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SUMMARY 

 

 
The coexistence of two or more heritable morphs within species’ populations is 

commonly observed in nature, a phenomenon known as polymorphism. Intriguingly, 

such polymorphisms are often restricted to only the male or only the female sex 

(intra-sexual polymorphisms). The phenomenon is paradoxical to evolutionary 

biologists because selection is expected to favor not more than only a single 

phenotype. Hence, questions related to whether and how different morphs can be 

maintained are subject to classic and long-standing debates. Theory posits that long-

term maintenance of polymorphisms is possible only under a restricted set of 

conditions, but exact mechanisms remain poorly understood in many cases. 

The overall objective of my PhD thesis is to explore several mechanisms that 

may help to explain maintenance of intra-sexual polymorphism. I selected female 

polymorphic damselflies as my model system, in which two or three female morphs 

can easily be distinguished based on their body coloration, while only a single male 

type occurs. The coexistence of these female morphs is commonly explained as a 

counter adaptation to reduce costly male sexual harassment. However, observations 

in several species indicate extreme and often gradually varying morph frequencies 

across populations. As it appears from recent work, social interactions alone appear 

insufficient to thoroughly explain this geographic variation in female morph 

frequencies, thus  questioning the exact mechanisms underlying this polymorphism. 

Additional mechanisms have been suggested, including divergent selection. 

Specifically, one morph may be favored over the others depending on a given set of 

environmental conditions like solar radiation, ambient temperature or precipitation 

regimes. 

In my thesis, I first ask to what extend geographic variation in morph 

frequencies is related to numerous of investigated biotic and abiotic variables and to 

the genetic variability across populations. Given the lack of spatial organisation in 

morph frequencies along a continuous 1100 km transect, the limited explanatory 

power by the investigated ecological variables and the extremely low genetic 
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variation in a region characterised by atypical morph frequencies across sites, I 

suggest that historical and present-day stochastic processes may play a more 

prominent role than previously acknowledged in shaping biogeographical patterns in 

morph frequencies. 

Next to the above described exploration of biogeographical patterns and co-

varying factors, the observed frequency and density variation across sites itself 

offers ample opportunity to evaluate and test predictions based on social 

interactions. Besides body coloration, I found that female morphs differ in multiple 

traits like behavior, morphology, immune function, energy reserves and fecundity. 

This made me suggest that correlational selection may favor optimal trait 

combinations in which female morphs maximize fitness in alternative ways.  

When including the entire range of female morph frequencies, I show under 

experimental and natural conditions that males bias their mating preference 

towards the most common morph within a given population. This biased mating 

behaviour most likely translates into dissimilar harassment levels between female 

morphs, causing negative frequency-dependent costs in terms of female morph 

fecundity. I further show geographic variation in morph-specific behavioral 

harassment resistance strategies, which may as well be related to the social 

environment. 

Furthermore, one female morph (andromorph) shows remarkable 

phenotypic resemblance with conspecific males. In line with ideas on intra-specific 

mimicry, I show that andromorphs share more morphological similarities with males 

compared with other females. Moreover, consistent with expectations based on 

signal detection theory, this mimetic similarity increases with the proportion of 

andromorphs (mimics) to the males (models).  

Because investigated short- and long-term weather parameters did not 

differently affect behavioral and physiological traits of female morphs and because 

of the low predictive power of such parameters in explaining geographic morph 

frequency variation, I indicate a minor role for abiotic conditions in explaining the 
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maintenance of this polymorphism. Instead, I conclude that frequency- and density-

dependent selection imposed by male harassment acting within populations may, at 

least in part, keep this polymorphism in balance. In addition, I point at 

underestimated stochastic effects that may cancel out effects of selection under 

some conditions. 

 

SAMENVATTING 

 

Het samen voorkomen van twee of meer genetische vormen binnen populaties van 

eenzelfde soort wordt frequent waargenomen in de natuur, een fenomeen dat 

gekend is als polymorfisme. Bijzonder intrigerend zijn systemen waarbij 

polymorfisme gelimiteerd is tot enkel het mannelijke of vrouwelijke geslacht (intra-

seksueel polymorfisme). Het fenomeen vormt een paradox voor evolutionaire 

biologen, aangezien verwacht wordt dat selectie leidt tot slechts één optimaal 

fenotype. Vandaar dat een klassiek en langdurig debat zich nog steeds staande 

houdt over hoe en waarom dergelijke verschillende vormen kunnen blijven 

voortbestaan. In theorie is het langdurig behoud van polymorfisme enkel onder 

specifieke omstandigheden mogelijk, hoewel de exacte mechanismen niet altijd 

even goed begrepen zijn. 

Het toetsen van verschillende mechanismen die het behoud van intra-

seksueel polymorfisme verklaren, vormt de algemene doelstelling van mijn 

doctoraatsthesis. Als modelsysteem koos ik voor polymorfe waterjuffers, waarbij 

onderscheid gemaakt wordt tussen twee of drie vrouwelijke vormen op basis van 

voornamelijk hun lichaamskleur, terwijl slechts één mannelijk type voorkomt. Het 

samen voorkomen van deze vrouwelijke vormen wordt vaak verklaard als een 

adaptatie om de nadelen van mannelijke seksuele intimidatie te verminderen. Bij 

verschillende soorten echter, wordt er extreme en soms geografisch gradueel 

veranderende variatie in vormfrequenties waargenomen tussen populaties. Uit 

recente studies blijkt dat hypothesen die enkel gebaseerd zijn op selectie door 

sociale interacties, geen allesomvattende verklaring kunnen bieden voor deze 
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geografische variatie in vormfrequenties. Dit stelt dus het exacte mechanisme in 

vraag naar het behoud van de verschillende vrouwelijke vormen. Diverse 

aanvullende mechanismen werden reeds gesuggereerd, inclusief divergente selectie. 

Hierbij wordt een vorm bevoordeeld onder een gegeven set van omgevingscondities, 

zoals de hoeveelheid zonnestraling, de omgevingstemperatuur of het neerslag 

regime. 

In mijn thesis stel ik eerst de vraag in welke mate geografische variatie in 

vormfrequenties is gerelateerd aan een groot aantal onderzochte biotische en 

abiotische variabelen en aan de genetische variabiliteit over populaties. Gezien het 

gebrek aan ruimtelijke organisatie in vormfrequenties langsheen een continu 1100 

km transect, het beperkte verklarend vermogen van de onderzochte ecologische 

variabelen en de extreem lage genetische variatie in een regio die gekarakteriseerd 

wordt door atypische vormfrequenties, suggereer ik dat historische en hedendaagse 

stochastische processen mogelijk een meer prominente rol spelen dan eerder werd 

aangenomen in het vormen van biogeografische patronen in vorm frequenties. 

Naast het exploreren van dergelijke biogeografische patronen en de 

covariërende factoren, biedt de geobserveerde variatie in frequenties en densiteiten 

op zich een ideaal scenario waarin hypothesen op basis van sociale interacties getest 

kunnen worden. Naast lichaamskleur vond ik dat vrouwelijke vormen verschillen in 

meerdere kenmerken, zoals gedrag, morfologie, immuun functie, energiereserves en 

fecunditeit. Hierdoor is het volgens mij mogelijk dat correlationele selectie leidt tot 

optimale combinaties, waarbij vrouwelijke vormen hun succes kunnen 

maximaliseren op alternatieve manieren. 

Indien het volledig spectrum aan vormfrequenties beschouwd wordt, toon ik  

in zowel experimentele en natuurlijke omstandigheden aan dat mannen een 

seksuele voorkeur hebben voor de meest algemene vorm binnen een populatie. Dit 

discriminerend mannelijk paargedrag leidt hoogstwaarschijnlijk tot verschillende 

niveaus van seksuele intimidatie tussen de vrouwelijke vormen, want mijn resultaten 

duiden ook op frequentie-afhankelijke nadelen in fecunditeit voor de meest 

algemene vrouwelijke vorm. Verder duid ik ook op geografische variatie in 
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vrouwelijke strategieën om mannelijke seksuele intimidatie te verminderen, wat op 

zich ook gerelateerd is aan de sociale omgeving. 

Eén vrouwelijke vorm (andromorph) vertoont opvallend veel fenotypische 

gelijkenissen met soortgelijke mannen. In lijn met de algemene ideeën rond intra-

specifieke mimicry toon ik aan dat andromorfen, ten opzichte van andere vrouwtjes, 

meer morfologische gelijkheden vertonen met mannen. Meer nog, consistent met 

verwachtingen op basis van de ‘signal detection’ theorie neemt de graad van 

nabootsing toe met de proportie andromorfen (nabootsers of mimics) tot de 

mannen (modellen). 

Omdat meerdere gedragsmatige en fysiologische kenmerken van de 

vrouwelijke vormen niet verschillend beïnvloed worden door diverse onderzochte 

korte en lange termijn weersparameters en omdat dergelijke parameters weinig van 

de geografische variatie kunnen verklaren in vormfrequenties, wijs ik op een 

ondergeschikte rol voor abiotische condities in het verklaren van het behoud van dit 

polymorfisme. Ik concludeer echter dat frequentie- en densiteitsafhankelijke selectie 

door mannelijk lastig vallen binnen populaties, dit polymorfisme ten minste 

gedeeltelijk kan behouden. Daarbovenop duid ik op de onderschatte rol van 

stochastische processen die het effect van selectie kunnen teniet doen in sommige 

omstandigheden. 
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GENERAL INTRODUCTION AND DISCUSSION 

 

1. THE PARADOX OF POLYMORPHISM 

 

Diversity in colour, behaviour, size and shape in nature is enormous and intrigues or 

at least affects us all. Not only does this variation occur among species, but it is also 

frequently observed within species: among age-classes, between sexes and even 

within only males or only females. Polymorphism, the central topic of this thesis, is 

defined as the co-existence of two or more discrete, genetically determined morphs 

within a single interbreeding population, of which the rarest morph occurs too 

frequently to be explained solely by recurrent mutation (Ford, 1945; 1957). This 

broad definition covers textbook examples like sexual dimorphism in peafowl and 

deer, as well as melanism in the peppered moth Biston betularia, or territorial and 

‘sneaker’ males  as in the ruff (Philomachus pugnax) and several fish and reptile 

species. Polyphenisms, which are not inherited, but environmentally induced are 

thus not covered by this definition (Nijhout, 2003). Given the large number of 

polymorphic species in many taxonomically diverse systems, the paradox lies within 

the expectation that selection favors only one single optimal phenotype. Not 

surprisingly, classic and long-standing questions in evolutionary biology deal with 

whether and how the coexistence of different morphs can be maintained (recently 

reviewed by e.g. Galeotti et al., 2003; Roulin 2004; Gray & McKinnon 2007). This 

thesis increases our understanding towards the mechanisms involved in the 

evolution and maintenance of multiple morphs, for which a female polymorphic 

damselfly is used as a model system. 

 

1.1 Diversity of mechanisms underlying polymorphism 

Theory posits that long-term maintenance of polymorphism is possible only under a 

restricted set of conditions such as (1) a balance between divergent selection and 

gene flow among populations. For example in the rock pocket mouse, Chaetodipus 

intermedius, light and dark colored mice reduce predation risk thanks to improved 
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crypsis on respectively light and dark colored volcanic rocks (Nachman 2005). 

Further, balancing selection may also act within populations (Gray & McKinnon, 

2007) with several non-exclusive mechanisms that may apply, including (2) 

overdominance of the heterozygous genotypes (e.g. Charlesworth & Charlesworth 

1990) and (3) disruptive selection. In the latter case, the most extreme phenotypes 

are favoured, like in the garter snake Thamnophis ordinoides. Here, selection by 

avian predators may favour both striped mobile and spotted stationary deceptive 

phenotypes over intermediate ones (Brodie 1992). In particular (4) negative 

frequency-dependent selection has been considered as one of the most powerful 

mechanisms to maintain polymorphisms within populations (e.g. Ayala & Campbel 

1974; Punzalan et al., 2005; Kunte 2009). This mechanism, known as ‘the rare morph 

advantage’, lies within the focus of this thesis (e.g. chapter 4 and 5) and will be 

discussed in detail further on. 

 

1.2 Sex-limited polymorphism 

Polymorphisms restricted to either the male or the female sex are commonly 

observed across the animal kingdom (Svensson et al., 2009; McKinnon & Pierotti 

2010). When limited to males it is considered to be the result of intense male-male 

competition over access to mates (Shuster & Wade, 2003; Simmons et al., 2007), 

with each male morph representing an alternative reproductive strategy (Oliveira et 

al., 2008). A classic example is male throat coloration and correlated territorial 

behaviour in the side-blotched lizard, Uta stansburiana. In this species, the 

mechanism of frequency-dependence is empirically illustrated, as a rare strategy is 

advantageous over a common one (Sinervo & Lively, 1996). Specifically, when 

orange-throated and ultra-dominant males become relatively common in a 

population, they will be defeated by the sneaker strategy of yellow males, which in 

turn will be defeated by the mate-guarding strategy of blue males. Finally, the 

orange males defeat the blue ones to complete the dynamic cycle, which is 

characterized by morph frequencies oscillating along an equilibrium (Sinervo & 

Lively, 1996). 
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Although female polymorphism is also common in many species, the 

underlying evolutionary mechanisms appears to be less uniformly explained. For 

instance, female morphs may be evolved to reduce the risk of predation (Ruxton et 

al., 2004). This is the case in several species of butterflies, which have edible female 

morphs that resemble other species of noxious butterflies in order to deceive avian 

predators, a hall mark of Batesian mimicry (e.g. Kunte, 2009). Further, female 

morphs may represent alternative reproductive strategies, often characterized by a 

morph-specific quantity/quality trade-off in fecundity traits (Oliveira et al., 2008). 

For example in females of the side-blotched lizard, orange-throated female morphs 

produce numerous small eggs (r-strategists), while yellow-throated females produce 

less, but larger eggs (K-strategists; Sinervo et al., 2000). In several other systems, co-

existence of female morphs is considered a counter adaptation to reduce costs of 

harassment imposed by mate-searching males (butterflies: Cook et al., 1994; diving 

beetles: Härdling & Bergsten, 2006; African bat bugs; Reinhardt et al., 2007; 

damselflies: Van Gossum et al., 2008b). The core of this latter mechanism and a 

major point of focus in this thesis, lies in a sexual conflict over optimal mating rate. 

More specific, males typically increase their reproductive success with the number of 

matings, whereas females fitness is maximized by limited mating with quality males 

(Arnqvist & Rowe, 2005). Thus although females need males to fulfil their 

reproductive needs, obtrusive males may reduce female fitness when beyond the 

females’ optimal number of matings (e.g. Cluttonbrock & Parker, 1995; Watson et 

al., 1998; Córdoba-Aguilar 2009). In the context of polymorphism, mate searching 

males are considered to face less challenge when confronted with only one female 

phenotype rather than having simultaneously two or more different female 

phenotypes coexisting within populations (Fincke 2004). Hence on a population 

level, polymorphic females may experience overall lower male harassment. 
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1.3 Female polymorphism in damselflies 

Female colour polymorphism is described in at least 130 species of odonates (i.e. 

dragonflies and damselflies; Fincke et al., 2005) and the heritability of this colour 

variation has been confirmed in six coenagrionid damselfly species (reviewed by 

Sánchez-Guillén et al., 2005; Takahashi & Watanabe, 2010c). Specifically, this 

polymorphism is suggested to be controlled by a single autosomal locus, with sex-

limited expression and a number of alleles equal to the number of female morphs. 

These female morphs can therefore be seen as visual ‘marker phenotypes’ of the 

underlying genotype (Maynard Smith, 1998). Typically, one female morph 

(andromorph) much resembles the conspecific male in body coloration, whereas the 

other female morph(s) (gynomorphs(s)) does not (Van Gossum et al., 2008b). 

Terminology may differ among authors, but I chose for andro- and gyno-morphs , 

rather than andro- and hetero-chromotypics or -chromes (e.g. Cordero, 1992), 

because ‘-morph’ covers more of phenotypic variation  than solely body coloration. 

Indeed, female morphs in damselflies may not only differ in body colour, but also in 

phenotypic traits like body morphology (chapter 8; Abbott & Gosden, 2009), 

behaviour (chapter 7; Forbes et al., 1997; Van Gossum et al., 2001a) and life-history 

traits (chapter 5; Gosden & Svensson, 2009; Takahashi & Watanabe 2010c). 

  

1.4 Major hypotheses on the maintenance of polymorphic damselflies  

Already since the eighties, selection imposed by sexually harassing males has been 

put forward as a major mechanism to explain maintenance of female polymorphism 

in damselflies (Robertson, 1985; Hinnekint, 1987). Nonetheless, Fincke (1994) 

concluded in the early nineties that “data from past studies are insufficient to reject 

convincingly the null hypothesis that colour polymorphisms are neutral with respect 

to natural or sexual selection”. However more recently, several population genetic 

studies (Andrés et al., 2000, 2002; Wong et al., 2003; Abbott et al., 2008; Sánchez-

Guillén et al., 2011), experimental studies (e.g. Sirot & Brockmann, 2001; Van 

Gossum et al., 2005) and field studies (Gosden & Svensson, 2007, 2009; Bots et al., 

2009b; Takahashi & Watanabe, 2010a) have brought sufficient evidence that indeed 
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sexual harassment is at least part of the explanation on the maintenance of multiple 

female morphs in natural populations. Perhaps, one shortcoming in the early 

studies, such as the one by Fincke (1994), is that mostly only one or few populations 

were investigated. However, the expected amount of male harassment and 

associated fitness costs that a female will experience, not only depend on body 

coloration, but mainly on the frequencies and densities of males and female morphs 

in a population, i.e. the social environment or social conditions (e.g. Sherratt, 2001; 

Svensson et al., 2005). Therefore, it is needed to investigate morph-specific trait 

variation in multiple populations that show a broad range in social conditions. 

Further, while past studies mostly suggest  sexual conflict over the optimal mating 

rate and costly male harassment to be driving the maintenance of female 

polymorphism in damselflies, disagreement prevails on the precise operation of this 

selective mechanism.  

In what follows, I will briefly specify three of the current leading hypotheses.  

Although, I would like to start with stressing that these mechanisms may not be 

mutually exclusive, but more likely intertwined.  

 

First, frequency-dependent selection has been recognised as one of the 

most common explanations for the maintenance of genetic polymorphisms in 

general (e.g. Trotter & Spencer, 2008). Similar to predators forming a search image 

for the most common prey type (Punzalan et al., 2005), male mate preference for a 

given morph may be flexible (Van Gossum et al., 2001b). This may allow males to 

search predominantly for the female morph that most recently resulted in a 

successful copulation (see also Takahashi & Watanabe, 2010b). Within populations, 

this is typically the most common female morph and therefore the most frequently 

harassed one. This forms the basis of the learned-mate-recognition hypothesis (LMR, 

Miller & Fincke, 1999).  
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Second, given the striking resemblance of andromorphs to males, it is not 

surprising that male-mimicry (MM) was one of the first hypothesis to explain 

maintenance of this natural phenomenon (Robertson 1985; Hinnekint 1987). Similar 

to birds that learn to avoid harmful wasps and anything that resembles them, 

including potential preys like hoverflies (Ruxton et al., 2004), male damselflies may 

learn to avoid unprofitable male-like phenotypes, including andromorphs (reviewed 

by Van Gossum et al., 2008b). Andromorphs may thus benefit from reduced 

harassment by their phenotypic appearance, an advantage that perhaps may be 

counterbalanced by a lower fecundity due to morphological constrains (Gosden & 

Svensson, 2009) or by higher visual detection by predators (Robertson et al., 1985; 

Van Gossum et al., 2004). Nevertheless, harassment level of andromorphs is 

expected to rise with increasing andromorph-to-male ratio (i.e. mimic-to-model 

ratio), given the increasing profitable andromorph-male encounters (Sherratt, 2001). 

In contrast, male detection rate for gynomorphs is expected to be equal under all 

relative frequencies. Taken together, the MM and LMR hypotheses have thus both a 

frequency-dependent component. Disentangling both hypotheses falls beyond the 

scope of this thesis, also because recent empirical evidence points at the 

complementarities of these hypotheses (Ting et al., 2009).  

 

Third, a density-dependent mechanism has been proposed as well, given 

that several studies showed a significant positive relationship between spatial 

variation in andromorph frequencies and male density (e.g. Forbes et al., 1995; 

Cordero Rivera & Egido Pérez, 1998; Andrés et al., 2000; Van Gossum et al., 2007a). 

Hinnekint (1987) suggested that the mimetic efficiency of male-like andromorphs is 

too high in low density populations where this morph risks  to remain unmated, 

resulting in local selection acting against them. In contrast, when densities are high, 

mating rate for andromorphs may be closer to their optimum, whereas gynomorphs 

may experience increased male harassment with associated fitness costs (Forbes et 

al., 1995). Temporal variation in densities is then suggested to maintain this 

polymorphism (Hinnekint & Dumont, 1989). It has further been suggested that the 
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threshold for selection may not be reached when densities are very low (Van 

Gossum & Sherratt, 2008), which may make this polymorphism subject to stochastic 

processes. 

 

The above mentioned hypotheses are based on three decades of intensive 

research, in which most studies focused on male harassment as prime selective 

agent in this system. However, recent studies showed large, or even extreme, spatial 

variation in morph frequencies (e.g. Van Gossum et al., 2007a; Gosden et al., 2011; 

Takahashi et al., 2011), which is at variance with the expectation that selection by 

the social environment should, over generations, lead to an equilibrium frequency at 

which fitness of each morph is equal, with at most limited frequency fluctuations 

along the equilibrium (Maynard Smith, 1998). Therefore, theories solely based on 

sexual conflict may be insufficient to thoroughly explain this natural phenomenon 

and additional mechanisms may need to be considered. A recent promising research 

avenue suggest abiotic factors to have a complementary role. Indeed, spatial 

variation in morph frequencies could in part be explained by variation in ambient 

temperature (Hammers & Van Gossum, 2008) or altitude-related solar radiation 

(Cooper, 2010). Also, energy reserves in individuals appeared to be affected by 

ambient temperature, but in opposite ways for andromorphs and gynomorphs (Bots 

et al., 2009b). Taken together, co-existence of female morphs may be the result of a 

complex interplay of (1) balancing effects imposed by sexual harassment within 

populations, (2) local adaptation to the prevailing abiotic conditions, perhaps 

coupled with (3) gene flow among populations or (4) historical or contemporary 

stochastic processes. Over time, additional suggestions have been made, such as the 

relevance of harassment by heterospecific males (Johnson, 1975; Van Gossum et al., 

2007b), or different predation level between morphs (Van Gossum et al., 2004). 

However, only very limited empirical support has been found for these ideas.  
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2. STUDY SPECIES 

 

In this thesis, I studied the polymorphic damselfly and model species Nehalennia 

irene (Sedge Sprite, Hagen 1861). There are numerous advantages related to this 

species: It is (1) very common, abundant and widespread, (2) easy to catch and to 

handle and (3) not endangered or protected by law. Yet, the most important reason 

to work with N. irene, is the large variation across populations in female morph 

frequencies and male and female densities, i.e. the social conditions (Van Gossum et 

al., 2007a; chapter 1). Considering that most contemporary hypotheses are based on 

how variation in social conditions relates to female polymorphism in damselflies, the 

species selected for my thesis offers ample opportunity to evaluate and test 

predictions that relate to these hypotheses.  

The following species descriptions are limited to only the most relevant 

information to meet the aims of this thesis. More detailed species descriptions are 

given in Walker (1953), Forbes et al. (1995) and Westfall & May (1996). In addition to 

descriptions,  colour drawings are included in Lam (2004) and pictures in e.g. Dubois 

(2005). 

Nehalennia irene is one of the most common and widely distributed species 

in North America, with its range extending between Alaska, all the Canadian 

provinces and the Northern parts of the United States down to South Carolina 

(Westfall & May, 1996). The species can be found at nearly any pond, marsh, bog or 

slow stream with emergent vegetation. As all sprites, they usually fly low in dense 

and wet vegetation, weaving among grass stems and rarely venture over open water 

(Walker, 1953; Westfall & May, 1996). The reproductive season within the here 

studied regions lasts from early June until mid-August, with a peak around early July 

(Van Gossum et al., 2007a). After metamorphosis from aquatic larvae to the 

terrestrial winged form, freshly emerged individuals are fragile and pale yellowish 

coloured on their lateral sides. In natural conditions, individuals gradually obtain 

adult colours and become sexually active after about ten days (personal 

observations, chapter 7). Males can be distinguished from females by their slightly 
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Figure 2.: Nehalennia larvae are small and  
slender. This N. irene larva is five months  
old and raised under laboratory conditions  
(21°C; L:D, 16:8h). ©Arne Iserbyt 

 

Figure 1: Three phenotypes of N. irene: 
gyno- morph female (top), andromorph 
female (middle) and monomorphic male 
(bottom). ©Arne Iserbyt 
 

smaller and slender morphology, the ventral 

lump-like genitalia on the second abdominal 

segment and the small appendages (cerci) at 

the end of the abdomen (Corbet, 1999). In 

contrast, females are overall larger and 

heavier and have an ovipositor at the end of 

the abdomen. Immature and sexually active 

males and female morphs have unstriped 

metallic dark green dorsal parts of the thorax 

and abdomen, contrasting with the light 

colored ventral parts. Nehalennia irene 

exhibits a clear polymorphism restricted to 

the female sex, with morphs being easily 

classified into andromorphs and gynomorphs 

based on their body coloration (Figure 1). 

Adult andromorphs resemble the conspecific 

male’s blue body coloration and pattern, by 

having a triangular patch of pale blue on the anteriodorsal part of segment eight and 

large paired dark spots on the dorsum of segment nine (for drawings see Van 

Gossum et al., 2008a). Gynomorph females in contrast are more yellowish in body 

coloration and lack the triangular patch and paired spots.  One of the aims at the 

onset of this thesis, was to determine the 

genetic basis of this polymorphism in N. 

irene. However, several practical difficulties 

quickly arose (see also Wong et al., 2003), 

such as low motivation of females in this 

species to oviposit in artificial conditions (less 

than 5%), very low hatching success and high 

larval mortality. Nonetheless, the 

polymorphism has been confirmed not to be 
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age related, given the presence of a clear morph-specific abdominal melanin pattern 

immediately after metamorphosis (Forbes et al., 1995). 

After locating a potential mate, a male will attempt to grasp the female in 

the so called tandem formation, in which the male’s abdominal cerci are attached to 

the female’s prothorax (Corbet, 1999). If receptive, the female cooperates by 

bending her abdomen towards the male’s secondary external genitalia (2nd 

abdominal segment) to form a ‘copulation wheel’, which lasts on average for 18.44 

minutes in this species (Forbes et al., 1995). I recognize three female mate statuses 

and, based on a sample size of 9176 females counted over the years in natural 

conditions, 19.8% of them were observed single, 75.7% in tandem and only 4.5% 

were effectively copulating at the time of observation. The high proportion of 

tandems is most likely related to male mate-guarding behaviour, to raise his chances 

to pass his genes onto the next generation (e.g. Fincke, 1984). Eggs are oviposited in 

floating bits of dead plant material or into moist sphagnum moss, while the female is 

usually tandem-guarded by her last successful male (Dubois 2005). Larvae (Figure 2) 

hatch a few days after egg laying and then progress through 12-13 molts. They 

overwinter in one of the two final larval instars and emerge the following spring to 

complete the one year life-cycle.  

 

3. AIMS AND OUTLINE OF THIS THESIS 

 

The overall objective of this thesis is to explore several mechanisms that may help to 

explain maintenance of intra-specific variation. In addition to mechanisms related to 

polymorphism, my selected female polymorphic model system serves well to 

generate insights in the expanding research fields of sexual conflict, signal detection, 

mimicry and alternative reproductive strategies. Therefore, an interdisciplinary 

approach is used in which behavioral, morphological and fitness-related datasets are 

gathered under natural and experimental conditions, combined with several 

molecular techniques. This thesis can be divided roughly into four major aims: 
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1. Since Van Gossum et al. (2007a) originally described large spatial variation in 

female morph frequencies throughout the distribution range of N. irene, the 

evident question arose: “What causes this variation?”. The first parts of this 

thesis explores potential key parameters that may help to understand the 

observed variation.  Specifically, I question to what extend spatial and temporal 

morph frequency variation is related to several estimates of the social 

environment (chapters 1 and 3), to long-term weather conditions (chapters 1 

and 3) and to the  population genetic structure (chapter 2). 

2. The large variation in social conditions among populations also provides an 

excellent opportunity to investigate selection imposed by social interactions. 

Specifically, I first test in experimental and natural conditions whether estimates 

of male harassment towards both female morphs varies with estimates of the 

social conditions (chapter 4). In a second and related part, I question whether 

female fitness differs between morphs and especially whether the social 

conditions differentially affect female morph fitness (chapter 3 and 5). 

Furthermore, given the obvious difference in body coloration between morphs 

and their potentially different behaviour (Forbes et al., 1997; Van Gossum et al., 

2001a), it can be expected that both morphs differ in thermal properties, which 

may alter performance and ultimately their fitness (e.g. Bots et al., 2009b). 

Therefore I investigated behavioral (Chapter 7) and physiological traits (chapter 

3) in response to a broad range of long-and short-term weather parameters. 

Alternatively, or in addition, female morphs may allocate resources differently 

among fitness traits. Andromorphs and gynomorphs may then maximize their 

fitness in alternative ways, resulting in morph-specific trade-offs (chapter 3 and 

5). 

3. While several studies focussed on male harassment and subsequent cost/benefit 

relations in female morphs, it remains understudied at the proximate level 

which precise phenotypic cues are relevant to mate-searching males for 

discriminating among potential mates. Given that both female morphs clearly 

differ in body coloration, one can expect that males primarily use colour cues for 
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mate discrimination. In chapter 6, I experimentally explore this expectation by 

comparing male attention among several types of living individuals with 

manipulated and natural body colorations.  

4. Considering the frequency-dependence in proxies for male harassment, 

reported in several damselfly species (Van Gossum et al., 1999; Takahashi & 

Watanabe, 2009; Ting et al., 2009), frequency-dependent avoidance strategies 

for both female morphs can be expected as well. Specifically with regards to 

mimicry, empirical evidence confirms that andromorphs benefit from resembling 

males by receiving less male mating attempts, at least when they are rare (e.g. 

chapter 4; Bots et al., in prep; Sherratt, 2001; Cordero-Rivera & Sánchez-Guillén, 

2007; Van Gossum et al., 2011). I investigate whether behavioral (chapter 7) and 

morphological (chapter 8) traits contribute to the morph-specific evolutionary 

strategy to lower harassment and whether these traits vary in a frequency-

dependent manner. I expect andromorphs to share more behavioral and 

morphological similarities with males than gynomorphs, which would be 

consistent with the mimicry theory. Furthermore, these similarities are expected 

to increase with the proportions of andromorphs to males (i.e. mimic/model 

ratio). Indeed, in order to still gain any mimetic advantage when common, 

selection is expected to improve mimetic similarity in andromorphs (Sherratt, 

2002; Harper & Pfennig, 2007). 

   

4. RESULTS AND DISCUSSION 

 

4.1 Causes of large spatial morph frequency variation 

Many polymorphisms show large-scale geographic variation in morph frequencies 

(e.g. Corl et al., 2010; Silvertown et al., 2011; Stapley et al., 2011), which provides an 

elegant setting to explore co-varying ecological variables as indicators of spatially 

varying selection. For example, in the polymorphic snail Littorina obtusata, shell 

colour morph frequencies changed gradually in accordance with environmental 

temperature regimes within and between estuaries (Phifer-Rixey  et al., 2008). This 
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suggests that temperature acts as a major selective agent to maintain this colour 

polymorphism. Other examples in which morph frequencies relate to ecological 

variables, involve niche occupancy in the barn owl, Tito alba (Antoniazza et al., 2010) 

and soil coloration to improve crypsis in Agouti mice (Mullen & Hoekstra, 2008).  

Large spatial variation has also been described in several species of 

damselflies, with andromorph frequencies ranging between <10% and >90%  (N. 

irene: Van Gossum et al., 2007a; Megalagrion calliphya: Cooper, 2010; Ischnura 

elegans: e.g. Gosden et al., 2011; I. senegalensis; Takahashi et al., 2011). Although 

theoretical and empirical evidence points at frequency-dependent male harassment 

differentially affecting female morph fitness as balancing selective mechanism within 

populations (Svensson et al., 2005; Takahashi et al., 2010; chapter 5), a 

geographically consistent equilibrium frequency is clearly not reached. Additional 

mechanisms have therefore been considered. Next to proxies for male harassment, 

several studies also indicate significant co-variation with abiotic factors like ambient 

temperature and solar radiation. Furthermore, it also became clear that mechanisms 

driving such frequency dynamics may also vary among geographic regions (Sánchez-

Guillén et al., 2011). Specifically for N. irene, Van Gossum et al. (2007a) points at 

clinal variation in female morph frequencies, with andromorph frequencies being 

high in Western Canada, moderate to low in Central Canada and low in Eastern 

Canada. The authors suggest that geographic variation in male harassment levels, 

thermal ecologies or even predation levels may influence where the exact 

equilibrium frequency lies. In other words, the relative fitness of both female 

morphs may depend on the prevailing ecological conditions, with one morph being 

better adapted to a given set of conditions than the other morph. In this thesis, I 

explore three sets of potentially important parameters and relate geographic 

frequency variation with (1) estimates of male harassment, (2) precipitation and 

temperature regimes and (3) population genetic structure. 

In chapter 1, I confirm in a two year survey that the earlier observed 

continental variation in female morph frequencies (Van Gossum et al., 2007a) is not 

just a snapshot in time, but is temporally consistent. I also describe in chapter 1 that 
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proxies for intensity of the sexual conflict and long-term temperature regimes have 

potential predictive power to explain this frequency variation. Therefore, I 

thoroughly investigated this research avenue in chapter 3, by determining morph 

frequencies in a large number of populations (N = 89) along a 1100 km continuous 

transect. Despite clinal (continuous) variation in harassment estimates and long-

term weather parameters, morph frequencies varied considerably among 

populations, but in a geographically unstructured way. Only weak positive co-

variation with male density was identified, similar to observations in chapter 1 (see 

also Cordero, 1992; Cordero Rivera & Egido Pérez, 1998; Forbes et al., 1995). The 

rationale for this relationship has been described above in section 1.4. 

Thus to explain biogeographic patterns in morph frequencies for N. irene, I 

found limited support for an adaptive divergent mechanism, most likely driven by 

male harassment and not by abiotic conditions (chapter 1 and 3). However, sexual 

conflict over mating rate is clearly not the complete picture. Given the lack of spatial 

organisation in morph frequencies (chapter 3), the limited explanatory power by 

several ecological variables (chapter 1 and 3) and the extremely low population 

genetic variation (based on mtDNA sequences) in Western Canada compared to 

Central and Eastern Canada (chapter 2), stochastic processes may play an 

underestimated role in maintaining the polymorphism and driving frequency 

dynamics. Several studies indicated limited selective pressure of sexual conflict when 

male density is low (Le Galliard et al., 2005; Kokko & Rankin 2006; Van Gossum & 

Sherratt, 2008). Drift may get the upper hand in such conditions, generating fixation 

of a given morph. This may also explain why, at least with the sample sizes used, one 

of the female morphs was not found in 13 out of 89 populations in the survey of 

chapter 3. A similar reasoning could be maintained at  the continental scale and help 

explain the here observed pattern in morph frequencies. Possibly, allele frequencies 

at the colour locus may have been influenced initially during postglacial 

recolonization by strong random genetic drift and founder effects, resulting in 

andromorphs being the predominant female morph in Western populations (chapter 

2). These stochastic events, together with low densities (chapter 1) and thus a minor 
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role for harassment selection, may result in Western populations with high 

andromorph frequencies nowadays. 

Taken all together, there is no easy or straight forward answer to the 

question of:  “What causes spatial variation in morph frequencies?”. One single 

mechanism is probably not sufficient and invoking synergic effects of several 

adaptive and/or neutral mechanisms that determine polymorphism is likely more 

realistic. The same conclusion has been shown before in other  polymorphic systems 

(e.g. Jones et al., 1977; Maguran 2005; Punzalan & Hosken 2010). Further, also for 

several other polymorphic coenagrionid damselflies, it is clear that interpreting 

biogeographical patterns of morph frequencies is a complex task (see Cooper 2010; 

Gosden et al., 2011; Sánchez-Guillén et al., 2011; Takahashi et al., 2011). Especially, 

because the relative contribution of mechanisms may differ between geographic 

regions (Sánchez-Guillén et al., 2011).  

Similarly in Ischnura elegans, andromorph frequencies significantly increase 

with latitude throughout Europe (Gosden et al., 2011), possibly because 

andromorphs are better adapted to lower ambient temperatures (see also Hammers 

& Van Gossum, 2008). In support, a recent population genetic study confirms that 

divergent selection may act in some parts of the species’ distribution range 

(Sánchez-Guillén et al., 2011), along with balancing negative frequency-dependent 

selection on female fecundity (Svensson et al., 2005). Furthermore, in the Southern 

end of the species’ distribution range, hybridization with its sister species may 

confound local morph frequencies (Sánchez-Guillén et al., 2005; 2011 BMC EvolEcol), 

while in Eastern Europe, one morph may be lost due to stochastic effects or local 

selection acting against it (Gosden et al., 2011; Sánchez-Guillén et al., 2011 

Heredity). Finally, at least in the Northern border of its distribution range, newly 

colonized populations may be in disequilibria, possibly because of different dispersal 

capacities and/or colonization abilities of the female morphs (Svensson & Abbott, 

2005). These observations, together with the ones described in this thesis (chapter 

1-3) illustrate that  biogeographical patterns in morph frequencies are the result of a 

complex interplay of multiple mechanisms. 
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4.2 Polymorphism under selection? 

