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Artificial light at night has shown a dramatic increase over the last decades and

continues to increase. Light at night can have strong effects on the behaviour

and physiology of species, which includes changes in the daily timing of

activity; a clear example is the advance in dawn song onset in songbirds by

low levels of light at night. Although such effects are often referred to as

changes in circadian timing, i.e. changes to the internal clock, two alternative

mechanisms are possible. First, light at night can change the timing of clock

controlled activity, without any change to the clock itself; e.g. by a change in

the phase relation between the circadian clock and expression of activity.

Second, changes in daily activity can be a direct response to light (‘masking’),

without any involvement of the circadian system. Here, we studied whether

the advance in onset of activity by dim light at night in great tits (Parus
major) is indeed attributable to a phase shift of the internal clock. We entrained

birds to a normal light/dark (LD) cycle with bright light during daytime and

darkness at night, and to a comparable (LDim) schedule with dim light at

night. The dim light at night strongly advanced the onset of activity of the

birds. After at least six days in LD or LDim, we kept birds in constant darkness

(DD) by leaving off all lights so birds would revert to their endogenous, circa-

dian system controlled timing of activity. We found that the timing of onset in

DD was not dependent on whether the birds were kept at LD or LDim before

the measurement. Thus, the advance of activity under light at night is caused

by a direct effect of light rather than a phase shift of the internal clock. This

demonstrates that birds are capable of changing their daily activity to low

levels of light at night directly, without the need to alter their internal clock.
1. Introduction
Artificial light at night is omnipresent in the civilized world and continues to

increase by economic growth and urbanization [1,2]. Consequently, ecosystems

are increasingly exposed to unnatural levels of light at night, on a worldwide

scale [3,4]. Artificial light has effects on many species groups, and among these,

birds are well represented. Such effects include direct attraction to light, an

effect which can induce severe mortality [5,6]. Other effects of light at night

involve changes of temporal organization of behaviour. For example, exposure

to light at night may cause birds to breed earlier in the season [7], an effect

which has been observed in the laboratory as well [8]. On a shorter temporal

scale, light at night affects the daily organization of bird behaviour and physi-

ology. Effects of nocturnal illumination may be quite direct as light enables

diurnal birds to forage during the night [9–11]. In songbirds, a well-known

effect of light at night is the advancement of the daily onset of activity and

dawn song. Recordings in the field show that the magnitude of this advance

depends on light intensity [12–14] and the species specific onset of dawn song

in unlit conditions. The combined effect ranges from a few minutes to over half
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Figure 1. Example actograms of four great tits exposed to different levels of dim light at night between days 31 – 43. Birds were entrained to LD 12.3 : 11.7 (L ¼ 1000
Lux; days 1 – 6), free running in DD (days 7 – 21), re-entrained to LD 12.3 : 11.7 (L ¼ 1000 Lux; days 21 – 30), entrained to LDim 12.3 : 11.7 (L ¼ 1000 Lux; dim intensity
above actogram; days 31 – 43), and free running in DD (days 44 – 55). Dark grey indicates darkness; light grey indicates dim light; and white bright light.
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an hour [15,16], and even modest changes in the temporal

organization of birds can have important fitness consequences

[16]. In the laboratory, diurnal bird species confine their

activity to the light phase of the light/dark (LD) cycle

[17–19]. Like in the field, birds advance their onset of activity

when exposed to light at night in the laboratory [17,19]. In

great tits (Parus major) this advance is dose-dependent, and

can measure up to several hours when captive birds are

exposed to five lux at night [17].

Differences in the daily timing of activity as a result of

environmental changes have been known for a long time

[20] and are reported for several species [21–25]. There are

three potential ways in how environmental variables can

affect daily activity patterns.

The first is by a change in the way the internal clock and

the external photoperiod interact to shape these temporal

activity patterns. This is defined as the phase of entrainment;

i.e. the phase relation between the master circadian clock and

the external LD cycle.

A second possibility is that the timing of activity has a

different phase relation with the central pacemaker; i.e. where

the central circadian pacemaker is unaffected and activity is

triggered at a different time of day. Such changes in phase-

relation between activity and the central circadian pacemaker

are for example reported for nocturnal mice (Mus musculus
domesticus) that change to daytime activity when subjected to

restricted feeding schedules and low ambient temperature

[26,27]. Evidence of changes in phase-relation as a result of

low light at night is thus far limited to hamsters (Mesocricetus
auratus) [28,29] and mice [30] in the laboratory.
A third possibility is that changes in daily timing of activity

are caused by a direct response, and do not involve a shift of the

clock nor a change in phase relation with the central circadian

pacemaker. Such a response is called masking, and may

encompass a direct, positive or negative, response to the pres-

ence of light, resulting in an increase or decrease in activity

which may conceal the phase of the circadian clock [31,32].

