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ABSTRACT 
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CHARR (SALVELINUS ALPINUS) 
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Advisor(s): 

Dr. M.M. Ferguson 

The process of ecological speciation involves the divergence single populations into 

distinct species through ecologically based divergent selection. I studied the interacting 

developmental, genetic, and ecological mechanisms that underlie ecological speciation in 

populations of Icelandic Arctic charr (Salvelinus alpinus) that vary in phenotypic divergence. 

Arctic charr diverged into benthic and pelagic resource-based morphs after recolonization of 

post-glacial lakes within the last 10,000 years from a single glacial refugium. First, I assessed the 

role of allometric covariation between body shape and size as a source of developmental bias. I 

found evidence for a common pattern of phenotypic divergence across a benthic-pelagic 

ecological axis, which is strongly shaped by allometric effects that may facilitate rapid 

evolutionary responses to selection. Second, I assessed whether the requirements for adaptive 

divergence as the result of ecological opportunity by testing for relationships among body shape 

and size, resource use, and gene flow. Significant relationships between resource use and body 

shape and size are consistent with the existence of performance trade-offs between benthic and 

pelagic environments. Benthic and pelagic morphs across populations showed similar differences 

in resource use likely arising from a common utilization of niche space. Resource use predicted 

benthic and pelagic ancestry suggesting a causal link between divergence in resource use and 
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reductions in gene flow between morphs. Lastly, I investigated the genomic consequences of 

adaptive divergence between sympatric morphs and reconstructed the divergence history of 

populations to interpret the causes of genomic patterns. Models of sympatric divergence with 

continuous gene flow and allopatric divergence followed by secondary contact were both 

supported indicating that the evolutionary history of this species is more complex than originally 

thought. Phenotypic and ecological variation was associated with genomic differentiation 

between sympatric morphs and the formation of many narrow genomic regions of differentiation, 

which are related to both phenotypic and ecological variation in divergent populations. This 

suggests that divergent selection has resulted in the genomic differentiation of sympatric morphs. 

Overall, my study suggests that adaptive divergence in response to environmental heterogeneity 

promotes parallel phenotypic specialization on resources which may lead to genomic 

differentiation and ultimately ecological speciation with gene flow.  
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Chapter 1: General Introduction 

Ecological speciation is the process by which ecologically based divergent selection 

between different environments partitions phenotypic and genomic variation by facilitating 

divergence of a single population into distinct species (Rundle & Nosil, 2005; Schluter & 

Rambaut, 1996). During the ecological speciation process, an ecological agent of selection (for 

example predation or differential resource use) selects for phenotypes (such as variation in body 

shape) with high fitness within a particular environment (Rundle & Nosil, 2005). Fitness varies 

between environments as phenotypically discrete sub-populations (morphs) show differential 

performance due to contrasting differences in ecology between habitats (Schluter, 2000; 

Wellborn & Langerhans, 2014). Such ecologically based divergent selection not only facilitates 

phenotypic divergence but also the build-up of reproductive isolating mechanisms causing 

barriers to gene flow. Divergent selection acting on phenotypic traits through ecological 

mechanisms also cause genomic differentiation between morphs, leaving signatures of selection 

or islands of differentiation throughout the genome (Feder & Nosil, 2010; Via, 2012; Flaxman et 

al., 2013; Feder et al., 2014). These genomic signatures can in turn inform us of the nature and 

timing of evolutionary processes leading to phenotypic divergence. Thus, an understanding of 

ecological speciation requires consideration of variation at the phenotypic, ecological, and 

genomic levels.  

Studies of northern freshwater fishes in recently deglaciated habitats have provided some 

of the strongest insights into the processes of adaptive divergence and ecological speciation 

(Bernatchez & Wilson, 1998). These fishes have undergone ecological divergence relatively 

recently allowing for the determination of micro-evolutionary processes that actively drive 

phenotypic divergence, and not the processes operating after speciation is complete (Rundle & 

Schluter, 2004; Rogers et al., 2013). Rapid phenotypic divergence has likely originated from 

ecological opportunity and intraspecific competition after the invasion of novel environments 

(Robinson & Wilson, 1994; Klemetsen, 2010). Post-glacial environments have low species 

numbers allowing for niche expansion (Smith & Skulason, 1996; Wellborn & Langerhans, 2014) 

where less competitive individuals utilize alternate resources (Bolnick et al., 2010; Martin & 

Pfennig, 2010). Likewise, lower competition for alternative resources leads to similar fitness of 
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individuals in both habitats (Schluter & Rambaut, 1996). The general pattern of ecological and 

phenotypic divergence in northern freshwater fishes is a broad continuum of benthic and pelagic 

phenotypes (Lu & Bernatchez, 1999; Harrod et al., 2010; Willacker et al., 2010; Webster et al., 

2011; Chavarie et al., 2015). For example, populations of Icelandic Arctic charr have diversified 

into benthic and pelagic morphs within the last 10,000 years from a single glacial refugium 

(Brunner et al., 2001; Wilson et al., 2004). Benthic morphs have a sub-terminal mouth position 

for feeding on benthic macroinvertebrates and a stocky body for maneuvering in complex 

habitats, while pelagic morphs have a terminal mouth position for suction feeding zooplankton 

(and fish to a lesser degree) and a fusiform body for streamlined swimming in open water 

habitats. Divergence into benthic and pelagic morphs has occurred repeatedly across Iceland 

(Gíslason et al., 1999; Kapralova et al., 2011; Kristjánsson et al., 2012) and is hypothesized to be 

caused by common selection pressures associated with variation in resource use (Malmquist et 

al., 1992; Skulason & Smith, 1995; Woods et al., 2013). Icelandic Arctic charr morphs show 

extensive genetic differentiation (Gíslason et al., 1999; Kapralova et al., 2011; Guðbrandsson et 

al., 2019) despite the presence of gene flow. To better understand the process of adaptive 

divergence leading to ecological speciation, I studied six populations of Icelandic Arctic charr 

that vary in the degree of phenotypic, ecological, and genetic divergence. 

Divergent selection promotes adaptive divergence within a population by favoring 

phenotypic variants with high fitness in a particular environment (Schluter, 2000, 2001, 2009; 

Charmantier et al., 2016; Walter et al., 2018). Environmental heterogeneity may promote 

different adaptive phenotypic optima along contrasting ecological gradients, as phenotypes that 

have high fitness within one environment may not be adapted to alternative environments 

(Wellborn & Langerhans, 2014). The role of natural selection has often been inferred from 

similar (parallel) patterns of phenotypic divergence in multiple populations (Lu & Bernatchez, 

1999; Kaeuffer et al., 2011; Butlin et al., 2014; Stuart et al., 2017; Bolnick et al., 2018), where 

similar patterns of phenotypic divergence across populations are unlikely to be due to chance 

alone (Langerhans & DeWitt, 2004; Langerhans, 2017). Parallel evolution of phenotypically 

distinct morphs can occur if the same phenotypic traits have high fitness and the selective 

landscape is similar across all populations (Johannesson, 2001; Johannesson et al., 2010; 
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Wessinger & Hileman, 2016; Langerhans, 2017). However, non-parallel responses to divergent 

selection may occur due to selective landscapes that are not shared across populations (Bolnick 

et al., 2018). The varied responses in populations as well as other factors such as gene flow, 

phenotypic plasticity, and historical evolutionary events can affect the magnitude of phenotypic 

divergence and parallelism of divergence (Langerhans and DeWitt, 2004; Oke et al., 2016; Oke 

et al., 2017; Stuart et al., 2017) indicates that we do not fully understand the evolutionary 

complexities that drive parallel patterns of phenotypic adaptation.   

Parallelism in phenotypic patterns can arise from developmental biases that create non-

random phenotypic variation within a population (Uller et al., 2018; Olson, 2019). 

Developmental biases occur when some phenotypes occur more readily than others, limiting the 

degree of phenotypic variation available for selection to act on (Arthur, 2004, 2011). Patterns of 

trait covariance that arise throughout ontogeny may structure phenotypic variation within a 

population (Peiman & Robinson, 2017) and bias evolutionary trajectories of populations under 

divergent selection (Parsons et al., 2020). Allometric scaling relationships between traits, such as 

body shape and size, are an example of trait covariance that may ultimately bias the development 

of phenotypic variation in a population (Pélabon et al., 2014; Voje et al., 2014). Allometric 

scaling relationships between traits remain an underappreciated aspect of phenotypic evolution 

(Outomuro & Johansson, 2017) and the extent to which such relationships affect the magnitude 

of phenotypic divergence as well as phenotypic parallelism is relatively unknown. In Chapter 2, I 

tested whether the divergence of benthic and pelagic morphs within populations and the 

parallelism of phenotypic divergence across populations are influenced by allometric 

relationships between body shape and size. I then investigated the nature of the allometric 

relationship between body shape and size in populations and morphs to better understand the role 

of allometry as a source of developmental bias. I show that allometric scaling between body 

shape and size is associated with increased detection of the degree of phenotypic divergence 

between benthic and pelagic morphs within populations and the enhancement of phenotypic 

parallelism across populations. The direction of allometric scaling between body shape and size 

was similar across morphs and represents a form of developmental bias that can influence 

contemporary evolutionary responses to divergent selection.  
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Ecological opportunity has the potential to promote adaptive divergence due to niche 

availability and performance trade-offs between habitats (Wellborn & Langerhans, 2014). Novel 

environments, such as newly formed postglacial lakes, have available niche space (ecological 

opportunities), habitats, and trophic resources that may be utilized by colonizing individuals 

(Robinson & Wilson, 1994; Siwertsson et al., 2010; Ribeiro et al., 2018). High niche availability 

allows colonizing individuals to utilize trophic resources that increase performance within a 

particular habitat (De León et al., 2014; Arlettaz et al., 2017). Differential resource use among 

habitats promotes resource specialization where individuals that specialize on resources in a 

particular habitat, and have high performance in that habitat, are often poor resource competitors 

in alternative habitats and suffer a reduction in performance (Harrod et al., 2010; Arnegard et al., 

2014; Ford et al., 2016; Widmer et al., 2020). Colonization of different populations or locations 

with similar ecological opportunities should result in similar patterns of resource use and 

phenotypic specialization (Martin & Pfennig, 2010; Wellborn & Langerhans, 2014). Phenotypic 

specialization arises because of performance trade-offs due to biomechanical relationships 

between body shape and the varied ability to consume prey resources. Thus, performance trade-

offs can be inferred by correlating phenotypic and environmental variation between contrasting 

habitats (MacColl, 2011; Stroud & Losos, 2016; Camacho & Hendry, 2020). In Chapter 3, I first 

tested if benthic and pelagic morphs differ in resource use and if the resource use pattern is 

similar across populations. A common pattern of differential resource use would suggest the 

replicated utilization of common niche spaces. I then tested if resource use, the presumed agent 

of selection, predicts body shape and size. The detection of such phenotype-resource use 

relationships would provide evidence for the existence of performance trade-offs associated with 

phenotypic divergence between benthic and pelagic habitats. I found common patterns of 

resource use between benthic and pelagic morphs across populations indicating that morphs 

utilize similar niche space. Phenotype-resource use correlations were significant within all 

populations suggesting that foraging-related performance trade-offs occur between benthic and 

pelagic habitats. These findings suggest that resource use is an agent of selection driving 

phenotypic divergence of benthic and pelagic morphs.  
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The phenotypic response to divergent selection is affected by gene flow (Smadja & 

Butlin, 2011; Butlin et al., 2014). High gene flow can counter the effects of selection and be a 

homogenizing process (Lenormand, 2002; Garant et al., 2007) thus, decreasing adaptive 

divergence (Urban, 2011). However, dispersal may promote adaptive divergence if individuals 

disperse into habitats that match performance of individual phenotypes (Clobert et al., 2009; 

Edelaar & Bolnick, 2012). Dispersal can facilitate high individual fitness within an environment 

via spatial sorting (Shine et al., 2011) and habitat matching (Edelaar et al., 2008; Nicolaus & 

Edelaar, 2018). Gene flow should decrease between diverging sub-populations as reproductive 

barriers associated with adaptive divergence accrue. Studies with neutral genetic markers 

indicate that gene flow is higher in populations showing less adaptive morphological divergence, 

suggesting that gene flow counteracts divergent selection (Gíslason et al., 1999; Lu & 

Bernatchez, 1999; Hendry et al., 2002; Chavarie et al., 2015). However, traditional population 

genetic approaches are unable to determine the timing, continuity, and the intensity of gene flow 

throughout the divergence process. 

Adaptive divergence may lead to ecological speciation if reproductive isolating 

mechanisms cause significant reductions in gene flow between diverging sub-populations 

(Smadja & Butlin, 2011; Abbott et al., 2013; Butlin & Smadja, 2018). Reproductive isolating 

mechanisms may build-up between sub-populations in many different ways (Kulmuni et al., 

2020), although rapid speciation is more likely if they are directly or indirectly related to 

functional traits contributing to local adaptation (Härdling et al., 2009; Smadja & Butlin, 2011; 

Abbott et al., 2013). Phenotypic adaptations to ecologically different habitats may involve 

correlated changes in the location and timing of reproduction and cause significant reductions in 

gene flow (Doenz et al., 2018; Ferris & Willis, 2018; Hood et al., 2019). Thus, local adaptation 

to contrasting habitats can indirectly facilitate reductions in gene flow between phenotypically 

diverging sub-populations. Understanding how barriers to gene flow build-up during phenotypic 

and ecological divergence is fundamental to revealing how ecological speciation proceeds in 

wild populations. In Chapter 3, I assessed if reductions in gene flow between benthic and pelagic 

morphs are associated with variation in habitat divergence. Icelandic Arctic charr vary in 

spawning time and location and this phenological variation is hypothesized to be related to 
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ecological conditions that distinguish benthic and pelagic habitats (Skulason et al., 1989; 

Sandlund et al., 1992). I show that gene flow between local benthic and pelagic morphs from 

different populations differ in the level of gene flow but overall, there are few hybrids. 

Reductions in gene flow between morphs appears to be related to habitat divergence, providing a 

potential causal link between gene flow and ecological divergence.    

Adaptive divergence in the presence of gene flow can occur in different geographic 

contexts and historical sequences of demographic events (Smadja & Butlin, 2011). Two extreme 

evolutionary scenarios of adaptive divergence have been presented in the literature: sympatric 

divergence with continuous gene flow and allopatric divergence with secondary contact. The 

observation that distinct phenotypes in the same geographic area are more closely related to each 

other, based on allele frequencies at neutral loci, than to comparable forms outside the 

geographic area has been used to support the scenario of sympatric divergence with continuous 

gene flow (Pinho & Hey, 2010; Feder et al., 2012, 2013). However, phylogenetic analyses 

indicate that particular phenotypes are not necessarily monophyletic and this finding has led to 

the suggestion that replicate pairs of phenotypes have evolved independently. This conclusion 

has been challenged given that different divergence histories and patterns of gene flow can lead 

to similar patterns of contemporary variation in neutral markers (Bierne et al., 2013). Indeed, 

historical allopatric divergence with secondary contact has been shown to be more pervasive 

among taxa than was once previously thought (Nichols et al., 2015; Rosenblum et al., 2017; 

Rougemont et al., 2017; Rougemont & Bernatchez, 2018; Rougeux et al., 2019). Selection and 

gene flow in contemporary environments can erode historical evidence of genetic divergence at 

neutral loci upon secondary contact of populations. In Chapter 4, I reconstructed the divergence 

history of four polymorphic populations by evaluating coalescent models of sympatric 

divergence with continuous gene flow against models of allopatric divergence with secondary 

contact. Results for three populations best supported a model of sympatric divergence with 

continuous gene flow, while the results for one population supported a model of allopatric 

divergence with secondary contact. These findings show that the divergence histories of 

Icelandic Arctic charr are varied and more complex than previously thought.   
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Ecological selection that causes divergence in phenotypic traits affect the degree of 

genomic differentiation between sub-populations and the patterns of genomic differentiation 

throughout the genome (Ellegren et al., 2012; Flaxman et al., 2013; Hemmer-Hansen et al., 2013; 

Funk et al., 2016). Adaptive divergence leaves signals of selection across the genome which may 

build-up to become islands of high genomic differentiation (Feder & Nosil, 2010; Nosil & Feder, 

2012; Via, 2012; Ravinet et al., 2017). In the early stages of adaptive divergence, the background 

level of genomic differentiation is generally homogenous due to gene flow (Wu, 2001; Feder et 

al., 2012). Divergent selection acting at this time on phenotypic traits promotes divergence at 

loci associated with these traits as well as loci involved with reproductive isolation (Nosil et al., 

2009). These barrier loci are resistant to the homogenizing effects of gene flow (Payseur & 

Rieseberg, 2016; Ravinet et al., 2017) and changes in allele frequency between diverging sub-

populations (Gilbert & Whitlock, 2016; Curran et al., 2020). Divergence hitchhiking then causes 

linked loci, through either physical linkage or linkage disequilibrium, to diverge between sub-

populations and ultimately form islands or regions of differentiation (Feder & Nosil, 2010; Via, 

2012; Flaxman et al., 2013). Islands of differentiation forming a heterogenous genomic 

landscape have been shown to be important genomic features differentiating morphs diverging in 

sympatry with continuous gene flow (Wu, 2001; Ravinet et al., 2017). In Chapter 4, I 

characterized patterns of genomic heterogeneity between sympatric benthic and pelagic morphs. 

I then test if genomic divergence between sympatric morphs is related to the degree of 

phenotypic and ecological divergence. I found that highly differentiated genomic regions are 

relatively narrow (small in width) potentially due to the homogenizing effects of gene flow 

between coexisting benthic and pelagic morphs. More ecologically and phenotypically divergent 

populations appear to be more differentiated across the genome, where islands of differentiation 

have higher Fst peaks. A large proportion of outlier loci were associated with both resource use 

and phenotypic variation, suggesting a pleiotropic effect of genes in those regions on resource 

use and phenotypic traits under selection.  

My research has increased our understanding of the interacting factors and processes 

involved in the ecological speciation process by assessing the inter-relationships among 

phenotypic, ecological, and genomic divergence in populations of Icelandic Arctic charr. I found 
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that sympatric benthic and pelagic morphs appear to be diverging in parallel across populations 

possibly due to developmental biases and common selection pressures. Thus, developmental 

biases due to trait covariance relationships could play an important role in shaping phenotypic 

variation available for selection to act on in this species. In turn, phenotypic and ecological 

divergence is associated with the degree of reproductive isolation and genomic differentiation 

during sympatric divergence. Thus, reproductive isolating mechanisms that are related to the 

ecology of benthic and pelagic habitats may drive differences in reproductive timing and 

location, limiting the degree of gene flow. Patterns of phenotypic and ecological divergence 

appear to affect the degree and patterns of genomic differentiation, which is concentrated at 

narrow islands of differentiation throughout the genome due to the effects of historical and 

contemporary gene flow. Overall, my research furthers our understanding of how adaptive 

divergence in response to environmental heterogeneity can lead to ecological speciation with 

gene flow by synthesizing predictable effects of habitats, resource use, and development on 

phenotypic and genomic divergence.  
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Chapter 2: Parallel patterns of divergence are enhanced by 

allometry: a case study using sympatric Icelandic Arctic charr 

(Salvelinus alpinus) 

Abstract: 

Adaptive phenotypic divergence is the outcome of both natural selection and developmental 

processes that shape the amount of phenotypic variation in a population. In postglacial 

freshwater fishes, similar patterns of adaptive morphological divergence are associated with 

benthic and pelagic resource use. We investigated populations of Icelandic Arctic charr 

(Salvelinus alpinus) to evaluate whether the allometric covariation of body shape and size affects 

benthic-pelagic divergence and biases the degree of parallelism in phenotypic divergence across 

populations. Arctic charr invaded Icelandic lakes within the last 10,000 years and diversified into 

coexisting benthic and pelagic morphs in multiple populations. Adult charr were sampled from 

five Icelandic lakes and a river containing anadromous charr. We first confirmed, using 

microsatellite markers, that genetic population structure is consistent with the repeated evolution 

of morphs in sympatry as benthic and pelagic morphs were more similar to each other than to the 

same type of morph in a different population. We then evaluated if statistically minimizing 

allometric variation in body shape affected our ability to detect morphological differences among 

sympatric morphs as well as the degree of parallelism across populations. With both analyses, 

sympatric morphs showed parallel patterns of body shape divergence across most populations. 

This, in combination with the genetic similarity of sympatric morphs suggests that common 

patterns of divergent selection contribute to morphological divergence across populations. 

However, retaining allometric variation in body shape in our analysis allowed for greater 

detection of morphological divergence between sympatric benthic and pelagic morphs, as well as 

enhancing the degree of parallelism across populations. Although the magnitude of allometry 

differed among populations, the slope of the body shape and size relationship did not differ 

among morphs. Together, our findings suggest that developmental biases, reflected by allometric 

scaling relationships between body shape and size, may contribute substantially in generating 

parallel patterns of adaptive divergence in combination with divergent selection. 
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Introduction  

A major goal in evolutionary biology is to understand the factors facilitating and 

constraining adaptive diversification within populations. In some cases, adaptation has been 

inferred from shared phenotypic trajectories (i.e., parallel patterns) across multiple populations 

(Kawecki & Ebert, 2004; Langerhans & DeWitt, 2004; Oke et al., 2017). For this interpretation, 

parallelism infers common patterns of divergent selection acting on populations with morphs (or 

ecotypes) found in similar habitats across populations (Langerhans & DeWitt, 2004). However, 

it is often the case that a large portion of observed phenotypic divergence is non-parallel and 

attributed to population specific differences in selection (Raeymaekers et al., 2017; Bolnick et 

al., 2018), for example arising from differences in prey availability (Landry & Bernatchez, 2010; 

Van Kleeck et al., 2015) and resource use (Manousaki et al., 2013). The observation that other 

factors such as gene flow, phenotypic plasticity, and developmental biases affect divergence 

patterns (Rosenblum, Parent, & Brandt, 2014; Oke et al., 2016; Peiman & Robinson, 2017; 

Stuart et al., 2017; Parsons et al., 2019) suggests that the evolutionary processes involved in 

forming adaptive divergence are complex and not fully understood.  

Developmental biases occur when some phenotypes arise more readily than others during 

development creating non-random phenotypic variation in a population (Uller et al., 2018; 

Olson, 2019). In some cases, multiple populations undergoing divergence may share a pattern of 

trait covariation and in turn express parallel evolutionary responses despite experiencing 

differences in selection. Such developmental biases could increase the rate of evolutionary 

responses if trait covariation in the developing individual generate variation aligned with the 

direction of selection operating in the population (Uller et al., 2018). Conversely, such biases 

may also constrain evolutionary responses when they create variation orthogonal to the direction 

of selection (Smith et al., 1985; Schluter, 1996; Marroig & Cheverud, 2005). Despite these 

possibilities, the influences of developmental biases and divergent selection as drivers of parallel 

sympatric divergence have rarely been considered (but see Arthur (2002) and Olson (2019)). 

