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Abstract

Animals pass information about their sexual availability and quality as a mate with sexual signals.
The evolution of sexual signals is also affected by the preference of choosing mates and the
properties of the signaling environment. Under the effects of these factors, signalers often have to
compete over the limited number of potential mates, leading to the most attractive individuals to
be more likely selected than others. However, those with lower mate attraction success may take
advantage on other signalers or the signaling environment to increase their mate attraction
probabilities. Although sexual signals and competition are more prominent in males than in
females, females have a wide range of sexual signals they may use in competition over mates.

In my thesis, I study how the social and visual environment affects female sexual signaling. I
use field and laboratory experiments, as well as field measurements, to investigate how the light
environment and the relative signal intensity of a competitor affect the use and properties of a
visual female sexual signal. As my study species, I use the European common glow-worm
(Lampyris noctiluca) whose flightless females glow at night to attract flying males. Large females
produce brighter glow, which is preferred by males.

The results show that female sexual signals are shaped by both social and visual environments,
but also by the characteristics of signalers. A rival affected the signaling location, as females
increased the distance to a brighter competitor. A dimmer rival did not affect signaling location,
but the onset of glowing was significantly later when the distance to the rival at the start of the
experiment was shorter. Moreover, with a competitor, the onset of glowing depended on body size
so that large females started to glow earlier. Body size and glow intensity increased towards the
north, which likely maintains the female visibility to males in the bright summer nights of higher
latitudes. My results suggest that females may be able to assess their attractiveness in relation to
others and change their signaling behavior accordingly. Signaling environments, in turn, may
cause selection pressure to increase visibility to males, causing a latitudinal cline in signal
intensity and body size.

Keywords: frequency-dependent sexual signaling, latitudinal gradient, mate choice,
sexual competition, signaling environment





Borshagovski, Anna-Maria, Sosiaalisen ja visuaalisen ympäristön vaikutukset
naaraan seksuaalisignalointiin. 
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Tiivistelmä

Eläimet viestivät seksuaalisten signaalien avulla lisääntymisvalmiudestaan ja laadustaan paritte-
lukumppanina. Signaalien kehittymiseen vaikuttavat kuitenkin myös valikoivien kumppanieh-
dokkaiden mieltymykset sekä signalointiympäristön ominaisuudet. Näiden vaikuttavien tekijöi-
den lomassa signaloijien on usein kilpailtava niukemmasta määrästä kumppaneita, jolloin hou-
kuttelevimmat yksilöt valikoituvat muita herkemmin. Heikommin menestyvät voivat kuitenkin
käyttää kilpailijoita tai ympäristöä hyväkseen lisääntyäkseen. Vaikka seksuaalisignaalit ja -kil-
pailu ovat huomattavampia koirailla kuin naarailla, naarailla on monipuolinen joukko signaale-
ja, joita ne voivat käyttää kilpaillakseen parittelukumppaneista.

Väitöskirjassani tutkin, kuinka sosiaalinen ja visuaalinen ympäristö vaikuttavat naaraan sek-
suaaliseen signalointiin. Tutkin kenttä- ja laboratoriokokein sekä kenttämittauksin, kuinka kil-
pailijoiden kirkkaus ja valoympäristön ominaisuudet vaikuttavat naaraan visuaalisen seksuaali-
signaalin käyttöön ja ominaisuuksiin. Käytän tutkimuslajina kiiltomatoa (Lampyris noctiluca),
jonka naaraat loistavat öisin houkutellakseen lentäviä koiraita. Suuret naaraat tuottavat kirk-
kaamman loisteen, jota koiraat suosivat.

Tulokseni osoittavat, että naaraiden seksuaaliseen signalointiin vaikuttavat sekä sosiaalinen
että visuaalinen ympäristö, mutta myös signaloijien ominaisuudet. Kilpailija vaikutti signalointi-
paikan valintaan, kun naaraat kasvattivat etäisyyttä kirkkaampaan kilpailijaan. Himmeämpi kil-
pailija vaikutti signalointipaikan sijasta -aikaan naaraiden loistaessa myöhemmin, kun etäisyys
kilpailijaan kokeen alussa oli lyhyempi. Lisäksi signalointiajankohta kilpailijan läsnä ollessa
riippui ruumiinkoosta niin, että suuret naaraat loistivat aiemmin. Loisteen kirkkaus sekä naaraan
koko kasvoivat pohjoista kohti, mikä todennäköisesti ylläpitää naaraan näkyvyyttä koiraille kirk-
kaissa kesäöissä. Tulokseni antavat ymmärtää, että naaraat saattavat kyetä tunnistamaan houkut-
televuutensa suhteessa muihin naaraisiin ja muuttamaan signalointikäyttäytymistään sen
mukaan, niiden ruumiin koon myös vaikuttaessa signalointiin. Signalointiympäristö voi puoles-
taan aiheuttaa valintapaineen olla näkyvämpi koiraille, synnyttäen pohjois-eteläsuuntaisen tren-
din signaalin voimakkuudessa ja ruumiin koossa.

Asiasanat: frekvenssi-riippuvainen seksuaalisignalointi, leveyspiiri, parinvalinta,
seksuaalikilpailu, signalointiympäristö
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1 Introduction 

Signals are traits that are used to pass information between individuals and to affect 

the behavior of the receivers. However, signals do not operate in isolation, but are 

shaped by complex interactions between signalers, receivers and signaling 

environments (Endler, 1992, 1993). In short, the physical environment affects both 

the signaler and the receiver by changing the signal during its transmission. 

However, as the attributes of the signaler limit signal production (Ryan, 1986), the 

sensory and cognitive abilities of the receiver limit the effect of the signal (Endler 

& Basolo, 1998). Consequently, selection favors signals that are the most efficient 

in arousing a wanted response from receivers, as well as sensory and cognitive 

systems that are the most able to perceive the signals and react to them in a 

beneficial way (Endler, 1992; McComb, Frank, Hueter, & Kajiura, 2010). In the 

context of mate choice, the receiver’s mate preferences also direct the evolution of 

signals (Andersson, 1994). When a signaler is not the only one seeking the attention 

of a potential mate, the neighbors’ behavior and signal properties may influence the 

behavior of both the signaler and the receiver (Bateson & Healy, 2005; Gasparini, 

Serena, & Pilastro, 2013). However, signalers may change their physical and social 

environment or timing of signaling to better elicit a wanted response from the 

receiver (Endler, 1992, 1993). This web of interactions contributes to the vast 

variation in signals and signaling behavior found in nature, and changes in one part 

of the web affect the other parts. Understanding this variation in a comprehensive 

manner would require studying signals and signaling behavior in relation to both 

social and physical signaling environments. 

