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1. Mutual mate choice may explain how changes in sexual communication can occur 
Sexual selection acts on variation in sexual signals within and between populations and may drive 
communication divergence (Maan & Seehausen, 2011; Wilkins et al., 2013; De Pasqual et al., 
2021). Since hybridization with other species has negative fitness consequences, species 
recognition is a central function of sexual signals (Ryan & Rand, 1993; Löfstedt, 1993; Price, 1998; 
Cardé & Haynes, 2004; Ritchie, 2007; Symonds & Elgar, 2008). The selection for the mean signal 
in a population can minimize cross-attraction of heterospecific individuals (Paterson, 1985; Butlin 
et al., 1985; Löfstedt, 1993; Droney et al., 2012; Moran et al., 2020). Species recognition signals 
are thus under stabilizing selection. Since stabilizing selection for species recognition would limit 
within-species variation, it is unclear how sexual communication systems that function as species 
recognition signals can evolve. 

Sexual signals may not only be used for species recognition but also to select partners 
within a species. In moths, males may not only choose females (Löfstedt, 1993; Bonduriansky, 
2001; Johansson & Jones, 2007), but females may also choose males once males have been 
attracted. Selection pressures are probably fundamentally different when males not only select 
females but females also choose males. If the signalling sex is also choosy, the numbers and 
interactions of possible selection pressures increase. Extending the conventional perspective of 
one signalling and one choosing sex to two signallers and two choosers may help to understand 
how changes in sexual communication can occur.  

While female signals in moths are widely studied (Löfstedt, 1993; Vickers & Baker, 1997; 
Baker & Vickers, 1997; Wyatt, 2003; Cardé & Haynes, 2004; El-Sayed, 2011), female mate choice 
has been mostly neglected (for exceptions see Phelan & Baker, 1986; Iyengar & Eisner, 1999b; 
Jang & Greenfield, 2000; Iyengar et al., 2001). In this thesis, I investigated female mate choice in 
the tobacco budworm Chloridea virescens (Lepidoptera: Noctuidae) and determined the male 
signal underlying female mate choice. Importantly, I found experimental evidence for female 
mate choice (chapter 2). Interestingly, I found that females select males based on size and not 
based on the traditional male hairpencil pheromone (chapters 2 and 4). Moreover, females 
discriminate between males in a relative manner (chapters 2 and 4). While I demonstrated that 
the traditional male hairpencil pheromone does not underlie female choice (chapter 2), I found 
that the nutrition-derived compounds MeSA and d-decalactone in the male hairpencil may 
determine male attractiveness (chapter 4). Finally, I investigated how female mating status may 
affect female sexual behaviour and mate choice. By comparing sexual behaviour and mate 
preference between virgin and mated females, I showed that mating status affects the strength 
of female preference (chapter 3, see also Lu et al., 2017). Since males choose females based on 
their sex pheromone and this thesis shows that females are choosers too, my main conclusion is 
that the communication system of C. virescens is based on mutual mate choice. Below, I discuss 
the implications of female choice and mutual mate choice on the evolution of sexual 
communication systems in general and on the evolution of sexual communication systems in 
moths in particular. 
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2. Aspects of female mate choice in C. virescens 
a. Females choose males based on quality 

Females may increase individual fitness by selecting high-quality partners (Parker, 1983). An 
increase in fitness by having more offspring (traditionally referred to as ‘direct’ benefits) or 
offspring with higher fitness (‘indirect’ benefits; Kokko et al., 2003). In chapter 2, I showed that 
C. virescens females benefit from mating with larger males, because these matings lead to higher 
reproductive output. Consistent with this finding, I showed that female C. virescens prefer larger 
males in two-choice experiments (chapters 2, 3 and 4). It was beyond the scope of this thesis to 
determine the heritability of male traits and the effects of female mate choice in offspring. 
However, male and female body size in Lepidopterans can be heritable (e.g., Iyengar & Eisner, 
1999a; Davis & Landolt, 2012) and body size is a common indicator of female fecundity in insects 
(Honěk, 1993). The preference for larger males could thus result in more attractive sons and more 
fecund daughters.  
 