Given that evolutionary biology aims to understand the mechanisms and processes underlying 

phenotypic variation, it is important we begin reconsidering the role of development in systems 

undergoing adaptive divergence (Skúlason et al., 2019).  
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Patterns of covariation among phenotypic traits change throughout development. 

Specifically, changes in trait proportions in relation to size are known as allometry, which forms 

an important basis for evolutionary investigation (Klingenberg, 2007). Scaling relationships can 

be disproportionate whereby positive and negative allometry causes traits to be larger or smaller, 

respectively, than if they were to scale proportionally to body size (i.e. isometry). Allometric 

relationships are a particularly important aspect of development that were assumed to be 

conserved at the species, and even genus level (Pélabon et al., 2014; Voje et al., 2014). However, 

population level differences in allometric relationships could arise through selection, drift, 

mutation and/or phenotypic plasticity and alter evolutionary responses among populations 

(Walter et al., 2018; Parsons et al., 2018, 2019). In fact, evidence is emerging that allometry may 

be more evolutionary labile than previously thought (Voje & Hansen, 2012; Voje et al., 2013). 

For example, intense artificial selection on Drosophila has demonstrated that the direction 

(slope) of allometric relationships between wing shape and size can evolve (Bolstad et al., 2015). 

Thus, rather than representing relict phylogenetic constraints, allometry may provide adaptive 

variation, which then interacts with selection, and may fuel intraspecific divergence. However, 

allometry as a developmental phenomenon remains an underappreciated aspect of morphological 

evolution (Outomuro & Johansson, 2017) and is often statistically minimized in studies of 

intraspecific diversity to enable distinct ‘allometry free’ trait differences between populations to 

be identified (Openshaw et al., 2017). Moreover, the effect of allometry on sympatric divergence 

is poorly understood (Oke et al., 2017) even though a conserved pattern of allometric scaling 

relationships between traits should increase the likelihood of parallel evolutionary responses by 

independent populations under similar patterns of selection.  

Postglacial freshwater fishes provide some of the strongest evidence for parallel patterns 

of phenotypic divergence (Robinson & Wilson, 1994; Bernatchez & Wilson, 1998; Oke et al., 

2017) and exhibit high amounts of intraspecific variation across evolutionarily independent 

populations and species. Recently deglaciated lakes have few fish species which, due to limited 

competition, can present ecological opportunity and facilitate the evolution of resource 

polymorphisms, where coexisting morphs within a population are identified by differential 

resource use, usually through differences in feeding biology, habitat use, and trophic morphology 
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(Smith & Skúlason, 1996; Klemetsen, 2010; Wellborn & Langerhans, 2014; Stroud & Losos, 

2016). A common pattern of resource polymorphisms in postglacial fishes occurs along a 

benthic-pelagic axis of body shape associated with resource use (Robinson & Wilson, 1994; 

Skúlason & Smith, 1995; Schluter & Rambaut, 1996; Smith & Skúlason, 1996; Schluter, 2001). 

Benthic morphs have a subterminal mouth for feeding on prey on the lake bottom (zoobenthos 

including chironomid larvae, pupae, and mollusc species) as well as a robust body shape for 

maneuverability in the structurally complex habitats. In contrast, pelagic morphs have a terminal 

mouth for feeding on prey in the water column (zooplankton and fish) and a slimmer body shape 

to facilitate sustained swimming in open water habitats (Snorrason et al., 1994; Klemetsen, 

2010). The continuum of ecological divergence along a benthic-pelagic axis coupled with 

variable gene flow between sympatric morphs has made postglacial fishes powerful model 

systems for disentangling the factors responsible for adaptive diversification and speciation 

(Bernatchez & Wilson, 1998; Skúlason et al., 1999; Nosil, Harmon, & Seehausen, 2009; Fraser 

et al., 2011).  

Among postglacial fishes, Arctic charr (Salvelinus alpinus) is an especially variable 

species (Klemetsen, 2010) that invaded Icelandic lakes roughly 10,000 years ago from a single 

glacial refugium (Brunner et al., 2001). Icelandic charr rapidly diversified into benthic and 

pelagic morphs in some lakes, while other lake or river populations contain only a single morph. 

Population genetic surveys (Gíslason et al., 1999; Kapralova et al., 2011) suggest that morphs are 

diverging sympatrically in response to contemporary local environmental conditions. Although 

populations appear to show qualitatively similar patterns of morphological divergence between 

sympatric morphs, the magnitude of divergence varies (Sandlund et al., 1992; Gíslason et al., 

1999; Jónsson and Skúlason, 2000), possibly as the result of environmental variation across lakes 

(Kristjánsson et al., 2011, 2012; Kristjánsson and Leblanc, 2018). However, quantitative tests of 

morphological parallelism across populations have not been conducted. Studies of heritable 

differences in the activity of regulatory gene pathways (Ahi et al., 2014; Kapralova et al., 2015; 

Beck et al., 2019) and growth (Parsons et al., 2010) in benthic and pelagic morphs suggest that 

developmental processes may play an important role in sympatric divergence. However, the 

influence of allometric covariation between body shape and size on phenotypic divergence has 
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rarely been evaluated (but see Parsons et al (2011)), making it uncertain whether an allometric 

bias can influence patterns of phenotypic divergence. 

This study aims to assess the role of allometric covariation between body shape and size 

as a source of developmental bias across multiple largely independent instances of sympatric 

divergence between benthic and pelagic morphs of Icelandic Arctic charr. First, we aimed to 

confirm that genetic population structure is consistent with sympatric divergence within multiple 

independent populations by evaluating the prediction of greater genetic similarity of sympatric 

morphs to each other than to the same morph in other populations. Second, we characterized 

intraspecific morphological variation to evaluate whether populations contained single 

(monomorphic) or multiple morphs (polymorphic). We then assessed whether the major axis of 

phenotypic variation within populations corresponds to the expected benthic-pelagic 

morphological axis (Figure 2.1A). Third, we tested whether the divergence of benthic and 

pelagic morphs within populations (Figure 2.1B) and the parallelism of morphological 

divergence across populations (Figure 2.1C) are influenced by allometric relationships between 

body shape and size. The detection of parallel patterns of phenotypic variation among 

populations would suggest that common patterns of diversifying selection contribute to patterns 

of phenotypic variation. However, if the degree of phenotypic divergence within populations and 

parallelism across populations is affected by allometry it would provide evidence that 

developmental biases of morphological variation, coupled with divergent selection, can facilitate 

parallel patterns of divergence. Fourth, we investigated the nature of the allometric relationship 

between body shape and size in populations and morphs to better understand the role of 

allometry as a source of developmental bias. If allometry influences sympatric divergence, 

populations with unique patterns of morphological divergence are expected to vary in the 

strength of the relationship between body shape and size. We then assessed if the direction 

(slope) and magnitude of allometry (change in body shape per unit body size) differs among 

morphs. If shared morphological trajectories are due to developmental biases as trait covariation 

patterns are in line with the direction of selection, then allometric slopes should be similar 

between morphs (Figure 2.1D).  
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Materials and Methods  

Sampling  

 Arctic charr were caught from six spatially separated locations (hereafter designated as 

populations) in Iceland during 2013, 2014, and 2015 using gill nets with mesh sizes ranging from 

5-50mm (Figure 2.2A; Table 2.1). Four lake populations were pre-classified as polymorphic 

(contain distinct benthic and pelagic morphs: Galtaból, Ϸingvallavatn, Svínavatn, and 

Vatnshlíðarvatn) and two as monomorphic (a single morph: Fljótaá, Mjóavatn) (see Table 2.1 for 

morph descriptions and sample sizes) based on prior studies (see references below). For the 

present analysis, we refer to each morph in general terms as either benthic or pelagic rather than 

the more specific descriptors used in previous studies (Table 2.1). Fish were collected during the 

spawning periods of each morph if known (mid-August to early November) to aid morph 

identification. Fish from the Fljótaá River are anadromous and spawn in the river during the fall 

after spending the summer growing season at sea. The two pelagic morphs within Svínavatn 

overlap in their location and time of spawning (personal observation) as do the two benthic and 

pelagic morphs from Ϸingvallavatn (Skúlason et al., 1989a; Sandlund et al., 1992). Because of 

uncertainty about the spawning time and location of the pelagic morph within Galtaból, we 

sampled the lake repeatedly from late September to early November in 2014 and 2015. Morphs 

were visually identified based on characteristics such as: body shape and size, craniofacial traits, 

and colour (Table 2.1) (Skúlason et al., 1989b; Sandlund et al., 1992; Snorrason et al., 1994; 

Skúlason et al., 1999; Gíslason et al., 1999; Jónsson and Skúlason 2000). On-site morph 

classifications are supported by objective classifications using Gaussian mixture models as 

shown in previous studies (Woods et al., 2012; Franklin, 2017) and the current analysis (see 

below). Following collection, fish were processed in the laboratory where each fish was 

photographed on its left side, with the head facing the left of the frame (Figure 2.2B), and fork 

length (distance from the tip of the snout to the fork in the caudal fin) was measured as an 

estimate of body size (Figure 2.2B). A sample of white muscle was taken from the dorsal region 

for genetic analyses. Otoliths were taken to estimate age based on the number of annuli (growth 

rings) (Ralston et al., 1993) to evaluate the effects of age on body shape. Otoliths were 

submerged in water overnight and viewed under reflected light to count the number of annuli.  
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Genetic data  

Genetic population structure was characterized using nine microsatellite loci, which have 

provided adequate resolution of population structure in Arctic charr morphs across Iceland 

(Kapralova et al., 2011). A digestive solution followed by incubation at 37°C overnight was used 

to homogenize muscle samples (Taggart et al., 1992.). DNA was extracted from the solution 

using a phenol-chloroform extraction with phase lock gel tubes (Quantabio) and then precipitated 

out of solution, suspended in double de-ionized water, stored overnight at 4°C, and quantified 

using a NanoDrop Spectrophotometer. The nine microsatellite markers were amplified using the 

polymerase chain reaction (PCR). The nine microsatellites with associated citations or Genbank 

ascension numbers are: OMM1228 (AF470009), OMM5151 (Coulibaly et al., 2005), OMM1329 

(Palti et al., 2002), OMM1236 (AF470016), OMM1211 (AF469995), OMM5146 (Coulibaly et 

al., 2005), OMM1302 (Coulibaly et al., 2005), BX890355 (BX890355), Omi179TUF 

(AB105856)). PCR amplification was performed for each microsatellite marker. M13 tailed 

primers (6-FAM, VIC, PET, and NED) were added to each primer for amplification and 

multiplexing. The PCR program was two stepped: step 1: 30 cycles of 94˚C for 30 seconds, 

annealing temperature of primer for 45 seconds, 72˚C for 45 seconds. Step 2: 8 cycles of 94˚C 

for 30 seconds, 53˚C for 45 seconds, 72 ˚C for 45 seconds, 72˚C for 10 minutes, and 10˚C for 10 

minutes. Annealing temperatures were marker-specific, and each marker was amplified 

separately. Products from the nine PCR reactions were pooled and allele sizes and genotypes 

were determined via fragment analysis using an applied BioSystems 3730 DNA Analyzer 

(Applied Biosystems, Carlsbad, CA, USA) at the University of Guelph Genomics Facility.  

Genetic data analyses  

We determined the amount of genetic differentiation and relationships among morphs 

and populations after error checking the microsatellite data using microsatellite toolkit (Park, 

2001). We tested if morphs from polymorphic populations or fish in monomorphic populations 

differed significantly in allele frequencies and Fst values using Arlequin ver 3.5.2.2 (Excoffier & 

Lischer, 2010). Dest was also calculated (R package DEMEtics, Gerlach et al., 2010) as it is not 

biased by high variation in heterozygosity among samples and loci with multiple alleles (Jost, 

2008). The degree of admixture among morphs/populations was assessed with Bayesian 
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clustering using STRUCTURE 2.3.4 (Pritchard et al., 2000). A burn-in length of 5x104 and 

1.5x105 randomizations for 10 iterations was used to calculate K with the range of K values set 

from 1 to 20 across all populations and 1 to 5 when populations were analyzed on their own. We 

determined the most likely number of clusters using the Evanno method (Evanno et al., 2005) in 

STRUCTURE HARVESTER v0.6.94 (Earl & vonHoldt, 2012). Relationships among morphs 

and populations were visualized with a neighbour joining tree. Forty-nine Arctic charr from the 

Fraser River aquaculture strain of Arctic charr (Coastal Zones Research Institute, Shippagan, 

New Brunswick, Canada) were used as an outgroup. Both the Fraser strain charr and Icelandic 

charr are from the Atlantic phylogeographic grouping but have been geographically separated 

since the last glacial maximum (Brunner et al., 2001). This evolutionary history indicates that the 

Fraser strain charr is a suitable outgroup for the analysis of Icelandic populations. PHYLIP 3.6.9 

(Felsenstein, 1989) was used to create a consensus tree based on Cavali-Sforza genetic distance 

and 10,000 bootstraps were used to determine the probability of each branch occurrence.   

Morphological data 

Morphological variation was characterized with landmark based geometric 

morphometrics (Zelditch et al., 2004). Twenty-five homologous landmarks (Figure 2.2B) were 

digitized from images of each fish (TpsDig; Rohlf, 1990). Landmarks 1, 22, 23, 24, and 25 were 

used to remove the effects of bending about the lateral axis (TpsUtil; Rohlf, 1990). Landmarks 

23, 24, and 25 were subsequently removed for the analyses below. A single Generalized 

Procrustes Analyses (GPA) was performed on all samples in the dataset to place all individuals 

within the same shape space and remove the differential effects of scale, rotation, and translation 

between individuals from all specimens simultaneously (Zelditch, Swiderski, & Sheets, 2004; 

Zelditch, Swiderski, & Sheets, 2012) using Coordgen8 (Sheets, 2014). GPA retains allometric 

effects of size on shape (Outomuro & Johansson, 2017). Partial warp and uniform component 

deformation scores were then calculated separately for each geographic population (morphs 

combined) separately using the GPA adjusted landmarks and a thin-plate spline procedure in 

PCAgen8 (Sheets, 2014). The procedure quantifies the shape for all individuals from that 

population (morphs combined). Uniform deformation scores are aspects of body shape variation 
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that apply uniformly across an entire form and partial warp scores differ as their effects are 

localized to specific regions or landmarks (Langerhans & DeWitt, 2004).  

We investigated the effects of sex on body shape as any potential effects could impair our 

ability to isolate the effects of allometry on morphological variation related to resource use. 

Recent studies have indicated that sexual dimorphism can influence the degree of morphological 

parallelism in breeding sockeye salmon from different populations (Oke et al., 2019). We tested 

for sexual dimorphism within each population and found that body shape was significantly 

related to sex (Table S2.1). Given the detection of sexual dimorphism in body shape within all 

populations, we minimized the effects of sex on body shape statistically prior to conducting any 

additional analyses. To do this, we performed separate linear discriminant function analyses 

(LDFA) of the twenty-two Procrustes landmark coordinates using sex as the grouping variable 

for each population. The generated LDFA scores for each fish, which represent its location along 

the axis of morphological discrimination between the sexes. The partial warp scores and uniform 

components previously calculated were then regressed against the LDFA scores of each fish to 

obtain sex standardized Procrustes landmark coordinates (performed using Standardized within 

Regress8 (Sheets, 2014)). These sex standardized landmark coordinates were then used to 

calculate new sex standardized partial warp and uniform component scores that were used in all 

of the statistical analyses detailed below.  

Morphological data analyses 

(a) Characterization of morphological variation 

We characterized the major axes of morphological variation among all 641 fish from the 

six populations with a principal component analysis (PCA). We first confirmed qualitatively 

from the distribution of scores on the first and second PCA axes whether each population 

contained a single morph (monomorphic) or multiple morphs (polymorphic). We then assessed 

whether the major pattern of phenotypic variation along PCA axis 1 (PC 1) within the 

polymorphic populations corresponded to the expected benthic-pelagic axis of body shape 

(Figure 2.1A). Prior to the PCA, we statistically minimized the effects of allometry in the body 

shape data to focus on variation related to resource use, as is typical for studies on resource 
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polymorphisms in fishes (Langerhans & DeWitt, 2004; Parsons et al., 2011; Outomuro & 

Johansson, 2017). The procedure minimizes the effects of positive and negative allometry on 

body shape because the GPA approach (described above) only removes isometric variation. 

Remaining allometric effects on body shape were minimized within each population (sympatric 

morphs combined) using a multivariate linear regression approach (Standardize function within 

Regress8, Sheets, 2014). Partial warp and uniform deformation scores were regressed on 

centroid size to retain residual shape variation after minimizing allometric effects (Zelditch et al., 

2004). This standardization method is performed in a multivariate framework due to the 

existence of multiple response variables (affine and non-affine shape components) and is the 

standard approach to minimizing allometric variation in geometric morphometrics (Zelditch et 

al., 2004). After the minimization of non-isometric allometric effects, a PCA was performed on 

all fish in the data set based on their adjusted partial warp and uniform component scores using 

PCAgen8 (Sheets, 2014). We then performed a second PCA with the same samples but where 

allometric variation was not minimized in the body shape data. Comparison of the two PCAs 

allowed us to qualitatively assess whether the retention of allometric variation influence the 

major axes of morphological variation. 

(b) Morphological divergence between sympatric morphs 

We tested whether retaining versus removing allometric information affects the ability to 

detect morphological differences between sympatric benthic and pelagic morphs using two 

analytical approaches. For each analytical approach, we first conducted the analyses using the 

body shape dataset where allometric effects had been minimized (procedure described 

previously) and then repeated the analysis using the second body shape dataset where allometric 

variation was retained. Fish from Mjóavatn and Fljótaá were not included here or in the methods 

described in section (c) as the PCA (described previously) confirmed that each of these 

populations does not contain coexisting benthic or pelagic morphs.  

The first analytical approach used non-parametric multivariate analysis of variance 

(MANCOVA) to test if sympatric morphs differ significantly in body shape. These within 

population analyses were based on three morphs for each of Ϸingvallavatn (two benthic and one 
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pelagic) and Svínavatn (two pelagic and one benthic) and two morphs for each of Galtaból and 

Vatnshlíðarvatn (one benthic and one pelagic in each). The MANCOVA model evaluated 

variation in partial warp and uniform component scores (PWS) in relation to morph and age: 

PWS1 + PWS2+… PWSn ~ Morph*Age. Fish age was included as a covariate as body shape 

can change over ontogeny. MANCOVAs were performed using the adonis function within the 

vegan package (Oksanen et al., 2019) in R (version 3.4.3) using Euclidean distances and 999 

permutations. If morph had a significant effect in Ϸingvallavatn and Svínavatn, we followed up 

with pair-wise post hoc tests to determine which sympatric morphs were significantly different 

from each other in each population. If the total variance explained by the morph effect was 

greater in the analysis when allometric effects were retained compared to when they were 

minimized, it would suggest that allometric effects enhance divergence between sympatric 

morphs.  

In our second analytical approach, we tested for morphological divergence between each 

pair of benthic and pelagic morphs within geographic populations using an LDFA. Given that 

Svínavatn and Ϸingvallavatn contain two morphs of the same type (two pelagic morphs in 

Svínavatn and two benthic morphs in Ϸingvallavatn), we conducted six LDFAs with allometric 

effects minimized and another six with allometric effects retained. The LDFAs were performed 

using all partial warp and uniform component scores, treating morph type (benthic or pelagic) as 

a grouping variable, using the lda function in the MASS package (Venables & Ripley, 2002) in R 

(version 3.4.3). A leave one out cross validation procedure was used to assess the classification 

error associated with a priori benthic-pelagic morph assignment and to obtain a percentage of 

correct classification. A higher percent correct classification from the LDFA based on body 

shape data where allometric effects are retained compared to when they are minimized suggests 

that allometric effects enhance divergence between sympatric morphs (Figure 2.1B).  

(c) Morphological parallelism across populations 

After assessing the effects of allometry on divergence patterns within populations, we 

performed a quantitative test to determine if the four polymorphic populations are diverging in 

parallel along the same phenotypic trajectories and if this is affected by allometry. To do this, we 
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computed two divergence vectors for each of the six pairs of sympatric benthic and pelagic 

morphs (one morph pair in each of Galtaból and Vatnshlíðarvatn and two in each of Svínavatn 

and Ϸingvallavatn). The first divergence vector was calculated from body shape data where 

allometric effects were minimized and the second where they were retained.  

For each sympatric morph pair, an LDFA was used to calculate a discriminant function 

score (phenotypic location) of each fish along the axis of benthic-pelagic divergence (Parsons et 

al., 2011, 2016). Procrustes superimposed landmarks were then regressed against the linear 

discriminant scores generating a divergence vector of benthic-pelagic divergence for that morph 

pair. We then tested whether any pair of divergence vectors (e.g. the benthic-pelagic vector in 

Galtaból versus the benthic 1-pelagic vector in Ϸingvallavatn) were parallel or non-parallel to 

each other. The quantitative test for parallelism involved calculating the angle of each vector 

(using the arc-cosine) and the 95% confidence interval of that angle using resampling and 900 

bootstraps within VecCompare (part of the IMP8 software (Sheets, 2014)). We interpreted two 

benthic-pelagic divergence vectors with similar angles and overlapping 95% confidence intervals 

as parallel, whereas divergent angles and non-overlapping 95% confidence intervals as being 

non-parallel (Fig. 1C). We conducted 15 pairwise comparisons among the six vectors calculated 

with allometrically minimized body shape data and another 15 calculated with body shape data 

where allometric effects were retained. Within each set of 15 comparisons, two were a 

comparison of vectors within populations (e.g. benthic-pelagic 1 vector vs the benthic-pelagic 2 

vector both from Svínavatn). We then determined if the retention of allometric effects altered the 

degree of parallelism for a given pair of divergence vectors. Our analysis with VecCompare is 

similar to the trajectory analysis in Geomorph (Adams & Otárola-Castillo, 2013), but the 

calculation of the 95% confidence intervals provides a more conservative test of parallelism. We 

selected the VecCompare test as it fits into the general framework of comparing phenotypic 

trajectories across evolutionary levels developed by Adams & Collyer, 2009. The quantification 

of angles and overlap of divergence vectors has been shown effective in other tests of phenotypic 

parallelism (see Oke et al., 2017; Stuart et al., 2017). 
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(d) Variation in allometric relationships 

We tested for the presence of allometric variation within each of the two monomorphic 

and four polymorphic populations using multivariate linear regression. Each analysis was 

performed on all fish from a geographic population combing data from all local morphs. The 

effect of centroid size (a geometric estimate of body shape) on body shape (as quantified by 

partial warp and uniform component scores) and the proportion of the variation explained by the 

relationship was determined with a 900-bootstrap F-test using Regress8 (Sheets, 2014).  

