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Abstract Theory predicts that because costs constrain
female sexual signaling, females are expected to have a
low signaling effort that is increased with passing time
until mating is secured. This pattern of signaling is
expected to result from females balancing the costs
associated with a higher than optimal signaling effort
and those costs associated with a low signaling effort
that increase the likelihood of delayedmating.We tested
whether this prediction applies in the common glow-
worm Lampyris noctiluca (Coleoptera, Lampyridae), a
capital breeding species in which females glow at night
to attract males. Contrary to predictions, we found that
the duration of female sexual signaling significantly
decreased with time. Moreover, when females experi-
enced multiple light/dark cycles within 24 h, both sig-
naling duration and intensity significantly decreased.
These results imply that females attempt to signal as
much as possible at first, with the decrease in signaling
duration and intensity likely being due to female re-
source depletion. Because in capital breeding females
the costs of a delayed mating are likely greater than the
costs of sexual signaling, females should mate as soon
as possible and thus always invest into signaling as
much as possible.

Keywords Sexual signaling costs . Female sexual
selection . Female sexual signaling . Capital breeding .

Lampyridae . Lampyris noctiluca

Introduction

The processes that promote or constrain sexual signaling
by females remains poorly understood compared with
our understanding of the drivers of male ornamentation
(Rosenqvist and Berglund 1992; Amundsen 2000;
Clutton-Brock 2009; Edward and Chapman 2011; To-
bias et al. 2012). While male reproductive success is
usually limited by the quantity of mates, female repro-
ductive success has been thought to be limited by access
to resources or mate quality. This has led to the accep-
tance of the Bateman gradient as an explanation to the
differences in sexual signaling between males and fe-
males, whereby males increase their reproductive suc-
cess with sexual signaling, while females make their
choice based on the quality of the male that can provide
the best resources (Bateman 1948; Cunningham and
Birkhead 1998). However, the Bateman gradient fails
to explain recent evidence that female mate attraction is
more common than traditionally recognized (Clutton-
Brock 2009), which highlights the need to develop an
understanding of sexual signaling in females.

Female sexual ornaments are expected to evolve
when females have limited access to males (Levitan
2004; Rhainds 2010). However, investment into sex-
ual ornaments is often traded off against investment
into other components of female fitness such as
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fecundity. Thus, females that use sexual signals are
expected to evolve strategies to minimize the associ-
ated cost of signaling. For example, female moths can
attract males by emitting pheromones and balance the
costs and benefits of sexual signaling by increasing the
signaling effort as they age (Umbers et al. 2015).
Signaling females are also expected to gather informa-
tion about whether their reproductive success is likely
to be sperm limited and to adjust their signaling effort
accordingly (Umbers et al. 2015). Thus, female sig-
naling effort is expected to be lower when male den-
sity is high, and, conversely, higher when male density
is low. When signaling females have no information
about male density, the only cue on male density is
the time a female spends signaling unsuccessfully
(Umbers et al. 2015). Consequently, females are pre-
dicted to start their signaling effort at low levels to
minimize signaling costs and increase their signaling
effort with time until a mating is secured (Rhainds
2010, 2019; Umbers et al. 2015).

Life-history constraints may affect the trade-offs
between signaling, fecundity and maintenance. Many
species can continually acquire resources that are
then used either for maintenance or reproduction,
whereas capital breeders finance their reproduction
with resources acquired before their reproductive
bout, for example during the larval stage in many
capital breeding insects (Stearns 1989, 1992;
Bonnet et al. 1999, 2002; Jervis et al. 2005). In
capital breeders, this resource limitation may con-
strain signaling, fecundity and self-maintenance until
successful reproduction. Hence, capital breeding fe-
males should balance their resource allocation into
sexual signaling in relation to the resources they had
been able to gather prior to reproduction.

