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Abstract 
Lake Mývatn is one of the best-studied ecosystems in Iceland showing strong 
environmental gradients (e.g. in temperature, substrate) and spatial and temporal 
differences in invertebrate composition. Many invertebrates groups are found in the lake, 
in particular chironomid midges and benthic cladocerans that are important prey for 
threespine stickleback (Gasterosteus aculeatus). As adaptive divergence in response to 
natural selection is frequently related to diet and/or habitat use, the spatial and temporal 
variation in prey type and abundance in lake Mývatn may facilitate resource-mediated 
diversification of stickleback. Along this line, lake Mývatn stickleback show phenotypic 
differences in i) feeding morphology and ii) body size, likely mediated by responses to 
prey and temperature. However, it is not know to date whether these phenotypic 
differences are due to genetic or plastic responses. I performed a laboratory common 
garden rearing experiment to test for the relative contribution of plastic and genetic effects 
on key phenotypic traits in stickleback from two habitats in the lake (Mined and Warm). 
Full-sib offspring from artificial crosses were raised at a combination of two different diets 
(“benthic midge” vs. “pelagic pellet”) and temperatures (13 and 23°C) up to nine months. I 
found consistent differences between the two habitat types in gill raker number, body size 
and age at sexual maturation, but also strong plastic responses in body size, gill raker 
morphology, body shape, head shape and genotype x environment interactions. My results 
highlight the importance of considering the complementary effects of selection, phenotypic 
plasticity and gene flow in order to assess adaptive divergence in natural systems.  

Útdráttur 
Í Mývatni, sem er eitt mest rannsakaða vistkerfi á Íslandi, má sjá sterka stigla í 
umhverfisþáttum (t.d. hita, dýpi og botngerð), sem og mikinn breytileika í tíma og rúmi. Í 
vatninu má finna fjölmarga hópa smádýra, sérstaklega ber að nefna mýlirfur og botnlægar 
krabbaflær sem eru mikilvæg fæða hornsíla (Gasterosteus aculeatus). Algengt er að 
aðskilnaður stofna vegna aðlögunar og náttúrulegs vals sé tengdur fæðu og/eða 
búsvæðavali. Því má leiða að því líkur að breytileiki, í tíma og rúmi, sem sjá má hjá 
fæðudýrum í Mývatni geti leitt til aðskilnaðar hornsílastofna vatnsins. Sem vísbendingu 
um að slíkur aðskilnaður eigi sér stað í Mývatni má sjá breytileika hjá hornsílum í i) útliti 
tengdu fæðunámi og ii) líkamsstærð, og er hann líklega tilkominn sem svörun við 
breytileika í fæðu og hitastigi. Í dag er ekki vitað hvort þessi breytileiki orsakast 
af  erfðafræðilegum þáttum  eða sveigjanlegu svipfari. Ég framkvæmdi staðlaða 
eldistilraun á hornsílum frá tveimur svæðum í vatninu (dýpkuðu og heitu svæði) til að meta 
hvort svipfarsbreytileiki sem fundist hefur sé kominn til vegna erfðafræðilegra þátta eða 
sveigjanlegs svipfars. Ég bjó til hreina systkinahópa sem skipt var upp og þeir síðan aldir í 
allt að níu mánuði, við mismunandi fæðu (botnlægar mýlirfur eða sviflægt fóður) og 
mismunandi hitastig (13 eða 23°C). Ég sá töluverðan mun  hjá fiskunum frá þessum 
tveimur svæðum hvað varðar  fjölda tálknatinda, líkamsstærð og aldur við kynþroska. 
Einnig kom í ljós greinilegt sveigjanlegt svipfar m.t.t.  líkamsstærðar og útlits tálknatinda, 
líkama og höfuðs. Auk þessa var til staðar greinilegt samspil erfða og umhverfis. 
Niðurstöður mínar benda sterklega til þess að samspil sveigjanlegs svipfars og 
erfðafræðilegra þátta móti aðskilnað hornsílastofna í Mývatni. 
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I. Introduction	  

A. Context of the study 

Describing variation in fitness traits (i.e. traits influence the performance, longevity and 

fecundity of individuals) and understanding the mechanisms that are responsible for this 

variation in natural populations is one of the main objectives of ecology and evolutionary 

biology (Fairbairn et al., 2001). A key mechanism driving the evolution of phenotypic 

diversity is adaptive divergence - defined as heritable phenotypic differences in response to 

divergent natural selection among populations inhabiting different environments (Räsänen 

& Hendry, 2008; Blanquart et al., 2013). Adaptive divergence is expected when gene flow 

is limited between populations inhabiting environments that show sufficiently strong and 

stable environmental differences (e.g. Räsänen & Hendry 2008). If adaptive divergence is 

strong enough to counteract gene flow, then it can also contribute to (ecological) speciation 

(Feder et al., 2012). On the other hand, dispersal may restrain adaptive divergence (Hendry 

et al., 2001b; Lenormand, 2002; Räsänen & Hendry 2008) and, in heterogeneous 

environments, favour the evolution of phenotypic plasticity (Sultan & Spencer, 2002). Yet, 

adaptative divergence can occur even at a microgeographic scale if there is sufficienly 

strong selection against maladapted phenotypes (Richardson & Urban, 2013; Richardson et 

al., 2014)  

In spatially or temporally variable environments, it is unlikely that any single phenotype 

confers high fitness in all situations (Hendry et al., 2008). This is why most organisms are 

able to “modulate their phenotype” (i.e. to express phenotypic plasticity; Pigliucci, 2005; 

Ghalambor et al., 2007) in order to increase their environmental tolerance and increase 

fitness (Via et al., 1995). Phenotypic plasticity is described as the ability of a given 

genotype to express different phenotypes depending on environmental conditions 

(Pigliucci, 2005). Plasticity can be labile or developmental. For instance, physiological or 

behavioural changes that occur throughout the lifespan of an individual in response to 

environmental conditions are typically reversible while phenotypic changes acquired 

during development usually cannot be reversed. Phenotypic plasticity is ubiquitous and has 

been demonstrated in a range of different taxa from algae (Lurling, 2003, Ragazzola et al., 

2013) and plants (Palacio-Lopez et al., 2015) to gastropods (Hollander & Butlin, 2010) 
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cladocerans (Tollrian & Heibl, 2004; Chopelet et al., 2008) to fishes (Adams et al., 2003; 

Andersson et al., 2005; Langerhans et al., 2003; Baker et al., 2005) and terrestrial 

vertebrates (Storz, 2010). For instance, freshwater threespine stickleback (Gasterosteus 

aculeatus) express phenotypic plasticity in body shape when raised in different salinities 

(Mazzarella, 2015) or on different prey (Wund et al., 2008).  

Phenotypic divergence in response to environmental differences may occur more rapidly 

via adaptive plasticity than via genetic responses to natural selection, as plasticity can 

allow an entire group of individuals (e.g. a family or a population) to “adapt” 

simulaneously within a generation to novel environments, while responses to natural 

selection requires heritable genetic variation among individuals (Crispo, 2008). Thus, 

plastic changes in behavioural or morphological traits can allow organisms to cope with 

new conditions until the fitness of the population has improved by genetic responses to 

natural selection (Lande, 2009). On the other hand, plasticity may slow adaptive genetic 

divergence by buffering individuals from the action of negative selection (West-Eberhard, 

2003), by allowing individuals to rapidly adapt phenotypically to new conditions or by 

confering a high fitness to plastic phenotypes (Thibert-Plante & Hendry, 2011).  

Phenotypic plasticity is expected to come with energetic costs of maintenance or 

production of plastic structures, can lead to production of suboptimal phenotypes 

(Pigliucci, 2009; Murren et al., 2015) and may therefore not be favoured in stable 

environments. In contrast, individuals in populations inhabiting heterogeneous 

environments, where the ecological or physical factors change in the course of an 

individual’s life, are expected to be more phenotypically plastic (Piersma & Drent, 2003). 

Thus, variable environments favor the evolution of increased trait plasticity because it 

allows for quick response to environmental change (Hendry, 2016). Lind and Johansson 

(2007) demonstrated this in frog populations (Rana temporaria) of 14 islands of the coast 

of Sweden. Frogs with higher plasticity in developmental timing were found on islands 

showing spatial variation in pond-drying regime. Similar things have also been seen in the 

acclimation response of rufous-collared sparrows (Zonotrichia capensis) to geographic 

variation in temperature (Cavieres & Sabat, 2008), where birds from localities with drastic 

climatic seasonality showed a greater difference in basal metabolic rate between two 

temperatures than birds from a more stable environment.  
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Phenotypic plasticity is often seen in trophic phenotypic traits (Hegrenes et al., 2001; 
Ruehl et al., 2007; Lundsgaard-Hansen et al., 2013), including morphological 

characteristics used in the detection, capture or handling of prey items (Adams & 

Huntingford, 2002; Klemetsen et al., 2006; Ruehl & DeWitt, 2007). Thus, the availability 

of different types of prey may promote diet-induced phenotypic plasticity and facilitate the 

evolution of trophic polymorphism (Skúlason & Smith, 1995). Plasticity in trophic 

morphology is believed to facilitate colonization and persistence in novel environments 

and can co-occur with adaptive genetic trait differences (Ghalambor et al., 2007). In this 

vain, a recent study on lake-stream stickleback compared lab reared and wild caught fish 

from three different lake-stream population pairs, and found a strong genetic (= population 

of origin) effect on gill raker number and a plastic effect (= rearing environment) on gill 

raker length (Oke et al., 2016). Similarily, Lundsgaard-Hansen et al, (2013) showed that 

both divergent natural selection and adaptive phenotypic plasticity were acting together in 

driving phenotypic divergence in adaptive radiation. 

Taken together, phenotypic plasticity can either facilitate evolutionary diversification by 

allowing populations to persist in novel habitats and revealing some variation on which 

selection can act or hinder evolutionary diversification because plastic responses can shield 

genetic variation from selection (West-Eberhard, 2003). In order to fully understand how 

plasticity interacts with genetic differences to shape phenotypic divergence in nature, 

comparisons of different populations (e.g. morphs) under different common garden 

conditions (e.g. diet, temperature) are needed. My study focuses on phenotypic plasticity in 

trait divergence using threespine stickleback from two divergent populations in lake 

Mývatn, Iceland as models.  

B. Study system 

Stickleback have been the subject of many studies on morphological segregation, 

behaviour, plasticity and spatial genetic structure (Day & McPhail, 1996; Kristjánsson et 

al., 2002; Millet et al., 2013; Morris et al., 2014; Ólafsdóttir et al., 2014; Oke et al., 2016) 

and have become a classical model system to study ecological speciation (eg. Foster, Baker 

& Bell, 1992; Schluter, 2000; McKinnon & Rundle, 2002; Hendry et al., 2013). These 

fishes are ancestrally oceanic, but have repeatedly colonized freshwater and established 



 4 

resident populations that have adapted to novel surroundings (Foster, Baker & Bell, 1992; 

Aguirre, 2012).  Freshwater often present heterogeneous habitats that promoted the 

evolution of several different morph pairs, including lake-stream (Hendry et al., 2002; 

Ravinet et al., 2013), benthic-limnetic (Bolnick et al., 2008; Matthews et al., 2010) and 

mud-lava (Kristjánsson et al., 2002).  