1.1 Sexual signals in a social environment 

Sexual signals are traits that help animals in the struggle for matings. Examples are 

numerous, including the well-known tale of male peacocks, or the red swelling of 

sexually receptive female baboons (Andersson, 1994). Sexual signals commonly 

transmit information about the ability to provide resources, such as high-quality 

territories, parenting ability, nutrition, or protection (Andersson, 1994; Møller & 

Jennions, 2001), but also about indirect benefits, such as the quality of offspring 

through genetic viability (Fisher, 1930; Zahavi, 1975; Hamilton & Zuk, 1982). As 

signals relay information about the signaler’s quality and sexual availability to 

members of the opposite sex, they may increase the attractiveness of the signaler 
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and give better access to reproductive opportunities (Andersson, 1994; Clutton-

Brock, 2007). 

When the number of sexually active signalers exceeds the number of receptive 

potential mates, and when the quality of the signalers is advertised with observable 

signals, intersexual selection (mate choice) may occur (Andersson, 1994; Wiley & 

Poston, 1996). Potential mates may base their mate choice on certain preferences, 

which typically direct selection towards individuals with the largest, brightest, or 

loudest signals (Bateson, 1983; Andersson, 1994). For example, males with the 

lowest frequency calls and highest call rates are commonly favored by females in 

many anuran species because they reflect male quality (Searcy & Andersson, 1986). 

In systems where females have sexual signals and males are choosy, female signals 

often indicate high fecundity, and male preference for fecund females is expected 

(Andersson, 1994). Consequently, some individuals have greater reproductive 

success than others, while the individuals with the least attractive signals may fail 

to mate (Andersson, 1994; Rhainds, 2010). 

Even though the social environment greatly impacts sexual signals, animals 

may also use it to their advantage. Especially when some signaling individuals have 

a reproductive disadvantage, it may give rise to a wide variety of alternative 

reproductive tactics (Gross, 1996; Oliveira, Taborsky, & Brockmann, 2008). For 

example, relatively unattractive individuals, or those in relatively poor condition, 

may “steal” matings from those that had initially attracted a mate, without signaling 

themselves (“sneakers”; Emlen, 1997; Oliveira et al., 2008). Signaling behavior 

may also be adjusted to use the attractiveness of other signalers to one’s advantage: 

less attractive individuals (“satellites”) may associate themselves with a more 

attractive competitor and intercept one of the arriving mates attracted by it (Arak, 

1988; Brockmann, 2002; Oliveira et al., 2008). When a signaler is not the only one 

courting potential mates, it may choose to court the mate that is surrounded by 

competitors with less attractive signals, therefore increasing its relative 

attractiveness to the mate (Bateson & Healy, 2005; Gasparini et al., 2013). 

Sometimes choosing a signaling location and time differently from other 

signalers may increase mate attraction success. For example, painted reedfrog and 

bush cricket males space themselves wider apart from each other to increase the 

mate attraction success, because otherwise their signals would not stand out from 

those of the others (Telford, 1985; Arak, Eiriksson, & Radesäter, 1990). For the 

same reason, male music frogs time their calls so that they would not disappear 

among the calls of other males (Fang, Jiang, Yang, Cui, Brauth, & Tang, 2014). 

Despite the strong directional selection induced by female preferences, signalers’ 
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abilities to flexibly respond to their social environment may result in a great 

variation in sexual signals and signaling behavior. 

1.2 Sexual signals and physical environment 

The social environment may affect signals and signaling behavior in a number of 

ways, but the physical signaling environment also has a great influence on signal 

evolution (Espmark, Amundsen, & Rosenqvist, 2000; Cole, 2013). As signals travel 

through a medium, such as air or water, the properties of the medium together with 

the local conditions cause signals to degrade and change during travel (Endler, 1991; 

Endler & Basolo, 1998; Gamble, Lindholm, Endler, & Brooks, 2003; Smit, Loning, 

Ryan, & Halfwerk, 2019). As environments differ, so do their effects on signal 

transmission and how the signal is perceived by a receiver. Consequently, some 

signals are conspicuous in one environment, but may even disappear from a 

receiver in another, resulting in selection to favor signal development or behavior 

that increases signal contrast with the environment (Endler, 1992; Espmark et al., 

2000; Théry, Pincebourde, & Feer, 2008). For example, vegetation-living 

grasshoppers use acoustic signaling relatively more often than those living on the 

ground level, which in turn are specialized in visual signals, likely because acoustic 

signals travel longer distances in vegetation than visual signals would (Otte, 1970). 

In the context of visual signals, such as a color patch of a fish or a bird, how 

the color is perceived by a receiver depends on the spectral properties of the 

ambient light, the reflectance spectrum of the color patch and the transmission 

properties of the medium (Endler, 1990). For example, the absorption and 

scattering properties of water, as well as the amount of organic and inorganic matter 

in the water, changes the range of wavelengths of light that reach animals in aquatic 

habitats (Warrant & Johnsen, 2013; Cronin, Johnsen, Marshall, & Warrant, 2014). 

Simply put, in clear blue oceans, the range of wavelengths representing the blue 

part of the light is dominant, and therefore a blue color patch of a signaler would 

be relatively brighter in that environment because it maximizes the amount of light 

reflected from the patch (Endler, 1992; Cronin et al., 2014). At the same time, a 

yellow color patch next to the blue one would create a great color contrast because 

of their reflectance differences in that environment. The same applies for forest 

habitats: the ambient light is dominated by green (medium) wavelengths, so the 

greatest chromatic contrast would be created with blue (short wavelength) and red 

(long wavelength) color patches. However, forests may form a more variable and 

diverse mosaic of shadows and light of different quality (Endler, 1993a; Warrant & 
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Johnsen, 2013; Cronin et al., 2014), therefore creating potentially stronger selection 

for flexible signaling. 