Given the earlier findings (Rhainds 2010, 2019;
Umbers et al. 2015) we hypothesized that female sig-
naling effort (measured as glowing intensity and dura-
tion) in a capital breeder is initially low and then in-
creases with time, as long as the female has not mated.
We tested this hypothesis using the European common
glow-worm, a capital breeding species in which wing-
less and sedentary females glow at night to attract flying
males. For this purpose, we (1) measured glowing of
unmated females in the laboratory and (2) modified day/
night cycles to manipulate female glowing effort. We
quantified variation in signaling (glowing) duration and
intensity for each female and each treatment during five
nights.

Materials and Methods

Study Species

The common glow-worm is a lampyrid beetle in which
the predatory larvae mostly feed on snails, whereas
adults do not feed and are principally concerned by
reproduction (Tyler 2002). Wingless adult females glow
at night to attract males, while males fly in search of
glowing females (Tyler 2002). Females usually stop
glowing soon after mating and lay their eggs within a
day (Tyler 2002). In the wild, females glow 1–3 h per
night until they mate, with about half of the females
glowing for one night only and most females (95%)
glowing for four nights or less (Dreisig 1978; Tyler
2002; Hickmott and Tyler 2011). Females that fail to
mate on a given night will glow every successive night
until they mate. Therefore, we can assume that the
amount of time a female needs to glow is determined
by her success in mate attraction. Because the common
glow-worm is a capital breeder (adults do not feed
Grassé 1949; Tyler 2002), glow-worm reproduction is
fueled with a finite amount of stored energy reserves
that cannot be replenished. The exact costs of continu-
ous glowing are not known, but in related Photinus
(Lampyridae) species, the metabolic cost of flash sig-
naling was found to be relatively low (Woods et al.
2007). However, delayed mating is costly to fecundity:
glow-worms (Hopkins 2018) and related species (Wing
1989) lose a significant proportion of their eggs during
each 24 h cycle in which they fail to mate.

In the common glow-worm, males seem to select the
female that is themost visible to them,whether the female
is alone or in the presence of competitors (Hopkins et al.
2015; Hopkins 2018; Lehtonen and Kaitala 2020). Un-
like in firefly species in which both males and females
fly, in the common glow-worm males are not known to
exhibit any visible courtship, and there is no evidence that
males are choosy, other than selecting the first conspicu-
ous female they come across (Lehtonen and Kaitala
2020). Similarly, female glow-worms may have the op-
portunity to be choosy only if multiple males arrive
within a short time window and this is commonly not
the case (personal observations).

Collection of Individuals

Glowing females were collected in southern Finland
near Tvärminne Zoological Station (N59o 50′, E23o
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15′) and Lohja (N60o 12′, E24o 0′) during the typical
reproductive season of the local glow-worm popula-
tions, in June and July (2015). We went before sunset
to locations where glow-worms were known to occur
and collected all glowing females we were able to spot.
The locations were from May onward to maximize
catching success and reduce the probability that any
female had already glowed a previous night. Females
were brought to the experimental facilities at Tvärminne
Zoological Station on the night of capture and placed in
separate jars, with one individual per jar.

Experimental Design

We quantified temporal changes in female signaling
duration and intensity by isolating females from males
(because females glow until they mate) and manipulated
the light cycle (because females glow only in darkness).
We chose a five day study period because most females
mate in less than five days in nature, although some
females have been found to glow for up to 15 days, if
they fail to mate (Dreisig 1978; Hickmott and Tyler
2011). Each female was individually housed in a sepa-
rate jar, approximately 10 cm diameter and 3 cm high,
with moist paper as substrate. Females were not able to
observe other females during the experiment.

We distributed an equal number of females haphaz-
ardly between a control and a high effort light treatment
(see below for sample sizes). To simulate day/night
cycle, we used fluorescent tubes that were either
switched on or off automatically using a timer. In both
treatments, the light cycle included 6 h of darkness and
18 h of light per day. The light cycle was inverted so that
it was dark in the laboratory during daytime and light
during night-time for the convenience of experimenta-
tion. The control light treatment imitated the length of
the natural light cycle at the study site during the exper-
imentation, with a 24-h period consisting of 6 h of
consecutive darkness (from 09:00 to 15:00) followed
by 18 h of consecutive light (6D/18 L) (Fig. 1). Whether
females glow depends on the experienced dark period
and less so on the natural (solar) circadian rhythm
(Dreisig 1978).

