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1  | INTRODUC TION

Natural light cycles, such as day-and-night transitions and the lunar 
cycle, have been consistent over geological timescales, providing a 
reliable set of environmental cues that have organized ecological 

systems and shaped evolutionary processes (Kronfeld-Schor et al., 
2013, Gaston & Bennie, 2014; Swaddle et al., 2015). For instance, 
circadian and circannual rhythms of nearly all taxa are synchronized 
with natural light (“Zeitgeber” sensu Gwinner & Brandstätter, 2001). 
Variation in nocturnal light, associated with the lunar cycle influences 
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Abstract
Biological rhythms of nearly all animals on earth are synchronized with natural light 
and are aligned to day-and-night transitions. Here, we test the hypothesis that the 
lunar cycle affects the nocturnal flight activity of European Nightjars (Caprimulgus 
europaeus). We describe daily activity patterns of individuals from three different 
countries across a wide geographic area, during two discrete periods in the annual 
cycle. Although the sample size for two of our study sites is small, the results are clear 
in that on average individual flight activity was strongly correlated with both local 
variation in day length and with the lunar cycle. We highlight the species’ sensitivity 
to changes in ambient light and its flexibility to respond to such changes in different 
parts of the world.
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both nocturnal and diurnal species (Miller, 2006, Kronfeld-Schor 
et al., 2013, Owens & Lewis, 2018), with a wide range of effects 
on sleep patterns (Van Hasselt et al., 2020), reproduction (Foster, 
Heyward, & Gilmour, 2018; Gaston & Bennie, 2014; Jackson, 1985; 
York, Young, & Radford, 2014), predation risk (Griffin, Griffin, 
Waroquiers, & Mills, 2005; Haddock, Threlfall, Law, & Hochuli, 2019; 
Mougeot & Bretagnolle, 2000; Palmer, Fieberg, Swanson, Kosmala, 
& Packer, 2017), and foraging behavior (Kotler, Brown, Mukherjee, 
Berger-Tal, & Bouskila, 2010; Ravache et al., 2020; Roeleke, Teige, 
Hoffmeister, Klingler, & Voigt, 2018; San-jose et al., 2019; Da Silva, 
Valcu, & Kempenaers, 2015). Previous work has shown that artifi-
cial night light can disrupt these predictable lunar cues in insects 
(Altermatt & Ebert, 2016), amphibians (Baker & Richardson, 2006), 
reptiles (Brei, Pérez-Barahona, & Strobl, 2016), mammals (Spoelstra 
et al., 2015), and birds (Rodríguez et al., 2017). This means that the 
behavioral responses of nocturnal animals might have become mal-
adaptive, which may give cause for concern (Owens & Lewis, 2018). 
To assess the impact of light pollution on animal behavior, it is es-
sential to first understand the behavioral responses of animals to 
periodic changes in natural light conditions (Parker & Smith, 1990; 
Stephens & Krebs, 1985).

In this study, we present an analysis of the lunar-associated 
behavior of European Nightjars (Caprimulgus europaeus; hereaf-
ter referred to as nightjar; Figure 1) by testing the hypotheses 
that the lunar cycle affects their nocturnal flight activity. Within 
the order Caprimulgiformes (Nightjars and their allies), many spe-
cies are aerial insectivores adapted to a crepuscular/nocturnal life-
style (Mayr, 2010; White, Barrowclough, Groth, & Braun, 2016). 
All members of the Caprimulgidae are visual hunters and predomi-
nantly detect flying prey against the sky (Cramp et al., 1985, Evens 
et al., 2018). Optimal foraging conditions for this hunting method are 
restricted to periods of twilight, unless nocturnal light allows pro-
longed foraging activities (Jetz, Steffen, & Linsenmair, 2003). Earlier 
observation-based studies already suggested that several species of 
Caprimulgiformes synchronize their activities with the lunar cycle, 
showing low activity during periods of nocturnal darkness (Brigham, 

Gutsell, Wiacek, & Geiser, 1999) and high singing, reproductive 
and foraging activity around full moon (Brigham & Barclay, 1992; 
Holyoak, 2001; Jackson, 1985; Mills, 1986; Perrins & Crick, 1996). 
Despite these indications of population-level responses to the lunar 
cycle, variation in activity patterns at the individual level in relation 
to nocturnal light conditions have not yet been quantified, except 
in the context of thermoregulation (e.g., Smit, Boyles, Brigham, & 
McKechnie, 2011) and migration (Norevik, Akesson, Andersson, 
Backman, & Hedenstrom, 2019). Individual nightjars became in-
creasingly heterothermic in response to lower foraging opportu-
nities associated with new moon periods, irrespective of relatively 
constant food resources (Smit et al., 2011). Similarly, better foraging 
opportunities during full moon periods most likely drive light-depen-
dent fuelling opportunities and influence the departure timing at 
stopover sites of migrating nightjars (Norevik et al., 2019). From the 
above, we expected that moonlight allows nightjars to be active lon-
ger and outside the period around dusk and dawn. As such, our study 
aims at testing the hypothesis that the probability that an individual 
is active depends on local variation in light levels. We investigated 
this by analyzing daily activity patterns of individuals from three dis-
tinct parts of the species’ breeding range (Mongolia, Belgium and 
Sweden; Figure 2a), during two discrete periods of the annual cycle 
(the breeding and the nonbreeding season) in relation to the lunar 
cycle, while controlling for variation in local day length.

2  | METHODS

2.1 | Field methods

We conducted fieldwork in Mongolia (48.57°N, 110.83°E), Belgium 
(51.06°N, 5.49°E) in 2018–2019 and Sweden (57.01°N, 15.93°E) in 
2015–2017. These sites were selected because of latitudinal variation 
in daylength (i.e., short nights in Sweden compared to longer nights 
in Belgium and Mongolia) and variation in ambient light (i.e., higher 
nocturnal sky brightness in Belgium [20.34 mag./arcsec2] compared to 
Sweden [21.87 mag./arcsec2] and Mongolia [22 mag./arcsec2]; https://
www.light pollu tionm ap.info). We captured nightjars in breeding areas 
using ultra-fine mist nets (Ecotone, 12 × 3m) and tape lures (Evens, 
Beenaerts, Witters, & Artois, 2017). We marked each individual with a 
unique alphanumeric ring and fitted a data logger dorsally between the 
wings (Evens, Conway, et al., 2017; Norevik, Akesson, & Hedenström, 
2017). In total, we tagged 90 adult individuals, 20 in Mongolia, 10 in 
Belgium, and 60 in Sweden with a 1.2 g SOI-GDL3pam data logger 
(Mongolia and Belgium (Liechti et al., 2018) or a 2.1g Multidata logger 
(MDL; Sweden (Norevik et al., 2019). Each logger contained sensors 
that recorded air pressure, ambient light intensity, and acceleration in 
5-min intervals. The SOI-GDL3pam data loggers contained additional 
sensors to record air temperature in 5-min intervals and magnetic field 
in 4-hr intervals. Activity is measured as the sum of the absolute differ-
ences in acceleration on the z-axis (SOI-GDL3pam: a summary variable 
stored for each 5-min interval (Liechti et al., 2013); MDL: a summary 
variable stored for each one-hour interval (Norevik et al., 2019). In 

F I G U R E  1   The European Nightjar (Caprimulgus europaeus) is 
a crepuscular insectivore that mainly breeds in semi-natural, dry 
landscapes

https://www.lightpollutionmap.info
https://www.lightpollutionmap.info
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total, we recovered eleven loggers (two in Mongolia, one in Belgium 
and eight in Sweden; all from males; Appendix S1: Supplementary 
Materials T1). These low recovery rates did not allow a formal compari-
son of flight activity between study sites.

