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Abstract 
Artificial 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 affected organisms, and hence compro-
mise the viability of their populations. Limiting the use of artificial light may mitigate these negative effects. Accordingly, 
we investigated whether the duration of artificial light affects sexual signalling in female glow-worms, Lampyris noctiluca, 
which are flightless and attract flying males to mate by emitting glow that is interfered by light pollution. The study included 
three treatments: no artificial light (control), 15 min of artificial light, and 45 min of artificial 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 findings suggest that glow-worms can 
react rapidly to anthropogenic changes in nocturnal light levels, and that prolonged periods of artificial light trigger females 
to stop sexual signalling. Thus, limiting the duration of artificial light can mitigate the adverse effects of light pollution on 
sexual signalling, highlighting the importance of such mitigation measures.

Significance statement
Interest in the effects of artificial 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 effectiveness of these methods has remained very limited. We show that female European com-
mon glow-worms, which are wingless beetles that glow to attract flying males to mate, responded to prolonged artificial 
light exposure by discontinuing their glow. Such non-glowing females are not expected to find a mate, making it difficult for 
them to reproduce. Hence, our study indicates that the duration of artificial light should be limited to protect this night-active 
beetle and its opportunities for effective 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.
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Introduction

Natural environments are increasingly affected 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 different 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 affects 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 
fly towards artificial 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 ficta fireflies emit 
brighter flash signals in response to artificial 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).

Artificial 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, artificial 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 affect 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 effects 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 affects 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 fixtures 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 effectiveness for limiting the impact of arti-
ficial light at night is lagging behind (for work on bats, see 
Azam et al. 2015; Day et al. 2015).

Glow-worms and flashing fireflies 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 artificial 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 fireflies may be threatened by the global increase in 
the use of artificial 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 affected by light pollution (Elgert 
et al. 2020; Lewis et al. 2020; Van den Broeck et al. 2021b), 
the effects of the duration of artificial 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 effects could be mitigated.

Accordingly, we investigated how the length of expo-
sure to artificial light affects the glow that flightless 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 different periods of 
time spent under artificial 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 artificial light.

Materials and methods

In the common glow-worm, sedentary and wingless females 
try to attract flying males, with brighter and larger females 
typically being more successful (Tyler 2002; Hopkins et al. 
2015). Female body size, in turn, is defined 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 affected by the period of time they are 
exposed to artificial 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 briefly 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 artifi-
cial light (N = 30 females); short exposure to artificial light, 
for 15 min (based on findings of a preliminary experiment) 
starting at 00.46 (N = 27); and long exposure to artificial 
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 briefly created a shadow to check whether the glow 
had completely ceased. To estimate body size, we recorded 
the pronotum width (first exoskeletal plate) of each female 
(Hopkins et al. 2015). We returned all females to the field 
after they had been tested.

All statistical analyses were conducted using R version 
4.0.2 (https:// www.R- proje ct. org). The effects 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 artificial 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)

https://www.R-project.org
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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-significant (χ2–test, P > 0.1), 
we refitted the model without it.

To check that the behaviour of females did not differ 
between the three treatments already before the artificial 
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 fitted 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 fixed factors, 
and days since capture as a covariate. If the interaction term 
was found to be non-significant (χ2–test, P > 0.1), the model 
was refitted without it.

Results

The AFT model revealed that the body size × artificial light 
treatment interaction term was non-significant (Table 1), 
and the model was therefore refitted without it. In the final 
model, both artificial light and body size effects were sig-
nificant, 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 artificial light 

(short exposure) (Table 1). The difference between the con-
trol and the short exposure treatments was not significant 
(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 off 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 off before the end of the trial.

In all treatments, females typically started to glow before 
the time the artificial 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 affect the onset 
time of its glow (Table 2). However, pronotum width (proxy 
for body size) did influence 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 signifi-
cantly affect 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-significant (χ2

2 = 1.549, N = 88, P = 0.46), and the 
model was refitted without the term (upper panel). Pairwise compari-
sons of artificial light exposure levels are presented in the lower panel

Significant P–values (α < 0.05) are highlighted with bold text

AFT χ2 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 artificial 

light exposure levels
Z P

Short exposure vs. control  − 1.33 0.19
Long exposure vs. control  − 3.65  < 0.001
Long exposure vs. short exposure  − 4.27  < 0.001

Fig. 2  The latency until female glow-worms ceased to glow in the 
absence (control) and presence of artificial 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 artifi-
cial light (short exposure). The graph shows Kaplan–Meier survival 
curves for latency. ( +) indicates right-censored data
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Discussion

Our study is among the first to demonstrate that the response 
of female glow-worms to artificial light depends on the 
length of time they are exposed to the light. The most 
notable reaction of females to artificial light was to cease 
glowing. Interestingly, a brief exposure to light was less 
detrimental than an extended one: the probability of glow 
discontinuation was significantly higher in the long exposure 
treatment than control or short exposure treatment, but it did 
not differ between the control and short exposure treatments.

We suggest that females responded to artificial light by 
ceasing to glow because in the wild female glow-worms use 
natural ambient light to time their glow (Schwalb 1961; Dre-
isig 1971; Tyler 2002). Such a glow strategy should work 
well under a natural light–dark cycle, when any bright light 
is associated with the sun. Artificial light, in contrast, is 
both a relatively novel environmental disturbance and typi-
cally much brighter than any natural nocturnal light. There-
fore, unexpectedly bright light at night can, as shown by 
our results, trigger females to stop their glow, which they 
would under natural circumstances only do at the arrival of 
the dawn or following a successful mating. An alternative 
possibility is that females have evolved to respond by ceas-
ing to signal when the light disturbance has continued long 
enough to be deemed relatively continuous and, hence, to 
constitute a major interference to the visibility of their glow 
signal. Because, under undisturbed natural conditions, there 
are no temporary light sources brighter than the moonlight, 
this second alternative would imply an evolved response to 
artificial light and therefore warrants future research.

