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Artificial light at night (LAN) alters the physiology and behavior of an organism; however,
very little is known about phase-dependent effects of LAN, particularly, in night migratory
songbirds. Therefore, in this study, we investigated whether the effects of LAN on
daily activity and photoperiodic responses in the Palearctic Indian migratory songbird,
redheaded buntings (Emberiza bruniceps), is dependent on the different phases of
the night. Male buntings maintained under short photoperiod (8L:16D; L = 100 lux,
D < 0.1 lux) in individual activity cages were exposed to LAN (2 lux) for 6 weeks either
in 4 h bin given at the different phases of 16 h night (early, mid, or late at ZT 08–
12, ZT 14–18, or ZT 20–24, respectively; n = 9 each group) or throughout 16 h night
(all night light, n = 6, ZT 08–24, the time of lights ON was considered as Zeitgeber
time 0, ZT 0). A group (n = 6) with no LAN served as control. The results showed that
LAN at the different phases of night induced differential effects as shown by an intense
activity during the night, altered melatonin and temperature rhythms, and showed an
increase in body mass and body fattening, food intake, and gonadal size. Midnight
light exposure has a greater impact on migration and reproduction linked phenotypes,
which is similar to the ones that received light throughout the night. The highlights of this
study are that (i) LAN impacts day-night activity behavior, (ii) its continuity with the day
alters the perception of day length, (iii) birds showed differential sensitivity to LAN in a
phase-dependent manner, (iv) the direction of placing LAN affects the daily responses,
e.g., LAN in the early night was “accepted” as extended dusk but the late night was
considered as early dawn, and (v) midnight LAN was most effective and induced similar
responses as continuous LAN. Overall, LAN induces long day responses in short days
and shows differential sensitivity of the different phases of the night toward the light. This
information may be valuable in adopting a part-night lighting approach to help reduce
the physiological burden, such as early migration and reproduction, of artificial lighting
on the nocturnal migrants.
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INTRODUCTION

In nature, the day-night cycles are provided by bright sunlight
and dim moon and starlight, respectively. These cycles are very
consistent with no interannual variations and act as the most
reliable cue to regulate daily and seasonal responses in the
animals. However, the advent of artificial light and its use at night
owing to various anthropogenic activities, such as industries,
call centers, and the operation of a long-distance flight, have
disrupted the consistent pattern of light:dark cycle. The artificial
light at night (LAN) is of relatively high intensity than natural
light, therefore, may alter the perception of day length (Kumar
et al., 2018). Also, it is rich in the blue portion of the light
spectrum, which could be perceived as the day (Navara and
Nelson, 2007; Gaston et al., 2013; Yadav et al., 2015). Because the
light synchronizes avian circadian and seasonal functions (Berson
et al., 2002; Foster and Kreitzmann, 2004), changes in the light
environment at night are likely to affect the expression of several
biological functions. The artificial LAN is linked with changes in
the locomotor activity and feeding behavior in both vertebrates
(Fonken et al., 2010; Santos et al., 2010; Polak et al., 2011; Titulaer
et al., 2012; Dominoni et al., 2014) and invertebrates (Moore et al.,
2000; Eisenbeis and Hanel, 2009). The ecological consequences
of increasing LAN are well-documented in different birds and
mammals (Rich and Longcore, 2006; Navara and Nelson, 2007;
Dominoni et al., 2014).

The effect of LAN seems to be more prominent in migratory
birds because most of them are nocturnal migrants. The bird
migration represents enduring flights in time and space that
may range from non-stop trans-hemispheric flights to days- or
months-long journeys (Conklin et al., 2017). Any disruption
in this flight may induce harmful effects at individual and
population levels (Alerstam and Lindström, 1990; Liechti, 2006;
Hewson et al., 2016; Kelly et al., 2016; Cohen et al., 2017).
Several studies have shown the role of different environmental
factors in regulating nocturnal flight (Alerstam and Lindström,
1990; Richardson, 1990; Marra et al., 2005; Liechti, 2006; Kelly
et al., 2016), including its orientation and navigation at night
(Hiscock et al., 2016; Mouritsen et al., 2016). Because visual cues
are important for the night flight, it is possible that brighter
night affects abilities of birds to orient and navigate (Cochran
and Graber, 1958; Day et al., 2015; Vincze et al., 2015) during a
migration. It may also interfere with the geomagnetic compass,
which tells the birds about the spatial maps (Kishkinev et al., 2015;
Hiscock et al., 2016; Mouritsen et al., 2016).