 

Male harassment  

Next to the above described exploration of factors that may cause geographic 

variation in social conditions, the variation itself offers ample opportunity to 

evaluate and test predictions based on social interactions as the primal suggested 

selective agent (e.g. Van Gossum et al., 2008b; Svensson et al., 2009). Several 

empirical studies have indicated that female morphs receive different levels of male 

harassment in natural populations (e.g. Takahashi & Watanabe, 2010a; Gosden & 

Svensson, 2009). The next important step is to question whether and how this 

selective agent, along with the morph-specific costs and benefits, varies in relation 

to the social environment. In chapter 4, I experimentally assess male mate 

preference and male mate choice for both female morphs in a set of populations 

that vary largely in social conditions. Furthermore, I compare these experimental 

results with male and female mating behaviour in natural conditions. My general 

results indicate a strong frequency-dependent component in male mate selection 

under experimental conditions. Males typically show the most sexual interest for the 

most common morph in a given population. This corresponds with the natural 

situation, in which the likelihood for a female morph to remain single decreases with 

its own frequency in the population. In addition to the observed frequency-

dependent male mate patterns, I tested whether males are still selective when both 

female morphs were relatively equally present. My results at this hypothetical 

equilibrium are consistent with expectations based on intra-specific male mimicry. 

Specifically, andromorphs are observed to be single more often compared with 

gynomorphs in natural conditions. Andromorphs may thus be less readily recognized 

by mate-searching males, probably because males learned to avoid unprofitable 

interactions with other males, including everything that resembles them (Sherratt, 

2001; Van Gossum et al., 2011). 
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Effects of the social environment on morph-specific fitness 

Next, I investigate whether the observed patterns in male mate behaviour (chapter 

4), also translate into differential costs and benefits for both female morphs. One 

can argue about the optimal fitness measures (Bots et al., 2010; Thompson et al., 

2011), but based on promising earlier findings (e.g. Rolff & Siva-Jothy, 2004; 

Svensson et al., 2005; Gosden & Svensson, 2007; Bots et al., 2009b), I chose to 

investigate estimates for fecundity (egg number, egg mass and clutch mass; chapter 

5), immune function (PO-activity; chapter 3) and energy reserves (protein and lipid 

content; chapter 3). Consistent with expectations based on negative frequency-

dependent selection and similar to observations with I. senegalensis (Takahashi et 

al., 2010), I found that the most abundant female morph had a relatively lower 

fecundity (clutch mass; chapter 5). Interestingly, the patterns in male mate selection 

(chapter 4)  are observed in the same set of populations, which confirms the 

suggestion that male mate-searching may result in actual harassment and 

subsequent female fitness consequences. At least in theory and in the absence of 

other mechanisms, this should over generations lead to a balanced equilibrium 

frequency where fitness of both female morphs is equal (Ayala & Campbel 1974). As 

discussed above (chapter 1-3), this is clearly not the case, which implies the 

relevance of other mechanisms in addition to frequency-dependent selection. 

 

Effects of the abiotic environment on morph-specific fitness  

In addition to levels of male harassment, I suggest in chapter 1 that andromorphs 

may be better adapted to lower ambient temperatures, conform with observations 

in I. elegans throughout Europe (Hammers & Van Gossum, 2008; Gosden et al., 

2011). Furthermore, physiological traits of andromorphs and gynomorphs were 

differently affected by ambient temperature in Enallagma cyathigerum (Bots et al., 

2009b) and by altitude related solar radiation in Megalagrion calliphya (Cooper 

2010). Together, abiotic factors are expected to be part of the puzzle. However, after 

thorough investigation in N. irene, a combined set of weather parameters (wind 

speed, temperature and cloud coverage) on the moment of observation did not 
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affect activity pattern, microhabitat use or male avoidance tactics of both morphs in 

contrasting ways (chapter 7). Neither did several long- and short-term precipitation 

and temperature regimes differently affect estimates for immune function and 

energy storage (chapter 3). Based on the results in this thesis, I suggest a minor role 

for these investigated weather parameters in maintaining female polymorphism, at 

least for N. irene. 

 

Correlational selection 

While spatially varying selection may contribute to the maintenance of different 

morphs at large spatial scales, correlational selection (selection for optimal trait 

combinations) on a multivariate suit of fitness traits may underlie local co-existence 

of different morphs. Thus female morphs may maximize fitness in alternative ways, 

resulting in resource allocation trade-offs (e.g. female polymorphic lizards: Svensson 

et al., 2001; Calsbeek et al., 2008; 2010). In chapter 3, I describe a morph-specific 

and geographically consistent trade-off, where gynomorphs, relative to 

andromorphs, tend to invest less in immune function, but more in thorax protein 

content, which is used  as an estimate for flight muscles. Gynomorphs represent the 

majority morph in the populations within this survey and are therefore expected to 

be the most frequently harassed morph (e.g. Van Gossum et al., 1999; chapter 4). In 

line herewith, gynomorphs show more refusal behaviour to fend off male mating 

attempts when common (Forbes et al., 1997). Possibly for this reason, gynomorphs 

have to invest more in flight muscles, but this may go at the expense of investment 

in immune function. Furthermore, both female morphs may also differ in fecundity 

(chapter 5) and morphological traits (chapter 8). All this observations suggest 

correlational selection favouring successful and alternative trait combinations 

among female morphs (reviewed by McKinnon & Pierotti, 2010). 
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Conclusion 

The data in this thesis, along with a dozen other studies, indicate that at least a part 

of the explanation to maintain female polymorphism in damselflies lies in male 

harassment as a selective agent (reviewed by Van Gossum et al., 2008b; Svensson et 

al., 2009). Specifically, selection that acts within populations and keeps this 

polymorphism in balance may involve two non-mutually exclusive mechanisms. The 

first, most commonly suggested mechanism involves negative frequency-dependent 

selection on female fecundity (chapter 5; see also Svensson et al., 2005; Takahashi et 

al., 2010). The second mechanism points at alternative trait combinations for both 

female morphs in order to reduce male harassment (chapter 3). 

4.3 Cues for male mate recognition 

The “sticks”-method, as I call it, has been proven to be very successful over the past 

years (e.g. Ting et al., 2009; Van Gossum et al., 2011; chapter 4). It boils down to 

gluing living specimen with their legs and ventral thorax parts on the end of a grass 

stem and presenting such “models” to mate searching males. In chapter 6, I change 

body colours of males and andromorphs into gynomorphs and vice versa, and 

predict males to switch their phenotype-specific preference in accordance to their 

preferred body coloration. As a control, attractiveness of unmanipulated and 

uniformly coloured individuals is scored as well. Strangely enough, male preference 

is remarkably fixed across all treatments (manipulated and natural body colorations). 

At variance with other studies (Gorb, 1998; Miller & Fincke, 1999), my results 

suggest that the obvious differences in body coloration, at least to the human eye, 

do not act as a major cue for male mate discrimination. Several alternative 

suggestions can be made, such as the relevance of non-manipulated and subtle 

differences between sexes and morphs in compound eye colour, ventral body parts 

or dorsal metallic lustre, etc. In addition, the subtle differences in morphology 

between female morphs or the need for females to use their full behavioral arsenal 

when solitary or when approached by a male, may potentially be important traits for 

males to locate potential mates. Such female behavioral and morphological traits are 

thoroughly investigated in, respectively, chapter 7 and 8. 
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4.4 Behavioral and morphological mimicry 

The last major aim of this thesis points at the existence of geographic variation in 

behavioral (chapter 7) and morphological (chapter 7) traits of both female morphs. 

Specifically, in contrast to earlier findings (Forbes et al., 1997; Van Gossum et al., 

2001a), I show in chapter 7 that female morphs do not differ in any type of solitary 

or refusal behaviours in a population where andromorphs are the majority morph. In 

chapter 8, I further indicate that andromorphs show overall more morphological 

similarities to males than gynomorphs do, and moreover, that this similarity 

increases with the mimic/model ratio. In what follows, I will discuss that both 

findings signal frequency-dependence and support ideas of intra-specific mimicry. 

First, I need to explain the apparent discrepancy between the unexpected 

lack of morph-specific behavioral differences in chapter 7, and the overall more 

frequently used male refusal displays by gynomorphs, relative to andromorphs, 

reported by Forbes et al. (1997). An important part of the explanation may originate 

from the large difference in social conditions between both surveys, although I 

acknowledge that conclusions should be treated with caution, as no spatial 

replicates are accomplished. My behavioral observations are performed in a 

population that is characterized by high andromorph frequencies and low population 

densities, whereas these conditions are reverse in the study by Forbes et al. (1997). 

When common, andromorphs are not approached less by mate searching males 

under natural conditions (chapter 7). Contrarily, they are rather the preferred female 

morph (chapter 4). Perhaps investment in mimicking male behaviour may not pay off 

when andromorphs are as common as in my work. Additionally, density-dependent 

effects may be at play. The need for females to use their arsenal of refusal 

behaviours may only be of use when the level of harassment is sufficiently high (Van 

Gossum & Sherratt 2008), which may be the case in Eastern (Forbes et al., 1997), but 

not in Western Canada (chapter 1 and 7).  

Although the above behavioral observations can be put in an ecological 

framework, it is recommended to provide spatiotemporal replication of such 

patterns to draw firm conclusions. The findings of the morphological survey in 
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chapter 8 are less prone to speculations, as measurements are replicated in six 

populations over three consecutive years. My findings confirm the expectations that 

andromorphs are, in addition to body coloration, morphological male mimics (see 

also Abbott & Gosden, 2009) and that this mimetic similarity improves with the ratio 

of andromorphs to males (mimic/model ratio). The logic behind this relationship lies 

in the frequency of costly male-male encounters. When the ratio of andromorphs 

(mimics) to males (models) is high, then only andromorphs that closely resemble the 

male should receive any protection against harassing males. In contrast, selection for 

mimicry is different when the mimic/model ratio is low, because the majority of 

male-like individuals are indeed males (Sherratt, 2001), so mate searching males 

may do best by avoiding any individual that even vaguely resembles a male. As such, 

in geographical areas where males are more common, andromorphs with a relatively 

poor resemblance may also be protected from male harassment and hence are not 

selected to invest in a full arsenal of male-like traits. In fact, my observed 

relationship confirms earlier proposed computer simulations (Sherratt, 2002) and 

findings in an inter-specific snake mimicry complex driven by natural selection 

(Harper & Pfennig 2007). I therefore suggest that the phenomenon may be 

widespread in a range of mimicry systems. 

 

 

5. SUGGESTIONS FOR FURTHER RESEARCH 

 

Besides numerous MSc theses, this is now the ninth completed PhD thesis 

worldwide that uses female polymorphic damselflies as a model system to 

understand the  phenomenon of genetic intra-sexual variation. Several study species 

have been thoroughly investigated and perhaps one overall conclusion could be 

drawn, i.e. frequency- and density-dependent  mechanisms fill in an important part 

of the evolutionary puzzle. Though, the precise nature of these mechanisms may be 

species and context dependent and acts most likely in synergy with other 

mechanisms. The following aspects may improve our future knowledge on the 

evolution and maintenance of intra-specific variation. 
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- Numerous studies investigated different components of lifetime female 

morph fitness (summarized by Bots, 2008). A phylogenetically controlled 

meta-analysis may perhaps point out similarities and dissimilarities among 

species, determine the relative contribution of sexual, natural and/or 

neutrality of selection, or suggest the best possible fitness estimate for this 

study system. 

- A promising research avenue may be the further use of molecular tools, such 

as highly variable microsatellites on a large and small spatial scale (Wong et 

al., 2003; Sánchez-Guillén et al., 2011). Comparing genetic structures among 

populations in relation to several ecological variables, allows to interpret the 

strength, magnitude and direction of selection, as well as assessing the 

underestimated rate of genetic exchange among populations. 

- Further, I would like to highlight the importance to study trait variation in 

multiple populations with a broad frequency and density range, and perhaps 

to manipulate such parameters in natural or semi-natural conditions. 

- Another interesting direction for future research would be to investigate 

whether body coloration, physiological, behavioral and/or morphological 

aspects act together as an integrated set of traits.  

- One may question why so often only two female morphs are observed in 

polymorphic damselflies. Males are expected to be more challenged when 

confronted with multiple female  morphs. This can only lower overall 

harassment towards females within populations (Finck, 2004). This is also 

observed in the trimorphic system of Ischnura elegans (extended chapter 4 

in Bots et al., in prep). 

- The last suggestion is more a short note. Nehalennia gracilis has been 

described as monomorphic, hence only one female morph exist (Walker, 

1953; Westfall & May, 1996). However, given the facts that so called 

immature and differently colored females are (1) observed in large numbers 

until the very end of the reproductive season, (2) commonly found with 

hardened wings and bright copper-colored lateral thorax sides and (3) in 
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contrast to immature N. irene females, frequently observed in the pre-

copulatory tandem position and even effectively copulating, makes the 

suggestion plausible that N. gracilis might be female polymorphic as well. 

However, this suggestion is based on only one intensively studied population 

near Quebec city and no similarities were found in several other populations 

surveyed in chapter 3. Perhaps temporal observations in semi-natural 

enclosures may either indicate sole ontogenetic color variation, or either 

confirm the above suggestion of female polymorphism in N. gracilis. 
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Abstract 

 

Female-limited polymorphism occurs in different animal taxa but is particularly 

abundant among species of damselflies (Insecta: Odonata), most likely as a 

consequence of selection to avoid excessive male harassment. Recent work on the 

damselfly Nehalennia irene indicated that within year spatial variation in female 

morph frequencies was limited in nearby populations (i.e. intra-regional scale), but 

large at a continental scale. As anticipated, some of the observed variation in morph 

frequency was correlated with variation in the estimated degree of male harassment 

towards female morphs, measured by male density and operational sex ratio. Here, 

we extended earlier work by quantifying variation in morph frequency over two to 

three years, allowing us to elucidate how morph frequencies vary temporally at both 

intra-regional and continental scales (data for 8 populations over three years and for 

33 populations over two years, respectively). Annual variation in morph frequencies 

was relatively high at the intra-regional scale, but was never large enough to obscure 

the underlying spatial pattern at the continental scale. At both geographic scales, 

male density and operational sex ratio were highly variable between years. The 

estimated degree of male harassment correlated with variation in morph frequency 

within some regions, but not all. Together, the observed natural variation in female 

morph frequencies may be partly explained by variation in male harassment, but it 

appears that a complete understanding will require considering the role of other 

environmental factors. 

 

Keywords: female-limited polymorphism, morph frequency, Odonata, sexual 

conflict, spatiotemporal variation  
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Introduction 

 

Species that exhibit discrete and heritable colour morphs have been used by 

evolutionary biologists in the past to explore evolutionary processes such as 

frequency-dependent selection and genetic drift (e.g. Maynard Smith, 1998). 

Intriguingly, in some species, polymorphism is expressed in one sex only. 

Coexistence of male morphs is typically understood as different strategies which 

evolved from intense male-male competition over access to mates (e.g. Shuster & 

Wade, 2003; Simmons et al., 2007).  In contrast, inter-sexual conflict is considered a 

key factor for coexistence of multiple female morphs in natural populations (e.g. 

Härdling & Bergsten, 2006; Svensson et al., 2007). Sex-limited polymorphism occurs 

in a variety of animal taxa (Gross, 1996; Svensson et al., 2007), but it is especially 

common among female damselflies (Insecta: Odonata) (Fincke et al., 2005; Van 

Gossum et al., 2008b; Svensson et al., 2009).  

Where female-limited polymorphism arises in damselflies, female morphs 

either resemble the conspecific male’s body colour (“andromorphs”), or they are 

differently coloured (“gynomorphs”, see Corbet, 1999). Until recently, it was 

generally assumed that the relative frequencies of andromorphs of a given species 

varied little between populations (Forbes et al., 1995; Sirot et al., 2003; McKee et al., 

2005). For example, variation in andromorph frequencies of the damselfly 

Nehalennia irene between nearby populations had been reported to range from 

2.1% to 28.1% (Forbes et al., 1995). However, more recent studies have found that 

andromorph frequencies may vary to a much greater extent on large spatial scales: 

i.e. from <5% up to >90% (Ischnura elegans: Sánchez-Guillén et al., 2005; N. irene: 

Van Gossum et al., 2007a).  

Of particular relevance to this study is the case of N. irene where 

andromorph frequencies vary little between populations at regional scales (Forbes et 

al., 1995), but show extreme variation at the continental scale (Van Gossum et al., 

2007a). Thus, in 2004 populations in Western Canada showed consistently >90% 

andromorphs, while for populations in Eastern Canada populations typically showed 
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<10% andromorphs (Van Gossum et al., 2007a). Clearly this was one snapshot in 

time and it is important to ask whether this observed continental variation holds 

between years. Indeed, temporal variation also might be high. For example, recent 

research found significant changes in andromorph frequency over multiple years in 

the damselfly I. elegans (Svensson & Abbott, 2005), so it is important to look for 

patterns not just in one year, but over multiple years. 

It has long been suggested that inter-population variation in female morph 

frequencies, at least at small spatial (i.e. intra-regional) scales arises as a 

consequence of variation in male harassment between populations (e.g. Hinnekint, 

1987). Indeed, morph frequencies may change over generations, driven by sexual 

conflict in which female morph fecundities are affected by frequency- and density 

dependent male harassment (Svensson et al., 2005). In support, sexual conflict over 

the mating rate occurs, with males excessively harassing females thereby upsetting 

female time and energy budgets (Robertson, 1985; Sirot & Brockmann, 2001; 

Gosden & Svensson, 2007). Besides long-term effects of male harassment, variation 

in female morph frequency between populations may also correlate with the level of 

harassment at the site of reproduction within a single year (Forbes et al., 1995; 

Cordero & Egido, 1998; Andrés et al., 2002). The explanation for this is that in 

populations with high harassment rates, the female morph faced with the highest 

levels of male attention can not bare the costs and has to flee from the reproductive 

site (Forbes et al., 1995). The other female morph who is less victim of male 

harassment can remain among males at the site of reproduction. Together, the 

relative frequency of both female morphs depends on the harassment rate in a given 

population. In our study, we evaluate the consistency of a spatial relationship 

between morph frequency and estimates of male harassment, but this replicated for 

several years.  

We extend on the earlier intra-regional (Forbes et al., 1995; Van Gossum et 

al., 2007a) and continental (Van Gossum et al., 2007a) studies of variation in female 

morph frequencies for the damselfly N. irene. Specifically, we focus on multi-annual 

variation and ask whether female morph frequencies vary at multiple sites over 
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different years, both at regional and continental scales. In addition, we evaluate 

whether variation in morph frequencies can be explained by concomitant variation 

in male harassment. To estimate the degree of male harassment, we employed 

estimates of male density and sex ratio at the reproductive site. These two measures 

are considered appropriate proxies of harassment because when males are more 

numerous or when the number of males per capita female increases, females are 

expected to be approached more frequently by mate-searching males (e.g. Van 

Gossum et al., 2001a; Sirot & Brockmann, 2001).  

 

Materials and methods 

 

Study species 

Nehalennia irene is a small damselfly (24 - 29.5 mm; Lam, 2004) which is common in 

most of Canada and the Northern parts of the United States. The species inhabits 

marshy or boggy waters with relatively dense vegetation (Walker, 1953). The 

reproductive season of N. irene starts early June and lasts until mid-August with 

population numbers peaking from mid-June to mid-July. Adult N. irene comprise one 

male and two female morphs. Each sex and morph can be distinguished immediately 

after metamorphosis based on genitalia and body pattern (freshly emerged 

damselflies are called tenerals). Andromorph females resemble the conspecific 

male’s blue body coloration (when adult) and pattern (when adult or teneral), by 

having a triangular patch of pale blue on the anteriodorsal part of segment eight and 

large paired dark spots on the dorsum of segment nine. Gynomorph females in 

contrast have a more yellowish and green adult body coloration and lack the 

triangular patch and paired spots (for a more detailed description see Forbes et al., 

1995).  
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Sampling procedures and study sites 

First, we focussed on variation in morph frequencies on a continental scale, looking 

for differences in morph frequency between three regional clusters of sites in 

Western Canada (British Columbia), Central Canada (Ontario) and Eastern Canada 

(New Brunswick), with clusters separated by a maximum distance of 4000 km (see 

table I, Figure 1). All sites within a regional cluster were >5 km apart and not part of 

the same lake or river. For all of these study sites latitude and longitude was 

determined from topographic maps (scale 1:250 000). Each site was sampled in 2004 

and 2007 at comparable sample dates. The rational for this was to minimize 

differences due to seasonal variation in morph frequencies (Bots et al., 2007; Van 

Gossum et al., 2007a), although we acknowledge that this approach may not entirely 

control for between year variations in phenology. An additional site was sampled 

near Quebec City, between the Central and Eastern region, which was not included 

in any analysis, but results on temporal variation are reported separately. Second, 

we determined temporal variation in population parameters on an intra-regional 

scale, for which eight sites within a regional cluster were sampled at three years: 

1992 (see Forbes et al., 1995), 2004 and 2007. These populations were all located 

within 15 km of the Queen’s University Biological Field Station (Chaffey’s Locks, 

Ontario, 79°15’W longitude / 44°34’N latitude). Sample dates were again 

comparable among years; 1992: 6-7 July; 2004: 11-14 July; 2007: 1-5 July.  

 

Table 1: Geographic distribution of regions, number of study sites (N), dates when sites were 

sampled in both years (2004 and 2007) and mean ± SD, maximum and minimum July 

temperature (°C) (www.climate.weatheroffice.ec.gc.ca). 

 

Region Longitude/latitude N 2004 2007 Mean ± SD Max Min 

BC 122–123°W/53–54°N 8 16/6-22/6 17/6- 4/7 15.5 ± 1.1 22.1 8.8 

ON 76–79°W/44–45°N 16 25/6-30/6, 9/7 2/7-12/7 21.0 ± 1.1 26.4 16.0 

NB 66–67°W/44–45°N 9 1/7-6/7 7/7-8/7 19.2 ± 1.1 25.0 13.0 

QU 70°W°/46°N 1 30/6 10/7 19.3 ± 1.1 25.6 13.0 
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Figure 1: Andromorph frequencies at each study site in both years (2004/2007). Note the cline in morph frequency from West to East, consistent over 

sample years. 
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In both continental and intra-regional surveys, the numbers of male and 

female N. irene were recorded at the site of reproduction and used to estimate 

female morph frequency (proportion of andromorphs to total females), population 

density, male density and operational sex ratio (OSR; proportion of adult males to all 

adult individuals in the population). Animals were collected by sweeping an insect 

net within 5m of the water’s edge, where mating of N. irene typically occurs (Forbes 

et al., 1995). We transcribed ‘eight-shaped’ figures with the insect net, while walking 

slowly through the vegetation. Sex and morph of each individual N. irene netted was 

noted, and all individuals were marked prior to their release to preclude multiple 

counts. For the continental survey, sweeps were made while time was recorded. 

Several sets of sweeps were made per site until at least thirty adult females were 

caught (Van Gossum et al., 2007a). For the continental survey, the number of 

damselflies caught per unit time spent sampling (individuals/min) was used as an 

estimate of density. For the intra-regional survey we adhered to the methodology 

described by Forbes et al. (1995) and made a total of five standardised samples, 

each sample consisting of eight separate sweeps. An identical number of sweeps was 

made for each site and year, such that relative densities could be compared directly 

based on the average counts of individuals in each sweep (individuals/sweep). 

Furthermore, continental and intra-regional surveys differed in that for the former 

age class was noted (adult or teneral), while for the latter sampling was restricted to 

adults. For both surveys we report only results based on adult individuals to allow 

direct comparison between both methods. Results based on adults and tenerals in 

the continental survey are only mentioned when these are at variance with analyses 

based on adults only.  

 

Statistical analysis 

To explore whether population parameters were consistent over years,  a two-factor 

analysis was applied (see Neter et al., 1996, pp 875-888) to calculate F-values of the 

population*year interaction. Corresponding P-values were obtained with Statistica 

6.1 (Statsoft Inc 2003). When the population*year interaction was insignificant, both 
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main factors were tested for significance in a two-way ANOVA using the statistical 

program SAS 9.1.3 (SAS Institue Inc, 2003). To evaluate overall continental variation 

in morph frequency and OSR we fitted Generalised Linear Mixed Models (GLMMs), 

while two-way ANOVA models were used to determine variation in male- and 

population density. In both analyses site was added as random effect to the model. 

Densities were log-transformed if needed to meet assumptions of normality. 

Because there were highly significant differences in morph frequencies between the 

three regions (F2, 67 = 416.12, P < 0.001), separate GLMMs were performed within 

region when relating variation in morph frequencies to proxies for male harassment 

(see also Van Gossum et al., 2007a). All analyses of spatial and temporal variation in 

andromorph frequencies were performed separately for male density, population 

density and OSR, since these population parameters were all strongly correlated. In 

most instances we provide the results for male density only, because this facilitates 

comparison with previous work (Forbes et al., 1995; Andrés et al., 2002; Van Gossum 

et al., 2007a). Results on population density or OSR were only reported when 

showing different insights than male density.  

 

 

Results 

 

Variation at a continental scale 

At the continental scale, graphical comparison of andromorph frequencies in 2004 

and 2007 suggests that for most sites morph frequencies are comparable between 

years, but at some sites these changed considerably between years (Figure 2). 

 However, between year variation was not supported statistically (year*site 

interaction: F1, 31 = 1.25, P = 0.27). Also, no directional change in andromorph 

frequency was detected over years (F1, 60 = 0.75, P = 0.39, see Figure 1 and 2). 

However, andromorph frequencies strongly differed between regions (F2,61 = 277.07, 

P < 0.001), with Western sites averaging high proportions of andromorphs 

(proportion andromorphs in both years ± SD: 0.95 ± 0.03) compared to Central (0.12 
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± 0.10) and Eastern sites (0.04 ± 0.06). Variation in female morph frequency did not 

covary with latitude (χ²1=0.32, df=1, P =0.57), but did so with longitude (χ²1=5.04, P 

=0.02), supporting a West to East cline in female morph frequencies of N. irene 

across Canada. The proportion of andromorph females at the site in Quebec City was 

very similar in both years (0.56 for both years, χ²10.00, P =0.99). While andromorph 

frequencies were comparable over years, male densities varied significantly between 

years (F1,66 = 10.93, P = 0.002, Figure 3). On average over all populations, male 

density was about double in 2004 (male density ± SD: 15.7 ± 13.3 individuals/min) 

compared to 2007 (8.3 ± 11.7 individuals/min). Male densities also differed between 

regions (F2, 66 = 7.48, P = 0.001, Figure 3), with relatively low male densities at 

Western (5.57 ± 6.74 individuals/min), intermediate densities at Eastern (10.79 ± 

9.44 individuals/min) and high densities at Central sites (16.79 ± 15.51 

individuals/min). At the Quebec City site, male density was also much lower in 2007 

than in 2004 (8.2 vs. 39.6 individuals/min,  χ²1=83.5, P < 0.001). OSR varied between 

years and regions (year*region: F2,64 = 4.23, P = 0.019), but showed somewhat 

different patterns than male density. Specifically, OSR for Western populations was 

lower (OSR ± SD: 0.56 ± 0.11) compared to Central (0.70 ± 0.13) and Eastern sites 

(0.66 ± 0.11). OSR was similar in 2004 and 2007 for Western (0.56 ± 0.12 vs. 0.55 ± 

0.10) and Eastern (0.65 ± 0.04 vs. 0.67 ± 0.16) sites, but was about 7% higher in 2004 

(0.73 ± 0.09) than in 2007 (0.66 ± 0.16) for Central sites.  

 

Figure 2: Proportions of 

andromorphs in 2004 

plotted against proportions 

of andromorphs in 2007. 

Any deviation from the 

diagonal represents changes 

in andromorph frequencies 

between both study years. 
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Figure 3: Average male density for populations of the continental survey for three separate 

regions in Canada sampled in 2004 and 2007. 

 

The relationship between female morph frequency and male density varied 

between regions and years. For Western sites, inter-population variation in morph 

frequencies did not covary with male density (F1, 15 = 0.21, P = 0.65) for any year (F1, 

14 = 0.0, P = 0.98) (Figure 5a). This is in contrast to results for Central sites, where 

variation in morph frequency covaried positively with male density (F1, 32 = 4.30, P = 

0.05), whereas this correlation tended to differ between years (F1, 32 = 2.92, P = 

0.097). However, when excluding year from the analysis, male density no longer 

covaried with morph frequency (F1, 33 = 2.12, P = 0.16). One population in the Central 

region had exceptionally high density compared to other sites (Figure 5b). After 

excluding this population from the analyses, male density (F1, 30 = 5.48, P = 0.026) 

covaried positively with morph frequency and again this relation differed somewhat 

between years (F1,30 = 4.16, P = 0.05). For Eastern sites, andromorph frequencies and 

male density correlated, but the relation was opposite between years (male 

density*year; F1,11 = 45.75, P < 0.001) (Figure 5c). All these results were similar when 

including male density, population density or OSR, except for the Central region, 

where the effect of OSR on morph frequency differed between years (OSR*year: F1, 

31 = 4.86, P = 0.03), including all central sites. 
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Figure 5: Covariance between a proxy of male harassment (male density) and the 

andromorph frequency for Western (a), Central (b) and Eastern sites (c) in Canada, for 

continental surveys in 2004 (open dots, dashed line) and 2007 (filled dots, solid line). Curves 

are drawn based on the parameter estimates of the statistical model. 
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Variation at an intra-regional scale  

In contrast to the stable continental variation, andromorph frequencies differed 

between the three study years at the intra-regional scale, with temporal variation 

being inconsistent among sites (year*site: F1, 13 = 10.41, P = 0.007; Figure 4). At some 

of the eight sites, morph frequencies were comparable over years (< 10% 

difference), whereas at other sites morph frequencies differed by up to 40%. Male 

density, however, remained similar between sites (F7, 14 = 0.25, P = 0.96), but differed 

among years (F2, 21 = 3.92, P = 0.036). Specifically, male density was much lower in 

2007 (male density ± SD: 1.57 ± 0.74 individuals/sweep) compared to 2004 (3.77 ± 

1.94 individuals/sweep) and 1992 (3.78 ± 2.38 individuals/sweep). Furthermore, OSR 

was consistent between sites (F7, 14 = 0.99, P = 0.48) and years (F2, 14 = 2.11, P = 0.15).  

A positive correlation between andromorph frequency and male density 

(and OSR) was found previously for the first sample year (Forbes et al., 1995). 

Repeating this analyses for different years suggested that this relationship with male 

density was not consistent among years (year*male density: F2, 18 = 3.15, P = 0.067; 

Figure 6). However, after excluding a possible outlying population with very high 

male density in 2004 (see Figure 6), only a significant main effect of male density 

remains in the statistical model (F1, 21 = 7.71, P = 0.01), indicating a consistent 

positive relationship between male density and morph frequency at intra-regional 

scale (c.f. Figure 6). There were no significant relationships found with OSR (F1, 20 = 

0.07, P = 0.80).  

 

Figure 4: Proportion of 

andromorphs in three different 

years at eight sites of the intra-

regional survey. Eight sites: Top 

Marsh (TOM), Two Island Lake 

(TIL), Otter Marsh (OTM), Barb’s 

Marsh (BAM), Serendipity Pond 

(SEP), Indian Lake Bight (ILB), 

Osprey Marsh (OSM), Herbert’s 

Bog (HEB), for a map on the 

geographic distribution see 

Forbes et al., 1995. 
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Figure 6: Covariance of a proxy for male harassment (male density) and andromorph 

frequency in eight populations for the intra-regional survey (1992: open squares, dotted line; 

2004: gray triangles, dashed line; 2007: filled dots, solid line). Curves are drawn based on the 

parameter estimates of the statistical model. 

 

 

Discussion 

 

Similarly to previous results for the damselfly Nehalennia irene (Van Gossum et al., 

2007a), we here observed extreme continental variation in female morph 

frequencies in 2007. Thus both in 2004 and in 2007 andromorph frequencies were 

consistently high in Western Canada, low in Eastern Canada, and low to moderate in 

Central Canada. The one site near Quebec City between Central and Eastern sites 

seems to consistently have relatively high andromorph frequencies. Whether this 

site is an exception or andromorphs are generally more abundant in the Quebec city 

area remains to be answered, although another nearby site had lower andromorph 

frequency (0.21, N=14 females; HVG, unpublished data). At an intra-regional scale, 

morph frequencies did vary significantly between sites and years. While morph 

frequencies remained relatively stable for some sites, at others, morph frequencies 
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could increase or decrease up to 30%. Such variation was not detected in the 

statistical analyses for the continental survey, despite some sites showing between 

year variation and being in the same geographic area as the sites of the intra-

regional study. 

From the above, we need question to why andromorph frequency appears 

constant over years at some sites, but show high variation at other sites. One 

possibility is that despite our precaution in sampling each site in each year at 

comparable dates, that differences in annual phenology in combination with 

seasonal variation in morph frequencies has been reported up to 40% at some sites 

(Van Gossum et al., 2007a), may explain why some sites show high between year 

variability in morph frequency.  For the damselfly Ischnura elegans multi-annual 

variation in morph frequencies also has been reported (Svensson & Abbott, 2005), 

with andromorph frequencies decreasing in a four year study period from about 

82.4% to about 66.2%, but this is consistently so across sites. A possible explanation 

for such directional change are founder effects, with andromorphs initially being 

present in disproportional high numbers at the newly dug ponds which made up the 

majority of the study sites, and andromorph frequency decreasing over the years 

because of lower fecundity compared to gynomorphs (Svensson & Abbott, 2005). In 

our work, some of our study sites also show a temporal character, such as beaver 

ponds at different ages or ponds drying up or being wetter due to the amount of 

snow thawing in spring. In relation to this temporal character, morph frequencies in 

N. irene also may be at disequilibrium in some populations because of local 

extinctions and recolonisations.  

Earlier studies showed variation in andromorph frequency to positively 

correlate with male density and/or operational sex ratio (Forbes et al., 1995; 

Cordero & Egido, 1998; Sherratt, 2001; Andrés et al., 2002; but see McKee et al., 

2005; Bots et al., 2007; Van Gossum et al., 2007a). Here, populations of N. irene in 

Western Canada show consistently high andromorph frequencies among sites and 

between years. Evaluating variation in morph frequencies for these populations 

against proxies for male harassment revealed no relationship. This is in contrast to 
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results of Central and Eastern Canada, where the correlation between morph 

frequency and proxies for male harassment could be either positive or positive and 

negative respectively. Also, when evaluating the earlier reported positive correlation 

between andromorph frequency and male density at intra-regional level (see Forbes 

et al., 1995), this relationship appears inconsistent across years for the same eight 

study sites. However, after excluding a possible outlying population, morph 

frequency showed a consistent positive relationship with male density across years, 

an observation in line with the patterns seen at Central sites in the continental 

survey. It is notable that male density differed strongly between years and regions, 

with highest male densities in 2007 compared with 2004 and highest in Central and 

Eastern sites, compared with Western sites. This could indicate that male 

harassment only affects female morph frequency when male density is sufficiently 

high (see also Van Gossum & Sherratt, 2008). Thus, it appears that variation in male 

harassment solely cannot explain all of the reported spatial and temporal variation 

in morph frequencies in N. irene. 

It has previously been suggested that other environmental factors, such as 

habitat structure, predation level or abiotic conditions may need to be considered to 

explain variation in female morph frequencies (Van Gossum et al., 2007a). 

Interestingly, ambient temperatures for British Columbia are much lower than these 

in the other studied regions (see table I). This may in part explain the relatively low 

densities observed for populations in Western Canada. As such, densities in those 

populations may be too low to result in covariation between male harassment and 

female morph frequency (Fincke, 2004; Van Gossum & Sherratt, 2008). In addition, 

female morphs may differ in thermal optima, with ambient temperature affecting 

female morph success (e.g. Van Dyck & Matthysen, 1998; Forsman et al., 2002; but 

see Bots et al., 2008). On these lines, Hammers & Van Gossum (2008) showed that 

variation in andromorph frequencies of I. elegans for 30 populations across the 

Netherlands was not related to proxies for male harassment, but did covary with 

ambient temperatures. Specifically, the relative abundance of andromorphs was 

higher in populations in the northwest of the Netherlands where the ambient June 
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temperature was lower. A comparable analysis for N. irene may be revealing but 

requires more detailed weather data than currently available.  

