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Presentation Notes
The title of my talk, eco-evolutionary dynamics in damselflies is pretty broad, and the reason for that is that I would like to provide you with an overview of some of the studies that we have been carrying out at Lund University in Sweden. But I will also provide you with some context of my thinking and for that I will have to go back to my PhD studies that I carried out in NZ on marine fish.  So I will basically take you on a little walk of what I have been doing over the last few years….
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But to start with I would like to broadly characterise myself as a biologist. I have always been interested in the diversity of life and related questions such as: How many species are there? Why are some groups of organisms so much more diverse than others? How do environmental and biological traits influence speciation rate and rates of molecular evolution?  



The ecology of adaptive radiations 

Presenter
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One of the books that had a major influence on my scientific life has been the book by Dolph Schluter on the ecology of adaptive radiations. The ecological processes laid out in the book have received a lot of attention in recent years, particularly when it comes to explaining biodiversity on earth. In this book, the idea was publicized that competition over resources can lead to divergent or disruptive selection between individuals, thereby favoring ecological differences, and if these differences are also coupled with reproductive isolation, that this can give rise to the rapid diversification of one species into many. Here on the slide you see a classic example of the two freshwater ecotypes of the stickleback, the limnetic and benthic stickleback, which have diverged from the marine ancestor due to competition over resources. 



Darwin’s finches in the Galapagos 
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Some of the ideas in the book go far back, and the probably archetypal adaptive radiation driven by ecological selection is represented by the finches in the Galapagos islands, which were first described by Darwin in the 1830s. Here, a few million years ago, one species of finch migrated to the rocky Galapagos from the mainland of Central or South America. From this one migrant species would come many -- at least 13 but probably at least 15 species of finch evolving from the single ancestor. The diversification process was mostly driven by competition over food, and this has resulted in a spectacular morphological diversity of beak sizes and associated diet changes. Across the islands, it is now possible to find finch species feeding on seeds, insects, flowers, the blood of seabirds, and leaves. But since the description of this radiation, many other good examples have been described such as the….




Closely related species often differ in 
both phenotypes and ecological niches 
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adaptive radiation in Heliconius butterflies, African Rift Lake cichlids and the Hawaiian honeycreepers. A general signature of ecological selection is that closely related species commonly differ in both phenotypes, such as beak morphology,  and ecological niches, such as foraging niches. For example, African cichlids have specialized along the trophic morphology axis by a functional decoupling of the set of jaws, the oral jaws and the pharyngeal jaws. In particular the pharyngeal jaw is considered a key innovation, since it can be used for efficient crushing and processing of food items and this has opened the foraging possibilities immensely, allowing a rapid diversification.





Radiation of Triplefin Fishes 

New Zealand has the 
greatest diversity of 
triplefin fishes in the world 
 
Sympatric distribution 
 
Conforms to the criteria of 
an adaptive radiation 
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I started my PhD in 2002 in New Zealand, so 2 years after the publication of Schluter’s book, which was the time when ecological speciation and adaptive radiations were a popular topic. My PhD work investigated a adaptive radiation unique to New Zealand, the radiation of New Zealand triplefin fishes. These fish are small, carnivorous, and mainly bottom living fish which get their name from the fact that they have three dorsal fins. New Zealand harbors the greatest diversity of triplefins worldwide, having 26 species in 14 genera, all of which are monophyletic and started to radiate around ≈30million years ago. Interestingly, all species occur sympatrically around New Zealand, and this group conforms to the criteria of an adaptive radiation, namely common ancestry, (2) phenotype-environment correlation, (3) trait utility, and (4) rapid speciation



1) What are the ecological traits under 
selection?  
 

2) Which traits are potentially available for 
reproductive isolation? 

Ecological factors associated with  
speciation in NZ triplefin fishes 
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My thesis investigated two core questions, 
What are the ecological traits under selection and 
which traits are potentially available for reproductive isolation?




