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Abstract  
Arti�cial light at night is increasing globally, interfering with both sensory ecology and temporal rhythms of organisms, 
from zooplankton to mammals. This interference can change the behaviour of the a�ected organisms, and hence compro-
mise the viability of their populations. Limiting the use of arti�cial light may mitigate these negative e�ects. Accordingly, 
we investigated whether the duration of arti�cial light a�ects sexual signalling in female glow-worms, Lampyris noctiluca, 
which are �ightless and attract �ying males to mate by emitting glow that is interfered by light pollution. The study included 
three treatments: no arti�cial light (control), 15�min of arti�cial light, and 45�min of arti�cial light. The results show that 
females were more likely to cease glowing when the exposure to light was longer. Furthermore, small females were more 
likely to cease their glow, and responded faster to the light, than larger females. These �ndings suggest that glow-worms can 
react rapidly to anthropogenic changes in nocturnal light levels, and that prolonged periods of arti�cial light trigger females 
to stop sexual signalling. Thus, limiting the duration of arti�cial light can mitigate the adverse e�ects of light pollution on 
sexual signalling, highlighting the importance of such mitigation measures.

Signi�cance statement
Interest in the e�ects of arti�cial light at night on animal behaviour has increased in recent years. With evidence for its 
negative impact accumulating, potential remedies, such as limiting the duration of light exposure, have emerged. To date, 
however, knowledge on the e�ectiveness of these methods has remained very limited. We show that female European com-
mon glow-worms, which are wingless beetles that glow to attract �ying males to mate, responded to prolonged arti�cial 
light exposure by discontinuing their glow. Such non-glowing females are not expected to �nd a mate, making it di�cult for 
them to reproduce. Hence, our study indicates that the duration of arti�cial light should be limited to protect this night-active 
beetle and its opportunities for e�ective sexual signalling. Because many other nocturnal species also need darkness, this 
study provides valuable information for the development and use of less disruptive night-time lights.

Keywords ALAN�· Environmental change�· Light pollution�· Mate choice�· Sexual selection�· Signal

Introduction

Natural environments are increasingly a�ected by human 
activity. Indeed, anthropogenic disturbances, such as noise, 
light pollution, and habitat destruction, have become more 
common and increased in their intensity (Gaston et�al. 2015, 
2021; Swaddle et�al. 2015). Many organisms struggle with 
adapting to such quick environmental changes (Wong and 
Candolin 2015). Indeed, when an organism is exposed to 
novel conditions that are di�erent from those of its recent 
evolutionary past, it may lack the phenotypic or genetic vari-
ation to react appropriately. This is also true regarding sig-
nals, such as sounds and physical ornaments, that animals 
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use to attract mates. If a novel anthropogenic disturbance 
closely resembles the signal, or otherwise a�ects pre-exist-
ing signal–response patterns, its impacts on the signallers 
and receivers are likely to be particularly severe (Sih et�al. 
2011; Wong and Candolin 2015). Reproductive success of 
signallers and signal receivers in such altered environments 
depends on how well they succeed in adjusting, and possibly 
genetically adapting, to the new conditions. Common strate-
gies, in this regard, include either avoiding or overriding the 
disturbance. For example, urban moths are less inclined to 
�y towards arti�cial light sources compared to their rural 
counterparts (Altermatt and Ebert 2016), while certain birds 
rapidly alter the pitch of their vocal signalling in response to 
noise (Slabbekoorn 2013), and Aquatica �cta �re�ies emit 
brighter �ash signals in response to arti�cial light (Owens 
et�al. 2018). The likelihood of such adjustments taking place 
is likely to depend on the phenotypic plasticity and sensory 
ecology of the organism (Sih et�al. 2011; Tuomainen and 
Candolin 2011).