The high effort treatment was designed to increase the
amount of glowing duration and intensity. As glow-worm
females start to glow in the darkness after a period in light
(Dreisig 1978), the high-effort treatment set to simulate
three day/night cycles within 12 h. In particular, the high
effort treatment consisted of three cycles of 2 h of darkness

and 2 h of light that were then followed by 14 h of light
(2D/2 L/2D/2 L/2D/14 L). The first 2 h of darkness started
at 09:00, the second at 13:00, and the last at 17:00. Each
bout of 2 h of darkness together constituted a “night” and
were called dark thirds, A (09:00–11:00), B (13:0015:00)
and C (17:00–19:00) (Fig. 1).

As females were brought to the laboratory usually
around 02:00–04:00 at night, it was the day-light phase
in the laboratory at the time females were brought.
Because of this, any measurement from their first artifi-
cial night (called Day 1) was not included in the statis-
tical analysis, as Day 1 was used as an acclimatation
period. This was done to give every female a standard-
ized 18 h resting period during the day-light phase 24 h
prior to experimentation.

The glowing duration and intensity of each female
was measured each day of experiment during each dark
periods of both treatments. The glowing duration was
measured from the moment a glow was visible until no
glowwas visible, or until the lights were turned on at the
end of the artificial night. The glowing intensity was
estimated at approximately two to five minutes inter-
vals, by visual comparison against a green light-emitting
diode (LED) of known brightness and color. The bright-
ness of the LEDwas matched with the glowing intensity
through a 12 steps scale (i.e. the LED brightness could
be set at step 1, or step 2…). Each step had a known
quantifiable brightness ranging from 0 to 30 μmol of
photons/m2/min, which was used in the analyses (in-
stead of the steps) because the equivalent LED bright-
ness had a logarithmic progression. The LED wave-
length was 562 nm, matching with female peak glow
emission, ranging 546-570 nm (De Cock 2004). Esti-
mation of the glow intensity was made by the same
observer for the whole experiment to reduce observer
bias. We used this method to estimate glow intensity as
this is the most practical and least invasive method
available. We are not aware of any method that would
reliably measure the glow intensity of several females at
the same time and at regular intervals.

We successfully completed the experiment with 16
females in the control treatment, and 14 females in
the high effort treatment. We excluded females that
died (Ncontrol = 5, Nhigh effort = 1), laid eggs (i.e.
indicating a possibility that the females already mat-
ed) (Ncontrol = 6, Nhigh effort = 4) or did not glow at all
before the end of the experiment (Ncontrol = 1, Nhigh

effort = 1). Exclusion criteria were established prior to
statistical analysis. Although the difference in
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mortality between the control and high effort treat-
ment was non-significant (5v1, p=0.22) we assigned
more females to the control treatment, to compensate
for the excluded females during the experiment. The
high rate of death may be explained by e.g. patho-
gens or females running out of energy needed for
maintenance. Further details about the excluded indi-
viduals are available in Supplementary Information 3.

Statistical Analyses

Analysis were conducted using R v.3.2.2 (R Core Team
2014), using the packages nlme for building the LMMs
(Zuur et al. 2009), and lmer and MuMIn to calculate the
marginal and conditional R2 (Nakagawa and Schielzeth
2013). A summary of the statistical analyses is available
in Appendix Table 2, and the raw data is available as
Supplementary Information 1 and 2.