Environmental effects on animal life may be especially prominent when they 

are investigated in a larger scale. Because the light from the Sun is distributed 

differently along different latitudes, it causes the populations of a widely distributed 

species to experience very different light and temperature conditions. As light and 

temperature are key environmental factors influencing the biological activity of 

living organisms, they shape the evolution of, for example, the timing of 

reproduction and mate attraction signals (Leal & Fleishman, 2004; Bradshaw & 

Holzapfel, 2010; Shieh, Liang, Liao, & Chiu, 2017). Regarding sexual signals, 

latitudinal variation in certain signal properties has been found both between and 

within species (Hall, Sander, Pallansch, & Stanger-Hall, 2016; Shieh et al., 2017). 

As with the social environment, animals may develop ways to increase their 

attractiveness in different physical environments. The spacing of signalers and 

receivers can remarkably affect mate attraction outcome because the signal strength 

is expected to decrease with the increasing distance between a signaler and a 

receiver. This can be expected to select for signaling behavior that increases signal 

effectiveness. In changing or heterogenous signaling environments, it is beneficial 

to change the signaling location to a more suitable place to increase the detectability 

of a signal (Endler, 1993b; Endler & Théry, 1996; Cole, 2013). For example, male 

guppies court females at different distances depending on the ambient light level, 

potentially balancing between visibility to females, predation risk, and time and 

energy expenditure (Long & Rosenqvist, 1998). In addition, by adjusting the 

signaling timing, signalers may increase the contrast between their signal and the 

environment (Endler, 1993b; Cole, 2013). For example, in Anoline lizards, males 

time their head movements to be better distinguishable from the movements of 

surrounding vegetation and therefore more visible to females (Fleishman, 1992). 

1.3 Sexual signaling and mate attraction in females 

Sexual signaling and competition are more prominent in males than in females 

(Andersson, 1994; Tobias, Montgomerie, & Lyon, 2012). This sex difference 

results from the differences in their parental investments (Trivers, 1972) and 

optimal mating rates (Bateman, 1948), which often are reflected in the operational 

sex ratio, that is, the ratio of sexually active males to fertile females (Emlen & 

Oring, 1977). Because males benefit from mating with multiple females, their 

fitness is mostly limited by access to females. However, female fitness is dependent 
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mostly on resources for reproduction and the quality of her mates, and therefore 

mating multiply does not necessarily increase female fitness. Consequently, 

females may have more males than necessary to choose from, whereas males have 

to compete for females (Emlen & Oring, 1977; Andersson, 1994; Kokko & 

Monaghan, 2001; Clutton-Brock, 2007). 

While more common in males, sexual competition in females is known in many 

taxa (Clutton-Brock., 2009; Tobias et al., 2012). However, the mechanisms behind 

the evolution of female mate competition are not as clearly known as in males and 

seem to be more numerous. A dominant idea is that females compete mainly over 

the resources necessary for reproduction because of their larger costs of gamete 

investment and parental care (Fitzpatrick, 1995; LeBas, 2006; Tobias et al., 2012). 

However, there is ample evidence that females may also compete for mating 

opportunities: when mating opportunities are not guaranteed for every female, 

when females are in a hurry to mate, when males dominate the resources females 

need, or when females’ ability to attract mates variaes (Kokko & Mappes, 2005; 

Clutton-Brock, 2009; Rosvall, Hall, & Street, 2011; Schlupp, 2018). As a result, 

selection pressure may operate in females to increase mating success, potentially 

resulting in the development of female sexual signals. 

Even though males typically benefit from higher mating rates, it is possible that 

males become choosy, and male mate choice operates simultaneously with female 

competition, contributing to the development of female sexual signals (Fitzpatrick, 

1995; Tobias et al., 2012). Male mate choice may appear in species with female-

biased operational sex ratio (where sexually available females are more abundant 

than males; Kokko & Monaghan, 2001), where females vary in quality and have a 

trait to express that quality (Fitzpatrick, 1995; Edward & Chapman, 2011), or when 

males invest a lot in offspring (Edward & Chapman, 2011). Typically, males prefer 

large females because of their high fecundity (Honék, 1993). 

When female attractiveness varies, the females with a greater risk of 

reproductive failure may develop alternative ways to succeed in securing a mate 

(Oliveira et al., 2008). Whereas alternative reproductive tactics in males are mostly 

condition- or status-dependent (that is, they result from differences in size, age, or 

physiological traits between males; Gross, 1996; Brockmann, 2001), those in 

females are considered scarcer and more related to brood parasitism or avoiding 

male harassment (Magellan & Magurran, 2006; Oliveira et al., 2008). However, 

empirical evidence supports the idea that female alternative reproductive tactics 

may result from similar mechanisms than those of males, although they are less 

studied than in males (Johnson & Brockmann, 2012). 
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1.4 Aims of the study 

The aim of this thesis is to study the effects of social and visual environment on 

female sexual signaling using the European common glow-worm (Lampyris 

noctiluca) and to investigate, using both laboratory experiments and field 

measurements, the following main research questions: 

1. Do females change their signaling in response to a competitor?  

a) Do females change their signaling location depending on their relative 

brightness to a competitor? I used dummy females (green LEDs) as bright 

and dim competitors in laboratory experiments and investigated how 

females located themselves in relation to a competitor (Ⅰ, Ⅲ). When 

females faced a brighter competitor, I expected them to move close to it to 

parasitize its glow. When females faced a dimmer competitor, I expected 

them to either move closer to the competitor to be more likely selected by 

males (Hopkins, 2018) or move away to mitigate the negative effects of 

signaling rivals on mate attraction (Lehtonen & Kaitala, 2020). 

b) Do females change the timing and intensity of their signaling in response 

to a competitor? I investigated in laboratory experiments whether the onset 

of signaling was influenced by the presence of either a brighter or dimmer 

dummy female (Green LED) (Ⅱ, Ⅲ). I also conducted a field experiment 

where I studied whether females stop glowing or change their glow 

intensity in response to a short exposure to a brighter dummy female (Ⅰ), 

expecting them to stop glowing after the brighter rival was introduced in 

the field. 