b. Females can make relative choices between males 
I consistently found that the difference in male pupal mass explained female choice (chapters 2, 
3 and 4) and thus, that females compare and choose males relative to one another. Empirical 
evidence for relative choice was found also in other systems, such as crickets (G. bimaculatus, 
Bateman et al., 2001), fish (Cottus bairdii (Brown, 1981) and Poecilia reticulata (Pitcher et al., 
2003; see also Jennions & Petrie, 1997)), and certain Drosophila species (Hoikkala & Aspi, 1993). 
While absolute choice would select against all the males that do not match a certain criterion 
(e.g., are smaller than a threshold value in body size), relative choice does not require any 
absolute threshold value. Hence, the criterion to choose for a male is that he is larger than the 
other male while the actual size is irrelevant. Consequently, selection by relative choice is less 
stringent than selection by absolute choice. In context of this thesis, relative female choice for 
larger males is particularly interesting since C. virescens females attract males by signalling and 
also mate multiple times (see chapter 3). Thus, females may directly compare attracted males 
relative to one another or possibly also to previous mating partners. 
 

c. Mate choice or cryptic female choice? 
Multiple matings in females in combination with sperm storage allows for postcopulatory female 
choice (cryptic female choice (Thornhill, 1983; Eberhard, 1996; Arnqvist, 2014; Firman et al., 
2017) or paternity choice (Birkhead & Møller, 1993; Andersson & Simmons, 2006)). Females may 
introduce bias in paternity by selectively using sperm for fertilisation, which has been 
demonstrated in various Lepidopterans (Thornhill, 1983; LaMunyon & Eisner, 1993; Gage, 1994; 
Wedell & Cook, 1998; Solensky & Oberhauser, 2009; Xu & Wang, 2010; Mongue et al., 2015). To 
better understand how and when female choice affects paternity, it is necessary to determine 
how spermatophore content varies between males of different size and also within a male 
between multiple matings and how this ultimately translates into paternity patterns. 

In Lepidoptera, spermatophores contain two sperm types: eupyrene (fertilizing) and 
apyrene (non-fertilizing) sperm (Proshold, 1975; Silberglied et al., 1984; Cook & Wedell, 1999; 
LaMunyon, 2000; LaMunyon & Huffman, 2001). The ratio of eupyrene to apyrene sperm number 
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in C. virescens is generally about 1:10 and this ratio seems not to change with a male’s mating 
history (LaMunyon & Huffman, 2001). Male pupal mass correlates positively with spermatophore 
size in C. virescens (LaMunyon, 2000). Additionally, adult feeding affects spermatophores as 
nectar feeding is associated with larger spermatophores (Blanco et al., 2009). However, 
spermatophore size does not correlate with the number of sperm in the spermatophore 
(LaMunyon & Huffman, 2001). Hence, large spermatophores do not necessarily mean a lot of 
sperm. Besides, females store the equivalent to one ejaculate of eupyrene sperm, while this 
volume can consist of sperm from different males (LaMunyon, 2000). Interestingly, twice-mated 
females store almost two ejaculates’ worth of apyrene sperm (LaMunyon, 2000). Besides, larger 
males pass on more apyrene sperm to virgins than to mated females (LaMunyon & Huffman, 
2001) and apyrene sperm number decreases with the number of times a male has mated 
(LaMunyon, 2000). Apyrene sperm might thus be a nuptial gift. As a promising next step, I suggest 
to test the hypothesis that females could bias paternity towards lager males based on the 
absolute amount of apyrene sperm perceived.  
 

d. The amount of d-decalactone may signal male quality 
While I found that male quality is reflected in male size (chapter 2), it remained unclear how 
females can gauge male size. Since males also emit pheromone from elaborate structures called 
hairpencils (Grant, 1970; Teal & Tumlinson, 1989; Birch et al., 1990), it was proposed that the 
male hairpencil pheromone underlies female choice (Teal et al., 1981; Birch & Hefetz, 1987; 
Hillier & Vickers, 2004). However, in my quest to identify the male signal underlying female 
choice, I found that the previously identified male pheromone compounds are not related to 
female choice (chapter 2 and 4). However, two nutrition-derived chemicals (methyl salicylate and 
d-decalactone) were recently discovered as part of the male hairpencil pheromone (Liu et al., in 
prep). Therefore, I tested the hypothesis that methyl salicylate (MeSA) and/or d-decalactone are 
used by females to assess males (chapter 4). I showed that d-decalactone is correlated to male 
size, and thus this compound may inform females about male size and underly female choice. 
This is especially interesting because d-decalactone is nutrition-derived, so that variation in the 
amount of this compound in males may arise by differences in their acquisition at the larval stage. 
Furthermore, adult males fed with sugar-water showed higher amounts of d-decalactone than 
males that were fed with plain water (chapter 4). Resource acquisition at the larval and adult 
stage may thus play a central role in male sexual attraction, because larval diet and adult feeding 
have a significant effect on male attractiveness (chapter 2 and 4).  
 