Data were analysed using in total four different linear
mixed-effects models (LMMs) (Zuur et al. 2009), as
follows. In the first model (LMM1), we compared glow
duration between the treatments and consecutive days
(Day 2 to Day 5). For each “Day”, we used all obser-
vations from a period of 24 h starting at 09:00. In other
words, glow duration was the dependent variable, light
treatment (“control” vs “high effort”) and Day (2 vs 3 vs
4 vs 5) were the fixed factors, and “individual” was
denoted as a random factor, to account for the design
of repeated measurements. For simplicity of interpreta-
tion and limitations of the sample size, the interaction
term between the fixed factors (i.e. light treatment and
Day) was not included. Glow intensity was analyzed the
same way in our second model (LMM2).

To analyze the variation in glow duration and
intensity in the dark thirds of the high effort treat-
ment, we built two additional models, one having
glow duration (LMM3) and one having glow inten-
sity (LMM4) as the dependent variable. In both
models, the dark third (A vs B vs C) was the only
fixed factor, and the individual was designated as a
random factor to account for the design of repeated
measurements. The coefficient of determination
(R2) of the LMMs were calculated using the meth-
od described by Nakagawa and Schielzeth 2013,
with the marginal R2 (R2m) indicating the variance
in the data explained by the fixed effects, and the
conditional R2 (R2c) indicating the amount of var-
iance explained by the entire model (fixed effects
and random effects).

Results

A total of 30 females were included in the analysis,
representing 900 h of observation of female sexual
signaling. On average, females glowed 141 ± 9.5 (mean
± SE) minutes per night, at an average intensity of 7.9 ±
0.5 (mean ± SE) μmol of photon/m2/min, from day 2 to
day 5 (Appendix Table 1).

The first model LMM1 showed that light treatment
did not affect the glowing duration (LMM1, t28 = 0.007,
SE = 31.46 p = 0.50, Appendix Table 1, Fig. 2). Fur-
thermore, counter to our predictions female glowing
duration significantly decreased with time (LMM1, t89
= −2.2, SE = 5.7, R2m = 0.02, R2c = 0.57, p = 0.015),
from day 2 to day 5 (Appendix Table 1, Fig. 2).

The second model LMM2 showed that light treat-
ment did not affect the glowing intensity (LMM2, t28=
0.21, SE = 1.05, p = 0.42, Appendix Table 1, Fig. 5).
Also, counter to our predictions, there was no significant
variation in female glowing intensity over time (LMM2,
t89= −0.83, SE = 0.47, R2m = 0.006, R2c = 0.006, p =
0.2, Appendix Table 1, Fig. 5).

Within the high-effort treatment, LMM 3 showed
that female glowing duration significantly decreased
within day from dark third A to C (LMM3, t152= −3.4,
SE = 3.5, R2m = 0.08, R2c = 0.31, p < 0.01; Appendix
Table 1, Figs. 3 and 4), with the dark third A lasting on
average 55.9± 4.5 (mean ± SE) minutes and the dark
third C 32.2 ± 1(mean ± SE) minutes. Similarly, LMM4
showed that female glowing intensity significantly de-
creased within day from dark third A to C (t152= −2.4,
SE = 0.65, R2m = 0.04, R2c = 0.05, p < 0.05)
(Appendix Table 1, Figs. 6 and 7).

Discussion

Using the common glow-worm as the model, we found
that female signaling duration significantly decreased
with time the females had spent unmated. This is in
contrast with our hypothesis that female sexual signal-
ing effort in capital breeders would start low and in-
crease with time until mating (see also Rhainds 2019).
The signaling intensity, in turn, only decreased in the
high effort treatment (i.e. from dark period A to C).
Together, our results suggest that in this capital breeder,
females signal as much as they can, and that the deple-
tion of resources needed for continued glowing may
explain the decrease in signaling duration and intensity.
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We suggest that because capital breeding females are
resource limited, time passing without mating may be
costlier than signaling. Thus, females may be pressured
to always signal as long and intensively as possible from
the start until they find a mate.