We then assessed whether the slope (direction of relationship) and magnitude (change in 

body shape per unit body size) of the allometric relationship differed among morphs from the 

four polymorphic populations (Figure 2.1D). The two monomorphic populations were not 

included in this analysis as no significant allometric variation was detected in either of them (see 

results). Every individual in the dataset was assigned a shape deviation score estimated as the 

Procrustes distance of each individual from the consensus (average) shape for all populations 

combined. We then tested for variation in allometric slopes and magnitude by regressing the 

Procrustes distance onto centroid size with the model: Procrustes distance ~ Centroid size * 

Population * Morph. The analysis was performed using the advanced.ProcD.lm function in the 

Geomorph package (Adams & Otárola-Castillo, 2013) in R (version 3.4.3), where a 10,000 

bootstrap resampling approach was implemented. This approach of assessing allometric slopes 

and the magnitude of allometric relationships has been shown effective in detecting differences 

in allometric relationships (see Esquerré Damien et al., 2017).  

Results 

Population genetic structure 

The six geographic populations of Icelandic Arctic charr, and most of the morphs within 

them, are genetically differentiated from each other. All benthic and pelagic morphs showed 

significantly different allele frequencies as well as Fst and Dest values except the pelagic 1 and 

pelagic 2 morphs from Svínavatn (Table S2.2 and S2.3). Sympatric morphs clustered together 

rather than with similar morphs in other geographic populations (Figure 2.3A; Figure S2.2). 

Morphs within populations also showed varied levels of admixture based on the STRUCTURE 
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output (Figure 2.3B). Each group (k = 13) corresponded to a morph or population except for the 

two pelagic morphs from Svínavatn, which grouped together. The benthic and pelagic morphs 

from Galtaból showed the least admixture (greatest genetic differentiation).  

Characterization of morphological variation 

 With allometric effects minimized, the general pattern of body shape variation across all 

populations based on the PCA confirmed the existence of three morphs in each of Ϸingvallavatn 

(benthic 1, benthic 2, and pelagic) and Svínavatn (pelagic 1, pelagic 2, and benthic), two morphs 

(benthic and pelagic) in each of Vatnshlíðarvatn and Galtaból, and single morphs in each of 

Fljótaá and Mjóavatn. The major axes of variation corresponded to the expected pattern of 

benthic and pelagic body shapes as illustrated by wire frame depictions (Figure 2.4A). Principal 

components (PC) 1 and 2 explained 63% of the combined variation in body shape observed. The 

fish from Fljótaá and Mjóavatn appear to have pelagic and benthic morphologies, respectively 

(Figure 2.4A-B). The two morphs in Galtaból varied along PC1 only whereas the morphs from 

the other three polymorphic populations varied along both PC axes. Pelagic morphs are 

characterized by a dorso-ventral expansion in body shape, a smaller head, and a more terminal 

mouth position based on PC1 and a lateral expansion in body and craniofacial shape along PC2. 

Benthic morphs are characterized by dorso-ventral constriction in body shape, a larger head with 

a subterminal mouth along PC1 as well as a contraction in body and craniofacial shape along 

PC2. Although the differences between morphs in Vatnshlíðarvatn were subtle, we were able to 

designate the morphs as benthic and pelagic for the present examination based on the position of 

their mouths (more subterminal mouth in benthic vs more terminal mouth in pelagic) as 

quantified by scores along PC1.  

 The retention of allometric variation in the PCA altered the distribution of variation 

between and within populations (Figure 2.4B) compared to when allometric effects were 

minimized (Figure 2.4A). Variation among populations appears to be smaller based on the 

degree of overlap in PC scores when allometric variation was retained. Although the shape 

characteristics of benthic and pelagic morphs are similar, differences between sympatric morphs 

appear to be larger when allometric effects are retained. The results from both PCA’s provides 
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qualitative evidence that benthic and pelagic morphs from different populations are diverging 

along similar evolutionary trajectories and that there is shape variation associated with 

population of origin.  

Morphological divergence between sympatric morphs  

All pairs of sympatric morphs differ significantly in body shape based on the MANOVA 

and LDFA results. This includes morphs of the same type within Ϸingvallavatn (two benthic 

morphs) and Svínavatn (two pelagic morphs). Even though the two pelagic morphs from 

Svínavatn are genetically similar based on the microsatellite results, we treat them separately in 

our morphological analyses based on their morphological differences and previous evidence of 

heritable morphological variation in body shape (Parsons et al., 2010, 2012). The magnitude of 

differentiation between sympatric morphs varies among populations and is greatest when 

allometric effects are retained in the body shape data (Table 2.2). The effect of Morph in the 

MANOVA increased from 3.7% to 5.8% in Vatnshlíðarvatn and from 6.39% to 21.32% in 

Ϸingvallavatn (Table 2.2). The effect of age on body shape was small (2%) and only statistically 

significant in Galtaból. Thus, the varied age distributions among morphs does not appear to drive 

the effects of allometry on body shape. The percent correct classification for each of the six pairs 

of sympatric benthic and pelagic morphs from the LDFA was higher when allometric effects 

were included in the body shape data (Figure 2.5). The most marked change occurred in Galtaból 

where the percent correct classification was 51% when allometric effects were minimized and 

100% when they were retained. 

Morphological parallelism across populations 

The retention of allometric effects in the body shape data generally increased the 

detection of parallel divergence (Table 2.3; Table S2.4). Of the 15 pairwise comparisons of 

divergence vectors from different populations, 10 were parallel with allometric effects 

minimized and 13 were parallel with allometric effects retained. All cases of non-parallelism 

involved divergence vectors from the Svínavatn population. The pairs of divergence vectors 
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within each of Svínavatn and Ϸingvallavatn are parallel regardless of whether allometric effects 

are minimized or retained.  

Variation in allometric relationships 

The relationship between body shape and size was highly significant (p < 0.001) in each 

of the polymorphic populations (morphs combined) but not in the monomorphic populations 

(Mjóavatn and Fljótaá) (p > 0.05) (Table S2.5). In polymorphic populations, the percentage of 

variation explained by the regression of all partial warp and uniform component scores on 

centroid size was 2.4% in Vatnshlíðarvatn, 3% in Svínavatn, 9.3% in Galtaból, and 20.7% in 

Ϸingvallavatn. Thus, allometry appears to explain more variation in the geographic population 

where the morphs are most morphologically differentiated from each other.  

We observed limited variation in the nature of the allometric relationship between body 

shape and size among morphs. Morphs did not differ significantly in the slope of the relationship 

and there were only two instances where the amount of body shape change per unit body size 

differed between morphs (Figure 2.6; Table S2.6; Table S2.7). In Ϸingvallavatn, the body shape 

of both benthic morphs varied more with size than in the pelagic morph.  

Discussion 

Using a comparative approach, we show that allometry affects parallel patterns of 

sympatric divergence of benthic and pelagic morphs of Icelandic Arctic charr. Our data are 

consistent with a model of repeated evolution of sympatric morphs in multiple localities in 

response to contemporary local selection given that sympatric morphs were genetically more 

similar to each other than to phenotypically similar morphs in other populations. Minimizing 

versus retaining allometry in statistical analyses of body shape variation affected our ability to 

detect differences between sympatric benthic and pelagic morphs and parallelism in 

morphological divergence across populations. In both cases, we detected significant 

morphological differences between sympatric morphs and parallel patterns of body shape 

divergence across the majority of populations. In combination with patterns of genetic 

population structure, this suggests that common patterns of divergent selection contribute to 
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morphological divergence along a benthic-pelagic axis in Icelandic Arctic charr. However, 

retaining allometric variation in body shape increased our ability to detect differences between 

sympatric morphs and the degree of parallelism among populations. These results and the 

observation that allometric relationships between body shape and size across morphs appeared to 

be in similar directions, suggests that allometric effects represent a form of developmental bias 

by influencing the evolutionary responses to local divergent selection. From this we suggest that 

the effects of developmental biases may be more prominent than previously thought in shaping 

phenotypic variation in populations undergoing adaptive divergence.  

 The effect of allometry on within population patterns of morphological variation suggests 

that the relationship between body shape with size may be the target of divergent selection. The 

observation that allometric relationships between body shape and size were only detected in 

populations with discrete resource-based morphs suggests that allometry may play a role in 

promoting sympatric divergence. Moreover, our statistical ability to detect morphological 

divergence between sympatric benthic and pelagic morphs was greater when allometric effects 

on body shape were retained. Evidence from studies of other organisms suggests that allometry 

can mediate a functional relationship between body shape and size with performance 

implications. For example, body size increases in carnivorous bats are associated with cranial 

and mandibular shapes that allow for increased bite force and gape width to handle larger prey 

items (Santana & Cheung, 2016). Similarly, cranial shape variation in birds of prey appears to be 

regulated by size and the functional implications of this allometric relationship has facilitated 

rapid morphological evolution (Bright et al., 2016). Accordingly, selection acting on the 

relationship between body shape and size could have contributed to the rapid morphological 

divergence of Icelandic Arctic charr during the last 10,000 years. Previous research on Icelandic 

Arctic charr has largely focused on body shape as the trait under selection (Gíslason et al., 1999; 

Parsons et al., 2011, 2010; Kristjánsson et al., 2011; Küttner et al., 2013; but see Franklin et al., 

2018) but our results suggest that body size also needs to be considered given its allometric 

association with shape through development.  

 Our results also suggest that allometry as a source of developmental bias has the potential 

to promote parallel evolutionary trajectories across populations. First, including allometric 
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variation in estimates of body shape increased the frequency of parallel divergence vectors 

across populations. Out of the fifteen pairwise comparisons of divergence vectors from different 

populations, four transitioned from non-parallel to parallel trajectories while one comparison 

showed the reverse pattern when allometric effects were considered. Second, the allometric 

slopes of the body shape-size relationship did not differ among morphs across populations which 

suggest shared or similar patterns of developmental biases. This supports previous work showing 

that allometric relationships do not appear to change over short evolutionary timescales, except 

when extreme selection is able to breakdown covariance relationships (Voje & Hansen, 2012; 

Voje et al., 2014; Bolstad et al., 2015). The ability to alter developmental biases through 

allometric scaling relationships depends on the degree of variation surrounding the relationship. 

For example, a change in the relationship between the filament and corolla tube lengths beyond 

that typically seen in wild radish (Raphanus raphanistrum) was only possible with strong 

selection pressures orthogonal to the relationship (Conner et al., 2011). Biases in the production 

of phenotypic variation may limit the degree of phenotypic variation that selection can then act 

upon (Hu et al., 2019). 

 Importantly, rapid phenotypic divergence may be the outcome of the interaction between 

developmental biases through ancestral trait covariance structure and divergent selection. This is 

evident from our tests of parallelism where the benthic-pelagic divergence in body shape 

(allometric variation minimized) was parallel across most populations and occurred more often 

when allometric variation was retained. Parallel divergence trajectories across populations can be 

interpreted as evidence for common selection pressures acting on phenotypic variation 

(Langerhans & DeWitt, 2004). Considering our results on the combined effects of selection and 

developmental biases it is most likely that the two processes are interacting to drive phenotypic 

divergence. More generally, selective processes and developmental biases are thought to interact 

through developmental plasticity, in which there are biases or constraints in the amount or 

origins of phenotypic variation that selection can then act on (Parsons et al., 2020; Uller et al., 

2020). For example, phenotypic novelty may emerge from developmental responses to 

environmental variation that become canalized over time due to selection (Casasa & Moczek, 

2019). Evidence for canalization of morphological variation has been observed in Icelandic 
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Arctic charr morphs where more ecologically specialized morphs show less variation and 

plasticity during development (Parsons et al., 2010, 2011). Plastic responses expressed during 

development generally require standing genomic variation and the integration of ancestral gene 

networks (Malagon & Khan, 2016; Hu et al., 2019; Linz et al., 2019). Limited diversity in 

developmental signaling pathways, through limited standing genomic variation, can restrict the 

amount of expressed phenotypic variation and bias it along similar evolutionary trajectories (Hu 

et al., 2019; Parsons et al., 2019). Further studies of the interaction of selection and 

developmental biases through a gene networks perspective is likely to be profitable in explaining 

parallel patterns of phenotypic diversification (Uller et al., 2018; Skúlason et al., 2019). 

Conclusions 

 We have highlighted the effects of allometry as a source of developmental bias on 

detecting, quantifying, and assessing parallelism in patterns of sympatric morphological 

divergence across multiple populations of Icelandic Arctic charr. We find empirical support for a 

common pattern of divergent selection across a benthic-pelagic ecological axis that acts on 

morphology, and that morphological variation is strongly shaped by allometric effects that could 

facilitate rapid evolutionary responses. The role of allometry in adaptive divergence has been 

largely overlooked even though body size divergence is a common feature in many organisms. 

Our data suggest that allometric scaling relationships have the potential to affect individual 

performance, shape the amount and nature of phenotypic variation available for selection, and 

reflect important trait covariance structure that can strongly influence evolutionary processes. 

Further studies of the role of development in adaptive divergence and speciation are likely to be 

very productive. 
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Tables and Figures 

Table 2.1. Sample sizes of Arctic charr from six sampling geographic locations (populations) in 

Iceland from late August to early November in 2013, 2014, and 2015. Literature descriping the 

morphology of each morph is cited in the text. The more specific descriptors that have been used 

in the literature to name a morph from a given lake are also given. 
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Population Coordinates 
Specific 

descriptor 
Morph 

Morphology 

N 

Microsatellite 

N 

Mean 

body 

size (cm) 

+/- SD 

Morphology 

Fljótaá 

Latitude: 

65˚56ʹ99ʹʹN 

Longitude: 

19˚00ʹ36ʹʹW 

None Pelagic 51 55 
32.9 +/- 

2.99 

Medium-large body 

size, terminal 

mouth, dark dorsal 

with red/orange 

ventral colouration 

Galtaból 

Latitude: 

65˚16ʹ0ʹʹN 

Longitude: 

19˚43ʹ60ʹʹW 

Small benthic Benthic 52 105 
19.4 +/- 

3.21 

Small body size, 

subterminal mouth, 

dark colouration, 

parr marks 

Piscivorous Pelagic 25 60 
35.4 +/- 

8.45 

Large body size, 

terminal mouth, 

large/narrow jaws, 

silver colouration 

Mjóavatn 

Latitude: 

65˚15ʹ34ʹʹN 

Longitude: 

19˚48ʹ31ʹʹW 

None Benthic 50 49 
37.9 +/- 

4.39 

Large body size, 

sub-terminal 

mouth, dark 

colouration 

Svínavatn 

Latitude: 

65˚12ʹ0ʹʹN 

Longitude: 

20˚1ʹ0ʹʹW 

Large benthic Benthic 26 26 
35.3 +/- 

6.85 

Large body size, 

subterminal mouth, 

dark dorsal and 

red/orange ventral 

body colouration 

Planktivorous Pelagic 1 74 70 
24.2 +/- 

2.51 

Medium body size, 

terminal mouth, 

silver colouration 

Piscivorous Pelagic 2 66 63 
27.0 +/- 

1.79 

Medium body size, 

terminal mouth, 

large/narrow jaws, 

dark colouration 

Þingvallavatn* 
Latitude: 

64˚18ʹ33ʹʹN 
Large benthic 

Benthic 

1 
53 60 

35.1 +/- 

5.85 

Large body size, 

subterminal mouth, 

dark dorsal and 
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Longitude: 

21˚15ʹ00ʹʹW 

red/orange ventral 

body colouration 

Small benthic 
Benthic 

2 
55 55 

11.2 +/- 

3.00 

Small body size, 

subterminal mouth, 

dark colouration, 

parr marks 

Planktivorous Pelagic 58 58 
18.5 +/- 

2.78 

Medium body size, 

terminal mouth, 

silver colouration 

Vatnshlíðarvatn 

Latitude: 

64˚31ʹ0ʹʹN 

Longitude: 

19˚37ʹ0ʹʹW 

Brown Pelagic 61 61 
19.0 +/- 

3.71 

Large body size, 

terminal mouth, 

dark colouration 

Silver Benthic 70 66 
21.8 +/- 

3.55 

Smaller body size, 

subterminal mouth, 

silver colouration 
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Table 2.2. The effects of population and morph on body shape variation within and across six populations of Icelandic Arctic charr. 

Nested non-parametric MANCOVA were performed on partial warp and uniform component scores and age was used as a covariate. 

The analysis was performed with allometry statistically minimized or retained. See text for details of statistical analyses. 

 

 

 

 

Allometry minimized Allometry retained 

Population Fixed factors 

Degrees 

of 

freedom 

F-statistic P-value 

Variance 

explained 

(%) 

Degrees 

of 

freedom 

F-statistic P-value 

Variance 

explained 

(%) 

Galtaból 

Morph 1 5.12 0.001 6.39 1 20.42 0.001 21.32 

Age 1 1.59 0.12 1.98 1 1.94 0.05 2.02 

Morph * Age 1 0.42 0.96 0.52 1 0.41 0.95 0.42 

Svínavatn 

Morph 2 10.87 0.001 10.07 2 13.52 0.001 14.12 

Age 1 2.39 0.04 1.11 1 0.90 0.45 0.47 

Morph * Age 2 2.89 0.009 2.68 2 1.82 0.05 1.90 

Ϸingvallavatn 

Morph 2 33.93 0.001 23.21 2 47.98 0.001 36.99 

Age 1 2.13 0.60 0.73 1 1.27 0.26 0.49 

Morph * Age 2 2.18 0.02 1.49 2 1.11 0.32 0.86 

Vatnshlíðarvatn 

Morph 1 4.93 0.002 3.74 1 7.73 0.001 5.75 

Age 1 1.20 0.25 0.91 1 0.94 0.48 0.70 

Morph * Age 1 1.68 0.09 1.27 1 1.69 0.08 1.26 
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Table 2.3. The effects of allometry on quantitative tests of parallelism of morphological 

divergence between pairs of sympatric benthic and pelagic morphs from four populations (T = 

Ϸingvallavatn, S = Svínavatn, V = Vatnshlíðarvatn, G = Galtaból) of Icelandic Arctic charr. 

Morphological divergence between a given pair of morphs was quantified by calculating a 

divergence vector (see text for details).  Two divergence vectors were considered parallel (P) if 

their 95% confidence intervals of the two vector angles overlapped (NP = non-parallel). Results 

based on shape variation where allometric effects are minimized are shown above the diagonal 

line within each box, while results based on the retention of allometric variation are shown below 

the diagonal line. 

 

Population: 

morph pair 

G: 

Benthic-

Pelagic 

S: Benthic-

Pelagic 1 

S: Benthic-

Pelagic 2 

T:  

Benthic 1-

Pelagic 

T:  

Benthic 2-

Pelagic 

V: Benthic-

Pelagic 

G: 

Benthic-

Pelagic 

- 
P  

                P 
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                P 
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                P 
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                P 
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                P 

S: Benthic-

Pelagic 1 
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                P 
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                P 

NP 

                P 
NP 

                P 
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Pelagic 2 
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NP 

                P 

NP 

              NP 

NP 

                P 

T: Benthic 

1-Pelagic 
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T: Benthic 

2-Pelagic 
    - 
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              NP 
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Benthic-

Pelagic 
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Figure 2.1. 

Predicted effects of allometric variation on the ability to detect morphological differences 

between benthic and pelagic morphs and parallelism of phenotypic divergence among 

populations of Icelandic Arctic charr. See methods for details of associated statistical analyses. 

A) The major pattern of phenotypic variation within independent populations corresponds to the 

expected benthic-pelagic axis of morphological variation. The location of an individual along 

that axis is quantified by its score along principal component 1 (greatest axis of variation). 

Populations might vary in body shape divergence along principal component 2 due to 

environmental differences. Thus, the location of each population along axis 2 is arbitrary. 

Populations are designated with different colours and morphs with different shapes (circle = 

benthic; triangle = pelagic). B) Allometry affects the degree of phenotypic divergence between 

pairs of sympatric benthic and pelagic morphs. Divergence between sympatric morphs is 

quantified by the overlap in the scores of individual benthic (blue) and pelagic (red) fish along 

the axis of greatest morphological discrimination estimated with a linear discriminant function 

analysis (LDFA). Circles indicate means while horizontal lines are medians. C) Allometry 

affects the degree of parallelism of morphological divergence across populations (more parallel - 

left panel; less parallel (non-parallel) - right panel). An increase in the number of parallel 

divergence vectors when allometric effects are retained would suggest that allometry is a source 

of developmental bias. Morphs are indicated with different shapes (circle = benthic; triangle = 

pelagic). D) Variation in the slope of the allometric relationship between body shape and size 

among benthic (shades of blue) and pelagic (shades of red) morphs. The detection of significant 
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allometric effects coupled with a similar allometric slopes in sympatric morphs from different 

populations (e.g. populations 1 and 2) would suggest that allometry could be a source of 

developmental bias. 
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Figure 2.2. A) Sampling locations of six populations of Icelandic Arctic charr. B) The location 

of twenty-five homologous landmarks used to characterize body shape variation in six 

populations of Icelandic Arctic charr. Landmarks 23-25 were only used for the unbending 

protocol. Fork length, a measure of body size, is also shown and is the measure from the tip of 

the snout to the fork of the tail. 
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Figure 2.3. A) A neighbor-joining tree of Icelandic Arctic charr based on Cavali-Sforza genetic 

distances calculated from allele frequencies at nine microsatellite loci. North American Fraser 

strain Arctic charr were used as an outgroup. B) The output from STRUCTURE where the 

optimal k-value, indicating 13 distinct genetic groupings within the data. The first letter in each 

abbreviation corresponds to the population (T = Ϸingvallavatn, S = Svínavatn, V = 

Vatnshlíðarvatn, G = Galtaból) and morph is indicated after the hyphen (B – benthic; P – 

pelagic). 
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Figure 2.4. The scores on the first two principal component axes with allometric variation A) 

minimized and B) retained of individual Arctic charr from six populations. Wire frame 

depictions of the range of body shape variation on each axis at 1.5x exaggeration. Mean scores 

for benthic and pelagic morphs are represented as circles and triangles, respectively, while 

monomorphic populations are represented as squares. Each population is represented by a 

different colour: Galtaból – Brown, Vatnshlíðarvatn – orange, Svínavatn – green, Ϸingvallavatn 

– dark yellow, Mjóavatn – blue, Fljótaá – red. 
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Figure 2.5. Linear discriminant function scores from analysis of partial warp and uniform 

deformation scores on individual benthic (blue) and pelagic (red) fish from four populations of 

Icelandic Arctic charr. The analyses were done with allometric variation excluded A) and 

included B). The percentages in each panel are the percentage of individuals assigned to the 

correct group. Circles indicate mean values and horizontal lines are median values. 
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Figure 2.6. The allometric relationship between body shape (Procrustes distance) and size 

(centroid size) of morphs of Icelandic Arctic charr from four polymorphic populations. 