e. Female might consider additional chemical signal components for mate 
assessment  

While d-decalactone can be an indicator of male size in C. virescens (chapter 4), it might not be 
the only signal that females assess. Additional chemical signal components may come into play 
for female mate choice at short-range. The moths’ antennae are prominent structure to detect 
chemicals (Almaas & Mustaparta, 1990; Krieger et al., 2002, 2004; Hillier et al., 2006; Wang et al., 
2011). Surprisingly, I found that females mate just as well without antenna (chapter 2), which 
suggests that antennal detection of the male signal is non-essential for female mate acceptance. 
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However, chemical signals can also be perceived by other body parts, because olfactory receptors 
have also been found on insect legs, the proboscis, mouth parts and on the abdomen (Krieger et 
al., 2002, 2004; Jacquin-Joly & Merlin, 2004; Vogel et al., 2010; Gomez-Diaz & Benton, 2013). In 
analysing courtship behaviour in high frame-rate video recordings, I found that males and 
females have physical contact during courtship, especially with their legs in a behaviour I termed 
‘grubbing’ (chapter 2). C. virescens females may thus perceive sexual signals via their legs or other 
sensitive body parts. Additional olfactory signals that comprise information about male size may 
be perceived at the point in courtship when the male leg is interlaced with a female leg (chapter 
2).  
 
A possible chemical signal component that C. virescens females may use for mate assessment are 
cuticular hydrocarbons (CHCs). CHCs are used as sexual signals by many insect species (Ginzel & 
Blomquist, 2016). Several beetles, such as the rustic borer Xylotrechus colonus (Ginzel et al., 
2003), leaf beetles Chrysochus sp. (Peterson et al., 2007) and the mustard leaf beetle Phaedon 
cochleariae (Geiselhardt et al., 2009, 2012; Otte et al., 2015), display sex pheromones on their 
cuticles. Short-range contact pheromones also play a central role in mate choice of Hawaiian 
swordtail crickets Laupala spp. (Mullen et al., 2007) and the model organism Drosophila 
melanogaster (Ferveur et al., 2005). In chapter 5, I investigated the chemical composition on legs 
of males and females in three heliothine species and found two long-chain carbon compounds in 
leg extracts of all species (chapter 5). Interestingly, these long-chain carbon compounds show 
intersex differences in all species (chapter 5). However, since the amounts of these compounds 
were consistently higher on female legs than on male legs (chapter 5), it is unlikely that females 
use these CHCs for mate assessment. Butyrate esters, however, have been found on moth legs 
and male legs have higher amounts of these compounds than female legs (Choi et al., 2016). C. 
virescens females could thus use butyrate esters on male legs to choose among males. 
 

f. Female might consider other, non-chemical signals for mate assessment  
Sexual signals can be composed of several components. Such a multicomponent signal can have 
the same sensory modality (i.e., unimodal) or different ones (i.e., multimodal) (Candolin, 2003). 
Evidence is accumulating that various species use multimodal signals for sexual attraction (see 
Jennions & Petrie, 1997; Candolin, 2003; Hebets & Papaj 2005; Barry et al., 2010). For instance, 
male praying mantids Pseudomantis albofimbriata use chemical and visual cues to assess females 
(Barry et al., 2010, 2015) and female field crickets Teleogryllus oceanicus assess males based on 
acoustic and contact-based chemical signals (Thomas & Simmons, 2009; Gray et al., 2014). 
Similarly, female European tree frogs Hyla arborea choose males based on a combination of 
acoustic and visual signals (Gomez et al., 2009).  
 