2.2 | Migration data

Because nightjars use flapping flight during migration (Bruderer, 
Peter, Boldt, & Liechti, 2010) and remain stationary at their 

over-wintering site (Evens, Conway, et al., 2017; Norevik 
et al., 2017), we can use the information on light intensity and 
acceleration to estimate nonbreeding destinations (Lisovski 
et al., 2019). Data from MDL loggers were preprocessed by 
Norevik et al. (2019). From SOI-GDL3pam loggers, we analyzed 
light measurements to provide daily position estimates (Hill, 1994; 
Lisovski et al., 2019) using the R-package PAMLr. Simultaneously, 
an automated algorithm used activity recordings to identify mi-
gratory flight bouts (minimal 60 min of high activity; for details 
see Liechti et al. (Liechti et al., 2018). Based on activity data and 

F I G U R E  2   Activity patterns of three nightjars in 5-min intervals. (a) Map of the breeding and nonbreeding areas (each color shows an 
individual, except green which shows the Swedish study site). Breeding sites are located in Sweden (Se), Mongolia (M), and Belgium (Be). 
Nonbreeding sites are located in Angola (An), Zimbabwe (Z), and South-Africa (S). (b, c) Actograms showing daily activity (white = inactive, 
color = activity, height of colored bar = activity level, i.e., measured activity per 5-min period) covering one lunar cycle during the breeding 
season (b; 2018) and multiple lunar cycles during the nonbreeding season (c; 2018–2019). Each horizontal bar shows one day with time 
on the X-axis. Time is plotted in three-hour intervals and centered around local midnight. Colored triangles show the timing of sunset (1 
January) at the estimated wintering site of each individual. Open circles indicate days (nights) with full moon, closed circles show days with 
new moon. In C, the constant high activity at night around 31 December suggests a migratory flight
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location estimates, we defined the breeding season as the period 
between the end of spring and the onset of autumn migration and 
the nonbreeding season as the period between the end of autumn 
migration and the onset of spring migration. We identified winter-
ing areas for eight birds: one of the two Mongolian birds resided 
in South-Africa (approximate flight distance 13,000 km) and the 
other in Zimbabwe (±12,000 km); the Belgian bird resided in the 
border region of Angola, Zambia, and the Democratic Republic of 
Congo (DRC; ±7,500 km); two Swedish birds wintered in Zambia 
(±9,500 km), another two in Botswana (±10,000 km) and one in the 
Democratic Republic of Congo (±8,000 km).

2.3 | Activity data

Activity data from SOI-GDL3pam data loggers were transformed to 
hourly estimates to fit the data of the MDL loggers. We subdivided 
daily activity data from the breeding and the nonbreeding season 
into three groups: daytime (from sunrise until sunset), twilight (from 
sunset until evening nautical twilight; from morning nautical twilight 
until sunrise), and night (from evening nautical twilight until morn-
ing nautical twilight). We categorized activity data into two classes: 
active (e.g., flight and foraging) and inactive (e.g., resting and roost-
ing). We distinguished between these categories based on an activ-
ity threshold computed as the 97.5th percentile of daytime activity 
using a Linear Quantile Mixed Model (Geraci, 2014) with individual 
identity as random intercept, and period (winter versus. summer), 
time of the day and date as covariates. This threshold was chosen 
because nightjars remain inactive during daytime, with resting and 
preening as their main activities. During twilight they spent much 
of their time flying to forage and to commute between local sites 
(Evens et al., 2018; Evens, Beenaerts, et al., 2017; Mills, 1986; 
Wynne-Edwards, 1930), and at night additional foraging activities 
can occasionally take place (Brigham et al., 1999; Evens et al., 2018).

Data on the timing of day, night, and twilight (i.e., sunset and 
sunrise) and the lunar cycle (i.e., altitude of the moon above the hori-
zon and fraction of illuminated moon) were extracted for the known 
breeding sites and estimated nonbreeding sites and for each interval 
using the R-package “suncalc.” We did not take into account varia-
tion in local weather conditions which may lead to additional noise, 
and hence may weaken our results rather than create systematic bi-
ases (Penteriani et al., 2013).

Of all hourly intervals, 7,434 (32%) were categorized as active, 
while the remaining 15,358 intervals were categorized as inactive.

We modeled nocturnal and twilight activity using Generalized 
Linear Mixed Models (GLMMs) with maximum likelihood using the R 
package glmmTMB version 0.2.3 (Brooks et al., 2017; Geraci, 2014; 
Team, 2019). To asses patterns of nocturnal activity, we constructed 
two models: 1) a model for the conditional mean containing the frac-
tion of illuminated, visible moon (i.e., fraction of illuminated moon 
when above the horizon, continuous variable: percentages) and al-
titude of the moon above the horizon (continuous variable: radians) 
as the main predictors (Table 1) and 2) a zero-inflated model which 

allows modeling the probability of excess zeros in the conditional 
part of the model. To assess patterns of crepuscular activity, we con-
structed a model with twilight period (categorical variable: dusk or 
dawn) as the main predictor (Table 1).

The conditional model (nocturnal activity model) and the crepus-
cular activity model use a negative binomial distribution with log-link 
function, whose variance was set to increase linearly with its mean. 
The conditional model included the following additional fixed ef-
fects: season (categorical variable: breeding or nonbreeding season) 
and the activity of the previous time step. The crepuscular activity 
model included moon phase (continuous variable: fraction of illu-
minated moon during twilight) and season. We included activity of 
the previous time step in the nocturnal activity model to control for 
temporal autocorrelation. We did not include time and date in our 
models, because they correlate with the altitude of the moon and 
the fraction of visible moon above the horizon. In an alternative ver-
sion of the nocturnal activity model, we replaced illuminated, visible 
moon, and moon altitude by time (continuous variable: standardized 
hour per individual per night) and date (continuous variable: stan-
dardized date per season) (Appendix S1: Supplementary Materials 
T2). We further included individual identity as random intercept 
and fraction of visible moon per individual as random slope (Table 1, 
Appendix S1: Supplementary Material T2). The zero-inflated model 
contained no predictors other than the overall mean, but contained 
individual identity as random intercept.

Ethical statement.
The Mongolian and Belgian research protocols were approved 

by the Mongolian (Ministry of Environment and Tourism, license 
numbers: 06/2564 and 06/2862) and Belgian (Agency for Nature 
and Forest, license numbers: ANB/BL-FF/V18-00086 and ANB/
BL-FF/19-00087-VB) authorities. The Swedish protocols follow the 
Swedish legislation for animal research (SJVFS 2019:9) and received 
the approval of the Malmö/Lund ethical committee for animal re-
search (M33-13). All captured individuals showed no evidence of 
detrimental effects of banding. The tags weighed less than 3% of 
the birds’ body mass, which is well below the recommended limits. 
Although we cannot exclude that some individuals were affected 
by the devices, direct observations in the field and assessment of 
the recaptured individuals showed no signs of negative effects. 
The recovery rate (11%) is lower than expected (Evens, Conway, 
et al., 2017; Norevik et al., 2019) and is probably caused by i) the late 
deployment of loggers on nonresident individuals with no fidelity to 
the study site in Belgium (late August 2018) and ii) a low recovery 
success due to bad weather conditions during a two-week trapping 
session in Mongolia (July 2019).