Icelandic freshwater habitats, shaped by the volcanic nature of the island (Einarsson et al., 

2004), present heterogeneous habitats for freshwater organisms. Because of their high 

habitat heterogeneity and resource availability, they provide interesting study systems to 

assess spatial variation of phenotypic divergence across multiple environments. These 

systems are young (less than 14 000 years-old) and have been colonized by only six 

species of freshwater fishes: brown trout (Salmo trutta), Arctic charr (Salvelinus alpinus), 

Atlantic salmon (Salmo salar), American eel (Anquilla rostrata), European eel (A. 

Anguilla) and threespine stickleback (Gudbergsson & Antonsson, 1996). Icelandic 

threespine stickleback are diverse as shown, for instance, by the diversification in 

morphology in relation to predators, habitat structure and diet in Lake Thingvallavatn 

(Kristjánsson et al 2002; Ólafsdóttir et al., 2007).  

My study focused on stickleback in lake My ́vatn, another Icelandic lake with divergent 

stickleback. There are clear habitat gradients (e.g. temperature, invertebrate composition, 

depth) within the lake. The lake is young, only 2300 years old, (Thorarinsson, 1951; 

Einarsson, 1982; Sæmundsson, 1991). Lake Mývatn represents a well-suited system to 

study evolutionary process in natural populations. In this system, the spatial and temporal 

variation in prey type and abundance appears to facilitate resource mediated diversification 

in stickleback (Kristjánsson et al., 2002; Millet et al., 2013). For instance, stickleback from 

the North basin of lake My ́vatn are larger and have longer spines than stickleback from the 

South basin (Millet et al 2013). Subtle differences in feeding structures (gill raker length 

and gap width) have also been found among the different habitats (Millet et al., 2013). The 

phenotypic differences are seen even with extensive gene flow (based on lack of dispersal 

barriers and analyses of neutral microsatellite markers) and highly temporally fluctuating 

environments (Einarsson et al. 2004; Millet et al. 2013). Given highly spatio-temporally 

divergent environments and extensive gene flow, phenotypic divergence across the 

divergent habitats in the wild may arise both via plastic and genetic trait variation. 
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C. Objectives and predictions 

The main objective of my thesis was to evaluate plasticity of trait divergence between two 

populations of threespine stickleback living in two different habitats (Mined and Warm) 

from lake Mývatn. My research builds upon a previous study (Millet, 2013; Millet et al., 

2013) on the Mývatn system, which comprises five different habitats (Mined, Warm, 

Cladophorales, Shore, Pondweed). In the previous work comparison of wild caught fish 

over space and time showed that i) stickleback from the Mined habitat had wider gill raker 

gaps than stickleback from other habitats (Cladophorales, Warm, Shore (Millet, 2013), ii) 

stickleback from the Warm habitat appear to have a relatively temporally stable feeding 

morphology with more but shorter gill rakers than Shore stickleback and relatively 

narrower gill raker gaps than stickleback from the Cladophorales habitat (Millet, 2013). 

Finally, population genetic studies – combined with lack of dispersal barriers - indicate 

extensive gene flow among habitats, but that ecological differences among habitat types 

are strong enough to cause phenotypic divergence via plasticity or even through natural 

selection.  

Although the lake Mývatn is highly connected stickleback living in these two habitats 

exhibit clear trait divergence (Millet et al., 2012), therefore Mined and Warm will be 

defined as populations for the purpose of this study. Feeding morphology in the Warm 

habitat seem to be temporally consistent due to environmental stability (see Chapter 3, 

Jónasson 1979; Einarsson et al., 2004) while it appears to be more variable over time for 

stickleback living in the Mined habitat (gill raker length decreased between 2009 and 

2012) (Millet, 2013). This is probably linked to the fact that Mined habitat shelters prey 

whose density varies with time (season, year) and space as benthic cladoceran show 

heterogeneous distribution and fluctuations (small to medium sized) (Einarsson & 

Örnólfsdóttir, 2004) and chironomidae larvae density is constantly low  (measured between 

2008 and 2012) (J. Dreyer unpubl. Data).  

To test for the relative contribution of plastic and genetic effects in trait divergence, I 

conducted a laboratory common garden rearing experiment at two diet treatments and at 

two temperatures. I measured key phenotypic traits: morphology (body shape, functional 

morphology, gill raker number and length, gill raker gap width) and life history traits (body 

size, age at maturation and fecundity). 
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The three main questions that I addressed were:  

• Do threespine stickleback from Mývatn show phenotypic plasticity in response to 

different food type and temperature?  

Due to spatial and temporal heretogeneity of invertebrate composition and temperature in 

the Lake Mývatn and connected habitats I predict that both populations will exhibit 

plasticity to food type and temperature. 

• Do threespine stickleback from Mývatn show genetic divergence?  

Due to trait divergence found between these populations I predict that Mined and Warm 

populations will show genetic divergence specially in relation to feeding structures. 

• Do threespine stickleback from Warm and Mined habitats differ in patterns of 

plasticity?  

Due to differences of habitat stability, I predict that stickleback from Mined habitat will 

exhibit a higher degree of phenotypic plasticity, especially in feeding structure and 

standard size, than the Warm population. 
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II. Material and Methods  

 Study system A.

 

Figure 2A. Map of Lake Mývatn, NE Iceland with the two sampling sites marked as circle. 

Red open circle: Mined habitat; Red filled circle: Warm habitat. Edited from Einarsson et 

al. (2004). 

Lake Mývatn (37km², Figure 2A) was formed about 2300 years ago, following a major 

volcanic eruption, and is one of the ecologically best-studied systems in Iceland (Jónasson, 

1979; Einarsson, 1982; Einarsson et al., 2004). This young system may promote divergent 

selection because of strong habitat gradients in temperature, substrate, vegetation and 

invertebrate composition (possible prey for stickleback) (Einarsson et al. 2004; Millet et al. 

2013; Bartons et al. 2015). These factors in combination form different habitats for fishes 

and influence fish population densities (Millet 2013).  

The lake is eutrophic, shallow (1-5.5m) and mostly groundwater fed from springs along its 

eastern shore (Einarsson et al., 2004). It consists of two main basins: North basin fed by 

warm water springs (up to 30°C) (Ólafsson, 1979), which is smaller, heterogeneous and 

deeper (5.5m), because of sediment mining, than the South basin (4m), who is fed by cold 
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water springs (Einarsson et al., 2004). The zooplankton community shows strong spatial 

structure across the lake (Bartrons et al., 2015) with mainly copepod and cladoceran 

pelagic/epibenthic community and chironomid larvae, cladocerans and Cyclops benthic 

community. 

Five main habitat types have been identified and studied previously with respect to 

stickleback divergence (Koopmans, 2010; Millet, 2013; Millet et al., 2013): the « Warm » 

habitat (North Basin) is influenced by warm water inflow (23.4±0.8°C all year long), lacks 

vegetation and is composed of lava rocks covered with fine mud, the « Mined » habitat 

(North Basin) was named after minning activities, which left the area muddy, deep (up to 

5.5m) and cold (12.6±1.4°C in summer) with no vegetation. The «Shore » habitat (South 

Basin) is characterized by the more fluctuating temperature site with a 1 m deep shoreline 

cold (12.7±2.2°C in summer), it is mainly composed of mud and vegetation. The « 

Pondweed» habitat (11.6±1.3°C in summer) which spans across both basins, corresponds to 

a shallow area covered essentially by pondweed and houses a wide invertrebrate 

community (e.g. Chydorus, cyclops, daphnia, nauplii) (Bartrons et al., 2015). Finally, the 

«Cladophorales» habitat (11.9±1.8°C in summer) of the South basin is composed of mud 

with sparse cladophorales algae. All habitats, except the Warm habitat, get conciderable 

colder in the winter. 

 Fish sampling and holding conditions B.

Threespine stickleback in breeding condition were sampled in June 2014 using unbaited 

minnow traps set out overnight for approximately 12 hours/site (Gíslason et al., 1998; 

Millet et al., 2013). Nine males and females from the Mined habitat and 19 males and 

females from the Warm habitat were transferred to Verið, the laboratory facilities of Hólar 

University College in Sauðárkrókur, in 50L-oxygenated tanks. They were held in holding 

tanks at 18°C (an average temperature of the two habitats) until artificial crosses were 

made.  

 Experimental set up C.

The experiment consisted of laboratory rearing of Mined and Warm individuals from 
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fertilization to maturation, or 3793-degree days, at a combination of two temperature (13°C 

and 23°C) and two diet (midge/benthic and pellet/pelagic) treatments (details below). 

Sticklebacks were kept in 24 hours light during the whole experimental period mimicking 

the light-cycle during the breeding season on Iceland. 

Artificial crosses were conducted using standard procedures (Schluter, 2007-2011). Males 

were killed using an overdose of 2-phenoxylethanol. Testes of males were removed by 

making incisions posterior to the cloaca and then anterior to the pelvic girdle to open the 

body cavity. To release the sperm testes were crushed using tweezers in a small petri dish 

containing tap water. Gravid females were anaesthetized using 2-phenoxyethanol and eggs 

extracted by placing one finger on each side of the body, gently pressing above the egg 

mass, and sliding towards the cloaca, pressing the eggs out of the females into the petri 

dish containing sperm solution. Eggs and sperm were gently shaken and allowed to be in 

contact for 15 minutes to maximize fertilization success. Subsequently, eggs were 

transferred to clean water prior to assignment to experimental treatments. Each male and 

female was used only once to produce full sibling clutches. After verifying fertilization 

(blastoderm cap within the egg visible), each clutch was placed in fresh tap water on a petri 

dish and photographed using a digital camera (EF-S18-135mm f/3.5-5.6 IS objective, 

Canon Inc., Tokyo, Japan) in order to quantify the number of eggs. Experimental clutches 

(Mined = 9, Warm = 13) were divided into approximately two equal sized parts an hour 

after fertilization (Mined=45-85 eggs/tank, Warm= 25-55 eggs/tank) and placed in mesh 

mugs at two different temperatures (13°C and 23°C) which reflect each habitat types 

(Figure 2C.1).  