Here, we investigate whether the advancement of the onset

of activity in the great tit (P. major) by dim light levels at night is

caused by change in the phase of entrainment (the first option

described above). We do this by advancing the birds’ onset of

activity by exposure to the same dim light levels as applied in

[17], and subsequently measure the circadian rhythm in con-

stant darkness. The release of animals in an environment in

absence of time cues is the classical way of uncovering the

phase of entrainment. The initial timing of activity in constant

conditions reflects the phase of entrainment in the preceding

conditions [32–34]. In case the phase of entrainment is unaf-

fected by dim light at night, e.g. comparable to the phase

of entrainment in normal LD conditions without dim light at

night, the dim light induced advance in onset is not caused

by a phase shift of the internal circadian clock.
2. Methods
(a) Animals and data collection
We included in total 29 male great tits (P. major), collected at 10

days post-hatch from a long-term studied population in the

Hoge Veluwe National Park in the Netherlands during the



Table 1. Results of the linear model comparisons. (a) Onset of activity and LDim light intensity; (b) within individual comparison of the phase of entrainment
after LD (without dim light at night) and LDim (with dim light at night). This is done by testing for an effect of the interaction of LDim presence and the
LDim light intensity on the initial phase of onset in DD (either following LD or LDim). (c) Effect of dim light at night on circadian period length in following
DD phase; (d,e) effect of circadian period on the phase of onset in normal LD and LDim, respectively; (f,g) effect of circadian period on the initial phase of
onset in in DD after LD and LDim, respectively; (h) Mantel test output on the influence of neighbouring birds.

d.f. AIC loglik d.f. x2 p

(a) effect of dim light intensity on the onset of activity

1jcage position 3 84.2 87.6

LDim intensity þ 1jcage position 6 77.4 84.2 3 12.84 ,0.005

(b) effect of the interaction between the presence of dim light at night and its intensity on the initial phase of onset in DD

LDim(y/n) þ LDim intensity þ 1jcage position þ 1jbirdID 8 88.3 236.2

LDim(y/n) � LDim intensity þ 1jcage position þ 1jbirdID 11 92.6 235.3 3 1.69 0.64

(c) effect of the preceding LDim intensity on the circadian period (t) in DD

1jcage position 3 124.4 259.2

LDim intensity þ 1jcage position 4 125.3 258.7 1 1.08 0.30

(d ) effect of t on the phase of onset of activity in LD

1jcage position 3 249.4 27.7

t þ 1jcage position 4 248.2 28.1 1 0.80 0.37

(e) effect of t on the phase of onset of activity in LDim

1jcage position 3 84.2 239.1

t þ 1jcage position 4 85.2 238.6 1 0.99 0.32

(f ) effect of t on the initial phase of onset of activity in DD (directly after LD)

1jcage position 3 39.1 216.5

t þ 1jcage position 4 35.8 213.9 1 5.33 0.02

(g) effect of t on the initial phase of onset of activity in DD (directly after LDim)

1jcage position 3 85.2 239.6

t þ 1jcage position 4 82.5 237.2 1 4.78 0.03

Rsq observed expected var p

(h) influence neighbouring birds with different LDim light levels on the onset of activity (Mantel test, 99 permutations)

neighbouring birds room 1, wall 1 0.19 0.68 0.02 0.07 0.28

neighbouring birds room 1, wall 2 0.14 0.49 0.02 0.06 0.30

neighbouring birds room 2, wall 3 0.00 20.14 0.02 0.04 0.50
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breeding season of 2014. Nestlings were subsequently hand-reared

at the Netherlands Institute of Ecology (NIOO-KNAW); the males

were included in a breeding programme in spring 2015. At the end

of September 2015, we placed the birds individually in light-tight

cages distributed over three walls in two rooms. Birds were kept in

the same cage for the entire experiment. Each cage was equipped

with two wooden perches, one fitted with a micro switch con-

nected to a computer [35] to register perch-hopping activity

(software developed by T&M Automation, Leidschendam, The

Netherlands). We first entrained birds to L : D 12.3 : 11.7 (lights

on: 6.21; lights off: 18.38) with 1000 Lux fluorescent light (18 W

Havells Sylvania Activa 172, East Sussex, UK) at perch level.