After turning on the light, it took on average 26 min for 
a female to cease to glow. This delay before a reaction is in 
line with prior findings (Dreisig 1975). It can also explain 
earlier observations of females glowing under a streetlight 
(Ineichen and Rüttimann 2012), despite the probability of 
attracting a male under artificial light is significantly reduced 
(Ineichen and Rüttimann 2012; Bird and Parker 2014; Elgert 
et al. 2020, 2021; Van den Broeck et al. 2021b). In addi-
tion, females have not been found to move away from a 
source of light (Elgert et al. 2020), despite being in a hurry 
to mate (Hopkins et al. 2021). Instead, when exposed to 
artificial light before having started to glow, females glow 
less and hide more than under control conditions (Elgert 
et al. 2020). Interestingly, all females that stopped to glow 
in our short light exposure treatment restarted glowing after 
the disturbance was removed. This result is in accordance 
with observations by Schwalb (1961), according to which 
females resumed glowing soon after a strong light (500 lx) 
was turned off. These findings indicate that female glow-
worms are probably able to recover from prematurely ending 
their glow, provided that the disturbance is brief.

Fig. 3  The relationship between female size and time of ceasing to 
glow in minutes since the start of the experiment. Larger females 
ceased their glow later than smaller females regardless of artificial 
light treatment

Table 2  Results from a negative binomial general linear model (NB 
GLM) with time until initiation of glowing in full minutes since the 
start of the experiment as the response variable, and size, treatment, 
and days since capture as fixed factors. The interaction term between 
size and treatment was non-significant (χ2

2 = 0.858, N = 88, P = 0.65), 
and the model was thus refitted without the term

Significant P–values (α = 0.05) are denoted with bold text

NB GLM χ2 df P

Treatment 0.923 2 0.63
Days in captivity 0.075 1 0.79
Size 4.797 1 0.029

Fig. 4  The relationship between female size and time of initiating the 
glow (before the light was turned on in the artificial light treatments). 
Larger females initiated their glow earlier than smaller females
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Earlier studies show that female glow-worms are sensi-
tive to light conditions and can resynchronize their circadian 
rhythm when light levels in the environment are artificially 
altered (Schwalb 1961; Dreisig 1978). Thus, temporary arti-
ficial light at night has the potential to shift the time window 
available for a successful mating later into the night. The 
magnitude of such a phase shift, in turn, can be expected to 
depend on the length of the light exposure. Because glow-
worms are usually active only a few hours per night, and 
males typically start their mate searching after females have 
started to glow, and stop it earlier than females stop signal-
ling (Schwalb 1961; Dreisig 1971; Tyler 2002), any shift in 
the timing of female glow presumably needs to be matched 
by a similar shift in male mate searching.

In this study, females varied regarding how long they 
continued to glow after the start of light exposure: some 
stopped almost immediately, while others continued to 
glow for well over 45 min under the light. One factor that 
explained these individual differences was female size (here 
measured as pronotum width, which varied between 2.47 
and 4.34 mm), with small females reacting faster to the light 
than large ones. We also found that large females initiated 
their glow earlier. These results could be explained by larger 
females being brighter (Hopkins et al. 2015) and hence hav-
ing a higher probability to attract males under artificial light 
than smaller females (Elgert et al. 2021). Conversely, small 
females may be able to attract mates only during the darkest 
hours of the night (Borshagovski et al. 2020). Given that 
small females start their glow later, and cease it more easily 
under light, artificial light shortens the time available for 
mate attraction relatively more in small than large females. 
Similarly, the effects of artificial light on the glow and its 
initiation may differ across latitudes (Dreisig 1978), with 
females presumably needing a larger size and brighter glow 
to attain an adequate visibility in higher latitudes (Borshago-
vski et al. 2020), providing an interesting topic for further 
research.

Glow-worms and other fireflies face many anthropogenic 
threats (Lewis et al. 2020), including climate change, pesticides, 
habitat fragmentation, road mortality, and pollution (including 
artificial light) (Lewis et al. 2020; Lehtonen et al. 2021). Our 
finding that extended exposure to artificial light causes female 
glow-worms to cease glowing suggests that glow-worm repro-
duction (especially mate searching) would benefit from mini-
misation of the period of time that an artificial light is turned 
on, easing the negative anthropogenic impact on these beetles. 
Glow-worms and flashing fireflies aside, at least 49.5% (with 
the exact figure depending on the method) of the world’s land 
surface between 59° N and 55° S, not restricted to urban areas, 
has been estimated to be exposed to either direct or indirect 
night-time light pollution (Gaston et al. 2021). Given that 
a range of species, from insects to mammals, show adverse 
responses to light pollution (Dominoni and Nelson 2018), 

limiting both the amount of nocturnal light sources and the 
duration of the light is likely to be beneficial. Indeed, earlier 
work on bats (Azam et al. 2015; Day et al. 2015) and polli-
nating moths (Macgregor et al. 2019), has given promising 
results regarding correctly timed part-night lighting, albeit its 
efficiency varies depending on the species.

To conclude, our study shows that light pollution disturbs 
sexual signalling in the common glow-worm, with the extent 
of this effect depending on both the duration of the exposure 
to the light and the body size of the affected female. Thus, we 
recommend limiting the duration of artificial light to under 
25 min at a time, to light only crucial areas (preferably away 
from glow-worm habitats), and to use light sources that mini-
mise scattered light. For example, motion sensor technology 
seems a promising method for decreasing the negative effects 
of light pollution. In this respect, our results provide valu-
able information for the development of lighting systems to 
mitigate the adverse effects of light pollution on organisms.
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