In moths, females may use other modalities than chemicals alone for mate assessment. Several 
sensory modalities could be considered in a multimodal signal for female choice in C. virescens. 
First, the leg-to-leg contact during grubbing may also transmit tactile stimuli that inform about 
male size in a morphometric manner. Since leg size is positively correlated with body size in C. 
virescens (chapter 2), a larger male has longer legs. Male leg size might thus be measured by 
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females in leg-to-leg contact. Second, male acoustic signals may be produced during courtship, 
as demonstrated in other noctuid moths, including the heliothine moth Heliothis zea (Nakano et 
al., 2009a; 2009b). Studies on the production of acoustic signals in C. virescens are, to my 
knowledge, unexplored so far. Since tympanal ears to detect ultrasonic sound are present in all 
noctuids (Eggers, 1919; Ghiradella, 1971; Surlykke, 1984; Surlykke et al., 1988; Nakano et al., 
2015), acoustic signals can be perceived and may be part of the sexual communication in C. 
virescens at short-range. Sound production correlates with body size in variety of sound-
producing animals (e.g., frogs, crickets and cicadas (Prestwich, 1994; Verburgt & Ferguson, 2010; 
Bertram et al., 2011; Thomson et al., 2014)) and larger size is associated with lower acoustic 
frequencies (Bennet-Clark, 1998). If wing vibrations generate acoustic signals, I expect wing size 
to determine the frequencies of the signal. Likewise, if the insect body functions as resonance 
body, lager male may produce lower frequency sounds, which has been demonstrated in crickets 
(Brown et al., 1996; Deb et al., 2012). Finally, the size of the approaching male could simply be 
seen by the female. Vision is omnipresent in insects and Lepidoptera possess image-forming 
compound eyes (Langer et al., 1979; Warrant et al., 2003; Land & Nilsson, 2012; Yan et al., 2014; 
Sondhi et al., 2021). Female moths may thus perceive visual stimuli for mate assessment. Not 
only male body size but also the size of the hairpencils could be gauged this way. Hence, 
hairpencils might be ornaments themselves, with larger males showing off larger hairpencils. The 
perception of a multicomponent and/or multimodal signal about male size for female mate 
choice in C. virescens is thus plausible. Multiple signals may be easier to detect than a single signal 
(Hebets & Papaj, 2005; Groot & Vedenina, 2021). A multicomponent signal can allow for a more 
accurate perception because multiple signal aspects inform about the sender (Candolin, 2003; 
Hebets & Papaj, 2005). 
 
 g. Can females learn about the “best” male?  
Since C. virescens is polygamous, females might not only assess multiple males for one mating 
but compare males between different matings. Remembering the information of previously 
encountered or mated males would be relevant for a polygamous species like C. virescens. The 
comparison of previously encountered or mated males requires some sort of learning and 
memorizing of their characteristics. Evidence from several moth species, including C. virescens, 
shows that moths are capable of associative learning (Hartlieb, 1996; Fan et al., 1997; Daly et al., 
2004; Skiri et al., 2005; Jørgensen et al., 2007; Blackiston et al., 2008). A multimodal signal can 
enhance the neuronal response and thus, creates a longer-lasting impression (Hebets & Papaj, 
2005). If the different sensory modalities of a multimodal signals are processed simultaneously, 
the process requires that the signals get transduced by multisensory neurons (Hebets & Papaj, 
2005). Interestingly, a multisensory neuron has been described in C. virescens (Zhao et al., 2013). 
This neuron is most likely responsible for the simultaneous integration of acoustic and olfactory 
signals (Zhao et al., 2013). An interesting hypothesis I would like to propose is therefore that 
polygamous C. virescens females assess a combined chemical-acoustic-morphometric male 
signal. In conclusion, a multimodal signal could be advantageous for this polygamous species 
because it can allow for a or more accurate comparison between males of different mating 
events. 
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3. The function of male hairpencils and their pheromone 
Now that I showed that the traditional male hairpencil pheromone is not used by females to 
choose among males, the obvious question is what these large structures are used for instead. In 
addition to female choice, male-male competition may affect the evolution of male traits. The 
male hairpencils disperse pheromone (Hendricks & Shaver, 1975; Teal & Tumlinson, 1989; Birch 
et al., 1990) and are thus an ornament. A previous study showed that males hairpencils apply the 
pheromone compounds on females and are effective in chemical mate guarding, because they 
inhibit mating by other males (Hosseini et al., 2016). Chemical mate guarding is an aspect of 
intrasexual competition and the involved chemicals evolve through intrasexual selection 
(Andersson, 1994; Berglund et al., 1996; Rico-Guevara & Hurme, 2019). Larger males probably 
have larger hairpencils and therefore may perfume more and/or a larger area on the female 
abdomen, thereby leaving a stronger or more persistent chemical mate-guarding mark. Larger 
males may thus be more successful in preventing other males from mating.  