Recent studies have shown the physiological mechanisms and
underlying effects of LAN on daily and seasonal responses in
birds. It is being observed that LAN disrupts their circadian
rhythms and changes their flight behavior, which may lead
to disorientation. It may alter their reproductive physiology
(Larkin and Frase, 1988; Wiltschko et al., 1993; Bruderer et al.,
1999; Dominoni et al., 2013c,d; Dominoni and Partecke, 2015;
Raap et al., 2015; de Jong et al., 2016). The sensitivity of the
circadian system to LAN may influence the overall physiology
and behavior, making it vulnerable to the circadian disruption of
the melatonin profile, metabolic functions, and other hormonally
driven systems. Melatonin is produced in the dark, it tracks the

night length and “informs” the animal about the time of the day
and/or year. It helps in the synchronization of the circadian clock
to the light:dark (L:D) cycle and is shown to be required for the
persistence of circadian rhythms in an aperiodic environment
(Gwinner et al., 1997; Gwinner and Brandstaetter, 2001; Rani
et al., 2005a). Besides being a “read out” of physiological day
and night, melatonin exhibits a phase relationship with the daily
rhythms in cortisol, body temperature, and sleep (Gwinner et al.,
1997; Arendt and Skene, 2005). Thus, any alteration in the
external environment may alter this relationship (Yadav et al.,
2015). Thus, a 24-h melatonin rhythm acts as a strong marker
to assess the impact of LAN on daily rhythms.

Although several studies have shown the effect of LAN on
daily and seasonal behaviors, there are still gaps, e.g., most
of the studies have been done on resident bird species and
almost none has demonstrated the differential sensitivity of
the different phases of the night toward LAN. In this light,
we chose a migratory species (redheaded bunting; Emberiza
bruniceps) to conduct this study. Buntings proved to be a good
model system for such studies due to the following reasons
(i) they are long-distance latitudinal migrants representing
the Palearctic Indian migratory system, (ii) show distinct life
history stages (photosensitive overwintering, spring migration,
photostimulated breeding, and autumn migration) in their
annual cycle, (iii) in a laboratory condition under captivity,
on exposure to increasing day lengths they exhibit nighttime
migratory restlessness (Zugunruhe), and (iv) they are long-day
breeders, and an increasing photoperiod of ≥12 h per day
stimulates migratory and reproductive phenotypes present in
them. Thus, an obvious question would be to study the effect
of LAN using a non-stimulatory photoperiod (e.g., 8L:16D).
The expectation is that if the birds are sensing the LAN, they
would respond to it, as if, they have been exposed to long
stimulatory day lengths. In view of this, we aimed to investigate
the effect of LAN on circadian (daily activity rest pattern, body
temperature, and melatonin rhythm) and seasonal (changes in
migration and reproduction-linked phenologies) responses in
migratory buntings and also to study the differential sensitivity
of the different phases of the night toward LAN.

MATERIALS AND METHODS

Animals and Housing
This study was done on Palearctic Indian migratory songbirds,
the redheaded bunting (E. bruniceps). They migrate two times a
year between their breeding (∼40◦N; in South-Eastern Europe,
Asia Minor, Palestine, Syria, Upper Mesopotamia, and Persia)
and wintering grounds (∼25◦N; spreading throughout western
and central India, chiefly in Rajasthan, Madhya Pradesh, Gujarat,
Maharashtra, and Karnataka) representing autumn and spring
migration, respectively. They come to their wintering grounds
in the autumn (late July and early August) and return to their
breeding grounds in late March and early April (prevailing day
length ≥ 12 h light per day). It is estimated that these species
spend a total of about 96 days (48 days each way), covering a
migratory journey of about 7,000 km in both the ways and of
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∼90 days at breeding grounds; the remaining almost half of the
year they spend at their wintering grounds (Ali and Ripley, 1974).
Buntings are long-day breeders, and in captivity, the day length
of ≥12 h light per day induces hyperphagia, body mass gain, fat
deposition, gonadal recrudescence, and the nighttime migratory
restlessness, Zugunruhe (Jain and Kumar, 1995).