After 6 days, we left the lights off and kept the birds for 14 days

in constant darkness. Birds were then re-entrained to the same

LD schedule for six days and then subjected to an LDim schedule.

This was done by illuminating the ‘dark’ phase with dim light,

with an intensity of either 0.15, 0.5, 1.5 or 5.0 Lux (warmwhite

LED light, Philips, Eindhoven, The Netherlands, see the electronic

supplementary material, figure S1 for spectrum) at the perch level

in the cages, with LDim treatments randomly assigned over indi-

vidual cages. Temperature was kept constant at 148C over the

entire course of the experiment and did not vary over the day.
To prevent brief moments of darkness in between the bright

light phase and the dim lit ‘dark’ phase, dim lights were switched

on 30 min before the end of the light phase, and switched off

30 min after the end of the ‘dark’ phase (on at 18.08 and off at

6.51). After 13 days in the LDim cycle, we left both the day- and

dim lights off, starting at the end of the last bright light phase. All

birds were subsequently kept in DD for 14 days (see also figure 1).

White noise was continuously present to cover perch hopping

sounds and vocalizations of birds, and each cage was equipped

with a green night light (Alecto ANV-17, 0.5 Lux at perch level as

used in [36], see also the electronic supplementary material) when

birds were in kept constant darkness in order to enable birds to

find food. Bird feeding times were randomized within the daytime

bright light phase, and randomly distributed between the times of

8.00 and 14.00 when birds were in DD. Birds were supplied with a

surplus of food to ensure permanent ad libitum access.

(b) Data analysis
Data were analysed with CHRONOSHOP 1.1 (written by K.S.; freely

available, see the electronic supplementary material). First, we

measured the phase angle difference between the onset of activity
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Figure 2. Average timing of daily activity onset. The four groups received
equal treatment except in the LDim phase (c) of the experiment, in which
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and the time of lights on, both in DD and LDim conditions accord-

ing to the routines implemented in [37], procedure examples are

provided in the electronic supplementary material, figure S2.

We then assessed the phase of entrainment by backwards extra-

polating onsets of activity in the activity pattern in constant

darkness to the change from LD to DD or LDim to DD cycles

following the Aschoff type II protocol [38] (see the electronic

supplementary material, figures S3 and S4). Subsequently the

effect of dim light at night on the advance in onset of activity

was tested using a linear mixed effect model with phase relative

to lights on as dependent, and dim light treatment as explanatory

variable and cage position as random term. Cage position ident-

ifies the wall (1–3) at which the cage was placed. With a Mantel

test [39] we tested for possible influences by neighbouring birds

on the advance of activity in LDim light conditions. We then

tested for the effect of dim light levels at night on the (onset)

phase of entrainment directly after the switch from LDim to DD.

We used the individual initial phase in DD directly after the

switch from LD to DD as a control. We did this in a linear model

fitting the initial phases in DD (both after LD and LDim) to the

interaction between the presence of dim light (yes or no) and treat-

ment (dim light at night intensity, four levels), with bird identity

and cage position as random terms. Models were compared to

null models (without explanatory variable or interaction term)

using analysis of residual variance. We also analysed whether

dim light at night had an effect on the length of the circadian

period (t) measured in DD, in a model with the difference between

t after LD and t after LDim as a dependent variable, and treatment

as an independent variable. We further tested for a relation

between t and the timing of onset of activity during entrainment

in LD and LDim, and the timing of onset of activity (phase of

entrainment) in DD directly after LD and LDim. In all models test-

ing circadian period, we added cage position as a random term.

For all statistical tests we used R v. 3.3.1 [40] with a significance

level of 5%.
with one group was exposed to 0.15 Lux dim light at night (circles); 0.5
Lux (triangles); 1.5 Lux (squares) and 5 Lux (diamonds). (a) Average time
of activity onset in LD 12.3 : 11.7; (b) average time of activity onset immedi-
ately after switch to DD after preceding LD; (c) average time of activity onset
during LDim 12.3 : 11.7; (d ) average time of activity onset immediately after
the switch to DD after LDim. The dashed line indicates the time of bright
light on in (a) and (c).