Intra-male competition could also manifest itself as a form of combat. While I never 
observed direct male-male interactions, I did observe male harassment of mating pairs: single 
males start courting a pair in copula by everting the hairpencils and moving around the copulating 
pair. Since males perceive their own pheromone and the pheromone is emitted when males evert 
their hairpencils (Hillier et al., 2007), I suppose that single males are trying to outcompete the 
already mating male. Harassment of mating pairs can thus be part of male-male competition in 
form of direct confrontation of the rivals. Both the chemical mate guarding and the harassment 
suggest a role of the male hairpencil pheromone in intrasexual competition, and is thus likely a 
male armament instead of an ornament. 
 

4. Sexual signals in C. virescens are shaped by selection pressures on both sexes 
The main result of my research is that males and females in C. virescens are reciprocal signallers 
and mutual choosers. Since the previously identified male pheromone compounds from the 
hairpencils share the same biosynthetic pathway with the female sex pheromone components 
(Tillman et al., 1999; Jurenka 2003, 2004), they are genetically linked. Selection for the female 
long-range sex pheromone could thus affect the pheromone composition in male hairpencils. 
Delta-decalactone, however, is an additional pheromone compound and does not share the 
biosynthesis of the traditional pheromone compounds (Liu et al., in prep.). As I showed in chapter 
4, d-decalactone may indicate male size and affects female mate choice. Interestingly, d-
decalactone is not found in the female sex pheromone (Roelofs et al., 1974; Tumlinson et al., 
1975; Vetter & Baker, 1983; pers. observation). Hence, the actual trait that underlies male mate 
choice and female mate choice are independent from each other. If the male and the female 
sexual signal are not genetically linked, the male and the female choice systems are decoupled 
(Servedio & Lande, 2006). Hence, both sexes impose selection on the opposite sex but the 
evolution of the male and female signals must be considered separately. 
 

5. Mutual mate choice opens a range of possible selection forces and interactions 
If mutual mate choice is based on different signals for males and females, selection can be 
stabilizing on one signal and directional on the other signal. Moreover, mate choice may interact 
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with intrasexual competition in each sex. Males compete with other males in form of sperm 
competition (LaMunyon, 2000, 2001). The fact that larger males may pass on larger 
spermatophores and more apyrene sperm than smaller males (LaMunyon, 2000; LaMunyon & 
Huffman, 2001) suggest that larger males are more likely to sire offspring when females mated 
multiply. Female mate choice for larger males has been demonstrated in this thesis. Whether 
females are involved in intrasexual competition has yet to be determined. The fact that female 
preference is not related to the male preference suggests that selection by female mate choice 
may help in maintaining variation in sexual signals. Thus, diversification of sexual signals is 
possible by mutual mate choice based on different signals in each sex. 
 

6. Natural selection and sexual selection may interact 
In this thesis, I focused on sexual selection but pheromone compounds may also be subject to 
natural selection. For example, I found that two compounds present on the legs of heliothine 
moths, 16:Ald and 16:OH, possess antimicrobial properties. This new and interesting finding 
suggests that these leg compounds may protect moth eggs from bacterial threats. If so, then 
these antibacterial compounds on moth legs are under natural selection (chapter 5). It is likely 
that larger individuals can deposit more of these protective substances than smaller individuals, 
for instance because body size correlates positively with production and/or because a larger leg 
helps to deposit a larger amount.  

In addition to the protective function of 16:Ald, parasitoids might home in on the same 
compound (Boo & Yang, 2000; chapter 5). Oviposition sites of larger individuals might thus be 
easier detected, putting eggs and offspring of larger individuals at higher parasitisation risk. 
Opposing natural selection forces may thus act on this pheromone compound. The possible 
trade-offs between body size, antibacterial effects, and the chance of attracting parasitoids will 
determine the optimum amount of 16:Ald in males, which is probably different depending on 
e.g., bacterial communities on the plants and/or parasitoid densities in the environment.  
 