Arti�cial lights, such as street, commercial, safety, and 
vehicle lights, alter the nocturnal environment by chang-
ing the spectral, spatial, and temporal distribution of ambi-
ent light (Gaston et�al. 2015). In addition, arti�cial light 
sources usually display considerably higher light intensities 
(10–60�lx) compared to natural nightly light sources, such 
as the moon (typically 0.1–0.6�lx; Kyba et�al. 2017). Light 
pollution is known to a�ect a range of taxa, including mam-
mals, birds, insects, and zooplankton, by disrupting their 
temporal rhythms or directly interfering with their senses 
(Sih et�al. 2011; Gaston et�al. 2015; Dominoni and Nelson 
2018). Despite the increasing interest in the e�ects of light 
pollution, many aspects of its consequences are still poorly 
understood (Spoelstra et�al. 2015; Boyes et�al. 2020), high-
lighting the need for both additional research and mitigation 
measures. As light pollution a�ects wildlife in many ways, 
various solutions to the growing problem have been sug-
gested. Most commonly, the recommendations have included 
reduction of the lit area, adjustment of the spectral properties 
of light sources, the use of less light for shorter periods of 
time (motion sensors or part-night lighting), and the use of 
light �xtures that minimise the spread of scattered light into 
the environment (Gaston et�al. 2012; Longcore and Rich 
2016). These approaches seem intuitive, but experimental 
research on their e�ectiveness for limiting the impact of arti-
�cial light at night is lagging behind (for work on bats, see 
Azam et�al. 2015; Day et�al. 2015).

Glow-worms and �ashing �re�ies use bioluminescent 
signals to attract mates in the dark and are thus likely to 
be especially vulnerable to light pollution (Lewis 2016). In 
these insects, the initiation of signalling is highly susceptible 
to changes in ambient light (Schwalb 1961; Dreisig 1971, 
1975, 1978), and hence arti�cial light can hamper their 
mate attraction and even reproductive success (Ineichen and 

Rüttimann 2012; Owens and Lewis 2018; Elgert et�al. 2020, 
2021; Van den Broeck et�al. 2021b). Thus, glow-worms and 
other �re�ies may be threatened by the global increase in 
the use of arti�cial light, as well as by other factors, such as 
habitat loss, climate change, and chemical pollution (Lewis 
et�al. 2020; Owens et�al. 2020). Some species, such as the 
common glow-worm, Lampyris noctiluca, have been declin-
ing at least locally (Gardiner and Didham 2020), and while 
they may be negatively a�ected by light pollution (Elgert 
et�al. 2020; Lewis et�al. 2020; Van den Broeck et�al. 2021b), 
the e�ects of the duration of arti�cial light on their behav-
iour remain poorly understood. Therefore, it is important to 
investigate how these charismatic beetles handle light pol-
lution and whether the negative e�ects could be mitigated.

Accordingly, we investigated how the length of expo-
sure to arti�cial light a�ects the glow that �ightless glow-
worm females use to attract males to mate. Earlier studies 
revealed that streetlights hamper the capacity of female 
glow-worms (both actual females and green LED dummies) 
to attract males, and that females usually do not move away 
from constant light, but instead glow less (Bird and Parker 
2014; Elgert et�al. 2020; Van den Broeck et�al. 2021a). To 
test whether and how females react to di�erent periods of 
time spent under arti�cial light, we designed a laboratory 
experiment to test their responses. We expected responses 
of female glow-worms to become stronger with the length 
of exposure to arti�cial light.

Materials and�methods

In the common glow-worm, sedentary and wingless females 
try to attract �ying males, with brighter and larger females 
typically being more successful (Tyler 2002; Hopkins et�al. 
2015). Female body size, in turn, is de�ned during the lar-
val stage by factors such as food availability, the physical 
environment, genetic factors, and larval development time 
(Tyler 2002). Adult females start to glow at sunset, when 
the ambient light level has decreased to a low enough level, 
and continue to glow for a couple of hours per night until 
they either succeed in mating or die (Schwalb 1961; Dre-
isig 1971; Tyler 2002). The distinct green/yellow glow 
(546–570�nm) is produced by a chemical reaction in the lan-
tern on the underside of the last abdominal segments (Tyler 
2002). As capital breeders, adult glow-worms have a limited 
amount of resources to allocate to survival and reproduction, 
with the fecundity of unmated females quickly decreasing 
over time (Tyler 2002; Hopkins et�al. 2021). In Finland, at 
the northern limit of their range (Borshagovski et�al. 2020), 
glow-worm peak reproductive season is in June–July (Bor-
shagovski et�al. 2020; personal observations), when nights 
are short. Interestingly, previous research suggests that both 
female size and the intensity of female glow increase with 
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latitude, presumably as local adaptations to the higher levels 
of ambient light during summer nights (Borshagovski et�al. 
2020).

