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ARTICLE INFO ABSTRACT
Editor: Sergi Sabater The use of artificial light at night (ALAN) has increased drastically worldwide over the last decades. ALAN can

have major effects on nocturnal communities, including insects and bats. Insects are attracted to street lights and

Keywords: few bat species take advantage of this by foraging on the attracted insects. ALAN potentially affects the temporal

Light pollution
Light colour
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patterns of insect abundance and thereby bat foraging behaviour. In a natural dark environment, these patterns
are usually bimodal, with an activity peak in the early evening and the morning. Little is known about how ALAN
Insects affects insect presence throughout the night, and whether the light spectrum plays a role. This is important, as
Foraging behaviour these temporal changes may be a key driver of disturbances in bat-insect interactions. Here, we studied how
Prey-predator interaction white and red light affect insects’ and bats’ nightly activity patterns. The activity of insects and bats (Pipistrellus
spp.) was recorded throughout the night at seven experimentally illuminated sites in a forest-edge ecosystem.
ALAN disrupted activity patterns, with both insects and bats being more active throughout the night. ALAN
facilitated all-night foraging in bats especially near white light, but these effects were attenuated near red light.
The ability to forage throughout the night may be a key advantage causing synanthropic bats to dominate in
illuminated environments, but this could also prove detrimental in the long term. As red light reduced disturbing
effects of ALAN on insects and bats diel activity pattern, it opens the possibility of using spectral composition as a
mitigation measure.
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1. Introduction

The use of artificial light at night (ALAN) has shown a drastic in-
crease over the past decades (Falchi et al., 2016; Falchi and Bara, 2023;
Kyba et al., 2017, 2023), mainly accelerated by the introduction of light-
emitting diode (LED) lamps in outdoor lighting. ALAN disrupts natural
light cycles in time and space and effects are wavelength-dependent
(Gaston et al., 2013). Therefore, natural patterns of resource use by
organisms exposed to ALAN may be altered, affecting a wide range of
taxa, especially nocturnal animals (Sanders et al., 2021), including bats
and insects.

Nocturnal insects are attracted by ALAN, especially by the UV and
the blue component of the light spectrum (Donners et al., 2018). This
can have negative impacts on their foraging (van Langevelde et al.,
2017), reproduction (Owens and Lewis, 2022) and cause exhaustion or
death (Eisenbeis, 2006), which can lead to population decline (van
Grunsven et al., 2020). The attraction of insects from unlit to lit areas,
also called the ‘vacuum effect’, subsequently alters the foraging oppor-
tunities of their predators such as insectivorous bats (Russo et al., 2019;
Rydell, 1992).

Bats need to exploit spatial heterogeneity in food availability, and
light sources offer predictable foraging locations with higher insect
densities. While most bat species are light averse, a few others take
advantage of insects’ aggregation around light sources. Several Pipis-
trellus species are typical examples of synanthropic bats, as they
commonly forage around street lights, where aerial insects aggregate
(Bolliger et al., 2020b; Russo et al., 2019; Rydell, 1992; Spoelstra et al.,
2017). However, bats’ response is context-dependent, as Hooker et al.
(2022) showed that the feeding activity of pipistrelles can decrease
under lit treatments along waterways.

Under natural, dark conditions, flying insects often show a temporal
pattern with a large activity peak around dusk and a smaller peak
around dawn (Racey and Swift, 1985; Rydell et al., 1996; Swift, 1980).
This is especially the case for dipterans, on which synanthropic bats like
pipistrelles mainly prey upon (Rydell et al., 1996; Swift et al., 1985).
Bats generally show the same bimodal pattern (Ciechanowski et al.,
2009; Kunz, 1973; Mariton et al., 2023; Rachwald, 1992), so that their
activity pattern is closely related to the temporal activity pattern of their
prey (Erkert, 1982; Racey and Swift, 1985; Rydell et al., 1996; Swift,
1980). The lack of foraging activity in the middle of the night coincides
with the lowest insect abundance (Racey and Swift, 1985). Bats may
stop foraging with lower insect activity, and lactating bats can feed their
young while waiting for the morning insect peak (Racey and Swift,
1985; Swift, 1980). The activity patterns of flying insects and bats have
mainly been studied under natural conditions (Hayes, 1997; Mariton
et al., 2023; Ruczynski et al., 2020; Russo et al., 2011; Rydell et al.,
1996; Speakman et al., 2000; Swift, 1980), and little is known about the
changes in their temporal patterns in response to ALAN (Azam et al.,
2015; Hooker et al., 2022; Mariton et al., 2022). If insects shift their
activity within the night, bats likely adjust their temporal activity to this.