2. Does female sexual signaling depend on the light environment (Ⅳ)? I 

investigated this by locating glowing females during summer nights along a 

latitudinal gradient in Finland. I measured female glow intensity and peak 

wavelength, body size and ambient light intensity at their glowing spots. I 

expected the brighter summer nights at higher latitudes to select for a later 

emergence (that is, transformation into adults) of females in summer to avoid 

glowing during the brightest time, or to increase glow intensity and peak 

wavelength in higher latitudes. 
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2 Materials and methods 

2.1 Study species 

This study was conducted using a nocturnal capital-breeding beetle, the European 

common glow-worm (Lampyris noctiluca L., Coleoptera, Lampyridae). The glow-

worm is widely distributed in the northern hemisphere, its range covering latitudes 

between central Iran (N32°) and central Finland (N64°), and longitudes between 

western Spain (W8°) and eastern China (E128°) (Tyler, 2002; Li et al., 2003; 

Álvarez & DeCock, 2011; Samin et al., 2018; Finnish biodiversity info facility 

(https://laji.fi/). The species is known for its bioluminescent adult females (Fig. 1a) 

which glow to attract flying males (Fig. 1b) (Schwalb, 1961; Tyler, 2002). The light 

is green (between 546–570 nm) and produced by a chemical reaction in a 

specialized light organ on the ventral side of the abdomen (Fig. 1c) (Schwalb, 1961; 

Tyler, 2002; Booth, Stewart, & Osorio, 2004; DeCock, 2004; Bird & Parker, 2014). 

Contrary to many other Lampyrid species, females are flightless, and their glow is 

constant (Dreisig, 1971; Tyler 2002; Lewis & Cratsley, 2008). 

Glow-worms spend most of their life (up to three years) as larvae (Fig. 1d), 

feeding mainly on snails and slugs (Schwalb, 1961; Tyler, 2002; Horne & Horne, 

2017). Larvae can glow, as well, but their lanterns are small, and they use the glow 

as an aposematic signal to warn predators about their bad taste (Underwood, 

Tallamy, & Pesek, 1997; DeCock & Matthysen, 2003). When larvae have reached 

the final stages of their development, they change from nocturnal to diurnal life and 

start their “walkabout”, presumably to disperse to new habitats (Tyler, 2002). Their 

pupal phase lasts circa one week (Schwalb, 1961; Tyler, 2002). 

Unlike larvae, adults live only for, on average, two weeks if unmated (Dreisig, 

1971; Tyler, 2002), During this time, they do not eat but subsist only on energy 

required during the larval stage. Most adults emerge during June and July, the sex 

ratio varying depending on the year and population (Schwalb, 1961; Tyler, 2013; 

Horne & Horne, 2017). Females start glowing when the ambient light decreases 

below a certain level (Dreisig, 1971, 1975), and can glow over three hours in nature 

(Dreisig, 1971; Tyler, 2002). They typically glow in open habitats such as meadows, 

fields, edges of forests, and shores (Tyler, 2002). Males fly and search for glowing 

females (Schwalb, 1961; Tyler, 2002) with the brightest, and thus largest (Hopkins, 

Baudry, Candolin, & Kaitala, 2015), females having the highest probability of 

attracting a mate (Hopkins et al., 2015; Lehtonen & Kaitala, 2020). As female 
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attractiveness is influenced by the distance between glowing females and the 

distance between glowing females and flying males (Hopkins, 2018; Lehtonen & 

Kaitala, 2020), mate choice by males is likely based on passive attraction. Most 

females attract a male within the first two nights of glowing, but some may fail to 

attract a male and continue to glow for over two weeks (Hickmott & Tyler, 2011). 

Soon after mating, typically with only one male, females stop glowing, lay their 

eggs in one or two clutches and die (Tyler, 2002). 

Females vary greatly in size (Fig. 1e) and therefore in fecundity (Hopkins et 

al., 2015). Their clutch sizes can vary even between 25 and 200 eggs (Hopkins et 

al. 2015; Horne, Horne, & Tyler, 2017). Waiting for males is costly, especially for 

the smallest females, as they may lose up to 20% of their eggs within a day 

(Hopkins, Baudry, Lehtonen, & Kaitala, 2021), and therefore they are in a hurry to 

mate. 

 

Fig. 1. Adult female and male glow-worms. a) A glowing female and the moon, b) a male, 

c) a non-glowing female with its pale-yellow lantern on the ventral side of the abdomen, 

d) glow-worm larvae with their characteristic yellow side spots, and e) two females 

greatly differing in size. Figure 1a) by Gautier Baudry, 1b) by Christina Elgert, and 1c), 

1d) and 1e) by Anna-Maria Borshagovski. 
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2.2 Experimental setups 

All the laboratory experiments were conducted at Tvärminne Zoological Station in 

Hanko, southern Finland (N59°50'37.6", E23°14'52.6") during June and July 2016 

and 2017 (Ⅰ, Ⅱ, Ⅲ). The field measurements were carried out in four study areas (A 

= Hanko, N59°51', E23°06', B = Lohja, N60°15', E24°04', C = Kangasala, N61°28', 

E24°03', D = Konnevesi and Äänekoski, N62°37', E26°20' and N62°36', E25°43') 

during June and July 2017 and 2018, following a latitudinal cline in Finland (Ⅳ). 

One field experiment was conducted in Hanko, Lohja, and Kemiö (N60°09', 

E22°42') in June and July 2016 (Ⅰ). All the experiments and measurements were 

conducted at night and approximated the natural signaling times of female glow-

worms. 

For laboratory experiments, glowing females were found and collected by 

walking around known glow-worm habitats in the Hanko peninsula, Kemiö, 

Särkisalo, Öby, Salo, and Lohja. Females typically glowed in open areas on plain 

or moss-covered rocks, or hanging from low vegetation, which made them 

relatively easy to find. Each female was taken to Tvärminne Zoological Station in 

individual containers with fresh leaves or moss and kept indoors separated from 

other individuals. After the experiments, some of the individuals were returned to 

their original places of collection, and some were mated and taken to the University 

of Oulu for unrelated studies. 

All statistical analyses were conducted using R v 2.12.1 and v 3.6.1 (R 

Development Core team) and packages nlme (Pinheiro, Bates, DebRoy, & Sarkar, 

2007; Zuur, Ieno, Walker, Saveliev, & Graham, 2009), MASS (Ripley, Venables, 

Bates, Hornik, Gebhardt, Firth et al., 2015), mgcv (Wood, 2006), and survival (Fox 

& Weisberg, 2011). 