Allometric relationships for each morph across four polymorphic populations (T = Ϸingvallavatn, 

S = Svínavatn, V = Vatnshlíðarvatn, G = Galtaból). This graph shows the similarities in 

allometric slopes and variation in magnitude of allometric effect across morphs. Benthic morphs 

are shown using circles and shades of blue/purple, while pelagic morphs are shown using 

triangles and shades of red/yellow. 
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Chapter 3: Differential resource use facilitates phenotypic specialization and 

reduced gene flow between sympatric benthic and pelagic morphs of Icelandic 

Arctic charr (Salvelinus alpinus) 

Abstract 

Adaptive divergence in sympatry is predicted to require differential resource use, phenotype-

environment correlations, and reduced gene flow among diverging phenotypes. However, while 

these requirements have been inferred from past studies, direct connections among these aspects 

have not been established at an individual level. Therefore, we assessed each of these 

requirements using Arctic charr (Salvelinus alpinus) sampled from six Icelandic localities that 

have undergone varying degrees of divergence into sympatric benthic and pelagic morphs. We 

characterized morphological variation with geometric morphometrics, tested for differential 

resource use between morphs using stable isotopes, and inferred the amount of gene flow with 

single nucleotide polymorphisms. This approach provided a number of direct insights with stable 

isotopic signatures indicating that sympatric morphs had similar differences in resource use 

across populations likely arising from the common utilization of niche space within each 

population. Carbon isotopic signature was also a significant predictor of body shape and size, 

suggesting that performance trade-offs are associated with benthic-pelagic resource use. 

Sympatric benthic and pelagic morphs from different populations varied in the degree of gene 

flow but most fish had genotypes (ancestry coefficients) characteristic of pure morphs indicating 

reduced gene flow. Carbon isotopic signature was a significant predictor of ancestry coefficient 

suggesting a causal link between divergence in resource use and reductions in gene flow between 

benthic and pelagic morphs. The effects of resource use and gene flow on body shape variation 

appear to differ across populations. Given the ability to directly assess relationships between 

each of phenotype, ecology, and genetics we provide significant insight into how ecological 

opportunity promotes adaptive divergence in sympatry. 
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Introduction 

Understanding the interaction of factors that influence adaptive divergence remains one 

of the most challenging problems in evolutionary biology. For example, adaptive divergence in 

the face of gene flow is thought to require three essential elements related to the concept of 

ecological opportunity (Wellborn & Langerhans, 2014). First, multiple niche spaces must be 

available and utilized by a colonizing population and have the quality to promote divergent 

selection (Reznick & Ghalambor, 2001; Losos, 2010). Second, performance trade-offs between 

habitats and utilized niche spaces must lead to variation in resource related performance and 

promote phenotypic specialization on resources (Schluter, 1995; Stroud & Losos 2016). Third, 

gene flow between diverging sub-populations must decrease due to the build-up of reproductive 

isolating mechanisms, which may stem from limited dispersal between habitats and/or 

mismatches in mating due to the ecology of each habitat (Yoder et al., 2010; Wellborn & 

Langerhans, 2014). Determining how these elements interact, and perhaps reinforce each other, 

to promote phenotypic divergence across multiple populations will allow us to better understand 

how sympatric adaptive divergence occurs in nature.  

In cases of adaptive divergence, niche availability is often indirectly inferred by the 

differential resource use of phenotypically discrete sub-populations (morphs) that appear to be 

diverging in response to habitat heterogeneity (Wellborn & Langerhans, 2014). Novel 

environments such as those that emerge in lakes after glacial retreat may provide multiple open 

niche spaces (ecological opportunities) with available trophic resources utilized by recolonizing 

individuals (Robinson & Wilson, 1994; Siwertsson et al., 2010; Ribeiro et al., 2018). 

Colonization of localities with comparable resources and ecological opportunities should result 

in similar (i.e., parallel) patterns of habitat utilization and phenotypic variation (Wellborn & 

Langerhans, 2014). Parallel patterns of differential resource use are often associated with similar 

patterns of phenotypic differentiation due to resource specialization in fishes of many northern 

lakes (Siwertsson et al., 2013b; Berchtold et al., 2015; Franklin et al., 2018; Häkli et al., 2018). 

However, the availability of resources (amount of open niche space) will vary due to local or 

population specific factors causing variation in resource use across populations (Jonsson & 

Skúlason, 2000; Parent and Crespi, 2009; Arlettaz et al., 2017; Atuo & O’Connell 2017). This in 
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turn can lead to phenotypic outcomes where populations occupy different positions along a 

continuum of phenotypic divergence (Manousaki et al., 2013; Siwertsson et al., 2013a; Bolnick 

et al., 2018). Recent studies of relatively young adaptive radiations indicate that the extent of 

phenotypic divergence and resource specialization can be predicted by ecosystem size (Lucek et 

al., 2016; Doenz et al., 2019; Jacobs et al., 2020). However, uncertainty remains as to how 

variation in resource use impacts phenotypic outcomes across replicate populations. The ability 

to generalize such relationships may allow for better predictions of the nature and outcomes of 

adaptive divergence.  

The presence of phenotype-environment correlations such as those between body shape 

and resource use can indicate the existence of performance trade-offs between habitats (Harrod 

et al., 2010; MacColl, 2011; Arnegard et al., 2014; Wellborn & Langerhans, 2014; Stroud & 

Losos, 2016; Camacho & Hendry, 2020). Performance trade-offs often occur along 

environmental gradients where diverging sub-populations are specialized to utilize a particular 

habitat specific resource (Schluter, 2000; Edelaar et al., 2008; Widmer et al., 2020). Body shape 

dependent resource use arises as morphologically intermediate individuals are expected to 

compete poorly for an alternative set of resources due to physical constraints leading to reduced 

fitness. However, phenotypic differences can arise and persist in sympatry through phenotypic 

plasticity or matching habitat choice of phenotypes (Edelaar et al., 2017; Nicolaus & Edelaar, 

2018). These factors, plus observations from studies that focus on variation at the inter-

individual level, are not necessarily consistent with the existence of performance trade-offs 

(Franklin et al., 2018) and indicate that we do not fully understand how adaptation to alternative 

habitats proceeds in natural populations.  

 While resource specialization in response to habitat heterogeneity should promote 

adaptive divergence, a reduction in gene flow between habitats is required for progress towards 

ecological speciation or for the maintenance of genetically divergent phenotypes (Rundle & 

Nosil, 2005; Smadja & Butlin, 2011; Kulmuni et al., 2020; Öhlund et al., 2020). Large shifts in 

habitat divergence can strongly increase the degree of reproductive isolation between diverging 

sub-populations (Muschick et al., 2020). Reproductive isolation can arise through an increase in 

assortative mating if diverging sub-populations are exposed to environmental differences that 
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result in varied timing and location of reproduction thus decreasing the likelihood of gene flow 

(Skúlason et al., 1989; Devaux & Lande, 2009; DeRito et al., 2010; Doenz et al., 2018; Ferris & 

Willis, 2018). The observation that phenotypically diverged sub-populations are genetically 

differentiated is indicative of reduced gene flow (Le Moan et al., 2016; Seneviratne et al., 2016; 

Whitney et al., 2018a; Doenz et al., 2019) but does not necessarily indicate that habitat 

divergence is the underlying cause (Hendry & Taylor, 2004; Räsänen & Hendry, 2008). Studies 

that make direct linkages between the degree of habitat divergence and gene flow by assessing 

genetic admixture (Bittner et al., 2010; Seneviratne et al., 2016; Whitney et al., 2018a) provide 

compelling evidence that habitat divergence can indirectly lead to assortative mating and reduced 

gene flow (Hendry & Taylor, 2004; Räsänen & Hendry, 2008; Westram et al., 2018; Whitney et 

al., 2018a; Perini et al., 2020). However, assessing the relationships between habitat divergence 

and amount of gene flow within a population does not necessarily identify the exact reproductive 

isolating mechanism operating within a population (Kulmuni et al., 2020).  Moreover, ecological 

speciation may not always occur due to the interactions of selection and assortative mating 

(Servedio & Hermisson, 2020). 

In order to address some of the above knowledge gaps, we take advantage of a suitable 

model system. Icelandic Arctic charr (Salvelinus alpinus) provide a powerful opportunity to 

study the interacting ecological and evolutionary mechanisms that underlie adaptive divergence 

in the face of gene flow. Arctic charr have diverged into resource-based morphs after 

recolonization of post-glacial lakes within the last 10,000 years (Snorrason & Skúlason, 2004; 

Klemetsen, 2010). Benthic morphs typically have a sub-terminal mouth and a deep and stocky 

body while pelagic morphs have a terminal mouth and fusiform (torpedo) body shape (Snorrason 

et al., 1994; Gíslason et al., 1999; Jónsson & Skúlason, 2000). Benthic morphs feed on benthic 

invertebrates while pelagic morphs utilize zooplankton or fish resources (Malmquist et al., 1992; 

Jonsson & Skúlason, 2000; Knudsen et al., 2014, 2016). This pattern of phenotypic divergence 

along a benthic-pelagic ecological axis persists despite potential variation in evolutionary 

histories, such as post-glacial divergence in sympatry to pre-glacial divergence with post-glacial 

secondary contact (Feder et al., 2013), highlighting the prominent role of natural selection in 

promoting divergence (Jacobs et al., 2020). Associations between resource use and morphology 
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(Jonsson & Skúlason, 2000; Adams et al., 2003; Kristjánsson et al., 2011; Franklin et al., 2018; 

Doenz et al., 2019) suggests the presence of performance trade-offs between different habitats. 

Consequently, differential resource use is thought to be the agent of selection driving phenotypic 

divergence between benthic and pelagic morphs (Skúlason & Smith, 1995; Smith & Skúlason, 

1996). These ideas combined with known genetic differentiation between sympatric morphs 

(Gíslason et al., 1999; Arbour et al., 2011; Kapralova et al., 2011; Guðbrandsson et al., 2019) 

leads to the hypothesis that differential resource use results in habitat divergence and reduced 

gene flow through assortative mating. Assortative mating could arise because of variation in 

timing, location, and depth of spawning between morphs due to the ecological characteristics of 

each habitat (Skúlason et al., 1989; Sandlund et al., 1992). Regardless of the inferred linkages 

among morphology, resource use, and genetic differentiation in this species, studies directly 

assessing interactions among these factors are rare. 

Therefore, we tested relationships among body shape and size, resource use, and gene 

flow in populations of Icelandic Arctic charr that vary in phenotypic divergence to assess 

requirements for adaptive divergence as the result of ecological opportunity. First, we tested if 

sympatric benthic and pelagic morphs differ in resource use as measured by stable isotopic 

signatures and if the pattern is similar across lakes. Common patterns of resource use across 

lakes is due to morphs utilizing similar niche space along an ecological benthic and pelagic axis. 

Second, resource use, if the presumed agent of selection, would be a significant predictor of body 

shape and size, the presumed targets of selection. The detection of phenotype-resource use 

relationships would provide evidence for performance trade-offs associated with phenotypic 

divergence in benthic and pelagic habitats. Third, using single nucleotide polymorphisms 

(SNPs), we characterized genetic population structure to better understand the geographic 

context of divergence. If morphs have evolved in sympatry, there will be greater genetic 

similarity of sympatric morphs to each other than to the same morph in other populations. 

Fourth, we tested if habitat divergence is associated with reduced gene flow between morphs due 

to ecologically based reproductive isolating mechanisms, predicting that stable isotopic 

signatures are significant predictors of genetic ancestry (benthic or pelagic in origin). Lastly, we 

utilized a comparative approach to test the relative effects of resource use and gene flow on body 
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shape variation across populations. Together, we provide a highly integrative and novel approach 

that allowed us to connect individual-based variation in body shape and size to resource use and 

genotype under the umbrella of a single study. This rare opportunity significantly advances how 

individual level variation in body shape and size, the presumed targets of selection, contributes to 

the evolution of resource-based morphs.  

Methods 

Sampling 

We sampled 379 adult Arctic charr caught between 2013-2015 from six lakes (designated 

as populations hereafter) in Iceland (Table 3.1). Fish were caught during their spawning periods 

using gill nets with mesh sizes ranging from 5-50mm. We collected fish from four polymorphic 

populations: Galtaból, Svínavatn, Ϸingvallavatn, and Vatnshlíðarvatn and single morphs from 

each of Mjóavatn (vatn means lake in Icelandic) and the river population Fljótaá (see Table 3.1 

for sample sizes). For the present analysis, we classify each morph as either benthic or pelagic 

rather than the more specific descriptors used in previous studies (Table 3.1). Classification was 

based on body shape, body size, craniofacial features, and colouration as described previously 

(Skúlason et al., 1989; Skúlason, Noakes, & Snorrason, 1989; Sandlund et al., 1992; Snorrason 

et al., 1994; Skúlason et al., 1999; Gíslason et al., 1999; Jónsson & Skúlason, 2000). We 

collected a pair of benthic and pelagic morphs from each of Galtaból and Vatnshlíðarvatn and 

two different benthic morphs and a pelagic morph from Ϸingvallavatn (adequate numbers of a 

second pelagic morph were unavailable). Svínavatn has been reported to contain one benthic 

morph and two pelagic morphs (Gíslason et al., 1999) but based on our current genetic analysis 

(see below) the two pelagic morphs were indistinguishable. Thus, we combined the two pelagic 

morphs and considered them collectively for all analyses involving body shape, body size, stable 

isotope signatures and genetic admixture. Fish were photographed on their left side, fork length 

was measured (from the tip of the snout to the fork of the tail), and white muscle tissue was taken 

for stable isotope and genetic analyses. 
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Body shape and size 

Morphological variation was quantified using landmark-based geometric morphometrics. 

The analysis was based on 25 landmarks placed on individual images (TpsDig (Rohlf, 1990)). 

Landmarks 1, 22-25 were used to remove variation due to characteristic U-shaped bending of the 

dorso-ventral body axis often observed in dead specimens that is not related to natural body 

shape variation (TpsUtil (Rohlf, 1990)). Landmarks 23-25 were then removed and not used in 

further analyses. A generalized Procrustes superimposition (GPA) was performed to remove 

effects of scale, rotation, and translation for all specimens using Coordgen8, part of the IMP8 

software (Sheets, 2014). As is typical in such studies, the effects of allometry (Klingenberg, 

2007; Klingenberg, 2016) and sex were minimized from the body shape data (see supplementary 

methods) to focus on phenotypic variation related to habitat and resource use. After minimization 

of allometric and sex effects, the Procrustes landmark coordinates were input into PCAgen8 

(Sheets, 2014) to obtain body shape data based on partial warp and uniform component scores. 

These scores describe body shape changes localized to a specific region of the body or those 

occurring uniformly across the body (Zelditch et al., 2004). 

Stable isotopes 

Carbon (δ13C) and nitrogen (δ15N) stable isotopic signatures were used as a proxy for 

resource use (Post, 2002). Organisms that consume benthic prey are expected to have higher 

δ13C isotopic signatures than those that consume pelagic prey. The δ15N isotopic signature was 

used to infer the trophic level of prey items where those from a higher trophic level typically 

have a higher δ15N signature than those at a lower trophic level. White muscle was dried at 60°C 

for 48 hours and samples were homogenized, weighed to 1.25mg of tissue, and placed into tin 

capsules. The samples were processed with a continuous flow elemental analysis-isotope ratio 

mass spectrometer (Themo Finnigan Delta with Elementar vario ISOTOPE cube). An 

internationally known internal standard of Mussel tissue (NIST-2976) was used to standardize 

carbon and nitrogen measurements to a known reference. δ13C values were lipid normalized 

using the equation: δ13Cnormalized = δ13Cuntreated – 3.32 + 0.99 x C:N, to account for effects of lipids 

on δ13C for aquatic organisms (see Post et al., 2007). Stable isotopic signatures of reference prey 
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baselines were not analyzed in this study as our goal was not to assign morphs to specific 

resource niches, but instead to evaluate whether fish from different similar lakes showed similar 

patterns of resource use.  

Single nucleotide polymorphisms (SNPs) 

 Characterization of genetic population structure and inferences about gene flow between 

pairs of benthic and pelagic morphs were determined from the distribution of single nucleotide 

polymorphisms (SNPs). Using a phenol-chloroform extraction (Taggart et al., 1992; Bardakci & 

Skibinski, 1994), DNA was isolated from the white muscle of 371 of the 379 individuals whose 

morphology was characterized (Table 3.1). DNA purity was assessed using a NanoDropTM ND-

8000 spectrophotometer and samples with high 260/230 readings were treated with a genomic 

DNA cleanup protocol. DNA concentrations were determined using a Qubit 2.0 Fluorometer and 

10 ng/ml samples genotyped with an Arctic charr 87K Affymetrix SNP array (Nugent et al., 

2019). The Axiom Analysis Suite (Version 3.1.5.1) was used to process the genotypic data 

following the best practice workflow specified by Affymetrix. This included specifying a diploid 

genome, each individual must have available genotypes for at least 82% of the SNPs on the 

array, the call rate for a particular SNP used in the analysis must be greater than 97% across all 

samples, and the average call rate for individual samples across all SNPs must be greater than 

98%. A total of 14,187 polymorphic and recommended SNPs were obtained for 369 of 371 

individuals genotyped. One fish from Mjóavatn and a pelagic morph individual from 

Ϸingvallavatn had low quality genotypic information and were not used in subsequent analyses.  

Data analyses 

 Data analyses were conducted using R statistical software (version 3.4.3, R core team 

2017) unless indicated otherwise. Most analyses were only performed with the four polymorphic 

populations (Galtaból, Svínavatn, Ϸingvallavatn, Vatnshlíðarvatn) and not the two monomorphic 

populations (Fljótaá and Mjóavatn) as our aim was to assess the relationships among resource 

use, morphology, and genotype for individual pairs of sympatric morphs. The two pelagic 

morphs in Svínavatn were combined for all analyses with morphological and isotopic data as 
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they were not genetically differentiated (see results). In total, five pairs of sympatric morphs 

were available for evaluation – one pair in each of Galtaból, Svínavatn, Vatnshlíðarvatn and two 

in Ϸingvallavatn.   

(a) Morphological divergence 

We assessed the degree of morphological differentiation between pairs of sympatric benthic 

and pelagic morphs with linear discriminant function analyses (LDFA). We used LDFA as it 

generates an LDFA score for each individual along the primary morphological axis that 

differentiates a pair of benthic and pelagic morphs. Other approaches generate multiple axes of 

morphological variation that may not relate directly to the environmental gradient that underlies 

adaptive divergence in this species. The LDFA axis utilizes all available body shape information, 

not a subset of variation along separate axes.  

For each pair of sympatric morphs, LDFA’s were performed on all partial warp and uniform 

component scores using morph as the grouping variable. Percentages of correct classification 

into benthic and pelagic morphs was determined using a leave one out cross validation. LDFA’s 

were performed using the lda function in the MASS package (Venables & Ripley, 2002). We 

then tested whether fork length differed among the three morphs in Ϸingvallavatn with one-way 

ANOVA (aov function) followed by Tukey’s HSD (TukeyHSD function) and among the two 

morphs in each of Galtaból, Svínavatn, and Vatnshlíðarvatn with two sample t-tests (t.test 

function). 

(b) Patterns of resource use 

Given that niche breadth and variance in resource use should increase as populations 

diverge into benthic and pelagic morphs from historically monomorphic populations, we 

assessed if the four polymorphic and two monomorphic populations differed in the variance of 

resource use. For this analysis, all fish from a population were examined collectively (not 

subdivided by morph) and their variance in carbon and nitrogen signatures was compared to that 

of another population using Levene’s test (leveneTest function).  
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We evaluated within population variation in resource use by determining if δ13C and δ15N 

isotopic signatures differed between sympatric benthic and pelagic morphs. We expected that 

benthic morphs would have stable isotopic signatures associated with the consumption of benthic 

prey (higher δ13C signatures) than fish consuming pelagic prey. We also expected that benthic 

morphs would have a lower δ15N isotopic signature as they typically consume prey from lower 

trophic levels than pelagic morphs. Given that Ϸingvallavatn has three morphs, a one-way 

ANOVA was performed with the aov function:  

 Isotopic signature ~ Morph 

Tukey’s HSD test was then used to determine which pairs of morphs differed in δ13C or δ15N 

isotopic signatures (TukeyHSD function). We tested for significant differences between the pairs 

of benthic and pelagic morphs in each of Galtaból and Vatnshlíðarvatn with two sample t-tests 

(t.test function).  

 We assessed whether benthic and pelagic morphs from the four polymorphic populations 

diverged along similar environmental gradients of resource using linear mixed effect models. 

The models were calculated using the lme4 R package (Bates et al., 2014), where morph type 

(benthic or pelagic) and the alternative isotopic signature were included as fixed effects. The two 

benthic morphs from Ϸingvallavatn were combined as morphs of the same type should be 

utilizing similar types of resources, which was confirmed as they did not differ in δ13C isotopic 

signatures (see results). Population was treated as a random effect to account for across 

population isotopic variance and allow for the generalization of results across populations. The 

alternative stable isotope signature was included to account for the inherent covariance between 

the two stable isotopic signatures. The lme4 models were specified as:  

δ13C ~ Morph type + δ15N + (1|Population)  

δ15N ~ Morph type + δ13C + (1|Population) 
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The results for each model were visualized by regressing the isotopic response variable on the 

fixed isotope factor. The predicted lines of best fit for the models were then overlaid the type of 

morph.  

(c) Predicting body shape and size from resource use 

We tested whether resource use was a significant predictor of body shape and size across 

all individuals within a pair of sympatric benthic and pelagic morphs. Resource use was the 

predictor variable as it is the presumed agent of selection while body shape and size, the 

response variables, are the presumed targets of selection. We determined whether δ13C and δ15N 

isotopic signatures predicted body shape (linear discriminant scores from LDFA) and size (fork 

length) with two sets of linear regression models (lm function). We expected that fish with 

higher δ13C and lower δ15N isotopic signatures would have more benthic body shapes (more 

positive LDFA scores) than those that consume more pelagic prey items. Combining all benthic 

and pelagic individuals per morph within a single regression analysis allowed us to infer the 

amount of morphological variation explained by resource use (see Magalhaes et al., 2016). 