We collected glow-worm females for the experiment in 
June–July 2019 from the surroundings of Tvärminne Zoo-
logical Station, Southern Finland (N 59° 51�•, E 23° 14�•). 
The females were transported to the laboratory and placed 
in individual vials (diameter: 8�cm, height: 4�cm), each with 
a mesh cover for air exchange, and fresh moss and leaves 
to prove moisture and shelter. The vials with females were 
kept in a non-insulated shed with a see-through roof, thus 
experiencing natural temperature and light conditions (light/
dark: ~ 20L/4D during the study). Females were used in the 
experiment on average 2.84�days (SE = 0.09, N = 94) after 
capture.

We investigated in a laboratory experiment how female 
glow-worms are a�ected by the period of time they are 
exposed to arti�cial light, when the light is turned on after 
they have started to glow. For this purpose, we tested 94 
females, of which 88 started to glow during the experiment. 
The females that did not glow at any point during the experi-
ment (N = 6), were excluded from all analyses, because the 
absence of glowing is likely to indicate either poor condi-
tion (being out of energy) or mating brie�y before being 
collected (females cease to glow soon after mating, but not 
immediately). The experiment was started at 23.30 and 
completed at 01.30 (giving the total duration of 120�min). 
It had three treatments: control with no exposure to arti�-
cial light (N = 30 females); short exposure to arti�cial light, 
for 15�min (based on �ndings of a preliminary experiment) 
starting at 00.46 (N =  27); and long exposure to arti�cial 
light, for 45�min (hence running until the end of the experi-
ment), starting at 00.46 (N = 31). Thus, in the light exposed 
groups, the light was turned on 75�min after the start of the 
experiment, giving the females a long undisturbed period to 
start their glow.

In the experimental arena, a source of light (cool white 
headlight, peak: 0.14�µW/cm2/nm at 455�nm), with an 
intensity of 15–20�lx that peaked in the centre of the beam, 
was placed straight above the focal female at the height of 
180�cm (Fig.�1). This way, its intensity corresponded to that 
of a common streetlight (Gaston et�al. 2012, 2015). We used 
two separate light sources in the experiment, which were 
assigned haphazardly across treatments and nights. We used 
tarpaulins to prevent light leakage between the treatments.

Each night, we haphazardly assigned 1 to 10 females 
to the three treatments, depending on how many females 
we had available. At the start of a trial, in all three treat-
ments, the focal female was placed in a small vial (diameter: 
8�cm, height: 12�cm), with a layer of soil on the bottom and 
a net covering the top to prevent the female from escap-
ing. The walls of the vial were opaque, blocking all visual 
interactions between females tested at the same time. Each 

female was provided with one bivalve shell for shelter and 
two sticks for perching on. The female was placed in a vial 
in the experimental arena at approximately 23.00 to give it 
time to acclimatise to its surroundings until the start of the 
experiment at 23.30.

During the trial, we checked each female every 15�min 
and recorded when it started and ended to glow. If the 
onset of glowing was noticed at a point of time between the 
15-min check points, this point of time was recorded as the 
starting time. We recorded these data conservatively: the 
female had to produce clearly visible glow to be recorded as 
having started to glow, and it had to stop completely to be 
recorded as having ceased its glow. When in any doubt, the 
observer brie�y created a shadow to check whether the glow 
had completely ceased. To estimate body size, we recorded 
the pronotum width (�rst exoskeletal plate) of each female 
(Hopkins et�al. 2015). We returned all females to the �eld 
after they had been tested.

All statistical analyses were conducted using R version 
4.0.2 (https:// www.R- proje ct. org). The e�ects of treatment 
and female size on the time it took for females to discon-
tinue their glow (measured in minutes since the start of the 

Fig. 1  The setup of the experiment. Female glow-worms were placed 
in vials (one female per vial) and were allowed to start glowing 
before the arti�cial light was switched on. They were then exposed 
to one of three treatments: no light (control, N = 30), 15�min of light 
(short exposure, N = 27), and 45�min of light (long exposure, N = 31)
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experiment) were analysed with an accelerated failure time 
model (AFT). The analysis was performed using the “sur-
vreg” function with a Weibull distribution in the “survival” 
package (version 3.1–12) (Therneau 2020). Fixed factors 
were body size (pronotum width), the light treatment, and 
the interaction between size and treatment. The number of 
days since capture was added as a covariate. If the interac-
tion term was found to be non-signi�cant (�2–test, P > 0.1), 
we re�tted the model without it.