Adult male buntings were captured in mid-February 2015
from the overwintering flocks near Lucknow (25◦N) using the
mist net. They were brought to the laboratory and acclimatized
in an outdoor aviary (size = 3 m × 2.5 m × 2.5 m) for a
week under a natural day length condition. Thereafter, they were
transferred to an indoor aviary under short day length (8L:16D;
L = ∼100 lux and D ≤ 0.1 lux, closer to dark) and constant
temperature (22◦C ± 2◦C) conditions. Food (seeds of Setaria
italica) and water were available ad libitum and replenished
during the light phase.

Experiment
The buntings (n = 39) maintained in an indoor aviary were
transferred to individual activity cages (60 cm× 35 cm× 45 cm)
placed singly in a light-tight photoperiodic chamber
(75 cm × 50 cm × 70 cm). After more than a week under
8L:16D, the birds were given LAN (2 lux) for 6 weeks either in
4 h bin given at the different phases of 16 h night (early, mid, or
late at ZT 08–12, ZT 14–18, or ZT 20–24, respectively; n = 9 each
group) or throughout night (all night, n = 6, ZT 08–24, the time
of lights ON was considered as Zeitgeber time 0, ZT 0). A group
(n = 6) with no LAN served as control. The light:dark cycles were
given by compact fluorescent lamps (CFL; 14 W, 230 V, Phillips,
India). Desired light intensity was obtained by covering the CFL
with a black paper sheet having small holes on the side facing the
roof so that a bird received a diffused light from the light source.

We measured migratory and reproductive phenotypes, such
as locomotor activity and change in food intake, body mass, body
fattening, and gonadal size, along with the body temperature and
melatonin levels.

Locomotor Activity
To collect the general activity of the birds, each cage was equipped
with an IR motion sensor (Conrad Electronic, Hirschau,
Germany, Haustier PIR-Melder). The activity was collected and
analyzed by Chronobiology kit; Stanford Software Systems,
Stanford, CA, United States (Malik et al., 2004). The activity
records (actograms) were double plotted, and the hourly activity
counts for 24 h were calculated for the selected duration of
an experiment. The activities in the second week and last
week of LAN exposure were considered as beginning and
the end, respectively. The daily activity profile was plotted as
mean (±SEM).

Measurement of Plasma Melatonin
To measure the plasma melatonin levels, blood samples from the
birds of different groups (n = 5 each) were taken four times of
the day (ZT 04, mid-day; ZT 10, early night; ZT 16, midnight;
and ZT 22, late light) covering the midpoints of day and night,
and of all the LAN phases, to make the data comparable. Blood
was taken by puncturing the brachial wing vein. To avoid any

stress to the birds, sampling was scattered over a period of 13 days
(days 25–37 of night light treatment). All birds were bled for all
the time points. Nighttime samples were collected in a dim green
light (500 nm) from a KL1500 cold light source focused on the
wing vein for not more than half-a-minute. This had shown no
effect on the nocturnal melatonin secretion (Cassone et al., 2008).
Each time about 200 µl of blood was collected by heparinized
capillaries in the vials and immediately centrifuged at 3,000 rpm
for 10 min to collect the plasma, which was stored at−20◦C until
assayed for melatonin.

Plasma melatonin assay was done by ELISA using a specific
melatonin kit (product no. RE54021, IBL International GmbH,
Hamburg, Germany). This assay was previously standardized and
used for the measurement of plasma melatonin in several studies
(Lahiri et al., 2004; Terzieva et al., 2009), including the studies
from our laboratory (Singh et al., 2012; Yadav et al., 2015; Kumar
et al., 2018). Melatonin was extracted and assayed from each
plasma sample as per the protocol and instructions from the
manufacturer. Briefly, 100 µl of experimental samples, standards,
and controls were methanol extracted and dried by a vacuum
concentrator. The obtained pellet was reconstituted in 150 µl of
double-distilled water. Then, 50 µl of each reconstituted sample
volume and 50 µl melatonin antiserum (rabbit, polyclonal) were
incubated in a 96-well plate at 4◦C for 20 h. Thereafter, 150 µl
of a freshly prepared enzyme conjugate was added and incubated
for 2 h at room temperature with continuous shaking (500 rpm).
Then, 200 µl of a freshly prepared p-nitrophenyl phosphate
(PNPP) substrate solution was added to each well and incubated
for another 40 min. The reaction was stopped by adding 50 µl
of PNPP stop solution to each well, and optical density (OD) was
measured at 405 nm, using 650 nm wavelength as a reference. The
ODs of standard samples were plotted to make a standard curve,
and the concentration of melatonin in experimental samples
was calculated with a reference to values in the standard curve.
Individual values of each bird were used to calculate mean± SEM
melatonin levels (pg/ml) for a group. The analytical sensitivity
(limit of detection) of the assay was 1.6 pg/ml, and the % CV for
intra- and inter-assay was 7.69, 7.33, 6.59, and 9.67, respectively.