In species where females signal to attract males,
investment into signaling is an essential female
fitness component, because failing to attract a mate
may result in reproductive failure (Rhainds 2010;
Bradbury and Vehrencamp 2011). Modelling pre-
dict that the costs of over-signaling constrains fe-
male signaling effort to an initially low level that
subsequently increases until a mating occurs
(Umbers et al. 2015; Rhainds 2019). It is thus
expected that increased signaling is costlier than
additional time failing to mate, and that females
can afford the costs of self-maintenance imposed
by delayed mating. However, trade-offs between
maintenance, fecundity and signaling may affect
how females modulate their signaling. Any delays
to mating, whether voluntary or imposed, can result
in extra costs of maintenance on females at the
expense of their fecundity (Vickers 1997; Torres-
Vila et al. 2002; Mori and Evenden 2013; Umbers
et al. 2015). This is especially true for capital
breeding females, which have a limited amount of
resources to accomplish their reproductive bout
(Stearns 1992). Our results suggest that, in at least
some capital breeding females, a delay in mating is
costlier (on fecundity) than signaling. This costli-
ness is likely to result in selection pressures to mate
as soon as possible (Stearns 1992).

Our results that signaling duration and intensity in
glow-worm females is at high and potentially maximal
level already from the beginning of their reproductive
efforts support these ideas. Furthermore, the decrease in
both duration and intensity of signaling was strikingly
visible in the high-effort treatment, with females
glowing on average 23.7 ± 5.5 (mean ± SE) min shorter
on their last dark third (C) than their first dark third (A).
Overall, our results indicate that females signal as much
as possible, which may be explained by signaling being
cheaper than any delay in finding a mate, i.e. delays
imposed by maintenance until the next signaling oppor-
tunity during the next night.

Typically, there is a trade-off between survival and
reproduction: investment in reproduction reduces
lifespan (Travers et al. 2015), while increased lifespan
reduces fecundity (Vickers 1997; Bonnet et al. 1999,

2002; Torres-Vila et al. 2002; Mori and Evenden
2013). This effect of resource allocation on fecundity
may result in signaling constrains in capital breeders,
as their finite resources cannot be replaced at a later
stage. In case of delayed mating, capital breeding
females experience reduced fecundity as fecundity is
traded for maintenance (Wing 1989; Vickers 1997;
Torres-Vila et al. 2002; Mori and Evenden 2013). In
the common glow-worm, delayed mating may have
significant costs on female fecundity as females may
lose 10–20% of their eggs if remaining unmated
(Wing 1989; Hopkins 2018). Thus, the amount of
energy required to stay alive between successive
glowing opportunities is higher than glowing for two
hours, given then metabolic costs of glowing reported
in a related species (Photinus, Woods et al. 2007). In
other words, it appears that females do not benefit
from signaling at a low level or from not signaling
at all in terms of mate attraction. In particular, our
finding that glow-worm females maximize their initial
signaling effort supports the hypothesis that the best
strategy for a female to maximize her fecundity is to
quickly attract a mate by signaling at a high rate as
soon as she is ready to mate. The decrease in female
glowing duration with time, and both duration and
intensity decreasing within day for the high-effort
treatment, in turn, are consistent with females getting
depleted of their resources needed to sustain their
glowing effort.

The fact that females were signaling for longer than
their natural night but not for the whole duration of the
experimental night, and that female signaling duration
decreased with time may indicate a trade-off between
signaling duration and intensity. This trade-off is poten-
tially explained by the costs associated with glowing.
Besides glow-worm bioluminescence using ATP as a
source of energy (Woods et al. 2007; Chapman 2012;
Shimomura 2012), renewal of the proteins and enzymes
used for the glow also imposes costs, although these
regeneration costs are not known (Fallon et al. 2016).
These additional costs associated with glow renewal,
and generally signal maintenance, may contribute to-
wards the trade-off between signaling duration and in-
tensity, limiting the ability of female glow-worms to
signal for long duration and at high intensity. Because
male glow-worms are attracted to brighter females
(Hopkins et al. 2015; Lehtonen and Kaitala 2020), fe-
males may always glow intensively to ensure male
attraction, at the expense of signal duration.
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Conclusions