3  | RESULTS

The nightjars’ sensitivity to changing light conditions can be seen 
in the actograms (Figures 2 and 3), which show the most detailed 
activity data (5-min sampling intervals), collected for the Belgian and 
Mongolian birds. These three individuals were selected for visual 
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purposes only. Actograms for all birds with hourly intervals are pre-
sented in the online depository.

All individuals showed clear peaks of activity around dusk and 
dawn, confirming the crepuscular behavior of the species (Figure 2, 
Appendix S1: Supplementary Materials 2). The timing of the night-
jars’ crepuscular behavior matches shortening day lengths over 
the season in temperate zones (Figure 2b, M and S, Appendix S1: 
Supplementary Materials 2) and constant day length, but with lat-
itudinal variation in the timing of dusk and dawn, in tropical zones 
(Figure 2a and Z, Appendix S1: Supplementary Materials 2).

During each lunar cycle, nightjars showed a clear diagonal 
band of nocturnal activity with peak activities around full moon 
(Figure 3c, Appendix S1: Supplementary Materials 2). Nightjars 
were active from about the first to the last quarter of the lunar 
cycle (Figure 3b-c). Formal analysis shows that the probability of 
nocturnal activity strongly depended on the daily (nightly) fraction 
of illuminated, visible moon, and the altitude of the moon above 
the horizon, both in the breeding and nonbreeding season (Table 1; 
Figure 3f). Nightjars increased their activity with increasing light 
(fraction of illuminated, visible moon), but the exact relationship 
differed between individuals (Figure 4a). Nightjars also increased 
their activity with increasing altitude of the moon above the hori-
zon (Figure 4b). Furthermore, nocturnal activity was significantly 

higher during the breeding season and generally decreased during 
the night (Figure 4c).

During twilight, activity was higher at dusk than at dawn, and 
higher during the breeding season than during the nonbreeding sea-
son (Table 1; Figure 3g). Twilight activity was independent of the 
moon phase (Table 1).

4  | DISCUSSION

Although the sample size for two of our study sites is small, the re-
sults are clear: on average, individual flight activity was strongly cor-
related with both local variation in day length and with the lunar 
cycle (Figure 2, Appendix S1: Supplementary Materials 2). This con-
firms our hypothesis and clearly suggests that nightjars from dif-
ferent populations across the breeding range are able to accurately 
adjust their activity (a) to seasonal changes in the timing of local dusk 
and dawn, in accordance with their crepuscular lifestyle, and (b) in 
response to local variation in available light at night. Our findings 
further support recent observations from a Scandinavian breed-
ing site, where nightjars adjusted foraging flight activity at stopo-
vers and subsequent migration activities to the lunar cycle (Norevik 
et al., 2019).

TA B L E  1   Results of generalized mixed-effect models showing effects of available moonlight or twilight on nocturnal and crepuscular 
activity of 11 European nightjars from Belgium, Mongolia, and Sweden at their breeding and nonbreeding sites. See Section 2 for model details

Nocturnal activity Crepuscular activity

Conditional model Conditional model

Predictors Estimate SE z p Predictors Estimate SE z p

Intercept −1.073 0.216 −4.97 <.0001 Intercept 1.233 0.345 3.58 <.001

Fraction visible moona  1.268 0.255 4.96 <.0001 Twilighte  2.198 0.203 10.813 <.0001

Altitude moonb  1.144 0.140 8.17 <.0001 Seasonc  −0.807 0.241 −3.35 <.001

Seasonc  −0.927 0.119 −7.80 <.0001 Phase moonf  0.059 0.31 0.190 .849

Previous activityd  0.027 0.003 8.44 <.0001

Random effect Variance SD Corr Random effect Variance SD Corr

Individual ID (random 
intercept)

0.289 0.537 Individual ID 0.527 0.726

Moon within IDg  (random 
slope)

0.446 0.668 −0.66

Zero-inflation model

Predictors Estimate SE z p

Intercept −2.929 1.084 −2.70 .007

Random effect Variance SD Corr

Individual ID 2.721 1.65

aFraction of illuminated, visible moon. 
bAltitude of the moon above the horizon. 
cEstimates for nonbreeding compared to breeding. 
dActivity during the previous 60-min period (to control for temporal autocorrelation). 
eEstimate for dusk compared to dawn. 
fMoon phase during twilight. 
gFraction of illuminated, visible moon per individual. 
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F I G U R E  3   Nightjar activity in relation to light conditions. (a–e) Schematic overview of moonrise and moonset times of the Belgian bird 
during one lunar cycle in Angola (February 2019; full moon on the 19th; local azimuth not taken into account). (a) New moon: no moonlight 
available at night, (b) first quarter: moonlight available before but not after midnight, (c) full moon: moonlight available all night, and (d) last 
quarter: moonlight available after but not before midnight. (e) The corresponding actogram showing daily nocturnal activity (height of black 
bar = activity level, i.e., measured activity per 5-min period) in relation to time. Each horizontal bar shows one day with time of day, plotted 
in 3-hr intervals and centered around midnight on the X-axis. Open circles indicate days with full moon, closed circles show days with new 
moon and half circles indicate days with first- or last quarter moon. (f) Relationship between the probability of nightjar activity at night in 
relation to the fraction of illuminated, visible moon. Shown are estimates and 95% confidence intervals based on the model in Table 1. (g) 
Differences in the probability of activity between dusk and dawn during the breeding season (green) and during the nonbreeding season 
(orange). Shown are model estimates and their 95% confidence intervals based on the model in Table 1
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Nocturnal activity data display a noticeable diagonal band 
(Figure 2) indicating a progressive shift in the nightjars’ daily activity 
throughout subsequent moon phases (see also Norevik et al., 2019). 
This general pattern is consistent between all individuals in our study, 
even though they resided in different parts of the world. Flight activity 
of the tracked individuals corresponds to daily changes of the moon's 
trajectory (i.e., the moon's altitude above the horizon) and the frac-
tion of illuminated moon (Figure 3a-f, Appendix S1: Supplementary 
Materials 2). Around new moon, nightjars were largely inactive 
during the night (Figure 3a), whereas around full moon they seemed 
to fully exploit the increased ambient light by being active all night 
(Figure 3c). The close relationship between nocturnal activity and 
night light is also suggested by relatively high before-midnight activ-
ity during a first-quarter moon and high after-midnight activity during 
a last quarter moon phase (Figure 3b and d).

The flight activity of nightjars is presumably organized by en-
dogenous rhythms, but lunar-associated effects are probably linked 
to sensing mechanisms (e.g., vision influencing nocturnal behavior) 
and other factors such as lunar-associated behavior of prey and 
predators. Endogenous rhythms are finetuned using environmental 
information (Helm et al. 2017), and moonlight is an important envi-
ronmental cue and Zeitgeber (Kronfeld-Schor et al., 2013). Moonlight 
influences general activity patterns (Bachleitner, Kempinger, 
Wülbeck, Rieger, & Helfrich-Förster, 2007; Youthed & Moran, 1969) 
and reproduction (Zantke et al., 2013), yet knowledge about endog-
enous circalunar rhythms in animals is limited (Kronfeld-Schor et al., 
2013, Payton & Tran, 2019). Our study confirms earlier observations 
of lunar-associated behavior in nightjars (see below), but it remains 
to be shown whether circadian and circalunar rhythms play a role.