7. How the combination of selection pressures can drive divergence in sexual 
communication 

Considering all my findings, I would like to explore in this last part how the results can contribute 
to our understanding of the evolution of sexual communication systems. Mate choice can lead 
to reproductive isolation based on non-random mating. Since I found that male size explains 
female mate choice and that diet and feeding has a significant effect on male attractiveness 
(chapter 2, 3, and 4), food sources are likely central to any shift in sexual communication. Food 
sources are expected to correlate with environmental conditions and other external factors, such 
as competition or predation (reviewed for example in Martin, 1987; van Veen et al., 2006; 
Rodrigues et al., 2016). Hence, traits that are involved in feeding are likely subject to natural 
selection. I propose that sexual selection drives divergence in sexual signals if factors affecting 
male size (e.g., diet) are reinforced by natural selection. In the three evolutionary scenarios 
sketched below, I elaborate on how mutual mate choice in combination with other findings of 
this thesis could contribute to speciation.  
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Scenario 1: Oviposition and larval feeding impacts mate attraction. 
Since I found that females choose bigger, higher-quality males and may assess a nutrition-derived 
compound (d-decalactone) in the male hairpencil pheromone for mate choice, I hypothesize that 
the feeding habits of larvae and host-plant choice affect sexual selection and can drive speciation. 
The male hairpencil pheromone is likely more variable in natural populations than in lab 
populations, because larvae of this generalist moth feed on a vast variety of plants. However, 
despite this ability to develop on a broad range of host plants (Blanco et al., 2007; Fitt, 1989; 
Sheck & Gould, 1993; Waldvogel & Gould, 1990), some strains develop better on certain plant 
species over others (Blanco et al., 2008). Moreover, C. virescens females prefer to oviposit on the 
host plant on which they hatched from the egg (Karpinski et al., 2014). Since host preference and 
possibly also mate preference in C. virescens is at least partly genetically determined (Schneider 
& Roush, 1986; Sheck & Gould, 1995; Karpinski et al., 2014), these preferences could be the 
starting point of divergence. Hence, if the male pheromone is affected by the host plant they 
were feeding on as larvae and if females prefer to mate with males that come from the same 
host plant they originate from, then local host plant specialization is likely to occur (Karpinski et 
al., 2014). Such an effect of larval feeding on moth pheromone has been found in the European 
corn borer (Ostrinia nubilalis), where the plant species a larva develops on determines the 
attractiveness of its adult pheromone blend and adults prefer to mate with individuals from the 
same host plant species (Thomas et al., 2003; Malausa et al., 2005). Similarly, host-plant 
specificity can be reflected in hydrocarbons that may be used as contact pheromones (Ginzel & 
Blomquist, 2016). For example, mustard leaf beetles can feed on various cabbage (Brassica spp.) 
and radish species (Raphanus spp.), but males prefer to mate with females that were reared on 
the same plant species, a factor that is reflected in their CHC profile (Geiselhardt et al., 2012; 
Ginzel & Blomquist, 2016). Thus, changes in pheromone composition based on host-plant 
specificity may lead to assortative mating and reproductive isolation (Benthenod et al., 2005; 
Groot et al., 2008, Ginzel & Blomquist, 2016). 
 
Scenario 2: Synchrony with partners from host plants of similar nutritional value.  
Larger, more attractive males might not only originate from a specific host plant but they must 
also be available at the right time. Body size of insects is correlated with development time 
(Blanckenhorn, 2000; Beukeboom, 2018) and development time is related to the energetic and 
nutritional quality of food (Edgar, 2006; Chown & Gaston, 2010; Beukeboom, 2018). Larvae that 
develop on plant species with high nutritional value and/or high protein content do have a higher 
chance to grow bigger and to develop faster than larvae developing on plant species with low 
nutritional value and/or low protein content. Adult eclosion may thus become synchronized 
among individuals developing on host-plants with identical nutritional value and/or protein 
content. Empirical evidence confirms that larval performance and generation time in C. virescens 
varies with host plants (Blanco et al. 2008). Protein content of the diet correlates positively with 
development and thus, generation time (Blanco et al., 2008). Interestingly, plants belonging to 
the Fabaceae (legumes) are richer in protein than Malvaceae (mallows) (Kotkar et al., 2009) and 
C. virescens individuals develop faster on legumes than on mallows (Blanco et al., 2008). Hence, 
females developing on legumes and are more likely to mate with other fast-developing males 
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from the same host and these males match the female preference for larger males. If host plants 
affect developmental time and moth body size, temporal associations between hatching, mate 
attraction, and mate preference may occur. Temporal synchronisation of hatching related to the 
host plant combined with sexual selection might thus drive host-plant specialization. 
 