Body Temperature
The body temperature in each group was measured by a
quick shot IR ThermoScan, India (Model: EXP-01B) from the
flank area of the birds, just before the blood sampling at ZT
04, 10, 16, and 22.

Measurement of Physiological
Parameters
Body mass was recorded using a top pan balance up to an
accuracy of 0.1 g. The food intake (g)/bird/day was measured
as described by Kumar et al. (2001). It was calculated as the
difference between the food supplied and food recovered after
24 h. Body fattening (fat deposition in furcular, scapular, and
abdominal areas) was assessed as the fat score on a scale of 0–
5, where 0 represents no fat and 5 represents the maximum
deposition of fat (Kumar et al., 2001). The testis size was
measured by laparotomy performed under general anesthesia
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(Kumar et al., 2002) using the formula 4/3 π ab2, where a
and b denote one-half of long (length) and short (width) axes,
respectively (Kumar et al., 2002). The physiological parameters
were measured before the LAN treatment (baseline data) and in
the sixth week of LAN treatment, and a change was plotted as
mean (±SEM).

Statistics
Data on activity profile, plasma melatonin, body temperature,
and physiological parameters (food intake, body mass, body
fattening, and testis volume) were plotted as mean ± SEM
while the actograms given are of a representative bird in
each treatment. We used a one-way ANOVA with or without
a repeated measure (RM) (one-way RM ANOVA and one-
way ANOVA, respectively) followed by the Newman-Keuls
multiple comparison post hoc test to determine the effect of
LAN on plasma melatonin levels and body temperature within
the group and between the groups. We also used a one-
way ANOVA without an RM (one-way ANOVA) followed
by the Newman-Keuls multiple comparison post hoc test to
determine the effect of LAN on physiological parameters.
A significance was considered at p < 0.05. All data analyses were
done using GraphPad Prism software version 5.0 (San Diego,
CA, United States).

RESULTS

The results showed that LAN had an impact on both
circadian and seasonal responses in a phase-dependent manner
(Figures 1–3).

Locomotor Activity Behavior
Buntings are diurnal birds, therefore, their activity is restricted
only within a day time of 8L:16D; however, during LAN
treatment the daytime activity either extended into the dark (early
night group) or start early (late night group). The buntings in
the control group (8L:16D) showed no nighttime activity, but
in the all night group (ZT 08–24), they developed a prominent
nighttime activity. The groups that received LAN for 4 h at
the different phases of night evoked different responses. In the
“early night” group, the light given at ZT 08–12, delayed the
end but in the “late night” group light at ZT 20–24 advanced
the onset of the day. Contrarily, birds in the “midnight” group
(ZT 14–18) showed a different pattern of activity in the night.
In these birds, initially, the activity was restricted to 8 h day
and 4 h segment of LAN but one time the intense nighttime
activity; Zugunruhe, developed, the activity during LAN was
compromised. This period of less activity was flanked by an
intense nighttime activity (Figure 1C). Besides, the birds in the
“late night” group (ZT 20–24) showed a mixed response. All
the birds (100%) of this group were active during 8 h day, but
55.56% of the birds were active in a 4-h LAN segment too.
Birds under the different phases of LAN developed an intense
nighttime activity. In early and late night groups, 44.44% of birds
and in midnight and all night groups, 100% of birds developed an
intense nighttime activity, respectively.

