can phase-advance
physical activity. Overall levels of corticosteroids, integrated
across the day through measurement of faeces or feathers,
mostly indicated increased activity of the HPA axis [12].

Studies of ALAN effects on diel rhythms in avian repro-
ductive hormones are to our knowledge missing, and this
represents a serious gap in our understanding. For example,
testosterone regulates various reproduction-related processes,
and an absence of its daily oscillations, as shown in
ALAN-exposed rats [20], may profoundly affect male repro-
ductive function and behaviour. However, a recent study
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on great tit males showed that ALAN exposure, which
greatly accelerated reproductive activation, also had major
effects on day-night patterns of various transcripts of repro-
ductive pathways in the testes, including of receptors for
reproductive hormones [18].

On an annual time scale, ALAN effects on time patterns
of reproductive hormones and other reproductive features
have been shown in correlational field studies and in exper-
imental laboratory studies [18,126,127]. Overall, these
physiological effects aligned well with the observation of
advanced reproductive behaviour. It is likely that most
changes to reproductive cycles arose through photoperiodic
pathways [21]. However, experimental manipulation of mela-
tonin also altered lay date (see above [94]). Thus, ALAN may
also alter via melatonin how female birds calibrate relevant
environmental cues to time seasonal breeding.

Close links between the avian immune and circadian
systems have been corroborated by studies on chicken which
emphasized a regulary role for melatonin [33]. For wild
birds, there is increasing evidence of immuno-suppression in
direct response to ALAN, as well as increased susceptibility
to diseases in the wild. Some studies that simultaneously
investigated the immune system and circadian biology pro-
posed that physiological effects were mediated by melatonin
suppression or by desynchronization between host and para-
site [128-130]. Additionally, modification of annual cycles
through ALAN effects on photoperiodism could have also
affected avian immune features or desynchronized host and
parasite [131]. Presumably of benefit to health, interactions
between host and gut microbiome were recently demonstrated
to influence each other’s diel rhythms [63]. The study on
chicken proposed mediation of this interaction via melatonin,
which in turn was damped by excessive lighting [63].

Endocrine—circadian responses to ALAN have been mostly
studied for melatonin. For assessing rhythm-linked changes,
measurements of melatonin are particularly suitable. Melatonin
is not only a mediator of ALAN effects, but also a marker for
the circadian system, including circadian responses to nocturnal
light. Melatonin easily penetrates biological membranes and
barriers to all compartments of the body, so that its concen-
trations can be measured in avian blood. However, recent use
of commercial ELISA tests, which were not validated for
avian species, may increase the risk of unrealistic values [132].
Melatonin is an indolamine and its molecular structure is iden-
tical in all taxonomic groups, so in theory its concentrations can
be measured by immunoassays in samples from any species.
However, immunoassays are highly dependent on the speci-
ficity of the antibody and its interference with plasma
proteins, lipids, steroids, indoles, etc. As their levels vary con-
siderably in plasma from different species, the use of
commercial ELISA tests without prior validation may result in
unrealistic (usually very high) values. Therefore, at least the par-
allelism of the immunoreactivity present in the sample against
the melatonin standard curve and the recovery of a known
amount of melatonin from the plasma sample should be
tested to demonstrate the reliability of the measured concen-
trations. For further notes on measuring melatonin, see the
electronic supplementary material.

Nonetheless, findings on endocrine—circadian responses to
ALAN were mostly consistent for melatonin, which overall
was strongly suppressed by ALAN (figures 3 and 4)
[12-15,24]. Laboratory studies performed on adult birds
under controlled conditions showed a dose-dependent

decrease of circulating melatonin concentrations after exposure n

to an ecologically relevant level of light at night (0. 5-5.0 lux)
in great tits [133], European blackbirds [66] and zebra finch
[134]. Importantly, as expected for a circadian mechanism,
the melatonin response to part-time ALAN was phase-specific,
as shown in a study of migratory red-headed buntings
(Emberiza bruniceps) [135].

During ontogeny, melatonin was measured in free-living
great tit nestlings that were experimentally exposed to
ALAN. Although only one blood sample was taken, around
midnight, the measured reduction of melatonin concentration
to 49% fits well with laboratory findings from adult birds
[128]. In a laboratory experiment on chicken, neurosteroid
synthesis in the pineal gland just after hatching was sup-
pressed by ALAN [110]. Early developmental processes of
melatonin are sparsely characterized, but are likely disrupted
by ALAN. For example, the experimental light intensities that
synchronized hatchling melatonin rhythms in starlings were
within the range of ALAN experienced by free-living organ-
isms [24,114]. In mammals, exposure of pregnant female rats
to dim ALAN resulted in delayed development of melatonin
rhythmicity in offspring [136] or even arrhythmicity [137].
Although research on melatonin during ontogeny is just
emerging, the few existing studies thus suggest that disturb-
ance by ALAN could have long-lasting negative effects.

We have shown intricate and extensive relationships between
the avian endocrine system and biological rhythms. In particu-
lar, melatonin, an ancient and taxonomically widespread
hormone holds key roles at the endocrine—circadian interface.
These roles affect all aspects of avian life, from early ontogeny
through the entire life cycle. However, melatonin has species-
specific roles, showing modification of its action through
evolution and phenotypic plasticity.

Generally, all major aspects of the avian endocrine—circa-
dian interface are susceptible to effects of ALAN, despite
differences in strength of effect and between physiological
pathways. ALAN has such extensive effects because
birds have evolved exquisitely sensitive, phase-dependent
responses to the light expected from predictable planetary
cycles. ALAN, which deviates from these expected times
and directions of light, causes physiological responses that
are mis-matched to the environment, and can threaten the
health, well-being and life of birds.

We thus call for reduction of light pollution and mitigation
measures against impact of ALAN on wild organisms. Still, to
identify pathways to mitigation, there is much more to learn
through research [12,14,26]. We call for more developmental
studies and for more experiments, especially in natural settings
where they can help disentangle causality from correlation. In
a warming world, there is also need to further investigate sug-
gestive data on interactive effects of light and ambient
temperature on melatonin-mediated processes, such as repro-
ductive timing and clock ontogeny. Within ALAN research
communities, we call for greater consideration of the tight
links between physiology and biological rhythms. This
includes explicit consideration of ‘time’ in experiments and
sampling. Although challenging, sampling is needed over sev-
eral time points across the 24 h day. It also includes measuring
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of aspects of behaviour and physiology beyond the most
common candidates, for example linked to cognitive processes
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and brain development, which have been implicated in clock-

mediated impact of ALAN [134]. We contend that many
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problem, i.e. deep circadian disruption [19], that disintegrates
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