In conclusion, we showed that the previously reported continental variation 

in morph frequency for the damselfly N. irene remains unchanged when compared 

over multiple years. Furthermore, the observed spatial and temporal variation in 

morph frequencies could only partly be explained by variation in proxies for male 

harassment. Understanding the natural variation in population characteristics 

occurring in N. irene seems to require considering variations in other environmental 

parameters, with ambient temperature as a likely candidate.   
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Abstract 

 

In several animal species discrete, heritable phenotypic morphs occur in one sex 

only. This phenomenon is commonly observed in damselfly species where 

coexistence of different female colour morphs is often explained in the context of 

sexual conflict. However, theories based on sexual conflict alone appear insufficient 

for explaining inter-population variation in morph frequencies. A case in point is the 

widespread North American damselfly Nehalennia irene, in which one female morph 

occurs predominantly in populations in Western Canada while another morph is the 

more common in Eastern Canada. Given its large distribution range, historical events 

may be of particular relevance in explaining the observed spatial variation in morph 

frequencies in this species. In order to relate the distribution of female morph 

frequencies with the population genetic structure, we studied sequence variation in 

five mtDNA gene fragments. Moreover, we compared the population genetic 

structure of N. irene with its sister species N. gracilis that lacks female 

polymorphism. Remarkably, our results indicate that the overall genetic variability is 

three times lower in N. irene than in N. gracilis, which might be related to the 

availability of the species’ preferred habitat. Furthermore, haplotype and nucleotide 

diversity of N. irene differed strongly among sampled sites and appears to be related 

to the spatial distribution in female morph frequencies. In addition to previously 

studied selective agents, we suggest that the species’ evolutionary history, such as 

random genetic drift during recolonisation, may also be important in explaining the 

current geographical distribution of female morph frequencies.  

 

Key words 

evolutionary history, female colour polymorphism, genetic diversity, phylogeny, 

Nehalennia, Odonata
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Introduction 

 

The coexistence of heritable, phenotypic morphs provides population geneticists 

with outstanding model systems to study the relationships between genetic 

variation, evolutionary processes and speciation (e.g. Maynard Smith, 1998; Gray & 

McKinnon, 2007). Such morphs are particularly interesting to use as a tool in 

understanding the maintenance of genetic variation and its geographical 

distribution. Intriguingly, in several vertebrate and invertebrate species 

polymorphisms are sex-limited (e.g. Oliveira, Taborsky & Brockmann, 2008; Svensson 

et al., 2009). For such cases, sexual selection is often considered a driving force in 

the maintenance of male or female polymorphism (Oliveira et al., 2008). Especially 

female polymorphism appears to be common throughout the animal kingdom, e.g. 

in birds (Galeotti et al., 2003), lizards (Vercken et al., 2007), diving beetles (Bergsten, 

Toyra & Nilsson, 2001), butterflies (Cook et al., 1994) and particularly damselflies 

(Van Gossum et al., 2008b).  

Female morphs may differ in various traits, but when observed in 

damselflies (Zygoptera; Coenagrionidae), typically one of the female morphs 

(andromorph) resembles the male in body coloration, whereas the other female 

morph(s) [gynomorph(s)] is (are) differently coloured (e.g. Van Gossum et al., 

2008b). Laboratory cross experiments support genetic inheritance at a single 

autosomal locus with sex-limited expression in several coenagrionid species, i.e. 

both males and females carry the colour alleles but the polymorphism is only 

phenotypically expressed in females (reviewed in Sánchez-Guillén, Van Gossum & 

Cordero Rivera, 2005). Across populations, frequencies of andromorphs and 

gynomorphs may vary strongly in a number of species (Fincke et al., 2005; Sánchez-

Guillén et al., 2005; Van Gossum et al., 2007a). Interestingly, this large-scale 

geographical variation in morph frequencies does not always appear to be random, 

but has sometimes been indicated to show spatial and temporal consistent patterns 

(Van Gossum et al., 2007a; Iserbyt et al., 2009). For instance, andromorphs are the 

predominant morph in populations of Nehalennia irene (Hagen, 1861) in Western 
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Canada (> 90% of females being andromorph), whereas they are uncommon to rare 

in populations in central (< 10 - 40%) to Eastern Canada (< 10%; Van Gossum et al., 

2007a). This raises the question as to what extent the spatial pattern in variation in 

female morph frequencies can be explained by sexual selection in these species.  

Several population genetic studies argued against drift and indicated that 

selection acts to maintain multiple female morphs in natural populations (Andrés, 

Sánchez-Guillén & Cordero Rivera, 2000, 2002; Wong, Smith & Forbes, 2003; Abbott 

et al., 2008). The main idea is that selection is imposed through costly male sexual 

harassment; i.e. males harass females to such an extent that it affects female fitness 

(Sirot & Brockman, 2001; Gosden & Svensson, 2009). The intensity of male 

harassment towards female morphs along with its subsequent fitness consequences 

appears to be frequency and/or density dependent (e.g. Svensson, Abbott & 

Härdling, 2005; Ting et al., 2009; Gosden & Svensson, 2009). Hence, it is often 

suggested that sexual conflict is the key mechanism in the evolution and 

maintenance of female polymorphism. However, for the damselfly N. irene it 

appears that the clinal variation in morph frequencies cannot solely be explained by 

sexual conflict (Van Gossum et al., 2007a; Iserbyt et al., 2009; for Ischnura elegans 

see Hammers & Van Gossum). It has therefore been suggested that other factors, 

such as site-specific abiotic conditions and non-adaptive historical events may need 

to be considered for understanding the maintenance of female polymorphism and 

the spatial variation in female morph frequencies (Van Gossum et al., 2007a). 

Indeed, for both N. irene (Iserbyt et al., 2009) and I. elegans (Hammers & Van 

Gossum, 2008) it has been observed that spatial variation in female morph 

frequencies correlates with ambient temperature which may affect the fitness of 

andromorphs and gynomorphs differently (Bots et al., 2009b). In contrast, much less 

has been explored as to whether historical events may help to understand the 

patterns of spatial variation in female morph frequencies.  

Historical events are defined as any factor affecting a species’ genetic 

structure, which is no longer operating, but whose genetic signature may still be 

present in contemporary populations (Eckert et al., 2008). This includes range 
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fragmentation caused by glaciation and sequential founder events during postglacial 

expansion, but also habitat fragmentation caused by human activities in past 

centuries. Historical events may have had drastic effects on the geographic, 

demographic, ecological, genetic and social conditions of populations, thereby 

promoting favourable conditions for diversification, and even speciation (e.g. Pielou, 

1991; Hewitt, 2004; Turgeon et al., 2005; Keyghobadi, 2007). Past stochastic events 

during glacial and inter-glacial periods can thus be expected to have played an 

important role in the spread of alleles, including alleles that code for colour. Hence, 

current site-specific morph frequencies may be (partly) the result of historical events 

affecting allele distribution. The aim of this study is to explore this possibility by 

studying population genetic diversity based on mtDNA sequences and to relate this 

to the spatial variation in female morph frequencies of the damselfly N. irene 

(Andrés et al., 2000; Wong et al., 2003). We expect low population genetic diversity 

to correspond with atypical morph frequencies, especially at the edges of the 

species distribution range because stochastic processes are more prominent at the 

edge of distribution ranges (Eckert et al., 2008). To provide reference, we compared 

genetic variability of N. irene with its sister species N. gracilis (Morse, 1895), which 

lacks female polymorphism and has a much smaller but overlapping distribution 

range (Walker, 1953). A higher genetic diversity, caused by more intense sexual 

selection, is expected in the polymorphic, relative to the monomorphic, species 

(Gray & McKinnon 2007, Svensson et al., 2009).  

 

Material and methods 

 

Study species 

Nehalennia irene and N. gracilis are two closely related North American damselfly 

species. Nehalennia irene has two discrete female colour morphs, with andromorphs 

resembling the males’ colour and gynomorphs being coloured differently (Forbes, 

Richarson & Baker, 1995). The species is common in marshy and boggy waters with 

relatively dense vegetation in a large area of Canada and Northern USA (Walker, 
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1953). Nehalennia gracilis has no female colour polymorphism and is restricted to 

Sphagnum bogs. It has a smaller distribution range than N. irene that extends from 

Southeast Canada to Northeast USA (Walker, 1953).  

 

Sampling, DNA extraction, PCR amplification and DNA sequencing 

Adult specimens of N. irene were collected during the reproductive season of 2004 

and 2007 in five Canadian regions: British Columbia (BC; three sites; N = 73), 

Western Ontario (ONw; one site: N = 30), Eastern Ontario (ONe; three site: N = 90), 

Quebec (QU; one site; N = 32) and New Brunswick (NB; two sites; N = 28) (Figure 1). 

The proportion of andromorph females was determined at each site and year by 

walking slowly through the reproductive area, sweeping figures-of-eight with an 

insect net (details on methodology, see Van Gossum et al., 2007a). Specimens of N. 

gracilis were collected in four regions: Western Ontario (two sites: N = 18), Eastern 

Ontario (one site: N = 6), Quebec (one site: N = 3) and New Brunswick (one site; N = 

4). All specimens were stored in 95% ethanol before DNA extraction. Total genomic 

DNA was extracted using the QIAmp DNA mini kit (QIAGEN), following the supplier’s 

instructions. DNA was resuspended in 200 µl of sterile water and stored at –20°C.  

Five mitochondrial DNA gene regions were amplified by polymerase chain reaction 

(PCR) and include cytochrome oxidase I (COI: Hebert et al., 2003) and II (COII: Clarke 

et al., 2001; Matsuura, 2005), 12S rDNA (Teixeira et al., 2008), 16S rDNA (Hasegawa 

& Kasuya, 2006) and NADH dehydrogenase 1 (ND1; Rach et al., 2008). Standard 

reaction conditions were used with 1.7 mM MgCl2 in 1x PCR buffer (Promega, Inc.), 

0.2 mM dNTPs (Roche), 0.2 µM of each primer and 1.4 units of Taq (BioLabs, Inc.). 

Exceptions on these reaction conditions are 3.4 mM MgCl2 to amplify COI and 0.7 

units of Taq to amplify COII and ND1. PCR conditions were the following: 5 min at 

94°C, then 30 cycles of 30 s at 94°C (1 min for 16S), 45 s at the annealing 

temperature (COI and COII: 42°C; 12S and 16S: 56,6°C; ND1: 49°C) and 1 min at 72°C, 

and ending with 7 min at 72°C.  Purified PCR products were sequenced using the ABI 

PRISM® BigDyeTM Terminator Cycle Sequencing Kit and run on a capillary Applied 

Biosystems 3730 DNA Analyser.  
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Figure 1. Populations of the five sampled regions: British Columbia [BC – Summit Lake (SL), Mossvale Road (MR), Nukko Lake (NL)], Western Ontario 

[ONw – East Bear Lake Road (EBLR), Black Water Lake (BWL)], Eastern Ontario [ONe - Nipissing Road (NR), Fourth Lake Road (FLR), Cataraqui Trail 

(CAT), Hebert’s Bog (HB), Shea Lane (SHL)], Quebec city (QU) and New Brunswick [NB – Mactacquac Provincial Park (MP), Highway 3 (HW3), Highway 1 

(HW1)]. For each specific site where Nehalennia irene is collected, the proportion of andromorph females is presented (data derived from Iserbyt et 

al., 2009). N.ir and N.gr refer to the unique haplotypes of N. irene (bold characters) and N. gracilis, respectively. Numbers between brackets show the 

number of each unique haplotype. 
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Table 1: N1 and N2 are the sample sizes per region used in the concatenated dataset for 

respectively Nehalennia irene and N. gracilis. The haplotype diversity (h) and nucleotide 

diversity (π) is given for both species. The mean (± SE) proportion of females being 

andromorph per region is derived from Iserbyt et al. (2009). 

 

Region N1 N. irene (h / π) Prop.  andro. N2 N. gracilis (h / π) 

BC 16 0.24 / 0.09E-03 0.95 ± 0.01 - - 

Onw 5 0.70 / 0.96E-0.3 0.08 ± 0.02 11 0.80 / 1.55E-03 

One 16 0.84/ 1.05E-03 0.12 ± 0.03 6 1.00 / 9.26E-03 

QU 14 0.89 / 1.05E-03 0.58 ± 0.04 3 0.66 / 1.98E-03 

NB 18 0.88 / 0.89E-03 0.03 ± 0.01 4 1.00 / 1.36E-03 

 

Phylogenetic analysis 

Sequences were aligned using ClustalX version 2.0 (Thompson et al., 1997) with 

default gap opening/gap extension costs of 15/6.66. Because no conflicting 

phylogenetic signal was detected (using an incongruence length difference test 

which is also known as partition homogeneity test) between single gene fragments 

and a concatenated data set, phylogenetic analyses were performed with the 

concatenated data set. MODELTEST version 3.6 (Posada & Crandall, 1998) was used 

to select the most appropriate substitution model for phylogenetic analysis. 

Phylogenetic trees were inferred using the substitution model suggested by 

MODELTEST and were constructed with several methods including three specimens 

of Ischnura elegans (Coenagrionidae) from a Belgian population (Blokkersdijk, 

Antwerp) as outgroup. A Neighbour-Joining (NJ) tree (Saitou & Nei, 1987) was 

constructed on the basis of uncorrected p-distances calculated with complete 

deletion of sites with alignment gaps in MEGA version 3.0 (Kumar et al., 2004). 

Maximum parsimony (MP) and maximum likelihood (ML) trees were made in 

PAUP* 4.0b10 (Swofford, 2003) using a heuristic search with the tree bisection 

reconnection branch swapping algorithm and random addition of taxa. Relative 

branch support was evaluated with 1000 bootstrap replicates (Felsenstein, 1985) 

for the NJ and MP analysis, and 100 bootstrap replicates for the ML analysis. Unique 

sequences were deposited on GenBank with accession numbers GQ255994 to 

GQ256078. 
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Table 2: Sample size (N), number of variable sites, including number of parsimony informative sites (pi) between brackets and nucleotide 

diversity (π) of each DNA-region and the combined sequence for N. irene and N. gracilis. The number of Ischnura elegans specimens is 

three for all DNA-regions. 

 

Characteristics COI COIIa COIIb 12s 16s ND1 All 

      Aligned length (bp) 641 423 360 339 489 515 2701 
        
Nehalennia irene        
       N 185 95 107 116 213 110 69 
       Variable sites (+ pi) 10 (3) 4 (1) 6 (2) 4 (0) 6 (0) 5 (0) 18 (5) 
        π 0.00143 0.00097 0.00252 0.00021 0.00012 0.00018 0.00088 

        
Nehalennia gracilis        
       N 27 25 28 31 29 26 24 
       Variable sites (+ pi) 8 (4) 8 (3) 4 (3) 2 (2) 4 (2) 3 (2) 27 (16) 
       π 0.0026 0.00316 0.00368 0.00212 0.00175 0.00116 0.00239 

        
N. irene, N. gracilis, I. elegans        
       N 215 123 138 150 245 139 96 
       Unique haplotypes 22 15 12 9 13 12 37 
       Variable sites (+ pi) 148 (145) 96 (51) 78 (42) 55 (15) 85 (21) 121 (118) 559 (548) 
       Sites with gaps 0 0 0 3 6 2 11 
       π within Nehalennia 0.0253 0.04086 0.03873 0.01597 0.00843 0.03408 0.03472 
       π within all species 0.02763 0.04656 0.04362 0.02073 0.01189 0.04035 0.04244 
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Population genetic structure 

Haplotype diversity (h), nucleotide diversity (π) and numbers of polymorphic and 

parsimony informative sites (pi) were calculated in DnaSP version 4.00 (Rozas et al., 

2003). An analysis of molecular variance (AMOVA; 10,000 permutations) was 

performed using ARLEQUIN 3.1 (Excoffier et al., 2005) to examine the partitioning of 

genetic variation within populations, among populations within regions and among 

regions. The same program was used to calculate pairwise genetic differentiation 

(FST) between these regions (10,000 permutations). We calculated these distances 

between regions and not between populations, because populations within regions 

were genetically similar in both species (see Table 3) and to increase sample size 

when comparing groups (regions). Pairwise GST values were calculated in a similar 

way, and gave almost identical results like the FST values. Therefore only results 

based on FST values are reported. Note that negative FST-values can be outcomes of 

statistical calculations and represent non-significant low genetic differentiation 

among defined groups (Weir, 1996). Pairwise FST values between populations were 

visualized via non-metric multidimensional scaling (NMDS) combined with a 

minimum spanning tree (MST) as implemented by NTSYS, version 1.8 (Rohlf, 1993; 

Guiller, Bellido & Madec, 1998). The relationship between pairwise FST values 

between sites and shortest geographic distance between sites was tested using a 

Mantel-test in IBDWS3.15 (Jensen, Bohonak & Kelley, 2005). In order to separate 

population structure from population history (Templeton, 2007), a nested clade 

analysis (NCA) was performed. Analyses were run in NCPA, version 1.0 (Panchal & 

Beaumont, 2007), a platform heavily dependent on TCS, version 1.2.1 (Clement et 

al., 2000) and GeoDis software (Posada et al., 2000). The haplotype network was 

estimated using the 95% reconnection limit between haplotypes. Clades were tested 

against the coordinates of their sample locations through a 10,000 permutational 

contingency analysis (Templeton & Sing, 1993) and the results were interpreted 

using the inference key supplied by NCPA (Panchal & Beaumont, 2007). 
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Results 

 

Sequence variation and phylogenetic inferences  

The number of variable sites, parsimony informative sites and nucleotide diversity 

for each of the gene fragments and for the concatenated data set is given in Table 2. 

Genetic diversity was overall higher in N. gracilis than in N. irene (Table 2). More 

specific, the number of parsimony informative sites and the nucleotide diversity was 

approximately three times higher in N. gracilis than in N. irene, viz. 16 versus five 

and 0.00239 versus 0.00088, respectively. Nucleotide diversity for both Nehalennia 

species was the highest for the COIIb gene fragment, whereas the 16S and ND1 

fragments had a much lower nucleotide diversity (Table 2). The concatenated data 

set was 2701 bp long and contained 18 and 27 variable sites in N. irene and N. 

gracilis, respectively (Table 2). When considering both Nehalennia species, 263 sites 

were variable, which increased to 559 sites when I. elegans was included. The most 

suitable substitution model for the concatenated data set was the GTR+I model. A 

total of 37 unique haplotypes were used in the phylogenetic analysis, viz. 19 of N. 

irene, 15 of N. gracilis and three of I. elegans. The phylogenetic tree showed that 

both Nehalennia species were monophyletic (Figure 2). There was, however, no 

deeper resolution within N. irene. In contrast, within N. gracilis the NJ and MP 

analyses revealed two well-supported clades (clades B and C) and one unresolved 

group (group A) (Figure 2). Group A contained haplotypes from the four regions 

(West and East Ontario, Quebec and New Brunswick) whereas clade B contained 

only haplotypes from West and East Ontario and clade C only haplotypes from West 

and East Ontario and Quebec.  
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Figure 2. Combined phylogenetic tree of COI, COII, 12S, 16S and ND1 fragments of 19 

haplotypes of Nehalennia irene (N.ir), 15 haplotypes of N. gracilis (N.gr) and three haplotypes 

of the outgroup Ischnura elegans (I.el). Bootstrap values for node support are based on NJ 

tree (Kimura-2-Parameter model; 1000 replicates) / MP tree (1000 pseudo-replicates) / ML 

tree (100 replicates), respectively. Only bootstrap values ≥ 50 are shown and when the node 

was not supported by one of the analyses, this is indicated with “-“.  
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Population genetic structure 

The overall haplotype diversity (h) in N. irene (h = 0.78, N = 69) was lower than that 

in N. gracilis (h = 0.93, N = 24), and was particularly low in British Columbia (h = 0.24, 

N = 16) (Table 1). Within N. irene, haplotype N.ir1 was very abundant (30/69 

individuals) and widespread throughout the study area (Figure 1). Two other 

haplotypes, N.ir4 and N.ir6, were also sampled frequently in West and East Ontario, 

Quebec and New Brunswick, but were absent from British Columbia. All other 

haplotypes occurred only sporadically (Figure 1). Within N. gracilis, 15 haplotypes 

were detected, with N.gr9 as the most common one. Haplotype N.gr1-9 was only 

found in Ontario, whereas haplotypes N.gr10 and N.gr11 were only found in QU and 

haplotypes N.gr12, 13, 14 and 15 were restricted to New Brunswick. 

 

Table 3: Results of the analysis of molecular variance (AMOVA). Va, Vb and Vc are the 

associate covariance components. FSC, FST and FCT are the F-statistics and “
a
“ indicating 

significant values at p < 0.05 after 10000 permutations. 
 

Source of variation d.f. 
Sum of 

squares 

Variance   

  components 

Percentage 

of variation 

Fixation  

indices 

N.irene      

   Among regions 4 3.73     0.0460 Va 11.5
a
   FSC: -0.0161 

   Among pop within regions 5 1.63    -0.0057 Vb -1.43   FST: 0.1010 

   Within populations 59 21.2      0.3590 Vc 89.9
 a

   FCT: 0.1152 

   Total 68 26.5 0.3993   

      

N. gracilis      

   Among regions 3 2.00      0.0327 Va 6.9   FSC: 0.0291 

   Among pop within regions 1 0.50      0.0129 Vb 2.7   FST: 0.0959 

   Within populations 19 8.17      0.4298 Vc 90.4
 a

   FCT: 0.0689 

   Total 23 10.7 0.4754   

 

The AMOVA analysis revealed for both species more or less the same pattern, with 

most genetic variation being attributable to within-population variation (Table 3). 

However, a significant part of the genetic variation in N. irene was explained by 

differences among regions. Furthermore, only a very low amount of the total genetic  
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Table 4: Pairwise FST values between sampled regions for N. irene and N. gracilis (respectively 

before and after “/”). These regions are BC = British Columbia, ON = Ontario (West and East), 

QU = Quebec, NB = New Brunswick. An “
a
“ indicates significant values (p<0.05) after 10,000 

permutations. Note that N. gracilis is absent in BC. 

 BC ONw ONe QU 

BC .    

ONw 0.248 / - .   

ONe 0.416 a / - -0.006 / -0.058 .  

QU 0.422 a / - -0.010 / 0.143 -0.034 / 0.014 . 

NB 0.216 a / - -0.103 / 0.594 a 0.039 / 0.393 a 0.031 / 0.475 a 

 

variation was attributable to variation among populations within regions (Table 3). 

The results of the NMDS/MST analysis are given in Figure 3. The N. irene populations 

from British Columbia clustered together and appeared strongly differentiated from 

populations from the other regions (Figure 3a and Table 4). The other regions (i.e. 

West and East Ontario, Quebec and New Brunswick) were not genetically 

differentiated from one another (Table 4). However based on Figure 3a, one 

population from New Brunswick (NB-HW3) seemed genetically strongly 

differentiated from all other populations, including the other population in the same 

region (NB-MP).  Within N. gracilis, overall genetic differentiation among regions 

was much higher and appeared to be less structured compared with N. irene (Figure 

3b and Table 4).  

 

 

 

 

 

 

 

 

Figure 3: Three-dimensional plot via nonmetric multidimensional scaling (NMDS) combined 

with a minimum spanning tree (MST) based on pairwise FST values among populations of N. 

irene (a.) and N. gracilis (b.) 
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The Mantel-test showed significant isolation by distance in N. gracilis (Z = 

1830.7; r = 0.63; p < 0.001) but not in N. irene in the same geographic area (Z = 

350.7, r = 0.10; p = 0.28) (Figure 4). Finally, no significant correlation was found 

between geographic and phylogenetic structure in the NCA for N. irene, except for 

clade 1-4, where a contiguous range expansion was detected (Figure 5a). Within N. 

gracilis, no statistically significant values for population structure/historical events 

were found. 

 

 

 

 

 

 

 

 

 

Figure 4. Pairwise FST comparisons among sites plotted against geographic distance between 

them, representing the Mantel-test for isolation-by-distance. This is done for both, N. irene 

(a.) and N. gracilis (b.) in the same geographic area.  
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Figure 5: Haplotype networks for N. irene (A.) and N. gracilis (B.), constructed in NCPA 

(Panchal & Beaumont, 2007) with indication of the hierarchical nesting for NCA. The colour 

and pattern codes represent the sampled regions (N. irene) or the sampled populations (N. 

gracilis). Symbol size is relative to the number of individuals in which the haplotype was 

observed and small open circles are undetected haplotypes. Each connection represents one 

mutational step. 
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Discussion 

 

Our work shows at a regional scale that the overall genetic diversity in the damselfly 

N. irene in Western Canada (British Columbia) is much lower compared to that in 

Central and Eastern Canada (Ontario, Quebec and New Brunswick). Also, genetic 

differentiation among regions was highest between British Columbia and all other 

sampled regions. This is especially interesting given the large spatial, but temporally 

consistent, variation in proportion of female morphs, with atypical high proportions 

of andromorphs in populations of British Columbia (Iserbyt et al., 2009) which is at 

the westernmost edge of the species’ distribution range (Westfall & May, 1996). The 

population genetic structure appears in line with a general pattern perceived in 

several North American vertebrate and invertebrate taxa (inclusive other damselfly 

species), with peripheral populations exhibiting lower genetic diversity and higher 

genetic differentiation than central populations. This pattern is believed to be the 

result of range expansions from glacial refugia (e.g. Taberlet, 1998; Hewitt, 2001; 

Turgeon et al., 2005; Heilveil & Berlocher, 2006; Eckert et al., 2008). Moreover, 

pronounced population divergence at the range limits are also predicted for other 

traits (e.g. colour) when selection is weak or absent (Eckert et al., 2008). In a 

theoretical model, Van Gossum & Sherratt (2008) addressed whether female 

polymorphism in coenagrionid damselflies is under selection or not and predicted 

that harassment selection is only present when male density is sufficiently high. 

Intriguingly, especially in British Columbia, population densities are low, which 

suggests that also harassment selection on female morphs may be low or even 

absent (Iserbyt et al., 2009; Iserbyt & Van Gossum 2009). Thus, the low genetic 

diversity of N. irene in Western Canada may be partly explained as the result of past 

stochastic events. If this is the case, then allele frequencies at the colour locus may 

initially have been influenced during postglacial recolonisation by strong random 

genetic drift and founder effects, resulting in andromorphs being the predominant 

female morph in Western populations. These stochastic events, together with the 

absence of harassment selection, may result in Western populations with high 
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andromorph frequencies nowadays. We stress that this does not exclude the 

possibility of sexual (e.g. Van Gossum et al., 2007a; Van Gossum & Sherratt, 2008) 

and/or natural selection (e.g. Hammers & Van Gossum, 2008; Iserbyt et al., 2009) in 

shaping the observed spatial pattern of female morph frequencies, but instead 

suggest a role for multiple mechanisms, including historical events.  

 

Our study shows that the genetic variability in N. gracilis is low, and even 

lower in N. irene, compared to other African and North American damselfly species 

(where the same molecular markers were investigated) (Pseudagrion spp.: Rach et 

al., 2008; Enallagma spp.: Turgeon & McPeek, 2002; Turgeon et al., 2005). Indeed, in 

contrast to our expectations, overall genetic variability in N. irene was nearly three 

times lower than in its sister species N. gracilis, despite N. gracilis being 

monomorphic and showing a much smaller distribution range. These observations 

may on the one hand indicate a stronger genetic bottleneck in the North American 

Nehalennia species, and in particular for N. irene. On the other hand, the amount 

and geographical distribution of genetic variation between both Nehalennia species 

is suggestive of a distinct evolutionary history (see also Turgeon & McPeek, 2002), 

which may originate from differences in habitat preference between species. More 

specific, N. irene occurs at common marshy and boggy waters (Walker, 1953), has 

one common and widespread haplotype and shows no isolation-by-distance. This 

may indicate a rapid colonisation over a large geographic area following deglaciation 

(Pertoldi et al., 2000; Salvador et al., 2000). In contrast, N. gracilis has an overall 

higher genetic variability and haplotypes seem restricted to distinct parts of the 

distribution range, resulting in an among-region genetic differentiation with a 

pattern of isolation-by-distance. This may be explained from the observation that N. 

gracilis populations are far less common relative to N. irene populations and are 

characterised by low population densities in Ontario and Quebec (Van Gossum et al., 

2007b). Possibly, the isolating character of the Sphagnum bogs to which N. gracilis 

seems to be restricted (Walker, 1953), together with recent anthropogenic habitat 
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fragmentation reduced movements between suitable habitat, resulting into the 

observed population genetic structure (Hoehn, Sarre & Henle, 2007). 

Future work extending the phylogeography of Nehalennia damselflies may 

provide further details on the recolonisation pattern in North America and on the 

role of historical events in shaping the observed variation in morph frequencies. Due 

to different substitution rates in mtDNA relative to nDNA, and to minimize the 

problem of sequencing nuclear pseudogenes of mitochondrial origin, both mtDNA 

and nDNA should be investigated (Maynard Smith, 1998; Leister, 2005). When 

reconstructing a species’ evolutionary history, in addition to nested clade analysis, 

coalescence methods may provide further valuable information (Knowles & 

Maddison, 2002). 
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Abstract 

The contribution of adaptive mechanisms in maintaining genetic polymorphisms is 

still debated in many systems. To understand the contribution of selective factors in 

maintaining polymorphism, we investigated large-scale (> 1000 km) geographic 

variation in morph frequencies and fitness-related physiological traits in the 

damselfly Nehalennia irene. As fitness-related physiological traits, we investigated 

investment in immune function (phenoloxidase activity), energy storage and 

fecundity (abdomen protein and lipid content), and flight muscles (thorax protein 

content). In a first part of the study, our aim was to identify selective agents 

maintaining the large-scale spatial variation in morph frequencies. Morph 

frequencies varied considerably among populations, but, in contrast to expectation, 

in a geographically unstructured way. Furthermore, frequencies co-varied only 

weakly with the numerous investigated ecological parameters. This suggests that 

spatial frequency patterns are driven by stochastic processes, or alternatively, are 

consequence of highly variable and currently unidentified ecological conditions. In 

line with this, the investigated ecological parameters did not affect the fitness-

related physiological traits differently in both morphs. In a second part of the study, 

we aimed at identifying trade-offs between fitness-related physiological traits that 

may contribute to the local maintenance of both colour morphs by defining 

alternative phenotypic optima, and test the spatial consistency of such trade-off 

patterns. The female morph with higher levels of phenoloxidase activity had a lower 

thorax protein content, and vice versa, suggesting a trade-off between investments 

in immune function and in flight muscles. This physiological trade-off was consistent 

across the  geographical scale studied and supports widespread correlational 

selection, possibly driven by male harassment, favouring alternative trait 

combinations in both female morphs.   

 

Keywords: biogeography, clinal variation, correlational selection, immune function, 

morph frequencies, Nehalennia irene, Odonata, polymorphism, sexual conflict, 

trade-off 
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Introduction 

 

Polymorphisms are attractive model systems for understanding fundamental 

processes related to the origin and maintenance of genetic variation (Stearns and 

Hoekstra,2000; Gray and McKinnon, 2007). For understanding processes maintaining 

polymorphisms, there is increasing awareness that, rather than focussing on one 

single mechanism, a combination of several adaptive and/or neutral mechanisms 

may determine polymorphism (Jones et al., 1977; Magurran, 2005; Punzalan and 

Hosken, 2010; Cornwallis and Uller, 2010; Sánchez-Guillén et al., 2011). An ongoing 

debate in this context is the relative importance of neutral versus adaptive 

mechanisms (Millstein, 2002). One possibility to explore the relative contribution of 

these mechanisms is to compare genetic variability of neutral loci with geographic 

and temporal variation in morph frequencies (Leinonen et al., 2008; Pujol et al., 

2008; Whitlock, 2008). Alternatively, one may evaluate to what extent 

spatiotemporal variation in morph frequencies and morph fitness correlates can be 

explained by variation in ecological parameters (Hoffman and Blouin, 2000; Phifer-

Rixey et al., 2008). 

Many polymorphisms show large-scale geographic variation in morph 

frequencies (Saccheri et al., 2008; Corl et al., 2010; Gosden et al., 2011; Silvertown et 

al., 2011; Stapley et al., 2011), which provides an elegant setting to explore co-

varying ecological variables as indicators of spatially varying selection. For example, 

in the polymorphic snail Littorina obtusata, shell colour morph frequencies changed 

gradually in accordance with environmental temperature regimes within and 

between estuaries (Phifer-Rixey et al., 2008), suggesting that temperature acts as a 

major selective agent to maintain this colour polymorphism. Other examples in 

which morph frequencies relate to ecological variables involve niche occupancy in 

the barn owl, Tito alba (Antoniazza et al., 2010), altitude related solar radiation in 

the polymorphic damselfly Megalagrion calliphya (Cooper, 2010) and soil coloration 

to improve crypsis in Agouti mice (Mullen and Hoekstra, 2008). In many cases, 

spatial morph frequency variation resembles a cline. However, such clines may also 
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result from neutral processes (Slatkin, 1973; Endler, 1977; Excoffier and Ray, 2008). 

To firmly point at spatial varying selection in maintaining polymorphisms, fitness-

related traits should co-vary with the ecological variables in opposite ways between 

morphs, with a certain morph having optimal fitness-related traits at sites where it 

has the highest morph frequencies. For example, colour morphs of the walking stick 

Timema cristinae show spatial morph frequency variation related to the presence of 

host plants and the survival of a given morph is highest at the host plant where its 

frequency is highest (Nosil et al., 2006).  

While spatially varying selection may contribute to the maintenance of 

different morphs at large spatial scales, alternative fitness optima linked to trade-

offs between fitness-related traits may underlie local coexistence of different 

morphs (Sinervo and Svensson, 1998). Fitness-related physiological traits that 

received special attention to explain the maintenance of polymorphisms are those 

related to immune function (Svensson et al., 2001; Joop et al., 2006a; Calsbeek et al., 

2008; Calsbeek et al., 2010a) and energy storage (Zhao and Zera, 2006; Bots et al., 

2009b). Morphs may differentially trade off investments in fitness-related 

physiological traits, thereby generating alternative fitness optima in an adaptive 

landscape, caused by correlational selection on a multivariate suit of physiological 

and life-history traits (Sinervo et al., 2001; Sinervo and Svensson, 2002; Calsbeek et 

al., 2008; 2010a).  

A classic and much debated example of intra-specific polymorphism can be 

found in many species of damselflies (Van Gossum et al., 2008b; Svensson et al., 

2009). In these systems, polymorphism is restricted to the female sex and shows 

simple Mendelian inheritance (Sánchez-Guillén et al., 2005). The observed 

biogeographic variation in female morph frequencies and the mechanisms 

underpinning these frequency dynamics remain an intriguing and controversial topic 

(e.g. Iserbyt et al., 2009; Cooper, 2010; Gosden et al., 2011; Sánchez-Guillén et al., 

2011 and Takahashi et al., 2011). To understand spatiotemporal patterns in female 

morph frequencies, partial support has been found for fluctuating selection pressure 

caused by male-female interactions (Svensson et al., 2005; Takahashi et al., 2010). 
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The presence of such distinct phenotypes are therefore generally explained in the 

context of sexual conflict theory, in which multiple female morphs co-exist as 

counter-adaptations to avoid costly male sexual harassment (Robertson, 1985; 

Hinnekint, 1987; Fincke, 2004). However in addition to this harassment-reduction 

hypothesis, recent studies point at a potential role for stochastic effects during 

recolonisation when it comes to explain morph frequency variation (Iserbyt et al., 

2010), differential dispersal capacity between female morphs (Svensson and Abbott, 

2005), and especially differential preference or tolerance to local abiotic conditions 

(Hammers and Van Gossum, 2008; Bots et al., 2009b; Cooper, 2010; Gosden et al., 

2011). In support of the latter, a recent large scale population genetic study 

indicated the importance of divergent selection (Sánchez-Guillén et al., 2011), in 

which certain morphs may be favoured in local populations that differ in ecological 

(biotic and abiotic) conditions. Specifically, the authors suggested potentially 

important factors like temperature and precipitation regimes that are likely to affect 

the different colour morphs in contrasting ways (see also Hammers and Van 

Gossum, 2008; Bots et al., 2009b and Gosden et al., 2011). Indeed, given the 

difference in body pigmentation, melanin pattern and behaviour it is not surprising 

that female morphs in these damselflies are expected to differ in thermal properties 

(Bots et al., 2008, 2009). Further supporting evidence comes from recent studies 

that showed significant clinal variation in female morph frequencies (Calsbeek et al., 

2008; Hammers and Van Gossum, 2008; Cooper, 2010; Gosden et al., 2011) including 

co-variations with ambient temperature. Together, after several decades focusing on 

the harassment-reduction hypothesis, it became clear that one single hypothesis 

may not suffice to explain this polymorphism (Punzalan and Hosken, 2010; Sánchez-

Guillén et al., 2011). 

In the current study, we used the polymorphic damselfly Nehalennia irene, a 

species with large geographical variation in morph frequencies (Van Gossum et al., 

2007a; Takahashi et al., 2011). The stronger differentiation in morph frequencies at 

two sites, separated by only 8 km in Eastern Canada compared to genetic 

differentiation in neutral microsatellite markers indicated that divergent selection 
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rather than neutral processes caused spatial variation in morph frequencies (Wong 

et al., 2003). Yet, using this method one cannot identify which selective agents 

caused the geographic variation. Furthermore, morph frequencies appear to 

resemble a cline at continental scale from Northwest to Southeast Canada (Van 

Gossum et al., 2007a), which has been suggested to co-vary with both, ambient 

temperature and male density (Takahashi et al., 2011). However, this suggested cline 

in based on groups of study populations with a discontinuity of sometimes more 

than 3000 km. Here, we elaborate on several previous studies (Wong et al., 2003; 

Van Gossum et al., 2007a; Iserbyt et al., 2010; Takahashi et al., 2011) and aim to 

identify selective agent(s) in maintaining this polymorphism. Therefore, we surveyed 

89 populations along a linear 1100 km transect, representing a continuous ecological 

cline in population density, temperature and precipitation regimes. Following the 

St.-Laurence river in Eastern Canada provided us with an excellent opportunity to 

sample with consistent continuity. 