Plasma Melatonin and Body Temperature
Rhythm
Figure 2 shows the plasma melatonin levels and body
temperature in different groups experiencing LAN at the different

FIGURE 1 | Double plotted representative actograms showing the impact of light at night (LAN) in migratory redheaded bunting (Emberiza bruniceps). Birds, which
are maintained under non-stimulatory short days (8L:16D; L = 100 lux, D < 0.1 lux), were given LAN (∼2 lux) either in 4 h bin placed at different phases of 16 h night
(early, mid, or late at ZT08–12, ZT14–18, or ZT20–24 respectively; n = 9 each group) or throughout the night (all night, n = 6, ZT 08–24). A group (n = 6) with no LAN
served as control. Note that early night and late night LAN evoke a response similar to dusk and dawn, respectively. Mid night LAN shows the fragmentation of
activity or rest during the night, whichever applicable. In general, all the groups except the control show long day effects. The lower panel (A–E) shows a 24-h activity
profile in the beginning (α) and end (β) of LAN treatment. Shaded and dark areas in the figure represent the LAN and dark phases of the night, respectively.
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FIGURE 2 | An effect of LAN (∼2 lux) on plasma melatonin (pg/ml) and body
temperature (◦C). Birds exposed to different light at night (LAN) treatments
(A–E) were sampled for plasma melatonin levels and scanned for body
temperature during mid-day and middle of each LAN treatment (ZT 04, 10,
16, and 22). English or Greek alphabets on the point symbol (Mean ± SEM,
n = 5) indicate a statistical analysis for melatonin and temperature,
respectively. Similar alphabets indicate no difference, whereas different
alphabets indicate a significant difference (p < 0.05; the Newman–Keuls
multiple comparison post hoc test) between ZTs. It is noted that melatonin and
temperature rhythms are antiphasic and LAN alters their shape of the curve.

phases of the night. LAN provided at the different phases of night
altered their melatonin and temperature profiles. In general, the
melatonin levels showed a rhythmic pattern in all the groups

FIGURE 3 | An effect of light at night (LAN) (2 lux) exposure on seasonal
responses in migratory redheaded bunting (Emberiza bruniceps). Changes
(mean ± SEM) in (A) food intake, (B) body mass, (C) body fattening, and (D)
testis volume under different LAN treatments. Similar alphabets on a bar
indicate no difference, whereas different alphabets indicate a significant
difference (p < 0.05; the Newman–Keuls multiple comparison post hoc test)
between groups. It is noted that midnight LAN behaves similar to all night LAN
but with greater intensity.

(control group: F3, 12 = 8.827, p = 0.0023; early night group:
F3, 12 = 10.51, p = 0.0011; midnight group: F3, 12 = 4.394,
p = 0.0264; late night group: F3, 12 = 10.10, p = 0.0013; all
night group: F3, 12 = 5.009, p = 0.0177; one-way RM ANOVA;
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Figures 2A–E). Levels were minimum during the midday (ZT 04)
and significantly elevated during the night except in the period of
4 h LAN when the melatonin was significantly lower and similar
to day time levels (Figures 2A–D). Contrarily, melatonin levels
in the all night group (Figure 2E) did not show a high amplitude
rhythm. Levels were low throughout the night except at the end
(ZT 22) when it became significantly high (all night group: F3,
12 = 5.009, p = 0.0177; one-way RM ANOVA; Figure 2E).

Body temperature also followed a rhythmic pattern as that of
melatonin although in antiphase (control group: F3, 12 = 3.526,
p = 0.0487; early night group: F3, 12 = 5.013, p = 0.0176; midnight
group: F3, 12 = 19.60, p < 0.0001; late night group: F3, 12 = 7.254,
p = 0.0049; all night group: F3, 12 = 0.3900, p = 0.7624; one-
way RM ANOVA; Figures 2A–E). In general, the temperature
was high during day (ZT 04) and at the 4-h LAN phase. Birds
exposed to the all night group showed no change in their body
temperature throughout 24 h (Figure 2E).

Change in Migration and
Reproduction-Linked Phenotypes
Light at night-induced photoperiodic physiological responses,
such as food intake, body mass, body fattening, and testis
recrudescence, are shown in Figure 3. All groups (except control)
showed the effects of LAN, the responses were dependent on the
different phases of LAN exposure. The change in food intake
is significantly high in buntings of all the four LAN-treated
groups in comparison to the birds of the control group (change
in food intake: F4, 34 = 9.654, p < 0.0001; one-way ANOVA;
Figure 3A). A change in body mass is high in the birds of
LAN-exposed groups but midnight and all night groups have a
significant difference with control and early night groups (change
in body mass: F4, 34 = 6.683, p = 0.0004; one-way ANOVA;
Figure 3B). A change in the fat score is significantly high in
midnight, late night, and all night groups in comparison to the
birds of the control group (a change in the fat score: F4, 34 = 5.871,
p = 0.0011; one-way ANOVA; Figure 3C). Testis recrudescence
takes place in all the four LAN-treated groups, but the change
in testis volume is significantly higher in the birds of midnight
group with respect to the rest of the groups (a change in the
testicular volume: F4, 34 = 13.18, p < 0.0001; one-way ANOVA;
Figure 3D).