Variation in moonlight (affected by the moon's altitude and 
phase) is known to influence predation risk, foraging behavior, 

habitat use and reproduction of many terrestrial taxa (Kronfeld-
Schor et al., 2013). Predator avoidance is typically observed in 
prey species around full moon (Griffin et al., 2005; Harmsen, 
Foster, Silver, Ostro, & Doncaster, 2011; Navarro-Castilla & 
Barja, 2014; Palmer et al., 2017; Smith, Tulp, Schekkerman, 
Gilchrist, & Forbes, 2012), whereas other taxa exploit better 
foraging conditions during moonlit nights (Phalan et al., 2007, 
Mackley et al., 2011, Pinet et al., 2011, Penteriani et al., 2014, 
Rubolini et al., 2014, Dias et al., 2016, Roeleke et al., 2018; but see 
Cruz et al., 2013). Our study shows that the nocturnal flight activ-
ity of European nightjars correlates with both the altitude of the 
moon and the fraction of illuminated moon. In line with previous 
findings (Mills, 1986), this suggests that low ambient light levels, 
that is, less than the light intensity of a quarter moon (0.01–0.03 
lux (Kyba, Mohar, & Posch, 2017)), limit movement and/or forag-
ing opportunities. Flying in a local area (Brigham & Barclay, 1992, 
Zwart et al., 2014) or commuting between breeding and foraging 
sites might be safer during lighter conditions, because of a reduced 
risk of colliding with dark objects (Cresswelll & Alexander, 1992; 
Evens et al., 2018). Moonlight may also increase prey visibility and 
hence foraging success, which is probably why nightjars invest 
most energy in territorial display and reproduction during periods 
with the greatest moonlight levels (Jackson, 1985; Mills, 1986; 
Perrins & Crick, 1996). Our study shows that nightjars are usually 
inactive during moonless parts of the night. Similarly, low light lev-
els during moonless nights affected thermoregulation in several 
species of nightjars, whereby the birds entered torpor following 
reduced foraging opportunities (Brigham et al., 1999; Doucette, 
Brigham, Pavey, & Geiser, 2012; Smit et al., 2011). However, 
moonlit nights do not necessarily imply high foraging activity. For 
example, Afrotropical nightjars reduced their nocturnal activity 

F I G U R E  4   Nightjar activity in relation to light, moon altitude, and time. (a) Individual activity in relation to the fraction of visible moon. 
Activity data were collected at 5-min intervals. Shown is the probability that a nightjar was active at night in relation to the fraction of 
illuminated moon. Each color corresponds to one individual (same color as in Figure 2: black = Belgian, blue and red = Mongolian). (b) The 
probability of nightjar activity at night in relation to the altitude of the moon above the horizon (expressed in radians). Shown is the estimate 
and 95% confidence intervals based on the model in Table 1. (c) Nightjar activity in relation to time. Time is standardized per individual per 
night. Shown is the probability of activity before and after midnight (estimate and 95% confidence intervals based on the model in Appendix 
S1: Supplementary Materials T2)
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during full moon, presumably in response to high predation risk 
(Brigham et al., 1999; Jetz et al., 2003).

Foraging success may be higher during moonlit nights if prey ac-
tivity is higher than during dark nights (Jetz et al., 2003). Nightjars 
typically perch at the edge of open fields while foraging (Evens, 
Beenaerts, et al., 2017). The likelihood to detect and hawk fly-
ing insects silhouetted against the sky (Camacho, Palacios, Sáez, 
Sánchez, & Potti, 2014; Evens et al., 2018; Jackson, 2003) should be 
higher when the sky is illuminated (Ashdown & McKechnie, 2008; 
Jetz et al., 2003; Mills, 1986). Alternatively, prey might be harder 
to catch in moonlight, either because insects can better detect the 
predator (Penteriani, Kuparinen, del Delgado, & M., Lourenço, R. and 
Campioni, L., 2011) and make evasive manoeuvres or because in-
sects fly higher and therefore nightjars would have to work harder 
to achieve the same net energy intake. Although the emergence of 
insects peaks around sunset and sunrise (Malmqvist et al., 2018), 
it has also been suggested that nocturnal insect activity is associ-
ated with near full moon (Jetz et al., 2003; Nowinszky, Petrányi, & 
Puskás, 2010). One study suggested that the nightly flight activity 
of Lepidopterans—the nightjars’ main food source—decreases during 
full moon nights (Raimondo, Strazanac, & Butler, 2004), whereas 
another study showed that the activity of species associated with 
open habitats increased during moonlit nights (Nowinszky, Kiss, 
Szentkirályi, Puskás, & Ladányi, 2012).

If nightjars are sensitive to relatively subtle changes in ambient 
light conditions, as our study suggests, we predict that artificial 
night lighting, especially skyglow during overcast nights (Jechow 
et al., 2017), will influence their behavior. Artificial night light 
can be perceived far from its source, even in uninhabited areas 
(Falchi et al., 2016), and is known to alter the behavior of many 
taxa, including insects (Altermatt & Ebert, 2016), reptiles (Brei 
et al., 2016), and birds (Cabrera-cruz, Smolinsky, & Buler, 2018; 
Van Doren et al., 2017; Kempenaers, Borgström, Loës, Schlicht, 
& Valcu, 2010; Raap, Pinxten, & Eens, 2015; Silva, Samplonius, 
Schlicht, Valcu, & Kempenaers, 2014; Da Silva et al., 2015). Thus, 
in contrast to earlier suggestions (Sierro & Erhardt, 2019), artificial 
light at night potentially mimics conditions during moonlit nights, 
thereby potentially improving foraging conditions. Further studies 
can be designed to test whether and how environmental varia-
tion (e.g., cloud cover and temperature) and artificial light at night 
influence patterns of food availability (van Langevelde, Ettema, 
Donners, WallisDeVries, & Groenendijk, 2011) and individual be-
havior (Dominoni et al., 2013, Da Silva et al., 2015), and how this in 
turn affects population dynamics.

ACKNOWLEDG MENTS
The authors wish to thank M. Evens, M. Kowalczyk, N. Batbayar, 
and U. Rundström for help during fieldwork. K. Thijs, A. Loenders, 
K. Vanmarcke, and F. Evens for support. Permissions were granted 
by the Belgian military (military area of Oudsbergen), Agency for 
Nature and Forest (Belgium), Royal Belgian Institute for Natural 
Sciences (Belgium), and the Ministry of Environment and Tourism 
(Mongolia). R.E., M.V., and B.K. are funded by the Max Planck 

Society. C.K. was supported by the FWO (K216419N) and the 
King Leopold III Fund. The Swiss federal office for environment 
contributed financial support for the development of the data 
loggers (UTF-Nr. 254, 332, 363, 400). S.Å and A.H. are funded by 
the Swedish Research Council (https://www.vr.se/; AH: 621-2012-
3585, 2016-03625; SÅ: 621-2013-4361, 2016-05342), and data-
logger development (Sweden) was funded by the Centre for Animal 
Movement Research (CAnMove), financed by a Linnaeus grant 
(349-2007-8690) from the Swedish Research Council (https://
www.vr.se/) and Lund University (https://lundu niver sity.lu.se/).

CONFLIC T OF INTERE S TS
We declare we have no competing interests.