In a first part of the study, our aim is to identify selective agents maintaining 

the large spatial variation in morph frequencies. If a female morph relative to the 

other, is favoured in local populations that differ in ecological parameters, we then 

expect (1) morph frequencies to co-vary with these ecological parameters (Hammers 

and Van Gossum, 2008; Mullen and Hoekstra, 2008; Phifer-Rixey et al., 2008; 

Antoniazza et al., 2010; Cooper, 2010), and (2) that in populations where this morph 

is favoured, it has more optimal values of fitness-related physiological traits, relative 

to the other morph (Nosil et al., 2006; Bots et al., 2009b; Parkash et al., 2009). The 

studied physiological traits involve key parameters related to investments in immune 

function, in energy storage and fecundity, and in flight muscles that are strong 

candidates to affect fitness in damselflies (Rolff and Siva-Jothy, 2004; Córdoba-

Aguilar, 2009; González-Tokman et al., 2011; Stoks and Córdoba-Aguilar, 2012). In a 

second, related part of the study, we aim at identifying trade-offs between fitness-

related physiological traits that may contribute to the local maintenance of both 

colour morphs and test the spatial consistency of morph differences that define 
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alternative phenotypic optima (Sinervo et al., 2001; Sinervo and Svensson, 2002; 

Calsbeek et al., 2008, 2010a).  

 

Materials and methods 

 

Model species  

The sedge sprite N. irene is a small non-territorial damselfly (Zygoptera; Odonata), 

which inhabits marshy or boggy waters and is common throughout most of Canada 

and the Northern parts of the United States (Westfall and May, 1996). It is not an 

endangered nor a protected species (see COSEWIC, federal government Canada). 

Nehalennia irene has one generation per year, with the winged adult life stage and 

reproduction typically occurring between early June and mid-August. After locating a 

potential mate, a male will attempt to grasp the female in the so-called tandem 

formation, where the male attaches his anal appendages to the female’s prothorax 

(Corbet, 1999). In a next step, the male will then try to copulate with the female. A 

female’s mate status can thus either be mated (tandem or copulating position) or 

either be single. The adult stage exhibits a clear dimorphism restricted to the female 

sex, with morphs being easily classified based on their body colouration and melanin 

pattern into andromorphs and gynomorphs (Lam, 2004). Mature andromorph 

females resemble the conspecific male’s blue body colouration and melanin pattern 

(Forbes et al., 1995; Van Gossum et al., 2008b), whereas gynomorph females have 

distinctive yellowish lateral thorax sides and a less conspicuous abdominal melanin 

pattern; for colour figures see (Lam, 2004), for pictures see Iserbyt et al. (2011). 

Earlier research indicated large spatial but temporally fairly consistent variation in 

relative female morph frequencies, with proportions of andromorphs among 

females being atypically high at the Western edge of the species distribution range 

(> 90%) relative to the central and Eastern part of the range (0 – 63%) (Van Gossum 

et al., 2007a; Takahashi et al., 2011). 
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Study sites and sampling procedure  

Frequencies and densities of males and female morphs were determined at 58 

populations during the reproductive seasons of 2009 and 2010. This was done along 

a linear and continuous 1100 kilometre transect in the central to Eastern part of the 

species’ distribution range, in Ontario and Quebec, Canada (Figure 1). Along this 

transect, annual mean temperatures range from 6.5°C at the south-west up to 0.8°C 

at the north-east. In addition, frequency and density data of 31 additional 

populations in Ontario, Quebec and New Brunswick that were sampled in 2004 and 

2007 were used from Iserbyt et al. (Takahashi et al., 2011). We aimed to sample 

populations minimally five kilometre separated from one another (mean ± SE: 13.0 ± 

1.1 km) and not being  part of the same lake or river system. No specific permits 

were required for the described field studies. Neither were any of the locations 

privately owned or protected in any way. 

Figure 1. Geographical distribution of the study populations. The 89 populations are 

presented in three groups according to andromorph frequencies. Average frequencies are 

given when populations were sampled in multiple years. Numbers one to eight indicate 

populations where specimens were collected for quantification of physiological parameters 

(further details of these populations are provided in Table 1). 
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Table 1. Ecological parameters of the eight populations where individuals were collected 

during the reproductive season of 2010 for quantification of physiological parameters. These 

parameters include andromorph frequencies (%) and male density (individuals/minute), 

based on summed immature and mature individuals, as well as annual temperature (°C) and 

precipitation (mm) normals. Site numbers correspond with the numbers in Figure 1.  

 

Population parameters 

Frequencies and densities of males and female morphs were determined at each site 

as described by Van Gossum et al. (2007a). Shortly, an insect net was swept 

transcribing ‘eight-shaped’ figures, while walking slowly through the shoreline 

vegetation and recording the time elapsed. Sex, morph and age class (immature or 

mature) of each individual N. irene netted was noted. We aimed to catch at least 30 

females at each site (mean ± SE = 62 ± 3). This allowed calculating six population 

parameters either based on matures or matures plus immature (Takahashi et al., 

2011): i.e. the proportion of females being andromorph, the ratio of andromorphs to 

males (i.e. mimics to models), the ratio of males to females (operational sex ratio, 

OSR), the population and male density (respectively number of individuals and 

number of males caught per time unit) and finally the proportion of mature 

individuals. Density and sex ratio are considered relevant proxies of male 

harassment, because when males are more numerous or when the number of males 

per female increases, females are expected to be approached more frequently by 

mate-searching males (Le Galliard et al., 2005; Kokko and Rankin, 2006; Xu and 

Finke, 2011). The proportion of mature individuals can be used as surrogate for  

Site name  Sample date Afreq Mdens Temp Prec 

1. Otter Marsh 18-19/6  33.8 28.8 6.5 948 
2. Alexandria 22/6 36.6 27.0 5.8 960 
3. Quebec City 30/6 & 4/7 62.7 10.2 4.7 1170 
4. Tourville 24/6 22.8 13.4 2.6 1219 
5. St.-Hilarion 06/7 25.5 8.9 2.5 986 
6. Rimouski 21-22/7 12.6 13.9 1.6 1165 
7. Forestville 12/7 22.0 5.4 2.6 1084 
8. Hauterive 15/7 51.7 11.9 1.5 1014 
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moment in the reproductive season, with a proportion equal to zero at the onset 

and a proportion of one at the end of the season.  

 

Weather parameters 

Given that female morph frequencies and physiological parameters (see further) can 

be influenced by long-term as well as short-term weather conditions (Hammers and 

Van Gossum, 2008; Bots et al., 2009b; Cooper, 2010), we obtained detailed weather 

data from the Canadian National Climate Data and Information Archive 

(http://www.climate.weatheroffice.ec.gc.ca). The average distance between our 89 

study populations and the closest weather station was 16.8 ± 1.0 km. Long-term 

annual and seasonal (winter, spring, summer and autumn) climate normals were 

derived from the weather stations closest to each site. These climate normals are 

the arithmetic averages of weather elements over the 30-year interval (1971-2000). 

Our extracted dataset includes annual and seasonal temperature (mean, minimum 

and maximum) and precipitation averaged over this thirty-year period. To obtain 

short-term weather data we derived seasonal mean precipitation and mean, 

minimum and maximum temperature, during the preceding year (starting with the 

summer of 2009). Additionally, on a very short-term time scale we derived daily 

precipitation, and mean, minimum and maximum temperatures for four periods: the 

day of capture, the day of capture plus the preceding day, the preceding two days 

and the preceding three days. 

 

Physiological parameters  

To quantify physiological parameters, individuals were collected at a subset of eight 

sites along our transect (Table 1; Figure 1). We selected these populations based on 

the minimal distance between them (min: 65 km; mean ± 1SE = 93 ± 14 km), in such 

a way that large variation was present in both, weather and population parameters 

(Table 1). This large variation provides us with a good opportunity to explore morph-

specific variation in the physiological estimates with respect to these ecological 

variables. The eight selected sites may thus be viewed as a representative subset of 
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the total population dataset (N = 89) along our transect. Minimally 20 individuals 

(24.1 ± 0.5) of each female morph were collected in 2010. These were all mature 

individuals judged by the brightness of their body colours and stiffness of the wings 

(Corbet, 1999). Mate status at the moment of capture, i.e. being single or mated, 

was noted for every female. Each female was stored separately and preserved 

immediately in liquid nitrogen in the field. Afterwards, all individuals were further 

stored at -80°C in the laboratory for further use. 

We studied three key physiological parameters related to investments in 

immune function (phenoloxidase (PO) activity), in energy storage and fecundity 

(abdomen lipid and protein content) and in flight muscles (thorax protein content) 

that are strong candidates to affect fitness in damselflies (Rolff and Siva-Jothy, 2004; 

Rolff et al., 2004; Bots et al., 2009b; Stoks and Córdoba-Aguilar, 2012). PO activity is 

one of the most important components of insect immune function (Sugumaran, 

2002; Boughton et al., 2011; González-Santoyo and Córdoba-Aguilar, 2012). Lipids 

are the most important form of energy storage in both the adult and the egg stage 

(Ziegler and Van Antwerpen, 2006; Lease and Wolf, 2011). Proteins are the major 

component of flight muscles (Marden, 2000) and are important for the development 

of the eggs (Wheeler, 1996). Because flight muscles make up to 95% of the thorax 

mass (Marden, 1989), thorax protein content can be seen as a proxy for investment 

in flight muscles. Abdomen protein and lipid content reflect the investment in 

fecundity. All three physiological parameters have been shown to be influenced by 

male harassment (Bots et al., 2009b; Córdoba-Aguilar, 2009) and weather conditions 

(Fielding and Defoliart, 2008; Karl et al., 2011), and may potentially differ between 

morphs (Calsbeek et al., 2008; Bots et al., 2009b).  

To quantify PO activity, we closely followed the protocol by Stoks et al. 

(2006), here optimised for N. irene. Specifically, the thorax was homogenised using a 

hand-held pistil and 0.3 ml cacodylate buffer was added (0.01 mol/l Na-Coc, 0.005 

mol/l CaCl2). The cell walls were removed via centrifugation (4°C, 13000 rpm, 10 

min). Each well of a 96-well microtiterplate was filled with 100 μl sample 

supernatant, 35μl PBS buffer, 5 μl chymotripsine (5 mg/ml) and after five minutes 60 
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μl L-Dopa (dihydrophenyl-l-alanine; 10 mM in cacodylate buffer). The reaction 

proceeded for 30 minutes at 30°C. Readings were taken every 10 seconds on a 

temperature-controlled microplate reader at 490 nm. Enzyme activity was measured 

as the slope during the linear phase of the reaction when the enzyme catalyses the 

transition from L-DOPA to dopachrome.  

Protein content was quantified separately in thorax (mainly flight muscles) 

and abdomen (mainly eggs) using the Bradford method (Bradford, 1976). Therefore, 

5 μl of the homogenised sample was added to 155 μl milli-Q-water and 40 μl 

Bradford reagent (Sigma®, San Louis – USA). The absorbance was read at 595 nm 

after 10 minutes on a microplate reader. Concentrations were calculated from 

standard curves of bovine serum albumine (United States Biochemical Corp, Bath – 

UK). 

Abdomen lipid content was assayed using the protocol described in Bligh & 

Dyer (1959). 200 μl of the homogenised sample was mixed with 400 μl chloroform, 

400 μl methanol and 200 μl milli-Q-water to dissolve the lipids. Lipids were 

precipitated via centrifugation (4°C, 13000 rpm, 5 min). 200 μl of the lower 

chloroform fraction was mixed with 500μl concentrated H2SO4 and was incubated 

for 15 minutes at 200°C. Then 2 ml milli-Q-water was added and subsequently 200 μl 

of each sample was read at 405 nm on a microplate reader. Concentrations were 

calculated from standard curves of tripalmitine (Acros Organics, Geel– Belgium). 

Thorax lipids could not be quantified because all homogenised thorax sample was 

used to measure PO activity and protein content. 

All physiological parameters were assayed twice per individual and the mean 

of both readings was used in all further analyses (all repeatabilities > 0.83; Lessells 

and Boag, 1987). A digital picture of the right hind wing was taken of each individual 

(Nikon D70 / Tamron macro lens 90mm 1:2.8). Using ImageJ 1.38x (Abramoff et al., 

2004), wing length was determined from the second antenodal cross vein to the 

stigma; for more detail see Iserbyt et al. (2011).  
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Statistical analyses 

We first tested for spatial autocorrelation to examine geographical dependency in 

the studied population and long-term weather parameters (Koenig, 1999). 

Therefore, we used the Morans’ I index, with I-values significantly different from 

zero indicating that spatial heterogeneity in the ecological parameters increases with 

distance among populations. Nearby populations are thus expected to be more 

similar than populations further apart. Population parameters were averaged per 

site when sampled in multiple years and tested for spatial autocorrelation with a lag 

distance of 5 km. This value equals our minimal distance between nearby population 

and is much higher than the average dispersal distance of comparable zygopteran 

damselflies in a network of ponds (Conrad et al., 2002). In addition, we tested for 

clinal variation, i.e. latitudinal and longitudinal effects, in these ecological 

parameters. We accounted for sampling over multiple years by treating site as a 

random factor in the mixed models. 

In a next step, we explored to what extent spatial variation in morph 

frequencies could be explained by linear and quadratic effects of latitude and 

longitude, harassment proxies (OSR and densities) and weather parameters 

(temperature and precipitation normals). As expected, several of these parameters 

were strongly correlated and may therefore not be included together in one 

regression model, because of multi-collinearity problems (Farrar and Glauber, 1967). 

To make an a priori selection among the explanatory variables and meanwhile 

avoiding problems with multi-collinearity, we used two independent methods which 

have been proven to be successful in the past: classification and regression trees 

(CART) (De’ath and Fabricius, 2000; Zheng et al., 2009; Nakamoto et al., 2011) and 

partial least squares regressions (PLS) (Li et al., 2002; Hubert and Vanden Branden, 

2003). CART explains variation of a single response variable by repeatedly splitting 

the data with the best predictive variables into more homogeneous groups. PLS is a 

regression technique developed to deal with many explanatory variables and one or 

several response variables. Predictors selected by the PLS that are highly correlated 

(R² > 0.9) are considered to have equal explanatory value. In such cases, the variable 
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that best corresponded with the CART analyses was selected as best predictor. CART 

and PLS both selected the same best predictors in our dataset (see results). 

Therefore, these analyses can be seen as replicated and independent methods, 

which increases the robustness of our results. Subsequently, we tested whether the 

two best predictive parameters had a significant effect on the spatial variation in 

morph frequencies using separate general linear mixed models (GLM). These are 

basically multiple regression analyses, in which we controlled for possible within-

season variation in morph frequencies (Van Gossum et al., 2007a), by including the 

proportion of mature individuals as linear and quadratic effects into the model. Also, 

given that some populations were sampled in multiple years, source population was 

treated as a random variable. 

The ecological variables that could best explain variation in morph 

frequencies were also used to analyse variation in the physiological parameters. 

Therefore, we performed ANCOVA models, including morph, mate status and the 

selected ecological variables, plus interactions with morph. Source population was 

treated as a random variable. To correct for individual and morph-specific 

differences in size, protein and lipid contents were divided by wing length (Mucklow 

et al., 2004; Iserbyt et al., 2011). To correct for individual and morph-specific 

differences in protein content when analyzing the enzyme PO, we calculated PO 

residuals obtained by regressing PO activity against thorax protein content. 

Correcting PO for wing length as the other physiological parameters did not change 

the outcome of the analyses. Similarly, using protein or lipid residuals obtained by 

the regression against wing length, did not alter the conclusions. All analyses were 

performed in SAS 9.2 (SAS Institute Inc, Carry, NC, USA), except for the CART 

analyses which were completed in SPSS 18.0 (SPSS Inc, Chicago, IL, USA). 
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Results 

 

Variation in morph frequencies 

Considerable spatial variation in the frequency of andromorph females was 

identified ranging from 0.0 to 62.7 % (mean ± SE: 8.8 ± 1.2 %; see Figure 1). No sign 

of spatial autocorrelation in morph frequencies was detected, nor were there any 

effects of latitude or longitude (Table 2). Similar patterns were observed with the 

ratio of andromorphs to males and the OSR (Morans’ I, latitude and longitude, all p > 

0.05). In contrast, male density and annual temperature normals both decreased 

towards Eastern and Northern directions, while annual precipitation normals 

increased towards the East. Strong signals of spatial autocorrelation were detected 

in these three ecological parameters (Table 2). Similar patterns were observed for 

population density and all seasonal mean, minimum and maximum temperature and 

precipitation normals (Morans’ I, latitude and longitude, all p < 0.0001). 
 

Table 2. Outcome of the spatial autocorrelation analyses for andromorph frequency, male 

density, annual temperature and precipitation normals, using Morans’ I index. Latitudinal and 

longitudinal effects in these ecological parameters are tested with mixed models. Significant 

effects are indicated in bold. Given that we tested each parameter four times, we also 

provide between brackets the adjusted α threshold values based on the sequential 

Bonferroni correction [91]. Similar patterns were observed for other population and weather 

parameters (see results).  
 

 

 

The CART analysis put forward adult male density (split at 11.2 

individuals/minute) as most important variable for explaining the spatial variation in 

morph frequencies, followed by maximum spring temperature normals (11.0°C). 

These results exactly correspond with the selected predictors of the PLS analysis (see 

Figure 2). Overall, precipitation regimes had very limited explanatory value (Figure 

Parameter (α) Morans' I Latitude Longitude 

Afreq (p = 0.05) I =  0.14, Z = 0.6, p = 0.54 F1,40 = 0.36, p = 0.55 F1,40 = 0.24, p = 0.63 

Mdens (p = 0.02) I =  0.88, Z = 3.4, p = 0.0007  F1,40 = 26.5, p < 0.0001 F1,40 = 13.4, p = 0.0007 

Temp (p = 0.01) I =  0.97, Z = 3.7, p = 0.0002 F1,87 = 372.1, p < 0.0001 F1,87 = 42.6, p < 0.0001 

Prec (p = 0.03) I =  0.71, Z = 2.8, p = 0.005 F1,87 = 1.02, p = 0.32 F1,87 = 11.3, p = 0.001 
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Ecological parameter
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2). From the two selected ecological parameters, maximum spring temperature did 

explain only a minor, non-significant, part of the variation in andromorph 

frequencies (GLM: F1,40 = 2.38, p = 0.13; Pearson correlation: R² = 0.02; Figure 3A). 

Andromorph frequencies increased with mature male densities (F1,40 = 5.55, p = 

0.023; R² = 0.04; Figure 3B). The proportion of mature individuals, as a controlling 

factor for seasonal variation, had no effect on morph frequencies (linear: F1,39 = 2.72, 

p = 0.11 and quadratic: F1,38 = 0.84, p = 0.36).  

 

 

Figure 2. Variable importance plot of the partial least squares (PLS) regression explaining 

spatial variation in morph frequencies. Conform the CART analysis, mature male density and 

maximum spring temperature were selected as most important explanatory variables. Note 

that all density estimates are highly correlated (all R² > 0.9). Hence, only adult male density is 

used in further analyses (see methods). 
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Figure 3. Spatial variation in andromorph frequencies plotted against maximum temperature 

normals in the spring season (A) and mature male density (B). These variables explained most 

of the spatial variation in morph frequencies, based on the CART and PLS analyses. Average 

population morph frequencies are presented when sampled over multiple years. Significant 

regression fit and 95% confidence interval is presented in panel (B). 

 

 

Figure 4. Differences between single (black) and mated (white) female morphs in PO activity 

(A) and thorax protein content (B). Values are based on the least squares means (± 1SE) of 

the final general linear mixed models as presented in Table 2. For graphical clearness, mean 

values of PO activity (residuals obtained by regressing PO activity against thorax protein 

content) are summed by one. 
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Table 3: Results of the general linear mixed models explaining variation in the four 

physiological parameters. Explanatory variables include female morph, mate status, mature 

male density (Mdens) and both interactions with female morph. Morph-by-status and 

morph-by-density interactions were never significant (all P > 0.1). The numerator degrees of 

freedom is one in all cases, d.f. in the table refers to the denominator degrees of freedom. 

Significant explanatory variables are indicated in bold. Given that we tested each effect for 

four response variables, we also provide between brackets the adjusted α threshold values 

based on the sequential Bonferroni correction (Holm, 1979). 

 

 
Effect d.f. F p 

PO activity  

 
Morph  364 5.52 0.019 (0.02) 

 
Status 362 0.07 0.79 

 
Mdens 364 1.48 0.22 

     
Thorax protein content  

 

 
Morph 382 6.82 0.009 (0.01) 

 
Status 382 7.94 0.005 (0.01) 

 
Mdens 382 0.61 0.44 

     
Abdomen protein content 

 
Morph 389 0.32 0.57 

 
Status 387 0.12 0.73 

 
Mdens 390 0.69 0.41 

     
Abdomen lipid content 

 

 
Morph 376 0.00 0.95 

 
Status 377 2.81 0.09 

 
Mdens 377 1.11 0.29 

 

 

Variation in physiological parameters 

Andromorphs had significantly, ca. 10%  higher PO activity levels compared to 

gynomorphs (Table 3, Figure 4). The reverse pattern was found for thorax protein 

content, which was over 5% lower for andromorphs relative to gynomorphs. No 

morph-specific differences were found in abdominal physiological traits (Table 3). 

Although mature male density was the only significant ecological parameter that 

could explain part of the spatial variation in morph frequencies, this density effect 

did not differentially affect the physiological parameters of both female morphs (see 

interactions, Table 3). Neither did any of the various other studied population 
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parameters, long-term and short-term weather parameters affect physiological 

parameters of both female morphs in contrasting ways (results not shown). Finally, 

mated females had significantly higher thorax protein content, compared to single 

females (Table 3, Figure 4B). 

 

Discussion 

 

Our results indicate large spatial variation in morph frequencies in a geographical 

rather unstructured way, which could be explained only weakly by numerous 

ecological parameters. These ecological parameters did not affect physiological 

fitness-related traits of both female morphs in contrasting ways. However, we 

showed a geographically consistent morph-specific trade-off between investment in 

immune function and in flight muscles. In what follows, we will discuss the above 

findings in a broader evolutionary context.  

While most of the investigated ecological parameters showed spatial 

autocorrelation, this pattern was not present in female morph frequencies. 

Moreover, and contrary to our expectations, we found generally little proof for 

weather and population parameters being important in explaining biogeographic 

patterns in female morph frequencies. Our results may therefore indicate the 

importance of stochastic effects causing spatial frequency fluctuations. Alternatively, 

female morphs may be adapted to highly variable and currently unidentified small-

scale environmental conditions. The latter alternative explanation may seem less 

likely as we included most of the known weather and population parameters likely 

to differentially affect the colour morphs, although we acknowledge that some 

factors may be overlooked. Considerable variation in morph frequencies in a 

spatially structured manner has been reported in taxonomically diverse systems, 

such as birds (Antoniazza et al., 2010), mammals (Mullen and Hoekstra), insects 

(Saccheri et al., 2008; Takahashi et al., 2011), molluscs (Phifer-Rixey et al., 2008) and 

plants (Olsson and Agren, 2002). Such studies provide preliminary support for 

selection underlying these polymorphisms. The clinal variation in morph frequencies 
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in female damselflies has been related with variation in ambient temperature in 

Ischnura elegans (Hammers and Van Gossum, 2008) and altitude related solar 

radiation in Megalagrion calliphya (Cooper, 2010). In another approach to 

understand these biogeographical patterns, population genetic studies compared 

genetic variability of neutral loci with morph frequencies at local spatial and 

temporal scales (Andrés et al., 2000, 2002; Wong et al., 2003; Abbott et al., 2008). 

While direction, form and magnitude of selection differed among studies, they 

jointly argued against drift to maintain multiple female morphs in natural 

populations. Specifically for N. irene, Wong et al. (2003) suggested that on a local 

scale spatially variable selection operates on different morphs, perhaps mediated by 

adaptation to variable local environmental conditions, frequency- and density-

dependent selection regimes or a combination of those. A similar conclusion could 

be drawn for I. senegalensis (Takahashi et al., 2011) and I. elegans at a large spatial 

scale (Sánchez-Guillén et al., 2011), in which the strength of divergent selection 

differed among regions. Similar to our observations, one of the female morphs is 

extremely rare or even absent in some parts of I. elegans’ distribution area (Gosden 

et al., 2011; Sánchez-Guillén et al., 2011). This could either be caused by local 

selection acting against this rare morph, or by stochastic effects during colonization 

of certain areas; for lizards see also (Calsbeek et al., 2010b). In accordance, a recent 

population genetic study indicated that the extreme continental frequency variation 

(from 0% to ~100%) in N. irene could in part be explained by such stochastic effects 

(Iserbyt et al., 2010). The lack of spatial autocorrelation in morph frequencies and 

the weak explanatory value of ecological parameters in the current study strengthen 

this idea. 

Nonetheless, and in accordance with a number of studies, we found, 

admittedly weak (R² = 0.04; see figure 3B), but significant co-variation between 

spatial variation in andromorph frequencies and male density (Forbes et al., 1995; 

Cordero Riviera, 1998; Andrés et al., 2002; Van Gossum et al., 2007a; Takahashi et 

al., 2011). Evidently, this relationship does not prove causality. However, theoretical 

and empirical studies support that the intensity of sexual conflict rises with male 
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density, thereby reducing female fitness components (Le Galliard et al., 2005; Kokko 

and Rankin, 2006; Bots et al., 2009b; Xu and Finke, 2011). Harassment selection may 

thus be too low or even absent in populations with low male density (Van Gossum 

and Sherratt, 2008). Drift may get the upper hand in such conditions, generating 

fixation of a given morph (Gray and McKinnon, 2007; Corl et al., 2010). This may also 

explain why 13 out of 89 populations are monomorphic in the current study.  

To point at selection maintaining spatial variation in the polymorphism, 

relative fitness components of the morphs should also differ in relation to the 

supposed selective agent (Nosil et al., 2006; Bots et al., 2009b; Parkash et al., 2009). 

However, in the present study no morph-specific influences of male density (or other 

population parameters, nor short- and long-term weather parameters) on 

physiological traits were detected. Contrarily, body condition measures in the 

damselfly Enallagma cyathigerum were differentially affected by short-term ambient 

temperature in both morphs (Bots et al., 2009b). One reason for this difference 

between studies may be the smaller variation in weather parameters in the current 

study (e.g. 11-22°C in Bots et al. (2009b), vs 17-23°C in the current study). However, 

in line with the current results, neither did other recent studies find such morph-

specific influences of environmental conditions on several behavioural and life-

history traits (Bots et al., 2008; Iserbyt and Van Gossum, 2009; Bouton et al., 2011).  

With regard to trade-offs between fitness-related physiological traits 

contributing to maintaining the polymorphism at a local scale, our physiological data 

suggest a morph-specific and geographically consistent trade-off where 

andromorphs, relative to gynomorphs, tend to invest more in immune function and 

less in flight muscles. Because traits related to immune function and flight muscles 

are costly to produce and maintain (Siva-Jothy and Thompson, 2002; Schmid-

Hempel, 2005; De Block and Stoks, 2008), our results likely reflect an energy-

allocation trade-off (Lochmiller and Deerenberg, 2000; King et al., 2011). 

Interestingly, similar trade-offs have been suggested in polymorphic butterflies 

(Ohsaki, 2005; but see Kunte, 2009) and are particularly well described in several 

species of polymorphic lizards. In these latter model species, colour morphs may 
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differentially allocate resources towards traits related to immune function versus 

life-history, morphology or performance-related traits (Uta stansburiana: Svensson 

et al., 2001; Podarcis muralis: Calsbeek et al., 2010a; Anolis sagrei: Calsbeek et al., 

2008). These lizard studies suggest that correlational selection driven by density of 

neighbouring individuals favours successful and alternative trait combinations 

among morphs (Svensson et al., 2001; Calsbeek et al., 2008). In our study, both 

morphs may differently allocate resources to traits related to immune function and 

flight muscles because of differences in degree of male sexual harassment and/or 

differences in behavioural strategies to avoid this cost. In this scenario, gynomorphs 

would invest more in flight muscles that enhance aerial competitive ability (Marden, 

1989, 2000; Berwaerts and Van Dyck, 2004) to fend of harassing males. This effect 

was even stronger for mated females, perhaps because males particularly search 

and mate females that are most active and in best condition (Gosden and Svensson, 

2009). In line with the suggested enhanced flight ability, N. irene gynomorphs display 

more refusal behaviour when they are the majority morph (Forbes et al., 1997; see 

also Iserbyt and Van Gossum, 2009). Also in I. elegans, female morphs differ in 

behavioural tactics in order to escape from excessive male harassment (Van Gossum 

et al., 2001a; Gosden and Svensson, 2009). Specifically andromorphs occupy less 

open habitat, fly within shorter ranges and directly fend off approaching males (Van 

Gossum et al., 2001a). These observed behavioural differences may relate to 

differential investment in flight muscles and differential exposure to parasites 

(Locklin and Vodopich, 2010) and thus investment in immune function.  

Whatever the underlying mechanism, our data and other studies suggest 

correlational selection favouring successful and alternative trait combinations 

among female morphs (Mckinnon and Pierotti, 2010). This multivariate suit of traits 

involve physiological (this study) as well as behavioural (Forbes et al., 1997), 

morphological (Van Gossum et al., 2008b; Iserbyt et al., 2011) and life-history 

(chapter 5) traits. Identifying trade-offs among fitness-related traits may increase 

our knowledge how polymorphisms are maintained, because they may generate 
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morph-specific fitness optima in phenotypic space (Svensson et al., 2001; Calsbeek 

et al., 2008, 2010a).  

 

Conclusions 

Despite many studies, the mechanisms underlying female polymorphism in 

damselflies are still under debate and this study area urgently needs to open its 

perspective and accept multiple non-exclusive explanations (Van Gossum et al., 

2008; Svensson et al., 2009; Cooper, 2010; Sánchez-Guillén et al., 2011). In the 

present study, we provided several new insights. We first showed that morph 

frequencies are spatially unstructured and are only weakly related to numerous 

investigated ecological parameters. This may indicate that morph frequencies either 

vary randomly caused by stochastic processes or alternatively, that female morphs 

are adapted to local ecological conditions that largely vary at a small spatial scale. 

Furthermore we showed that ecological parameters did not differentially affect 

fitness-related physiological traits of both female morphs. Instead, we documented 

geographically consistent morph differences in physiology reflecting a trade-off 

between investments in immune function and in flight muscles. Our results share 

much resemblance with results on polymorphic lizards and highlight an overlooked 

candidate mechanism contributing to the maintenance of  multiple female morphs 

within damselfly species.  
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Abstract 

 

In this preliminary chapter, we formally test for frequency-dependent sexual 

selection in an intra-specific polymorphism. Specifically, we evaluate whether or not 

three previously used estimates for male harassment differ between morphs in a 

frequency-dependent manner. These three approaches differ in degree of permitted 

female behavior, ranging from nearly absent in experimental tethered conditions, 

over some allowed behavior in cages, towards a fully allowed female behavioral 

arsenal under natural conditions. When female behaviour is limited, we observe that 

males discriminate between female morphs with a clear preference for the most 

common morph. However, this frequency-dependent effect decreased with 

increasing degree of female behaviour. This clearly indicates that female behavior 

interferes with the strength of frequency-dependent sexual selection imposed by 

mate searching males. Our results further imply that, depending on the proposed 

goals, researchers should carefully consider which approach to use. 
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Introduction 

 

Frequency-dependent selection has been recognized as one of the most important 

mechanisms to maintain genetic intra-specific variation (e.g. Hori, 1993; Gigord et 

al., 2001; Olendorf et al., 2006). One of the most commonly documented forms of 

frequency-dependent selection is negative frequency-dependent predation 

(reviewed by Allen, 1988; Punzalan et al., 2005), which occurs when predators 

disproportionally eat more the common prey types and overlook the ones that are 

rare. It has important evolutionary implications since it can lead to a stable 

equilibrium and maintain genetic variation within natural populations. Several 

studies have provided experimental evidence for negative frequency-dependent 

predation by presenting alternative prey types at varying frequencies (e.g. Allen & 

Clarke, 1968; Allen, 1972; Allen et al., 1998; Bond & Kamil, 1998; Bond & Kamil, 

2002). To analyze the strength of the frequency-dependent and frequency-

independent components of the observed selection in these kinds of experiments, 

explicit statistical models have been developed (Elton & Greenwood, 1970; 

Greenwood & Elton, 1979; Manly, 1973, 1974; Gendron, 1987). 

Polymorphism may not only be maintained through frequency-dependent 

natural selection. Indeed, in some cases sexual selection is thought to play the most 

important role. Although this phenomenon has received less attention, some female 

polymorphisms are particularly suitable model systems for studying frequency-

dependent sexual selection, which forms meanwhile the aim of the current study. 

Presence of multiple female morphs may in several cases be considered as an 

evolutionary strategy to reduce fitness costs imposed by obtrusive mate-searching 

males (e.g. butterflies: Cook et al., 1994; diving beetles: Härdling & Bergsten, 2006; 

African bat bugs; Reinhardt et al., 2007; damselflies: Van Gossum et al., 2008b). As a 

counter adaptation in the sexual evolutionary arms race, flexible mate preference 

may enable males to search specifically for the female morph that most recent 

resulted in a successful copulation (Van Gossum et al., 2001b; Takahashi & 
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Watanabe, 2010b). This is typically the most common female morph in a population 

(Van Gossum et al., 1999).  

In the current study, we use two species of female polymorphic damselflies 

as model systems. Thereby, one female morph (andromorph) resembles the 

conspecific male in body coloration, whereas one or two other female morphs 

(gynomorphs) are clearly distinctive (Van Gossum et al., 2008b; Svensson et al., 

2009). Consistent with intra-specific mimicry, andromorphs are thought to be less 

easily recognized as mates by males, thus experiencing overall lower levels of 

harassment (Robertson, 1985; Hinnekint, 1987; Sherratt, 2001). Furthermore, large 

geographic variation in female morph frequencies has been observed in several 

species (e.g. Van Gossum et al., 2007; Gosden et al., 2011; Takahashi et al., 2011), 

which offers ample opportunity to evaluate and test predictions based on frequency-

dependent and frequency-independent sexual selection. Several studies to date 

aimed to quantify male harassment by preference or choice experiments, but in 

doing so, much restricted female behavior and thus largely excluded female 

willingness to mate (e.g. Van Gossum et al., 1999; Hammers et al., 2009; Ting et al., 

2009). Other studies considered mating probabilities under natural conditions as a 

measure of harassment and assumed that females have little control over mating 

(Cordero Rivera & Sánchez-Guillén, 2007; Hammers & Van Gossum, 2008). However, 

females may resist male mating attempts for several reasons. For instance when 

they do not carry mature eggs, such as immediately after oviposition when new eggs 

have to mature (Fincke, 1997). Females may also have sufficient good quality sperm 

stored from previous matings for egg fertilization (Fincke, 1987). Depending on her 

stage of receptivity, a female may actively choose which micro-habitat to use and 

may show several refusal behaviors once encountered by a male (e.g. Fincke, 1997; 

Forbes et al., 1997; Van Gossum et al., 2001a). Even after a male succeeded to 

attach his abdominal cerci to the female’s prothorax to form the so-called tandem 

position, the female is still able to decide whether or not to bend her abdomen and 

accept copulation (Gosden & Svensson, 2007, 2009).  
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We here aim to discriminate between male and female morph behavioral 

tactics under a broad range of female morph frequencies. Specifically, we evaluate 

whether or not three previously used estimates for male harassment differ between 

morphs in a frequency-dependent manner. These three approaches differ in degree 

of permitted female behavior, ranging from nearly absent in experimental tethered 

conditions, over some allowed behavior in cages, towards a fully allowed female 

behavioral arsenal under natural conditions. Immobilized females in preference 

experiments cannot resist male sexual interest. Thus, such experiments will 

predominantly test male interest for female morphs. In small cages females cannot 

hide, but can show refusal behavior. Observations in natural conditions, on the 

contrary, will be the result of male sexual interest, but also of female behavior (e.g. 

microhabitat usage and resisting male approaches).  

For the first time, we here use earlier developed mathematical methods that 

serve well to investigate frequency-dependent prey selection, to formally explore 

existence of frequency-dependent sexual selection, measured by male and female 

morph mating behaviour. Similar to predators forming a search image for the most 

common prey, we expect male sexual interest to be highest for the most common 

female morph in a given population. In addition, we expect overall lower male sexual 

interest in andromorphs, given their phenotypic similarity to unprofitable conspecific 

males. When female refusal behaviour and/or microhabitat use becomes more 

allowed in our approaches, we then expect that females behaviorally compensate 

for the potentially biased and frequency-dependent male sexual harassment. Taken 

together, patterns in male and female mating behaviour are complex and most likely 

intertwined. Understanding and disentangling tactics of males and female morphs by 

comparing different methods under different social conditions (i.e. morph 

frequencies) allows us to indicate the level at which selection acts. This is needed to 

improve our knowledge on female polymorphism and its maintenance. 