DISCUSSION

The results show that exposure to LAN even for a small duration
of 4 h at an intensity of ∼2 lux induces photoperiodic responses
in bunting maintained under short days, which is otherwise
a non-stimulatory photoperiod for them. Irrespective of time,
early night, midnight, or late night, the 4 h LAN could induce
migratory restlessness in all the groups along with hyperphagia,
an increase in body fattening, and the testis size. It is established
if they are held captive in a caged condition and not allowed to
fly (migrate) during their migratory season, they show a strong
motivation to migrate, generally known as migratory restlessness,
Zugunruhe (Gwinner, 1990).

The results thus suggest that the short-duration LAN was able
to change the perception of day length in bunting. The change
in the perception could be due to a subjective interpretation
of different light intensities (Kumar et al., 1992, 2007; Foster
and Kreitzmann, 2004; Longcore and Rich, 2004; Dominoni
et al., 2013a) or a changed melatonin profile (Cassone et al.,
2008). In black-headed bunting exposed to a combination of
the bright and dim day:night (LD) cycle of 10 and 2 lux light
intensities, respectively, the dim light period was perceived as
night (Kumar et al., 1992). Previous studies on stonechats and
baya weaver when exposed to the dim:bright LD also showed
a change in the perception of day length and accordingly
changed their melatonin profile (Kumar et al., 2007; Singh et al.,
2012).

In this study, the birds were experiencing the three grades of
light intensities, such as bright (100 lux) in 8L, dim (2 lux) in 4 h
LAN, and close to dark (0.1 lux) at the night, but the transition
of light intensities from the day to night was different in different
groups. For example, in the early night group, the transition was
from bright to dim to dark, in the midnight group, from bright to
dark interrupted by dim, in the late night group, bright to dark to
dim, and in all night group, from bright to dim. These transitions
could have re-entrained the endogenous rhythm of photoperiodic
photosensitivity as it is evident from their differential responses.
A maximum response in the midnight group suggests that birds
interpreted it as a lighting regimen of 18L:6D (8L + 6D + 4 h
LAN), which is strongly stimulatory (Singh et al., 2002). There
were a moderate response in the early night and late night groups,
which suggests that birds interpreted it as a lighting regimen of
12L:12D (8L+ 4 h LAN or 4 h LAN+ 8L), which is a marginally
inductive photoperiod for bunting. In a previous study on
bunting (Singh et al., 2002), similar observations were made.
The bunting exposed to 1L:8D:1L:14D and 1L:8D:10L:5D seemed
to be re-entrained, and they interpreted the abovementioned
lighting regimen as 10L:14D and 19L:5D (Singh et al., 2002).

There are a few studies on redheaded bunting (E. bruniceps),
which are suggestive of the photoperiod-dependent effects on
seasonal responses such as body fattening and testicular growth
(Rani et al., 2005b). When exposed to increasing photoperiods
such as 11.5L:12.5D, 12L:12D, 12.5L:11.5D, 13L:11D, 14L:10D,
and 18L:6D, the buntings responded in a photoperiod-dependent
manner and underwent growth and regression cycle under
photoperiods ≥ 12 h per day (Rani et al., 2005b). A previous
study on Japanese quail has also established a relationship
between the length of the photoperiod and the rate of the
photoperiodic induction. The rate of testicular growth was
slower under 12L:12D as compared to 13L:11D, 14L:10D, 16L:8D,
and 20L:4D photoperiods, which showed a maximum growth
(Follett and Maung, 1978). The light intensity is suggestive of
affecting the photoperiodic response as observed in the case
of European starlings (Sturnus vulgaris). The starlings exposed
to an 18L:6D photoperiod at 3-, 13-, 45-, and 108-lux light
intensities responded differently, and it appeared as if they were
exposed to different photoperiods such as 11L:13D, 13L:11D,
16L:8D, and 18L:6D, respectively (Bentley et al., 1998). Similarly,
the buntings kept under a stimulatory photoperiod of 13L:11D
and at the intensities of 50, 100, 400, 800, and 1,000 lux
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also showed an intensity-dependent photoperiodic induction
(Misra et al., 2004).