Analyses were performed for each benthic and pelagic morph pair where there were two analyses 

of shape and two of size for Ϸingvallavatn and one for each of shape and size in Galtaból, 

Svínavatn, and Vatnshlíðarvatn. The linear regression models for each benthic-pelagic morph 

pair were:  

Body shape ~ δ13C + δ15N 

Body size ~ δ13C + δ15N  

We tested whether either body shape or size showed linear or non-linear relationships with 

isotopic values by comparing AIC values for each model type (Burnham et al., 2011; Murtaugh, 

2014). Non-linear models had the same model structure but were specified as quadratic and 

cubic by squaring or cubing each fixed factor (poly function). ΔAIC values were calculated to 

compare the relative strength of each model, where the highest ranked model (lowest AIC score) 

received a value of zero and from this the difference between model specific AIC values was 

calculated. The ΔAIC values were compared for each model using a cut off value of two to 
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determine model fit (Symonds & Moussalli, 2011). Models with a value greater than two had 

weaker support than the top ranked model and ΔAIC values less than or equal to two were given 

equal support. If two models had equal support the least complex model was chosen (for 

example, a preference for a linear relationship was given over a non-linear relationship).  

(d) Population genetic structure 

We characterized genetic population structure across all populations to determine the 

degree of genetic differentiation between sympatric morphs and if sympatric morphs are more 

closely related compared to similar morphs across populations. Although studies of Icelandic 

Arctic charr have detected these patterns of genetic variation within and among morphs 

(Gíslason et al., 1999; Kapralova et al., 2011), we repeated the analyses given that the increased 

number of genetic markers used here might provide increased resolution of genetic relationships. 

Genetic diversity within morphs was estimated by the number of polymorphic SNPs (customs R 

scripts and PLINK ver. 1.07 (Purcell et al., 2007)), expected (He) and observed (Ho) 

heterozygosity and nucleotide diversity (π) with Arlequin ver. 3.5.2.2 (Excoffier & Lischer, 

2010). We determined the number of distinct genetic groups (K) across all populations without a 

priori morph identification using sparse non-negative matrix factorization (sNMF) (Frichot et al,. 

2014) implemented in the R package LEA (Frichot & François, 2015). We tested K values from 

1 to 15, the number of repetitions was set to 50 and default settings were used for all other 

parameters to avoid under- or over-estimation of admixture (Rougemont & Bernatchez, 2018). 

The optimal K value was determined by finding the minimum cross entropy coefficient (Frichot 

et al., 2014). We the determined whether the identified genetic groups corresponded to morph as 

identified in the field. We visualized the relationships among genetic groups/morphs with a 

principal component analysis (PCA), using pcadapt (Luu et al., 2017), based on mahalanobis 

distances and a MAF cut off of 0.01followed by the broken-stick method to confirm the number 

of genetic groups. PCA was then performed on each polymorphic population separately to 

determine if populations diverged due to benthic and pelagic morph descriptions. Lastly, to 

further assess genetic relationships among morphs across populations, we constructed a neighbor 

joining tree using an unweighted pair group method (UPGMA) based on Nei’s genetic distances 

followed by a 1000 bootstrap resampling with the adegenet (Jombart, 2008) and poppr (Kamvar 
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et al., 2014) packages. The phylogenetic tree was then visualized using ape (Paradis et al., 2004) 

and ggtree (Yu et al., 2017).  

(e) Genetic admixture and predicting genetic ancestry from resource use 

We inferred the amount of genetic admixture between pairs of sympatric benthic and 

pelagic morphs by determining the proportion of genetic membership of each individual that was 

of benthic or pelagic origin (ancestry coefficient, q-value). To achieve this, we conducted sNMF 

(Frichot et al., 2014) analysis for each of the four polymorphic populations with K values 

ranging from 1 to 5. Individual analyses were performed for each of the two pairs of benthic and 

pelagic morphs in Ϸingvallavatn. We interpreted that a q-value approaching 1.0 indicated that a 

high proportion of the genome of benthic ancestry in an individual while, q-values approaching 0 

indicated that a high proportion of the genome was of pelagic ancestry within an individual. We 

considered fish with values less than 0.25 and greater than 0.75 to have ‘pure’ morph genotypes 

and those with intermediate values as ‘hybrid’ genotypes (as denoted in Bittner et al., 2010). A 

distribution where most q-values are <0.25 and >0.75 suggests that admixture between a pair of 

benthic and pelagic morphs is low due to reduced gene flow.  

 We assessed if resource use predicted the proportion of individual genotypes that were of 

benthic or pelagic ancestry for each pair of sympatric benthic and pelagic morphs. Individuals 

with isotopic signatures corresponding to benthic or pelagic resource use would have ancestry 

coefficients near 0 or 1 which characterize benthic or pelagic ancestry, respectively. The 

detection of significant relationships would suggest that habitat divergence as inferred by 

differences in resource use is associated with less admixture and reduced gene flow. We 

implemented logistic (binomial) regression (glm function) rather than linear regression as 

benthic and pelagic morphs tended to have a binomial distribution in ancestry coefficients (see 

results). Within the glm function, we specified the regression family as quasibinomial as ancestry 

coefficients were generally binomial although they do not correspond to classic cases of 

binomial distributions (i.e. 0 vs 1; survival vs death). The implemented model was: 

 Ancestry coefficient ~ δ13C + δ15N 
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(f) Relative effects of differential resource use and gene flow on body shape divergence  

We assessed if resource use and gene flow have similar or contrasting effects on body 

shape variation. We regressed all partial warp and uniform component scores against δ13C and 

δ15N isotopic signatures using linear regression (lm function) for each benthic-pelagic pair. We 

performed a similar analysis by regressing ancestry coefficient on body shape. We used all 

partial warp and uniform component scores to describe body shape variation, instead of LDFA 

scores, to account for the covariance variance between the different all aspects of body shape 

variation. The LDFA scores also only represent divergence between identified groups whereas 

utilizing all partial warp and uniform component scores allowed for a finer scale investigation of 

body shape variation within each population. The linear regression models implemented were: 

 Partial warp and uniform component scores ~ δ13C 

Partial warp and uniform component scores ~ δ15N 

 Partial warp and uniform component scores ~ Ancestry coefficient 

We then obtained the fitted values of body shape for both sets of regression analyses. The fitted 

values were the predicted values of partial warp and uniform component scores based on the 

association to either stable isotope signature or ancestry coefficient. We then calculated an RV 

coefficient to compare the two sets of multivariate matrices (Josse & Holmes, 2016), using the 

coeffRV function in the FactoMineR package (Lê et al., 2008). RV coefficients are an extension 

of the Pearson correlation for multivariate data and are bounded between zero and one. As we 

were comparing very large matrices the probability of detecting a significant result was high, but 

since the RV coefficient is related to the Pearson correlation (Mukaka, 2012) we could use the 

size of the coefficient to evaluate the relative effects of resource use and gene flow on body 

shape (Ho et al., 2019; Dunkler et al., 2020). If the RV coefficient is non-significant or 

significant and close to zero, the fitted body shape values of the two matrices are uncorrelated 

suggesting that either the magnitude of resource use or genetic divergence has lower relative 

effects in partitioning body shape variation between benthic and pelagic morphs. If the RV 

coefficient is significant and approaches one, the fitted values of body shape between the two 
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matrices are highly correlated and resource use and gene flow have similar relative effects in 

partitioning body shape variation between benthic and pelagic morphs.    

Results  

Morphological divergence between benthic and pelagic morphs 

 Within population analyses verified that all five pairs of benthic and pelagic morphs 

differed in body shape but to varying degrees based on the percentage of correct classification 

from the LDFA (Figure 3.1A; Table S3.2). The benthic and pelagic morphs in Galtaból showed 

the greatest degree of overlap in body shape while the least overlap was detected between the 

benthic 1 and pelagic morphs in Ϸingvallavatn. Morph had a significant effect on fork length in 

Ϸingvallavatn (F2,96 = 325.9, p <0.001) and post-hoc testing showed that all three morphs 

differed significantly (Figure 3.1B; Table S3.2). Fork length also differed between benthic and 

pelagic morphs in Galtaból (t34.4 = 8.57, p <0.001), Svínavatn (t28.1 = 7.0, p = <0.001), and 

Vatnshlíðarvatn (t63.7 = -3.44, p = 0.001). 

Patterns of differential resource use 

 With morphs combined within a population, three of the four polymorphic populations 

showed significantly greater variance in δ13C isotopic signatures than both the two monomorphic 

populations (Figure 3.2A; Table S3.2). The variance of the δ13C isotopic signatures of 

Vatnshlíðarvatn (polymorphic) and Fljótaá (monomorphic) did not differ significantly. There 

were no consistent differences in the variance of δ15N isotopic signatures between monomorphic 

and polymorphic populations (Figure 3.2B; Table S3.2).  

Within all populations, benthic morphs had significantly higher δ13C stable isotope 

signatures than pelagic morphs as predicted (Figure 3.3A). Morph type was a significant fixed 

effect for Ϸingvallavatn (F2,2961.2 = 153.8, p < 0.001) and post-hoc testing indicated that the 

benthic and pelagic morphs in each pair differed significantly. Similar effects were detected 

between benthic and pelagic morphs in Galtaból (t1,48.1 = -3.3, p < 0.002), Svínavatn (t1,30.7 = 
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17.0, p < 0.001), and Vatnshlíðarvatn (t1,62.5 = -3.9, p < 0.001). The two benthic morphs in 

Ϸingvallavatn did not differ in δ13C signature.  

 Differences in δ15N signatures between sympatric benthic and pelagic morphs were 

smaller than those observed for δ13C signatures. δ15N signatures were significantly higher as 

predicted in benthic and pelagic morphs in four out of twelve (33%) comparisons (Figure 3.3B). 

Significant effects were found in Ϸingvallavatn (F2,11.4 = 11.7, p < 0.01) but only between the 

benthic 2 and pelagic morphs (p <0.01) and not the benthic 1 and pelagic morphs (p = 0.13). 

Significant effects were also observed in Svínavatn (t1,46.8 = -5.4, p < 0.001). However, morphs 

in Galtaból (t1,26.5 = 2.0, p = 0.06) and Vatnshlíðarvatn (t1,61.9 = 1.83, p = 0.07) differed 

marginally but in the same direction (higher δ15N signatures in the pelagic morphs as predicted) 

as observed in Svínavatn and Ϸingvallavatn. The two benthic morphs in Ϸingvallavatn differed 

significantly in δ15N signatures (p <0.05). 

Benthic and pelagic morphs from the four polymorphic populations showed consistent 

differences in δ13C signature based on a linear mixed effect model (Estimate = -6.68, T1,313.5 = -

13.39, p <0.001) (Figure 3.3C). The δ15N signature fixed effect was also significant (Estimate = 

1.33, T88.6 = -5.40, p <0.001). The entire model explained 10.0% of the variation in δ13C 

signature. A second model with δ15N signature as the response variable indicated no consistent 

differences between benthic and pelagic morphs across populations (Estimate = 0.20, T1,312.2 = 

1.61, p = 0.11) (Figure 3.3D). The δ13C signature fixed effect was significant (Estimate = -0.05, 

T313.3 = -4.67, p <0.001) and the model explained 6.7% of the variation in δ15N signatures across 

populations.  

Predicting morphological variation from resource use 

Variation in resource use was a significant predictor of body shape as predicted. Fish 

with higher δ13C signatures had higher LDFA scores in all five pairs of sympatric benthic and 

pelagic morphs (Figure 3.4A; Table S3.3). The relationship between δ13C signature and body 

size was significant in all lakes except Galtaból (Figure 3.4C; Table S3.3). Within Galtaból there 

was a significant non-linear relationship between δ15N signature and body shape indicating that 
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the pelagic morph utilized prey from both high and low trophic levels. The relationship between 

δ15N signature and fork length was significant in Galtaból and the benthic 2 and pelagic morphs 

in Ϸingvallavatn (Figures 3.4B&D; Table S3.3). The best supported models for both isotope 

signatures included linear and non-linear relationships depending on the response variable (body 

shape or size) and population (Table S3.4). The best supported linear or non-linear models for 

the effects of isotopic signature on body shape or size ranged in their effect sizes (adjusted r-

squared values). Effect sizes for models of isotopic signature predicting body shape ranged from 

0.096 in Vatnshlíðarvatn to 0.80 for the benthic 1 – pelagic morph pair in Ϸingvallavatn. The 

effect sizes for models predicting body size from isotopic signatures were smaller but less 

variable, ranging from 0.42 in Vatnshlíðarvatn to 0.69 for the benthic 1 – pelagic morph pair in 

Ϸingvallavatn (Table S3.3). 

Population genetic structure 

 For the 369 fish successfully genotyped, 14,187 SNPs were polymorphic in at least one 

population and 19% of these were polymorphic in all populations based on minor allele 

frequencies (MAF <0.001; PLINK 1.07 (Purcell et al., 2007)). The number of polymorphic SNPs 

varied between 4065 for the pelagic 1 morph in Svínavatn and 1772 for the pelagic morph in 

Galtaból (Table 3.2). Similarly, Svínavatn had the highest number of polymorphic SNPs and 

Galtaból the lowest. Likewise, morphs and populations varied in levels of genetic diversity and 

nucleotide diversity, which appears to be lowest in Galtaból and Ϸingvallavatn (Table 3.2). Fish 

from Vatnshlíðarvatn and Svínavatn (morphs combined) shared the greatest number of 

polymorphisms (2816) while Ϸingvallavatn and Mjóavatn shared the least (1292). 

We detected strong genetic structuring within and among populations. Eleven genetic 

groupings (K = 11) were detected from the sNMF test conducted on all fish from the six 

populations (Figure 3.5A; Figure S3.1). The genetic groups corresponded to morphs identified in 

the field except for the two pelagic morphs in Svínavatn. The analyses performed within 

populations returned the same genetic structure (Figure S3.2; Figure S3.3; Figure S3.4). Similar 

results were obtained from the PCA as the number of significant principal components was 

eleven (Figure S3.5). Ϸingvallavatn separated from the other populations along principal 
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component (PC) 1 (18.7% variance explained) while the other populations were distinguishable 

along PC 2 and PC 3 (Figure 3.5B&C). Galtaból and Svínavatn overlapped along PC2 but 

differed along PC3. PC2 and PC3 explain roughly similar amounts of genetic variation (13.6 and 

13.1%, respectively). PCAs performed within each polymorphic population indicated that 

populations are genetically structured along PC1, which corresponds to divergence of benthic 

and pelagic morphs (Figure S3.6). The neighbor joining tree also illustrates the high degree of 

differentiation among populations and the genetic affinity of sympatric morphs to each other 

rather than to similar morphs in other populations (Figure 3.5D).  

Genetic admixture and predicting genetic ancestry from resource use  

The majority of fish had ancestry coefficients of either benthic or pelagic ancestry based 

on the within population analyses of genetic structure with sNMF. Most ancestry coefficient 

values were either <0.25 or >0.75 and only 6.1% of fish had values suggestive of hybrids (Figure 

6A). However, the number of suggested hybrids varied between populations from zero in 

Galtaból to 15.6% in Vatnshlíðarvatn (2.2% in Svínavatn, 3.2% in Ϸingvallavatn: benthic 1-

pelagic, and 9.5% in Ϸingvallavatn: benthic 2-pelagic). This indicates that gene flow between 

sympatric morphs varies among populations.  

Resource use was highly associated with genetic ancestry. δ13C signature was a highly 

significant predictor of ancestry coefficient for all morph pairs, except for a marginal relationship 

in Galtaból (Figure 3.6A; Table S3.5). In contrast, δ15N signature was not a significant predictor 

of ancestry coefficient in any pair of benthic and pelagic morphs (Figure 3.6B; Table S3.5).  

Effects of differential resource use and gene flow on body shape variation 

The effects of resource use and gene flow on body shape variation differed across 

populations (Table 3.3). The degree to which resource use and genetic divergence had correlated 

effects on body shape variation appear to differ across polymorphic populations. The fitted body 

shape matrices from multiple linear regression analyses with stable isotopic signatures and 

ancestry proportions were significantly correlated based on the detection of significant RV 

coefficients in all populations (Table 3.3). The high RV coefficients for the benthic-pelagic 
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morph pairs in Ϸingvallavatn and Svínavatn indicate a strong correlation between the matrices, 

which suggests that resource use and genetic divergence are having effects of similar magnitude 

on body shape variation. In contrast, the RV coefficients were much smaller in Galtaból and 

Vatnshlíðarvatn indicating a weaker correlation between both matrices, suggesting differences in 

the effects of resource use and genetic divergence on body shape variation between benthic and 

pelagic morphs in these populations.  

Discussion 

 We provide evidence of differential resource use, phenotype-environment correlations 

and low levels of genetic admixture between sympatric morphs of Icelandic Arctic charr, all of 

which are important requirements for rapid sympatric adaptive divergence and potential 

speciation. We observed varied degrees of phenotypic, ecological, and genetic variation between 

sympatric morphs from different populations. However, phenotypic divergence in different 

populations appears to be occurring along a common benthic-pelagic environmental gradient in 

resource use. Resource use was also a significant predictor of body shape and size, which 

suggests the presence of phenotype-environment correlations, one of the requirements for 

performance trade-offs in prey capture efficiency. The distribution of single nucleotide 

polymorphisms between sympatric morphs and populations suggests the independent evolution 

of morphs within different lakes. Genetic admixture between sympatric morphs appears to vary 

across lakes indicating varied degrees of reproductive isolation. The amount of gene flow may be 

dependent on the degree of habitat divergence given that variation in resource use was a 

significant predictor of benthic and pelagic ancestry. The comparative analysis of RV 

coefficients suggests that resource use and gene flow have varied effects on body shape variation 

between benthic and pelagic morphs in different populations. Our results highlight the potential 

of ecological opportunity to promote adaptive divergence through our novel assessment of 

relationships among variation in morphology, resource use, and genetic admixture at the 

individual level.  
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Differential resource use  

Our results suggest that differential resource use has promoted divergence into benthic 

and pelagic habitats in lake populations of Icelandic Arctic charr. Polymorphic populations 

showed greater variation in carbon and nitrogen isotopic signatures compared to monomorphic 

populations (with few exceptions), suggesting more variable resource breadth by fish in 

polymorphic populations. These results are similar to studies of a large Arctic charr radiation in 

Greenland (Doenz et al., 2019). However, our conclusion that monomorphic and polymorphic 

populations vary in niche breadth remains tentative until the assumption that prey baselines are 

comparable across populations has been verified.  

Sympatric benthic and pelagic morphs from different populations showed similar patterns 

in δ13C isotopic signatures indicating a common pattern of resource use. These results are 

consistent with previous studies where carbon signatures, as a proxy for benthic and pelagic 

resource use, are a strong predictor of ecological opportunity for fishes in post-glacial lake 

systems (Matthews et al., 2010; Siwertsson et al., 2010; Piggott et al., 2018; Doenz et al., 2019). 

However, within population differences were smaller for nitrogen signatures as significant 

effects were detected for only two of the five pairs of sympatric benthic and pelagic morphs. 

This finding coupled with the lack of a relationship across all populations suggests that variation 

in trophic position is not a prominent characteristic that differentiates benthic and pelagic morphs 

in Icelandic Arctic charr. This pattern of resource use divergence has also been seen in 

Norwegian populations of Arctic charr (Knudsen et al., 2014). Thus, resource use along different 

trophic positions appears to be more variable than that associated with benthic and pelagic 

habitat use in this species. Such contrasting patterns of resource use among populations can be 

explained by different properties of local ecosystems that affect niche use. For instance, 

differentiation in trophic position may require the co-occurrence of other species, as increasing 

species diversity has been shown to lengthen the food chain and increase variation in trophic 

position (Post & Takimoto, 2007; Woods et al., 2018). Icelandic lakes have relatively simple 

communities and thus there are limited opportunities for divergence in trophic position, similar 

to Arctic charr in Norwegian lakes (Knudsen et al., 2014).  
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The finding that benthic and pelagic morphs from different populations vary in the degree 

of differentiation of resource use suggests that local ecological factors influence their opportunity 

for adaptive divergence. The difference in carbon isotopic signatures between the morphs in 

Vatnshlíðarvatn was much smaller than in other populations. This pattern might reflect greater 

temporal variation in resources compared to other populations due to the shallow nature and 

small size of the lake with its limited pelagic zone. The benthic and pelagic morphs utilize the 

same resources when seasonally abundant but the benthic morph switches to alternative 

resources when the major food source becomes scarce (Jónsson & Skúlason, 2000). Such large 

pulses of high-quality prey items may weaken selection for benthic or pelagic resource 

specialization and morphological divergence (Kristjánsson & Leblanc, 2018). Instead, the 

benthic and pelagic morphs in Vatnshlíðarvatn appear to have evolved to become resource 

specialists and generalists, respectively (Jónsson & Skúlason, 2000; Franklin et al., 2018). Other 

studies have also shown that timing and stability of resource pulses, may strongly influence the 

opportunity and degree to which morphological divergence can occur in post-glacial lakes (see 

Landry et al., 2007 and Landry & Bernatchez, 2010). As Vatnshlíðarvatn is a small shallow lake 

relative to the others, divergence along a benthic-pelagic axis may be constrained as smaller lake 

size has been shown to be correlated with decreases in diversity (Robinson et al., 2000; Lucek et 

al., 2016; Doenz et al., 2019; Bolnick & Ballare, 2020). 

Phenotype-environment correlations 

In most populations, resource use was a significant predictor of body shape and size, 

suggesting the potential for phenotypically mediated performance trade-offs related to variation 

in prey capture and resource use between benthic and pelagic habitats. The association between 

benthic and pelagic phenotypes with resource use may arise if the cost of a mismatch (i.e., large 

effects on survival or reproduction) between phenotype and environment is strong (Camacho & 

Hendry, 2020). Similar phenotype-environment associations have been observed in other species 

of northern fishes where body shape, size, armor and spine traits appear to have arisen in a 

response to variation in a suite of both biotic (i.e., the presence and density of predators) and 

abiotic (i.e., ion composition) environmental factors (e.g. Magalhaes et al., 2016). These 

associations coupled with the observation that phenotype is often related to performance 
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(Schluter, 1995; Ellerby & Gerry, 2011; Arnegard et al., 2014; Berchtold et al., 2015), have 

provided compelling evidence of performance trade-offs related to phenotypic variation between 

habitats. Indeed, a study with Ϸingvallavatn Arctic charr shows that body shape is related to 

performance as morphologically intermediate individuals experienced reduced growth rates 

(Franklin et al., 2018). However, the phenotype-environment correlations reported here are also 

consistent with other mechanisms such as habitat matching, where individuals disperse to 

resource patches that match their phenotype and increase their relative performance (Edelaar & 

Bolnick, 2012). Another explanation for phenotype-environment correlations is phenotypic 

plasticity (Westneat et al., 2019). Phenotypic plasticity appears to interact with genetic effects to 

determine phenotypic variation in Arctic charr and we know that the relative contribution of 

plasticity can vary between morphs and populations (Adams & Huntingford, 2004; Klemetsen, 

2010; Parsons et al., 2010, 2011; Kristjánsson et al., 2018). Thus, phenotype-environment 

correlations are most likely affected by a combination of all three factors involved in adaptive 

divergence which can vary among populations (Nicolaus & Edelaar, 2018). Increased 

understanding of the evolutionary significance of phenotype-environment correlations requires 

additional studies of their performance and fitness consequences. 