 

 

 



Frequency-dependent mating behaviour 

-100- 

 

Material and methods 

 

Study Species 

The damselfly Nehalennia irene is distributed across most of Canada and the 

Northern parts of the United States, where it inhabits marshy and boggy areas with 

dense vegetation (Walker 1953). The species exhibits a monomorphic male and two 

female morphs, which are easily classified as andromorph or gynomorph based on 

their body coloration. Andromorphs closely resemble conspecific males by having a 

similar blue thorax colour and abdominal melanin pattern. Gynomorphs in contrast, 

differ from males since their body coloration is green-yellow and their abdominal 

pattern distinct (see Forbes et al., 1995 for a more detailed description).  

Ischnura elegans is a common damselfly throughout Europe and can be 

found in most eutrophic habitats (Dijkstra & Lewington, 2006). This species exhibits a 

monomorphic adult male and three adult female colour morphs, with one 

andromorph and two types of gynomorphs (infuscans and rufescens-obsoleta) 

(Cordero et al., 1998, Sánchez-Guillén et al., 2005). Andromorphs closely resemble 

the conspecific male´s blue body coloration and abdominal melanin patterning. 

Spectral reflectance analysis has confirmed that the body coloration of andromorphs 

is statistically indistinguishable from males (Van Gossum et al., 2011). Both 

gynomorphs are dissimilar from the male since their body coloration is green-brown. 

Infuscans females have a similar abdominal melanin pattern as males and 

andromorphs, whereas rufescens-obsoleta females lack black humeral stripes on the 

thorax (Cordero et al., 1998; Sánchez-Guillén et al., 2005).  

Laboratory crossing experiments with six coenagrionid damselfly species, 

including I. elegans, have generated phenotypic ratios consistent with the 

hypothesis that the female polymorphism is controlled by a single autosomal locus 

with sex-limited expression (e.g. reviewed by Sánchez-Guillén et al., 2005; Takahashi 

& Watanabe, 2010c). The genetic basis of the polymorphism in N. irene remains to 

be determined. However, considering the species’ phylogenetic relationships with 

the other six coenagrionid damselfly species its inheritance of colour polymorphism 
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is expected to be largely similar (Carle et al., 2008). It has at least been confirmed 

that the polymorphism is not age-related (Forbes et al., 1995).  

 

Female morph frequencies 

Before conducting field observations and experiments (see below), each study 

population was surveyed in a standardized manner to obtain information on the 

population frequency of adult female morphs. This was done by walking slowly 

through the shoreline vegetation, where reproduction typically occurs, while 

sweeping eight-shaped figures with an insect net (cf. Van Gossum et al., 2007a). The 

number of captured adult males and female morphs were recorded and all captured 

individuals were marked with a permanent marker (or retained in cages, Cordero & 

Sánchez-Guillén, 2007) prior to their release, to avoid multiple counts. Several sets 

of sweeps were made per population until at least 30 mature females had been 

counted. This criterion was reached in all populations included in this study, except 

for the populations of I. elegans in Cedeira (N=26) and Doñinos (N=16) extracted 

from Cordero Rivera & Sánchez-Guillén (2007). From these data, the population 

morph frequency was estimated as the number of a particular morph divided by the 

total number of adult females observed. These estimates of female morph 

frequencies were used to investigate frequency-dependent and frequency-

independent selection (see statistical analysis). Morph frequencies varied widely 

among the populations included in this study; from 3 to 96% of females being 

andromorph in N. irene and from 8 to 89% of females being andromorph in I. 

elegans.  

 

Field observation of the number of mated and single female morphs 

The numbers of mated (NaturalM) and single adult females (NaturalS) were 

determined between 9 am and 3 pm, while walking slowly through the reproductive 

area, and involved capturing all mating pairs and single individuals one by one. 

Mating pairs and single individuals were first located before identifying female 

morphs. Individuals were marked prior to their release to avoid multiple counts. This 
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procedure was continued until a minimum of 20 mating pairs and 20 single females 

had been counted in each study population. This criterion was fulfilled in all 

populations except with I. elegans for NaturalM in Effen, Cedeira and Doñinos, and 

Kekerdom for NaturalS. For N. irene, data was collected in 13 populations 

throughout Canada during the reproductive seasons between 2007 and 2010 2008. 

For I. elegans, data were collected in 30 populations in Belgium and the Netherlands 

during the reproductive seasons of 2007 and 2008 [NaturalM data has been 

published in Hammers & Van Gossum (2008) and Van Gossum et al. (2011)]. Also, 

published data from 11 populations summarized in Cordero Rivera & Sánchez-

Guillén (2007) was included.  

 

Male mate preference determined from direct presentation experiments  

Data on the preferences of males for female morphs was mainly obtained from 

previously published records (for N. irene: Van Gossum et al., 2007a; Ting et al., 

2009; Iserbyt & Van Gossum, 2011; for I elegans: Van Gossum et al., 2011). 

Additional data was collected in two N. irene populations during the reproductive 

season of 2011. The methodologies applied in each of the above studies was nearly 

identical and is therefore only briefly reported here. In short, live adult andromorphs 

and gynomorphs were glued (UHU® Power Glue) on a grass stem and alternately 

presented to randomly selected sexually active males in the field (cf. Forbes et al., 

1997; Van Gossum et al., 2007b; Ting et al., 2009). Behavioral responses of the focal 

males towards the glued models were observed and could either be sexual or not. A 

sexual response occurred when the male attempted to grasp the models’ pronotum 

with his anal appendages to form the so-called tandem position required for mating 

(Corbet 1999). A single trial was completed when each of the models had been 

presented to three (Van Gossum et al., 2007b), five (Ting et al., 2008; Iserbyt & Van 

Gossum, 2001) or six (Van Gossum et al., 1999, unpublished data) different focal 

males. In total, a minimum of 3 and a maximum of 35 trials were carried out in each 

study population. In this study, we only use the data for ‘tandem attempt’ (whether 
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it was successful or not), which can be considered a measure of precopulatory sexual 

selection exercised by mate-searching males.  

 

Male mate preference determined from choice experiments in cages 

In addition, for N. irene, preference experiments were conducted in small insect 

cages (30 x 30 x 30 cm, BugDorm-4030 Insect Rearing Cage, 

http://bugdorm.megaview.com.tw) in which the behaviour was observed of four 

mature live models (one andromorph, one gynomorph and two males). The 

observation was terminated after 20 minutes or when a successful tandem with a 

female was formed. The behaviours exhibited by the focal male were categorised as 

sexual or non-sexual (detailed analysis of male and female behaviour will be treated 

elsewhere; Ting et al., unpublished manuscript). Here, again only the data for 

tandem attempt, including successful ones, were used as a measure of 

precopulatory sexual selection. A single trial was completed when a pair of females 

(andromorph and gynomorph) was presented to 3 separate pairs of males (i.e. a 

total of six males). A minimum of 19 trials and a maximum of 24 trials were carried 

out at each of the six study populations.  

For I. elegans, data were obtained from cage experiments published by Van 

Gossum et al. (1999). The experimental procedure was largely similar to that 

described above, except that only one male was placed in a cage and that the 

observation was terminated after 120 s when no mate choice occurred. The 

experiment was repeated at least 17 times in each of the five study populations (Van 

Gossum et al., 1999). 

 

Statistical analysis 

Presence of frequency-dependent male mate selection was analyzed following the 

model of Manly (1973). The model was originally developed to examine whether or 

not predators disproportionately consume more or less of a prey type dependent on 

its frequency (for example, whether a predator attacks more of a more common 

prey type), and allows one to distinguish between a frequency-independent 
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(baseline) preference and a frequency

Although originally designed to understand diet choice by predators this model is 

not limited to analyzing frequency-dependent predation, and is also applicable to 

other forms of selection, including mate choice. Several alternative models for 

testing frequency-dependent selection have been proposed (e.g. Elton & 

Greenwood, 1970), and they have been reported to give quantitatively similar 

results to the Manly model (Gendron, 1987). Nevertheless, there are several 

advantages of using the model of Manly (1973) w

study: (1) non-independence of data collected in the same study populations on 

different sample dates can readily be taken into account; (2) variation in sample size 

used to calculate male mate preference can be contro

weighting analyses.  

The first step in the analysis was to calculate the measure of male mate selectivity 

for the different female morphs, Manly 

(1973) for each study population: 

 

 

 

e1 and e2 represent the number of “selected” individuals and 

number of individuals available of morph 1 and 2, respectively. This equation can be 

applied to situations where the chosen or “eaten” morphs are replaced (“type one 

selection experiment”, Manly, 1973). Manly 

and for both study species. In the equation above, andromorphs are consistently 

treated as morph 1 and the pooled gynomorphs as morph 2. For NaturalM, the 

number of mated andromorphs and gyn

and A2 were based on the total number of female morphs counted when estimating 

the background morph frequency. The same was done for NaturalS, but with single 

instead of mated individuals, as if singles were being

available individuals. For the presentation and cage experiments, e
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(baseline) preference and a frequency-dependent component of preference. 

hough originally designed to understand diet choice by predators this model is 

dependent predation, and is also applicable to 

other forms of selection, including mate choice. Several alternative models for 

dependent selection have been proposed (e.g. Elton & 

Greenwood, 1970), and they have been reported to give quantitatively similar 

results to the Manly model (Gendron, 1987). Nevertheless, there are several 

advantages of using the model of Manly (1973) which are particular relevant for this 

independence of data collected in the same study populations on 

different sample dates can readily be taken into account; (2) variation in sample size 

used to calculate male mate preference can be controlled for by appropriate 

The first step in the analysis was to calculate the measure of male mate selectivity 

for the different female morphs, Manly β, according to equation 9 from Manly 

represent the number of “selected” individuals and A1 and A2 the total 

number of individuals available of morph 1 and 2, respectively. This equation can be 

applied to situations where the chosen or “eaten” morphs are replaced (“type one 

nt”, Manly, 1973). Manly β was calculated for all methods applied 

and for both study species. In the equation above, andromorphs are consistently 

treated as morph 1 and the pooled gynomorphs as morph 2. For NaturalM, the 

number of mated andromorphs and gynomorphs were used as e1 and e2, whereas A1 

were based on the total number of female morphs counted when estimating 

the background morph frequency. The same was done for NaturalS, but with single 

instead of mated individuals, as if singles were being selected from the pool of 

available individuals. For the presentation and cage experiments, e1 and e2 were the 



 

number of tandem attempts towards each female morph, whereas the total number 

of preference tests was used as both A

at equal frequencies.  

Also, the standard error of the estimate of beta was calculated according to Manly 

(1973), equation 10: 

 

 

 

This equation allowed weighting all subsequent analyses to take into 

account variation in sample size betw

on data based on higher sample sizes. These weights were inversely proportional to 

the variance of β in each population and calculated as:  

 

 

 

The next step in the analysis was to explicitly test for frequency

selection in both study species. This was done by evaluating the relationship 

between Manly β and the andromorph frequency with a linear regression model in 

SAS 9.2 (SAS Institute, Inc.) using the MIXED procedure. The andromorph frequency 

was based on the estimates of the population morph frequency which had been 

assessed in each study population prior to conducting experiments (see above). All 

analyses were weighted using w. Degre

adjusted for statistical dependence using the Kenward

Roger, 1997). In addition, since data collected in the same study population on 

multiple sample years are not independent, site was added 

statement. The appropriate covariance structure was determined for each model 

based on the lowest BIC values. Repeating all analyses with averaged data for each 

study population gave qualitatively and quantitatively similar results, as d

conducting unweighted regression analyses (not shown). 
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number of tandem attempts towards each female morph, whereas the total number 

of preference tests was used as both A1 and A2 since they were effectively presented 

Also, the standard error of the estimate of beta was calculated according to Manly 

This equation allowed weighting all subsequent analyses to take into 

account variation in sample size between study populations, putting more emphasis 

on data based on higher sample sizes. These weights were inversely proportional to 

in each population and calculated as:   

The next step in the analysis was to explicitly test for frequency-dependent 

selection in both study species. This was done by evaluating the relationship 

and the andromorph frequency with a linear regression model in 

, Inc.) using the MIXED procedure. The andromorph frequency 

was based on the estimates of the population morph frequency which had been 

assessed in each study population prior to conducting experiments (see above). All 

. Degrees of freedom of the fixed effects were 

adjusted for statistical dependence using the Kenward–Roger method (Kenward & 

Roger, 1997). In addition, since data collected in the same study population on 

multiple sample years are not independent, site was added using the repeated 

statement. The appropriate covariance structure was determined for each model 

based on the lowest BIC values. Repeating all analyses with averaged data for each 

study population gave qualitatively and quantitatively similar results, as did 

conducting unweighted regression analyses (not shown).  
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Our analysis was conducted in several steps. First, the Manly β´s obtained 

for the different presentation methods (but excluding NaturalS since it is based on 

single in contrast to tandem data) were compared in one model in which “method” 

(categorical) and also the interaction with andromorph frequency were included as 

explanatory variables. For both study species the latter interaction effect was highly 

significant (see results), such that analyses were also carried out for all methods 

separately. A significant effect of andromorph frequency on Manly β  was 

interpreted as evidence for frequency-dependent selection. 

Significance of frequency-independent selection was obtained using the 

same statistical model. This was done by determining whether a particular morph 

was selected more or less than can be expected at an andromorph frequency of 0.5 

(assuming equilibrium). Hence, it was tested with a t-test whether the corresponding 

β differed from 0.5. When Manly β was significantly less than 0.5 at this point, this 

was interpreted as evidence for frequency-independent male mate selection for 

gynomorphs, and vice versa. 

 

Results 

 

In both study species, the relationship between Manly β  and andromorph frequency 

differed between NaturalM field observations, the presentation experiment and the 

cage experiment (method * andromorph frequency, N. irene: F1, 34.9 = 7.3, P = 0.01; I. 

elegans: F1, 19.3 = 4.7, P = 0.04). Hence, this relationship was evaluated for all methods 

separately. 

 

Nehalennia irene 

For the presentation experiment, Manly β increased with andromorph frequency, 

indicating negative frequency-dependent selection (F1, 6 = 112.6, P < 0.001; Figure 

1A), with preferences for andromorphs increasing as they became more relatively 

common. For the cage experiment, Manly β also increased with andromorph 

frequency, although this effect was not significant (F1, 4 = 5.9, P = 0.07; Figure 1B). 
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However, when the same analysis was done but only including tandem attempts 

that resulted in successful tandem formation, the relationship was significant (F1, 4 = 

17.7, P = 0.01). Both experiments thus indicate that, at low andromorph frequency 

males had an overall preference for gynomorphs, while at high andromorph 

frequency andromorphs were the preferred female morph. For the presentation 

experiment (df = 6, t = 5.6, P = 0.001), but not the cage experiment (df = 4, t = 1.1, P 

= 0.33), a significant frequency-independent preference for andromorphs was also 

detected. 

 

 

Figure 1: The relationship between Manly β and andromorph frequency in Nehalennia irene 

for A) the presentation experiment, B) the cage experiment, C) NaturalM and D) NaturalS 

field observations. Slopes are based on the estimates of the statistical model. The dotted 

horizontal line at Manly β = 0.5 indicates equal male mate selection for both female morphs. 

Data points above or below this line indicate most sexual interest for respectively 

andromorphs or gynomorphs. Values above the dotted line in panel D, indicate relatively 

more single andromorphs, and vice versa for gynomorphs. 
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For NaturalM, Manly β was not related to andromorph frequency (F1, 13 = 

0.01, P = 0.92, Figure 1C). However, gynomorphs were relatively more found mated 

compared with andromorphs, irrespective of the population morph frequency (df = 

13.4, t = -2.2, P = 0.05). For NaturalS, Manly β decreased with andromorph 

frequency (F1, 10.1 = 20.4, P = 0.001). Figure 1D illustrates that the rare morph was 

disproportionally more often observed single, but this effect decreased with 

increasing andromorph frequency. Frequency-independent selection was absent for 

NaturalS (df = 9, t = 1.8, P = 0.10). 

 

Figure 2: The relationship between Manly β and andromorph frequency in Ischnura elegans 

for A) the presentation experiment, B) the cage experiment, C) NaturalM and D) NaturalS 

field observations. Slopes are based on the estimates of the statistical model. Similar 

graphical interpretation as for Figure 1. 
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Ischnura elegans 

For the presentation and the cage experiment, there was no support for frequency-

dependent (respectively, F1, 2 = 0.7, P = 0.49; F1, 3 = 5.8, P = 0.09), nor for frequency-

independent selection (respectively, df = 2, t = -2.0, P = 0.19, df = 3, t = 0.3, P = 0.82). 

Although limited statistical power, a plot of Manly β against andromorph frequency 

confirms the absence of a relationship for the presentation experiment (Figure 2A), 

but does indicate a trend similar to the one observed for N. irene for the cage 

experiment (Figure 2B). Indeed, also in I. elegans the sexual interest of males 

towards female morphs appeared to depend on their frequency in the population. 

For NaturalM and NaturalS, I. elegans showed a similar pattern as N. irene, 

albeit more complicated. Similarly, significant frequency-independent selection was 

detected for NaturalM (df = 43.8, t = -10.5, P < 0.001), with gynomorphs being 

overall more likely to be mated than andromorphs (Figure 2C). By contrast, a 

significant frequency-dependent relationship between andromorph frequency and 

Manly β was found (F1, 52.6 = 9.1, P = 0.004). Figure 2C illustrates that male mate 

selectivity for andromorphs (Manly β) decreased with andromorph frequency. For 

NaturalS, Manly β decreased with andromorph frequency (F1, 7 = 11.9, P = 0.01), 

indicating that andromorphs were more often observed single when rare, but the 

effect decreased with increasing andromorph frequency (Figure 2d). In addition, and 

similar to N. irene, significant frequency-independent selection was detected (df = 7, 

t = 3.2, P = 0.02), with andromorphs being overall more single. 

 

Discussion 

 

Because this manuscript is still in progress, the discussion is limited to a first 

interpretation of the results. Any suggestions are welcome. Frequency-dependent 

and frequency-independent patterns in mating behavior are here discussed 

separately. However, we stress that both effects are not mutually exclusive but are 

most likely intertwined. 
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Frequency-dependent mating behaviour 

The following interpretation is based on observations in N. irene. Ischnura elegans 

follows similar patterns, except for the presentation experiment. The latter most 

likely relates to both, a lack of statistical power and the inclusion of one aberrant 

data point collected at the end of the reproductive season (Van Gossum et al., 2011). 

Other slight differences between both species will be discussed further on.  

In general, our results indicate that sexual selection in our selected study 

system includes a strong frequency-dependent component. When female behavior 

is nearly completely excluded like in the presentation experiment, we show that 

males have a clear frequency-dependent preference for the most common female 

morph in a population. If female refusal behaviors are more allowed like in the 

cages, a similar frequency-dependent male choice for the most common female 

morph is still observed. However, this pattern is weaker, possibly because non-

receptive females are more capable to prevent tandem formation by using refusal 

displays like wing raise, aggressive face-offs or by flying away (e.g. Fincke, 1997; Van 

Gossum et al., 2001; Sirot et al., 2003; Iserbyt & Van Gossum, 2009).  

A full arsenal of female behaviours, including micro-habitat usage and all 

refusal displays is possible under natural conditions. Based on such field 

observations, we observe that the likelihoods for tandem formation no longer 

depend on the female morph frequency in a given population (N. irene) or even 

decreases with its own relative abundance (I. elegans). In contrast, a female morphs’ 

ability to remain single is in both species clearly frequency-dependent in the 

expected direction. This marked and seemingly contradictory result merits some 

more detailed explanation. It does pay to ask what exactly is included in the formula 

for Manly β. In fact this formula does not take into account the proportion of mated 

and single individuals, hence Manly β values calculated for mated and for single 

individuals in a given population, do not necessarily have to be complementary. Both 

measures can thus be seen as independent from one another. A possible 

interpretation might be that if females are effectively willing to mate, they have no 

problem to fulfill their reproductive needs. In other words, a female that is willing to 
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mate may indicate her receptivity by adjusting her behavioral strategy. Given the 

strong overall male biased sex ratios (e.g. Stoks, 2001; Cordero-Rivera & Stoks, 2008) 

and intense intra-specific male competition over mates, females will nearly always 

have the opportunity to copulate. This, independent of body coloration and 

population morph frequency. In contrast, the possibility for a female morph to 

remain single does depend on the population-specific morph frequency. The biased 

male mate search effort is perhaps stronger than the refusal ability of single females, 

causing the most common female morph to be proportionally less single. These 

results may imply that the balancing selective force of male harassment in this 

system acts at the level of single females and their ability to remain single. Such 

behavioral effects have heretofore been neglected in this context. 

A possible alternative/additive explanation (which is still under discussion) 

for this absent (N. irene) or reverse (I. elegans) patterns in the NaturalM dataset may 

be that it is consistent with selection to improve mimetic similarity when mimics 

(andromorphs) becoming relatively common (Sherratt, 2002; Harper & Pfennig, 

2007; Iserbyt et al., 2011). In such situations, male encounter rate with andromorphs 

is expected to rise, resulting in an andromorph-biased search image. However, 

andromorphs may still experience reduced harassment, only when they resemble 

the model very closely, perhaps by combining multiple traits like body coloration, 

melanin pattern, behaviour and/or morphology (Abbott & Gosden, 2009). 

Improvement of mimicry with rising andromorph frequencies may thus level out (N. 

irene) or even decrease (I. elegans) relative mating opportunities for andromorphs in 

natural conditions. 

 

Frequency-independent mating behaviour 

In addition to the observed frequency-dependent male mate patterns, we tested 

whether males are still selective when both female morphs were relatively equally 

present. Our results with both species at this hypothetical equilibrium, are 

consistent with expectations based on intra-specific male mimicry. Specifically, 

andromorphs in natural conditions are overall less mated, though more single 
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compared to gynomorphs. Andromorphs may be less readily recognized by mate-

searching males, probably because males learn to avoid unprofitable interactions 

with other males, including everything that resembles them (Robertson, 1985; 

Hinnekint, 1987; Sherratt, 2001). 

However, these frequency-independent observations in natural conditions 

differ from our results in both experiments, in which an absent (choice experiment) 

or even opposite (presentation experiment, N. irene) pattern was observed. The 

degree of allowed female behaviour may as well explain these results. The nearly 

complete absence of female behaviour in the presentation experiment, combined 

with the conspicuous body coloration of andromorphs compared to the more cryptic 

gynomorphs, may explain the pattern of male sexual interest. In other words, 

andromorphs are more easily detected when directly presented to mate searching 

males (Iserbyt & Van Gossum, 2011). This frequency-independent mate selection 

effect disappears when more female behaviour was allowed in the cages and was 

even opposed in natural conditions. 

Each of the used methods may thus yield different information, ranging from 

predominantly male behavioral impact in the presentation experiments, over male 

behavior and allowed female refusal behavior in the cages, to combined effect of 

male search effort and female behavioral tactics in natural conditions. Disentangling 

behavioral effects of males and female morphs may increase our understanding of 

the mechanisms maintaining sex-limited polymorphisms. 
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Abstract 

The maintenance of intra-specific polymorphism has since long intrigued 

evolutionary biologists. Multiple morphs are in several systems related to alternative 

reproductive tactics, which are generally suggested to be maintained through 

selection imposed by social interactions. However, only scarce empirical evidence 

exists of fitness cost/benefit relationships between morphs and their social 

environment. In the present study, we therefore use a female polymorphic damselfly 

as a model system and question whether female morphs invest differently in 

quantitative and qualitative fecundity traits in relation to frequencies and densities 

of males and female colour morphs. Our results indicate that female morph 

fecundity varies in a frequency-dependent manner, a pattern that is most likely 

driven by a conflict between sexes over optimal mating rate. We further present a 

trade-off between two key reproductive traits,  such that females allocate their 

resources to either quality or quantity of the eggs depending on population-specific 

ecological conditions. However, this trade-off appears not morph-specific. In 

conclusion and in addition to earlier findings, we suggest that obtrusive mate 

searching males may engine negative frequency-dependent selection on female 

fecundity, which may at least in part explain the maintenance of this natural 

phenomenon. 

 

Keywords: polymorphism, sexual conflict, frequency-dependent selection, fitness, 

quantity or quality, resource allocation trade-off, alternative reproductive strategies  
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Introduction 

Evolutionary biologist have since long been attracted to study visible intra-specific 

polymorphism as it allows to examine micro-evolutionary trajectories (recently 

reviewed by e.g., Roulin, 2004; Gray & McKinnon, 2007; Forsman, 2008). Sustainable 

maintenance of polymorphism appears to be common, however this phenomenon 

can only occur and persist under a restricted set of conditions, one of these being 

negative frequency-dependent selection (NFDS). NFDS occurs when individuals of a 

rare morph experience higher fitness than those of the common type (Ayala & 

Campbell 1974). Classic examples include male territorial versus male sneaker 

strategies (Oliveira et al., 2008) and coexistence of alternative colour morphs, for 

instance to avoid sexual conflict (e.g. Svensson et al., 2009) or to challenge predators 

(e.g. Punzalan et al., 2005). In addition to frequency-dependent selection, density-

dependent mechanisms may be at play such as in the polymorphic lizard Uta 

stansburiana (Sinervo et al., 2000). In this example, the relative success of a female 

morphs’ reproductive strategy depends on the density of the neighbouring 

individuals. Orange throated females are favoured at low densities and produce 

many small eggs (quantitative or r-strategy), in contrast to yellow throated females 

that produce fewer but larger eggs (qualitative or K-strategy).  

Here, we study coexistence of multiple female morphs in damselfly 

populations and evaluate female morph fecundity in relation to variable social 

environments, i.e. frequencies and densities of males and female morphs. In 

contrast to the lizard example Uta stansburiana, only females are polymorphic in our 

model system, while males are monomorphic. For our selected system we ask 

whether female morphs may present alternative reproductive strategies in which 

resource allocation differs between morphs for qualitative and quantitative 

fecundity traits.  In addition, the large geographic variation in social environment  in 

several polymorphic damselflies (Iserbyt et al., 2009; Gosden et al., 2011; Takahashi 

et al., 2011) provides a perfect opportunity to study frequency- and density-

dependent effects on potential alternative reproductive strategies across 

populations.  
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Specifically, we question (1) whether female morphs differ in quantitative 

and qualitative fecundity traits, (2) whether trade-offs arise among such traits and 

(3) whether any pattern is geographically consistent or related to population-specific 

social environments. If female morphs represent alternative reproductive strategies, 

we then expect morph-specific trade-offs among quantitative and qualitative 

fecundity traits (cf. Sinervo et al., 2000; Roulin, 2004; Vercken et al., 2007; Takahashi 

& Watanabe, 2010c). We further expect that the relative advantage of each morph, 

and potentially each reproductive strategy, should reverse at a particular frequency 

or density (cf. Ayala & Campbell 1974). Empirical studies like the one provide here 

are scarce and may increase our general knowledge on female polymorphisms and 

the involved mechanism of its maintenance. 

Female-limited polymorphism in damselflies is genetically controlled by a 

single autosomal locus, with a number of alleles equal to the number of female 

morphs (Sánchez-Guillén et al., 2005). Similar to several other female polymorphic 

systems, coexistence of female morphs is considered a counter adaptation to reduce 

fitness costs imposed by mate-searching males (see also butterflies: Cook et al., 

1994; diving beetles: Härdling & Bergsten, 2006 and African bat bugs: Reinhardt et 

al., 2007). In general, a conflict between sexes over optimal mating rate has been 

shown repeatedly, with obtrusive males negatively affecting female fitness 

(Cluttonbrock & Parker, 1995; Watson et al., 1998; Rankin et al., 2011). Mate 

searching males are considered to face more challenge when confronted with 

multiple female phenotypes, rather than only one type (Fincke, 2004). Therefore, at 

a population level, females in polymorphic species may experience overall lower 

male harassment. Nonetheless, similar to predators forming a search image for the 

most common prey type (Punzalan et al., 2005), increased male sexual interest has 

been observed towards the most common female morph in a population, with 

resulting frequency-dependent levels of male sexual harassment (Van Gossum et al., 

1999; Härdling & Bergsten, 2006; Gosden & Svensson, 2009). Furthermore, overall 

intensity of the sexual conflict may rise with male density, either absolute or relative 

via sex ratio, because male-female interactions occur more frequently (Le Galliard et 
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al., 2005; Kokko & Rankin, 2006; Van Gossum & Sherratt, 2008). Thus a thorough 

control of NFDS entails potential synergistic effects of both, frequencies and 

densities of males and female morphs. 

 

 

Material and methods 

 

Model species 

We studied the sedge sprite, Nehalennia irene, which shows high population 

variation in  social conditions (Iserbyt et al., 2009) and co-varying male mate 

preference (Ting et al., 2009). The species is a small non-territorial damselfly (Cl: 

Insecta; O: Odonata), which inhabits marshy or boggy waters and is common 

throughout most of Canada and the Northern parts of the United States (Westfall & 

May, 1996). Nehalennia irene exhibits a discrete polymorphism restricted to the 

female sex, with female morphs being easily classified into andromorphs or 

gynomorphs based on their body coloration. While andromorph females resemble 

the conspecific male’s body blue coloration and melanin pattern (Forbes et al., 1995; 

Van Gossum et al., 2008a), gynomorph females have distinctive yellowish lateral 

thorax sides and a less conspicuous abdominal melanin pattern (for colour figures 

see Lam, 2004; for pictures see Iserbyt et al., 2011). The species has one generation 

per year, with reproduction occurring between early June and mid-August. After 

locating a potential mate, a male will attempt grasping the individual in the so-called 

tandem formation, i.e. when the male succeeds in attaching his anal appendages to 

the individual’s prothorax (Sirot & Brockmann, 2001). This tandem formation can 

take several hours (AI, personal observation). If receptive, the female cooperates by 

bending her abdomen towards the male’s secondary genitalia (2nd abdominal 

segment) to form a ‘copulation wheel’. Very little additional information on 

reproductive biology is known for this species. Though, we expect that similar to 

related damselfly species, egg development in adult females can go rapidly, with 

ovarial follicles developing within a single day into roughly two hundred mature eggs 
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(Takahashi & Watanabe, 2010a). In N. irene, females lay eggs in floating bits of dead 

plant material generally after 3 pm, while the female is tandem-guarded by her last 

successful male (Dubois, 2005). Several clutches of eggs are laid throughout a 

female’s lifetime (Corbet, 1999) 

 

Study sites and sample procedures 

Our previous work with N. irene indicated large spatial but temporally consistent 

variation in relative female morph frequencies among populations. Specifically, 

andromorph frequencies range from 0 to >90% throughout the species’ distribution 

range (Van Gossum et al., 2007; Iserbyt et al., 2009). For our current aims we 

selected six study populations that differed largely in frequencies and densities of 

males and female morphs (see Table 1).  

 

Table 1: Estimates of andromorph frequency (Afreq), operational sex ratio (OSR) and male 

density (Mdens) per population, averaged across three study years (mean ± 1SE). N refers to 

the minimum and maximum total number of individuals counted per year on which these 

estimates are based. 

 

Population Lat / Long N Afreq OSR Mdens 

Barb's Marsh  44°31'/ -76°22' 122 - 333 0.06 ± 0.03 2.33 ± 0.41 18.2 ± 8.7 

Jack's Marsh  44°34'/ -76°20' 179 - 326 0.07 ± 0.05 3.01 ± 0.28 29.2 ± 16.7 

Otter Marsh 44°33'/ -76°22' 141 - 1129 0.34 ± 0.11 3.38 ± 0.29 22.2 ± 11.0 

Quebec City 46°46'/ -70°58' 96 - 131 0.70 ± 0.10 1.55 ± 0.52 6.4 ± 1.1 

Summit Lake  54°10'/ -122°41' 117 - 265 0.94 ± 0.02 1.34 ± 0.20 9.5 ± 3.7 

Airpark Road  54°00'/ -123°02' 119 - 438 0.94 ± 0.01 1.56 ± 0.18 8.8 ± 2.8 

 

Frequency and density estimates were determined analogous to Van 

Gossum et al., (2007). In short, individuals were randomly captured with an insect 

net while walking slowly through the reproductive area, sweeping eight-shaped 

figures and recording the time elapsed. All caught mature males, andromorphs and 

gynomorphs were counted and marked with a permanent marker prior to release to 

avoid multiple counts. Andromorph frequency (proportion andromorph females), 



Chapter 5 

-121- 

 

operational sex ratio (OSR, proportion males relative to females in the reproductive 

zone) and male density (number of males caught per minute) were calculated. Each 

population was monitored during the reproductive season over three consecutive 

years (2007-2009). 

Next, we collected individuals for our work on female fecundity. Sample 

collection was always before 3 pm, where after oviposition typically starts. We 

aimed to collect 20-25 adult andromorphs and gynomorphs in each population for 

each investigated year. Measurements for relative mass (see further) were 

performed in all three years (N = 43 ± 3 females per population and year; total N = 

772) and the three other fecundity estimates were investigated in two subsequent 

years (N = 44 ± 3; total N = 527). Mate status at the moment of capture was noted, 

i.e. being single or mating. Mating individuals involved females in tandem and 

copulation position. All individuals were stored for further measurements in 95% 

ethanol immediately after capture. 

 

Fitness estimates 

We measured four fecundity estimates: egg number, egg mass and clutch mass. 

Also, relative body mass is not only an estimate for body condition, it is also 

suggested to increase with female fecundity in various insect taxa (Honek, 1993), 

hence body mass is used also as a fecundity estimate. An identical procedure was 

followed for each individual processed.  

First, an individual was placed on a sheet of absorbent paper for exactly two 

minutes to allow standardised evaporation and absorption of most of the ethanol. 

Then it was weighted on a Kern & Sohn GmbH 870 balance (accuracy 0.1 mg). Next, 

a digital picture was taken (Nikon D70 / Tamron macro lens 90mm 1:2.8) of the right 

hind wing. Using ImageJ 1.38x (Abramoff et al., 2004), wing length was measured 

from the second antenodal cross vein to the stigma (see Iserbyt et al., 2011 for more 

details). Residuals of body mass were calculated by regressing body mass against 

wing length and were used as a measure for relative body mass. Positive values 

indicate relative heavy individuals for a given wing size, while negative values 
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indicate relatively light individuals. Following, dissection was performed under a 

Leica MZ 12.5 stereomicroscope. Abdominal sternites were removed and fifty 

developed eggs were isolated on pre-weighted aluminum foil. Eggs were dried in an 

incubator (Binder – APT.lineTM) at 60°C for 12h and weighted again on a Sartorius 

SE2F balance (accuracy 1 µg). Average dry weight of a single egg was calculated and 

further considered as a measure for egg quality. This because more nutrients are 

expected in heavier eggs (Wheeler, 1996; Lease & Wolf, 2011). The total number of 

developed eggs then, was considered as a quantitative measure of fecundity. 

Multiplying both estimates gave clutch mass, i.e.  quality*quantity.  

Repeatability or our measures was evaluated. Specifically, a set of randomly 

chosen individuals among populations and years were measured twice. Repeatability 

was then calculated as the proportion of the variation between individuals to the 

total variation, i.e. between and within individuals (Lessells and Boag, 1987). A 

limited measurement error was observed: body mass (R = 0.90, N = 106), egg mass 

(R = 0.78, N = 46), and egg number (R = 1.00, N = 66).  

 

Statistical analyses 

We first tested for statistical dependence in our estimates of the social environment. 

Using single regressions and adding study population as a repeated measure, 

andromorph frequency, OSR and male density appeared not significantly related to 

one another (all P ≥ 0.17 and spearman R² ≤ 0.32). This allowed us to simultaneously 

test the predictive value of these parameters, along with female morph, mate status 

and all morph-specific interactions (see Table 1) in the same ANCOVA models. Each 

of the four models we performed was controlled for spatial and temporal variation 

by adding study population and year as random variables. Model selection was 

always started with the full model, and then preceded with the removal of non-

significant terms (backwards regression). Thus, the non-significant factor with the 

highest P-value was first removed and the final model was obtained when only 

significant terms remained (Verbeke & Molenberghs, 1997). Finally, we tested 

whether female morphs differentially invested in quality (egg mass) versus quantity 
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(egg number) across populations. In doing so, we performed an ANCOVA model with 

number of eggs treated as response variable, and egg mass, study population, 

female morph and the interactions egg mass by population and by morph were 

treated as explanatory variables. Meanwhile, we controlled for annual variation by 

adding year as a random variable to the model. All analyses were performed in SAS 

9.2 (SAS Institute Inc, Carry, NC, USA). 

 

Results 

Clutch mass varied with population morph frequency and in opposite 

directions for both female morphs, consistent with an expected frequency-

dependent mechanism. Specifically, andromorph females have higher clutch mass 

when rare, compared with gynomorphs (Figure 1A). This fecundity advantage for 

andromorphs gradually switched with rising andromorph frequencies towards a 

reverse situation with higher clutch mass for gynomorphs when rare. Similar 

observations, though not significant, were made for egg number (see Morph*Afreq 

effect, Table 2). No other morph-specific interactions with male density or OSR were 

observed, and neither did female morphs additionally differ in any of the 

investigated fecundity estimates (Table 2). Nonetheless, all four fecundity estimates 

decreased with increasing OSR (Figure 1B), while no effects of male density were 

observed (see Table 2). Egg number increased with andromorph frequencies, 

whereas a reverse pattern was observed for egg mass. Clutch mass, as a 

combination of these two fecundity traits, followed overall the same pattern as for 

egg number. Then, mating status had a clear effect on all studied fecundity traits. 