To answer this question, a simultaneous and continuous assessment
of bat and insect activity throughout the night is essential. Bats can
effectively be monitored by recording bats’ echolocation calls, but the
measurement of insect activity is a challenge because most methods use
light, which obviously will interfere with the light treatments (Froide-
vaux et al., 2018). Suction traps or flight-interception traps can be
programmed for interval collection of insects (Bolliger et al., 2020a;
Johnson, 1950), but this is logistically challenging, and collected insects
are no longer available for bats. A solution is the use of infra-red (IR)
cameras as these can capture insects in low light levels conditions
(Rowse et al., 2018), but it enables a less specific census (Ruczynski
et al., 2020).

In order to assess the impact of artificial light on the temporal ac-
tivity pattern of light-tolerant bats and their prey, we simultaneously
assessed nocturnal insect abundance, as well as foraging and feeding
activity of synanthropic pipistrelles in response to different light spectra
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using camera traps and passive acoustic monitoring near experimental
light posts in forest edge habitat. The activity of both aerial insects and
bats was continuously recorded throughout the night to measure
changes in their activity pattern in response to ALAN. We hypothesized
that natural activity patterns are disrupted by artificial light. We pre-
dicted that the insect activity would be constantly high throughout the
night in lit conditions, compared to a bimodal activity pattern in dark
natural conditions. We predicted that these temporal changes in insect
activity would drive alterations in foraging activity of bats.

2. Material and methods
2.1. Field sites and data collection

Insect abundance and bat activity were assessed in forest edge
habitat at seven experimental sites in the Netherlands set up to study the
effect of ALAN on the forest edge ecosystem. The forest edges border
mostly heathland; the sites and the area around these are located inside
nature reserves. Sites are described in more detail in Spoelstra et al.
(2015). At each site insect abundance and bat activity were estimated
under three different light treatments: white light (Philips Fortimo
White), red light (Philips Fortimo Clearfield) as well as a dark control
(wooden poles), around a 4 m tall lamppost placed at the forest edge.
The distance between light treatments varied between 88 and 386 m
(average 204 m; standard error, s.e. 17). All lampposts are programmed
to be on from sunset to sunrise since spring 2012. The illuminance at
ground level is 7.6 &+ 1.2 Lux (1 s.e.m.) beneath each lamppost. Sensors
connected to data loggers (BL30 Climate-Data Logger, Trotec, Germany)
were programmed to record air temperature and relative humidity every
20 s to monitor weather conditions. The sensors were attached to the
tripod on which we installed the microphones, at about 1 to 1.5 m above
the ground. The study was carried out during 27 nights without rainfall
and a minimum temperature (during the night) of 8 °C, between May
8th 2020 and August 9th 2020. Bat and insect activity were measured
simultaneously at the three light treatments at one site per night. Data
were included for analysis only if the bat recordings and the corre-
sponding insect data from camera traps were complete for a full night.
This resulted in 19, 19 and 18 nights of data for the control, red and
white treatments respectively, with two to four nights per site (SI,
Table S1).

2.2. Insect activity using camera traps

Insect abundance was continuously measured throughout the night
with infrared interval photography, using Reconyx HC500 HyperFire
Semi-Covert IR camera traps. Two camera traps were placed at 30 cm
below the luminaire of each lamppost, one facing the direction of the
light post (front) and the second one the opposite direction (back)
(Fig. 1a), in order to detect insects at both sides of the lamppost. There
was no vegetation in the close vicinity of the lamppost. Therefore, the
camera traps’ field of view was not obstructed and the insect detection
was not impaired by vegetation. Cameras were set to take pictures every
minute between 20:00 and 08:00 the next morning. Insects can be seen
as white dots or short lines on the dark background (Fig. 1b), so species
identification was not possible. Insects were counted manually using
MapView Professional software (Reconyx, 2016).

2.3. Validating camera trap data using sticky sheet traps

Sticky sheets were used to validate the total insect abundance per
night recorded by infrared interval photography. Here we made the
assumption that the capture of insects by the sticky sheets did not
interfere with the assessment of insect abundance by camera traps.
Sticky sheets traps (Fentini Biocontrol, The Netherlands) were cut
(18.5*25 cm) to fit in a frame to prevent bats accidentally touching it.
Traps were placed on the lampposts at 30 cm below the luminaire
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(Fig. 1a) between 20:00 and 22:00 and were collected between 07:00
and 09:00 the next morning, immediately placed in a plastic cover and
frozen. All insects at both sides of the sheet were counted, with usage of
a magnifying glass when needed.