2.2.1 Do females change their signaling behavior in response to a 

competitor: signaling location 

To study if a competitor affects the signaling location of female glow-worms, I 

conducted two laboratory experiments using circa 100 cm long and 15 cm wide 

arenas with a dummy female (a green LED, the peak wavelength at 562 nm) on one 

of the short inside walls of the arena (Fig. 2). In the first experiment (Ⅰ), the LED 

(9.0 x 1012 photons/s, 1.50 µW) was brighter than the brightest female measured in 

the sampling locations in southern Finland (Ⅳ), mimicking a brighter female rival. 

In the second experiment (Ⅲ), the intensity of the LED (2.5 x 1011 photons/s, 0.048 
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µW) was from the lowest end of the intensity range of wild females measured in 

nature in southern Finland (Ⅳ), mimicking an inferior female rival. In the bright 

LED experiment, each female (n = 80) was in the experiment for two nights. For 

half of the females, the LED was switched on during the first night (competition 

treatment), and during the second night, the LED stayed off (control treatment). 

The other half went through the treatments in an opposite order. In the dim LED 

experiment, which lasted only one night for each female (n = 105), the LED was 

switched on for part of the females when the dark period started (competition 

treatment) and left switched off as the control for the rest. In both the experiments, 

I placed each female in the middle of an arena (50 cm from the LED) and observed 

their locations in the arena and the time they started to glow. I analyzed the data of 

the bright LED experiment with a linear mixed-effects model (LMM; Ⅰ) and the 

data of the dim LED experiment with a negative binomial generalized linear model 

(GLM; Ⅲ). 

In the dim LED experiment, I wanted to account for the possibility that the 

LED was too dim to be noticed by females and test if shortening the distance to a 

dummy competitor affects female signaling behavior. Therefore, I conducted the 

same experiment as above but placed new females 20 cm from the dimmer 

competitor (n = 34) at the start of the experiment and analyzed the data with a 

negative binomial GLM (Ⅲ). In addition, I investigated the effect of the initial 

distance to a weak rival (50 cm/20 cm) on the signaling location by combining the 

data from both experiments and fitting a negative binomial GLM (Ⅲ). 



25 

Fig. 2. The experimental arena to study female glowing and locations in response to a 

dummy female (green LED). The LED was switched on in the LED treatment (above) and 

switched off in the control treatment (below). A female was placed in the middle of the 

arena where its movements and the onset of glowing were observed. The red line (0) is 

the starting point in the middle of the arena. (Reprinted, with permission, from Paper I 

© 2018 Oxford University Press) 

2.2.2 Do females change their signaling behavior in response to a 

competitor: signal timing and intensity 

To study whether females can quickly stop or alter their glowing in response to a 

brighter competitor (n = 106), I conducted a field experiment where I placed a 

dummy female (green LED, 9.4 x 1012 photons/s, 1.5 µW) 10 cm from a glowing 

female for five minutes (n = 106; Ⅰ). I assigned females to competition (LEDs 

switched on) and control (LEDs switched off) treatments. I estimated female 

brightness before and after the exposure to the dummy on a scale from 1 (barely 

glowing) to 5 (the brightest seen in nature) (as in Hopkins et al. 2015), and whether 

females had stopped glowing or not. I used Fisher’s exact test to analyze the data. 
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Using the same experimental setups as with the signaling locations (Fig. 2), I 

studied the effects of the presence of a stronger or weaker competitor on the onset 

of glowing. I placed each female in the middle of an arena (50 cm from the LED) 

and observed how much time passed before the female started to glow (Ⅱ, Ⅲ). I 

analyzed the data with a linear mixed-effects (LMM) and linear models (LM; n = 

86 females) in the case of a stronger rival (bright LEDs; Ⅱ), and with a generalized 

additive model (GAM, n = 114) in the case of a weaker rival (dim LEDs; Ⅲ). 

Again, to account for the possibility that a dimmer LED was too dim to be 

noticed by the females, and to test if shortening the distance to a dummy competitor 

affects female signaling behavior, I conducted the same experiment as above, but 

placed females 20 cm from the competitor (n = 34). I recorded the onset of glowing 

and analyzed the data with a negative binomial GLM (Ⅲ). In addition, to study the 

effect of the initial distance to a weak rival (50 cm/20 cm) on the onset of glowing, 

I combined the data from both the experiments and conducted a Cox proportional 

hazards analysis (CPH). 

It is important to notice that the experiments with bright (Ⅰ, Ⅱ) and dim (Ⅲ) 

dummy females were not conducted during the same year, and the experimental 

arenas were not identical. Therefore, straight comparisons of the results between 

these experiments require caution. Caution is also needed when interpreting the 

results of the analyses including the data from both dim dummy experiments (50 

cm and 20 cm from the LED; Ⅲ), because the temporal overlap between the two 

experiments was minor. 

2.2.3 Does female sexual signaling depend on the light 

environment? 

To investigate if natural light conditions affect female sexual signaling, I searched 

for glowing females in four areas (1. Hanko, 2. Lohja, 3. Kangasala, 4. Konnevesi 

and Äänekoski) along a latitudinal gradient in Finland (covering latitudes between 

N59.9˚ to N62.6˚, and circa 350 km; Ⅳ). After finding a glowing female, I gently 

placed it on a measurement platform from which the female continued attracting 

males and measured the intensity and peak wavelength (a measure of glow color) 

of the glow with a spectrometer and integrating sphere (Fig. 3). Then, I measured 

the intensity and peak wavelength of ambient light with the spectrometer and 

cosine-corrected irradiance probe. Lastly, before returning the female to its original 

glowing spot, I measured the width of its pronotum (the first back shield), because 
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it is a good proxy of body size (Hopkins et al., 2015). I analyzed the data with linear 

models (LM) and correlation tests. 

 

Fig. 3. Equipment for measuring female glow (above) and ambient light (below). For 

female glow, I used a spectrometer (Flame-S, Ocean Optics Inc., USA) and fiber-optically 

connected integrating sphere (IC-2, StellarNet Inc., USA) connected to a laptop. I 

managed the measurements with the operating software OceanView (version 1.5.2, 

Ocean Optics Inc., USA). A glowing female was placed to hang from the 3 cm long white 

stick of the measurement platform (24 cm × 32 cm white cardboard). I lowered the 

integrating sphere so that the female disappeared inside and took the measurement. 