Mated females were relatively heavier for a given wing length (0.33±0.09 mg/cm) 

than single ones (-0.66±0.14 mg/cm). Similar observations were made for clutch 

mass (1.052±0.024 vs 0.682.2±0.034 mg/clutch, respectively) and egg number 

(155±4 vs 95±5 eggs, respectively). Contrarily, mated females showed slightly lower 

egg mass than single females (6.83±0.04 vs. 6.89 ±0.07 µg/egg, respectively). 
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Figure 1: Variation in clutch mass in female morphs of the damselfly N. irene. Panel A: female 

morph by andromorph frequency interaction. Values above and below 0 indicate 

respectively, higher and lower clutch mass for andromorph, relative to gynomorph females. 

These results indicate highest clutch mass for the rarest female morph. Annual (white) and 

averaged (black) values are given as well as regression fit and 95% confidence interval. Panel 

B: decrease in clutch mass with operational sex ratio (OSR). Panel C: clutch mass (mean ±1SE) 

in single (black) and mated (white) female morphs. 
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Table 2: Effects of female morph, mate status and key parameters of the social environment 

(Afreq, OSR and Mdens referring to andromorph frequency, operational sex ratio and male 

density) onto the investigated fitness estimates. Numerator degrees of freedom is 1 in all 

cases, DF in the table refers to the denominator degrees of freedom. Note that relative body 

mass was measured in three years, while the fecundity estimates in two subsequent years. 

Significant results are indicated in bold. 

  Effect DF F P 

Relative body mass 
   

Morph 759 0.76 0.38 
Status 762 24.6 <.0001 

Afreq 760 0.82 0.36 
OSR 762 4.57 0.033 

Mdens 761 0.70 0.40 
Morph*Status 756 1.79 0.18 
Morph*Afreq 755 0.00 0.96 
Morph*OSR 758 1.15 0.28 
Morph*Mdens 757 2.03 0.15 

Egg number 

 
Morph 534 0.86 0.35 

 
Status 534 64.1 <.0001 

 
Afreq 534 9.21 0.002 

 
OSR 534 19.9 <.0001 

 
Mdens 531 0.01 0.92 

 
Morph*Status 534 7.48 0.006 

 
Morph*Afreq 533 2.96 0.086 

 
Morph*OSR 532 0.47 0.49 

 
Morph*Mdens 530 0.16 0.69 

     Egg mass 
   

 
Morph 516 1.18 0.28 

 
Status 517 5.13 0.024 

 
Afreq 517 9.78 0.002 

 
OSR 517 21.2 <.0001 

 
Mdens 512 0.00 0.99 

 
Morph*Status 514 0.48 0.49 

 
Morph*Afreq 513 0.08 0.77 

 
Morph*OSR 515 0.81 0.37 

 
Morph*Mdens 511 0.00 0.98 

     

Clutch mass 
   

 
Morph 515 2.27 0.13 

 
Status 515 47.0 <.0001 

 
Afreq 515 5.04 0.025 

 
OSR 515 33.5 <.0001 

 
Mdens 512 0.32 0.57 

 
Morph*Status 514 3.11 0.078 

 
Morph*Afreq 515 5.57 0.018 

 
Morph*OSR 513 0.82 0.37 

  Morph*Mdens 511 0.00 0.98 
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Finally, a negative correlation was observed between egg mass and egg 

number (F1,514 = 9.2, P = 0.002), but this effect differed among study populations (egg 

mass*population: F1,514 = 2.66, P = 0.022). Specifically, individuals in more Northern 

populations tended to invest more in egg mass, rather than in egg number, while the 

reverse was observed for more Southern populations (See Figure 2). This investment 

in fecundity traits did not differ between female morphs (egg mass*morph: F1,512 = 

0.83, P = 0.36).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Differences in egg mass (black bars) and number of eggs (white bars) among 

populations (means ±1SE). Sites are ordered by increasing latitude and andromorph 

frequency (Barb’s Marsh (BM), Jack’s Marsh (JM), Otter Marsh (OM), Quebec City (QC), 

Summit Lake (SL), Airpark Road (AR)). 

 

Discussion 

Our study confirms the expectation that female morph fecundity depends 

on the social environment. More specific, we show an inverse relationship between 

our four fecundity measures and the level of male harassment, estimated by relative 

male density. Furthermore, clutch mass of the rare female morph was relatively 

higher than the common female morph. Both these observations support the idea 

that NFDS is a potential mechanism involved in maintaining intra-specific variation 
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within populations, a pattern that is most likely driven by sexual conflict (Ayala & 

Campbell, 1974; Svensson et al., 2005; Gray & McKinnon, 2007; Kokko & Rankin, 

2006). Indeed, costs of male harassment have been shown repeatedly (Cluttonbrock 

& Parker, 1995; Watson et al., 1998; Rankin et al., 2011), as obtrusive males may 

reduce female foraging success for instance, resulting in suboptimal fecundity (e.g.  

bees: Rossi et al., 2010; damselflies: Takahashi & Watanabe 2010). Furthermore, 

recent work with N. irene, involving exactly the same populations and the same 

years as the current study, clearly indicated frequency-dependent male mate 

preference (Ting et al., 2009; chapter 4). Together with the work on, for instance 

polymorphic lizards (Sinvervo & Lively, 1996) and diving beetles (Härdling & 

Bergsten, 2006), our work generalises the importance of costly frequency-

dependent social interactions as a balancing mechanism to explain intra-specific 

polymorphisms (Svensson et al., 2005; Takahashi et al., 2010). 

Moreover, theoretical and empirical studies indicate that in absence of other 

mechanisms, NFDS could over generations lead to temporal frequency oscillations 

along an equilibrium frequency (e.g. fishes, Hori, 1993; damselflies, Takahashi et al., 

2010). However, morph frequencies are temporally fairly stable in N. irene (Iserbyt et 

al., 2009; AI, unpublished results). Notwithstanding, large spatial variation in morph 

frequencies are repeatedly reported, often resembling a geographical cline (Ischnura 

elegans: Gosden et al., 2011; I. senegalensis: Takahashi et al., 2011; N. irene: Van 

Gossum et al., 2007; Megalagrion calliphya: Cooper, 2010). This may indicate that 

besides NFDS operating within populations, additional mechanisms may influence 

where the equilibrium frequency lies. An obvious suggestion is divergent selection, 

favouring certain morphs under a given set of ecological conditions, such as densities 

of con- and heterospecific damselflies, differences in climate or differences in 

predation rate or parasite load among populations. In addition, historical and 

present-day stochastic mechanisms have been proposed as well, at least in some 

parts of a species’ distribution range (Iserbyt et al., 2010, 2012; Sánchez-Guillén et 

al., 2011). Yet, controversy remains on the exact nature of synergic mechanisms to 
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explain this natural phenomenon and certainly deserves more attention in future 

research. 

Our work also shows that females may allocate reproductive resources in 

either quality (egg mass) or quantity (egg number). This trade-off clearly differed 

between populations and may perhaps relate to the inhospitable aquatic 

environment of the larvae (Stoks & Córdoba-Aguilar, 2012). Odonate larvae are 

generalist predators that interact aggressively towards conspecifics or 

heterospecifics, leading to high rates of cannibalism (Anholt, 1994; Padeffke & 

Suhling 2003; Schenk & Söndgerath, 2005). Being large as a larva, hatching from a 

heavy egg may thus be more advantageous in this competitive environment. 

Furthermore, body size may increase with latitude due to temperature related 

physical constraints of growth and development (Bergmann’s rule, reviewed by 

Chown & Gaston, 2010), a general pattern that is also confirmed in damselflies 

(Cordero Rivera & Egido Pérez, 1998; Abbott 2006; Iserbyt et al., 2011). Clutches of 

Northern populations in the present study, consisted clearly of heavier eggs, 

compared to Southern ones. Taken both together, investment or development of 

heavier eggs may depend on several ecological variables, but also will go at the 

expense of producing numerous eggs.  

This reproductive trade-off, however, did not differ between morphs, which 

contrasts with earlier reported alternative physiological optima in this species 

(Iserbyt et al., 2012) and more general, contrasts with observations in polymorphic 

birds (Roulin, 2004) and lizards (Sinervo et al., 2000; Vercken et al., 2007). On the 

one hand, this questions whether female damselfly morphs can be seen as 

alternative reproductive strategies, at least based on the here investigate fecundity 

traits. Parallels can be drawn with color polymorphisms maintained by apostatic 

prey selection that are neither considered as alternative reproductive strategies 

(Oliveira et al., 2008). Among other potential functions, female colour morphs in 

damselflies may primarily be an evolutionary strategy to escape ‘apostatic’ male 

harassment and not per se an alternative strategy to maximize reproductive success. 

On the other hand, differences in egg number between mating and single females 
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was larger for gynomorphs compared to andromorphs and similar tendencies were 

found for clutch mass. These morph-specific differences in effect of mate status may 

perhaps reflect a different oviposition strategy or different resistance and tolerance 

towards male mating attempts (Gosden & Svensson, 2009). Specifically, andromorph 

females may oviposit more frequently, but smaller clutches compared to 

gynomorphs (but see Fincke, 1994; Cordero Rivera & Egido Pérez, 1998). Perhaps 

additionally, andromorphs may be more tolerant towards male mating attempts and 

accept matings even when they don’t have a complete and ripe clutch yet (Gosden & 

Svensson, 2009).  
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Abstract: 

 

Polymorphism limited to the female sex occurs in a variety of animal species and has 

been shown to be an attractive model system for examining general questions in 

signal detection theory. When observed in damselflies, typically one female morph is 

an example of sexual dimorphism, while the other is considered as a functional 

male-mimic that resembles the male’s phenotype in several traits. While several 

studies focussed on male harassment and subsequent cost/benefit trade-offs in 

female morphs, it remains understudied at the proximate level, which precise cues 

are relevant to mate-searching males for discriminating among potential mates. In 

the present study, we scored male mate preference to natural and manipulated 

phenotypes in the polymorphic damselfly Nehalennia irene. In contrast to 

expectation, male preference did not change when colour was manipulated and 

male preference remained consistently for andromorph>male>gynomorph across 

treatments. This suggests that cues other than body coloration primarily affect male 

mate preference in our study system. 

 

Keywords: female polymorphism, male preference, mimicry, Nehalennia irene, 

phenotypic manipulation, sexual conflict, signal detection 



Chapter 6 

-133- 

 

Introduction 

 

While male reproductive success is generally increased with rising mating 

rate, female optimal mating rates are typically lower compared to males (Arnqvist & 

Rowe, 2005). As a consequence, females may face more mating attention than 

desired, thereby suffering reduced fitness (e.g. McLain & Pratt, 1999; Schlupp et al., 

2001; Sakurai & Kasuya, 2008). In this context, female polymorphism may have 

evolved as an evolutionary strategy to lower redundant male mating attention (e.g. 

Hinnekint, 1987; Robertson, 1985). Mate-searching males may then become 

challenged when confronted with multiple female morphs and in turn benefit from 

being selective, rather than randomly approaching females (Härdling & Bergsten, 

2006). Specifically, adopting a search image for the more common female morph 

may allow faster access to a mate. Consequently, the uncommon female morph will 

receive relatively less male attention (Van Gossum et al., 2001a) 

Such female polymorphism is commonly observed in damselflies (Insecta: 

Odonata), with wide variation in female morph frequencies across populations (e.g. 

Sánchez-Guillén et al., 2005; Iserbyt et al., 2009). Males are generally conspicuously 

coloured, which has been suggested to signal their unprofitability as a mate towards 

other males (anti-harassment aposematism: Sherratt & Forbes, 2001). In this way, 

mate-searching males diminish their probability to mistakenly attempt mating 

conspecific males rather than females. Complexity rises when female polymorphism 

occurs, with typically one female morph (andromorph) resembling several aspects of 

the males’ phenotype [body coloration and melanin pattern (e.g. Forbes et al., 

1995), behaviour (e.g. Van Gossum et al., 2001b), body size and shape (e.g. Abbott & 

Gosden, 2009)], whereas the other female morph (gynomorph) does not. Although 

females need males to fulfil their reproductive needs, when beyond a females’ 

optimal mating rate, andromorphs are considered to be functional male-mimics that 

benefit from reduced levels of male harassment (e.g. Hinnekint, 1987; Robertson, 

1985). While assuming that males use one, or a combination of traits as cues for 

mate discrimination, empirical work indeed confirms that andromorphs, compared 
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to gynomorphs, experience lower yet frequency-dependent mating probabilities 

(Cordero Rivera & Sánchez-Guillén, 2007; Hammers & Van Gossum, 2008). Further, 

Ting et al. (2009) showed that with rising proportions of andromorphs, the readiness 

of males to respond sexually towards andromorphs increased at an approximately 

similar rate as towards other males. This outcome can be understood from the 

perspective of signal detection theory, which is now widely applied to understand 

the evolution of mimicry (e.g. Holen & Johnstone, 2004). Specifically, if the number 

of profitable andromorphs, relative to unprofitable males increases, then males 

should become more prepared to attack male-like individuals, including both males 

and andromorphs. In this way the underlying probability of a correct classification 

rises. 

Here, we elaborate on previous research (Ting et al., 2009) and study male 

mate preference for males and female morphs in populations where andromorphs 

are the majority female morph. As indicated, andromorphs resemble conspecific 

males in several traits, but at a proximate level it remains understudied which 

precise cues are most relevant for mate-searching males to discriminate between 

potential mates. Body coloration of andromorphs and males is very similar for 

human observers. Furthermore, odonates have well developed colour vision (Briscoe 

& Chittka, 2001). Hence, we manipulated body coloration across sexes and female 

morphs, and compared the degree of male attraction with unmanipulated 

individuals. Because we only manipulated colour, all other sex- and morph-specific 

traits, such as morphology and behaviour, remained unaffected. Based on previous 

findings, our prediction is that males will have a frequency-dependent preference for 

the most common female phenotype in the population (cf. Van Gossum et al., 

2001a; Ting et al., 2009). Further, when changing body colours of males and 

andromorphs into gynomorphs and vice versa, we would predict males to switch 

their phenotype-specific preference in accordance to their preferred body 

coloration. Finally, when all phenotypes are uniformly coloured, we expect male 

mate preference to be a random choice. 
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Materials and methods 

 

Model species and study sites 

Nehalennia irene (Hagen, 1861) is a non-territorial North American damselfly with 

one male and two different female morphs. Andromorph females closely resemble 

males in blue lateral thorax coloration and melanin pattern of the last three 

abdominal segments (see Forbes et al., 1995 for more detail). Gynomorph females 

show a distinct yellow-green thorax and have a different abdominal pattern than 

males and andromorphs. Furthermore, andromorphs are overall closer in size to 

males than gynomorphs are (Iserbyt et al., 2011). In our study, male mate 

discrimination was tested in two populations in British Columbia (Canada). In both 

cases andromorphs constituted the majority female morph (>90%). 

 

Experimental design 

Male mate preference was tested with manipulated and unmanipulated models: 

andromorphs, gynomorphs or males were glued (UHU® Power Glue) on a grass stem 

and were presented to sexually active males in alternating manner at the ponds 

edge (cf. Fincke et al., 2007; Ting et al., 2009). Five experimental colour treatments 

were applied to the models: (1) ‘not manipulated’, i.e. natural body coloration, (2) 

‘control’, painted the lateral sides of the thorax and the last three abdominal 

segments in their own colour to determine the paint effect, (3) ‘switched 

phenotype’, same as ‘control’ but painted andromorphs and males on thorax and 

abdomen as gynomorphs and vice versa, (4) ‘pink’ and (5) ‘black’, painted body parts 

as in ‘control’ but in pink or black respectively. Previous studies showed that painted 

phenotypes change male mating preference successfully (Bick & Bick, 1965; Cordero 

et al., 1995; Gorb, 1998; Miller & Fincke, 1999). We used a mixture of acrylic paints 

(Golden Fluids AcrylicTM) and used human sight to match the paint as closely as 

possible to the natural body colorations. In total, 16 models of each type 

(andromorph, gynomorph and male) in each treatment (5) were presented to five 

sexual active males, i.e. in total 1200 presentations to different focal males 
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(16x3x5x5). The behavioural response of the focal male towards the model were 

categorised as follows: (1) ‘no response’, the male did not respond within a 

presentation time of 120 s, (2) ‘fly away’ when the male showed no interest and flew 

away (sometimes after inspecting but without touching the model), (3) ‘contact’, the 

male approached and briefly made a physical contact, (4) ‘tandem attempt’, male 

sexual attempt to grasp the models’ prothorax with his anal appendages to form the 

tandem position, required for mating. Thus each focal male scored a “1” in one of 

these categories (presence of behaviour) and a “0” (absence) in all the others. When 

the focal male showed sexual response, or when the maximal presentation time 

(120s) was reached, the male was caught and marked with a permanent pen to 

avoid multiple testing. Although behaviour is limited when glued on a grass stem, 

models are still able to show refusal displays, such as wing displays or abdomen 

curling. Occurrence of any kind of model behaviour was noted as binary data. 

 

Statistical analyses 

Generalised linear mixed models (PROC GLIMMIX in SAS 9.2) with a binomial error 

structure were applied to evaluate variation in male response to the different 

experimental models. We used presented model, colour treatment and their 

interaction plus occurrence of model behaviour as explanatory variables. 

Furthermore, site and presented individual were added as random variables to 

control for possible variation between sites and to control for pseudo-replication.  

 

Results 

 

The male behavioural responses ‘no response’ and ‘contact’ rarely occurred 

(respectively 3.3% and 7.3 % out of 1200 presentations). ‘Tandem attempts’ (30.2%) 

and ‘fly away’ (59.2%) were therefore two almost mutually exclusive observational 

endpoints. Results of analyses with ‘fly away’ or ‘tandem attempts’ as dependent 

variable gave very similar but opposite results. Here, we only present results of the 

‘tandem attempts’.  
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Figure 1: Mean number (± SE) of male sexual responses towards manipulated and 

unmanipulated andromorph (A), gynomorph (G) and male (M) models of the damselfly 

Nehalennia irene.   

 

Males clearly discriminated among the presented models (F2,958 = 13.03; P < 

0.0001), however, model-specific preference did not differ across colour treatments 

(treatment*model: F8,954 = 0.36; P = 0.94; main effect treatment: F4,955 = 0.90; P = 

0.47). Specifically, males strongly preferred to mate with andromorph models (mean 

± SE out of 5 presentations: 1.96 ± 0.29) relative to either gynomorph (1.02 ± 0.18; 

Bonferroni corrected post hoc comparisons: T958 = 5.10; P < 0.0001) or male models 

(1.54 ± 0.30; T958 = 2.11; P = 0.035; see Figure 1). Gynomorph models were least 

preferred by males (relative to other presented males: T958 = -3.03; P = 0.0025). The 

occurrence of model behaviour had no effect on male mating preference (F1,957 = 

2.23; P = 0.14).  

 

Discussion  

  

In short, our experiment clearly showed that males were differentially 

interested in the presented phenotypes. Sexual response by mate-searching males 

was highest towards andromorph females, lower towards conspecific males and 

lowest towards gynomorph females. This preference order was remarkably 

consistent and independent of the presented models’ manipulated colour. To 

interpret these unexpected results, we will first review current knowledge on colour 
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vision in odonates. Second, we will evaluate what is known on cues in male mate 

discrimination for polymorphic damselflies, and third, we will discuss the 

implications of our observations on the evolution and maintenance of intra-specific 

mimicry.  

First, odonates have well developed colour vision (Briscoe & Chittka, 2001) 

and are able to perceive colour signals spanning a broad wavelength range from 

350-700 nm (reviewed in Schulz et al., 2008). Spectrophotometric measures indicate 

that this potential for colour perception corresponds with the reflected spectra of 

the thorax cuticle. Furthermore, reflectance spectra are remarkably similar between 

andromorphs and males, but different from gynomorphs (Fincke et al., 2007; Van 

Gossum et al., 2011). Therefore it does not surprise that body coloration is generally 

assumed to act as the most relevant trait for male mate discrimination in 

polymorphic damselflies (e.g. Gorb, 1998; Miller & Fincke, 1999; Joop et al., 2006b; 

Van Gossum et al., 2011). 

Second, numerous studies showed that mate-searching males discriminate 

among phenotypes, rather than randomly approaching individuals (e.g. Miller & 

Fincke, 1999; Van Gossum et al., 2001a, 2011; Cordero Rivera & Sánchez-Guillén, 

2007; Hammers & Van Gossum 2008; Ting et al., 2009; Takahashi & Watanabe, 

2009). As indicated before, males and female morphs differ in several phenotypic 

traits. At a proximate level however, few studies attempted to quantify the exact 

cues that are relevant to mate-searching males. Previous preference experiments 

with manipulated phenotypes indicated that males initially discriminate among 

phenotypes based on sex-specific traits (abdominal melanin patterning) and 

additionally use morph-specific cues, such as body coloration in fine-tuning their 

search image (Gorb, 1988; Miller & Fincke, 1999). However, phenotype-specific body 

coloration and abdominal melanin pattern can differ substantially among 

polymorphic species (Joop et al., 2006b). In some species, reflectance spectra and 

melanin patterning of andromorphs and males are so similar (Van Gossum et al., 

2008a, 2011), that a mate-searching male would likely need to rely on other cues to 

recognize these females as potential mates. In support, male sexual interest differed 
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for presented dead and alive individuals, indicating the relevance of a potential 

mates’ behaviour (Cordero et al., 1998; Cordero Rivera & Andrés, 2001; Andrés et 

al., 2002). For N. irene however, no morph-specific behavioural differences were 

observed in a similar population where andromorphs were the most frequent morph 

as well (Iserbyt & Van Gossum, 2009). Furthermore, although behaviour of glued 

individuals is limited, yet still possible in the current study, we did not observe an 

effect of model behaviour on male mate preference. However, behaviour can be 

measured in various ways, and we acknowledge that further research focus is 

needed to evaluate the relevance of signalling a mates’ resistance or tolerance to 

mating (cf. Gosden & Svensson, 2009). 

Nonetheless, we showed male preference to differ among presented 

phenotypes and as it seems, independent of body coloration and perhaps behaviour. 

The consistency in our results suggests that signals, other than the manipulated 

ones, are more relevant for males to be attracted. We only painted those body parts 

that differed most obviously among phenotypes for the human eye, i.e. the last 

three abdominal segments and lateral sides of the thorax. Possibly more subtle 

differences, such as the compound eye colour or slight difference in metallic lustre 

of the dorsal black parts are relevant for males to discriminate among phenotypes 

(cf. Bick & Bick, 1965). Perhaps differences in ventral body coloration may also be 

relevant, depending on the males’ angle of approach (Gorb, 1999). Furthermore, 

males and female morphs differ in body size and shape (Abbott & Gosden, 2009; 

Bots et al., 2009a; Iserbyt et al., 2011). However, these differences are much smaller 

between female morphs than between sexes. Given the observed male preference 

for andromorphs>males>gynomorphs, we consider it unlikely that morphological 

differences act as the only cue in explaining our observed pattern in mating 

preference. Further, odonate antennae bear sensory structures that most likely 

enable them to perceive odours (Rebora et al., 2010). Therefore, it may not be ruled 

out that chemical signals are a cue in mate-searching males, as also suggested by 

Cordero et al. (1998). However, odonates are generally assumed to detect potential 

mates relying on visual cues and the presence of sexual pheromones has never been 
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documented in any odonate species (Corbet, 1999). Clearly, further research is 

warranted to identify which cues matter for mate discrimination in our study 

system.   

Third, we performed our experiment in the Western edge of the species’ 

distribution range (Walker, 1953), a region that is characterised by consistent and 

high relative andromorph frequencies (Van Gossum et al., 2007a; Iserbyt et al., 

2009). Recent empirical evidence in such populations suggests stronger selection to 

improve mimetic similarity of andromorphs to males (Iserbyt et al., 2011).  On the 

other hand, our study area is also characterised by low population densities (Iserbyt 

et al., 2009) and low genetic diversity (Iserbyt et al., 2010). Further, in line with 

predictions from signal detection theory, we observed the rare gynomorphs to be 

least preferred, and that male-male mating attempts frequently occurred. These 

observations raise the question whether generally proposed explanations in the 

context of female polymorphic damselflies may not apply in our current study region 

(see also Van Gossum & Sherratt, 2008). Male conspicuousness may be evolved as a 

signal to reduce male-male harassment (Sherratt & Forbes, 2001) and andromorphs 

may  generally be functional male-mimics that experience reduced male harassment 

compared to gynomorphs when beyond their optimal mating rate (Van Gossum et 

al., 2011). However, these explanations may not apply for populations of N. irene in 

Western Canada. Perhaps, mimicry may have broken down in these populations 

where andromorphs largely outnumber gynomorph females (cf. Holen & Johnstone, 

2004; but see Iserbyt et al., 2011). If true, then the phenotypic signals that once 

functioned to reduce male and female harassment may now have become cues for 

male attraction instead of avoidance. Together, we are possibly observing a system 

in progress towards female monomorphism, or perhaps we are collecting pieces of 

evidence for speciation in our study system (Gray & McKinnon, 2007).  
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Abstract 

 

Males are often selected for higher mating rates than females. As a consequence of 

this sexual conflict, unreceptive females may suffer fitness costs from excessive male 

sexual harassment. In a variety of vertebrate and invertebrate species, multiple 

female morphs coexist in natural populations which have been observed to differ in 

body colour, in behaviour and also in the amount of male harassment received. 

However, the degree of harassment on a female morph may depend on the 

frequency and density of males and female morphs in the population. We quantified 

harassment rate and subsequent refusal behaviour of males and female morphs of 

the polymorphic damselfly Nehalennia irene. Unexpectedly and contrary to previous 

work, female morphs received similar amounts of male harassment and showed 

mostly the same behaviour. We discuss why differences in morph behaviours may 

be lacking and how this compares to contemporary explanations for the 

maintenance and evolution of female-limited polymorphisms.  

 

Keywords: colour polymorphism, density dependence, frequency dependence, male 

mimicry, Nehalennia irene, Odonata, refusal display 
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Introduction 

 

 Although colour polymorphisms are common across the animal kingdom, questions 

remain on the origin of this variation and on the mechanisms involved in its 

maintenance (e.g. Gray & McKinnon, 2007). Intriguingly, in several animal species 

coexistence of different morphs occurs in one sex only (e.g. Oliveira et al., 2008; 

Svensson et al., 2009) and are typically understood as alternative reproductive 

strategies. Male polymorphism is usually considered to be the result of intense male-

male competition over access to mates (Shuster & Wade, 2003; Simmons et al., 

2007). Female polymorphism is suggested to have evolved in the context of sexual 

conflict, with female morphs experiencing different levels of excessive and costly 

male sexual harassment (e.g. Arnqvist & Rowe, 2005; Härdling & Bergsten, 2006; 

Svensson et al., 2009). Specifically, the intensity of male harassment that each female 

morph receives may depend on the frequency (e.g. Van Gossum et al., 2001b; 

Gavrilets & Waxman, 2002) and density (e.g. Sinervo et al., 2000; Kokko & Rankin, 

2006; Gosden & Svensson, 2009) of each morph in a population. 

While female-limited polymorphism has been reported for various species of 

vertebrates and invertebrates they are particularly common among female 

damselflies (Insecta: Odonata; e.g. Van Gossum et al., 2008b; Svensson et al., 2009). 

Typically, one female morph (andromorph) much resembles the conspecific male in 

body coloration, whereas the other female morph(s) (gynomorphs(s)) does not (e.g. 

Corbet, 1999). Female morphs are heritable and controlled by alleles on a single 

autosomal locus with sex-limited expression, that is, both sexes carry the alleles but 

only females show discrete phenotypes (e.g. Sánchez-Guillén et al., 2005). Most 

contemporary explanations for the phenomenon consider that female morphs are 

maintained by density- and frequency- dependent selection mechanisms (e.g. 

Sherratt, 2001; Svensson et al., 2005; Gosden & Svensson, 2009). Possibly, 

andromorphs are functional male mimics that suffer less male harassment, because 

males do not easily recognize them as females compared to gynomorphs (‘male 

mimicry hypothesis’, reviewed in Van Gossum et al., 2008b). Alternatively, or in 
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addition, males may learn to recognize a female’s phenotype and harass female 

morphs according to their relative frequency in a population (‘learned mate 

recognition hypothesis’, Van Gossum et al., 2008b). Moreover, how much females 

are harassed may also depend on the number of males per female (sex ratio) and on 

the number of individuals that interact (density; Head & Brooks, 2006; Kokko & 

Rankin, 2006; Van Gossum & Sherratt, 2008). 

In support of the male mimicry idea, andromorphs have been observed to 

resemble conspecific males not only in body colour, but also in behaviour. 

Specifically, solitary andromorphs, compared to gynomorphs, have been observed to 

fly shorter distances, perch at similar heights as males and spend less time hidden in 

the vegetation (Van Gossum et al., 2001a). When approached by a male, unreceptive 

andromorphs compared to unreceptive gynomorphs show more aggressive, that is 

typical male-like, behaviour to indicate their unwillingness to mate (Van Gossum et 

al., 2001a, Sirot et al., 2003). However, female morphs may also differ in behaviour 

irrespective of ideas on male mimicry. Indeed, female morphs have also been 

suggested to differ in their degree of resistance and tolerance towards male mating 

attempts (Gosden & Svensson 2007, 2009) and to differ in their intensity of refusal 

behaviour (see also Forbes et al., 1997). In conclusion, all previous studies on female 

morph behaviour have confirmed that andromorphs and gynomorphs differ in 

behaviour, suggesting different reproductive strategies (Gosden & Svensson, 2009).  

Most previous work has focused on studying populations where gynomorphs 

were the relative majority morph. However, over recent years it has become obvious 

that morph frequencies- and densities may differ considerably between populations, 

with some sites where andromorphs outnumber gynomorphs (e.g. Fincke et al., 

2005; Sánchez-Guillén et al., 2005; Van Gossum et al., 2007a). This has allowed field 

studies to be conducted in different types of social environments, making it possible 

to validate contemporary hypotheses concerning the maintenance of female 

polymorphism (see Cordero Rivera & Sánchez-Guillén, 2007; Van Gossum et al., 

2007a; Hammers & Van Gossum 2008). We studied a population of the damselfly 

Nehalennia irene where andromorphs were more common than gynomorphs. We 
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quantified male harassment rate on andromorphs, gynomorphs and males along 

with study of subsequent refusal behaviour. The rationale for this work was 

threefold: (1) a recent study on N. irene indicated that male mating interest for 

female morphs differed depending on whether andromorphs or gynomorphs were 

the majority female morph in the population (Ting et al., 2009); (2) a behavioural 

study on N. irene has been done on a population with a majority of gynomorph 

females (Forbes et al., 1997) allowing us to compare results with our work at a site 

with a majority of andromorph females; and (3) recent studies of female 

polymorphism in a population where andromorphs predominate have indicated that 

contemporary hypotheses do not always suffice to explain all field results (e.g. Van 

Gossum et al., 2007a). Together with these studies, our study should allow for a 

more general evaluation of whether contemporary hypotheses on female 

polymorphism can account for how males and female morphs behave in different 

social environments.  

 

 

Methods 

 

Study species 

Nehalennia irene is a small damselfly (body length: 24 - 29.5 mm; Lam, 2004) which 

inhabits marshy or boggy waters and is common throughout most of Canada and the 

northern parts of the United States (Walker, 1953). This species shows one male and 

two female morphs, which can already be distinguished in the immature stage based 

on genitalia and pattern of body melanization. Males and andromorph females have 

blue body coloration and show large paired dark spots on the dorsum of abdominal 

segment nine, with a triangular patch on the anteriodorsal part of abdominal 

segment eight (Forbes et al., 1995). In contrast, gynomorph females have yellowish 

body coloration and lack the triangular patch and paired spots on the abdominal 

segments. As in many damselfly species, N. irene males are nonterritorial and 

actively search for females (Corbet, 1999). After locating a potential mate, a male 
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will attempt to grasp the individual in the so-called tandem formation, that is, when 

the male succeeds in attaching his anal appendages to the individual’s prothorax 

(e.g. Corbet, 1999). Following tandem formation with a female, she then decides 

whether to mate or not. If receptive, the female will bend her abdomen forwards to 

make contact with the genitalia of the male, forming a copulation wheel.  

 

Study site  

All behavioural observations were completed at Nukko Lake, a small pond near 

Prince George, British Columbia, Canada. Observations were carried out from 19 

June to 12 July 2008, all by the same person (A.I.) to exclude any observer bias. Also, 

during all observations, a minimal distance of at least 75 cm was kept between the 

observer and the focal animal. Densities and frequencies of males and female 

morphs were determined on 5 days throughout the reproductive period (16 June: N 

= 150 individuals; 17 June: N = 165; 19 June: N = 235; 30 June: N = 62; 1 July: N = 

150). For this, several sweep sessions were made for each of these days, describing 

figures-of-eight with an insect net while walking slowly through the vegetation and 

recording the time elapsed (see also Van Gossum et al., 2007a; Hammers & Van 

Gossum, 2008). Sex and morph of each individual N. irene netted were noted. This 

allowed us to calculate five different population parameters (see Table 1): the 

proportion of females that were andromorph, the proportion of andromorphs to 

males (i.e. mimics to models), the proportion of males to females, and the 

population and male densities (number of individuals or males caught per min).  

 

Behavioural observations 

Detailed behavioural observations were made for focal individuals each lasting 15 

min. In total, 61 andromorphs, 62 gynomorphs and 54 males were monitored. 

Weather permitting (i.e. animals were foraging and reproductive activity occurred at 

the study site), observations were made daily from 0900 to 1700 hours local time. 

Males and female morphs were observed in alternating manner, thereby avoiding 

possible biases from diurnal variation in weather or behavioural cycles. For each 
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focal observation an identical procedure was followed. Before the observation, the 

mating status (solitary or mating) of the focal individual was noted. Then, the 

individual was caught using an insect net, individually marked on the wings with a 

permanent marker to allow further tracking and subsequently released 10 cm above 

the water surface at the place of capture. Animals quickly resumed activity (i.e. 

foraging or mating activity was observed) and 1 min later the observation session of 

15 min was started. Three main behavioural categories were focused on. First, when 

solitary, the number of flights, distance per flight, upper and lower perch height in 

the vegetation of a flight and feeding events were noted for each focal individual 

(see also Van Gossum et al., 2001a). Second, when the focal individual was 

approached by a conspecific, different refusal displays were distinguished. 

Specifically, focal individuals could show no response, move to the other side of their 

perch, spread their wings, curl the abdomen, fly away, face-off, charge and chase 

(see also Forbes et al., 1997; Van Gossum et al., 2001a; Sirot et al., 2003). Spreading 

wings and curling the abdomen indicate unwillingness to mate by the focal individual 

(Utzeri 1988; Forbes et al., 1997). Face-off is a nonsexual typical male behaviour, 

that is, when two individuals meet they show aggression while hovering close in 

front of one another, apparently mimicking each other’s movements in flight until 

either one retreats (Forbes et al., 1997; Sirot et al., 2003). Charge refers to the focal 

individual flying rapidly towards the approaching individual and stopping abruptly at 

a distance of about 5 cm in an attempt to chase it away (Van Gossum et al., 2001a). 

Third, the number of times a focal individual was approached by a conspecific, had 

physical contact or was grasped in tandem (without copula) gave an indication of the 

intensity of harassment. Note that although male--male mating attempts also 

frequently occur in N. irene, males are mechanically prevented from forming tandem 

with conspecific males successfully (Van Gossum et al., 2007b). Approaching 

conspecifics were only observed and never caught. Therefore, an approaching 

individual could be recognized if gynomorph, but it was not possible to distinguish 

between male and andromorph. However, for 61 andromorph and 62 gynomorph 

focal observation sessions, we never observed any of these focal females taking the 
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initiative in approaching a conspecific individual. Therefore, we think it reasonable to 

assume that the vast majority of, if not all, conspecifics approaching focal individuals 

were males. Hence, in what follows we consider all approaching conspecifics to be 

male.  

After each focal observation of 15 min, the degree of cloud coverage was 

estimated (% of the sky covered in clouds) and both ambient temperature (°C) and 

wind speed (km/h) were measured in shade in the vegetation, 30 cm above the 

surface with a portable anemometer (La Crosse Technology, La Crosse, WI, U.S.A.; 

EA-3010). Weather characteristics were noted considering their relevance for the 

performance of ectothermic insects in general (Huey & Kingsolver, 1989; Corbet, 

1999). Also, differently coloured morphs may vary in performance because of 

different heating characteristics (e.g. Forsman et al., 2002; but see Bots et al., 2008). 