2.4. Bat activity

Bat activity was assessed with omnidirectional microphones FG-
23329 (Knowles Electronics, Itasca, IL, USA) powered with 12 V batte-
ries and connected to a custom-made amplifier and filter unit. Micro-
phones were placed at 2.07 to 2.52 m (average 2.35 m; standard
deviation, s.d. 0.11) above the ground and 1.87 to 4.40 m (average 2.92
m; s.d. 0.70) from the lamppost depending on the vegetation sur-
rounding the lamppost. Sound recordings were digitised with an Analog-
Digital-Converter USB-6346 (DAQ) (National Instruments, TEX, USA) at
a sampling rate of 300 kHz and 16-bit resolution. All recording param-
eters were controlled and set with the MALTA software (Microphone
Array Localisation Tool for Animals, version 3.6, CAE Software & Sys-
tems, Germany), and all sound recordings were stored on Mini PCs
(Gemini X, Beelink). Recordings are stored in 10-s files. Bat activity was
continuously recorded from 15 min before sunset to 15 min after sunrise.

Species identification was performed using the Tadarida software
(Bas et al, 2017, online repository: https://github.com/YvesBas,
January 2021 version). As 93 % of the calls were attributable to syn-
anthropic pipistrelle species, we limited our analyses to these species. A
bat pass was defined as the occurrence of two or more echolocation calls
of a pipistrelle during a 10-s file.

Bat feeding activity was measured by counting the number of feeding
buzzes per night, which correspond to insect capture attempts and consist
of rapid sequences of short, linear pulses with pulse intervals gradually
decreasing (Griffin et al., 1960; Schnitzler and Kalko, 2001). Buzzes were
detected using the bat sonotype classifier (online repository: https://gith
ub.com/YvesBas/Tadarida-C/tree/master/Sonotypes, November 2020
version) built by Roemer et al. (2021). Spectrograms of all detected
buzzes were visually inspected to avoid false positives. A subsample was
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taken as well to check for false negatives. We used the ‘buzz ratio’ of
feeding buzzes relative to the number of bat passes as a measure of bat
feeding activity. A buzz ratio of one indicates that every bat pass contains
a feeding buzz (Vaughan et al., 1997).

2.5. Statistical analysis

Analyses were carried out using the statistical software R (version
4.1.2, R Core Team, 2021).

2.5.1. Insect abundance per night

To test for the effect of the light treatment on the insect abundance
per night (using camera traps data), a generalized mixed model (GLMM)
with a negative binomial distribution was applied, using glmer.nb from
Imer package (Bates et al., 2015). We included light treatment and mean
air temperature per night as fixed factors in the model. We accounted for
the hierarchical structure of the data by adding nested random effects of
site and night to the model intercept. We subsequently compared models
with and without the fixed effects using the R anova function (SI,
Table S2). The emmeans function from the emmeans package (Lenth,
2023) was used to perform post hoc tests with a Bonferroni correction.

2.5.2. Foraging activity per night

As the buzz ratio is a proportion, we fitted a zero-inflated beta model
(using glmmTMB from glmmTMB package, Brooks et al., 2017) with a
beta-distribution (link = logit), and light treatment and log-transformed
insect abundance as well as their interaction as explanatory variables.
We accounted for the hierarchical structure of the data by adding nested
random effects of site and night to the model intercept. The emtrends
function from the emmeans package (Lenth, 2023) was used to estimate
the slopes of the covariate trend for each light treatment.

2.5.3. Temporal activity patterns
As sunset and sunrise times changed throughout the data collection
and as bat activity tends to line up with sunset and sunrise times (Erkert,

Fig. 1. Method to monitor insect abundance around experimental lampposts. a) Sticky sheet trap, front and back camera traps on a lamppost. b—c) Pictures captured
by a camera trap at one-minute interval. b) Four insects are highlighted with a white circle. ¢) No insect was present.


https://github.com/YvesBas
https://github.com/YvesBas/Tadarida-C/tree/master/Sonotypes
https://github.com/YvesBas/Tadarida-C/tree/master/Sonotypes

C. Hermans et al.

1982), the time of observations were centred around the astronomical
midnight of each recorded night using the sunTime function of the
overlap package (Ridout and Linkie, 2009). We estimated temporal ac-
tivity patterns using negative binomial generalized additive mixed-
effect models (GAMMs) (gam function in the mgev package (Wood,
2011)). The number of insect observations, bat passes and feeding
buzzes per hour after sunset (relative to astronomical midnight) was
used as the response variable. The light treatment and the hours after
sunset were used as the predictor variables and the date as a random
effect on the intercept to account for night-to-night variation in activity.
Activity patterns were compared using plots of GAMM-predicted rela-
tive activity for each variable (insect abundance, number of bat passes
and number of feeding buzzes).