Triplefins have diversified ecologically… 

rockpools deep shelf <500m estuaries 

rocky reefs pelagic harbours & bays 
Wellenreuther, Syms  & Clements (2008) Ecography 
Wellenreuther, Barrett  & Clements (2007) Marine Ecology Progress Series 
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To address the first question, I studied the habitat use of these sympatric fish for 4 years all around NZ, and I found that NZ triplefins have diversified ecologically into different niches, thereby they were avoiding overlap and competition with each other, 



Wellenreuther M & Clements K D (2007) Marine Biology 

Habitat diversification leads to 
reproductive isolation 
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and I also found that habitat diversification automatically coded for mate choice, since triplefins are highly territorial and philopatric. Here on the left you see a canonical discriminant plot of the breeding habitat and the fish species, a close position within the graph indicates a close association. You can see that many species show large differences in this plot, thus reducing interspecific encounters. Such a coupling of a ecological trait under selection, here habitat use, and reproductive isolation, has been termed a magic trait, and is one of the most straightforward scenarios that can lead to speciation with gene flow. I have also investigated the role of mate choice based on colour in this group and found that colour played little to no role in isolation. Here on the right you see a graph that shows males in normal and in breeding coloration, the breeding coloration is always the picture below. If you have a good look at that, you will see that males typically become less colorful and simply darker during the breeding season, meaning that interspecific color differences are actually reduced during the breeding time. Well, this is the opposite of what you would expect if colour is an important trait in make choice. 

At the end of my Phd in 2007, I felt that the theory of ecological speciation had gained significant support, and almost became a dogma in some circles, with several scientist and also myself seeing ecological selection as the core force leading to population differentiation and speciation…..but then my view became challenged when I moved to Sweden
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Where I started working on a very different group of animals, damselflies, which are the most ancient winged insects alive. 



”Neutral” community ecology: rapid 
speciation by sexual selection? 

McPeek et al. (2008) Am. Nat. 
McPeek and Brown (2000) Ecology McPeek, Shen and Farid  (2009) Evolution 
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And the one thing that I became very aware of early one is that damselflies do challenge models of coexistence based on ecological diversification, and therefore also the ecological theory of adaptive radiation. Specifically, populations and species of many damselflies often show strong evidence of niche conservatism, yet are often highly reproductively isolated from each other. This challenges niche-based ecological speciation and reveals partial decoupling between ecology and reproductive isolation. This decoupling was nicely shown by Mark McPeek and colleagues on Enallagma damselflies that he studied in North America, which show minimal ecological niche divergence and actually conform more to a neutral community structure, but they show strong divergence in reproductive organs, as you can see here on the left. The reproductive organs were investigated using computer tomography scans of the male cerci, the top two structures, and the female thoracic plates. The arrows show where the male cerci contact and grip the female plates. 
When they studied these structures across the Enallagma genus they found large differences between species, with the effect that these species are mechanically isolated from one another. 



Talk outline: Three aspects 

1. Ecological differences 

1 3 2 

2. Reproductive isolation 

3. Colour polymorphism 
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Intrigued by this, I then set out to understand the relationship between ecological divergence and reproductive isolation in two species of Calopteryx damselfly species that are common in Sweden, Calopteryx splendens and C. virgo. And I did this by investigating first the amount of ecological niche divergence in northern Europe, and then estimated the degree of reproductive isolation.  



1. Ecological differences in Calopteryx 

Calopteryx virgo 
 

Calopteryx splendens 
 

Females 
 

Males 
 

Larval phase≈2 years, adult stage≈ 2 weeks  
Co-exist along rivers 
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But before I get into the details of the study I would like to provide you with a bit of natural history background about the species. Calopteryx damselflies are very common throughout most parts of Europe and are particularly abundant along clean and flowing water. The first photo here shows you males and females of Calopteryx splendens and C. virgo. Males of the two species are characterized by melanised wings, which are used as secondary sexual traits and in species recognition. Females are either green or brown colored and are less conspicuous. 

The species co-occur over large parts of their range, and whenever they do, they will fight for food, territories and mates. These interactions can result in hybridization between the species, although rare, and also in injuries. For example, at high density populations, con- and heterospecific males will engage in fights and in these fights they will commonly bite into the wings, so that parts of the wings break off, leaving the males injured and impairing their flight abilities. 



Field sampling: Sweden and Finland 

Plus data from digital species databases   
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To estimate niche divergence between the two species, we collected data across their northern range, and we did this by searching for populations in both Sweden and Finland,  and then we supplemented this dataset with data from digital species libraries, which include museum collections but also data provided by the general public. We then simply plotted the occurrences of these two species in Sweden and Finland and checked if the range limits of the two species differ. 