 

Statistics 

If not mentioned otherwise, all analyses were completed in SAS 9.1.3 (SAS Institute 

Inc., Cary, NC, U.S.A.). Although behavioural observations were alternated between 

males and female morphs, when analysing data on solitary behaviour, we included 

time of day and weather variables in our statistical model. Because these variables 

were strongly correlated, a principal components analysis was completed. This gave 

two principal components: PC1 explained 41.2% of the variation with ambient 

temperature (+0.68) and cloud coverage (-0.50) as highest factor loadings and PC2 

explained 28.3% with time of the day (+0.69) and wind speed (+0.70) as the highest 

factor loadings. Solitary behaviour was analysed with ANCOVA models including sex, 

Julian date, sex*Julian date, PC1, PC2, mating status before the focal session, 

sex*PC1 and sex*PC2 as explanatory variables. The latter three variables never 

contributed significantly (P > 0.05) in explaining variation in solitary behaviour and 

are not mentioned further. To meet assumptions of normality, dependent variables 

were log transformed when appropriate. Every model was run twice, first with two 

categories as above (sexes: male and female) and then with three categories 

(morphs: andromorph, gynomorph and male). We adjusted P values of the pairwise 
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post hoc tests between morphs with a Tukey--Kramer correction. Refusal displays, 

catching prey and direct physical contacts were compared between morphs 

(andromorph, gynomorph and male) using generalized linear models (GLM) with 

binomial error structure. For each refusal display or direct physical contact, the 

occurrence of each behavioural aspect was compared relative to the total number of 

approaches (see also Forbes et al., 1997). Julian date and morph*Julian date were 

added as explanatory variables, to control for possible seasonal effects. To 

investigate whether number of approaches differed between morphs, a similar GLM 

was used, but with a Poisson error structure. Number of flights of the focal individual 

was included as a possible explanatory variable, since male approach may depend on 

the activity of the focal individual (Forbes et al., 1997). To evaluate specifically 

whether the relatively more common female morph receives disproportionate male 

attention (e.g. Miller & Fincke, 1999), we conducted exact binomial tests in R 2.8.0 

(R Development Core Team, Vienna, Austria) to test whether the observed number 

of approaches deviates from the expected number based on the population morph 

frequency. 

 

 

Results 

 

Population parameters  

Andromorphs were by far the majority female morph at our study site throughout 

the entire study period (Table 1), while relative morph frequencies remained fairly 

stable (proportion of females that were andromorph: χ²1 = 0.00, P = 0.96; proportion 

of andromorphs to males: χ²1 = 0.89, P = 0.35). Sex ratio was male biased with almost 

two males for each female throughout the study period (χ²1 = 0.37, P = 0.54). 

However, male and population densities varied and decreased significantly 

throughout the study period (χ²1 = 10.6, P = 0.001 and χ²1 = 9.48, P = 0.002, 

respectively; Table 1).  
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Table 1: Mean population parameters ± SE of daily sweeping sessions made during the study 

period. These parameters are the proportion of females being andromorph (A/F), the 

proportion of andromorphs to males (A/M), sex ratio (M/F), and the male- and population 

density (Mdens and Pdens respectively).  
 

Parameter 16 June 17 June 19 June 30 June 1 July 

A/F 0.97 ± 0.02 1.00 ± 0.00 0.95 ± 0.02 0.97 ± 0.02 0.98 ± 0.02 

A/M 0.79 ± 0.16 0.36 ± 0.05 0.54 ± 0.10 0.81 ± 0.12 0.83 ± 0.13 

M/F 1.48 ± 0.37 3.13 ± 0.54 2.23 ± 0.68 1.34 ± 0.17 1.39 ± 0.21 

Mdens 43.6 ± 10.0 42.1 ± 6.30 59.2 ± 7.90 5.25 ± 0.38 9.70 ± 0.97 

Pdens 74.1 ± 14.9 57.7 ± 9.55 90.4 ± 8.75 9.60 ± 0.90 17.9 ± 2.33 

 

Solitary behaviour 

In what follows, for each analysis we first discuss possible effects of Julian date on 

behaviour, then evaluate differences between the sexes (males and females) and 

lastly between morphs (males, andromorphs and gynomorphs). Despite comparable 

weather conditions throughout the study period (regression: PC1: F1,175 = 2.20, P = 

0.14; PC2: F1,175 = 1.05, P = 0.31), activity pattern of the focal individuals increased 

with Julian date (Figure 1a, b, Table 2). Specifically, with advancing Julian date, males 

flew almost twice as often as females (mean ± SE = 12.6 ± 1.3 and 6.5 ± 0.5, 

respectively) and the difference between the sexes tended to increase, although not 

significantly so, during the study period (ANCOVA: sex*Julian date: F1, 171 = 3.35, P = 

0.069; Figure 1a). However, andromorphs and gynomorphs did not differ much in 

their number of flights (andromorph: 7.6 ± 0.7; gynomorph: 5.5 ± 0.7; t171 = 2.14, P = 

0.085). Irrespective of morph or sex, distance per flight increased throughout the 

study period (Figure 1b, Table2). Furthermore, males flew larger distances than 

females (44.4 ± 4.6 cm and 27.2 ± 2.3 cm, respectively; F1, 163 = 20.91, P < 0.0001), but 

no differences in distance covered were observed between andromorphs and 

gynomorphs (andromorph: 24.1 ± 2.8 cm; gynomorph: 30.7 ± 3.8 cm; t151 = -0.10, P = 

0.99). Individuals perched higher in the vegetation earlier than later during the study 

(see Figure 1c). Furthermore, males had a higher upper height for perching in the 

vegetation than females (ANCOVA: F1, 172 = 7.35, P = 0.007). Also, males differed from 
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gynomorphs (t171 = -3.26, P = 0.004), while andromorphs perched at comparable 

heights to males (t171 = -1.44, P = 0.32) but also to gynomorphs (t171 = 1.87, P = 0.15). 

The results were similar for lower height of perching in the vegetation (not shown). 

Individuals fed more with increasing Julian date (χ²1 = 9.53, P = 0.002), and this was 

true for each morph (morph*Julian date: χ²2 = 1.83, P = 0.40). There were no 

differences between males, andromorphs and gynomorphs in the number of feeding 

events (χ²2 = 3.43, P = 0.18). 

 

Table 2: Differences between andromorphs, gynomorphs and males for different behaviours 

when observed solitary  All analyses are ANCOVA models and controlled for Julian date and 

weather variation (PC1 and PC2; see Methods). Analyses of lower height in the vegetation 

gave comparable results as upper height in the vegetation and are not shown. 
 

 Effect 
Number 

df 
Density 

df F P 

Number of flights     
 Morph*Julian date 2 169 1.63 0.20 
 Julian date 1 171 24.87 <0.0001 
 Morph 2 171 19.65 <0.0001 
 PC1 1 171 18.92 <0.0001 
 PC2 1 171 19.10 <0.0001 
      Log distance per flight     
 Morph*Julian date 2 160 0.45 0.64 
 Julian date 1 162 21.47 <0.0001 
 Morph 2 162 11.57 <0.0001 
 PC1 1 162 8.71 0.004 
 PC2 1 159 0.20 0.66 
      Upper height     
 Morph*Julian date 2 169 0.59 0.55 
 Julian date 1 171 12.67 0.0005 
 Morph 2 171 5.38 0.005 
 PC1 1 171 13.87 0.0003 
 PC2 1 171 5.81 0.017 
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Figure 1: Differences in (a) number of flights, (b) distance per flight and (c) upper height in 

the vegetation between morphs (andromorphs, gynomorphs and males) in relation to Julian 

date. Results for lower perch height are comparable and are not shown. 
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Harassment and refusal displays 

The number of interactions between focal individuals and males did not vary 

throughout the study period (GLM: χ²1 = 0.61, P = 0.43). In total, 354 encounters 

between the focal individual and a male were observed, with 101 approaches on 

focal andromorphs, 130 on gynomorphs and 123 on males. All three morphs were 

approached equally (χ²2 = 2.34, P = 0.31) and if focal individuals flew more (i.e. 

higher activity) they were approached more frequently by males (χ²1 = 9.67, P = 

0.002). Considering that andromorphs at Nukko Lake were much more numerous 

than gynomorphs, andromorphs were approached less, and gynomorphs more, than 

expected based on population morph frequency (exact binomial tests: both female 

morphs: P < 0.0001). In general, refusal displays by andromorphs, gynomorphs and 

males showed similar patterns throughout the study period (GLM: all morphs*Julian 

date: P > 0.10; Table 3). While males showed different use of refusal displays 

compared to either of the female morphs (all P < 0.05), andromorphs and 

gynomorphs did not differ much (Figure 2). However, there are three exceptions to 

this general result. First, morph-specific wing raise display changed throughout the 

season (Table 3). This was due to andromorphs showing more wing raises at the 

onset and fewer later during the study period, while the reverse was observed for 

gynomorphs. However, when Julian date is excluded from the analyses, female 

morphs did not differ in wing raises (χ²1 = 0.44, P = 0.51). Second, the less frequently 

used displays, move to the other side and abdomen curl, changed during the study 

period, but did not differ between males, andromorphs and gynomorphs (Table 3). 

More specifically, move to the other side decreased and abdomen curl increased 

throughout the study period. Third, andromorphs, gynomorphs and males showed 

an equal use of the fly-away response (Figure 2). Clearly, there are typical male 

displays such as face-off, charge and chase and typical female displays, such as no 

response, move to the other side of the perch, wing raise and abdomen curl (Figure 

2). When we repeated analyses distinguishing between pooled typical male and 

pooled female behaviours, sex-specific displays remained consistent for each morph 

throughout the study period (GLM: morph*Julian date: χ²2 = 4.12, P = 0.13 and χ²2 = 
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4.04, P = 0.13, respectively). We also did not detect a main effect of Julian date on 

these pooled behaviours (χ²1 = 2.04, P = 0.15 and χ²1 = 0.27, P = 0.60, respectively). 

However, morphs differed strongly in sex-specific displays, with males showing 

clearly different behaviour to both andromorphs and gynomorphs (P < 0.0001, for 

male and female displays). Female morphs, however, did not differ in sex-specific 

behavioural displays (male displays: χ²1 = 0.78, P = 0.38; female displays: χ²1 = 0.06, P 

= 0.80). No differences were observed between andromorphs, gynomorphs and 

males in number of quick contacts or tandem attempts (Table 4). Also, andromorphs 

and gynomorphs did not differ in the number of successfully formed tandems or 

copulas. However, when we combined all physical contacts, morph differences were 

detected (Table 4). Specifically, focal female morphs did not differ in experienced 

number of direct contacts (χ²1 = 1.24, P = 0.27), neither did males differ from 

gynomorphs (χ²1 = 2.29, P = 0.13), but males had fewer contacts than andromorphs 

(GLM: χ²1 = 5.91, P = 0.015). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Morph-specific differences in the use of refusal behaviours when approached by a 

male. Refusal displays are presented as proportion of the total number of approaches for 

each morph. Lower-case letters (a, b, c) above histograms indicate significant differences (P < 

0.05) of pairwise post hoc comparisons using generalized linear models and controlling for 

Julian date. 
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Table 3: Differences between andromorphs, gynomorphs and males (M = morph) in refusal 

displays used when approached by a male. Generalized linear models were conducted while 

controlling for Julian date (Jd).  
 

Refusal display Effect χ² df P 

No response M*Jd 1.91 2 0.39 
 Jd 0.18 1 0.67 
 M 12.1 2 0.0024 
     
Move other side M*Jd 0.62 2 0.73 
 Jd 5.08 1 0.024 
 M 1.98 2 0.37 
     
Fly away M*Jd 3.77 2 0.15 
 Jd 0.00 1 0.95 
 M 1.77 2 0.41 
     
Wing raise M*Jd 6.74 2 0.034 
 Jd 0.29 1 0.58 
 M 6.57 2 0.037 
     
Abdomen curl M*Jd 4.16 2 0.12 
 Jd 4.40 1 0.036 
 M 4.41 2 0.11 
     
Face-off M*Jd 2.75 2 0.25 
 Jd 0.52 1 0.47 
 M 35.5 2 0.0001 
     
Charge M*Jd 1.87 2 0.39 
 Jd 0.50 1 0.48 
 M 9.66 2 0.008 
     
Chase M*Jd 0.03 2 0.98 
 Jd 0.01 1 0.94 
 M 8.52 2 0.014 

 

 

Table 4: Differences between andromorphs (A), gynomorphs (G) and males (M) in physical 

contacts they experienced with approaching males.  

Type of direct contact A G M χ², df and P 

Quick contact 6 5 4 χ²2 = 1.04, P = 0.59 

Tandem attempt 3 1 2 χ²2 = 0.85, P = 0.65 

Tandem success 5 4 - χ²1 = 0.53, P = 0.47 

Copula 1 3 - χ²1 = 0.62, P = 0.43 

Total no. of contacts 15 13 6 χ²2 = 6.61, P = 0.037 
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Discussion 

 

Maintenance of female-limited polymorphism is usually considered a consequence 

of frequency- and density-dependent selection mechanisms driven by sexual conflict 

(Sinervo et al., 2000; Svensson et al., 2005; Härdling & Bergsten, 2006; Gosden & 

Svensson, 2009). Furthermore, frequencies and densities of males and female 

morphs may differ strongly between populations (Sánchez-Guillén et al., 2005; Van 

Gossum et al., 2007a; Hammers & Van Gossum, 2008; Gosden & Svensson, 2009). 

Here, we offer first insights into levels of male harassment and morph behaviour in a 

population where andromorphs are by far the most common female morph. At 

variance with earlier work on the same species (Forbes et al., 1997) in a population 

with a majority of gynomorphs, we observed that both female morphs had similar 

behaviour and did not differ in how much harassment they received. Both 

andromorphs and gynomorphs showed typical female behaviour. Males actively 

searched for potential mates (by flying more often, for longer distances and perching 

higher in the vegetation compared to females) and showing aggressive displays 

when meeting a conspecific male (face-off, charge or chase). Females showed lower 

activity, flying less and shorter distances, residing low in the vegetation where they 

may escape from excessive male harassment. When confronted by an approaching 

male, females mostly signaled their unwillingness to mate using refusal displays such 

as wing raise or by simply flying away. In conclusion, we need to question why 

previous work showed that different morphs differed in behaviour (reviewed in 

Oliveira et al., 2008), whereas we did not. In doing so, we explore three possible 

explanations: (1) limits to the functionality of mimicry, (2) lack of selection and (3) 

local adaptation.  

First, estimated levels of harassment on female morphs may differ according 

to the morph frequency in a population (Ting et al., 2009). With this in mind, we 

evaluate whether the andromorph frequency at our study site may help explain the 

lack of behavioural differences between female morphs. For andromorphs and 

gynomorphs we observed equal harassment rates, but when considering female 
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morph frequencies in our population, we observed more harassment to the least 

common female morph. This result is at variance with predictions by the learned 

mate recognition hypothesis (e.g. Miller & Fincke, 1999; Van Gossum et al., 2001a, 

b), but is consistent with ideas on male mimicry (e.g. Sherratt 2001; Cordero Rivera 

& Sánchez-Guillén, 2007). Similarly to our work, in a population of Ischnura elegans 

with 85% andromorphs, male preference, as an indicator of male harassment, was 

equal for both female morphs (Cordero Rivera & Sánchez-Guillén, 2007). However, 

other studies indicated different harassment rates between female morphs in 

populations where andromorphs were less common (Forbes et al., 1997; Sirot et al., 

2003, Svensson et al., 2009). Moreover, andromorphs have also been observed to 

display male-like behaviours (Van Gossum et al., 2001a; Sirot et al., 2003). Here, we 

observed that male behaviour differs not only from that of gynomorphs but also 

from that of andromorphs. It may be expected that the effectiveness of mimicry 

depends on the frequency and density of both mimics and models, along with the 

costs and benefits involved for the signal receiver when making decisions (e.g. 

Ruxton et al., 2004). Thus, we need to question whether andromorphs can still 

deceive males in not being recognized as females when they make up by far the 

majority of females in a population. Possibly, aggressive or male-like behaviour in 

andromorphs only pays in situations where gynomorph females are abundant such 

that males can be misled. Our observations are then consistent with the idea that 

fixed colour phenotypes may show plasticity in behaviour depending on the morph 

frequencies in the population.  

Second, empirical (e.g. Head & Brooks, 2006; Córdoba-Aguilar, 2009; Gosden 

& Svensson, 2009) and theoretical (e.g. Kokko & Rankin, 2006; Van Gossum & 

Sherratt, 2008) work highlights that density may largely affect the intensity of male 

harassment and that under low densities harassment selection may be too limited to 

have an effect. It is interesting in this context that populations of N. irene in western 

Canada have been identified as low-density sites compared to populations 

elsewhere (Van Gossum et al., 2007a; Iserbyt et al., 2009). While our current data 

(Table 1) are consistent with this suggestion if only the last two sample dates are 
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considered, densities earlier in our study were high. In addition, we observed that 

overall activities changed throughout our study period, that is, number of flights and 

flight distance increased with advancing date, while perch height in the vegetation 

decreased. The drop in density during our study and the temporal variation in 

activity can be understood because we started our observations from the onset of 

the reproductive season when many individuals were prereproductive. In support of 

this, despite a fivefold difference in density at the start compared to the end of our 

study, harassment rates did not show temporal variation, which is consistent with a 

reproductively less active population of young individuals at the start of our 

observations. Similarly to our discussion on morph frequencies, again refusal 

behaviour by female morphs may be a plastic trait only displayed in situations where 

harassment has selective value, that is, at relatively high-density sites. From a male’s 

perspective, previous work on female polymorphic Enallagma damselflies indicated 

that males cued to female-specific traits when females were scarce, but to morph-

specific features when females were more abundant (Miller & Fincke, 2004). 

Furthermore, for N. irene in a high-density population with a majority of females 

that were gynomorph, this morph was more harassed by males than andromorphs, 

which could be related to gynomorphs more frequently showing refusal displays 

than andromorphs (Forbes et al., 1997). This spurred the idea that differences in 

female morph behaviour can also be understood separate from suggestions on 

behavioural mimicry. Thus the tendency to show refusal behaviour could only be a 

consequence of the harassment level experienced, rather than the morph type per 

se (Forbes et al., 1997). In addition, Gosden & Svensson (2009) observed that levels 

of male harassment and female morph resistance and tolerance differed with 

density. In our study, harassment rates were equal for andromorphs and 

gynomorphs, perhaps leading to equal stages of receptivity in both female morphs 

which thus showed equal refusal behaviour. Together, when harassment selection is 

limited or absent, or when harassment levels do not differ between female morphs, 

there is no rationale for female colour morphs to show different behaviour. It is 

relevant to note that also in polymorphic damselfly species male preference 
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behaviour for female morphs is plastic (e.g. Van Gossum et al., 2001b). However, 

much less is currently known about how plastic female morph behaviours are. 

Third, considering that populations of N. irene in western Canada differ from 

those elsewhere in having more than 90% of females that are andromorph and in 

having relatively low densities (Van Gossum et al., 2007a; Iserbyt et al., 2009), we 

should not forget that geographical differences in behaviour may have resulted from 

adaptation to local environmental and/or social conditions. In support of this, our 

unpublished molecular data reveal lower genetic variability in western populations 

of N. irene. While the explanations above indicate that female morph behaviour may 

not differ because of the plastic character of the trait, we may need to extend this 

suggestion by taking into account the population’s evolutionary history. Different 

genetic structure between populations may be responsible for the expression of 

differential behaviour between sites. 

One other aspect of our study merits further attention. Several recent 

studies on female-limited polymorphisms have suggested that, besides male 

harassment, environmental factors such as ambient temperature may play a role in 

the evolution and maintenance of multiple female morphs (e.g. Hammers & Van 

Gossum, 2008; Iserbyt et al., 2009). In I. elegans spatial variation in female morph 

frequency correlated with variation in ambient temperature among populations 

(Hammers & Van Gossum, 2008). Furthermore, condition measures of andromorphs 

and gynomorphs in Enallagma cyathigerum were differentially affected by ambient 

temperature (Bots et al., 2009b). In our study, however, female morph behaviour 

varied equally in relation to changing weather conditions. Also, for E. cyathigerum no 

effects were observed with respect to body coloration or size on heating rates, body 

temperatures and the activity pattern of males and female morphs (Bots et al., 

2008). Ambient temperature thus appears not to affect female morph behaviour in a 

different way; but, possibly, physiological functions and life history characteristics 

may be temperature sensitive, showing dissimilar optima for the different colour 

morphs (see also Svensson & Abbott, 2005). 
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In conclusion, while previous work consistently showed that andromorphs 

and gynomorphs differ not only in colour but also in behaviour, here we did not 

observe female morphs to differ in behaviour. Three, not mutually exclusive, 

explanations may help in understanding this lack of behavioural differences between 

female morphs. First, for populations where andromorphs are less common, 

andromorphs may be functional male mimics that receive less male harassment than 

gynomorphs, a benefit that may not remain when andromorphs are as common as in 

our work. Second, harassment may only differ between morphs and morphs may 

only differ in behaviour when the level of harassment is sufficiently high. While 

female morphs show different body colour under all reported frequencies and 

densities, morph behaviour may be flexible and may not always differ between 

female morphs. Third, in understanding differences in outcome between studies it is 

also relevant to consider that the expression of behaviour may be a consequence of 

adaptation to local environmental conditions. For future research, we suggest 

studying sexual conflict and polymorphism under a variety of social conditions, or to 

manipulate social environments and compare behavioural variation in manipulated 

versus control situations (Córdoba-Aguilar, 2009). 
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“Cover image: A male (top) of the polymorphic damselfly Nehalennia irene 

copulating with a male-like female (bottom). Image courtesy of Arne Iserbyt 

(Belgium) taken in Prince George, British Columbia, Canada.” 
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Abstract 

 

Contemporary theory predicts that the degree of mimetic similarity of mimics 

towards their model should increase as the mimic/model ratio increases. Thus, when 

the mimic/model ratio is high, then the mimic has to resemble the model very 

closely to still gain protection from the signal receiver. To date, empirical evidence of 

this effect is limited to a single example where mimicry occurs between species. 

Here, for the first time, we test whether mimetic fidelity varies with mimic/model 

ratios in an intra-specific mimicry system, in which signal receivers are the same 

species as the mimics and models. To this end, we studied a polymorphic damselfly 

with a single male phenotype and two female morphs, in which one morph 

resembles the male phenotype whereas the other does not. Phenotypic similarity of 

males to both female morphs was quantified using morphometric data for multiple 

populations with varying mimic/model ratios repeated over a three-year period. Our 

results demonstrate that male-like females were overall closer in size to males than 

the other female morph. Furthermore, the extent of morphological similarity 

between male-like females and males, measured as Mahalanobis distances, was 

frequency-dependent in the direction predicted. Hence, this study provides direct 

quantitative support for the prediction that the mimetic similarity of mimics to their 

models increases as the mimic/model ratio increases. We suggest that the 

phenomenon may be widespread in a range of mimicry systems. 

 

Key words: 

Batesian mimicry, female polymorphism, frequency-dependent selection, sexual 

conflict, signal detection theory 
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Introduction 

 

Mimicry occurs in a wide variety of contexts and has evolved on multiple occasions 

to allow the signaller to achieve protection from predation or to gain access to either 

prey, hosts, nuptial gifts, mates, pollinators or even parental care (Ruxton et al., 

2004). Traditionally, it has been argued that selection always favours mimetic 

individuals that more closely resemble their model. However, variation in the degree 

of resemblance is common in nature, with the maintenance of imperfect mimicry 

now thought to arise through a variety of evolutionary mechanisms, including 

selective trade-offs (e.g. Edmunds, 2000; Johnstone, 2002) and mutation-selection 

balance (for review see Sherratt, 2002; Gilbert, 2005). Signal detection theory 

predicts that once the mimic achieves a certain degree of resemblance to its model, 

sufficient to reduce the motivation of the signal receiver to respond, then further 

selection to improve similarity may not be present (Sherratt, 2002). This critical 

degree of resemblance required to afford protection may well depend on a variety 

of factors, including the local specific mimic/model ratio.  For example in the case of 

Batesian mimicry, when unpalatable models are common relative to their palatable 

mimics, then there will be little motivation for the predator to attack potential prey 

that even vaguely resemble the model (Ruxton et al., 2006; Pfennig et al., 2001). 

Geographical variation in mimic/model ratios can sometimes be 

pronounced, providing an excellent opportunity to investigate related variation in 

phenotypic resemblance (Harper & Pfennig, 2007; Van Gossum et al., 2008a). 

Studying a snake mimicry complex, Harper & Pfennig (2007) were the first to show 

that mimetic fidelity increases with the site-specific mimic/model ratio. As noted 

above however, in addition to avoiding predation there are other contexts in which 

mimicry can evolve, including forms of intra-specific mimicry that have been 

generated by sexual selection. Perhaps the best known examples of intra-specific 

mimicry arise as a component of male polymorphisms, with territorial and female-

like males (sneakers), presenting two different sexual strategies (Shuster & Wade, 

2003). Intra-specific mimicry also occurs in the form of female phenotypes 
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resembling conspecific males, e.g. in butterflies (Cook et al., 1994), spiders (Oxford & 

Gunnarsson, 2006) and especially in damselflies (Van Gossum et al., 2008b). The 

question then arises as to whether the extent of mimetic fidelity also increases with 

the population-specific mimic/model ratio, as observed for Batesian mimicry.  

The presence of multiple female morphs is generally explained in the 

context of sexual conflict theory, in which distinct phenotypes co-exist as counter-

adaptations to avoid costly male sexual harassment (e.g. Härdling & Bergsten, 2006; 

Van Gossum et al., 2008b; Svensson et al., 2009). When female polymorphism arises 

in damselflies, typically one of the female morphs (andromorph) resembles the 

males’ body coloration, whereas the other does not (gynomorph; Corbet, 1999). 

Besides body coloration, andromorphs are also similar to males in melanin 

patterning (Van Gossum et al., 2008a), exhibit male-like behavioural traits (Forbes et 

al., 1997; Van Gossum et al., 2001), and show comparable body size and body shape 

(Abbott & Svensson, 2008; Abbott & Gosden, 2009; Bots et al., 2009a). Moreover, 

previous research suggests that males rely on a combination of phenotypic traits to 

recognise potential mates both in polymorphic damselflies (Gorb, 1998) and in other 

insects in general (Jennions & Petrie, 1997). The striking resemblance in multiple 

traits of andromorphs to conspecific males has therefore prompted repeated 

proposals that andromorphs may be functional male-mimics (Sherratt, 2001), or at 

least “distracters” (Fincke, 2004). Empirical evidence confirms that andromorphs 

benefit from resembling males by receiving less male mating attempts, at least when 

they are rare (Cordero Rivera & Sanchéz-Guillén, 2007; Ting et al., 2009; Gosden & 

Svensson, 2009; Van Gossum et al., 2011). Indeed, morph-specific harassment levels, 

and associated fitness costs in terms of reduced fecundity, have been shown to vary 

in a negative frequency-dependent manner (Svensson et al., 2005; Takahashi et al., 

2010).   

Wide among-population variation in the relative frequency of mimics 

(andromorphs) to models (males) has been observed in several female polymorphic 

damselfly species (Sánchez-Guillén et al., 2005; Hammers & Van Gossum, 2008; 

Iserbyt et al., 2009). In populations where the mimic/model ratio is higher, an 



Chapter 8 

-169- 

 

increased male harassment rate towards andromorphs has been demonstrated 

(Svensson et al., 2005). Furthermore, previous research already indicated 

geographical variation in both male-like melanin patterning (Van Gossum et al., 

2008a) and male-like behavioural strategies (Iserbyt & Van Gossum, 2009) of 

andromorphs. However, it is currently unclear how much, if any, of the phenotypic 

variation arises as a consequence of differential selection on the degree of mimicry, 

as predicted by general signal detection theory (e.g. Sherratt, 2002).  

In the current study, we studied phenotypic variation in mimetic similarity in 

the polymorphic damselfly Nehalennia irene, a species with known high geographic 

variation in proportion of andromorph females (Van Gossum et al., 2007a; Iserbyt et 

al., 2009). We specifically selected six populations with contrasting mimic/model 

ratios and conducted morphometric analyses of males and female morphs repeated 

over a three-year study period. Our aims were twofold: (1) we investigated if 

andromorphs resemble males morphologically and whether this pattern varies 

across populations (c.f. Abbott & Gosden, 2009), and (2) we examined the 

relationship between the phenotypic similarity of mimics (andromorphs) to models 

(males) and the among-population variation in mimic/model ratio (c.f. Harper & 

Pfennig, 2007; Van Gossum et al., 2008a). Our prediction was that mimic-model 

similarity would be highest in populations with a high mimic/model ratio, because 

signal receivers (males) should use a correspondingly higher threshold when 

deciding to attack the male-like object (Sherratt, 2002). The intra-specific mimicry 

system in damselflies is well suited for this purpose because it simultaneously allows 

us to evaluate phenotypic similarity between the model and the non-mimetic morph 

(gynomorph) as a form of control. 
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Material and methods 

 

Study species  

The sedge sprite, N. irene, is a small damselfly (Zygoptera; Odonata) which inhabits 

marshy or boggy waters and is common throughout most of Canada and the 

northern parts of the United States (Walker, 1953). The reproductive season starts 

early June and lasts until mid-August with population numbers peaking from mid-

June to mid-July. Nehalennia irene exhibits a clear polymorphism restricted to the 

female sex, with morphs being easily classified into andromorphs and gynomorphs 

based on their body coloration (Forbes et al., 1995; Appendix 1). Adult andromorph 

females resemble the conspecific male’s blue body coloration and pattern, by having 

a triangular patch of pale blue on the anteriodorsal part of segment eight and large 

paired dark spots on the dorsum of segment nine (Van Gossum et al., 2008a). 

Gynomorph females in contrast are more yellowish in body coloration and lack the 

triangular patch and paired spots (for a more detailed description see Forbes et al., 

1995); for colour drawings see (Lam, 2004). Although the genetic basis of the 

polymorphism has yet to be evaluated in N. irene, laboratory crossing experiments in 

several related coenagrionid damselfly species are consistent with the polymorphism 

being determined at a single autosomal locus with female-limited expression 

(reviewed in Sánchez-Guillén et al., 2005). 

 

Study sites and sampling procedures  

Past research with N. irene documented considerable spatial variation in proportion 

of andromorph females (Van Gossum et al., 2007a; Iserbyt et al., 2009). Based on 

these previous findings, six populations were selected that differed largely in relative 

abundance of andromorphs to study variation in mimetic similarity (table 1). 

Previous experimental work in these populations has shown that male harassment 

rates (i.e. male mating attempts) towards andromorphs increase with the 

mimic/model ratio (Ting et al., 2009).  
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To account for possible seasonal variation in body size (Wong-Muñoz et al., 

2011), each of the selected populations were sampled during the reproductive 

season for three subsequent years from 2007 to 2009. Before collecting individuals, 

site-specific abundance of andromorphs was determined in a standardised manner 

as described by Van Gossum et al. (2007a). This method is based on counts of adult 

individuals captured with an insect net while walking slowly in a standardised 

manner through the reproductive area, sweeping ‘figures of eight’. Numbers of adult 

males and females of N. irene were recorded and marked prior to their release to 

exclude multiple counts. In doing so, andromorph frequency (proportion of 

andromorph females) and mimic to model ratio (andromorph to male ratio) can be 

calculated for each site and year (table 1). Both frequency estimates are strongly 

correlated (Spearman correlation: r = 0.92; N = 18; p < 0.0001). Analyses using 

andromorph frequency gave similar results as analyses using mimic/model ratio, 

such that we only report the latter in what follows. For morphological 

measurements, we aimed to collect 25 individuals of each adult type (male, 

andromorph, gynomorph) in each population for each year. All individuals were 

stored for further measurements in 95% ethanol immediately after capture. A total 

of 1296 individuals were measured, comprising 422 males, 438 andromorphs and 

436 gynomorphs.  

 

Table 1: Estimates of mimic/model ratio (andromorph/male, i.e. A/M) per site, averaged 

across years (mean ± SE). ‘N’ refers to the minimum and maximum total number of adult 

individuals counted per year on which these estimates are based.  

 

 

 

 

 

 

 

 

Site (Province) Lat. / Long. N A/M 

Jack's Marsh  44°34'/ -76°20' 179 - 326 0.02 ± 0.01 

Barb's Marsh  44°31'/ -76°22' 122 - 333 0.03 ± 0.01 

Otter Marsh 44°33'/ -76°22' 141 - 1129 0.10 ± 0.03 

Quebec City 46°46'/ -70°58' 96 - 131 0.54 ± 0.14 

Airpark Road  54°00'/ -123°02' 119 - 438 0.62 ± 0.07 

Summit Lake  54°10'/ -122°41' 117 - 265 0.74 ± 0.12 
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Measurements of mimic-model similarity 

Six morphological characteristics were measured, namely individual mass, wing 

surface and four length measures (see below), which together provide general 

information on body size and shape of individuals. We chose not to evaluate colour 

characteristics because specimens can lose their colours after death even when 

preserved. Therefore, these sets of traits were not considered reliable in a multi-

annual, multi-site study of this kind. Before determining mass, individuals were 

placed on a sheet of absorbent paper for exactly two minutes to allow standardised 

evaporation and absorption of most of the ethanol. Individuals were then weighted 

on a Kern & Sohn GmbH 870 balance (accuracy 0.1 mg). Following, a digital picture 

was taken (Nikon D70 / Tamron macro lens 90mm 1:2.8) of each specimen while it 

was laterally positioned. Using ImageJ 1.38x (Abramoff et al., 2004), measurements 

were made of the right hind wing and the abdomen. Wing length was determined 

from the second antenodal cross vein to the stigma and wing surface was defined 

based on a polygon using five landmarks where main veins meet the wing margin 

(see Appendix 2). Furthermore, total abdomen length (from the first abdominal 

segment to the tip of the abdomen), length and width of the fourth abdominal 

segment (S4) were measured. The rational for measuring these traits is the overall 

high values of additive genetic variance based on parent-offspring regressions found 

in a common laboratory environment in the closely related damselfly species 

Ischnura elegans (Abbott & Svensson, 2010). Based on our measurements, it was 

possible to calculate several morphological parameters, including overall body size 

and shape (PCA, see below), volume of S4 (1/2 * width S4 * π * length S4) and two 

estimates of manoeuvrability, viz. aspect ratio (wing length² / wing surface) and wing 

load (individual mass / (4 * wing surface)).  

To evaluate how reliable our measurements were, repeatability was 

calculated to determine the variation in the data caused by measurement errors in 

the same standard conditions. A set of randomly chosen individuals within each 

population and year (total N = 121 – 150) were weighted or measured twice. 

Between repeated measures, individuals were replaced in the tube with ethanol 
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followed by identical weight and measure procedure. Repeatability was then 

calculated as the proportion of the variation between individuals to the total 

variation, i.e. between and within individuals (Lessells & Boag, 1987). All our 

measurements were highly repeatable (≥ 0.89), indicating limited measurement 

error. 

 

Statistical analyses 

First, we examined whether andromorphs are more similar to males compared to 

gynomorphs and whether these patterns of similarity vary across populations. 

Detecting geographical variation in similarity is necessary to be able to use 

populations as replicates when testing our second prediction (see below). To obtain 

a measure of the most important variation in our dataset, we performed a principal 

component analysis (PCA) with six of the morphological parameters (mass, abdomen 

length, width and length of S4, wing length and surface). Only the first two principal 

components were used, since together they explained more than 85% of the 

variation in our dataset (PC1: 60.9% and PC2: 27.1%). All factor loadings had positive 

and large values in PC1 (Appendix 3) and can thus be interpreted as an overall 

estimate of body size. PC2 however, indicated variation in abdomen shape, since 

factor loadings were large and positive for length of the abdomen and S4, and also 

large but negative for width of S4 (Appendix 3). More specifically, shape of the 

abdomen ranged from long and narrow (high PC2) to short and wide (low PC2). Next, 

a two-way ANOVA was performed to test for differences between types (males, 

andromorphs and gynomorphs) and sites. Several analyses were carried out with 

PC1, PC2, volume of S4, aspect ratio or wing load as dependent variables, while 

adding type, site, and their interactions as explanatory variables (all fixed categorical 

variables). Since annual variation in mimic/model ratio was limited relative to the 

variation across sites (Iserbyt et al., 2009), we treated year as random variable to 

control for multiple sampling. All post-hoc paired comparisons between type means 

per site were Bonferroni corrected.  
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Our second aim was to relate phenotypic similarity between andromorphs 

and males to the among-population variation in mimic/model ratio. As a control, the 

similarity between gynomorphs and males in relation to the mimic/model ratio is 

also evaluated. We used a single similarity index which combines values of all 

measured traits. This similarity index is characterized by Mahalanobis distances 

(MDs) between defined groups, such as type and site, and takes into account the 

variance and covariance among the measures. In all analyses, we controlled for 

sample size in each site and year and added a repeated site statement because every 

site is sampled for three years. The appropriate covariance structure was 

determined for each regression model based on BIC-values and turned out to be the 

autoregressive one in all cases. In addition to the Mahalanobis distance as a proxy 

for integrated morphology, we performed similar analyses with individual 

phenotypic aspects as dependent variables, such as the mean differences in aspect 

ratio, wing load, PC1 (size) and PC2 (shape) between males and both female morphs. 

All analyses were carried out in SAS 9.1.3 (SAS Institute Inc.), except calculating 

Mahalanobis distances, which was done in R 2.8.0 (R Development Core Team).  