In capital breeders, potential fecundity costs of delayed
mating may define female sexual signaling strategy if
mating delay is costlier than signaling. Our study shows
the potential importance of trade-offs between self-
maintenance and fecundity on signaling pattern. Con-
sidering these trade-offs would allow deeper under-
standing on female sexual signaling patterns in taxawith
diverse life histories. Furthermore, investigating wheth-
er glow-worm males exhibit any courtship behavior
and/or whether females are choosy for some criteria
could shed light on how critical it is for females to signal
at high intensity as soon as they are ready to mate.

Supplementary Information The online version contains sup-
plementary material available at https://doi.org/10.1007/s10905-
020-09763-9.
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Appendix

Table 1 Female mean glowing duration (minutes) and intensity (μmol of photon/m2/min). Note that the means for dark third A, B and C are
calculated without Day 1

day 1 2 3 4 5 A B C

Duration average 57.8 153.7 145.9 155.9 108.6 55.9 53 32.2

SE 5.4 9.5 8.8 10.8 7.8 4.5 3.7 1

control 49.7 136.7 143.8 165.5 117.7 x x x

SE 7 13.8 13.2 16.1 10.8 x x x

high effort 67 173.21 148.21 145 98.214 55.9 53 32.2

SE 8.5 12.8 12.1 14.8 11.5 4.5 3.7 1

Intensity average 5.2 7.5 9.3 8.2 6.6 8.15 6.02 5.11

SE 0.4 0.4 0.4 0.7 0.5 0.63 0.46 0.49

control 5.1 6.4 8.9 9.8 6.2 x x x

SE 0.7 0.5 0.7 1.1 0.7 x x x

high effort 5.3 8.8 9.9 6.5 7 8.15 6.02 5.11

SE 0.6 0.5 0.5 0.6 0.8 0.63 0.46 0.49

Table 2 Results of linear mixed-effects model analysis for the direction of glowing duration (minutes) and intensity (μmol of photon/m2/
min)

Dependent variable Factor df t SE R2m R2c p value model

Duration treatment 28 0.007 31.46 x x 0.5 LMM1

day 89 −2.2 5.7 0.02 0.57 0.015* LMM1

dark third 152 −3.4 3.5 0.08 0.31 <0.01* LMM3

Intensity treatment 28 0.21 1.05 x x 0.42 LMM2

day 89 −0.83 0.47 0.006 0.006 0.2 LMM2

dark third 152 −2.4 0.65 0.04 0.05 <0.05* LMM4
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Day/night cycle repartition

Control
09:00 15:00 …09:00
dark light …

High effort
09:00 11:00 13:00 15:00 17:00 19:00 …09:00
dark light dark light dark light …
dark third A dark third B dark third C

Fig. 1 Day/night cycle repartition
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Fig. 2 Female glowing duration
from day 1 to day 5 (mean+SE).
Control treatment in white, high
effort treatment in grey
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Fig. 3 Female glowing duration
from day 1 to day 5 (mean+SE) in
the High Effort treatment, by dark
thirdA, B and C. In the high effort
treatment, the time at which
darkness occur was split in three
successive dark thirds each lasting
2 h with 2 h of day light in
between dark third A and B. The
first occurring dark third is named
A, the second B and the third C

J Insect Behav



0

10

20

30

40

50

60

70

A B C

m
in

ut
es

dark third

Fig. 4 Female glowing duration
(mean+SE) in the High Effort
treatment, per dark third (Day 1
not included)
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Fig. 5 Female glowing intensity
from day 1 to day 5 (mean+SE).
Control treatment in white, high
effort treatment in grey
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Fig. 6 Female glowing intensity
from day 1 to day 5 (mean+SE) in
the High Effort treatment, by dark
third (A, B and C)
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