AUTHOR CONTRIBUTION
Ruben Evens: Conceptualization (equal); Formal analysis (equal); 
Funding acquisition (equal); Investigation (lead); Methodology 
(equal); Visualization (equal); Writing-original draft (lead). Céline 
Kowalczyk: Data curation (equal); Funding acquisition (equal); 
Resources (equal). Gabriel Norevik: Data curation (supporting); 
Resources (supporting); Validation (supporting). Eddy Ulenaers: 
Data curation (equal); Funding acquisition (equal); Investigation 
(equal). Davaasuren Batmunkh: Investigation (supporting). 
Soddelgerekh Sodoo Bayargur: Investigation (supporting). Tom 
Artois: Funding acquisition (equal); Investigation (supporting); 
Resources (supporting); Writing-original draft (supporting). 
Susanne Akesson: Resources (supporting); Writing-original draft 
(supporting). Anders Hedenstrom: Funding acquisition (support-
ing); Resources (supporting); Writing-original draft (supporting). 
Mihai Valcu: Conceptualization (equal); Data curation (lead); 
Formal analysis (lead); Methodology (lead); Writing-original draft 
(equal). Bart Kempenaers: Conceptualization (equal); Formal 
analysis (equal); Funding acquisition (equal); Methodology (equal); 
Resources (equal); Validation (lead); Writing-original draft (equal).

AUTHORS’  CONTRIBUTIONS
R.E and B.K.: Study conception and writing of initial draft. R.E and 
C.K.: Data collection. R.E.: Data analysis with the help of M.V.. All 
authors contributed to the methodology and subsequent versions.

DATA AVAIL ABILIT Y S TATEMENT
Data are available from the OSF Repository at: https://osf.io/cghx5 /

ORCID
Ruben Evens  https://orcid.org/0000-0002-2602-4516 

R E FE R E N C E S
Altermatt, F., & Ebert, D. (2016). Reduced flight-to-light behaviour 

of moth populations exposed to long-term urban light pollu-
tion. Biology Letters, 12, 3–6. https://doi.org/10.1098/rsbl.2016. 
0111

Ashdown, R. A. M., & McKechnie, A. E. (2008). Environmental correlates 
of Freckled Nightjar (Caprimulgus tristigma) activity in a seasonal, 
subtropical habitat. Journal of Ornithology, 149, 615–619.

https://www.vr.se/
https://www.vr.se/
https://www.vr.se/
https://lunduniversity.lu.se/
https://osf.io/cghx5/
https://orcid.org/0000-0002-2602-4516
https://orcid.org/0000-0002-2602-4516
https://doi.org/10.1098/rsbl.2016.0111
https://doi.org/10.1098/rsbl.2016.0111


7114  |     EVENS Et al.

Bachleitner, W., Kempinger, L., Wülbeck, C., Rieger, D., & Helfrich-Förster, 
C. (2007). Moonlight shifts the endogenous clock of Drosophila 
melanogaster. Proceedings of the National Academy of Sciences of the 
United States of America, 104, 3538–3543. https://doi.org/10.1073/
pnas.06068 70104

Baker, B. J., & Richardson, J. M. L. (2006). The effect of artificial light on 
male breeding-season behaviour in green frogs, Rana clamitans mela-
nota. Canadian Journal of Zoology, 84, 1528–1532.

Brei, M., Pérez-Barahona, A., & Strobl, E. (2016). Environmental pollu-
tion and biodiversity: Light pollution and sea turtles in the Caribbean. 
Journal of Environmental Economics and Management, 77, 95–116. 
https://doi.org/10.1016/j.jeem.2016.02.003

Brigham, R. M., & Barclay, R. M. R. (1992). Influence on foraging and nest-
ing activity of common poorwils (Phalaenoptilus nuttallii). Auk, 109, 
315–320.

Brigham, R. M., Gutsell, R. C. A., Wiacek, R. S., & Geiser, F. (1999). 
Foraging behaviour in relation to the lunar cycle by Australian Owlet-
nightjars Aegotheles cristatus. Emu: Austral Ornithology, 99, 253–261.

Brooks, M. E., Kristensen, K., van Benthem, K. J., Magnusson, A., Berg, 
C. W., Nielsen, A., … Bolker, B. M. (2017). glmmTMB balances speed 
and flexibility among packages for zero-inflated generalized linear 
mixed modeling. The R Journal, 9, 378–400. https://doi.org/10.32614 
/RJ-2017-066

Bruderer, B., Peter, D., Boldt, A., & Liechti, F. (2010). Wing-beat charac-
teristics of birds recorded with tracking radar and cine camera. Ibis, 
152, 272–291. https://doi.org/10.1111/j.1474-919X.2010.01014.x

Cabrera-cruz, S. A., Smolinsky, J. A., & Buler, J. J. (2018). Light pollution 
is greatest within migration passage areas for nocturnally-migrating 
birds around the world. Scientific Reports, 8, 4–11.

Camacho, C., Palacios, S., Sáez, P., Sánchez, S., & Potti, J. (2014). Human-
induced changes in landscape configuration influence individual 
movement routines: Lessons from a versatile, highly mobile species. 
PLoS One, 9, e104974.

Cramp, S., Simmons, K. E. L., & Perrins, C. M. (1985). The birds of the 
Western Palearctic (vol. IV). Oxford, UK: Oxford University Press.

Cresswelll, B., & Alexander, I. (1992). In I. G. Priede, & S. M. Swift (Eds.), 
Activity patterns of foraging nightjars (Caprimulgus europaeus). (pp. 
642–647). Chichester: Ellis Horwood.

Cruz, S. M., Hooten, M., Huyvaert, K. P., Proaño, C. B., Anderson, D. J., 
Afanasyev, V., & Wikelski, M. (2013). At-sea behavior varies with 
lunar phase in a Nocturnal Pelagic Seabird, the Swallow-Tailed Gull. 
PLoS One, 8, 1–8.

Da Silva, A., Valcu, M., & Kempenaers, B. (2015). Light pollution alters the 
phenology of dawn and dusk singing in common european songbirds. 
Philosophical Transactions of the Royal Society B: Biological Sciences, 
370, 20140126. https://doi.org/10.1098/rstb.2014.0126

Dias, M. P., Romero, J., Granadeiro, J. P., Catry, T., Pollet, I. L., & Catry, 
P. (2016). Distribution and at-sea activity of a nocturnal seabird, 
the Bulwer’s petrel Bulweria bulwerii, during the incubation period. 
Deep-Sea Research Part I: Oceanographic Research Papers, 113, 49–56.

Dominoni, D. M., Helm, B., Lehmann, M., Dowse, H. B., & Partecke, J. 
(2013). Clocks for the city: Circadian differences between forest and 
city songbirds. Proceedings of the Royal Society. Biological Sciences, 
280(1763), 20130593.

Doucette, L. I., Brigham, R. M., Pavey, C. R., & Geiser, F. (2012). Prey 
availability affects daily torpor by free-ranging Australian owl-
et-nightjars (Aegotheles cristatus). Oecologia, 169, 361–372. https://
doi.org/10.1007/s0044 2-011-2214-7

Evens, R., Beenaerts, N., Neyens, T., Witters, N., Smeets, K., & Artois, 
T. (2018). Proximity of breeding and foraging areas affects foraging 
effort of a crepuscular, insectivorous bird. Scientific Reports, 8, 3008.

Evens, R., Beenaerts, N., Witters, N., & Artois, T. (2017). Study on the 
foraging behaviour of the European Nightjar Caprimulgus europaeus 
reveals the need for a change in conservation strategy in Belgium. 
Journal of Avian Biology, 48, 1238–1245.

Evens, R., Conway, G. J., Henderson, I., Creswell, B., Jiguet, F., Moussy, 
C., … Artois, T. (2017). Migratory pathways, stopover zones and win-
tering destinations of Western European Nightjars Caprimulgus eu-
ropaeus. Ibis, 159, 680–686.