63.05˚ 

Niche modeling 
Calopteryx splendens Calopteryx virgo 

66.74˚  

Wellenreuther, Larson and Svensson  (2012) Ecology 
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Here you can see the maps, on the left is the map for the C. splendens on the left and on the right for C. virgo. What becomes clear when you look at the maps is that the northern range limits differ, both in Sweden and In Finland. The maximum northern distribution of the C. splendens does not go above a latitude of 63 while that of the C. virgo goes up to a latitude of 67.





Niche Null Models-Entire Range 
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OK, the northern ranges differ, but is this difference significant? We used niche null models to test this statistically. To do this, we first combined the distribution of both species and then produced pseudoreplicates to generate a null distribution-this is shown on this slide in blue. Then we used two different indices of true niche overlap, Schoener's index and Hellinger distances which is here shown in red. The rule of thumb is, niches are significantly differentiated if the red arrow is smaller then the blue pseudodistribution . 



Niche Null Models-Sympatry 
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We replicated the same test for the zone where they occur sympatrically, and here we find minimal or no niche divergence, depending on the index, suggesting niche conservatism in these species. 
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in sympatry 

Effects of species: Wilks Lambda = 0.978; F(3,122)= 0.895, P = 0.45 

Svensson (2012) Organisms Diversity & Evolution 
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The lack of niche divergence was also found in a recent study by Erik Svensson, who has compared the thermal niche spaces of the two species. Again, the species greatly overlap in thermal niche, suggesting little niche selection in sympatry. This overall lack in niche divergence is intriguing. We know that the two females show strong sexual selection on melanised wing patches and that these are also used in species recognition, preventing hybridization across the range. However, two aspect had not been explored and that is: what is the role of male mate choice in this system, and how does premating isolation interact with the geographic range, in other words, is premating isolation affect by the geographic location of a population?



 

 

 

2. Reproductive isolation 

1 

3 
2 

Map of the distribution of the C. splendens 

Northern range limit of C. virgo 

Wellenreuther, Tynkkynen and Svensson (2010) Evolution 
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So we went out in the field and simulated a range expansion by conducting courtship experiments in three regions. Down in southern Sweden, where they occur sympatrically, at the range margin of C. splendens and then in the allopatric area of C. virgo, where we are predicting a range expansion of C splendens to occur. Courtship experiments where carried out by catching females at each site and then tethering them with a cotton thread to a bamboo stick, and then presenting the females to the males. Females will fly happily at the end of the bamboo stick and they can be moved in front of the males, who will also happily respond to this female. IN this way, we quantified courtship responses in each region. Here on the side you see some photograph of us doing field work. In the first one at the top, you see us catching females at the site, then on the second one you see a tethered female and in the last photograph you see a mating wheel, between a tethered female with a male. Some of you may have noticed that we could not catch local females at region 3, that is the allopatric region where C. splendens is not found yet. In this case, we actually caught the females in region 2 and then drove them by car into region 3
….so how did they react-what did we find?




Courtship Response with Latitude 
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C. splendens females 
Regions (population nested)  
(F2, 103=20.88, p<0.001) 
Populations  
(F3, 103=1.95; p=0.127) 
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An the x axis are the three regions that I just talked about and on the y axis we can see the courtship success of females with males of the beautiful demoiselle, with 3 being the highest courtship response possible. The blue dots on the top show the courtship success of females of the beautiful demoiselle with males of the beautiful demoiselle. The green dots, on the other hand, show the courtship success of the banded demoiselle with males of the beautiful demoiselle. The most obvious results that this graphs shows is that the overall female courtship success of differs between the two species, and it comes to no surprise, that females of the beautiful demoiselle also have a higher courtship success with their own males. Next, we can have a look at the differences between regions and we see that there is only little variation in courtship success of the beautiful demoiselle. In stark contract to that is the courtship success of the banded demoiselle, here in green again. What we see here is a gradual increase in courtship success and hence the potential to hybridize with increasing latitude. What that also means is that males of the beautiful demoiselle have partly lost to recognize females of the other species. 




A More Qualitative Look 
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We can have a look at the same data again, but this time in a more qualitative manner. Instead of expressing courtship success numerically, we have expressed the courtship responses by the behavior they showed. So in grey you see the percentages of C. splendens males that escaped after they were shown a tethered females, in green you see the number of males that approached the female to have a closer look, in blue the males that engaged in courtship and in red the males that clasped the female. Now, if we just look at the claspings for moment, you will see that the difference between the regions is large, and that claspings in the allopatric region are a lot more common. 