24.2
0.15 Lux

5 Lux
1.5 Lux
0.5 Lux

23.4

23.4 24.023.8
circadian period (t ) in DD after LD

ci
rc

ad
ia

n 
pe

ri
od

 (
t)

 in
 D

D
 a

ft
er

 L
D

im

23.6

23.6

23.8

24.0

Figure 3. Individual circadian period (t) in constant darkness (DD) after a light/
dark (LD) cycle without dim light at night against the circadian period in DD after
an LD cycle with dim light at night (LDim). Symbols indicate the dim light at
night intensity, which had no effect on t ( p ¼ 0.62).
3. Results
All birds entrained well to the LD schedule; see figure 1 for

example actograms (actograms of all birds are provided in the

electronic supplementary material). We had to exclude three

birds because of low activity in DD after the LD schedule,

and three birds because we could not obtain a good activity

recording. This resulted in a sample size of six birds per treat-

ment, except for five birds for the 1.5 Lux group. In LD, the

difference between average onset of activity and lights on was

for all four groups less than 5 min. After release in DD after

the LD cycle, the birds delayed their initial onset by 69+
7.3 min (relative to previous light-on time; average +1 s.e.m.).

The dim light at night significantly advanced the onset of the

birds ( p , 0.005, table 1), with 43+15 min, 37+10 min,

98+51 min and 166+39 min for the 0.15, the 0.5, the 1.5

and the 5.0 Lux dim light treated groups, respectively

(figure 2). We did not detect any effects of neighbouring birds

on the onset of activity in the Mantel tests ( p ¼ 0.28 or higher,

table 1). After release in DD following the LDim cycle, birds

immediately delayed their onset. There was no effect of the

interaction between the presence of dim light at night (yes or

no) and treatment, indicating no effect of dim light at night

on the phase of entrainment ( p ¼ 0.64). The initial timing of

onset in DD after LDim was on average 72+8.4 min after the

moment the bright daylights went on during the preceding

LDim schedule (figure 2). We did not find any difference

between the circadian period (t) after LD and after LDim con-

ditions ( p ¼ 0.62; figure 3), and individual t did neither
explain the onset of activity in LD ( p ¼ 0.37) nor in LDim

( p ¼ 0.32). However, individual t did explain the (onset)

phase of entrainment directly after the switch from LD to DD
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( p ¼ 0.02) and from LDim to DD ( p ¼ 0.03), with a shorter t

related to an earlier onset of activity.
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4. Discussion
The immediate return of the onset in constant darkness (DD) to

the same time, irrespective of prior LD or LDim conditions,

clearly excludes a change in the main circadian pacemaker

phase (i.e. the phase of entrainment). Therefore, the advance

in the onset of activity by dim light at night must be attributable

to either masking or an altered phase relation between the

expression of activity (whether or not governed by a possible

peripheral oscillator) and the main circadian pacemaker.

This direct response of the birds to low light at night implies

that birds are flexible in their response to ambient light levels at

night, independent of the circadian system. This observation is

in line with the immediate disappearance of the advancement

of dawn song in the dark nights in an outdoor set-up with

intermittent lighting [15]. Changes in the phase of entrainment

of the circadian system may be even less likely in the field as the

difference between the low levels of artificial light and the

powerful natural LD cycle are much greater than the difference

between the dim and bright light levels we used in the labora-

tory. However, to conclusively exclude such changes in the

field, free-ranging birds have to be brought directly into a lab-

oratory setting with constant conditions, or alternatively the

phase of core-clock gene products in the master circadian

clock has to be assessed.

We did not observe differences between t after entrainment

to either completely dark nights (LD) and nights with dim light

(LDim). If any, these changes are probably subtle, and may

have disappeared within the first cycles in DD. The absence

of a general effect of the circadian period on the timing of

onset of activity during LD and LDim may have been obscured

by the strong effect of the bright daylight lamps. This is plaus-

ible as the individual t did significantly explain the phase of

onset in DD directly after both the end of the LD, and the

end of the LDim conditions. Effects of the circadian period
on the daily timing of activity in entrained conditions are how-

ever known for humans e.g. [41,42] and have been shown for

birds in the laboratory [43] (but see [36]), and more recently

also for free-ranging birds in the field [44].

Interestingly, the dim light at night does not induce activity

throughout the night but only during the last part of the night,

effectively advancing activity onset, comparable to the birds in

the study by de Jong et al. [17]. This means that there is no

compulsive response to the nightly dim light presence, and

suggests circadian control over the expression of dim light

induced nocturnal activity. A dependency of masking on circa-

dian phase has indeed been shown before, in for example

hamsters [45]. Although artificial light at night may well

affect the phase of entrainment of the circadian system under

certain circumstances and for different species, the results we

present here show that this mechanism is not behind the

advance of activity onset in birds exposed to dim light at

night . Our observations imply that we should be cautious

with the assumption that changes in daily timing reflect

changes of the circadian system by artificial light at night.
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