To check that the behaviour of females did not di�er 
between the three treatments already before the arti�cial 
light was turned on, we ran, for females that did start to glow 
(and hence were available for the above analysis), a GLM 
with a negative binomial error distribution (as appropriate 
for data that were overdispersed; glm.nb-function from the 
MASS package, version 7.3–51.6 (Venables and Ripley 
2002)). We �tted the model with the period of time until 
the female started to glow (in full minutes since the begin-
ning of the experiment) as the response variable, body size, 
treatment, and size × treatment interaction as �xed factors, 
and days since capture as a covariate. If the interaction term 
was found to be non-signi�cant (�2–test, P > 0.1), the model 
was re�tted without it.

Results

The AFT model revealed that the body size × arti�cial light 
treatment interaction term was non-signi�cant (Table�1), 
and the model was therefore re�tted without it. In the �nal 
model, both arti�cial light and body size e�ects were sig-
ni�cant, whereas the number of days spent in captivity was 
not (Table�1). The females exposed to 45�min of light (long 
exposure) were more prone to cease glowing than females 
in the control and those exposed to 15�min of arti�cial light 

(short exposure) (Table�1). The di�erence between the con-
trol and the short exposure treatments was not signi�cant 
(Table�1). In particular, the probability of a female ceasing 
to glow was the lowest in the control (1/30 or 3%), followed 
by the short exposure time of 15�min (4/27 or 15%), and the 
long exposure time of 45�min (28/31 or 90%). The average 
time from the start of the trial at which the females ceased 
to glow was 101.4�min (SE = 2.0, N = 33), i.e. 26�min after 
the light was turned on. Small females were more likely to 
stop glowing, and did so more quickly, than large females 
(Fig.�2; Fig.�3; Table�1).

Interestingly, all 4 females that ceased to glow in the short 
exposure treatment restarted their glow after the light was 
turned o� and before the trial had ended. None of the 28 
females in the long exposure treatment restarted to glow 
before their trial was completed, probably because the light 
was not switched o� before the end of the trial.

In all treatments, females typically started to glow before 
the time the arti�cial light was turned on in the exposure 
treatments (at 00.46), and, as expected, the treatment to 
which a female had been assigned did not a�ect the onset 
time of its glow (Table�2). However, pronotum width (proxy 
for body size) did in�uence the onset time (Table�2): larger 
females initiated their glow earlier than small ones (Table�2; 
Fig.�4). The covariate, time spent in captivity, did not signi�-
cantly a�ect glow onset time (Table�2).

Table 1  The results from an accelerated failure model (AFT). The 
time until ceasing to glow in full minutes since the start of the experi-
ment was the response variable. Fixed factors were size, treatment, 
and days since capture. The interaction term between size and treat-
ment was non-signi�cant (�22 = 1.549, N = 88, P = 0.46), and the 
model was re�tted without the term (upper panel). Pairwise compari-
sons of arti�cial light exposure levels are presented in the lower panel

Signi�cant�P–values (��< 0.05) are highlighted with bold text

AFT � 2 df P

Size 6.995 1 0.008

Treatment 65.34 2  < 0.001

Days in captivity 0.008 1 0.93

Pairwise comparisons of arti�cial 
light exposure levels

Z P

Short exposure vs. control  �P 1.33 0.19

Long exposure vs. control  �P 3.65  < 0.001

Long exposure vs. short exposure  �P 4.27  < 0.001

Fig. 2  The latency until female glow-worms ceased to glow in the 
absence (control) and presence of arti�cial light for either a short 
(15� min) or long (45� min) period of time. The females exposed to 
45� min of light (long exposure) were more prone to cease glowing 
than females in the control and those exposed to 15� min of arti�-
cial light (short exposure). The graph shows Kaplan–Meier survival 
curves for latency. ( +) indicates right-censored data