The offspring were reared in a flow-through system in 100 experimental tanks (white 

plastic, 50L, that contained a petri dish full of sand to create a benthic substrate). The 

outflow of the tanks was protected with fine mesh to prevent loss of fish. Fish hatched six 

days after fertilization at 23°C and 11 days after fertilization at 13°C (Figure 2C.2). Two 

days after hatching all the fish were fed two times a day on a diet of Artemia salina and 

microworms until the diet treatment started. Pellets were also given to the fish at a certain 

point of the experiment to replace Artemia salina as explained below. When all the fish 

were able to swim up in the water column threespine stickleback belonging to the same 

clutch were split in equal density (10-20 fish per tank). When the fish reached 860-degree 

days, the density was reduced to five fish per tank in order to start the diet treatment. As 
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threespine stickleback have already shown evidence of plasticity in some traits when 

exposed to alternative diet (Day & McPhail 1996; Wund et al., 2008) fish received 

experimental diet of either frozen midges (Chironomus sp) as a „benthic treatment“, or 

Artemia salina as a „pelagic treatment“. The midges were delivered in a petri dish full of 

sand at the bottom of the tank using a tube and a pipet, whereas the artemia were given at 

the surface of the water using a pipet. Threespine stickleback from the Warm habitat are 

usually more benthic feeders and mostly feed on bottom dwelling chironomid larvae 

(Millet, 2013). The midge diet is therefore appropriate to mimic a « benthic treatment ». In 

contrast, threespine stickleback from the Mined habitat usually feed moslty on various 

sized epibenthic zooplankton (Gudmundsson 1996 MSc thesis; Millet et al. 2013). Instead 

of epibenthic zooplankton, I aimed to mimic a benthic-limnetic contrast as this axis 

typically drives phenotypic divergence in feeding morphology in stickleback. Here 

Artemia salina represent a good model to mimic the « pelagic treatment » as they are small 

and swim in the water column. 

However, two weeks after starting the diet treatment at 23°C, it became clear that Artemia 

salina did not provide sufficient food for the fish to meet their metabolic demands at high 

temperature. Moreover, a high mortality rate was observed a month post-hatching in the 

13°C treatment (12 dead (11.4%)/Mined, 36 dead (34.9%)/ Warm). Hence, the Artemia 

were replaced with small (0.4mm diameter) artificial aquaculture food pellets (INICIO 

Plus G 0.4 mm, BioMAR SAS France composed of: Crude protein 62%, Crude fats 10%, 

Crude fibre 0.2%, Ash 10.3%, Phosphorus 1.53%, Calcio 2.16%, Sodio 0.75%) during the 

ongoing treatment at 23°C (41 days post-hatching) and before the beginning of the diet 

treatment at 13°C (54 days post-hatching). The pellets were chosen to replace Artemia 

because they represent small particule, which can be delivered at the surface of the water 

by hand therefore imitating a “pelagic treatment”. However pellets represent a rich food 

therefore resource quality was different between “pelagic” and “benthic” treatments but 

these terms will be used to refer as pellet and midge for the rest of the thesis. 

After being raised for five months at 23°C and nine months (or reaching maturity) at 13°C 

the fish were killed with an overdose of 2- phenoxyethanol. This timing is based on 

degree-days in order to have similar stages of development between treatments (Trudgill et 

al., 2005) (Figure 2C.2). However, 105 experimental individuals (59% of the total) at 13°C 

showed clear signs of maturity after five months (i.e. females developing eggs and males 
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breeding colourations), while no signs of maturity was observed at 23°C. Hence, fish were 

removed from the experiment when showing signs of being mature. Maturation time of the 

offspring was recorded and the eggs of mature females were removed to assess plasticity in 

offspring fecundity (i.e. number of eggs) for a smaller subset (N=41) of females. 

Individuals were not sexed in my experiment before maturation as individuals cannot be 

reliably sexed based on external characteristics prior to maturation and logistic reasons 

prohibited sexing based on investigation of reproductive organs. 

      

 

Figure 2C.1 Experimental design with four different treatments on offspring of stickleback 

from Mývatn Mined and Warm populations raised under two different temperatures and 

food types. The clutches were split after fertilization and put at either 23°C (red) or 13°C 

(blue). After reaching 860-degree days the fish were fed on either benthic (midge) or 

pelagic (pellet) diet. Rearing was matched by degree-days, resulting in 5 months at 23°C 

and 9 months or maturation at 13°C.  
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Figure 2C.2. Timeline of the experiment on stickleback from offspring of Mývatn Mined 

and Warm populations raised on either benthic (midge) or pelagic (pellet) diet and at 

either 23°C (red) or 13°C (blue), h=hour, d=day. Rearing was matched by degree-days, 

resulting in 5 months (5m) at 23°C and 9 months (9m) or maturation (M) at 13°C (see text 

for details). S: split, H=hatched. 

 Data acquisition D.

After one, three, five months (end of experimentation) at 23°C and to the corresponding 

degree-days at 13°C (1.7 months, 5.6 months, 9 months), the right side of each fish was 

photographed in order to evaluate growth rate (Figure 2D.1) (EF-S18-135mm f/3.5-5.6 IS 

objective, Canon Inc., Tokyo, Japan). If fish reached maturity the maturation date was 

recorded and eggs were removed from females and placed in petri dish in order to take 

pictures and assess egg number (EOS 60D, EF-S60mm f/2.8 Macro USM objective, Canon 

Inc., Tokyo, Japan). After the end of the experiment (see above), the right fin of each fish 

was removed and stored in 95% of alcohol to allow later genetic analyses. The fish were 

thereafter fixed in 5% formalin for two weeks before being transferred to 70% ethanol for 

later analyses of morphology.  

Several phenotypic measurements were taken: Standard length (SL), body shape, head 

shape, gill raker number, gill raker length and gap. From photographs, standard length (SL) 

of each individual was measured in order to compare growth rate. SL is defined as the 

distance from the anterior-most point of the closed upper jaw to the posterior-most point of 

the vertebral column and was measured from photograph using millimeter paper. For 

quantifying body shape, a geometric morphometrics approach was used (Rohlf, 2015). The 

overall body shape was captured using 24 landmarks using the tpsDig2.1 software (Figure 

2D.1) (Rohlf, 2015). Landmarks were chosen for an optimal coverage of the morphology 

and are based on a previous study by Kristjánsson (2005). Fish were stained with alizarin 

red to highlight bony characteristics following standard procedures (McGee, 2013). 

Photographs of the head were taken (EOS 60D, EF-S60mm f/2.8 Macro USM objective, 

Canon Inc., Tokyo, Japan) with jaw closed in left lateral view, each image containing a 

millimeter paper for scale in order to assess head shape, as previous studies have shown 

that prey type may influence it (Bouton et al., 2002, Wund et al., 2008). Ten landmarks 
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were placed to measure the morphological components of the head shape according to 

McGee et al., 2013 (Figure 2D.2.A). Landmarks were digitized using tpsDig2.1 software 

(Rohlf, 2015). From the stained fish, several feeding morphology characters (gill raker 

number and length, gill raker gap width) were measured following methods used by Millet 

(2013). The first gill arch was removed from the left side of each fish, wetted in 70% 

ethanol, mounted between two glass plates and photographed using a digital camera (EF-

S18-135mm f/3.5-5.6 IS objective, Canon Inc., Tokyo, Japan) mounted onto a 

stereomicroscope (Leica MZ12) (Figure 2D.2.B). The total number of long gill rakers, the 

length of the first two-gill rakers on the long arch and the width of the gap between gill 

rakers 1-2 and 2–3 on the long arch were measured from the photographs. 

Figure 2D.1. Overview of the shape landmarks digitized on offspring of Mývatn Mined and 

Warm stickleback populations, raised on „benthic“ or “pelagic“ treatment at 23°C and 

13°C. 
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Figure 2D.2. Overview of the A. head landmarks and B. Gill arch from offspring of  

Mývatn Mined and Warm stickleback populations, raised on „benthic“ or 

“pelagic“ treatment at 23°C and 13°C. The measurements taken  for the gill raker analysis 

were: Length of the first two gill rakers (1) and the width of the first two gaps (2). Fish 

were stained with alizarin red. 

 Statistical analyses E.

The main response variables were body size (SL), body shape, head shape and gill raker 

traits (number, length, gap width). Age at maturation and fecundity (number of eggs) were 

also assessed as additional life-history response variables. Table 2.1 summarizes the 

number of fish used for different traits.  
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Table 2.1. Sample sizes for statistical analyses from offspring of Mývatn Mined (M/8 

families) and Warm (W/10 families) stickleback populations raised on „benthic“(B) or 

“pelagic“(P) treatment at 23°C (23) and 13°C (13). Rearing was matched by degree-days, 

resulting in 5 months at 23°C and 9 months or maturation at 13°C. 

 
Response 
variables  

 

Population-treatment combinations 

 
 WB13 WP13 MB13 MP13 WB23 WP23 MB23 MP23 

Morphology 38 45 46 53 40 43 35 30 
 
Fecundity 
(Females 
who reached 
maturity) 
 

4 14 6 17 X X X X 

 

Due to their high correlation (Pearson’s coefficient r > 0.6), the measurements of length of 

the two first gill rakers from each individual were combined using the mean to give one 

length measurement for each individual. The same method was used to combine gap width 

between gill rakers 1–2 and 2-3 (Pearson’s coefficient r > 0,5). Residuals from linear 

regression between standard size of the stickleback and gill raker length and gap width 

were used in the statistical analyses in order to remove the effect of size of the fish on the 

variables (Reist, 1985).  

For geometric morphometrics, variation in position, orientation and size was removed by 

using a General Procrustes Superimposition (Rohlf, 2015), which then gives Procrustes 

coordinates (x-y coordinates of individual landmarks). Variation due to detected allometry 

was removed by doing a regression of each coordinate against fish size (Lundsgaard-

Hansen et al., 2013). Principal component analysis on residuals was then conducted to 

generate shape variables (PC axes) to display the major axes of shape variation.  

Multivariate analysis of variance (MANOVAs) were conducted on the body shape, head 

shape and gill raker measurements in order to compare multivariate sample means. This 

method uses the variance-covariance between variables to test for the statistical 

significance of the mean differences. The dependent variables used in the first MANOVA 
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were the number of long gill rakers, gap width and gill raker length (mm). The response 

variables of the second MANOVA were the first (25% of shape variation) and third 

(10.5% of shape variation) scores of the principal components (PC1body and PC3body) of 

body shape. The second PC axis (PC2) was not analysed as it reflected mainly the up and 

down bending of the fish (pers. obs.). Finally, the response variables in the third 

MANOVA were the first and second axes of the principal components of head shape 

(PC1head and PC2head) as they explained most of the shape variation (45%). The predictor 

variables in the MANOVA models consisted of Population, Diet and Temperature. If 

significant effects of the treatments or populations were found in the MANOVAs, linear 

mixed model were subsequently used to analyze each response variable by testing for a 

random blocking factor effect (Tank).  

For each variable, a linear mixed model (type III sum of squares) containing all the 

explanatory variables (Population, Diet, Temperature) and their interactions as fixed 

effects, and the random factor (Tank), was fitted using likelihood ratio test with maximum 

likelihood estimation (ML). The significance of the fixed effects was determined by 

comparing a full nested model to alternative models (each alternative model was 

constructed by dropping one term of interest at the time), then each full model was refitted 

by removing the higher non-significant p-values obtained by comparing nested models 

with analysis of variance. When a three-way interaction was detected the likelihood ratio 

test was run within substets of data to find the source. Estimates of model parameters were 

subsequently obtained by re-fitting the final model using restricted maximum likelihood 

estimation (REML) to reduce the biaises of maximum likelihood estimates (Zuur et al. 