For ambient light measurements, I used the spectrometer and cosine-corrected 

irradiance probe (CC-3-UV-S, Ocean Optics Inc., USA) and took the measurement from 

the glowing location of the female, the cosine corrector pointing upwards. (Adapted 

under CC BY 4.0 license from Paper Ⅳ © 2020 Authors) 
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3 Results 

3.1 Competition effects on signaling location 

Contrary to my hypothesis, females moved away from a brighter competitor (Ⅰ; Fig. 

4a), which most likely contributes to the scattered distribution of glowing females 

in nature (Ⅰ; Fig. 5). However, when females faced a dimmer competitor, they did 

not change their signaling location compared to the control treatment (Ⅲ; Fig. 4b). 

Initial distance (50 cm/20 cm) to a dimmer competitor at the start of the experiment 

did not affect female location either (Ⅲ). 

 

Fig. 4. The average of female locations (± SE) at the end of the observation time in the 

experimental arena when females were faced with a) a brighter and b) a dimmer 

competitor (a green LED as a dummy female). Zero means the middle of the arena, 

negative values away from the LEDs and positive values towards the LEDs. The figure 

a) is from the first experimental night only. The difference in signaling locations between 

the treatments was statistically significant in a) but not in b). 



30 

Fig. 5. Distances between the closest neighbors in nature. 10 m distance between 

females was considered as the upper limit for neighbors. The data consists of three 

populations in Hanko, southern Finland (n = 34 female pairs). (Modified from Paper Ⅰ) 

3.2 Competition effects on signaling 

The field experiment revealed that when females were exposed to a brighter 

competitor for five minutes, they did not stop glowing, but they also did not change 

their glow intensity (Ⅰ). Females delayed their glowing in the presence of a strong 

competitor (a bright LED) when both the experimental nights were included in the 

data, but competition did not affect the onset of glowing during the first 

experimental night (Ⅱ; Fig. 6a). The order of the treatments over the two 

experimental nights did affected glowing: the females that were in the control 

treatment their first night started to glow significantly later on their second night 

than on their first night. The presence of a weak competitor (a dim LED) did not 

affect the onset of glowing both when the initial distance between the focal female 

and the dummy was 50 cm and 20 cm (Ⅲ; Fig. 6b, 6c). However, when I analyzed 

the effects of the initial distance on the onset of glowing, females started to glow 

significantly earlier in the 50 cm experiment than in the 20 cm experiment (Ⅲ; Fig. 

6d). 
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Fig. 6. The mean (± SE) onset of glowing when a female faced a dummy competitor (a 

green LED) with a) a brighter glow from 50 cm distance, b) a dimmer glow from 50 cm 

distance, or c) a dimmer glow from 20 cm. Figure d) shows the difference in the onset 

of glowing when females faced a dimmer competitor from different distances (females 

from both treatments pooled together). Figure a) includes females from the first 

experimental night only. 

3.3 A latitudinal cline in glow intensity and body size 

When studying how females cope with the challenging light conditions of higher 

latitudes, I found that females glowed during the brightest time of summer (Ⅳ). 

However, their glow intensity and body size increased towards higher latitudes (Fig. 

7), which most likely serves to maintain their visibility to mate-searching males in 

different light environments. However, females did not adjust their signal intensity 



32 

according to local ambient light intensities. Color of glow was also not affected by 

latitude. 

 

Fig. 7. Female glow intensity (n = 85; left) and pronotum width (n = 81; right) along the 

latitudinal gradient in the summers of 2017 (white circles) and 2018 (grey triangles). 

(Adapted under CC BY 4.0 license from Paper Ⅳ © 2020 Authors) 

3.4 Effects of female body size 

Female body size affected signaling location only when females faced a brighter 

competitor during their first night (Ⅰ): the larger the females were, the further away 

they were from the dummy competitor (Fig. 8). Body size also affected the onset 

of glowing: Large females started to glow earlier than small ones, but only when 

facing a dimmer competitor from closer (20 cm) distance (Ⅲ; Fig. 9). Interestingly, 

females were significantly smaller in the experiment where the initial distance was 

20 cm (Ⅲ). In the field, body size affected glow intensity as larger females were 

also brighter (Ⅳ; Fig. 7b). 
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Fig. 8. The effect of body size on female signaling location with a) a brighter (n = 38, r = 

-0.40) and b) a dimmer (n = 53, r = -0.14) competitor: Zero is the middle of the arena, 

negative values away from the LED, positive values towards the LED. 
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Fig. 9. The effect of body size on the onset of glowing in the competition (filled triangle; 

n = 16, r = -0.24) and control (empty circle; n = 13, r = -0.16) treatments when females 

faced a dimmer competitor (LED) from 20 cm distance. 
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4 Discussion 

The main finding of my thesis is that both visual and social environments, together 

with body size, affected sexual signaling in female glow-worms. Firstly, females 

selected their signaling location depending on the relative attractiveness of their 

neighbor (Ⅰ, Ⅲ), which may contribute to the scattered distribution of glowing 

females found in nature (Ⅰ). Secondly, as large body size resulted in a greater 

distance to a brighter competitor (Ⅰ) and earlier signaling when facing a weak 

competitor from a short distance (Ⅲ), both competition and a signaler’s body size 

may together influence sexual signaling behavior. Thirdly, glow intensity increased 

towards the north (higher latitudes), which likely maintains visibility to mate-

searching males in the bright nocturnal light environment of higher latitudes (Ⅳ). 

4.1 Spacing of signaling competitors in sexual competition 

Contrary to my hypothesis, female glow-worms did not parasitize the glow of a 

brighter dummy competitor but moved away from it (Ⅰ). Unlike in many taxa where 

aggregations of signaling males positively affect signalers’ mate attraction 

outcomes (Beehler & Foster, 1988; Bateson & Healy, 2005; Gasparini, et al., 2013), 

solitary female glow-worms, independent of their signal strength, are more 

successful in attracting males than aggregated ones (Lehtonen & Kaitala, 2020).  

Benefits to attracting mates while far from other signalers has been reported in 

some other taxa (Emlen & Oring, 1977; Andersson, 1994; Berglund, 1995; 

Lehmann, 2007). In bush crickets and painted reedfrogs, males that maintain longer 

distances to other calling males have higher mating success compared to those that 

are aggregated (Telford, 1985; Arak et al., 1990). 