In our study, the onset and end of a daytime activity were
affected by the phase of LAN. The birds, which received 4 h LAN
in the early night, extended their daytime activity into the night,
and the ones, which received at late night, showed an early onset
of morning activity, which extended their nighttime activity into
the day. In midnight and all night groups, the onset of morning
activity was not affected by LAN. Our results are slightly different
from those on male great tits, which on exposure to 1.6 lux
light intensity throughout the night advanced the onset of their
morning activity (Raap et al., 2015). Also, in our study, the LAN
accelerated a gonadal response in midnight and all night groups,
similar to that observed in blackbirds where the LAN advanced
the gonadal growth almost a month earlier than birds kept under
dark nights (Dominoni et al., 2013c).

Light at night also seems to have a strong effect on song
timing in some early singing species such as European robin
(Erithacus rubecola), American robin (Turdus migratorius),
Common blackbird (Turdus merula), and Great tit (Parus major)
(Miller, 2006; Fuller et al., 2007; Kempenaers et al., 2010; Da Silva
et al., 2014; Dominoni et al., 2014). The effect ranges from the
previous onset of dawn song to singing in the middle of the night
(Fuller et al., 2007; Da Silva et al., 2014; Dominoni et al., 2014).
Although we have not measured the song behavior in our birds,
we have shown a 24 h profile of their locomotor activity.

In our study, we also observed that LAN affected the rhythm
of melatonin secretion. In general, the melatonin levels were
low during the day and high at night, however, in the groups
exposed to 4 h LAN, the level of melatonin was significantly
low at the time of LAN, which seemed to be “perceived” as
day. This altered the shape of the melatonin profile in different
groups. The amplitude of melatonin was the highest in the early
night and late night groups but was the lowest in midnight and
all night groups (having a maximum gonadal response) that
received light throughout the night. Thus, these results may be
helpful in understanding the control of seasonal processes in
birds experiencing high light intensity at night such as the urban
birds. Although a direct role of melatonin in the regulation of
seasonal responses in birds is debatable (Dawson et al., 2001),
there is a possibility that reduced melatonin levels during the
night must have advanced the onset of reproductive functions
by changing the perception of day length longer than the actual
one. Our speculation is based on a study on European starlings,
which showed that the exogenous administration of melatonin
reduces the volume of song control nuclei, HVC, and area X
(Bentley et al., 1999). High melatonin levels upregulate GnIH in
the brain and the gonads, which suppresses the hypothalamo–
hypophyseal–gonadal axis and maintains the small gonadal size
during the prebreeding stage (Ubuka et al., 2005; McGuire et al.,
2011). LAN may also affect the physiology of birds by reducing
the ratio between the day and night light intensity, which would
not only lower the difference between melatonin levels during
the day and nighttime but also advance the onset of Zugunruhe
(Roenneberg et al., 2003; Singh et al., 2012). Lower melatonin
levels during the night as a consequence of LAN may reduce
the degree of self-sustainment of the circadian clock and allows

an alternative temporal activity such as Zugunruhe in migratory
birds (Fusani and Gwinner, 2005) or the appearance of activity
during the night in a resident Indian weaver bird (Singh et al.,
2012). Such a prediction is supported by a recent study on urban
and rural blackbirds, which showed that possibly due to the night
light, urban birds have faster (advanced) but weaker circadian
clocks than their rural counterparts (Dominoni et al., 2013b).

CONCLUSION

To sum up, our results show that even under non-stimulatory
short days, the low intensity (∼2 lux) night light could induce
migratory and reproductive phenotypes. Also, the effect of
LAN was phase dependent. These findings may have ecological
implications the birds under short days are still in their recovery
phase and, when exposed to LAN, they displayed an activity
for ∼12 h in all the light treatments. Thus, 4-h LAN of
∼2 lux light intensity could alter the perception of day length,
thereby advancing their migratory and reproductive activities.
Our results also suggest that the LAN interruptions of 4 h
during midnight have a greater impact on circadian and seasonal
responses as compared to other groups where the LAN was
given in continuation with the day. Hence, this information may
be valuable in adopting a part-night lighting approach to help
reduce the physiological burden, such as early migration and
reproduction, of artificial lighting on the nocturnal migrants.
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