Falchi, F., Cinzano, P., Duriscoe, D., Kyba, C. C. M., Elvidge, C. D., Baugh, 
K., … Furgoni, R. (2016). The new world atlas of artificial night sky 
brightness. Science Advances, 2, 1–26. https://doi.org/10.1126/
sciadv.1600377

Foster, T., Heyward, A. J., & Gilmour, J. P. (2018). Split spawning realigns 
coral reproduction with optimal environmental windows. Nature 
Communications, 9, 1–8. https://doi.org/10.1038/s4146 7-018-03175 
-2

Gaston, K. J., & Bennie, J. (2014). Demographic effects of artificial night-
time lighting on animal populations. Environmental Reviews, 22, 323–
330. https://doi.org/10.1139/er-2014-0005

Geraci, M. (2014). Linear quantile mixed models: The lqmm package for 
laplace quantile regression. Journal of Statistical Software, 57, 1–29.

Griffin, P. C., Griffin, S. C., Waroquiers, C., & Mills, L. S. (2005). 
Mortality by moonlight: Predation risk and the snowshoe hare. 
Behavioral Ecology, 16, 938–944. https://doi.org/10.1093/behec o/
ari074

Gwinner, E., & Brandstätter, R. (2001). Complex bird clocks. Philosophical 
Transactions of the Royal Society of London. Series B: Biological Sciences, 
356, 1801–1810. https://doi.org/10.1098/rstb.2001.0959

Haddock, J. K., Threlfall, C. G., Law, B., & Hochuli, D. F. (2019). Light 
pollution at the urban forest edge negatively impacts insectivorous 
bats. Biological Conservation, 236, 17–28. https://doi.org/10.1016/j.
biocon.2019.05.016

Harmsen, B. J., Foster, R. J., Silver, S. C., Ostro, L. E. T., & Doncaster, C. 
P. (2011). Jaguar and puma activity patterns in relation to their main 
prey. Mammalian Biology, 76, 320–324. https://doi.org/10.1016/j.
mambio.2010.08.007

Hill, R. D. (1994). Theory of geolocation by light levels. In B. J. Le Boeuf, 
& R. M. Laws (Eds.), Elephant seals: Population ecology, behaviour and 
physiology (pp. 227–235). Berkeley, CA: University of California Press.

Holyoak, D. T. (2001). Nightjars and their Allies. Oxford, UK: Oxford 
University Press.

Jackson, H. D. (1985). Aspects of the Breeding Biology of the Fierynecked. 
Nightjar. - Ostrich, 56, 263–276. https://doi.org/10.1080/00306 
525.1985.9639598

Jackson, H. (2003). A review of foraging and feeding behaviour, and as-
sociated anatomical adaptations, in Afrotropical nightjars. Ostrich, 
74, 187–204.

Jechow, A., Kolláth, Z., Ribas, S. J., Spoelstra, H., Hölker, F., & Kyba, C. 
C. M. (2017). Imaging and mapping the impact of clouds on sky-
glow with all-sky photometry. Scientific Reports, 7, 1–10. https://doi.
org/10.1038/s4159 8-017-06998 -z

Jetz, W., Steffen, J., & Linsenmair, K. E. (2003). Effects of light and prey 
availability on nocturnal, lunar and seasonal activity of tropical night-
jars. Oikos, 103, 627–639.

Kempenaers, B., Borgström, P., Loës, P., Schlicht, E., & Valcu, M. (2010). 
Artificial night lighting affects dawn song, extra-pair siring success, 
and lay date in songbirds. Current Biology, 20, 1735–1739.

Kotler, B. P., Brown, J., Mukherjee, S., Berger-Tal, O., & Bouskila, A. 
(2010). Moonlight avoidance in gerbils reveals a sophisticated in-
terplay among time allocation, vigilance and state-dependent for-
aging. Proceedings of the Royal Society B: Biological Sciences, 277, 
1469–1474.

Kronfeld-Schor, N., Dominoni, D., de la Iglesia, H., Levy, O., Herzog, E. 
D., Dayan, T., & Helfrich-Forster, C. (2013). Chronobiology by moon-
light. Proceedings of the Royal Society B: Biological Sciences, 280(1765), 
20123088.

Kyba, C. C. M., Mohar, A., & Posch, T. (2017). How bright is moonlight?. 
Astronomy & Geophysics, 58, 1.31–1.32. https://doi.org/10.1093/
astro geo/atx025

https://doi.org/10.1073/pnas.0606870104
https://doi.org/10.1073/pnas.0606870104
https://doi.org/10.1016/j.jeem.2016.02.003
https://doi.org/10.32614/RJ-2017-066
https://doi.org/10.32614/RJ-2017-066
https://doi.org/10.1111/j.1474-919X.2010.01014.x
https://doi.org/10.1098/rstb.2014.0126
https://doi.org/10.1007/s00442-011-2214-7
https://doi.org/10.1007/s00442-011-2214-7
https://doi.org/10.1126/sciadv.1600377
https://doi.org/10.1126/sciadv.1600377
https://doi.org/10.1038/s41467-018-03175-2
https://doi.org/10.1038/s41467-018-03175-2
https://doi.org/10.1139/er-2014-0005
https://doi.org/10.1093/beheco/ari074
https://doi.org/10.1093/beheco/ari074
https://doi.org/10.1098/rstb.2001.0959
https://doi.org/10.1016/j.biocon.2019.05.016
https://doi.org/10.1016/j.biocon.2019.05.016
https://doi.org/10.1016/j.mambio.2010.08.007
https://doi.org/10.1016/j.mambio.2010.08.007
https://doi.org/10.1080/00306525.1985.9639598
https://doi.org/10.1080/00306525.1985.9639598
https://doi.org/10.1038/s41598-017-06998-z
https://doi.org/10.1038/s41598-017-06998-z
https://doi.org/10.1093/astrogeo/atx025
https://doi.org/10.1093/astrogeo/atx025


     |  7115EVENS Et al.

Liechti, F., Bauer, S., Dhanjal-Adams, K. L., Emmenegger, T., Zehtindjiev, 
P., & Hahn, S. (2018). Miniaturized multi-sensor loggers provide new 
insight into year-round flight behaviour of small trans-Sahara avian 
migrants. Movement Ecology, 6, 1–10. https://doi.org/10.1186/s4046 
2-018-0137-1

Liechti, F., Witvliet, W., Weber, R., & Bächler, E. (2013). First evidence 
of a 200-day non-stop flight in a bird. Nature Communications, 4(1), 
3554.

Lisovski, S., Bauer, S., Briedis, M., Davidson, S. C., Dhanjal-Adams, K. L., 
Hallworth, M. T., … Bridge, E. S. (2019). Light-level geolocator anal-
yses: A user’s guide. Journal of Animal Ecology, 00, 1–16. https://doi.
org/10.1111/1365-2656.13036

Mackley, E. K., Phillips, R. A., Silk, J. R. D., Wakefield, E. D., Afanasyev, V., 
& Furness, R. W. (2011). At-sea activity patterns of breeding and non-
breeding white-chinned petrels Procellaria aequinoctialis from South 
Georgia. Marine Biology, 158, 429–438. https://doi.org/10.1007/
s0022 7-010-1570-x

Malmqvist, E., Jansson, S., Zhu, S., Li, W., Svanberg, K., Svanberg, S., … 
Åkesson, S. (2018). The bat–bird–bug battle: Daily flight activity of 
insects and their predators over a rice field revealed by high-resolu-
tion scheimpflug lidar. Royal Society Open Science, 5(4), 172303.