2009). Homogeneity was assessed by ploting the residuals or each final model against 

fitted values. Normality was checked using Q-Q plots on the residuals. Egg number was 

transformed using the logarithm function to reach normality. All statistical analyses were 

conducted in R (Version 2.12.2, nlme package: lme function) and XLSTAT (Version 

2015.6.01.25742). 
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III. Results 

 Life-history traits A.

1. Size 

The results indicate that fish from both populations were smaller when raised at 23°C 

(Figure 3A.1). A three way ineraction between population, diet and temperature revealed 

that Mined fish were larger than Warm fish at 13°C on both diets (Table 3A.1), while 

Mined fish were smaller at 23°C when reared on « pelagic treatment » (p<0.01, Table 

3A.1). Based on likelihood ratio tests Mined (p<0.01) and Warm (p<0.01) populations 

exhibited plasticity to diet at both temperatures (Figure 3A.1), with fish in both populations 

being smaller when raised on « benthic treatment ».  

Table 3A.1. Summary of significant terms found in likelihood ratio tests of models for 

standard size. The linear mixed models tested the effect of population, diet, temperature 

and their interaction from offspring from Mývatn Mined and Warm stickleback 

populations, raised on „benthic“ or and “pelagic“ treatment at 23°C and 13°C. Rearing 

was matched by degree-days, resulting in 5 months at 23°C and 9 months or maturation at 

13°C. Tank was used as a random blocking factor in all models. P <0.1 are presented. 

Significant terms (both 
Populations)     L ratio df p 

 
Population x Diet x Temperature             
   

 	  
4.517 

 
10 

	  
0.03 

 REML 
Estimate (SE) 

       t p 

 
Intercept 

 
58.62 (1.05) 

 
55.45 

  
<0.01 

Warm  -3.44 (1.60) -2.14  0.03 
Pelagic 7.07 (1.55) 4.54  <0.01 
Temperature 23°C -17.91 (1.52) -11.78  <0.01 
Pelagic x Temperature 23°C -3.88 (2.26) -1.71  0.08 
Warm x Pelagic x Temperature 
23°C 
 

6.89 (3.30) 2.08  0.04 

Significant terms (MINED)  L ratio df p 
     
Diet x Temperature   3.23 6 0.071 
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Diet 15.99 5 <0.01 
Temperature 

 
108.82 5 <0.01 

 Estimate (SE) t p 
 
Intercept 

 
59.26 (0.99) 

 
59.69 

 
<0.01 

Pelagic 5.45 (1.18) 4.59 <0.01 
Temperature 23°C 
 

-19.51 (1.19 -16.38 <0.01 

Significant terms (WARM)  L ratio df p 
 
Diet 

  
25.79 

 
5 

 
<0.01 

Temperature 
 

 67.54 5 <0.01 

 Estimate (SE) t  p 

 
Intercept 
Pelagic 
Temperature 23°C 
 

 
54.58 (1.04) 
7.06 (1.20) 

-15.22 (1.20) 

 
52.27 
5.88 

-12.67 

  
<0.01 
<0.01 
<0.01 

Significant terms (13°C)  L ratio df p 

 
Population   
Diet 

 	  
7.55	  
21.87 

 
5 
5 

	  
<0.01 
<0.01 

 Estimate (SE)	   t p	    
 
Intercept 

 
58.35 (1.14) 

 
-7.651 

  
<0.01 

Warm  -3.67 (0.003) 1.33  <0.01 
Pelagic 
 

    6.89 (0.003) 1.33  <0.01 

Significant terms 23°C   L ratio df p 
 
Population x Diet 
 

 8.26 6 <0.01 

 Estimate (SE) t  p 
 
Intercept 

 
40.76 (0.93) 

 
43.54 

  
<0.01 

Warm  -2.24 (1.25) -1.78  0.07 
Pelagic  3.25 (1.32) 2.44  0.01 
Warm x Pelagic 
 

5.30 (1.84) 2.87  <0.01 
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Figure 3A.1. Mean ± standard deviation of standard size of offspring from Mývatn Mined 

and Warm stickleback populations raised on „benthic“ or „pelagic“ treatment at two 

temperatures (23°C and 13°C). Rearing was matched by degree-days, resulting in 5 

months at 23°C and 9 months or maturation at 13°C. 

2. Fecundity 

At the end of the experiment 105 mature experimental individuals at 13°C (59% of the 

total number) were recorded and eggs from 41 females were removed. Very few 

individuals in the “benthic treatment” matured indicating different food quality; the small 

sample size leads to a caution interpretation. Mature fish from Mined population were 

bigger than Warm population on both diets. Both populations had bigger fish when raised 

on “pelagic treatment” (Table 3A.2). There was a size main effect on the number of eggs  

(p<0.01, Figure 3A.2), with larger fish from both populations having more eggs. Moreover 

there was tendency for the fish to have a higher number of eggs on « pelagic treatment » 

(p=0.065, Table 3A.3). 

In order to compare the number of eggs of parents from the wild to Mined and Warm 

offspring a linear model was conducted, with size as covariate (Table 3A.4). Parents from 

the Mined environnement gave more eggs compared to any other group (p=0.03, Table 
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3A.4) while parents from the Warm environment gave the lowest number of eggs (p=0.03, 

Figure 3A.2). 

Table 3A.2. Summary of significant terms found in likelihood ratio tests of models for 

standard size of mature females. The linear mixed models tested the effect of population, 

diet and their interaction from offspring of Mývatn Mined and Warm mature females 

populations, raised on „benthic“ or “pelagic“ treatment at 13°C. Tank was used as a 

random blocking factor in all models. P- <0.1 are presented. 

Terms   L ratio df p 
 
Population 
Diet 
 

	  
6.275 
19.89 

 
4 
4 

	  
0.012 
<0.01 

 
 Estimate (SE) t p 
 
Intercept 

 
57.75 (1.83) 

 
       31.39 

  
<0.01 

Warm 
Pelagic 
 

-4.66 (1.82) 
10.01 (2) 

       -2.55 
       4.98 

 0.018 
<0.01 

 
 

 

Table 3A.3. Summary of significant terms found in likelihood ratio tests of models for egg 

number with standard size as covariate. The linear mixed models tested the effect of 

population, diet and their interaction from offspring of Mývatn Mined and Warm 

stickleback populations, raised on „benthic“ or “pelagic“ treatment at 13°C. Tank was 

used as a random blocking factor in all models. P- <0.1 are presented. 

Terms   L ratio df p 
 
Diet 
Standard size 
 
 

	  
3.118 
22.810	  

 

 
5 
5 

	  
0.07 

<0.01 
 

 Estimate (SE) t p 
 
Intercept 

 
1.336 (0.136) 

 
       9.761 

  
<0.01 

Pelagic 
Standard size 
 

0.073 (0.037) 
0.013 (0.002) 

       1.938 
       5.435 

 0.065 
<0.01 
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Table 3A.4. Summary of significant terms found in likelihood ratio tests of models for egg 

number with standard size as covariate. The linear mixed models tested the effect of 

population from offspring of Mývatn Mined and Warm stickleback populations, raised on 

„benthic“ and “pelagic“ treatment at 13°C. The model compares also their parents from 

the wild. P- <0.1 are presented. 

Terms  
 

 F        p 

 
Population 
Standard size 
 

	  
5.844 
26.076 

 

 	  
<0.01 
<0.01 

 
 Estimate (SE) t p 
 
Intercept 

 
1.395 (0.144) 

 
       9.631 

  
<0.01 

Mined parents 
Mined Pelagic 
Warm parents 
Warm Pelagic 
Standard size 
 
 

0.097 (0.044) 
0.084 (0.043) 
-0.095 (0.044) 
0.072 (0.042) 
0.012 (0.002) 

       2.190 
       1.919 
    -2.16 

        1.725 
        5.107 

 0.03 
0.06 
0.03 
0.09 

<0.01 
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Figure 3A.2. Mean of egg number from offspring of Mývatn Mined and Warm stickleback 

populations raised on „benthic“(Midge) (N Mined=6, N Warm=4) and „pelagic“(Pellet) 

(N Mined=17, N Warm=14) treatment at 13°C. The trend lines are generated from a 

linear regression and show how egg number varies according to standard size. The figure 

shows also their parents (N Mined=9, N Warm=13) from the wild with standard size as 

covariate.  

3. Maturation time 

When looking at maturation time, there was a significant Population x Diet interaction as 

females from Mined population matured later (70±20 days later) than females from Warm 

population on “benthic treatment” (p=0.019, Table 3A.5).  
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Table 3A.5. Summary of significant terms found in likelihood ratio tests of models for 

maturation date. The linear mixed models tested the effect of population, diet and their 

interaction from offspring of Mývatn Mined and Warm stickleback populations, raised on 

„benthic“ and “pelagic“ treatment at 13°C. Tank was used as a random blocking factor in 

all models. P- <0.1 are presented. 

Terms   L ratio df p 
 
Population x Diet 
 

 
 

5.491 
 

   
  9 

 

 
0.019 

 
 Estimate (SE) t p 
 
Intercept 

 
271 (14) 

 
       18.3 

  
<0.01 

Warm  
Pelagic 
Warm x Pelagic 
 

-68 (23) 
-51 (17) 
56 (27) 

       -2.88 
      -2.91 
       2.03 

 <0.01 
<0.01 
0.054 
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Figure 3A.3. Mean of Maturation date (days from fertilization) from Mývatn Mined and 

Warm stickleback populations raised on „benthic“and „pelagic“ treatment at 13°C with 

standard size as covariate. The trend lines are generated from a linear regression and 

show how standard size varies according to maturation time. 

 Morphology B.

1. Body shape 

After obtaining the residual coordinates, PC1body of shape accounted for 25% of the shape 

variation, PC2body for 17% and PC3body accounted for 10,5% of the shape variation. PC1body 

and PC3body were kept in the analysis as PC2body was mainly reflecting the up and down 

bending of the fish. Figure 3B.1 is made from raw data and is only used for visualization, it 

does not take into account allometric size correction, as it is not possible to build 

deformation grid from residuals. A three-way MANOVA of PC1 and PC3 from body 

shape revealed a significant multivariate main effect for population, diet, temperature and 
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their interaction (Table 3B.1). Given the significance of the overall test, the univariate 

main effects were examined using linear mixed models. 