 

Results 

 

Variation in morphology 

All of the studied phenotypic traits showed significant differences between 

andromorphs, gynomorphs and males, but the patterns differed across study sites as 

illustrated by the significant Site*Type interactions (summarised in Table 2). Finding 

geographical variation in similarity between andromorphs and males (based on post-

hoc test for the Site*Type interaction) was required for using these populations as 

replicates when evaluating mimic-model similarity against mimic/model ratio (see 

below). Specifically, males were consistently smaller (PC1; Figure 1a) and had a 

narrower abdomen (PC2; Figure 1b), a lower abdomen volume, aspect ratio and 

wing load (Appendix 4) than both female morphs in all study sites. Furthermore, 

significant differences in several of these traits were detected between 
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andromorphs and gynomorphs, but only at some of the study sites. In such cases, 

values for andromorphs were repeatedly more similar to males than the ones for 

gynomorphs. Indeed, post-hoc tests revealed that andromorphs were significantly 

smaller than gynomorphs in three out of six populations and a tendency for this 

pattern was observed in two other populations (Figure 1a).  

 

Table 2: Results of ANOVA analyses testing for differences in all studied traits among types 

(males, andromorphs and gynomorphs) and across sites. All analyses are controlled for 

annual variation by adding ‘year’ as random variable. d.f. 1 and d.f. 2 refers to respectively 

numerator and denominator degrees of freedom. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  Effect F d.f. 1 d.f. 2 P 

- PC1 ~ size     

 Type 494.8 2 1170 <.0001 

 Site 178.2 5 1170 <.0001 

 Site*Type 3.71 10 1170 <.0001 

      

- PC2 ~ abdomen shape    

 Type 611.2 2 1170 <.0001 

 Site 51.4 5 1170 <.0001 

 Site*Type 1.99 10 1170 0.031 

      

- Volume S4     

 Type 1238.0 2 1172 <.0001 

 Site 27.8 5 1172 <.0001 

 Site*Type 3.81 10 1172 <.0001 

      

- Aspect ratio     

 Type 18.9 2 1212 <.0001 

 Site 7.75 5 1212 <.0001 

 Site*Type 2.30 10 1212 0.011 

      

- Wing load     

 Type 157.7 2 1178 <.0001 

 Site 6.72 5 1178 <.0001 

  Site*Type 2.38 10 1178 0.009 
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Likewise, the volume of S4 was significantly smaller in andromorphs compared to 

gynomorphs in four out of six populations (see Appendix 4a). Also wing load was 

higher in gynomorphs than in andromorphs in one population (Appendix 4c). By 

contrast, no differences were found in abdominal shape (PC 2) between female 

morphs (all p > 0.1; Figure 1d). Also, for aspect ratio no clear pattern was observed, 

since wings of andromorphs and gynomorphs differed significantly in two 

populations but results were in opposite directions (Table 2; Appendix 4b). Overall, 

andromorphs had a smaller body size (PC1) and smaller abdomen volume than 

gynomorphs (post-hoc tests for the main effect type: t1170 = -5.10; p <0.0001 and 

respectively t1272 = -4.73; p < 0.0001). By contrast, for aspect ratio, wing load and 

body shape (PC2), overall differences between female morphs were not significant 

(all P > 0.3). 
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Figure 1 (previous page):  Geographical variation in PC1 (size; a.) and PC2 (abdominal shape; 

b.) between males andromorphs and gynomorphs, with sites being ordered by increasing 

proportion of andromorphs (Jack’s Marsh (JM), Barb’s Marsh (BM), Otter Marsh (OM), 

Quebec City (QC), Airpark Road (AR), Summit Lake (SL)). An ‘*’ indicates significant Bonferroni 

corrected differences between andromorphs and gynomorphs in pair wise post-hoc 

comparisons for the Site*Type interaction. Differences between males and both female 

morphs were always highly significant and are therefore not illustrated.  

 

Mimic-model similarity versus mimic/model ratio 

Combining all measured traits into one similarity index (i.e. Mahalanobis distances 

(MDs)) allowed evaluating variation in phenotypic similarity against variation in the 

mimic/model ratio. Specifically, the similarity between andromorphs (mimics) and 

males (models) increased (decreasing values of MD) with increasing ratio of 

andromorphs relative to males (F1,9 = 8.53; p = 0.017; Figure 2a). As a control, MDs 

were calculated between gynomorphs and males, but showed no relationship with 

mimic/model ratio (F1,7 = 2.82; p = 0.13; Figure 2b). Furthermore, none of the 

individual morphological aspects showed a significant relationship with mimic/model 

ratio (all p > 0.1), although all estimated slopes were in the predicted direction. This 

indicates that our index for similarity is not driven by one specific morphological 

trait, but that all traits combined function as an integrated phenotype. Similar 

tendencies were found when relating abdominal melanin pattern, as a single trait, 

with site-specific andromorph frequency (Van Gossum et al., 2008a).  

 

 

Discussion 

 

Frequency-dependent selection has been recognised as one of the most common 

explanations for the maintenance of genetic polymorphisms (Punzalan et al., 2005; 

Trotter & Spencer, 2008). This frequency-dependence may not only affect morph-

specific fitness (Svensson et al., 2005; Takahashi et al., 2010) but also phenotype 

(Sherratt, 2002). Indeed, in the present study, we demonstrated that phenotypic 

similarity of mimetic female morphs (andromorphs) to the model (males) increases 
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with the mimic/model ratio in a damselfly showing intra-specific mimicry. This 

fundamental prediction, based primarily on signal detection theory, had heretofore 

only once been tested (and supported) by analyses of phenotypic variation in a 

snake mimicry complex (Harper & Pfennig, 2007). Thus, our results indicate that the 

phenomenon applies not just to examples of classical Batesian mimicry, but also to 

cases in which mimicry has been suggested to have evolved through sexual 

selection.  

 

Figure 2: The morphological similarity between andromorphs and males increases with the 

site-specific mimic/model ratio (a.), whereas no such pattern was found for gynomorphs (b.). 

Similarity is characterized by Mahalanobis distances (MD), with high values of MD indicating 

poor similarity and vice versa. Regression fit and 95% confidence interval are based on MD in 

every site and year (grey dots). Black dots represent mean values per site, with vertical 

standard error bars indicating annual variation in MD and horizontal ones representing 

annual variation in mimic/model ratio.  

 

 

 

 

 

 

 

 

 

The logic relating to changes in mimic phenotype is as follows: when the 

ratio of andromorphs (mimics) to males (models) is high, then only andromorphs 

that closely resemble the male should receive any protection against harassing 

males. By contrast, selection for mimicry is different when the mimic/model ratio is 

low, because the majority of male-like individuals are indeed males (Sherratt, 2001), 

so mate searching males may do best by avoiding any individual that even vaguely 

resembles a male. As such, in geographical areas where males are more common, 

andromorphs with a relatively poor resemblance may also be protected from male 
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harassment and hence are not selected to invest in a full arsenal of male-like traits 

(see also Sherratt, 2002; Harper & Pfennig, 2007).  

So far, we have argued that mimics should evolve towards the model’s 

phenotype. However, one may also consider selection to favour a model’s 

phenotypic to diverge from its mimics, resulting in an evolutionary chase to reduce 

encounters with the signal receivers (Gavrilets & Hastings, 1998; Holmgren & 

Enquist, 1999). Specifically, males may be expected to evolve a distinct phenotype to 

minimize unprofitable male-male sexual interactions (Sherratt & Forbes, 2001). Our 

results illustrate that mimetic similarity of andromorphs increased with the 

mimic/model ratio. However, the similarity relationship of gynomorphs to males was 

absent, or showed a slight reverse tendency. Thus, although this pattern indicates 

presence of selection for mimicry in andromorphs, it is not possible to fully exclude 

selection on male divergence. In other words, even though selection on mimics for 

phenotypic convergence may be stronger than on males for phenotypic divergence, 

an evolutionary chase between mimics and models can not completely be ruled out 

based on our current results (Gilbert, 2005). 

Another interesting finding of this study is that andromorphs are overall 

smaller than gynomorphs and, due to allometric relationships, also have a smaller 

volume of the abdomen. This pattern corresponds with that for I. elegans, a species 

in which fecundity of andromorphs is overall lower but also dependent on the levels 

of male harassment (Abbott & Gosden, 2009; Gosden & Svensson, 2009). Thus, the 

frequency-dependent advantage of reduced male harassment through mimicry may 

in part be counterbalanced by a reduced fecundity, a question which is currently 

studied in detail for N. irene (chapter 5). Together, a complex interplay of morph-

specific costs and benefits may enable multiple female morphs to coexist in natural 

populations (Van Gossum et al., 2008b; Gosden & Svensson, 2009; Svensson et al., 

2009). 
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Conclusion 

We have presented empirical evidence that mimetic fidelity increases with 

mimic/model ratio in an intra-specific mimicry system. Thus, our findings are in line 

with predictions of signal detection theory, thereby suggesting its applicability to a 

wide variety of mimicry systems. An interesting direction for future research would 

be to investigate whether body coloration, behavioural and/or morphological 

aspects act together as an integrated set of male-like traits to increase mimetic 

similarity. Indeed, so far no studies have been conducted that use a combination of 

morphometric, behavioural and spectrophotometric data when studying variation in 

phenotypic similarity for an intra- or inter-specific mimicry system.  
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Appendices 

 

 

 

 

Appendix 1: Three phenotypes of Nehalennia 

irene, one male and two female morphs 

 

 

 

 

 

 

 

 

 
 

Appendix 2: Length (red line) and surface (blue polygon) of a Nehalennia irene wing. 

 

 

Appendix 3: Factor loadings of the first (PC1 ~ size) and second (PC2 ~ abdomen shape) 

principal components for each morphological parameter. 

 

 

 

 

 

 

Parameter PC1 PC2 

Mass 0.4473 -0.2046 

Abdomen length 0.3813 0.4990 

Width S4 0.3551 -0.4591 

Length S4 0.2108 0.6959 

Wing length 0.4905 -0.0824 

Wing surface 0.4934 -0.0850 
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Appendix 4: Mean (± SE) differences among types for each site in volume of S4 (a.), aspect 

ratio (b.) and wing load (c.). ‘*’ indicates significant differences between female morphs 

when using post-hoc test for the Site*Type interaction. 
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APPENDIX – Frequencies & densities N. irene 

 

Overview of all investigated study populations in this thesis, along with other published records. Number of immature (i) and 

adult andromorphs (A), gynomorphs (G) and males (M) are based on counts during random sweeping in the reproductive 

area in a way described by Van Gossum et al.(2007a). Methodological exceptions are made for eight populations in Ontario, 

as described by Forbes et al. (1995) and Iserbyt et al. (2009). Duration (min) of the sweep period is given together with 

andromorph frequency (%), operational sex ratio (males/females) and population density (no. individuals/minute) based on 

summed immature and adult individuals. 

             Notes: a = Van Gossum et al., 2007b; b = Forbes et al., 1995; c = Wong et al., 2003; d = Black water road, Van Gossum 

et al., 2007b; e = unpublished data; f = Serendipity pond, Forbes et al., 1995; g = Van Gossum et al., 2008a; h = Lac St-Charles; 

Van Gossum et al., 2007b; 2008a. Absence of notes indicates the use within this thesis. 

 

Prov Site Name Lat Long Year Durat iA iG iM A G M Afreq OSR Pdens Note 

BC Norman Lake 123°20’00” 53°51’00” 2004 31.08 20 0 16 62 4 112 95.3 1.5 6.9 
 

BC Norman Lake 123°20’00” 53°51’00” 2007 51.08 17 2 31 31 3 49 90.6 1.5 2.6 
 

BC Telachik Road 123°16’00” 53°52’00” 2004 50.62 14 0 35 48 1 53 98.4 1.4 3.0 
 

BC Telachik Road 123°16’00” 53°52’00” 2007 23.15 16 0 43 44 0 53 100.0 1.6 6.7 
 

BC Airpark Road 123°02’02” 54°00’42” 2004 23.78 5 0 12 33 2 97 95.0 2.7 6.3 
 

BC Airpark Road 123°02’02” 54°00’42” 2007 20.80 2 0 4 50 2 67 96.3 1.3 6.0 
 

BC Airpark Road 123°02’02” 54°00’42” 2008 27.02 2 0 0 143 8 287 94.8 1.9 16.3 

BC Airpark Road 123°02’02” 54°00’42” 2009 12.85 0 0 3 98 9 161 91.6 1.5 21.1 
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Prov Site Name Lat Long Year Durat iA iG iM A G M Afreq OSR Pdens Note 

BC Ness Lake 123°10’01” 54°01’19” 2004 9.20 27 1 25 48 2 104 96.2 1.7 22.5 
 

BC Ness Lake 123°10’01” 54°01’19” 2007 37.27 24 1 10 32 2 20 94.9 0.5 2.4 
 

BC Nukko Lake 122°59’22” 54°04’32” 2004 15.17 15 5 31 65 6 171 87.9 2.2 19.3 
 

BC Nukko Lake 122°59’22” 54°04’32” 2007 7.65 81 2 140 62 3 68 96.6 1.4 46.5 
 

BC Nukko Lake 122°59’22” 54°04’32” 2008 14.88 4 0 6 89 3 110 96.9 1.2 14.3 
 

BC Nukko Lake 122°59’22” 54°04’32” 2009 9.50 1 0 7 62 3 108 95.5 1.7 19.1 
 

BC Mossvale Road 123°02’30” 54°07’00” 2004 55.42 8 0 8 35 1 41 97.7 1.1 1.7 
 

BC Mossvale Road 123°02’30” 54°07’00” 2007 21.40 29 0 41 45 6 47 92.5 1.1 7.9 
 

BC Summit Lake 122°44’14” 54°18’36” 2004 21.07 11 0 12 72 5 91 94.3 1.2 9.1 
 

BC Summit Lake 122°44’14” 54°18’36” 2007 19.98 33 1 30 77 2 82 97.3 1.0 11.3 
 

BC Summit Lake 122°44’14” 54°18’36” 2008 9.33 0 0 1 40 3 74 93.0 1.7 12.6 
 

BC Summit Lake 122°44’14” 54°18’36” 2009 8.98 9 1 15 108 9 148 92.1 1.3 32.3 
 

BC Bear Lake 122°41’30” 54°28’30” 2004 48.85 9 0 4 55 4 38 94.1 0.6 2.3 
 

BC Bear Lake 122°41’30” 54°28’30” 2007 18.55 9 0 25 9 1 14 94.7 2.1 3.1 
 

BC 800 Road 122°35’00” 54°37’00” 2004 18.03 42 1 22 54 1 34 98.0 0.6 8.5 
 

ON Upper Fry Lake - - 2004 - - - - 1 50 85 2.0 1.7 - a 

ON Napanee River 76°50’30” 44°27’00” 2004 25.92 1 2 10 5 124 252 4.5 2.0 15.2 
 

ON Napanee River 76°50’30” 44°27’00” 2007 21.25 0 0 0 0 19 25 0.0 1.3 2.1 
 

ON County Road 76°57’30” 44°27’30” 2004 4.20 0 6 36 3 59 171 4.4 3.0 65.5 
 

ON County Road 76°57’30” 44°27’30” 2007 10.08 0 0 0 4 24 128 14.3 4.6 15.5 
 

ON Shea Lane 76°27’30” 44°31’00” 2004 5.85 1 5 20 24 56 253 29.1 3.2 61.4 
 

ON Shea Lane 76°27’30” 44°31’00” 2007 10.17 0 4 8 7 27 101 18.4 2.9 14.5 
 

ON Mountain Road 76°56’00” 44°31’30” 2004 8.63 3 6 24 10 52 122 18.3 2.1 25.1 
 

ON Indian Lake Bight 76°19'55'' 44°34'50'' 1992 - - - - 9 22 244 29.0 7.9 - b 

ON Indian Lake Bight 76°19'55'' 44°34'50'' 1997 - - - - 29 66 
 

30.5 - - c 

ON Indian Lake Bight 76°19'55'' 44°34'50'' 2001 - - - - 35 69 
 

33.7 - - c 

ON Indian Lake Bight 76°19'55'' 44°34'50'' 2004 - - - - 11 31 159 26.2 3.8 - 
 

ON Indian Lake Bight 76°19'55'' 44°34'50'' 2007 - - - - 1 23 71 4.2 3.0 - 
 

ON Fourth Lake Road 76°48’00” 44°36’00” 2004 10.27 0 0 2 10 35 254 22.2 5.7 29.3 
 

ON Cataraqui Trail 76°16’30” 44°36’30” 2004 7.32 0 4 13 4 57 199 6.2 3.3 37.9 
 

ON Cataraqui Trail 76°16’30” 44°36’30” 2007 9.67 0 0 0 3 22 68 12.0 2.7 9.6 
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Prov Site Name Lat Long Year Durat iA iG iM A G M Afreq OSR Pdens Note 

ON Mclean Road 76°49’30” 44°39’00” 2004 13.82 0 0 0 1 38 138 2.6 3.5 12.8 
 

ON Westport 76°23’30” 44°42’00” 2004 8.02 0 9 35 3 68 349 3.8 4.8 57.9 
 

ON Raymond Road 79°23’00” 45°09’30” 2004 10.65 1 1 12 5 43 80 12.0 1.8 13.3 
 

ON Raymond Road 79°23’00” 45°09’30” 2007 16.52 0 0 5 5 36 56 12.2 1.5 6.2 
 

ON HW 141 79°42’00” 45°16’30” 2004 13.72 0 8 9 3 53 157 4.7 2.6 16.8 
 

ON HW 141 79°42’00” 45°16’30” 2007 17.72 0 0 7 3 49 103 5.8 2.1 9.1 
 

ON Blackwater Lake 79°47’00” 45°24’30” 2004 19.02 0 20 31 11 41 227 15.3 3.6 17.4 
 

ON Blackwater Lake 79°47’00” 45°24’30” 2004 - - - - 11 62 238 15.1 3.3 - d 

ON Blackwater Lake 79°47’00” 45°24’30” 2007 13.93 0 6 5 11 20 214 29.7 5.9 18.4 
 

ON Nipissing Road 79°37’30” 45°26’00” 2004 6.50 0 2 7 1 48 78 2.0 1.7 20.9 
 

ON Nipissing Road 79°37’30” 45°26’00” 2007 25.15 0 2 11 1 28 14 3.2 0.8 2.2 
 

ON East Bear Lake Rd 79°33’30” 45°28’00” 2004 9.83 0 3 6 2 100 131 1.9 1.3 24.6 
 

ON East Bear Lake Rd 79°33’30” 45°28’00” 2007 13.22 0 5 25 17 121 38 11.9 0.4 15.6 
 

ON Orange Valley Rd 79°41’00” 45°28’00” 2004 7.83 1 3 20 3 39 96 8.7 2.5 20.7 
 

ON Orange Valley Rd 79°41’00” 45°28’00” 2007 15.27 0 8 8 3 32 91 7.0 2.3 9.3 
 

ON Station Rd 79°17’00” 45°29’30” 2004 34.82 0 3 13 5 30 270 13.2 7.4 9.2 
 

ON Station Rd 79°17’00” 45°29’30” 2007 17.45 0 23 15 12 108 110 8.4 0.9 15.4 
 

ON Star Lake Rd 79°21’30” 45°31’00” 2004 25.33 9 85 101 2 52 187 7.4 1.9 17.2 
 

ON Star Lake Rd 79°21’30” 45°31’00” 2007 3.62 1 5 5 5 25 224 16.7 6.4 73.3 
 

ON Cute-Á-Blondeau 45°32'02'' 74°25'44'' 2010 18.87 1 21 37 2 104 204 2.3 1.9 19.6 
 

ON Alexandria East 45°16'35'' 74°38'37'' 2009 1.08 0 3 5 1 7 36 9.1 3.7 48.0 
 

ON Alexandria East 45°16'35'' 74°38'37'' 2010 8.31 3 4 13 4 30 112 17.1 3.0 20.0 
 

ON Alexandria West 45°16'00'' 74°40'58'' 2009 3.40 10 4 21 9 21 69 43.2 2.0 39.5 
 

ON Alexandria West 45°16'00'' 74°40'58'' 2010 5.44 12 19 56 14 26 91 36.6 2.1 40.1 
 

ON Alexandria West 45°16'00'' 74°40'58'' 2011 31.37 7 37 111 37 142 329 19.7 2.0 21.1 e 

ON Rockland 45°31'08'' 75°22'14'' 2009 8.77 0 0 1 1 38 225 2.6 5.8 30.2 
 

ON Rockland 45°31'08'' 75°22'14'' 2010 21.90 0 0 2 1 43 212 2.3 4.9 11.8 
 

ON Nepean 45°19'37'' 75°48'04'' 2010 10.55 4 14 30 1 74 148 5.4 1.9 25.7 
 

ON Kanata 45°23'41'' 75°55'44'' 2010 5.28 3 43 72 1 49 97 4.2 1.8 50.2 
 

ON Montague 44°57'44'' 76°02'29'' 2010 9.11 0 3 11 0 32 59 0.0 2.0 11.5 
 

ON Lombardy 44°49'21'' 76°05'26'' 2010 8.31 0 3 2 1 52 137 1.8 2.5 23.5 
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Prov Site Name Lat Long Year Durat iA iG iM A G M Afreq OSR Pdens Note 

ON Portland 44°44'23'' 76°08'27'' 2010 5.30 0 10 33 2 50 119 3.2 2.5 40.4 
 

ON Top Marsh 44°31'00'' 76°20'00'' 1992 - - - - 38 118 268 24.4 1.7 - b 

ON Top Marsh 44°31'00'' 76°20'00'' 2004 - - - - 0 19 94 0.0 4.9 - 
 

ON Top Marsh 44°31'00'' 76°20'00'' 2007 - - - - 0 24 57 0.0 2.4 - 
 

ON Jack's Marsh 44°33'49'' 76°20'47'' 1992 - - - - 1 30 32 3.2 1.0 - f 

ON Jack's Marsh 44°33'49'' 76°20'47'' 2004 9.30 1 9 17 19 45 351 27.0 5.0 47.5 
 

ON Jack's Marsh 44°33'49'' 76°20'47'' 2007 14.05 0 0 0 2 45 132 4.3 2.8 12.7 
 

ON Jack's Marsh 44°33'49'' 76°20'47'' 2008 10.60 0 0 0 1 62 168 1.6 2.7 21.8 
 

ON Jack's Marsh 44°33'49'' 76°20'47'' 2009 4.86 0 15 91 14 71 303 14.0 3.9 101.7 
 

ON Jack's Marsh 44°33'49'' 76°20'47'' 2010 11.03 12 29 59 2 78 216 11.6 2.3 35.9 
 

ON Jack's Marsh 44°33'49'' 76°20'47'' 2011 11.22 3 15 26 3 44 256 9.2 4.3 30.9 e 

ON Two Island Lake 44°33'00'' 76°21'00'' 1992 - - - - 38 107 268 26.2 1.8 - b 

ON Two Island Lake 44°33'00'' 76°21'00'' 2004 - - - - 1 14 46 6.7 3.1 - 
 

ON Two Island Lake 44°33'00'' 76°21'00'' 2007 - - - - 8 19 41 29.6 1.5 - 
 

ON Otter Marsh 44°33'07'' 76°22'20'' 1992 - - - - 1 47 100 2.1 2.1 - b 

ON Otter Marsh 44°33'07'' 76°22'20'' 2004 - - - - 5 16 122 23.8 5.8 - 
 

ON Otter Marsh 44°33'07'' 76°22'20'' 2007 10.90 0 0 0 16 20 105 44.4 2.9 12.9 
 

ON Otter Marsh 44°33'07'' 76°22'20'' 2008 64.48 0 0 0 36 247 846 12.7 3.0 17.5 
 

ON Otter Marsh 44°33'07'' 76°22'20'' 2009 6.02 16 17 70 31 36 265 47.0 3.4 72.3 
 

ON Otter Marsh 44°33'07'' 76°22'20'' 2010 7.14 12 7 48 12 40 158 33.8 2.9 38.8 
 

ON Otter Marsh 44°33'07'' 76°22'20'' 2011 32.35 43 41 134 28 87 460 35.7 3.0 24.5 e 

ON Barb's Marsh 44°31'27'' 76°22'25'' 1992 - - - - 4 30 116 11.8 3.4 - b 

ON Barb's Marsh 44°31'27'' 76°22'25'' 1997 - - - - 26 124 
 

17.3 - - c 

ON Barb's Marsh 44°31'27'' 76°22'25'' 2001 - - - - 11 94 
 

10.5 - - c 

ON Barb's Marsh 44°31'27'' 76°22'25'' 2004 5.97 1 6 14 4 84 165 5.3 1.9 45.9 
 

ON Barb's Marsh 44°31'27'' 76°22'25'' 2007 9.67 0 0 0 4 29 89 12.1 2.7 12.6 
 

ON Barb's Marsh 44°31'27'' 76°22'25'' 2008 24.80 0 12 15 2 86 245 2.0 2.6 14.5 
 

ON Barb's Marsh 44°31'27'' 76°22'25'' 2009 8.94 0 10 4 6 204 319 2.7 1.5 60.7 
 

ON Barb's Marsh 44°31'27'' 76°22'25'' 2010 6.60 0 5 11 4 106 135 3.5 1.3 39.5 
 

ON Barb's Marsh 44°31'27'' 76°22'25'' 2011 5.40 0 5 6 2 108 261 1.7 2.3 70.7 e 

ON Hebert's Bog 44°29'50'' 76°24'56'' 1992 - - - - 1 29 120 3.3 4.0 - b 
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Prov Site Name Lat Long Year Durat iA iG iM A G M Afreq OSR Pdens Note 

ON Hebert's Bog 44°29'50'' 76°24'56'' 2004 - - - - 11 71 427 13.4 5.2 - a  

ON Hebert's Bog 44°29'50'' 76°24'56'' 2007 - - - - 5 10 82 33.3 5.5 - 
 

ON Hebert's Bog 44°29'50'' 76°24'56'' 2010 43.95 0 0 0 3.0 31.0 239 8.8 7.0 6.2 e 

ON Osprey Marsh 44°29'00'' 76°26'00'' 1992 - - - - 1 14 60 6.7 4.0 - b 

ON Osprey Marsh 44°29'00'' 76°26'00'' 2004 - - - - 5 61 185 7.6 2.8 - 
 

ON Osprey Marsh 44°29'00'' 76°26'00'' 2007 - - - - 0 15 22 0.0 1.5 - 
 

ON HW 518 46°26'00'' 79°37'30'' 2004 - - - - 1 48 78 2.0 1.6 - g 

QU Lac Jean venne 76°03’30” 45°39’00” 2004 9.17 0 0 0 3 32 127 8.6 3.6 17.7 e 

QU Lac Jean venne 76°03’30” 45°39’00” 2004 9.17 0 0 0 3 32 127 8.6 3.6 17.7 e 

QU Danford Lake 76°07’00” 45°56’30” 2004 6.07 0 1 1 4 141 124 2.7 0.9 44.7 e 

QU Lac-à-la-Tortue 72°34'29'' 46°37'59'' 2009 7.05 0 3 25 0 29 46 0.0 2.2 14.6 
 

QU HW 185  69°15’00” 47°41’30” 2004 17.95 1 0 0 3 11 37 26.7 2.5 2.9 e 

QU Clarke City 50°11'52'' 66°35'55'' 2010 76.13 0 1 0 0 30 97 0.0 3.1 1.7 
 

QU Port Cartier 50°04'26'' 66°58'54'' 2010 83.10 0 0 0 0 65 349 0.0 5.4 5.0 
 

QU Baie-Trinité 49°23'43'' 67°31'16'' 2010 38.83 0 0 0 1 29 44 3.3 1.5 1.9 
 

QU Godbout 49°22'57'' 67°36'48'' 2010 28.10 0 4 17 2 56 202 3.2 3.5 10.0 
 

QU La trinité-des-Monts 48°12'52'' 68°11'37'' 2010 10.23 0 0 2 3 32 150 8.6 4.3 18.3 
 

QU Baie Comeau 49°15'37'' 68°14'59'' 2010 26.00 0 0 1 1 33 38 2.9 1.1 2.8 
 

QU Saint-Marcellin 48°21'45'' 68°17'03'' 2010 14.20 0 0 0 2 37 46 5.1 1.2 6.0 
 

QU Rimouski 48°24'51'' 68°18'09'' 2010 9.95 0 0 0 11 76 138 12.6 1.6 22.6 
 

QU Hauterive 49°17'06'' 68°26'01'' 2010 11.30 0 0 4 45 42 131 51.7 1.6 19.6 
 

QU Esprit-Saint 48°04'11'' 68°37'06'' 2010 17.68 0 0 1 2 30 117 6.3 3.7 8.5 
 

QU Saint-Cyprien 47°53'35'' 68°55'56'' 2010 33.13 0 0 0 6 45 174 11.8 3.4 6.8 
 

QU Colombier 48°51'35'' 68°56'48'' 2010 36.23 0 1 11 2 34 74 5.4 2.3 3.4 
 

QU St-Louis-du-Ha! Ha! 47°42'51'' 68°58'54'' 2010 16.50 0 0 0 4 65 145 5.8 2.1 13.0 
 

QU Forestville 48°47'24'' 69°06'35'' 2010 44.83 0 1 8 27 95 235 22.0 2.0 8.2 
 

QU Saint Antoin 47°41'30'' 69°11'57'' 2010 15.18 0 0 0 1 44 191 2.2 4.2 15.5 
 

QU Saint-Paul-du-Nord 48°35'20'' 69°17'06'' 2010 23.22 0 0 0 9 49 120 15.5 2.1 7.7 
 

QU Sault-Au-Mouton 48°37'01'' 69°19'44'' 2010 21.62 0 1 8 18 46 115 27.7 1.9 8.7 
 

QU Petit Escoumins 48°25'32'' 69°21'37'' 2010 21.20 0 0 2 0 30 44 0.0 1.5 3.6 
 

QU Escoumins 48°24'06'' 69°22'47'' 2010 46.52 0 0 0 6 29 83 17.1 2.4 2.5 
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Prov Site Name Lat Long Year Durat iA iG iM A G M Afreq OSR Pdens Note 

QU Picard 47°30'45'' 69°32'26'' 2010 15.52 0 0 0 2 29 84 6.5 2.7 7.4 
 

QU Sainte-Hélène 47°32'34'' 69°34'13'' 2010 10.98 0 0 0 2 28 108 6.7 3.6 12.6 
 

QU Grand-Bergeronnes 48°12'39'' 69°38'40'' 2010 10.87 0 1 6 2 48 95 3.9 2.0 14.0 
 

QU Tadoussac 47°13'31'' 69°42'25'' 2010 29.28 0 0 7 5 27 83 15.6 2.8 4.2 
 

QU Baie-des-Rochers 47°55'19'' 69°50'13'' 2010 45.40 0 0 0 2 23 59 8.0 2.4 1.9 
 

QU St.-Simeon 47°54'20'' 69°54'23'' 2010 10.25 0 0 0 4 23 40 14.8 1.5 6.5 
 

QU Tourville 47°06'31'' 70°00'37'' 2010 21.70 0 0 0 18 61 290 22.8 3.7 17.0 
 

QU Saint-Marcel 46°51'27'' 70°11'26'' 2010 15.13 0 0 0 3 27 88 10.0 2.9 7.8 
 

QU Clermont 47°42'06'' 70°20'10'' 2010 18.25 0 6 3 7 18 86 22.6 2.9 6.6 
 

QU Montmagny 46°52'46'' 70°24'15'' 2010 20.07 0 0 0 0 53 130 0.0 2.5 9.1 
 

QU St.-Hilarion 47°26'05'' 70°26'05'' 2010 11.75 1 2 6 13 39 99 25.5 1.9 13.6 
 

QU St.-Joachim 47°03'05'' 70°49'04'' 2010 6.12 0 0 0 1 77 126 1.3 1.6 33.4 
 

QU Quebec City 46°46'18'' 70°58'10'' 2004 3.63 27 11 49 32 25 144 62.1 2.0 79.3 h 

QU Quebec City 46°46'18'' 70°58'10'' 2007 6.35 5 8 12 36 28 52 53.2 0.8 22.2 
 

QU Quebec City 46°46'18'' 70°58'10'' 2008 20.92 1 8 8 24 13 94 54.3 2.2 7.1 
 

QU Quebec City 46°46'18'' 70°58'10'' 2009 8.37 21 22 25 37 5 54 68.2 0.9 19.6 
 

QU Quebec City 46°46'18'' 70°58'10'' 2010 20.95 21 8 57 26 20 157 62.7 2.9 13.8 
 

QU Saint-Henri 46°39'48'' 71°11'35'' 2009 5.87 2 10 19 1 1 8 21.4 1.9 7.0 
 

QU Saint-Henri 46°39'48'' 71°11'35'' 2010 16.97 0 1 2 2 35 107 5.3 2.9 8.7 
 

QU Shannon 46°53'52'' 71°33'14'' 2009 2.75 0 3 8 0 12 11 0.0 1.3 12.4 
 

QU Shannon 46°53'52'' 71°33'14'' 2010 8.33 0 0 0 0 16 26 0.0 1.6 5.0 
 

QU Lac St.-Joseph 46°54'14'' 71°36'41'' 2010 13.45 0 3 14 0 39 58 0.0 1.7 8.5 
 

QU Hotel Duchesnay 46°52'34'' 71°39'48'' 2010 27.83 1 7 12 4 21 89 15.2 3.1 4.8 
 

QU Trois-Rivieres 46°17'49'' 72°33'03'' 2009 12.28 0 2 5 3 40 141 6.7 3.2 15.5 
 

QU Trois-Rivieres 46°17'49'' 72°33'03'' 2010 13.78 0 2 2 3 86 260 3.3 2.9 25.6 
 

QU Shawinigan 46°33'13'' 72°41'26'' 2009 2.48 0 2 14 0 28 34 0.0 1.6 31.4 
 

QU Grandes-Piles 46°41'39'' 72°47'58'' 2010 17.37 0 2 9 0 60 144 0.0 2.5 12.4 
 

QU Berthierville 46°05'04'' 73°09'53'' 2010 24.80 0 0 1 1 53 142 1.9 2.6 7.9 
 

QU Saint-Norbert 46°12'32'' 73°16'47'' 2010 13.87 0 2 7 1 42 100 2.2 2.4 11.0 
 

QU Saint-Calixte 45°56'05'' 73°52'08'' 2010 8.48 0 0 4 2 48 87 4.0 1.8 16.6 
 

QU Saint-Calixte 45°53'07'' 73°53'08'' 2010 20.95 0 15 29 1 17 37 3.0 2.0 4.7 
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Prov Site Name Lat Long Year Durat iA iG iM A G M Afreq OSR Pdens Note 

QU Chertsey 46°06'20'' 73°55'43'' 2010 11.37 0 1 3 1 51 81 1.9 1.6 12.1 
 

QU Estérel 46°03'11'' 74°00'04'' 2010 7.50 1 20 34 1 53 123 2.7 2.1 30.9 
 

QU Gore 45°45'26'' 74°18'14'' 2010 17.58 0 7 11 1 58 96 1.5 1.6 9.8 
 

QU Rawcliffe 45°42'12'' 74°35'03'' 2010 10.27 0 11 26 1 36 106 2.1 2.8 17.5 
 

QU Dunany 45°42'49'' 74'19'13'' 2010 11.70 0 8 26 2 82 256 2.2 3.1 32.0 
 

NB Eel lake 66°47’00” 44°47’00” 2004 9.52 1 44 54 0 47 88 1.1 1.5 24.6 
 

NB HW 1 67°06’30” 45°12’00” 2004 26.38 0 7 7 0 17 37 0.0 1.8 2.6 
 

NB HW 1 67°06’30” 45°12’00” 2007 38.22 0 7 3 0 34 96 0.0 2.4 3.7 
 

NB HW 127 67°07’00” 45°15’00” 2004 12.57 0 15 30 0 51 123 0.0 2.3 17.4 
 

NB HW 3 67°07’30” 45°28’30” 2004 8.42 0 2 6 1 46 99 2.0 2.1 18.3 
 

NB HW 3 67°07’30” 45°28’30” 2007 25.98 0 10 19 1 31 141 2.4 3.8 7.8 
 

NB HW 630 67°28’30” 45°44’30” 2004 8.58 0 4 21 1 59 113 1.6 2.1 23.1 
 

NB HW 630 67°28’30” 45°44’30” 2007 6.08 1 18 28 1 38 135 3.4 2.8 36.3 
 

NB Harvey Lake 67°01’30” 45°46’30” 2004 24.40 0 22 32 0 57 87 0.0 1.5 8.1 
 

NB Harvey Lake 67°01’30” 45°46’30” 2007 47.35 0 8 8 3 30 47 7.3 1.3 2.0 
 

NB Dead Brook River 67°27’00” 45°49’30” 2004 15.45 0 68 118 0 55 90 0.0 1.7 21.4 
 

NB Dead Brook River 67°27’00” 45°49’30” 2007 28.62 0 1 2 0 10 7 0.0 0.8 0.7 
 

NB Sproul Road 67°40’00” 45°50’00” 2004 11.82 0 14 28 0 33 96 0.0 2.6 14.5 
 

NB Sproul Road 67°40’00” 45°50’00” 2007 29.10 2 4 13 0 23 71 6.9 2.9 3.9 
 

NB zhartin Settlem Rd 67°42’30” 45°55’30” 2004 9.65 1 22 39 0 42 63 1.5 1.6 17.3 
 

NB zhartin Settlem Rd 67°42’30” 45°55’30” 2007 14.48 0 0 8 1 42 277 2.3 6.6 22.6 
 

NB Mactacquac Pr. Park 66°54’30” 45°58’00” 2004 5.00 7 28 65 18 62 114 21.7 1.6 58.8 
 

NB Mactacquac Pr. Park 66°54’30” 45°58’00” 2007 16.87 1 43 81 6 21 143 9.9 3.2 17.5 
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