Mayr, G. (2010). Phylogenetic relationships of the paraphyletic 
caprimulgiform birds (nightjars and allies). Journal of Zoological 
Systematics and Evolutionary Research, 48, 126–137. https://doi.
org/10.1111/j.1439-0469.2009.00552.x

Miller, M. W. (2006). Apparent Effects of Light Pollution on Singing 
Behavior of American Robins. -. Condor, 108, 130–139. https://doi.
org/10.1093/condo r/108.1.130

Mills, M. (1986). The influence of Moonlight on the behavior of of 
Goatsuckers (Caprimulgidae). Auk, 103, 370–378.

Mougeot, F., & Bretagnolle, V. (2000). Predation risk and moonlight 
avoidance in nocturnal seabirds. Journal of Avian Biology, 31, 376–
386. https://doi.org/10.1034/j.1600-048X.2000.310314.x

Navarro-Castilla, Á., & Barja, I. (2014). Does predation risk, through 
moon phase and predator cues, modulate food intake, antipredatory 
and physiological responses in wood mice (Apodemus sylvaticus)? 
Behavioral Ecology and Sociobiology, 68, 1505–1512.

Norevik, G., Akesson, S., Andersson, A., Backman, J., & Hedenstrom, A. 
(2019). The lunar cycle drives migration of a nocturnal. PLoS Biology, 
17(10), e3000456.

Norevik, G., Akesson, S., & Hedenström, A. (2017). Migration strategies 
and annual space-use in an Afro-Palaearctic aerial insectivore – The 
European nightjar. Journal of Avian Biology, 48, 738–747.

Nowinszky, L., Kiss, O., Szentkirályi, F., Puskás, J., & Ladányi, M. (2012). 
Influence of illumination and polarized moonlight on light-trap 
catch of Caddisflies (Trichoptera). Research Journal of Biology, 2, 
79–90.

Nowinszky, L., Petrányi, G., & Puskás, J. (2010). The relationship be-
tween lunar phases and the emergence of the adult brood of insects. 
Applied Ecology and Environmental Research, 8, 51–62. https://doi.
org/10.15666 /aeer/0801_051062

Owens, A. C. S., & Lewis, S. M. (2018). The impact of artificial light at 
night on nocturnal insects: A review and synthesis. Ecology and 
Evolution, 8, 11337–11358. https://doi.org/10.1002/ece3.4557

Palmer, M. S., Fieberg, J., Swanson, A., Kosmala, M., & Packer, C. (2017). 
A ‘dynamic’ landscape of fear: Prey responses to spatiotemporal 
variations in predation risk across the lunar cycle. Ecology Letters, 20, 
1364–1373. https://doi.org/10.1111/ele.12832

Parker, G. A., & Smith, J. M. (1990). Optimality theory in evolutionary 
biology. Nature, 348, 27–33. https://doi.org/10.1038/348027a0

Payton, L., & Tran, D. (2019). Moonlight cycles synchronize oyster be-
haviour. Biology Letters, 15, 20180299. https://doi.org/10.1098/
rsbl.2018.0299

Penteriani, V., del Mar Delgado, M., Kuparinen, A., Saurola, P., Valkama, 
J., Salo, E., … Arlettaz, R. (2014). Bright moonlight triggers natal 

dispersal departures. Behavioral Ecology and Sociobiology, 68, 743–
747. https://doi.org/10.1007/s0026 5-014-1687-x

Penteriani, V., Kuparinen, A., del Delgado, M., Lourenço, R., & Campioni, 
L. (2011). Individual status, foraging effort and need for conspicu-
ousness shape behavioural responses of a predator to moon phases. 
Animal Behaviour, 82, 413–420.

Penteriani, V., Kuparinen, A., del Mar Delgado, M., Palomares, F., López-
Bao, J. V., Fedriani, J. M., … Lourenço, R. (2013). Responses of a top 
and a meso predator and their prey to moon phases. Oecologia, 173, 
753–766. https://doi.org/10.1007/s0044 2-013-2651-6

Perrins, C. M., & Crick, H. Q. P. (1996). Influence of lunar cycle on lay-
ing dates of European Nightjars (Caprimulgus europaeus). Auk, 113, 
705–708. https://doi.org/10.2307/4089001

Phalan, B., Phillips, R. A., Silk, J. R. D., Afanasyev, V., Fukuda, A., Fox, J., … 
Croxall, J. P. (2007). Foraging behaviour of four albatross species by 
night and day. Marine Ecology Progress Series, 340, 271–286. https://
doi.org/10.3354/meps3 40271

Pinet, P., Jaeger, A., Cordier, E., Potin, G., & Le Corre, M. (2011). Celestial 
moderation of tropical seabird behavior. PLoS One, 6(11), e27663.

Raap, T., Pinxten, R., & Eens, M. (2015). Light pollution disrupts sleep in 
free-living animals. Scientific Reports, 5, 1–8. https://doi.org/10.1038/
srep1 3557

Raimondo, S., Strazanac, J. S., & Butler, L. (2004). Comparison of sam-
pling techniques used in studying lepidoptera population dynamics 
comparison of sampling techniques used in studying Lepidoptera 
Population Dynamics. Environmental Entomology, 33, 418–425. 
https://doi.org/10.1603/0046-225X-33.2.418

Ravache, A., Bourgeois, K., Thibault, M., Dromzée, S., Weimerskirch, H., 
de Grissac, S., … Vidal, É. (2020). Flying to the moon: Lunar cycle 
influences trip duration and nocturnal foraging behavior of the 
wedge-tailed shearwater Ardenna pacifica. Journal of Experimental 
Marine Biology and Ecology, 525, 151322. https://doi.org/10.1016/j.
jembe.2020.151322

Rodríguez, A., Holmes, N. D., Ryan, P. G., Wilson, K. J., Faulquier, L., 
Murillo, Y., … Corre, M. L. (2017). Seabird mortality induced by land-
based artificial lights. Conservation Biology, 31, 986–1001. https://
doi.org/10.1111/cobi.12900

Roeleke, M., Teige, T., Hoffmeister, U., Klingler, F., & Voigt, C. C. 
(2018). Aerial-hawking bats adjust their use of space to the lunar 
cycle. Movement Ecology, 6, 1–10. https://doi.org/10.1186/s4046 
2-018-0131-7

Rubolini, D., Maggini, I., Ambrosini, R., Imperio, S., Paiva, V. H., Gaibani, 
G., … Cecere, J. G. (2014). The effect of moonlight on Scopoli’s 
Shearwater Calonectris diomedea Colony attendance patterns and 
nocturnal foraging: A test of the foraging efficiency hypothesis. 
Ethology, 120, 1–16.