Giving that a three-way interaction has been detected in the model, substets of data were 

analyzed in order to find the source. The models within each population showed that the 

shape variation on the first axis is mainly due to temperature with both populations having 

slender bodies when raised at 23°C than at 13°C (Mined: p<0.01; Warm: p<0.01, Table 

3B.2, Figure 3B.1). However, a significant interaction between diet and temperature arose 

within the Mined population as it exhibited plasticity to diet at 13°C: they had shallower 

bodied when raised on “benthic treatment” (p<0.01, Table 3B.2). Some indications of 

genetic divergence were found at 13°C with an interaction between population and diet 

resulting in fish from the Mined population beeing shallower bodied than Warm population 

fish on “benthic treatment” while the opposite pattern was found on “pelagic treatment”. 

On the third axis plasticity to diet was found within each temperature for both populations 

(p<0.01, Table 3B.3), with fish having shallower bodies on “benthic” than on “pelagic 

treatment”. 

 

Figure 3B.1. Mean ± standard deviation of body shape (PC1 and PC3) from offspring of 

Mývatn Mined (M) and Warm (W) stickleback populations raised on „benthic“(Midge) 

and „pelagic“ (Pellet) treatment at two temperatures (23°C and 13°C). Rearing was 

matched by degree-days, resulting in 5 months at 23°C and 9 months or maturation at 

13°C. 
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Table 3B.1.  Summary of terms found in MANOVAs assessing the effect of population, diet, 

temperature and their interaction on body shape (PC1, PC3) from offspring of Mývatn 

Mined and Warm stickleback populations raised on „benthic“ or “pelagic“ treatment at 

23°C and 13°C. Rearing was matched by degree-days, resulting in 5 months at 23°C and 9 

months or maturation at 13°C. 

Significant multivariate effects (p<0.05)  
Pillai’s 
Trace F p 

 
Population  
Diet 
Temperature 
Population x Diet 
Population x Temperature 
Diet x Temperature 
Population x Diet x Temperature 

	  
0.023	  
0.089	  
0.480 
0.028 
0.009 
0.176 
0.023 

 
3.67 
15.2 
143 
4.59 
1.46 
33.3 
3.69 

	  
0.02 

<0.01 
<0.01 
0.01 
0.23 

<0.01 
0.02 

 

 

Table 3B.2. Summary of significant terms found in likelihood ratio tests of models for body 

shape (PC1). The linear mixed models tested the effect of population, diet, temperature and 

their interaction from offspring of Mývatn Mined and Warm stickleback populations, 

raised on „benthic“ and “pelagic“ treatment at 23°C and 13°C. Rearing was matched by 

degree-days, resulting in 5 months at 23°C and 9 months or maturation at 13°C. Tank was 

used as a random blocking factor in all models. P- <0.1 are presented. 

Significant terms  L ratio df p 
 
Population x Diet x Temperature 

 

	  
5.04 

 
10 

	  
0.024 

 Estimate (SE)         t p 
 
Intercept 

 
-0.054 (0.005) 

 
-9.14 

  
<0.01 

Warm  0.010 (0.008) 1.284  0.2 
Midge 0.029 (0.008) 3.533  <0.01 
Temperature  0.002 (0.000) 8.654  <0.01 
Warm x Benthic -0.029 (0.012) -2.446    0.01 
Warm x Temperature  -0.000 (0.000) -0.966    0.33 
Benthic x Temperature -0.001 (0.000) -2.986  <0.01 
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Warm x Benthic x Temperature 
 

0.001 (0.000) 2.179    0.03 

Significant terms (MINED)  L ratio df p 
     
Diet x Temperature 

 
8.049 5 <0.01 

 Estimate (SE)      t p 
 
Intercept 

 
-0.054 (0.006) 

 
-8.545 

 
<0.01 

Benthic 0.030 (0.009) 3.342 <0.01 
Temperature  0.002 (0.000) 8.121 <0.01 
Benthic x Temperature  
 

-0.001 (0.000) -2.824 <0.01 

Significant terms (WARM)  L ratio df p 
 
Temperature 
 

  
64.713 

 
5 

 
<0.01 

 Estimate (SE) t  p 

 
Intercept 
Temperature  
 

 
-0.043 (0.004) 
 0.002 (0.000) 

 
-10.679 
11.53 

  
<0.01 
<0.01 

Significant terms (13°C)  L ratio df p 

 
Population x Diet  
 

 	  
5.896 

 
6 

	  
0.015 

 Estimate (SE)	   t p	    
 
Intercept 

 
-0.015 (0.002) 

 
-7.651 

  
<0.01 

Warm  0.004 (0.003) 1.613  0.11 
Benthic          0.011 (0.003) 3.765  <0.01 
Warm x Benthic 
 

        -0.010 (0.004) -2.385  0.02 

Terms (23°C)  L ratio df p 
 

Population 
Diet 

 

 1.137 
0.124 

 
5 
5 
 

0.28 
0.72 

 

Table 3B.3. Summary of significant terms found in likelihood ratio tests of models for 

shape (PC3). The linear mixed models tested the effect of population, diet, temperature and 

their interaction from offspring of Mývatn Mined and Warm stickleback populations, 

raised on „benthic“ and “pelagic“ treatment at 23°C and 13°C. Rearing was matched by 
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degree-days, resulting in 5 months at 23°C and 9 months or maturation at 13°C. Tank was 

used as a random blocking factor in all models. P- <0.1 are presented. 

Significant terms  L ratio df p 
 
Population 
Diet x Temperature 
 

	  
4.177	  
24.436	  

 

 
7 
9 
 

	  
0.041 
<0.01 

 
 Estimate (SE)             t p 
 
Intercept 

 
0.0190 (0.003) 

 
4.776 

  
<0.01 

Warm  0.003 (0.001) 2.020    0.04 
Benthic -0.032 (0.005) -5.909   <0.01 
Temperature  -0.001 (0.000) -4.855   <0.01 
Benthic x Temperature  
 

0.001 (0.000) 5.349    <0.01 

Significant terms (13°C)  L ratio df p 
 
Diet  

 

	  
16.736 

 
         5 

	  
<0.01 

 Estimate (SE)           t p 
 
Intercept 

 
0.006 (0.001) 

 
3.668 

  
<0.01 

Benthic -0.011 (0.002) -4.395  <0.01 

Significant terms (23°C)  L ratio df p 
     
Diet  

 
9.306 5 <0.01 

 Estimate (SE) t p 
 
Intercept 

 
-0.003 (0.001) 

 
-3.445 

 
<0.01 

Benthic  0.004 (0.001) 3.029 <0.01 
 

2. Head shape 

After obtaining the residual coordinates, PC1head   of the head shape accounted for 25,5% 

variation, PC2head for 19,5% and PC3head for 10,0%.  A three-way MANOVA revealed a 

significant multivariate main effect for population, diet and temperature (Table 3B.4). 

Given the significance of the overall test, the univariate main effects were next examined 

using linear mixed models. 
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Although there was a significant main effect of population in the MANOVA, there were no 

significant population effect on either PC1 or PC2 of headshape in the linear models (PC1: 

p=0.61; PC2: P = 0.22). The first axis represented the differences of head shape due to 

temperature with fish on the right part of the graph (13°C) having a more elongated head 

while more condensated head are found on the left part of the graph (p<0.01, Table 3B.5, 

Figure 3B.2). The second axis represented mainly differences due to diet with both 

populations having a higher snout and sharper head on “pelagic treatment” (Table 3B.5, 

Figure 3B.2). Some plasticity to temperature was also observed on similar traits (sharpe 

head, higher snout) at 13°C (Table 3B.5, Figure 3B.2). 

Table 3B.4.  Summary of terms found in MANOVAs assessing the effect of population, diet, 

temperature and their interaction on head shape (PC1, PC2) from offspring of Mývatn 

Mined and Warm stickleback populations raised on „benthic“ and “pelagic“ treatment at 

23°C and 13°C. Rearing was matched by degree-days, resulting in 5 months at 23°C and 9 

months or maturation at 13°C. 

Significant multivariate effects (p<0.05)  
Pillai’s 
Trace F p 

 
Population  
Diet 
Temperature 
Population x Diet 
Population x Temperature 
Diet x Temperature 
Population x Diet x Temperature 
 

	  
0.024	  
0.038	  
0.431 
0.002 
0.007 
0.005 
0.005 

 
3.86 
6.30 
118 
0.37 
1.11 
0.87 
0.86 

	  
0.02 

<0.01 
<0.01 
0.68 
0.33 
0.41 
0.42 

 

 

Table 3B.5. Summary of significant terms found in likelihood ratio tests of models for head 

shape (PC1, PC2). The linear mixed models tested the effect of population, diet, 

temperature and their interaction from offspring of Mývatn Mined and Warm stickleback 

populations, raised on „benthic“ and “pelagic“ treatment at 23°C and 13°C. Rearing was 

matched by degree-days, resulting in 5 months at 23°C and 9 months or maturation at 

13°C. Tank was used as a random blocking factor in all models. P- <0.1 are presented. 

Significant terms (PC1)  
L 

ratio df p 
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Temperature 

 

	  
8.197 

 
5 

	  
<0.01 

 Estimate (SE)          t p 
 
Intercept 

 
-0.003 (0.001) 

 
-1.998 

  
0.04 

Temperature 23°C 0.008 (0.002) 2.892  <0.01 
     

 

Significant terms (PC2)  
L 

ratio df p 

 
Diet 
Temperature 

 

	  
3.862
97.39 

 
5 
5 

	  
0.04 

<0.01 

 Estimate (SE)          t p 
 
Intercept 

 
-0.009 (0.001) 

 
-5.783 

  
<0.01 

Pelagic 
Temperature 23°C 

-0.003 (0.001) 
0.024 (0.001) 

-1.978 
13.443 

 0.04 
<0.01 

     
 

 

 

Figure 3B.2. Mean ± standard deviation of head shape (PC1 and PC2) from Mývatn 

Mined (M) and Warm (W) stickleback populations raised on „benthic“ (Midge) and 
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„pelagic“ (Pellet) treatment at two temperatures (23°C and 13°C). Rearing was matched 

by degree-days, resulting in 5 months at 23°C and 9 months or maturation at 13°C. The 

figure is made from raw data and is only used for visualization and does not take into 

account allometric size correction. 

3. Gill raker morphology 

A three-way MANOVA of long gill raker number, gill raker gap and length revealed a 

significant multivariate main effect of population, diet and the diet x temperature 

interaction (Table 3B.6). Given the significance of the overall test, the univariate main 

effects were examined using linear mixed model. 

The Mined and Warm populations differed significantly in gill raker number (p<0.01, 

Table 3B.7) but not in either gill raker gap width (p=0.83) or gill raker length (p=0.10). 

There was a marginally significant temperature main effect on the number of long gill 

rakers  (p=0.053, Table 3B.7, Figure 3B.3), with fish from both populations having more 

long gill rakers when raised at 23°C. Moreover, both populations exhibited plasticity to 

diet by having smaller gill raker gaps on “pelagic treatment” at 13°C compared to “benthic 

treatment” (p=0.019, Table 3B.8, Figure 3B.3) and longer gill rakers on “pelagic 

treatment” at both temperatures (p=0.019, Table 3B.9, Figure 3B.3). 