Isolation through learning? 

? 

Svensson, Eroukhmanoff, Karlsson, Runemark and Brodin  (2010) Evolution 
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Learning and other forms of phenotypic plasticity have been suggested to enhance population divergence. Mate preferences can develop by learning, and species recognition might not be entirely genetic. We present data on female mate preferences of the banded demoiselle (Calopteryx splendens) that suggest a role for learning in population divergence and species recognition. Populations of this species are either allopatric or sympatric with a phenotypically similar congener (C. virgo). These two species differ mainly in the amount of wing melanization in males, and wing patches thus mediate sexual isolation. In sympatry, sexually experienced females discriminate against large melanin wing patches in heterospecific males. In contrast, in allopatric populations within the same geographic region, females show positive (“open-ended”) preferences for such large wing patches. Virgin C. splendens females do not discriminate against heterospecific males. Moreover, physical exposure experiments of such virgin females to con- or hetero-specific males significantly influences their subsequent mate preferences. Species recognition is thus not entirely genetic and it is partly influenced by interactions with mates. Learning causes pronounced population divergence in mate preferences between these weakly genetically differentiated populations, and results in a highly divergent pattern of species recognition at a small geographic scale.

Species recognition toward heterospecific males is not
completely genetic in female C. splendens, but is affected by physical
contacts with males (Experiment 2). Shown are female mating
responses toward conspecific males (C. splendens; open symbols)
and toward heterospecific males (C. virgo; filled symbols). The
sexually naive C. splendens females are shown on the left in each
panel, and the sexually experienced females on the right. Female
responses in two populations are shown: (A) the sympatric population
at Klingava¨ lsa°n and (B) the allopatric population at Ho¨ je A° .
There is a significant interaction between female sexual category
and male species (Table 2). This interaction shows that sexually
naive females that have not been exposed to males do not show
any significant species discrimination, whereas sexually experienced
females do discriminate (Table 2). However, it is only the
sexually experienced females from the sympatric populations that
discriminate significantly between C. splendens and C. virgo males
(A), which is consistent with the notion that physical exposure to
males of both species is necessary for the development of species
recognition.



3. Colour polymorphism 

A microscope view 
of the slaty skimmer 
penis show a bristly 
median lobe and 
oarlike lateral lobes 
on each side. 

• Consequence of intense mating 
harassment by males 

• Multiple matings common 
• Last male sperm precedence 
• Penises have brushes, hooks, grabbers 

and spreaders 
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As we have just summarized, the mating system of odonates is characterized by intense sexual selection but what I did not go in to is that the mating system is also characterized by intense sexual conflict over mating rates, where males will often fight for the access to females and will try, and even often force, multiple matings. These matings are costly in that they cause mechanical damage, increase the predation risk and prevent the females away from other task, such as feeding. How can females overcome this intense harassment?

last-male sperm precedence



Colour polymorphic Ischnura elegans 

Sánchez-Guillén, Hansson, Wellenreuther, Svensson & Cordero-Rivera  (2011) Heredity 

Male-mimic ”androchrome Male & androchrome 

Infuscans 

Infuscans-obsoleta 
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So, more then 50% of the species in the family Coenagrionidae are colour polymorphic, and the species within this family that I have been particularly interested in is Ischnura elegans. This species is characterised by three discrete female colour morphs, seen on the left hand photograph here.  Males are monomorphic and are blue and black, whereas there are typically two or three female color morphs, including a male mimic (“androchrome” females).

In general, it is purported that one of the female morphs resembles the male and therefore it is termed ‘andromorphic’ or ‘androchrome’, while the other female morphs are termed as ‘heteromorphic’ or ‘gynochrome’ (Johnson 1964, Cordero 1990). Johnson (1964; 1966) showed for I. damula and I. Demerosa, Cordero (1990) and Andres & Cordero (1999) for I. graellsii and C. tenellum and Sanchez-Guillen et al. (2005) for I. elegans that these colour polymorphisms are genetically determined, and this is most likely the case for all coenagrionid species. 