San-jose, L. M., Séchaud, R., Schalcher, K., Judes, C., Questiaux, A., 
Oliveira-xavier, A., … Roulin, A. (2019). Differential fitness effects of 
moonlight on plumage colour morphs in barn owls. Nature Ecology and 
Evolution, 3, 1331–1340. https://doi.org/10.1038/s4155 9-019-0967-2

Sierro, A., & Erhardt, A. (2019). Light pollution hampers recolonization 
of revitalised European Nightjar habitats in the Valais (Swiss Alps). 
Journal of Ornithology, 160, 749–761. https://doi.org/10.1007/s1033 
6-019-01659 -6

Silva, A. D., Samplonius, J. M., Schlicht, E., Valcu, M., & Kempenaers, B. 
(2014). Artificial night lighting rather than traffic noise affects the 
daily timing of dawn and dusk singing in common European song-
birds. Behavioral Ecology, 25, 1037–1047. https://doi.org/10.1093/
behec o/aru103

Smit, B., Boyles, J. G., Brigham, R. M., & McKechnie, A. E. (2011). Torpor 
in dark times: Patterns of heterothermy are associated with the lunar 
cycle in a nocturnal bird. Journal of Biological Rhythms, 26, 241–248. 
https://doi.org/10.1177/07487 30411 402632

Smith, P. A., Tulp, I., Schekkerman, H., Gilchrist, H. G., & Forbes, M. R. 
(2012). Shorebird incubation behaviour and its influence on the 

https://doi.org/10.1186/s40462-018-0137-1
https://doi.org/10.1186/s40462-018-0137-1
https://doi.org/10.1111/1365-2656.13036
https://doi.org/10.1111/1365-2656.13036
https://doi.org/10.1007/s00227-010-1570-x
https://doi.org/10.1007/s00227-010-1570-x
https://doi.org/10.1111/j.1439-0469.2009.00552.x
https://doi.org/10.1111/j.1439-0469.2009.00552.x
https://doi.org/10.1093/condor/108.1.130
https://doi.org/10.1093/condor/108.1.130
https://doi.org/10.1034/j.1600-048X.2000.310314.x
https://doi.org/10.15666/aeer/0801_051062
https://doi.org/10.15666/aeer/0801_051062
https://doi.org/10.1002/ece3.4557
https://doi.org/10.1111/ele.12832
https://doi.org/10.1038/348027a0
https://doi.org/10.1098/rsbl.2018.0299
https://doi.org/10.1098/rsbl.2018.0299
https://doi.org/10.1007/s00265-014-1687-x
https://doi.org/10.1007/s00442-013-2651-6
https://doi.org/10.2307/4089001
https://doi.org/10.3354/meps340271
https://doi.org/10.3354/meps340271
https://doi.org/10.1038/srep13557
https://doi.org/10.1038/srep13557
https://doi.org/10.1603/0046-225X-33.2.418
https://doi.org/10.1016/j.jembe.2020.151322
https://doi.org/10.1016/j.jembe.2020.151322
https://doi.org/10.1111/cobi.12900
https://doi.org/10.1111/cobi.12900
https://doi.org/10.1186/s40462-018-0131-7
https://doi.org/10.1186/s40462-018-0131-7
https://doi.org/10.1038/s41559-019-0967-2
https://doi.org/10.1007/s10336-019-01659-6
https://doi.org/10.1007/s10336-019-01659-6
https://doi.org/10.1093/beheco/aru103
https://doi.org/10.1093/beheco/aru103
https://doi.org/10.1177/0748730411402632


7116  |     EVENS Et al.

risk of nest predation. Animal Behaviour, 84, 835–842. https://doi.
org/10.1016/j.anbeh av.2012.07.004

Spoelstra, K., Van Grunsven, R. H. A., Donners, M., Gienapp, P., Huigens, 
M. E., Slaterus, R., … Veenendaal, E. (2015). Experimental illumina-
tion of natural habitat—an experimental set-up to assess the direct 
and indirect ecological consequences of artificial light of different 
spectral composition. Philosophical Transactions of the Royal Society B: 
Biological Sciences, 370(1667), 20140129.

Stephens, D. W., & Krebs, J. R. (1985). Foraging theory. Princeton, NJ: 
Princeton University Press.

Swaddle, J. P., Francis, C. D., Barber, J. R., Cooper, C. B., Kyba, C. C. 
M., Dominoni, D. M., … Longcore, T. (2015). A framework to assess 
evolutionary responses to anthropogenic light and sound. Trends 
in Ecology & Evolution, 30, 550–560. https://doi.org/10.1016/j.
tree.2015.06.009

R Core Team (2019). R: A language and environment for statistical comput-
ing. Vienna, Austria: R Foundation for Statistical Computing.

Van Doren, B. M., Horton, K. G., Dokter, A. M., Klinck, H., Elbin, S. B., 
& Farnsworth, A. (2017). High-intensity urban light installation dra-
matically alters nocturnal bird migration. Proceedings of the National 
Academy of Sciences of the United States of America, 114, 11175–
11180. https://doi.org/10.1073/pnas.17085 74114

Van Hasselt, S. J., Rusche, M., Vyssotski, A. L., Verhulst, S., Rattenborg, N. 
C., & Meerlo, P. (2020). Sleep time in the European starling is stronly 
affected by night length and moon phase. Current Biology, 30, 1–8.

van Langevelde, F., Ettema, J. A., Donners, M., WallisDeVries, M. F., & 
Groenendijk, D. (2011). Effect of spectral composition of artificial 
light on the attraction of moths. Biological Conservation, 144, 2274–
2281. https://doi.org/10.1016/j.biocon.2011.06.004

White, N. D., Barrowclough, G. F., Groth, J. G., & Braun, M. J. (2016). 
A multi-geen estimate of higher-level phylogenetic relationshiops 
among Nightjars (Aves: Caprimulgidae). Ornitología Neotropical, 27, 
223–236.

Wynne-Edwards, B. Y. V. C. (1930). On the waking-time of the Nightjar 
(Caprimulgus e. europaeus). Journal of Experimental Biology, 7, 
241–247.

York, J. E., Young, A. J., & Radford, A. N. (2014). Singing in the moonlight: 
Dawn song performance of a diurnal bird varies with lunar phase. 
Biology Letters, 10, 10–13. https://doi.org/10.1098/rsbl.2013.0970

Youthed, G. J., & Moran, V. C. (1969). The solar-day activity rhythm of 
myrmeleontid larvae. Journal of Insect Physiology, 15, 1103–1116. 
https://doi.org/10.1016/0022-1910(69)90147 -4

Zantke, J., Ishikawa-Fujiwara, T., Arboleda, E., Lohs, C., Schipany, K., 
Hallay, N., … Tessmar-Raible, K. (2013). Circadian and Circalunar 
Clock Interactions in a Marine Annelid. Cell Reports, 5, 99–113. 
https://doi.org/10.1016/j.celrep.2013.08.031

Zwart, M. C., Baker, A., McGowan, P. J. K., & Whittingham, M. J. (2014). 
The use of automated bioacoustic recorders to replace human wild-
life surveys: An example using nightjars. PLoS ONE, 9(7), e102770.

SUPPORTING INFORMATION
Additional supporting information may be found online in the 
Supporting Information section.

How to cite this article: Evens R, Kowalczyk C, Norevik G, 
et al. Lunar synchronization of daily activity patterns in a 
crepuscular avian insectivore. Ecol Evol. 2020;10:7106–7116. 
https://doi.org/10.1002/ece3.6412

https://doi.org/10.1016/j.anbehav.2012.07.004
https://doi.org/10.1016/j.anbehav.2012.07.004
https://doi.org/10.1016/j.tree.2015.06.009
https://doi.org/10.1016/j.tree.2015.06.009
https://doi.org/10.1073/pnas.1708574114
https://doi.org/10.1016/j.biocon.2011.06.004
https://doi.org/10.1098/rsbl.2013.0970
https://doi.org/10.1016/0022-1910(69)90147-4
https://doi.org/10.1016/j.celrep.2013.08.031
https://doi.org/10.1002/ece3.6412