Table 3B.6.  Summary of terms found in MANOVAs assessing the effect of population, diet, 

temperature and their interaction on long gill raker number, gill raker gap and length 

from offspring of Mývatn Mined and Warm stickleback populations raised on 

„benthic“ and “pelagic“ treatment at 23°C and 13°C. Rearing was matched by degree-

days, resulting in 5 months at 23°C and 9 months or maturation at 13°C. 

Significant multivariate effects (p<0.05)  
Pillai’s 
Trace F p 

 
Population  
Diet 
Diet x Temperature 

 

	  
0.031	  
0.046	  
0.054 

 
3.20 
4.82 
5.70 

	  
0.02 

<0.01 
<0.01 

 

Table 3B.7. Summary of significant terms found in likelihood ratio tests of models for long 

gill raker number. The linear mixed models tested the effect of population, diet, 
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temperature and their interaction from offspring of Mývatn Mined and Warm stickleback 

populations, raised on „benthic“ and “pelagic“ treatment at 23°C and 13°C. Rearing was 

matched by degree-days, resulting in 5 months at 23°C and 9 months or maturation at 

13°C. Tank was used as a random blocking factor in all models. P- <0.1 are presented. 

Significant terms  L ratio df p 
 
Population  
Temperature 

 

	  
6.66	  
3.801 

 
5 
5 

	  
<0.01 
0.051 

 Estimate (SE)        t p 
 
Intercept 

 
12.05 (0.06) 

 
173.65 

  
<0.01 

Warm  
Temperature 23°C 

-0.21 (0.08) 
0.16 (0.08) 

-2.57 
1.93 

 <0.01 
0.053 

     
 

Table 3B.8. Summary of significant terms found in likelihood ratio tests of models for gill 

raker gap. The linear mixed models tested the effect of population, diet, temperature and 

their interaction from offspring of Mývatn Mined and Warm stickleback populations, 

raised on „benthic“ and “pelagic“ treatment at 23°C and 13°C. Rearing was matched by 

degree-days, resulting in 5 months at 23°C and 9 months or maturation at 13°C. Tank was 

used as a random blocking factor in all models. P- <0.1 are presented. 

Significant terms  L ratio df p 
 
Diet x Temperature 

 

	  
7.38 

 
9 

	  
<0.01 

 Estimate (SE) t p 
 
Intercept 

 
0.005 (0.003) 

 
1.611 

  
0.10 

Pelagic -0.012 (0.004) -2.593  0.01 
Temperature 23°C -0.009 (0.005) -1.821  0.06 
Pelagic x Temperature 23°C 
 

0.018 (0.007) 2.586  0.010 

 
Significant terms (13°C)  L ratio df p 

 
Diet  
 

 	  
5.833 

 
5 

	  
0.015 

 Estimate (SE) t p  
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Intercept 0.005 (0.003) 1.503 0.13 
Pelagic  -0.012 (0.005) -2.420  0.019 

Terms (23°C)  L ratio df p 

 
Diet 
 

 1.611     5  0.20 

 

 

Table 3B.9. Summary of significant terms found in likelihood ratio tests of models for gill 

raker length. The linear mixed models tested the effect of population, diet, temperature and 

their interaction from offspring of Mývatn Mined and Warm stickleback populations, 

raised on „benthic“ and “pelagic“ treatment at 23°C and 13°C. Rearing was matched by 

degree-days, resulting in 5 months at 23°C and 9 months or maturation at 13°C. Tank was 

used as a random blocking factor in all models. P- <0.1 are presented. 

Significant terms  L ratio df p 
 
Diet  

 

	  
5.939 

 
5 

	  
0.014 

 Estimate (SE)         t p 
 
Intercept 

 
-0.027 (0.017) 

 
-1.560 

  
0.12 

Pelagic 0.058 (0.024) 2.404  0.01 
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Figure 3B.3. Mean ± error standard of feeding morphology (gill raker gap and length) 

from offspring of Mývatn Mined (purple) and Warm (red) stickleback populations raised 

on „benthic“(full legend) and „pelagic“(empty legend) treatment at two temperatures: 

13°C (circle legend) and 23°C (square legend). Rearing was matched by degree-days, 

resulting in 5 months at 23°C and 9 months or maturation at 13°C. 
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IV. Discussion 
Studies of the relative contribution of plastic and genetic effects in trait divergence provide 

insight to the process of evolutionary diversification (Price et al., 2003; Pfennig et al., 

2010; Mäkinen et al., 2016; Moser et al., 2015). Here, I found evidence for both plastic and 

genetic divergence, and genotype x environment interactions in threespine stickleback 

from two different habitats in lake Mývatn. On one hand, body size, gill raker number and 

fecundity showed clear indications of at least partial genetic divergence between Mined 

and Warm populations. On the other hand, body and head shape, as well as gill raker 

length and gill raker gap width, showed plastic responses (i.e. no evidence for genetic trait 

divergence). In the wild divergence for some of those traits has already been observed 

between these two populations. In fact stickleback from Mined habitat were found to be 

bigger than those from the Warm habitat over the years (Kristjánsson et al., 2002; Senn, 

2010; Millet, 2013). Moreover some signs of local adaptation were found with both 

populations giving a final number of offspring higher in their native temperature conditions 

(Senn, 2010). Besides Warm population have been found to differ in fecundity traits from 

an other population living in the south basin of the lake by producing less eggs (Ponta, 

2010; Diethelm, 2011), which has been linked to their difference in body size (Senn, 

2010). Divergence in morphology was observed between Warm population and some other 

habitats in the lake. Warm population fish tend to have more gill raker than the Mined 

habitat fish, more but shorter gill raker than the Shore habitat fish and narrower gill raker 

gaps than stickleback from the Cladophorales habitat (Millet, 2013). Finally head shape 

diverged also between Mined and Warm populations, males from the Mined habitat were 

found to have larger heads than males from the Warm habitat (Kristjánsson et al., 2002). 

1. Do threespine stickleback from Lake Mývatn show phenotypic 
plasticity in response to different diet and temperature?  

Threespine stickleback from both sites (e.g. Mined and Warm) were found to be highly 

plastic in body size. Fish from both populations were larger in the “pelagic treatment“ (at 

both cold and warm temperature) than in the “benthic treatment“. Size is an important 

fitness component in many taxa, including fish. Size is strongly dependent on different 

ecological conditions, such as food availability and temperature (Weatherly, 1972), that 

affect growth and energy budget of fish (Jobling, 1994). Given the importance of body size 
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in organismal life history (Roff, 1992; Klingenberg & Spence, 1997), it is interesting that 

at the end of my experiment there were differences in body size between the diet 

treatments. Specifically, fish were larger when reared on the pellet diet, probably due to 

diet quality (pellet represent nutrient-rich diet). These differences are not surprising and 

likely reflect the ability of the fish to adjust growth in response to environmental variation 

in resources.  

In Lake Mývatn, variation in population size of stickleback, habitat differences and 

temporal environmental variations (e.g. season, year) (Gudmundsson, 1996) likely cause 

variation in the magnitude of resource competition - which may lead to large size 

differences of stickleback over space and time. Divergence in body size among freshwater 

populations of threespine stickleback has been suggested to be mainly determined by their 

resource environment (MacColl et al., 2013). Poor growth conditions, caused by resource 

limitation or strong competition, may result in reduction in body size, while resource 

abundance or large gape limited predators may favour larger fish (Palkovacs, 2003). The 

main predators in Mývatn are piscivorous diving birds (grebes, loons and terns), but 

predation by Arctic charr has been observed (Gardarsson 1979; Thórarinsson & Einarsson 

2004), which may promote selection for slower growth and small sized stickleback. 

Moreover, complex habitats (such as lava habitats in Icelandic lakes) may select for 

smaller body size because of narrow spaces and/or differences in food availability, which 

may lead to competition. These contrasting selection factors that differ in space and time 

likely promote plasticity for body size, as often seen in stickleback and other fishes 

(Sharpe et al., 2008; Moser et al., 2015).  

It is well known that growth is a product of the difference between energy intake and 

energy expenditure to many competing factors, such as metabolism, reproduction and heat 

production (Brett & Groves, 1979). In addition to food availability, these processes may be 

highly dependant on temperature (Angilletta, Niewiarowski & Navas, 2002). In my study, 

both populations were plastic in relation to temperature, fish being larger at 13°C than at 

23°C. These differences in size are not surprising as majority of ectotherms mature at a 

larger size in colder environments (Berrigan, 1994). High temperature increases an 

individual’s maintenance costs and leaves less energy for growth and development (Killen, 

2014). Therefore individuals in the wild may preferentially select colder temperatures 



 37 

especially if food availability is limited in order to account for energetic requirements (van 

Dijk, Staaks & Hardewig, 2002).  

Interestingly, shape variation (as described by geometric morphometrics analyses) of the 

fish in my study suggests that only stickleback from the Mined population exhibit 

plasticity to diet on PC1 and only show this at cold temperature (13°C). In this temperature 

treatment, Mined fish had shallower bodies when raised on “benthic” diet and wider, 

deeper bodies when raised on “pelagic” diet. Several environmental variables have been 

found to promote plastic changes in body shape of fishes. These include feeding type 

(Theis et al., 2014), predators (Holopainen et al., 1997), water velocity (Dominici et al., 

2008) and habitat structure (Garduno-paz et al., 2010). The Mined habitat in lake Mývatn 

is characterised by a muddy substrate and lack of vegetation, likely resulting in a lack of 

protection for stickleback from predators (Einarsson 2004). Exposure to predators may 

favor the maintenance of phenotypic plasticity in body depth, as shown in the crucian carp, 

which increases body depth in response to piscivorous chemical cues to lower the risk of 

predation by gape-limited piscivores (Nilsson et al., 1995). Having a deeper body may also 

enhance acceleration performance during escape locomotion and therefore is important for 

avoiding predation in many fish species (Domenici & Blake, 1997; Walker et al., 2005). 

On the other hand, deep-bodied fish can have an energetic disadvantage during cruising 

compared with shallow-bodied (Pettersson & Bronmark, 1999). In fact stickleback living 

in limnetic habitat were found to have shallow bodies in order to cause less drag with water 

during prolonged swimming (Walker, 1997). A trade-off between a deep and a shallow 

body linked to swimming ability to escape from predators versus cruiser characteristics 

may be a possible reason why stickleback from the Mined habitat exhibit plasticity in body 

shape.  

Warm population stickleback exhibited plasticity on PC3 of body shape in response to diet 

by having deeper bodies in the “pelagic treatment” and more elongated bodies in the 

“benthic treatment”. In Mývatn, the Warm habitat is characterised by lava rocks producing 

shelter for the fish to hide from predators (e.g. grebes, loons and terns) and is known to be 

more stable in temperature, than the mined habitat (4 to 13°C in winter and summer), 

which may promote evolution of reduced plasticity in traits. Moreover, it represent a 

complex subtrate which might induce deeper, more maneuverable bodies in order to 

improve efficiency in foraging (Wund et al., 2008) or elongated and shallow bodies likely 
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facilitating swimming through spaces between rocks and plants as demonstrated in 

threespine stickleback (Garduno-paz et al., 2010) explaining why plasticity may still be 

required.  