Population genetic structure and admixture 

Our finding of strong genetic structuring among populations and sympatric morphs is 

consistent with previous studies of Icelandic Arctic charr (Gíslason et al., 1999; Kapralova et al., 

2011; Guðbrandsson et al., 2019). The greater affinity of sympatric morphs to each other 

compared to similar morphs from other populations supports the hypothesis that morphs are 

diverging in sympatry independently from other populations. However, we cannot completely 

exclude the possibility that divergence occurred during a period of allopatry followed by 

secondary contact as similar contemporary patterns of genetic variation may be generated by 

alternative divergence histories (Ravinet et al., 2017; Foote, 2018). Studies with Arctic charr and 

other northern fishes have shown that allopatric divergence followed by a secondary contact 

event is prevalent (Rougemont & Bernatchez, 2018; Lehnert et al., 2019; Rougeux et al., 2019; 

Salisbury et al., 2019; Jacobs et al., 2020). The relatively simple post-glacial colonization history 

of Icelandic populations from a single glacial refugium (Brunner et al., 2001; Wilson et al., 
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2004) makes the allopatric scenario less likely compared to other systems, where multiple 

refugia have given rise to contemporary populations (Doenz et al., 2019; Jacobs et al., 2020). 

The observation that the effects of ecological opportunity on adaptive divergence are a common 

feature in this species and suggests that evolutionary history is not the main driver of phenotypic 

divergence in post-glacial systems. Divergence history may have a lesser effect on the evolution 

of discrete phenotypes if the ecological nature of divergence is common across populations.  

Our genetic analysis indicates varied levels of genetic differentiation and admixture 

between sympatric morphs across lakes. This suggests that gene flow is reduced to some extent 

in all populations resulting in partial reproductive isolation, a prerequisite for ecological 

speciation due to ecological opportunity (Langerhans & Riesch, 2013; Wellborn & Langerhans, 

2014). Multiple genetic groups were detected in each of the four polymorphic populations 

through analyses of genetic structure and these groups correspond to morph groups identified a 

priori. The only exception was the two pelagic morphs in Svínavatn, which did not show 

significant genetic differentiation. The proportion of hybrids, as inferred from intermediate 

ancestry coefficients, was low overall but varied across populations. Galtaból showed no 

evidence of hybridization between the benthic and pelagic morphs, consistent with earlier studies 

(Gíslason et al., 1999) supporting their status as distinct species (as discussed in Coyne & Orr, 

2004). Gene flow between sympatric morphs appears to be occurring in the other three 

populations with the greatest proportion of hybrids detected in Vatnshlíðarvatn (15.6%). The 

greater number of hybrids in Vatnshlíðarvatn coupled with the observation that ecological 

divergence is comparatively low suggests that gene flow may be countering the effects of 

selection and limiting the completion of reproductive isolation in this population (Kraak et al., 

2001; Hendry et al., 2002; Taylor et al., 2006). Theory shows that gene flow prevents speciation 

from occurring if selection is relatively weak and gene flow is small to moderate (Slatkin, 1987; 

Lenormand, 2002). However, another explanation is that partial reproductive isolation between 

sympatric morphs may also exist as an evolutionary stable state due to the balance between 

selection and gene flow (Servedio & Hermisson, 2020). Although our results indicate that gene 

flow is reduced as shown in other studies (Bittner et al., 2010), the extent to which benthic and 

pelagic morphs can be considered different species is still up for debate.  
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Habitat divergence and gene flow  

Habitat divergence between sympatric morphs may have facilitated reductions in gene 

flow as indicated by the relationship between carbon isotopic signature and ancestry coefficients. 

Specialization on benthic and pelagic resources may have influenced spatial and/or temporal 

variation in reproduction. However, the strength of the associations between ancestry 

coefficients and resource use was not equally strong across populations indicating that other 

reproductive isolating mechanisms, such as behavioral isolation and post-zygotic barriers 

(Skúlason et al., 1989; Kapralova, 2014; Guðbrandsson et al., 2019), may also reduce gene flow. 

For instance, the benthic and pelagic morphs within Galtaból appear to be reproductively isolated 

but yet this does not, at least at this time in history, appear to be strongly related to habitat 

divergence; resource use was not a significant predictor of genetic ancestry. Similar patterns of 

genetic isolation by adaptation have also been shown in other species (Lu & Bernatchez, 1999; 

Hendry et al., 2009; Bittner et al., 2010; Safran et al., 2016; Seneviratne et al., 2016; Whitney et 

al., 2018a), where ecological differences are associated in phenotypic specialization as well as 

assortative mating within each habitat. As morphs become increasingly adapted to contrasting 

environments the degree of reproductive isolation also increases. Overall, our results suggest that 

differential resource use and habitat divergence may contribute directly or indirectly to reduced 

gene flow between sympatric benthic and pelagic morphs.  

Gene flow and resource use appear to have varied effects on body shape variation 

depending on the population and local selective landscape. All benthic-pelagic morph pairs (and 

populations) had significant RV coefficients when relating the effects of carbon and nitrogen 

signatures to ancestry coefficients, indicating correlated effects of resource use and genetic 

divergence on body shape variation. However, the RV coefficients were much lower for the 

morphs in Galtaból and Vatnshlíðarvatn than those in Ϸingvallavatn and Svínavatn, indicating a 

weaker relationship between the body shape matrices. The weaker relationship between the body 

shape matrices can be explained by the finding that differences in resource use between the 

benthic and pelagic morphs in Galtaból and Vatnshlíðarvatn were much smaller than those in 

Ϸingvallavatn and Svínavatn; the effects of genetic divergence were relatively high in all 

populations based on the patterns of genetic structuring and low numbers of hybrids overall. 
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These findings suggest that genetic divergence, and low levels of gene flow, between benthic and 

pelagic morphs in Galtaból and Vatnshlíðarvatn have a greater impact in driving divergence in 

body shape than resource use. This implies that the agents of selection in Galtaból and 

Vatnshlíðarvatn may be relatively weak, while reproductive isolation between morphs is stronger 

and maintains the polymorphism. As the strength of selection often varies temporally in wild 

populations (Siepielski et al., 2009, 2013; Paccard et al., 2018), extrinsic reproductive isolating 

mechanisms may maintain polymorphisms when selection acting on morphology is weak or 

absent (Schluter & Rambaut, 1996; Matessi et al., 2001; Richter‐Boix et al., 2013; Butlin et al., 

2014; Merot et al., 2017; Capblancq et al., 2019). 

Conclusion 

 Our highly integrative approach of linking patterns of phenotypic, ecological, and genetic 

variation has led to increased understanding of the interaction of factors that promote adaptive 

diversification in sympatry. Our results suggest that variation in resource use not only has the 

potential to facilitate sympatric phenotypic divergence but may also indirectly lead to reductions 

in gene flow between morphs through habitat divergence. Thus, resource use and habitat 

divergence may play a larger role in promoting phenotypic diversity and reproductive isolation 

than suggested by previous studies. This study increases our understanding of the processes 

underlying adaptive divergence in sympatry (as presented in Wellborn & Langerhans, 2014) by 

providing evidence for a mechanism for the build-up of reproductive isolation and its effects on 

phenotypic divergence. Lastly, our findings suggest that reproductive isolation between 

sympatric morphs can maintain resource polymorphisms even when the agent of selection is 

comparatively weak. These insights into the evolution of sympatric resource-based divergence 

would not have been possible without our novel approach of connecting individual-based 

variation in phenotype to resource use and gene flow under the umbrella of a single study. We 

suggest that the use of similar integrative approaches in other organisms will lead to an even 

greater understanding of the processes that underlie the immense biological diversity in nature. 
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Tables and figures 

Table 3.1. Sample sizes of Arctic charr morphs collected from six Icelandic populations and analyzed for variation in stable isotope 

signatures, morphology, and single nucleotide polymorphisms (SNPs). The more specific descriptors that have been used to name a 

morph in a given lake in the literature (see text) are also given. The geographic coordinates for each population are shown. 

† Þingvallavatn also has a second pelagic morph however, it was not sampled due to limited availability. 

Population Coordinates Morph Specific descriptor 

Sample size: 

Morphology 

and isotopes 

Sample size: 

SNPs 

Galtaból 
Latitude: 65˚16ʹ0ʹʹN Benthic Small benthic  34 32 

Longitude: 19˚43ʹ60ʹʹW Pelagic Piscivorous  25 25 

Svínavatn 
Latitude: 65˚12ʹ0ʹʹN 

Longitude: 20˚1ʹ0ʹʹW  

Benthic  Large benthic  26 26 

Pelagic 1 Planktivorous  33 32 

Pelagic 2 Piscivorous  33 32 

Ϸingvallavatn 
Latitude: 64˚18ʹ33ʹʹN 

Longitude: 21˚15ʹ00ʹʹW  

Benthic 1 Large benthic  33 32 

Benthic 2 Small benthic  33 32 

Pelagic Planktivorous  33 31 

Vatnshlíðarvatn 
Latitude: 64˚31ʹ0ʹʹN Benthic Silver  33 32 

Longitude: 19˚37ʹ0ʹʹW Pelagic Brown  33 32 

Mjóavatn  Latitude: 65˚15ʹ34ʹʹN Benthic None 31 32 

Fljótaá  Longitude: 19˚48ʹ31ʹʹW Pelagic None 32 32 
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Table 3.2. Overview of genetic diversity in single nucleotide polymorphisms in morphs from four polymorphic populations of 

Icelandic Arctic charr as estimated by the number of SNPs, expected heterozygosity (He), observed heterozygosity (Ho), and 

nucleotide diversity (π) for each morph and population (morphs combined).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Population Morph 

He Ho π He Ho π Number of SNPs 

Within morphs Across morphs 
Within 

morphs 

Across 

morphs 

Galtaból 
Benthic 0.21 0.22 0.014 

0.21 0.16 0.018 
3126 

4473 
Pelagic 0.26 0.28 0.010 1772 

Svínavatn 

Benthic 0.26 0.26 0.019 

0.20 0.18 0.024 

2926 

6247 Pelagic 1 0.24 0.29 0.022 4065 

Pelagic 2 0.24 0.25 0.022 3820 

Ϸingvallavatn 

Benthic 1 0.25 0.26 0.013 

0.17 0.16 0.015 

2337 

4665 Benthic 2 0.23 0.23 0.014 2831 

Pelagic 0.23 0.23 0.014 2839 

Vatnshlíðarvatn 
Benthic 0.26 0.27 0.020 

0.23 0.22 0.021 
3705 

5114 
Pelagic  0.26 0.26 0.021 3752 

Mjóavatn Benthic - - - 0.25 0.25 0.019 3221 3221 

Fljótaá Pelagic - - - 0.28 0.28 0.025 4224 4224 
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Table 3.3. RV coefficients comparing fitted values of body shape (all partial warp and uniform component scores) from multiple 

regression analyses across polymorphic populations of Icelandic Arctic charr. Body shape was regressed onto carbon and nitrogen 

isotopic signatures as well as ancestry proportion. 

Population Morph pair 
RV: Carbon-

Nitrogen 
p-value 

RV: Carbon-

qvalue 

p-

value 

RV: Nitrogen-

qvalue 
p-value 

Galtaból Benthic-Pelagic 0.18 0.001 0.12 0.008 0.08 0.03 

Svínavatn Benthic-Pelagic 0.31 <0.001 0.81 <0.001 0.24 <0.001 

Ϸingvallavatn 
Benthic 1-Pelagic 0.07 0.03 0.86 <0.001 0.12 0.005 

Benthic 2-Pelagic 0.28 <0.001 0.73 <0.001 0.21 <0.001 

Vatnshlíðarvatn Benthic-Pelagic 0.09 0.01 0.28 <0.001 0.10 0.009 
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Figure 3.1. Morphological divergence between benthic and pelagic morphs from four populations of Icelandic Arctic charr. Benthic 

and pelagic morphs are shown in blue and red, respectively. Populations are denoted as: G – Galtaból; S – Svinavatn; T – 

Ϸingvallavatn; V - Vatnshlíðarvatn. A) Body shape variation between benthic and pelagic morphs described by scores estimated from 

a linear discriminant analysis performed on all partial warp and uniform component scores with morph as a grouping variable. 

Percentages denote correct classification of body shape based on being either benthic or pelagic. Images show phenotypic differences 

in benthic and pelagic morph pairs. B) Body size variation between benthic and pelagic morphs as measure by fork length. 
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Figure 3.2. Differences in the variance of carbon (Panel A) and nitrogen (Panel B) stable isotope 

signatures among four polymorphic (morphs combined) and two monomorphic populations of 

Icelandic Arctic charr. Populations with similar letters do not differ significantly in variance. 

Populations in A and B shown as: Galtaból – red; Svinavatn –blue; Ϸingvallavatn – purple; 

Vatnshlíðarvatn – orange; Fljótaá – light purple; Mjóavatn – green. 
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Figure 3.3. Divergence in δ13C and δ15N isotopic signatures between benthic and pelagic morphs 

from six populations of Icelandic Arctic charr. Within all graphs benthic and pelagic morphs are 

shown in blue and red, respectively. A) Within population comparisons of δ13C isotopic 

signature where black dots represent means. B) Within population comparisons of δ15N isotopic 

signature where black dots represent means. C) Pattern of divergence in carbon signature 

between benthic and pelagic morphs across polymorphic populations. The regression lines were 

fitted using a linear mixed effect model. D) Pattern of divergence in nitrogen signature between 

benthic and pelagic morphs across polymorphic populations. The regression lines were fitted 

using a linear mixed effect model. In panels C and D populations are shown by different shapes: 

Galtaból – square, Svínavatn – circle, Ϸingvallavatn – triangle, Vatnshlíðarvatn – diamond. 



 

 

113 

 

Figure 3.4. Relationships between morphology (body shape and size) and δ13C and δ15N isotopic signatures in morphs from four 

populations of Icelandic Arctic charr. P-values indicate the significance of each relationship. Benthic and pelagic morphs are shown as 

blue and red, respectively. Populations are denoted as: G – Galtaból; S – Svinavatn; T – Ϸingvallavatn; V - Vatnshlíðarvatn. A) 

Relationship between body shape and carbon signature for each benthic-pelagic morph pair. B) Relationship between body shape and 

nitrogen signature for each benthic-pelagic morph pair. C) Relationships between body size and carbon signature for each benthic-

pelagic morph pair. D) Relationships between body size and nitrogen signature for each benthic-pelagic morph pair. 
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Figure 3.5. Genetic population structure for six populations of Icelandic Arctic charr ranging 

from a single morph to up to three morphs. A) All populations combined (K = 11) where each 

colour represents a distinct genetic cluster. Populations are denoted as: G - Galtaból, T - 

Ϸingvallavatn, S - Svínavatn, V – Vatnshlíðarvatn, Mjóavatn, Fljótaá. Morphs are defined as 

benthic or pelagic. B) PCA describing genetic variation along PC1 and PC2 for all populations. 

C) PCA describing genetic variation along PC1 and PC4 for all populations. Each colour 

represents a distinct population and each shape represents a different morph (circle – benthic, 

triangle – pelagic). D) cladogram showing genetic relationships across and within each 

population. As in the PCA (B&C) each colour highlights a distinct population. 
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Figure 3.6. Relationship between ancestry coefficients and δ13C and δ15N isotopic signatures in five benthic and pelagic morphs pairs 

from four populations of Icelandic Arctic charr. Benthic and pelagic morphs are shown as blue and red, respectively. Populations are 

denoted as: G – Galtaból; S – Svinavatn; T – Ϸingvallavatn; V - Vatnshlíðarvatn. The significance of each relationship is indicated 

above each panel. A) Ancestry proportion related to carbon signature. B) Ancestry proportion related to nitrogen signature. 
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Chapter 4: Resource use and phenotypic variation shape genomic 

differentiation in benthic and pelagic morphs of Icelandic Arctic 

charr (Salvelinus alpinus) 

Abstract 

Adaptive phenotypic divergence in sympatry as a response to divergent selection promotes 

genomic divergence and differentiation between sub-populations. We investigated the genomic 

signatures of adaptive divergence between sympatric benthic and pelagic morphs of Icelandic 

Arctic charr from four populations that show varied levels of phenotypic, ecological, and genetic 

differentiation. Divergence histories for each population were reconstructed using coalescent 

modelling and a common set of 14,187 single nucleotide polymorphisms. A model of sympatric 

divergence with continuous gene flow was supported in three of the four populations while a 

model of allopatric divergence with secondary contact was supported in one population. We used 

a genome-wide association analysis to relate both phenotypic variation in body shape and size 

and resource use, evaluated from carbon and nitrogen stable isotopic signatures. Morphological 

and ecological variation was associated with genomic differentiation between benthic and 

pelagic morphs and the formation of many narrow islands of divergence, possibly due to the 

eroding effects of gene flow on nearby neutral loci. Islands of differentiation appear to be related 

to morphological and ecological variation across the three most ecologically divergent 

populations suggesting that divergent selection has resulted in genomic differentiation between 

benthic and pelagic morphs. A large proportion of the outlier loci identified were associated with 

both resource use and phenotypic variation, suggesting a pleiotropic effect of loci on these traits. 

There was little evidence for a parallel genomic basis of differentiation as most regions and loci 

were not shared among populations. Despite this, we identified potential candidate genes located 

in highly diverged genomic regions common to all populations undergoing divergence. Here we 

provide significant insight into genomic differentiation between benthic and pelagic morphs due 
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to divergent selection during the process of sympatric adaptive divergence and potential 

ecological speciation. 

Introduction 

 The evolutionary mechanisms and processes that underlie adaptive phenotypic 

divergence in the presence of gene flow are complex and their effects on genomic signatures are 

not well understood (Feder et al., 2012; Ravinet et al., 2017; Wolf & Ellegren, 2017). 

Considerable evidence suggests that ecologically based divergent natural selection between 

different environments can lead to phenotypic divergence and the build-up of reproductive 

isolating mechanisms causing reductions in gene flow between coexisting sub-populations 

(morphs or ecotypes) (Seehausen et al., 2014; Smadja & Butlin, 2011). Adaptive divergence, 

potentially leading to speciation, may occur in sympatry with continuous gene flow, but may also 

involve periods of allopatry with associated secondary contact events (Ravinet et al., 2017; 

Smadja & Butlin, 2011). Understanding how local adaptation leads to genomic differentiation of 

sub-populations in the face of historical and contemporary gene flow aids in determining the 

evolutionary characteristics of ecological speciation (Rundle & Nosil, 2005). 

 Genomic signatures of ecologically based divergent selection are characterized by 

heterogeneity in the magnitude of differentiation across the genomes of diverging morphs (Feder 

et al., 2012, 2013; Via, 2001). Conceptual models propose that highly differentiated regions or 

‘islands’ of differentiation are the result of divergent selection influencing loci located in those 

regions (Flaxman et al., 2013; Via, 2001, 2012; Wolf & Ellegren, 2017). The size (width) of the 

genomic islands are predicted to increase with greater ecological divergence and form 

‘continents’ of differentiation due to the indirect effects of selection causing reductions in the 

effective migration rate for linked loci (i.e. divergence hitchhiking) (Feder & Nosil, 2010; Nosil 

& Feder, 2012; Via, 2012). Highly differentiated loci are thought to be resistant to gene flow and 

are often referred to as barrier loci (Flaxman et al., 2013; Ravinet et al., 2017). The identification 

of barrier loci is key to understanding the genomic basis of the development of reproductive 

isolation between diverging sub-populations. However, the suggestion that islands of 

differentiation should increase in size as divergence proceeds has received mixed support, 
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perhaps because highly differentiated regions can be either widespread throughout the genome or 

found only in a few genomic regions due to the combined effects of time since divergence, gene 

flow, drift, and divergent selection (Foote, 2018; Yeaman & Whitlock, 2011).  

Closely related populations showing varied levels of ecological and phenotypic 

divergence can provide significant insights into the genomic consequences of adaptive 

divergence (Conte et al., 2012; Elmer et al., 2014; Malinsky et al., 2015). In some cases, 

diverging populations show similar (parallel) patterns of genomic differentiation (Conte et al., 

2012) where they share the same highly differentiated genomic regions or loci diverging in allele 

frequencies (Roesti et al., 2014). Parallel genomic differentiation may be more common in 

populations originating from a common glacial lineage or refugium due to the inheritance of 

standing genomic variation or shared de novo mutations (Haenel et al. 2019; Conte et al. 2012; 

Via et al. 2012; Rennison et al. 2020). However, many cases of non-parallel genomic 

differentiation have been observed in such populations (Bolnick et al., 2018; Elmer et al., 2014; 

Salisbury et al., 2020) and this can be explained by a variety of genomic, developmental and 

evolutionary factors. For instance, populations can differ in the identity and location of barrier 

loci, which can provide similar molecular functions as the result of genomic redundancy (Barghi 

et al., 2020). Furthermore, non-parallel genomic patterns may be involved with parallel 

phenotypic divergence if they are mediated by shared developmental pathways across 

populations (Losos, 2011; Uller et al., 2018), where shared environmental conditions promote 

the development of similar morphs (Parsons et al., 2020; Uller et al., 2020). Recent studies have 

shown that the expression of genes throughout development may be parallel leading to 

phenotypically similar morphs, despite a high degree of non-parallel genomic signatures of 

selection (Jacobs et al., 2020). Thus, the potential significance of genomic parallelism underlying 

phenotypic parallelism is complex and requires additional study.  