3. Results
3.1. Insect abundance

Insect abundance as measured with sticky sheets and camera traps
was positively correlated under red and white light (R = 0.75; p < 0.001
and R = 0.77; p < 0.001 respectively). However, the data from sticky
sheets and camera traps were not correlated under the control dark
treatment, with camera traps capturing more insects than sticky sheets
(R =0.31; p = 0.245).

Insect abundance as recorded by camera traps was significantly
higher under the white treatment than under the other two light treat-
ments and temperature did not have a significant effect on insect
abundance (Fig. 2 and SI, Tables S3-54).

3.2. Bat foraging activity

The number of bat passes and feeding buzzes per night was positively
correlated for all light treatments (R = 0.69; p = 0.001 for dark, R = 0.9;
p < 0.001 for red and R = 0.78; p < 0.001 for white).

When the insect abundance was low, the buzz ratio was low for all
the light treatments, with about one feeding buzz for every 40 passes
(Fig. 3). When insect abundance increased, the buzz ratio slightly
increased under red light and at the control treatment, but it only
increased significantly under white light (Table 1 and SI, Table S5).
Thus, when prey availability was high, up to one pass out of four con-
tained a feeding buzz at the white treatment, while bats tried to catch an
insect every ten passes at the control and the red treatment (Fig. 3).
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3.3. Activity patterns

Nightly insect abundance was greater only under white light (Z =
6.039, p < 0.0001 see SI Table S6). GAMMs showed a significant effect of
time for each light treatment (SI, Table S6). Under dark natural condi-
tions, insect abundance decreased throughout the night and did not
show a bimodal activity pattern. Under red and white light, the number
of insects per hour reached a maximum around four hours after sunset
before gradually decreasing until sunrise (Fig. 4A).

The number of bat passes and feeding buzzes followed similar tem-
poral patterns under the same light conditions. In unlit conditions,
pipistrelles exhibited activity peaks after sunset and before sunrise
(Fig. 4B and C). The hourly number of bat passes also showed a slight
increase around midnight (Fig. 4B). Under red light, the activity
remained constant throughout the night (passes: > = 2.606, p = 0.107;
feeding buzzes: Xz = 2.736, p = 0.101, see SI, Tables S7 and S8). Under
white light, the hourly number of bat passes and feeding buzzes reached
a plateau between three hours and eight hours after sunset, before
decreasing until sunrise (Fig. 4B and C).

4. Discussion

We showed that the insect abundance is higher in lit conditions and
that their natural activity pattern is disrupted by ALAN. Similarly, light-
tolerant pipistrelles are more active throughout the night in lit condi-
tions and their foraging activity pattern is also altered compared to dark
natural conditions. Overall, natural activity patterns are less impaired
by red light than white light.

4.1. Insect abundance

Our results showed that ALAN increases insect abundance in forest
edge habitat, but the effect varies according to the light spectrum.
Shorter wavelengths of the white light treatment are more attractive for
aerial insects than red light (Donners et al., 2018). Here we found a
similar pattern per night in insect abundance using sticky sheets and
camera traps, except at the dark control. ALAN may alter the insects’
spatial distribution with more insects getting closer to lampposts (Russo
et al., 2019) and thus getting captured both by camera traps and sticky
sheets, while insects at the dark control are evenly spatially distributed
and thus being more captured by camera traps than sticky sheets.

The insect size and the distance to the camera also introduce a bias in
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Table 1
Estimates of slopes of the covariate trend for each light treatment based on the
buzz ratio model.

Light Insects (log) SE df Lower confidence Upper confidence
trend limit limit

Dark 0.393 0.330 47 —0.2713 1.06

Red 0.617 0.271 47 0.0719 1.16

White  1.173 0.188 47 0.7959 1.55

insect detection (Ruczynski et al., 2020); the IR interval photography
works well for larger insects such as macro moth species, where small
dipterans may go undetected except when flying very close to the
camera. This bias is important to consider when studying food avail-
ability for bats, as different bat species prey upon other types of insects.
For example, P. pipistrellus generally feeds mostly on flies (Diptera) with
wingspans of 5 mm or more (Swift et al., 1985). However, some studies
reported already changes in diet preferences in several bat species,
including P. pipistrellus which also feed on Lepidoptera (Arlettaz et al.,
2000; Rydell, 1992). As ALAN alters the assemblage compositions of
invertebrates (Grubisic and van Grunsven, 2021; Hakbong et al., 2021;
Russo et al., 2019), this could lead to cascading effects on the diet
preferences of bats.