However, contrary to when females faced a stronger competitor, the presence 

of a weak rival did not significantly affect the signaling location of female glow-

worms (Ⅲ). The results suggest that, regarding signaling locations, the influence 

of a more attractive rival may be larger than that of a less attractive one. Therefore, 

the best mate attraction tactic may be defined by relative attractiveness to a 

competitor. Indeed, although accurate comparison between two or more signals is 

crucial regarding receiver’s fitness, animals are more likely to differentiate between 

large relative differences in signal strength than between small absolute ones (Akre 

& Johnsen, 2014). As distance to the signal source affects how an observer 

perceives the signals of mates, mate choice may be based on proportional instead 

of absolute differences between signalers (Bateson & Healy, 2005; Callander, 
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Jennions, & Backwell, 2011; Hopkins, 2018). In glow-worms, spacing between 

glowing females strongly affects male mate choice (Ⅰ; Hopkins, 2018; Lehtonen & 

Kaitala, 2020), in some cases to the advantage of less attractive females (Hopkins, 

2018), suggesting that male mate choice in glow-worms is governed by passive 

attraction rather than active mate choice. Consequently, weaker signalers may use 

the effect of distance to male mate choice to succeed in sexual competition 

(Hopkins, 2018; Lehtonen & Kaitala, 2020), further affecting female distribution 

and variation in female sexual signals in nature. 

However, because neighboring rivals affect the success of female mate 

attraction, and the strength and direction of this effect vary according to the distance 

between the females (Hopkins et al., 2015; Hopkins, 2018; Lehtonen & Kaitala, 

2020), even relatively brighter females would be assumed to optimize their mate 

attraction success by altering the distance to a neighbor. However, as males 

typically select the brightest female when the distance between two glowing 

females is relatively short (Hopkins et al., 2015), it is possible that the experimental 

arena and therefore distances to the dimmer dummy female in the dim LED 

experiment (Ⅲ) were too small to induce changes in mate attraction behavior in the 

relatively more attractive individuals. 

4.2 Control of the signaling, and the signaling system 

Unlike changing their signaling location, females did not change their signaling 

brightness as a response to a competitor (Ⅰ). Given that their glow intensity also did 

not match the ambient light intensity of their glowing spot in nature (Ⅳ), it seems 

that glow intensity is not a trait that is quick to control at an individual level. This 

is supported by a study on glow-worm signaling patterns (Baudry, Hopkins, Watts, 

& Kaitala, 2021), which shows that instead of adjusting sexual signaling to male 

density, and thus balancing between signaling costs and detectability to males, 

females seem to always glow with maximum intensity (although see Dreisig, 1978). 

It is likely that this applies to sexual signaling during competition as well. 

The onset of glowing, however, was affected by competition and female body 

size (Ⅲ) as well as competition or time spent unmated (Ⅱ), although the results are 

contradictory. The negative correlation between female body size and the onset of 

glowing when facing a dimmer competitor may be explained by larger females 

having more energy or being otherwise in better condition than small females for 

earlier onset of glowing (Ⅲ). Interestingly, females postponed their glowing when 
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facing a brighter competitor, although it is difficult to discern whether the effect 

was caused by competition or time spent unmated (Ⅱ). 

Knowing the evolutionary history of the glow-worm may shed more light on 

the sexual signaling behavior in female glow-worms. Unlike in many fireflies, 

where both sexes produce discrete flashes and engage in a species-specific flash 

dialog (Lloyd, 1966; Stanger-Hall, Lloyd, & Hillis, 2007), glow-worms have the 

simplest signaling system found in Lampyridae: flightless females with a constant 

glow attracting flying, non-glowing males (Branham & Wenzel, 2003; Lewis & 

Cratsley, 2008). Indeed, in most species with constant glow as the sexual signal, 

signalers typically cannot fly, the primary signalers mostly being females, whereas 

in species with discrete flashes as sexual signals, the primary signalers are typically 

males and are able to fly (South, Stanger-Hall, Jeng, & Lewis, 2010). In many 

insect taxa, females have abandoned energetically expensive flying ability to 

allocate the energy to fecundity (Roff, 1990; South et al., 2010). This is essential 

especially for capital breeders, such as glow-worms, that cannot replenish their 

energy storages at adult stage (Stephens, Boyd, McNamara, & Houston, 2009). 

Flightlessness allows increasing body size and fecundity, but it reduces mobility, 

therefore increasing males’ role as searchers. It is likely that glowing in females has 

evolved from the smaller, aposematic signal of larvae (Underwood et al., 1997; 

DeCock & Matthysen, 2003) to a sexual signal of this sedentary, capital breeding 

female, to increase mate encounter rate and to decrease costly waiting time 

(Hopkins et al., 2021). 

4.3 The signaler’s own characteristics influence sexual signaling  

Body size influenced both the timing and intensity of signaling in female glow-

worms, as large females started glowing earlier (when they faced a dimmer 

competitor from a short distance; Ⅲ) and produced brighter glow (Ⅳ; Hopkins et 

al., 2015). The results suggest that animals’ own attributes, such as body size, may 

affect sexual signaling jointly with competition. Body size is an important factor 

affecting many aspects of animal fitness, as larger animals typically have higher 

fecundities and stronger sexual signals or ornaments than smaller ones (Ⅳ; Honék, 

1993; Andersson, 1994; Clutton-Brock, 2009, 2017). In many taxa, large body size 

is beneficial in signaling and mate attraction also when it reflects an individual’s 

good condition and the resources it holds (Wing, 1989; Holzer, Jacot, & Brinkhof, 

2003; Ritschard & Brumm, 2012). 
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The negative correlation between female body size and the onset of glowing 

may be the result of larger females having more energy for glowing and being in 

better condition than smaller females. Interestingly, females were significantly 

smaller in the 20 cm experiment than in the 50 cm experiment and they also started 

to glow significantly later. Bearing in mind that the 50 cm experiment was 

conducted mostly before the 20 cm experiment, if the earlier emerged and larger 

females in the 50 cm experiment had more energy for glowing or were of higher 

quality, it could explain the faster onset of glowing in the females in the 50 cm 

experiment. Indeed, poor condition of an individual may result in later reproduction, 

whereas individuals in good condition may have a head start to reproduction 

(Pietiäinen & Kolunen, 1993; Heg & Rasa, 2004; Schenk et al., 2018). However, 

as the negative correlation between body size and the onset of glowing only 

emerged in the competition treatment of the 20 cm experiment, the results suggest 

that competition induces changes in the timing of glowing, but the changes are size-

dependent. In addition, it is not clear why female body size did not also affect the 

onset of glowing when facing a bright competitor. More studies are required to 

understand how the signalers’ own characteristics and competitive environment 

jointly affect sexual signaling and mate attraction outcomes. 