 The ability to detect common signatures of selection across the genome in different 

populations is also impacted by variation in divergence history and the timing of gene flow 

between diverging sub-populations (Bierne et al., 2013; Ravinet et al., 2017). Divergence history 

is often characterized with reference to two extreme evolutionary scenarios: primary divergence 

and secondary contact. Primary divergence occurs when morphs diverge in sympatry with 
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continuous gene flow while divergence with secondary contact occurs when morphs diverge in 

allopatry for a period of time followed by secondary contact and initiation of gene flow (Feder et 

al., 2013; Foote, 2018; Smadja & Butlin, 2011). Modelling studies have suggested that 

populations undergoing primary divergence should show a few genomic regions with low to 

modest differentiation and those peaks are expected to grow due to being resistant to gene flow 

and recombination (Yeaman & Whitlock, 2011). In contrast, populations diverging in allopatry 

should rapidly accumulate multiple differences across the genome due to isolation and these 

differences may become selected on or eroded by gene flow upon secondary contact (Feder et 

al., 2013; Pinho & Hey, 2010). Despite these contrasting expectations, little consistency in 

genomic patterns has been observed among taxa thought to have diverged under similar 

ecological contexts, which can now be partially explained by new insights into the divergence 

history of taxa. Reassessments of divergence history with genomic data have revealed complex 

divergence histories for many species and presumed cases of primary divergence are more 

consistent with complex scenarios involving periods of spatial isolation, waves of colonization, 

and secondary contact (Roux et al., 2013; Rougeux et al., 2017; Jacobs et al., 2018; Rougemont 

& Bernatchez, 2018; Lehnert et al., 2019; Jacobs et al., 2020). Patterns of genomic variation may 

be similar among species showing contrasting patterns of divergence histories (i.e., primary vs. 

secondary contact) due to the effects of selection and gene flow on a contemporary time-scale 

(Foote, 2018; Ravinet et al., 2017; Semenov et al., 2019). Comparing populations with relatively 

simple divergence and evolutionary histories may yield new insights into the genomic 

characteristics of the speciation process and the degree to which genomic parallelism is expected 

in nature.  

 Features of the genome and the genomic architecture of traits associated with adaptation 

also have large impacts on genomic patterns of differentiation that affect the ability to detect 

signatures of divergent selection (Semenov et al., 2019). Divergence hitchhiking and linked 

selection (i.e., background or purifying selection) may cause similar peaks or islands of genomic 

differentiation and differentiating the two processes in driving similar genomic patterns is 

challenging (Cruickshank & Hahn, 2014; Martin et al., 2019; Ravinet et al., 2017). Incorporating 

information on the presumed agents and targets of divergent selection may aid in detecting the 



 

 

120 

 

genomic consequences of divergent selection over linked selection (Forester et al., 2018; 

Lotterhos & Whitlock, 2015). Including such information allows for inferences on the genomic 

location of loci associated with ecological and phenotypic divergence. Genes that have 

pleiotropic effects on multiple traits (Hancock et al., 2011; Lotterhos et al., 2018; Massey et al., 

2020; Ragland et al., 2017) have the potential to evolve rapidly due to selection during the 

invasion of novel environments (Hämälä et al., 2020). Pleiotropic effects of loci associated with 

niche differentiation and phenotypic divergence could allow for the rapid evolution of highly 

polygenic traits with a low per-locus effect size (Archambeault et al., 2020; Barghi et al., 2019). 

Hence, it is important to explore the extent to which environmental and phenotypic variation 

associated with selection drives genomic differentiation and are coupled through genomic 

features during sympatric divergence.  

Due to their relatively simple evolutionary history and patterns of ecological and 

phenotypic divergence, Icelandic populations of Arctic charr (Salvelinus alpinus) are a powerful 

model system to disentangle the evolutionary factors promoting adaptive divergence and 

speciation. In contrast to many Arctic charr populations in other parts of the species range 

(Doenz et al., 2019; Jacobs et al., 2020; Moore et al., 2015; Salisbury et al., 2019), genetic 

analyses suggest rapid post-glacial recolonization of Icelandic populations from a single lineage 

(Brunner et al., 2001) with subsequent reductions in gene flow between lakes and on small 

spatial scales (Kapralova et al., 2011; Wilson et al., 2004). Population genetic analyses indicate 

that Icelandic Arctic charr have diverged in sympatry with continuous gene flow (Wilson et al. 

2004; Guðbrandsson et al. 2019; Chapter 2) although there is evidence that morphs from one 

lake may have evolved during a period of allopatric divergence (Kapralova et al., 2011). As is 

typical of the species (Doenz et al., 2019; Jacobs et al., 2020; Klemetsen, 2010). Similar 

sympatric resource-based morphs have evolved independently in similar environments (in 

parallel) across populations of Icelandic lakes but with different degrees of phenotypic, 

ecological, and genetic divergence (Gíslason et al. 1999; Woods et al. 2013; Chapter 1; Chapter 

2). Benthic morphs have a subterminal mouth with a robust jaw for feeding on benthic 

invertebrates and stockier body shapes for maneuverability in structurally complex habitats. 

Pelagic morphs have a longer, more gracile jaw that improves suction feeding on zooplankton or 
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fish, while their slimmer body shape aids in sustained swimming in open-water habitats. 

Relationships between ecological and morphological variation suggests that resource use within 

benthic and pelagic habitats is the agent of selection driving morphological divergence between 

body shape and size (targets of selection) (Franklin et al. 2018; Doenz et al. 2019; Chapter 2). 

The finding that benthic and pelagic morphs are genetically differentiated (Gíslason et al., 1999; 

Guðbrandsson et al., 2019; Kapralova et al., 2011) and that greater divergence in resource use is 

associated with less genetic admixture (Chapter 2) suggests that habitat and diet divergence 

facilitates reduced gene flow and increased reproductive isolation. The degree of genomic 

parallelism across populations of Arctic charr is expected to be relatively low despite high 

phenotypic parallelism (Jacobs et al., 2020; Salisbury et al., 2020). Genes identified as being 

important for morphological divergence are generally associated with bone ossification (Beck et 

al., 2019; Kapralova et al., 2015) and morphogenesis (Ahi et al., 2014) throughout development. 

Understanding the effects of trophic and phenotypic divergence on genomic differentiation along 

a continuum of divergence in populations of Icelandic Arctic charr are largely unknown.   

We investigated the genomic consequences of adaptive divergence among sympatric 

benthic and pelagic morphs of Icelandic Arctic charr from populations that show varied levels of 

phenotypic, ecological, and genetic divergence. To better interpret the causes of genomic 

patterns, our first aim was to reconstruct the divergence history of each population using 

coalescent modelling with single nucleotide polymorphisms (SNPs), as differences in divergence 

histories may affect subsequent patterns of genomic differentiation. We compared models of 

sympatric divergence with continuous gene flow against models of allopatric divergence with 

secondary contact. Our second aim was to evaluate whether highly differentiated genomic 

regions could be signatures of divergent selection acting on traits related to resource and habitat 

use. After characterizing genome-wide patterns of genomic differentiation among benthic and 

pelagic morphs, we identified outlier loci associated with variation in phenotype and resource 

use along a benthic-pelagic ecological gradient. The identification of outlier loci associated with 

variation in resource use and trophically-related morphology would suggest that these genomic 

regions in which they are located could reflect signatures of divergent selection from resource or 

habitat use on functionally relevant traits. We also expected to see a positive relationship 
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between the degree of heterogeneity in genomic divergence between sympatric morphs and the 

degree of ecological and phenotypic divergence within populations. Our third aim was to 

determine if the same genomic regions are associated with variation in both resource use and 

phenotype which would likely enhance phenotypic responses to selection. We expected that if 

resource use and phenotypic variation are a part of the same genetic module a large proportion of 

outlier loci would be associated with both traits. Our fourth and final aim was to identify 

potential candidate genes in highly differentiated genomic regions associated with variation in 

resource use and morphology common to all population to better understand the genomic basis 

of adaptive divergence.  

Methods 

Sampling 

We captured benthic and pelagic morphs of Arctic charr from four geographically 

separated lakes in Iceland (designated as populations hereafter) during 2013-2015 (Table 4.1). 

These fish are a subset of those in previous studies (Chapters 1 & 2) and the samples sizes per 

morph used here ranged from 25 to 64 individuals. The lakes Galtaból, Svínavatn, and 

Vatnshlíðarvatn contain a single pair of sympatric benthic and pelagic morphs while 

Ϸingvallavatn contains three sympatric morphs, where there are two benthic morph variants and 

a single pelagic morph. Svínavatn was thought to contain three morphs (two pelagic and one 

benthic morphs) (see Gíslason et al. 1999) but my findings (Chapter 2) indicate that the two 

pelagic morphs belong to the same genetic group. Thus, they will be considered together in the 

current study. Fish were caught during morph specific spawning periods using gill nets ranging 

in mesh sizes from 5-50 mm. Fish were classified to morph in the field based on body shape, 

body size, craniofacial traits, and colouration (Skúlason et al., 1989; Snorrason et al., 1994; 

Gíslason et al., 1999; Jonsson & Skúlason, 2000). They were then taken to the laboratory and 

photographed on their left size, fork length (from the tip of the snout to the fork of the tail) was 

measured, and a sample of white muscle tissue was taken for stable isotope and genetic analyses. 
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Morphological and resource use traits 

To detect genome wide signatures of selection associated with morphology, we 

characterized morphological variation using landmark-based geometric morphometrics. The 

analysis was based on 25 landmarks placed on individual images using TpsDig (Rohlf, 1990). 

Landmarks 1, 22-25 were used to remove variation due to bending on the lateral axis, using 

TpsUtil (Rohlf, 1990) after which landmarks 23-25 were removed for further analyses. A 

generalized Procrustes superimposition (GPA) was performed to remove effects of scale, 

rotation, and translation for all specimens using Coordgen8, part of the IMP8 software (Sheets, 

2014). Effects of allometry and sex were minimized from the body shape data (see 

supplementary methods) to focus on phenotypic variation related to resource use (benthic or 

pelagic prey and habitat). After minimization of sex and allometric variation, the Procrustes 

landmark coordinates were input into PCAgen8 (Sheets, 2014) to obtain relative warp scores, 

which are based on a principal component analysis of all partial warp and uniform component 

scores (Zelditch et al., 2004). A relative warp score is a quantitative estimate of an individual’s 

body shape trait value along a major axis of body shape variation among the fish in the dataset. 

We considered the first three relative warp scores and fork length as traits for the genome 

association analyses.  

We used carbon (δ13C) and nitrogen (δ15N) stable isotopic signatures as proxies of 

resource use traits for the genome association analyses. Fish that consumed greater proportions 

of benthic prey items are expected to show higher δ13C signatures than those that consume more 

pelagic organisms (Post, 2002). δ15N were used to infer the trophic level of prey items where 

those from a lower trophic level typically usually show a lower δ15N signature than those at a 

higher trophic level (Post, 2002). White muscle was dried at 60°C for 48 hours and samples were 

homogenized, weighed to 1.25mg of tissue and placed into tin capsules. The samples were 

analysed at the University of Calgary Isotope Science Laboratory with a continuous flow 

elemental analysis-isotope ratio mass spectrometer (Themo Finnigan Delta with Elementar vario 

ISOTOPE cube). An internationally known internal standard of Mussel tissue (NIST-2976) was 

used to standardize carbon and nitrogen measurements to a known reference. δ13C values were 

lipid normalized using the equation: δ13Cnormalized = δ13Cuntreated – 3.32 + 0.99 x C:N, to account 
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for effects of lipids on δ13C for aquatic organisms (see Post et al., 2007). Stable isotopes of 

reference prey baselines were not analyzed as our goal was not to assign morphs to specific 

resource niches.   

Genetic variation 

We genotyped our samples with an Arctic charr 87K Affymetrix SNP array (Nugent et 

al., 2019). DNA was isolated from white muscle tissue using a phenol-chloroform extraction 

(Taggart et al., 1992; Bardakci and Skibinski, 1994). DNA purity was assessed using a 

NanoDropTM ND-8000 spectrophotometer and samples with high 260/230 readings were purified 

using a genomic DNA cleanup protocol. DNA concentrations were determined using a Qubit 2.0 

Fluorometer and 10 ng/ml samples genotyped at the Clinical Genomics Centre, Mount Sinai 

Hospital (Toronto, Canada) with an Arctic charr 87K Affymetrix SNP array (Nugent et al., 

2019). The Axiom Analysis Suite (Version 3.1.5.1) was used to process the genotypic data and 

the data were filtered following the best practice workflow specified by Affymetrix. The 

specifications included specifying a diploid genome, each individual had genotypes for at least 

82% of the total SNPs on the array, the call rate for a particular SNP must be greater than 97% 

across all samples, and the average call rate for individual samples across all SNPs had to be 

greater than 98%. The analysis returned a common set of 14,187 recommended SNPs that were 

polymorphic within at least one population. All SNP locations within the Arctic charr genome 

were known (Christensen et al., 2018). 

Data analyses: 

All data analyses were performed in R (version 4.0.0) unless otherwise stated. 

(a) Reconstruction of divergence history 

We reconstructed the divergence history of the morphs within each population using a 

composite-likelihood coalescent method performed in fastsimcoal2 (Excoffier et al., 2013). Prior 

to this analysis, we identified loci that are potentially under selection (outliers) and removed 

them from the dataset for the individual analyses of each population. This was necessary because 

divergence history should be based on neutral loci (Schrider et al., 2016), as inferred from test 
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statistics between genetic sub-populations that fall within the background genomic 

differentiation expected under neutrality. We identified outlier loci for each population 

individually by performing genome scans. The outlier loci were identified by comparing allele 

frequencies of different genetic sub-populations (morphs) to the allele frequency of the total 

population for each SNP. Based on previous population genetic analyses (Chapter 2), two 

genetic sub-populations were considered for each of Galtaból, Svínavatn (two pelagic morphs 

combined) and Vatnshlíðarvatn while three genetic sub-populations were considered in 

Ϸingvallavatn. We used both BayeScan (Foll & Gaggiotti, 2008) and pcadapt (Luu et al., 2017) 

as they identify outlier loci in different ways leading to a more conservative filtering process. 

BayeScan uses a logistic regression approach to decompose Fst coefficients into population and 

locus components to estimate selection (Foll & Gaggiotti, 2008), while pcadapt uses 

mahalanobis distances to calculate a per locus test statistic (Luu et al., 2017). BayeScan 

calculates the posterior probability for models including selection (positive or background 

selection) and calculates q-values for each model. Pcadapt calculates p-values from Mahalanobis 

distances and then we converted them to q-values using the q-value package (Storey et al., 2019) 

to account for false positive outliers. Any locus that exceeded a q-value alpha cut-off of 0.01 

from either the BayeScan or pcadapt analyses was removed from the population specific data set 

using the –extract flag in PLINK ver. 1.07 (Purcell et al., 2007). As the identified non-neutral 

loci will differ between populations due to population specific selective dynamics, different 

populations will have different marker sets for these analyses. We then calculated the site 

frequency spectrum (SFS) for each population using the neutral SNPs with Arlequin (Excoffier 

& Lischer, 2010).  

To reconstruct the divergence history of each population, we used a set of three models 

for each of the three populations with two genetic sub-populations (benthic and pelagic morphs) 

and a set of four models for the one population with three genetic sub-populations (Figure 4.1). 

For populations with two sub-populations, we modeled: (i) Divergence of benthic and pelagic 

morphs in sympatry with continuous gene flow (isolation by migration model (2IM)), (ii) 

Divergence of benthic and pelagic morphs in sympatry with a reduction in gene flow between 

morphs over time (CIM), (iii) Divergence of benthic and pelagic morphs in allopatry and 
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secondary contact of morphs with the onset of gene flow (2SC). The models used for 

Ϸingvallavatn with its three morphs, were similar to the two morph population models but 

accounted for the evolution of morph variants (i.e., two benthic morphs). The models were: (i) 

all three morphs diverged simultaneously in sympatry with continuous gene flow (3IM), (ii) 

benthic and pelagic morphs diverged in sympatry with continuous gene flow followed by the 

evolution of the two benthic morph variants (3IM_MT), (iii) All benthic and pelagic morphs 

diverged simultaneously in allopatry and then began exchanging genes at a secondary contact 

event (3SC), (iv) benthic and pelagic morphs diverged in allopatry followed by the evolution of 

the two benthic morph variants and benthic and pelagic morphs began exchanging genes at a 

secondary contact event (3SC_MT). For each model, we performed 25 independent runs of 

100,000 iterations using the flags: -m, -0, -n 100000, -L 50, -s 0, -M, -q. The best run of the 25 

total runs was then determined by identifying the run with the greatest maximum likelihood 

value. Next, another 100 iterations of the best model (with the same parameters as above) was 

used to determine a range of maximum likelihood values. We then compared the maximum 

likelihood and Akaike information criterion (AIC) for each model within each population to 

identify which model represents the most likely evolutionary scenario. We calculated delta-AIC 

for each model, where the model with the lowest AIC value received a delta-AIC value of 0 and 

then AIC values for each subsequent model were subtracted from the lowest AIC value. Models 

with a delta-AIC value less than two were given equal support and models were not supported if 

they had a delta-AIC value greater than two (Burnham et al., 2011; Aho et al., 2014). 

(b) Patterns of genomic differentiation  

To locate islands of genomic differentiation, we measured per-locus Fst between benthic 

and pelagic morphs using a sliding window analysis. First, we calculated per locus Fst between 

each benthic and pelagic morph within a population using the –fst flag within PLINK 1.9 (Purcell 

et al., 2007). We then averaged Fst continuously with a window size of 200 kilobases (Kb), 

which overlapped by 1Kb, using the winScan function within the WindowScanr package 

(github.com/tavareshugo/WindowScanR). We tested a range of window sizes from 50 – 250Kb 

in 50Kb increments and used a 200Kb window based on the high reliability of results. Any 

windows that contained less than three SNPs were removed from the dataset. SNP density was 
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similar among most chromosomes except for AC12, AC21, and AC34 (see Figure S4.1) as they 

had many areas with less than three SNPs compared to other chromosomes. We then classified 

the various windows as either outliers and non-outliers for each benthic and pelagic morph pair 

based on the average Fst values (see Rennison et al., 2019). We classified outlier windows as 

having a mean Fst value within the top 5% (95th quantile) of the Fst distribution.   

To detect signatures of divergent selection between benthic and pelagic morphs we used 

genome association analyses with morphological and resource use traits. For this, we used 

redundancy analysis (RDA) (Forester et al., 2018) to search for significant associations between 

SNP genotypes and either resource use trait values (δ13C or δ15N stable isotope signatures) or 

body shape (first three relative warps) and size (fork length) values. An RDA was performed for 

each of the five pairs of benthic and pelagic morphs (one in each of Galtaból, Vatnshlíðarvatn, 

Svínavatn, and two in Ϸingvallavatn). A locus was considered an outlier if it was equal to or 

greater than 4 standard deviations away from the mean along any RDA axis. We imputed 

missing data using the most common allele for each locus missing from the dataset (1.4% of 

loci). We used the RDA approach to identify outlier loci rather than other approaches as it 

generally has a higher threshold for false positives as well as high power to detect polygenic 

outlier loci (Capblancq et al., 2018). The RDA models were: 

Genotype matrix ~ δ13C + δ15N 

Genotype matrix ~ Relative warp 1 + Relative warp 2 + Relative warp 3 + Fork length 

We determined whether loci significantly associated with stable isotopic signatures and 

body shape/size variation through the RDA colocalized with loci identified as Fst outliers. Such 

co-localization would suggest that loci significantly associated with variation in resource use and 

morphology differ in allele frequencies between benthic and pelagic morphs. We first retained 

SNPs that were 200Kb up- and down-stream of all outlier loci for each benthic and pelagic 

morph pair. Next, we identified the average Fst values for the outlier loci and associated SNPs 

around the outlier locus. This was done using a sliding window analysis centered around the loci 

associated with resource use and/or morphological traits. The sliding window analysis was 



 

 

128 

 

performed using the winScan function within the WindowScanr package 

(github.com/tavareshugo/WindowScanR). As defined previously, the window size was 200Kb 

and there was 1Kb overlap between windows. We then tested whether the average Fst values of 

the RDA outlier loci were significantly higher than loci surrounding the outlier loci and non-

outlier loci (Via et al., 2012) with ANOVA followed by Tukeys HSD post-hoc test. The 

observation that outlier loci have significantly high Fst values would suggest that they are 

possible signatures of selection. 

(c) Identifying candidate genes 

We then determined potential candidate genes surrounding loci associated with resource 

use and morphology. We obtained assembly information of the Arctic charr genome 

(Christensen et al., 2018) from NCBI (taxa id: 8036). Using this information, we filtered for 

known gene regions throughout the Arctic charr genome and identified all genes within 1 

kilobase (Kb) up- and down-stream of the outlier loci. We then determined the overlap in 

potential candidate genes between each benthic and pelagic morph pair.  

Results 

Reconstruction of divergence history 

Reconstruction of divergence history supported both models of isolation by migration 

(divergence in sympatry) and secondary contact (a period of divergence in allopatry) depending 

upon the population analyzed (Figure 4.2). A model of primary divergence with a reduction in 

gene flow between sub-populations over time (CIM model) had the greatest maximum likelihood 

value and lowest AIC and ΔAIC scores (Table S4.1) for Galtaból and Svínavatn. For 

Vatnshlíðarvatn, a model of primary divergence (2IM model) was best supported (Table S4.1) 

but the maximum likelihood values and AIC values of all models were very close restricting our 

ability to differentiate among models. In contrast to the other populations, the best supported 

model within Ϸingvallavatn is a model of a period of divergence in allopatry with secondary 

contact (3SC) (Table S4.1). The 3SC model indicates the simultaneous and rapid radiation of all 

morphs over a short timescale rather than the gradual evolution of the different benthic morph 

variants. 
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Patterns of genomic differentiation 

The degree of genomic divergence between sympatric benthic and pelagic morphs varied 

across populations (Figure 4.3; Figure 4.4). Galtaból and Vatnshlíðarvatn showed the greatest 

and least divergence at Fst outlier regions, respectively (Figure 4.3A-E; Figure S4.2). However, 

the number of 200Kb Fst outliers, from the top 5% of the distribution of Fst windows (Figure 

S4.2), was relatively similar across benthic and pelagic morph pairs (Galtaból = 115; Svínavatn 

= 117; Ϸingvallavatn (benthic 1 – pelagic) = 99; Ϸingvallavatn (benthic 2 – pelagic) = 92; and 

Vatnshlíðarvatn = 111). The vast majority of Fst outlier regions were specific to a single benthic 

and pelagic morph pair, while only two regions were shared across all benthic and pelagic morph 

pairs (one on each of AC24 and AC25) (Figure 4.3).  

Significant associations between variation in resource use and morphological traits and 

genomic variation were observed in the three most ecologically differentiated populations. No 

significant associations were detected in Vatnshlíðarvatn (Table 4.2). All sympatric benthic and 

pelagic morphs separated along a combination of RDA axis 1 and 2 whereas the morphs within 

Vatnshlíðarvatn did not (Figure 4.4A & B). In the majority of cases, SNPs associated with 

variation in resource use were also associated with morphological traits (Table 4.2). Few outliers 

were shared across populations; only thirteen were shared across the sympatric benthic and 

pelagic morphs in Galtaból, Svínavatn, and Ϸingvallavatn (Figure 4.5). Most shared loci were on 

separate chromosomes except for the two loci located on AC10. Of these shared outliers, only 

the four located on AC13, AC24, AC25, and AC33 were associated with both resource use and 

morphological traits.   