Ischnura elegans 

• Very widespread  
• Wide ecological niche 
• Good disperser 
• Early coloniser  
 

Wellenreuther, Sánchez-Guillén,Cordero-Rivera,Svensson & Hansson (2011) PLoS ONE 



Sánchez-Guillén, Wellenreuther & Cordero-Rivera (2011) Evolution 
Sánchez-Guillén, Wellenreuther, Cordero, & Hansson (2011) BMC Evolutionary Biology 

Low ecological divergence & hybrids 
&hybidisation Ischnura graellsii 

Ischnura elegans 

Ischnura graellsii 

Ischnura elegans 

Male abdominal 
appendages 

Lateral view of the 
pronotum 

IE male X IG female 
low 
 
IG male X IE female 
high 
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Heterospecific crosses between I. elegans females and I. graellsii males were almost completely prevented by strong premating mechanical barriers (accounting for 93.4% of total isolation). 

(Miller and Miller, 1981). In the genus Ischnura, the first stage is characterized by removal of sperm (Miller, 1987a). Ischnura graellsii males have been shown to readily remove sperm from the bursa and spermatheca (Cordero & Miller,1992), while I. elegans males have only access to sperm in the bursa but not the spermatheca, the latter being that which holds sperm for long term usage (Miller, 1987a, b). 
contribution of 19 potential reproductive barriers
between two sympatric damselfly sister species, Ischnura elegans and I. graellsii, including both premating (habitat, temporal,
sexual and mechanical isolation) and postmating barriers (prezygotic: sperm insemination success and removal rate, oviposition
success, fertility, fecundity; postzygotic: hybrid viability, hybrid sterility and hybrid breakdown). In sympatry, total reproductive
isolation between I. elegans females and I. graellsii males was 95.2%, owing mostly to a premating mechanical incompatibility
(93.4%), whereas other barriers were of little importance. Isolation between I. graellsii females and I. elegans males was also nearly
complete (95.8%), which was caused by the cumulative action of multiple prezygotic (n = 4, 75.4%) and postzygotic postmating
barriers (n = 5, 7.4%). Our results suggest that premating barriers are key factors in preventing gene flow between species, and
that the relative strengths of premating barriers is highly asymmetrical between the reciprocal crosses.



Phenotype-Genotype mapping 

2. Macroevolution of a colour polymorphism 

1. Genotype males and larvae 
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One locus with three alleles 
Dominance hierachy 


The inheritance system for female coloration has been reported for both species, and shows that the morphs are controlled by a single autosomal locus with three alleles that are under a hierarchical dominance: androchrome allele (Aallele) is dominant over both the infuscans (Iallele) and the infuscans-obsoleta (Oallele) alleles, and Iallele is dominant over Oallele (i.e.  Aallele > Iallele > Oallele ). The androchrome morph has three possible genotypes (AalleleAallele,  AalleleIallele,  AalleleOallele), the gynochrome morph infuscans represents two possible genotypes (IalleleIallele, IalleleOallele) and the other gynochrome morph (infuscans-obsoleta in I. elegans and aurantiaca in I. graellsii) represents a single genotype (OalleleOallele)



1. Draft genome (LGC) 
-annotation, gene function, assembly 
 
2. RAD genotyping of pedigree (Genepool) 
-detailed linkage map, co segregation between 
markers and colour 
  
3. Re-sequencing of morphs (BGI) 
-allele frequencies, validation 
 
4. Transcriptome data (Leiden) 
-improve draft genome, function 
 
 
  

Genomic approaches 



Summary and conclusions 
Several features of odonate biology make them suitable 
for studies of non-ecological speciation 
 
These features include 1/strong sexual selection, 2/strong 
sexual isolation and 3/weak ecological niche divergence 
 
Learning is a powerful mechanism for the development of 
sexual isolation 
 
Colour polymorphisms in females reduce male mating 
harassment 
 
Mapping colour genes will give insights into the processes 
that maintain natural variation 



Erik Svensson 

Katja Kuitunen 

Keith Larson Adolfo Cordero-Rivera 

Rosa Sánchez-Guillén 
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And we are coming towards the end of my talk and here I would like to thank my co-workers-without this work would have not been possible, on the top you see Erik Svensson from Lund University who has been involved in this work, and Keith Larsson on the left, he has helped with the niche modeling, and Katja Tynkkynen on the right from Jyväskylä  University has helped with the range expansion experiment. 



Thank you! 
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