4.4 Perceiving one’s competitive state in relation to others 

As female glow-worms behaved differently depending on their relative brightness, 

and therefore attractivity to males (Ⅰ, Ⅱ, Ⅲ), it is possible that they can, to some 

extent, assess their attractiveness relative to competitors. When facing a competitor, 

many animals across a wide variety of taxa use signals to assess their chances of 

winning a contest with the competitor (Arnott & Elwood, 2009). In many cases, the 

object of the assessment is an indicator of body size or condition, but also other 

signals, such as sexual ornaments, are used for the assessment (Austad, 1983; 

Englund & Olsson, 1990; Stuart-Fox, Firth, Moussalli, & Whiting, 2006; Tibbetts, 

Mettler, & Levy, 2009). Such ability to assess one’s social surroundings, and act 

upon the signals of others accordingly, can give an individual an advantage in 

sexual competition over those that cannot react as flexibly to their social 

environment. If this applies to glow-worms, females may be driven to move away 

from a brighter competitor and consequently increase their mate attraction success. 

However, when facing a dimmer competitor (Ⅲ), females may already be 

advantaged and, therefore, not be pressured to change their signaling behavior, at 

least not by changing their signaling location. One point calling for caution with 
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these interpretations is that the experimental arenas used to study female behavior 

with a bright and dim competitor were not identical, and the experiments were 

conducted during consecutive years. I emphasize the need for further studies. 

4.5 Signal visibility in the challenging light conditions of higher 

latitudes 

Female glow-worms did not avoid the brightest period of summer by emerging later. 

Instead, their glow was brighter and body size greater at higher latitudes, which 

likely maintains visibility to mate-searching males (Ⅳ). The results suggest that 

female glow-worms, at least partly, obtain brighter glow through larger body size. 

However, they did not change their glow intensity to match the ambient light 

intensity of their local glowing spot, suggesting that individual glow intensity is not 

quick to control. Understanding to what extent the latitudinal variation in body size 

and signal strength is due to phenotypic plasticity or genetic differences between 

populations requires further studies. 

Because development time and body size have a positive relationship in many 

species (Masaki, 1967; Roff, 1992), insects are often expected to prolong their 

development time to gain larger size and greater fecundity (Honék, 1993). However, 

obtaining larger body size in the shorter growing seasons of higher latitudes is 

potentially costlier than in more southern regions, because prolonging development 

time may require spending at least one additional year in the larval stage, with an 

additional risky winter diapause. Hence, individuals in higher latitudes may 

experience a steeper trade-off between the costs of postponing maturation and 

gaining larger body size for greater visibility. The results indicate that the latitude 

of the signaling location affects how females respond to this trade-off. 

Unlike intensity, the color (peak wavelength) of female glow did not 

significantly change along the latitude. On possibility is that changes in female 

glow color may be difficult to produce because the color typically depends on 

structures of the reagents involved in bioluminescence (Hastings, 1996), whereas 

glow intensity is, at least partly, size-dependent (Hopkins et al., 2015; Ⅳ). It is also 

possible that the exact color of female glow may not be important regarding mate 

choice. Although behavioral studies show that males have color vision (Booth et 

al., 2004), it is unknown whether they could differentiate between such small color 

differences as found in this study (Ⅳ). Considering their superposition eyes 

adapted to maximize sensitivity in nocturnal light (Cronin et al., 2014), variation in 

glow intensity may be more relevant than variation in glow color. Another 
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explanation for the lack of color variation is that the effect of latitude on glow color 

may become apparent only over a wider latitudinal range. Greater variation in glow 

color was found between and within species in North America (Hall et al., 2016) 

when it was studied over a latitudinal range that was over three times wider than in 

this study. Further studies on the effects of light environment on the sexual 

signaling of glow-worms could include a wider range of latitudes across Europe. 
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5 Conclusions 

Taken together, the findings of my thesis show that, as in males, sexual signals in 

females can be shaped by their visual environment, but signaling can also be subject 

to interactions with conspecifics, therefore being frequency-dependent. First, 

individuals with a weak sexual signal may change their signaling location in 

relation to more attractive neighbors (Ⅰ). Increasing distance to a competitor will 

likely affect the local distribution of signaling females in nature (Ⅰ) and increase the 

signaler’s relative attractiveness to mate-searching males (Hopkins, 2018; 

Lehtonen & Kaitala, 2020). 

Secondly, competitors with different signal strengths may arouse different 

responses from a female signaler (Ⅰ, Ⅱ, Ⅲ), which may imply the existence of an 

ability to assess one’s own attractiveness in relation to other signalers. This ability 

to recognize one’s relative attractiveness, and to exploit the effects of the physical 

environment on signal transmission, may result in an adjustment of competitive 

strategies to increase reproductive success, promoting variation in female sexual 

signals. 

Thirdly, females living in the challengingly bright nocturnal light environments 

of higher latitudes have a stronger sexual signal, which likely maintains signal 

contrast to the background and visibility to mate-searching males (Ⅳ). The signal 

strength is affected by body size, which also increases towards higher latitudes. 

These latitudinal clines in signal strength and body size are most likely obtained by 

prolonging development time in higher latitudes. The signaling environment may 

lead to regional differences in sexual signals and life-history traits. 

Fourthly, females’ life-history traits, such as body size, have influential roles 

in mate attraction outcomes, adding to the complex interactions between animals’ 

own attributes and extrinsic factors. 

This work complements our understanding of the forces shaping sexual 

signaling in females. It gives a fresh perspective to the significance of 

environmental conditions, social interactions, and signalers’ characteristics to 

sexual signaling in females, while also providing methodological advances. 
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