Plasticity can be adaptive when the phenotype is altered in the same direction as natural 

selection in a specific environment. By the process of directional selection, traits that were 

originally environmentally induced can subsequently become genetically determined and 

canalized (loss of plasticity) (Ghalambor et al. 2007). This is likely the case when the 

environment is stable and plasticity comes at a cost. However, plastic phenotypes may also 

dominate in a population (Sultan & Spencer 2002). This may happen in an environmentally 

uniform site, and even if the plasticity bears some cost, as long as there is some migration 

among sites which differ in environmental conditions plasticiy is favored over local 

specialists. In that vein, the environmental stability of the Warm environment in lake 

Mývatn should favour the evolution of reduced trait plasticity, while high gene flow across 

the lake may explain why plasticity is not completely lost. Another interesting observation 

from my experiment was the absence of diet-induced plasticity at high temperature for 

shape in both populations. A similar response has been shown for different traits in the 

Neotropical treefrog (Dendropsophus ebraccatus) when raised with or without predator 

cues at warm or cold temperatures (Touchon & Warkentin, 2011). The authors showed that 

both morphology and colour changed in response to predators in the cold environment, 

while only tail coloration changed in the warm environment. These findings indicate that 

variation in temperaure conditions could alter the expression of phenotypic plasticity by 

having higher magnitude of phenotypic plasticity at temperatures that slowed down 

development. 

Feeding mode (e.g. use of benthic or limnetic prey) has been shown to initiate plasticity in 

head shape in threespine stickleback. In previous experiments, fish raised on benthic diet 

had larger mouths, shorter snouts (Wund et al., 2008) and deeper heads (Day et al., 1994; 

Day & McPhail 1996) than those raised on limnetic diet. In my experiment both 

populations exhibited plasticity in head shape to diet by having a larger and sharper head in 

the « pelagic treatment» (pellet diet). The functional importance needs to be explicitly 

tested but it may be that the sharp shape of the head is a result of the fish eating from the 

surface in this treatment and leading to a upward turned mouth. Diet variability in the lake 

(Aðalsteinsson, 1979; Einarsson & Örnólfsdóttir, 2004) could favor the maintenance of 
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plasticity in body and head shape, rather than genetically fixed morphologies specialized 

on particular prey (Levins, 1968). Moreover, head shape variation may also have been 

induced by temperature. In fact, in my data the first PC axis of head shape represented 

mainly shape variation due to temperature, both populations having more elongated head at 

colder temperature which can be due to slower development at high temperature because 

of maintenance costs (Killen, 2014). Another explanation would be that temperature had an 

effect on shape variation early in life. A study on the Patagonian pejerrey (Odontesthes 

hatcheri) indicated that temperature and hatching timing could affect head shape during 

early life (Crichigno et al., 2012). Head shape at hatching has been seen to be related to the 

bending of the embryo over the yolk sac in spotted wolfish (Anarhichas minor), as earlier 

hatched individuals had larger yolk sacs than later hatched individuals probably because of 

differential consumption according to temperature (Sund & Falk-Peterse, 2005). As a 

result, embryos incubated at higher temperature were more bent. In that vein, a 

combination of developmental temperature and feeding mode (i.e. midge vs pellet) could 

have lead to the plasticity in head shape we observed in Mined and Warm populations, 

emphasizing the importance of habitat temperature for early development and, possibly, 

later performance. However this theory needs to be further investigated by testing if such 

embryonic shape differences can occur in this system and if it would affect head shape 

later on. 

Other important components of the trophic morphology in fish are gill rakers as they 

capture food particles from the water and divert them to the esophacus (Wund et al., 2008).  

In my experiment, these features were found to be partially plastic in stickleback from both 

populations. In particular, fish had longer gill rakers in the « pelagic treatment » than the 

« benthic treatment » at both temperatures and also smaller gaps between gill rakers on 

« pelagic treatment » but only at the cold temperature. These results are not surprising as 

gill raker gap and length are known to be plastic in relation to diet in stickleback (Day at 

al., 1994). Furthermore, stickleback with larger gaps and shorter gill rakers are more 

efficient in foraging in the benthic habitat, while stickleback with smaller gaps and longer 

gill rakers were having a higher foraging success on limnetic diet (Schluter, 1993; 

Robinson, 2000). Moreover, stickleback with longer gill rakers perform best eating smaller 

particles and shorter gill rakers are useful for larger food particles (Wund et al., 2008). This 

pattern is in accordance with stickleback from another habitat in the lake (e.g. Shore), 
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which have found to feed more on epibenthic zooplankton (e.g. cladocerans) and have 

longer gill raker than fish from the Warm habitat, which fed mostly on Chironomidae 

(Koopmans, 2010). My results match patterns of divergence in relation to benthic versus 

limnetic diet as fish raised on « pelagic treatment » fed in the water column for small 

(0.4mm pellets) particles, while those raised on « benthic treatment » fed on the bottom on 

larger particles (i.e. midge larvae). Other fish species show similar patterns by having gill 

rakers which are close together when consuming small particles of detritus and small 

organisms (e.g. Prochilodus lineatus, Steindachnerina insculpta, and Trachydoras 

paraguayensis; Fugi et al. 2001) or having wider-spaced rakers  (e.g. Loricariichthys 

platymetopon, Iheringichthys labrosus) permitting rejection out the gill openings of 

undesirable particles, such as sand grains, when consuming larger food items. On the other 

hand long gill raker have been found to be associated with wider gap in stickleback (Millet, 

2013) probably because of the temporal variation of diet in the lake with years dominated 

either by cladocerans or chironomid midge larvae (Gudmundsson, 1996). In fact Millet 

(2013) showed that stickleback from the Mined habitat, which are usually limnetic feeder 

exhibit wider gill raker gap than fish from the Warm habitat reflecting a swich to benthic 

mode. In a recent study, Svanbäck & Schluter (2012) showed that generalistic populations 

of threespine stickleback inhabiting British Columbia’s lakes have a higher degree of 

morphological plasticity than more specialized populations (e.g. benthic, limnetic species). 

My results combined with these findings show that Mývatn stickleback could exhibit 

plasticity in gill rakers in order to cope with the strong temporal and spatial variability in 

diet in the lake. 

2. Do threespine stickleback from Mývatn show genetic 
divergence?  

I found evidence for genetic divergence in some of the traits I studied. First, body size of 

threespine stickleback differed between Mined and Warm populations genetically, where 

fish from the Mined habitat were larger than fish from the Warm habitat on both diet 

treatments at 13°C. Interestingly, these size differences are in agreement with the results of 

wild collected fish in Kristjánsson et al. (2002) - which showed that Mined fish were larger 

(mean ± SD: 64.4 ± 8.34 mm) than Warm fish (43.4 ± 7.46 mm) - but do not match data 

from Millet (2013) – who found no significant difference between Mined and Warm fish in 

body size although Mined fish were slightly larger (54.1±9.8 mm) than Warm fish (53.6 
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±7.5mm). One possible explanation for these divergent results may be that the wild caught 

fish exhibit plasticity for body size thereby masking genetic differences (Oke et al. 2016). 

In fact strong temporal resource availability coupled with fluctuation of stickleback density 

in the lake (Einarsson and Gulati 2004) may affect growth conditions over the years and 

favour phenotypic plasticity (Pigliucci, 2010). In contrast, the common garden rearing that 

I applied allowed me to establish a genetic basis for trait divergence by raising both 

populations in similar environments (e.g. Diet/Temperature) and thereby control for some 

plastic differences arising from habitat type in the wild. 

Local adaptation can be evaluated using two different indications, the “home vs away” 

and “local vs foreign” criterions (Kawecki & Ebert, 2004). First according to the “home vs 

away” criterion, when the fitness of a single population is evaluated across different 

habitats, local adaptation should be manifested in better fitness of this population in its 

native habitat. Then the “local vs foreign” criterion compares the fitness of two populations 

within a habitat where higher fitness of the native population is expected.  In the same vein 

Hereford (2009) review of local adaptation studies showed that, on average, a local 

population has 45% greater fitness in their local habitat than populations originating from 

other habitats. Fitness has not been measured in this study but as size is closely related to 

organismal fitness and assuming the direction of size divergence may be adaptive, it may 

give some indications of local adaptation. In my study, the fish from the Mined population 

were larger (on both diets) than fish from the Warm population when raised at a 

temperature close to their native habitat (which ranges from 4 to 13°C; Einarsson 2004). 

This evidence could indicate local adaption of the Mined population (i.e. “local vs foreign” 

criterion). This hypothesis is supported by the fact that fish from Mined population were 

larger when raised in a temperature close to their native habitat compared to the warm-

water environment (i.e. “home vs away”). In the same vein, fish from the Mined 

population were smaller than fish from the Warm population when reared in the “pelagic 

treatment” combined with a temperature close to the Warm habitat (20-23°C; Einarsson 

2004). These last results can reflect a complementary action of plasticity and local 

adaptation. Thus, tolerance of high temperature in the Warm population paired with high 

resource quality (i.e. pellet diet) leads to higher growth rates. In contrast, fish from the 

Warm population were larger in the cold (i.e. “non-native”) than in the warm (i.e. “native”) 

rearing environment. These results are probably due to rearing of the fish on a resource-
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rich diet paired with a low metabolic demand due to low temperature and do not reflect 

local adaptation. However, even if the threespine stickleback from the Warm habitat grew 

larger in the “unusual” environment in laboratory conditions, they still did not reach the 

size of the Mined fish. In the wild it is, thus, likely that Warm fish would be outcompeted 

by Mined fish if dispersing to the Mined habitat and vice versa in the Warm habitat if the 

resource are not limited (Kawecki & Ebert, 2004). 

As maturity is linked to growth, genetic divergence in size may reflect differences in 

maturation time between populations (e.g. Mined population reaching maturity later on). In 

the “benthic treatment”, fish from the Mined population matured later than fish from the 

Warm population. Based on life-history theory, selection should favour individuals to 

mature at a size that maximizes their fitness – whereby size is often positively correlated 

with fecundity. This is supported by my findings. First, I found that later maturation 

correlated with larger size in both stickleback populations. When resources are not limited 

larger females may have more energy available for reproduction, as seen for example in 

Coho Salmon (Oncorhynchus kisutch) (Myers et al., 2011). I found that larger female size 

correlated with higher number of eggs in the colder temperature treatment. Moreover, after 

correcting for size my results indicate higher fecundity (i.e. higher number of eggs) of the 

wild collected parental generation in the Mined population compared to the Warm 

population possibly reflecting lower resource availability and high metabolic demand in 

warmer temperatures. This difference between the populations in fecundity was not seen in 

the common garden experiment, probably because of plastic responses to high resource 

quality in the „pelagic treatment“ increasing fish size and therefore egg number. The 

sample size in the „benthic treatment“ was small but gives us an indication of the same 

pattern found in the wild even if the effect was non-significant (e.g. fish from Mined 

population tend to have more eggs than fish from Warm habitat). Moreover, in the 

« benthic treatment » individuals in the lab reared offspring generation seemed to have a 

similar few number of eggs as in the wild collected parental generation in the Warm 

population. The « benthic treatment » represents a poor quality food hence these last 

foundings give us an indication of the resource limitation of the Warm population in the 

wild which need to be further investigated.  