As we cannot identify individuals, both for bats and insects, only the
global activity for both taxa can be estimated. Furthermore, it is not
possible to clearly identify insects on camera traps images as it would be
with sticky sheets. Thus, we only took into account the number of insects
and not the species groups to keep a global quantitative approach for
both methods.

4.2. Bat foraging activity

White light attracts more insects and thus provides predictable
foraging opportunities for bats (Prat and Yovel, 2020). However, bats
optimize foraging rate according to a cost/benefit trade-off, which de-
pends on the bat’s ability to detect and catch prey and the risk of

predation due to light (Jones and Rydell, 1994). In this study the buzz
ratio drastically increased under white light compared to the dark sit-
uation or under red light when insects were present in larger numbers.
This means that pipistrelles have more feeding opportunities in lit
conditions with higher insect densities, with foraging benefits out-
weighing the potential increase in predation risk by visually-oriented
predators like owls (Lesinski et al., 2009; Rosina and Shokhrin, 2011;
Speakman, 1991). However, in previous studies, pipistrelles did not
produce more buzzes in lit conditions along waterways or with increased
moth availability (Charbonnier et al., 2014; Hooker et al., 2022).
Therefore, bats’ foraging response to ALAN and insect abundance is
context-dependent. Some previous studies used bat passes as an esti-
mator of foraging activity, as the number of feeding buzzes is often
correlated with the number of bat passes (Mariton et al., 2022). In this
study we however showed an interaction effect of ALAN and insect
abundance on the buzz ratio, indicating that other parameters might
alter the correlation between bat passes and feeding buzzes.

4.3. Temporal activity patterns

Both insects and bats (passes and feeding buzzes) displayed compa-
rable temporal patterns under natural dark conditions with more ac-
tivity after sunset, which is consistent with previous observations
(Erkert, 1982; Mariton et al., 2023; O’Farrell and Bradley, 1970; Racey
and Swift, 1985; Rydell et al., 1996; Swift, 1980). While bats exhibited a
bimodal activity pattern in unlit conditions, the second peak before
sunrise was not detectable for insects in our study. In lit conditions, the
insect activity peak shifted to later in the night although it stayed before
midnight. The nightly activity of pipistrelles increased under red light
compared to unlit conditions, but remained constant throughout the
night. This effect was stronger under white light, especially between
three and eight hours after sunset. Therefore, bat activity is closely
related to the diel activity pattern of their prey, but they also continue to
forage during the second half of the night while the insect abundance
gradually decreases under lit conditions, thus taking advantage of food
availability as much as possible.
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The activity expansion throughout the night in lit conditions may
have short-term benefits for the few light-tolerant bat species by
providing a selective advantage of matching their activity pattern to that
of their prey (Erkert, 1982). Artificial light could then alter community
dynamics, for example in competition patterns, even between poten-
tially competing pipistrelle species (Salinas-Ramos et al., 2021). The
activity expansion could also lead in overexploitation of their food

resources, or they could be exposed to new predators (Tougeron and
Sanders, 2023). Thus, this could lead to population decline in the long
term for pipistrelles, but also lead to cascading effects across their food
web. These changes might also be detrimental for light-averse species (i.
e. Myotis spp.), as pipistrelles are dominant, and dark areas are lacking
food because insects agglomerate around the lights. Our results also
show that natural diel activity pattern of insects and bats is less
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disrupted under red light than white light, thus opening the possibility of
using spectral composition as a mitigation measure. Some previous
studies already showed that red light is less harmful than other light
spectra, especially for light-averse species (Spoelstra et al., 2017; Zeale
et al., 2018). Using red light reduces the local benefit for opportunistic
bats to forage on insects around light sources, and leaves the possibility
for light-averse bats to forage there as well.

5. Conclusions

ALAN drives diel activity pattern of nocturnal aerial insects, and
insect presence is a key driver for bat activity. Therefore, the advantage
of the presence of light for synanthropic bats may be strongly deter-
mined by the continuous provision of insects throughout the night.
Although light may be detrimental on a wider scale for both synan-
thropic and light-shy bats, the temporal effects of insect availability are
an important factor behind the local advantage in foraging opportunities
for synanthropic bat species.
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