Scenario 3: Selection for larval food with the highest nutritional value. 
While protein content of host-plants differs (Blanco et al., 2008; Kotkar et al., 2009), there is an 
alternative food source which provides by far the highest nutritional density and protein, namely 
conspecifics (Polis, 1981). In fact, C. virescens larvae are highly cannibalistic (Joyner & Gould, 
1985; reviewed in Richardson et al., 2010) and cannibalism is heritable in C. virescens (Gould et 
al., 1980). The advantages of cannibalistic males are twofold; first, the high-protein content of 
the diet allows them to develop faster and second, they are likely to become bigger adults. Thus, 
females not only attract these early hatching males but also select them because of their large 
size. Since females prefer larger males, cannibalism could be sexually selected.  

Although cannibalism is likely to affect male size in a positive way, how does it affect male 
attractiveness determined by nutrition-derived pheromone compounds (such as d-decalatone, 
chapter 4)? Feeding on conspecifics surely provides protein, which facilitates developing into a 
large male but might not serve as pheromone compounds. However, fatty-acids as pheromone 
precursors could be obtained by cannibalistic feeding. Moreover, conspecific larvae have fed on 
plant tissue and thus, may deliver nutrition-derived compounds (e.g., d-decalactone) indirectly 
as they have previously sequestered the compound. If this is the case, cannibalism and an 
attractive male pheromone are not mutually exclusive. Populations could thus diverge because 
of host limitation and concurrent selection for cannibalism. 
 

8. Future research  
To make any realistic prediction about the evolution of the male signals underlying female mate 
choice, it would be important to clarify whether selection on male signals is co-dependent on the 
selection of female preferences. Two avenues for future research to investigate how female mate 
choice may impact the evolution of moth sexual communication further seem particularly 
promising. First, I suggest to assess other possible modalities in the male signal. As discussed 
earlier, females might consider additional signal components for mate assessment. Especially 
acoustic signals have been reported to play a role in courtship of other moth species (Nakano et 
al., 2009). Therefore, I propose to determine whether C. virescens males and possibly also 
females produce acoustic signals during courtship. If so, investigating this sexual monologue or 
dialogue could provide valuable insights into the selection on the multiple signal components. 
Also, butyrate esters or CHCs on moth legs are strong candidates for sexual signals (chapter 5, 
Choi et al., 2016). Investigating their role in each sex can shed light into how and what kind of 
additional signals define precopulatory interactions.  

Second, the effects of female mate choice on the next generation needs to be 
evaluated if we want to make predictions on the evolutionary consequences of sexual selection. 
While I could show that mating with larger males leads to more offspring (chapter 2), I did no 
investigate the next generation. To better understand sexual selection via female mate choice, it 
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is important how a preference for larger males affects the body size distribution of offspring. 
Additionally, it would be relevant to clarify how the effect of mating with a preferred partner 
translates into a particular sex pheromone composition in female offspring and the quantity of 
nutrition-derived pheromone compounds in male offspring, and whether and how parental 
preferences are correlated to the preference in offspring. 

  
9. Concluding remarks 

In this thesis, I investigated female mate choice in a species with prominent female sexual signals 
and male mate choice. I showed that females choose males based on a male signal that is 
associated with male size. The results dismiss the traditional male hairpencil pheromone as the 
signal underlying female mate choice. Delta-decalactone content in the male hairpencil, 
however, may be the chemical signal for male assessment. These results show that the male 
signal is not related to the female signal. Hence, there is mutual mate choice, but the reciprocal 
choice is based on different types of sexual signals. The selection pressures arising from male and 
female mate choice are therefore decoupled. Mutual mate choice on decoupled signals opens a 
variety of possible selection pressures. The different selection pressures and their interactions 
are likely to maintain variation in male and female sexual signals. While earlier research focused 
predominantly on female sexual signals and male mate choice and therefore fell short in 
explaining how the evolution of sexual communication may result in a high diversity of moth 
species, the integrative perspective of two signallers and two choosers opens new avenues in 
evolutionary scenarios on how moth sexual communication channels can diverge. 
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