Low resource availability can decrease body size and fecundity, as seen, for example, in 

the gastropod Turbo sarmaticus (Foster et al., 1999). As a result of differences in resource 
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availability, organisms have to use different strategies in low versus high resource 

environments  to optimise their fitness. In fish, larger females have a tendency to produce 

more eggs, while smaller females may produce fewer eggs (Hendry et al., 2001; Kasimatis 

& Riginos 2016) but the maternal investment will depend first on the effects of egg size 

and the number of eggs on fitness. The balance between selection favoring late maturation 

and large body size or early maturation and small body size thereore influencing egg size 

and fecundity can depend on many components. In the first place, population dynamics 

(e.g. fluctuations in population size) can lead to variation in competition and resource 

limitation (Amarillo-Suarez et al., 2011). Riley & Dybdahl (2015) showed that resource 

availability affected growth rates of a native snail species (Pyrgulopsis robusta) under 

competition with an invasive species (Potamopyrgus antipodarum). Secondly, 

environmental conditions can affect the physiology of organisms (e.g. Byström et al., 

2006). In this vein, Pörtner & Knust (2007) showed that limited oxygen - induced by high 

temperature - affected growth, performance and abundance of eelpout (Zoarces viviparus). 

Moreover, body size can influence mate choice. For example, in threespine stickleback 

selection for similar sized mates (Conte & Schluter 2013) or male preference for larger 

females (Kraak & Bakker 1998) can occur resulting in rapid evolutionary diversification of 

mate size therefore influencing fecundity.  

Contrasting feeding environments may lead to divergent selection on trophic features, such 

as the number of gill rakers (Schluter, 2000). My results showed that offspring of fish from 

the Mined population had more long gill rakers than fish from the Warm population. Given 

that gill raker number is often highly heritable (e.g. Leary et al., 1985) and divergence in 

this feature is common between many benthic versus limnetic fish species (Smith & 

Skúlason, 1996; Taylor, 1999), this divergence is likely adaptive. For instance in whitefish 

it has been shown that gill raker number correlates with feeding efficiency and a larger 

number of gill rakers is adaptive when feeding on zooplankton (Roesch et al., 2013). Many 

long gill rakers have been shown to be favored also in limnetic threespine stickleback, 

which feed primarily on zooplankton in open water habitats (Andrews, 1999). The same 

conclusion has been found in stickleback living within the Misty lake system in Bristish 

Columbia, Canada (Hendry et al., 2002). My results, supported by these findings, indicate 

genetic divergence triggered by spatial and temporal difference in prey types from these 

two populations with Mined population feeding more on cladocerans, ostracods, copepods 
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and Warm population on chironomidae, flies and mollusca (Kristjánsson et al., Koopmans, 

2010; Millet, 2013). As gene flow appears to be extensive between these populations, this 

adaptive divergence indicates ongoing strong natural selection related to differences in the 

environmental conditions (Räsänen & Hendry 2008). This hypothesis is further supported 

by the study of Millet (2013), which showed predator and prey mediated phenotypic 

divergence of stickleback across habitats in Mývatn, in face of gene flow. 

3. Evidence for genotype x environment interactions  

As stated above, both populations showed evidence of plasticity in life history and 

morphological traits when raised at different diets and temperatures. Specifically, 

stickleback were larger when raised in the “pelagic treatment” (in both cold and warm 

temperatures). Moreover, fish from each population reached a larger size - compared to the 

other population - when raised on a temperature close to their native habitat providing 

evidence for local adaptation (see above) or strong selection. However, the Mined 

population exhibited more plasticity in body shape than the Warm population at a 

temperature close to their native temperature (i.e. at 13C). Phenotypic plasticity seems to 

be highly expressed in both populations despite indications of genetic divergence and, 

likely, local adaptation - indicating that it must play an important role in trait divergence 

when there are no costs. 

Following Baldwin’s theory (Baldwin, 1896), plasticity might be maintained in both my 

study populations in order to allow them to cope with environmental heterogeneity. 

Plasticity can be beneficial for organisms living in spatially and temporally heterogenous 

environments (Gianoli & Gonzalez-Teuber, 2005; Richter-Boix et al., 2006) or when there 

is substantial gene flow between populations inhabiting divergent habitats (Sultan & 

Spencer, 2002) – both are the case in Lake Mývatn (Millet, 2013). Theories predict that 

gene flow between different habitats can constrain adaptive divergence by buffering 

individuals from the action of negative selection (Hendry et al., 2001; West-Eberhard, 

2003) but if plasticity occurs adaptive phenotypic change may be promoted, which can be 

followed by genetic change in the direction of the plastic response. In fact, when adaptive 

plasticity produces a near perfect match with the optimal phenotype in a heterogeneous 

environment, individuals that are capable of producing plastic reponses will be able to 

survive and reproduce favoring increased trait plasticity (Sultan & Spencer, 2002; 
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Ghalambor et al., 2007). However if there is a substantial fitness cost to plasticity, the 

phenotype induced by environmental cues can become canalized (i.e. genetic assimilation) 

(Price et al., 2003; Crispo, 2007). Such a cost has been shown by Relyea (2002) where 

increasing plasticity on some aspects of body shape of wood frog (Rana sylvatica) had a 

negative effect on growth and development. Plastiticy can be favoured less in stable 

environments as it can lead to energetic maintenance costs and production of suboptimal 

phenotypes (Pigliucci, 2009; Murren et al., 2015). In the Mývatn system, the Mined habitat 

reflects temporal variation in temperature and diet, while temperature and diet is relatively 

more constant within and across years in the Warm habitat (Millet, 2013). Given these 

differences in temporal heterogeneity, we would expect that plasticity might be reduced in 

favour of genetic adaptation in the Warm population, while high traits plasticity may be 

favoured in the Mined population. However, in my study, both populations exhibit 

similarly high plasticity (i.e. no G x E) on similar traits except for shape where the 

populations differed in some aspects of plasticity (i.e. indicating G x E). These results may 

be explained by low costs of plasticity for the studied traits or by the fact that plasticity 

may promote gene flow between different habitat by allowing migrants to adjust 

phenotypically to new conditions and thereby allowing them to persist in non-native 

environments. On the other hand, high gene flow may also favor selection for increased 

plasticity. Currently, it cannot be determined if gene flow increases plasticity or if 

plasticity increases gene flow in  my study system. 

In most cases, phenotypic data are powerful indicators of important biological outcomes, 

such as disease resistance and survival, and, hence, fitness (Houle et al., 2010). My 

experimental results build on exclusively phenotypic measurements to assess adaptive 

divergence (via phenotypic plasticity and genetic divergence) in two populations of 

threespine stickleback. However, individual level plasticity and direct genetic effect are not 

necessarily alone at play in shaping adaptive divergence of populations - also non-genetic 

inheritance mechanisms (i.e. epigenetic and parental effects) can play a role (Danchin et al. 

2011). Transgenerational plasticity occurs when the environment experienced by parents 

affects the phenotype of the offspring, often in adaptive ways (Mousseau & Fox, 1998; 

Agrawal, 2001). Because  offspring are particularly vulnerable to environmental stressors, 

it is predicted that selection favours parental ability to alter the phenotype of their offspring 

in response to their local environmental conditions (Munday et al., 2013). It has been 
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detected in marine threespine stickleback (Shama et al., 2014) where offsprings of mothers 

acclimated to a certain temperature showed a larger body size when raised under the same 

conditions when compared to offspring of mothers reared at different temperature. 

Plasticity inheritance can lead phenotypes to rapidly match natural selection forces making 

it an important mechanism for rapid evolution. Therefore future studies comparing the 

evolutionary potential of plasticity from Mined and Warm population could improve our 

understanding on their adaptive potential and therefore divergence. 

All forms of genetic and non-genetic inheritance (eg. epigenetics, parental effects and 

ecological and cultural inheritance) contribute to phenotypic similarities or differences 

between individuals. Distinguishing among these various components is crucial because 

their distinct properties affect evolutionary dynamics. In fact cultural (or social) inheritance 

is likely to have a profound effect on evolution and maternal effects, whether genetic or 

environmental, are increasingly recognized as a potentially powerful mechanism that can 

enhance the adaptive potential and persistence of populations in rapidly changing 

environment (Rasanen & Kruuk, 2007; Burgess & Marshall, 2011). Threespine stickleback 

exhibit paternal care and strong variation in maternal investment reflected in egg size and 

as Warm population have been found to differ from another one from the south basin in 

fecundity traits, investigating divergence in reproductive traits between these populations 

and their heritability may inform us about the role of parental effects in population 

divergence.  
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V. Conclusions and outlook 
This study aimed at increasing understanding of plasticity of trait divergence between two 

populations of threespine stickleback (Mined and Warm) from lake Mývatn. Previous 

studies on wild collected stickleback showed morphological divergence between these two 

populations yet high levels of gene flow (Millet et al. 2013). My results indicate that 

phenotypic divergence in the wild in this system reflects a combination of genetic and 

plastic divergence. Genetic divergence - coupled with high plasticity in both populations - 

was seen especially in body size, maturation time and gill raker number. Overall, the 

plastic responses to diet and/or temperature were similar in both populations - except for 

body shape due to habitats differences. The Mined population had a steeper reaction norm 

(i.e. stronger plastic response) when exposed to the two different diets at the cold 

temperature.  

My study highlights the balance between gene flow promoting increased trait plasticity and 

adaptive divergence in this system mostly triggered by an interaction between temporal 

and spatial variation in prey type and temperature (Millet, 2013). Moreover it has shown 

strong evidence of the contribution of both plastic and genetic divergence in phenotypic 

diversity in nature. However, so far it is not known if the plastic and genetic responses 

observed in this experiment are stable over time. The environment (e.g. prey type) as well 

as population density – and thereby natural selection on threespine stickleback - are 

strongly fluctuating in the lake (as reflected by long time monitoring). To better understand 

evolutionary responses of Mývatn threespine stickleback, more studies combinining 

genetic and non-genetic approaches (eg. epigenetics, parental effects, ecological and 

cultural inheritance) that cover multiple generations are needed. Importantly this study 

supports the importance of considering the complementary effects of selection, phenotypic 

plasticity and gene flow in order to assess adaptive divergence in naturals systems. 
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