RDA outliers strongly colocalized to genomic regions with high Fst values in the three 

populations where significant effects were detected. RDA outlier regions generally had high Fst 

values (Figure 4.3). The shared RDA and Fst outliers located on AC24 and AC25 greatly 

overlapped. Fst values of RDA associated outlier loci were significantly higher than Fst values of 

regions surrounding outliers and neutral regions (Figure 4.6). Fst values of regions surrounding 

RDA associated outliers were not significantly different than those in neutral regions.  
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Candidate genes 

We identified candidate genes for trait associated SNPs common to all benthic-pelagic 

morph pairs (Table 4.3). A total of seventeen genes were found within 1Kb of all trait associated 

SNPs that overlapped between all benthic and pelagic morph pairs. Of these, seven were 

associated with the four SNPs that were common to all benthic and pelagic morph pairs and 

overlapped between both outlier association analyses.  

Discussion 

 We detected patterns of genomic differentiation between benthic and pelagic morphs of 

Icelandic Arctic charr that are consistent with the effects of divergent selection. Furthermore, 

benthic and pelagic morphs within three lakes appear to be diverging in sympatry with 

continuous gene flow, while the most probable scenario in the fourth lake is divergence in 

allopatry with subsequent secondary contact. Despite this varied divergence history, we 

identified loci associated with resource use and phenotypic variation in the three most 

ecologically and morphologically diverged populations. The degree of genomic parallelism 

associated with benthic and pelagic divergence was low, as assessed by sharing of trait 

associated loci and Fst outlier loci, suggesting that the genetic underpinnings of resource use and 

phenotypic traits differ between benthic and pelagic morph pairs across lakes. Trait associated 

outlier loci differentiating benthic and pelagic morphs had high Fst values while loci surrounding 

outliers were relatively undifferentiated suggesting that genomic peaks (or islands) of 

differentiation are relatively narrow. A large proportion of outlier loci were associated with both 

resource use and morphological variation suggesting that loci underlying those traits have effects 

on both traits. Lastly, despite the low effects of genomic parallelism between benthic and pelagic 

morph pairs, we have identified potential candidate genes associated with parallel benthic-

pelagic phenotypic divergence along a common ecological gradient of resource use for Icelandic 

Arctic charr. Overall, common patterns of divergent selection appear to shape (non-parallel) 

genomic differentiation between benthic and pelagic morphs despite contrasting patterns of 

divergence history across populations.  
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Divergence history of benthic and pelagic morphs 

The history of divergence into phenotypically and ecologically differentiated morphs 

appears to differ across populations. Models of sympatric divergence with continuous gene flow 

were supported within all populations except for Ϸingvallavatn, where there was support for a 

model of secondary contact between morphs. Our findings in Ϸingvallavatn support previous 

studies where an allopatric phase in the evolution of morphs could not be rejected (Kapralova et 

al., 2011). It is difficult to determine the timing of a potential phase of allopatric separation in 

Ϸingvallavatn. Although evidence suggests that populations of Icelandic Arctic charr originated 

from a common glacial lineage (Atlantic lineage) (Brunner et al., 2001; Wilson et al., 2004), 

multiple colonization events of the lake of refugial fish is one explanation for the observed 

pattern. However, the glacial history of the region (Norðdahl and Pétursson, 2005) is not 

consistent with the ability of Arctic charr to recolonize the region multiple times. Arctic charr 

were only able to recolonize Iceland immediately following deglaciation when the isostatic 

depression of the region caused relatively high sea levels. This opportunity for re-colonization 

was followed by rapid isostatic rebound, creating barriers in outflowing streams which appears to 

have caused populations to become and remain physically isolated (Wilson et al., 2004; 

Kapralova et al., 2011; Chapter 2) making a second recolonization event unlikely. A second 

explanation is that benthic and pelagic morphs became spatially separated during lake formation 

or in more recent times (Kapralova et al., 2011). Ϸingvallavatn is a relatively large ecologically 

diverse lake that has experienced geological events such as volcanic eruptions (Saemundsson, 

1992) that might have impacted the genetic connectivity of populations. Recent studies of other 

Arctic charr populations also indicate that divergence history differs among populations ranging 

from post-glacial divergence in sympatry to pre-glacial divergence (Jacobs et al., 2020). Studies 

with other species of northern fishes indicate that allopatric divergence with a secondary contact 

event is a prominent feature of diversification (Jacobs et al., 2018; Le Moan et al., 2016; Lehnert 

et al., 2019; Nichols et al., 2015; Rougeux et al., 2017; Salisbury et al., 2019) that has resulted in 

a high degree of phenotypic and genomic differentiation between sub-populations (Feder et al., 

2013). In general, evidence for phenotypic divergence into ecologically distinct morphs under 
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sympatric conditions has rarely been conclusively shown in the wild (Bird et al., 2012; Bolnick 

& Fitzpatrick, 2007; Marques et al., 2019).     

Patterns of genomic differentiation 

  Highly differentiated loci associated with resource use and phenotypic variation suggest 

that divergent selection is facilitating genomic differentiation between benthic and pelagic 

morphs (Funk et al., 2016b; O’Malley et al., 2019; Wolf & Ellegren, 2017). Loci significantly 

associated with stable isotopic signatures and morphology (body shape and size) colocalized 

with high Fst peaks of differentiation across all morph pairs. The only exception is the benthic 

and pelagic morph pair in Vatnshlíðarvatn, where no loci were significantly associated with 

stable isotopic signatures and body shape and size even though many Fst outlier regions were 

detected. This disconnect between the number of Fst and RDA outlier regions indicates that Fst 

outlier analyses alone may not necessarily detect signatures of divergent selection. It is possible 

that some of the genomic differentiation we detected between benthic and pelagic morphs may 

be due to the effects of linked selection (Burri, 2017b; Ellegren et al., 2012; Ravinet et al., 2017). 

Unfortunately, our genotypic approach does not allow for effective tests of linked selection.    

The magnitude of genomic differentiation between benthic and pelagic morphs reflects 

the degree of phenotypic and ecological divergence observed in these populations. Fst values 

between benthic and pelagic morphs across 200Kb windows ranged from high genomic 

differentiation in Galtaból (average Fst of 0.016 across all loci) to a substantially lower degree of 

differentiation in Vatnshlíðarvatn (average of 0.003 across all loci). The morphs within Galtaból 

are phenotypically and ecologically divergent and show no evidence of gene flow (Gíslason et al. 

1999; Chapter 2). In contrast, there is more gene flow between the morphs in Vatnshlíðarvatn 

and the morphs are much less phenotypically and ecologically divergent (Jonsson and Skúlason 

2000; Chapter 2). Differences in the magnitude of genomic differentiation between populations 

is likely related to the relative strengths of selection and degree of gene flow between morphs 

(Aeschbacher et al., 2017; Curran et al., 2020; Hudson et al., 2013; Sachdeva & Barton, 2017). 

The islands of high differentiation throughout the genome detected in the current study 

were relatively narrow, which may be due to the eroding and homogenizing effects of gene flow 
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during adaptive divergence. Although, high Fst values were observed for loci associated with 

stable isotopic signatures and body shape and size, loci surrounding highly differentiated trait 

associated loci had significantly lower Fst values. These results suggest that the islands of 

differentiation are due to divergent selection and are relatively narrow as the effects of 

divergence hitchhiking did not extend to loci within close proximity to loci under selection 

(Feder et al., 2014; Schilling et al., 2018). A prominent expectation during adaptive divergence 

with gene flow is that islands of genomic differentiation are expected to start small and grow as 

loci surrounding the locus under selection gradually become differentiated (Feder & Nosil, 2010; 

Feder et al., 2013; Flaxman et al., 2013; Via, 2012). This pattern of a gradual decline in Fst 

moving away from loci under selection has been shown empirically in sympatrically diverging 

populations of the wild pea aphid which utilize different hosts (Via et al., 2012). Narrow peaks 

of differentiation across the genome may indicate that divergence along a benthic-pelagic axis is 

recent and that gene flow during divergence may potentially erode the effects of differentiation 

that extends to surrounding loci. However, if islands of differentiation arose in the past due to 

hard selective sweeps then gene flow will erode the signatures of selection over time. Larson et 

al. (2017) also found that islands of genomic differentiation that strongly differentiate Sockeye 

salmon ecotypes are relatively narrow (small size) due to the effects of strong divergent selection 

during periods of high gene flow. Gene flow between benthic and pelagic morphs of Icelandic 

Arctic charr has been shown to vary across populations and be relatively low due to partial 

reproductive isolation (Gíslason et al. 1999; Chapter 3). However, small amounts of gene flow 

occurring between morphs may erode islands of differentiation and cause loci surrounding the 

selected locus to be homogenized (Bierne et al., 2013; Lenormand, 2002; Ottenburghs et al., 

2020). Contemporary patterns of gene flow may cause a decay in islands of differentiation that 

build-up in sympatry or allopatry resulting in similar patterns of differentiation regardless of 

divergence history.   

The finding that many genomic regions were associated with variation in morphology 

and resource use suggests the potential for genomic modularity. Hundreds of loci (~2% of the 

loci analyzed) were associated with stable isotopic signatures and morphological variation for 

each morph pair suggesting that there may be many genomic regions under divergent selection. 
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There was a high degree of overlap between loci (36.7-44.1% overlap) that were associated with 

both stable isotopic signatures and morphological variation across all benthic and pelagic morph 

pairs suggesting that the genetic underpinnings of both traits might be controlled by the same 

loci. Traits associated with the same genetic module may evolve rapidly during adaptive 

divergence as allele frequency changes at a single locus will have cascading effects on 

phenotypic evolution (Casto & Feldman, 2011; Duntsch et al., 2020; Ellegren & Sheldon, 2008; 

Mark et al., 2019; Ragland et al., 2017). Selection acting on phenotypic variation in body shape 

and size may cause allele frequency changes driving differentiation between benthic and pelagic 

morphs across the genome. As resource use is highly related to both phenotypic variation and 

reproductive isolation between benthic and pelagic morphs (Chapter 2), changes in allele 

frequencies in phenotypic traits under selection may also drive reproductive isolation and the 

evolution of barrier loci. Pleiotropic effects of loci that influence multiple different traits have 

been shown to facilitate rapid genomic divergence in three-spine stickleback (Gasterosteus 

aculeatus) (Archambeault et al., 2020). The Eda gene has been shown to affect both the lateral 

plate count and lateral line neuromast development in a pleiotropic fashion. Thus, genes in close 

proximity to loci associated with both resource use and phenotypic variation may have similar 

pleiotropic effects during the development of benthic and pelagic morphs of Arctic charr. 

However, a drawback of using association mapping of traits in wild populations is that 

ecological and phenotypic variation associated with adaptive divergence may be strongly 

correlated causing a high degree of overlapping associations between both traits that is not 

reflective of genomic modularity.  

Genomic parallelism between benthic and pelagic morphs     

 Closely related and rapidly divergent benthic and pelagic morphs of Icelandic Arctic 

charr show a low degree of genomic parallelism with only two shared Fst outliers and thirteen 

shared trait associated outliers out of a large set of loci common to all populations. Our results 

show that not only are few individual loci shared across populations but also that large (200Kb) 

differentiated regions are not shared as well. These data contribute to recent observations that the 

degree of genomic parallelism is relatively low across populations undergoing divergence 

despite a high degree of phenotypic parallelism (Kess et al. 2018, 2020; Jacobs et al. 2020; 
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Salisbury et al. 2020). Limited genomic parallelism between benthic and pelagic morphs may be 

due to high genomic redundancy, where many loci may provide the same function across the 

genome, which has been shown to be key to the rapid adaptive divergence of traits (Barghi et al., 

2020; Elmer et al., 2014; Louis, 2007). Genomic redundancy allows multiple different 

combinations of adaptive alleles to facilitate adaptation to a common ecological problem and 

facilitate the same phenotypic outcome, as shown in Drosophila simulans (Barghi et al., 2019). 

Thus, selection that varies in strength across populations may facilitate a similar phenotypic 

outcome while involving different variants of loci that have the same function across the 

genome. As a result, non-parallel genomic differentiation across populations may still lead to 

parallel phenotypic divergence, as developmental pathways conserved across populations result 

in the common expression of benthic and pelagic traits (Losos, 2011; Skúlason et al., 2019; Uller 

et al., 2018). The genomic underpinnings of divergent traits might differ across populations but 

the environmental effects on trait expression throughout development may be similar. 

Environmental differences between benthic and pelagic habitats that are common across 

populations may have a large effect on the expression of phenotypic traits throughout 

development due to phenotypic plasticity (Noble et al., 2019b; Parsons et al., 2020; Radersma et 

al., 2020; Uller et al., 2020). A combination of genomic redundancy and developmental biases 

may allow for a low degree of genomic parallelism across populations although the relative 

strengths of these evolutionary factors in promoting adaptive divergence have not yet been 

conclusively evaluated. 

Despite a low degree of observed genomic parallelism, there were a number of candidate 

genes associated with the parallel phenotypic divergence of benthic and pelagic morphs. A total 

of seventeen genes were within 1Kb of an outlier locus associated with stable isotopic signatures 

and morphological variation across all benthic and pelagic morph pairs. The seventeen genes 

found here may be important to phenotypic adaptation to benthic and pelagic environments as 

they are conserved across all populations with trait associated loci. The genes identified within 

this study have not been previously determined to be differentially expressed between benthic 

and pelagic morphs of Icelandic Arctic charr (Ahi et al., 2014; Beck et al., 2019; Kapralova et 

al., 2013; MacQueen et al., 2011).  However, previously identified candidate genes were 
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generally only found within a single morph or population because comparisons over multiple 

populations of coexisting benthic and pelagic morphs had not yet been performed. There is little 

known about many of the candidate genes identified here. However, the prdm2b, cks2, and 

tbcelb genes are associated with growth factors (Di Zazzo et al., 2013; Vervoort et al., 2016), 

germline cell development (Frédéric et al., 2013), and cytoskeletal development (Kumar, 2013), 

respectively. One candidate gene of particular interest is Hsp90 as it has been shown to generate 

a large amount of phenotypic variation through interactions between environmental variation and 

development (Rutherford and Lindquist, 1998). This gene may be of large importance for the 

evolution of phenotypic divergence. These candidate genes may have a large effect size on 

phenotypic variation of benthic and pelagic morphs and represent potential speciation genes 

(Nosil & Schluter, 2011) although their role in phenotypic differentiation remains to be 

determined. Functional validation using gene expression techniques and trans-genic lines may 

allow for the determination of the significance of these candidate genes on the phenotypic 

variation available for selection.   

Conclusion 

In this study we have implemented an integrative approach to determine the extent to which 

resource use and phenotypic variation influences genomic differentiation during adaptive 

divergence along a benthic-pelagic axis. This study is one of the first to effectively combine 

ecological, phenotypic, and genomic patterns across multiple populations undergoing adaptive 

divergence. Benthic and pelagic morphs of Icelandic Arctic charr generally appear to be 

diverging in sympatry with continuous gene flow except for morphs in Ϸingvallavatn where 

divergence may have involved a period of allopatry. However, despite varied divergence 

histories across populations narrow islands of divergence appear to be associated with 

morphological and ecological variation except in Vatnshlíðarvatn, where no trait associated loci 

were found. Thus, genomic differentiation appears to be related to the degree of phenotypic and 

ecological divergence within each population where highly divergent populations show a greater 

degree of genomic differentiation. Despite low degrees of genomic parallelism across 

populations, differential resource use and phenotypic variation appear to shape the degree of 

genomic differentiation between benthic and pelagic morph pairs suggesting the role of 
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conserved developmental pathways in producing phenotypic outcomes. Overall, this study 

provides novel insight into the mechanisms and processes driving large scale genomic 

differentiation and potential speciation of Icelandic Arctic charr.  
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Tables and figures 

Table 4.1. Sample sizes of benthic and pelagic morphs of Arctic charr collected from four Icelandic populations and analyzed for 

variation in stable isotope signatures, morphology, and single nucleotide polymorphisms (SNPs). The specific descriptor is the name 

used for each morph in previous studies. The two pelagic morphs in Svínavatn were grouped together in analyses of divergence 

history and genomic differentiation based on the results from our characterization of genetic population structure (see results). A 

common set of 14,187 SNPs were used for all analyses. Morphs and populations varied in the degree of polymorphic vs monomorphic 

SNPs.  

 

Population Coordinates Morph 
Specific 

descriptor 

Sample size: 

Morphology 

and isotopes 

Sample size: 

SNPs 

SNPs per 

morph 

SNPs across 

morphs 

Galtaból 

Latitude: 

65˚16ʹ0ʹʹN 
Benthic Small benthic  34 32 3126 

4473 
Longitude: 

19˚43ʹ60ʹʹW 
Pelagic Piscivorous  25 25 1772 

Svínavatn 

Latitude: 

65˚12ʹ0ʹʹN 

Longitude: 

20˚1ʹ0ʹʹW  

Benthic  Large benthic  26 26 2926 

6247 
Pelagic 1 Planktivorous  33 32 4065 

Pelagic 2 Piscivorous  33 32 3820 

Ϸingvallavatn 

Latitude: 

64˚18ʹ33ʹʹN 

Longitude: 

21˚15ʹ00ʹʹW  

Benthic 1 Large benthic  33 32 2337 

4465 
Benthic 2 Small benthic  33 32 2831 

Pelagic Planktivorous  33 31 2839 

Vatnshlíðarvat

n 

Latitude: 

64˚31ʹ0ʹʹN 
Benthic Silver  33 32 3705 

5114 
Longitude: 

19˚37ʹ0ʹʹW 
Pelagic Brown  33 32 3752 
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Table 4.2. Number of outlier loci associated with variation in resource use and morphological 

traits for pairs of sympatric benthic and pelagic morphs from four populations of Icelandic Arctic 

charr based on RDA genome association analyses. G – Galtaból, S – Svínavatn, T – 

Ϸingvallavatn, V – Vatnshlíðarvatn.  

Benthic-

pelagic 

morph pair 

Trait type Total 

Percentage 

(%) of 

genome 

Unique to 

trait type 

Shared 

across trait 

types 

Percentage 

(%) of shared 

outliers 

 

G: benthic-

pelagic 

Resource 

use 
325 2.29 77 

248 36.7 

Morphology 350 2.47 102 

S: benthic-

pelagic 

Resource 

use 
294 2.07 34 

251 43.3 

Morphology 286 2.02 35 

T: benthic 

1-pelagic 

Resource 

use 
264 1.86 29 

235 44.2 

Morphology 268 1.89 33 

T: benthic 

2-pelagic 

Resource 

use 
260 1.83 38 

222 42.8 

Morphology 259 1.83 37 

V: benthic-

pelagic 

Resource 

use 
0 0 0 

0 0 

Morphology 0 0 0 
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Table 4.3. List of candidate genes located 1Kb from SNPs associated with resource use and 

morphology across all benthic-pelagic morph pairs of Icelandic Arctic charr.  

Gene ID Name Gene symbol Description 

111954522 LOC111954522 NA 

Rap1 GTPase-GDP 

dissociation 

stimulator 1 

111967720 LOC111967720 NA 
Mitogen-activated 

protein kinase 8 

111970560 LOC111970560 prdm2b 

PR domain 

containing 2, with 

ZNF domain b 

111968789 LOC111968789 NA 

Seine/threonine-

protein kinase PAK 

6-like 

111973118 LOC111973118 ccnc Cyclin C 

111954149 LOC111954149 NA 
Heat shock protein 

HSP 90-alpha 1 

111981791 LOC111981791 NA 
Interferon 

regulatory factor 1 

111949705 LOC111949705 NA Latexin-like 

111975378 LOC111975378 Zgc:153738 Uncharacterized 

111953590 LOC111953590 NA Clavesin-1-like 

111958221 LOC111958221 NA 
Lysosome 

membrane protein 2 

111972116 LOC111972116 Cks2 

CDC28 protein 

kinase regulatory 

subunit 2 

111950210 LOC111950210 Tbcelb 
Tubulin folding 

cofactor E-like b 

111975338 LOC111975338 Zbtb37 

Zinc finger and 

BTB domain 

containing 37 

111979735 LOC111979735 NA Uncharacterized 

111956568 LOC111956568 NA Uncharacterized 

111960012 LOC111960012 NA 

Mitotic spindle 

assembly 

checkpoint protein 

MAD2A-like 
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Figure 4.1. Demographic models of population divergence for two (A-C) and three (D-G) genetic sub-populations. Two sub-

population models were used to model divergence history in Galtaból, Vatnshlíðarvatn, and Svínavatn while three sub-population 

models were used in Ϸingvallavatn. Benthic and pelagic morphs are represented as blue and red, respectively. The length of the arrows 

between demes indicates the amount of gene flow at any moment in time which increases from top to bottom in each figure. Morphs 

are defined based on distinct resource use patterns, morphology, and population genetic differences. A) two sub-population model of 

isolation by migration (2IM). B) two sub-population model of isolation by migration with a reduction in gene flow between morphs 

(CIM). C) two sub-population model of secondary contact between benthic and pelagic morphs (2SC). D) three sub-population model 

of isolation by migration (3IM). E) three sub-population model of isolation by migration modelling divergence of morph variants 
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(3IM_MT). F) three sub-population model of secondary contact (3SC). G) three sub-population model of secondary contact modelling 

divergence of morph variants (3SC_MT). 
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Figure 4.2. Models of divergence history within populations of Icelandic Arctic charr. The best supported model within each 

population had the greatest maximum likelihood value. A) Galtaból. B) Svínavatn. C) Ϸingvallavatn. D) Vatnshlíðarvatn. 

 



 

 

160 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3. Genomic divergence within 200Kb windows along chromosomes of sympatric benthic and pelagic morphs of Icelandic 

Arctic charr. Colouration of different points distinguishes neutral windows from outliers as well as the different outlier types. Neutral 

windows are shown in grey, Fst outliers are shown in light blue, shared Fst outliers are shown in dark blue, morphological RDA 

outliers are shown in red, resource use RDA outliers are shown in green, and overlapping RDA outliers are shown in yellow. A) 

Galtaból. B) Svínavatn. C) Ϸingvallavatn: benthic 1 – pelagic, D) Ϸingvallavatn: benthic 2 – pelagic, E) Vatnshlíðarvatn.   
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Figure 4.4. RDA outlier analysis of 14,187 polymorphic SNPs across four populations of Icelandic Arctic charr containing benthic 

and pelagic morphs. Populations are shown in different colours while benthic and pelagic morphs are represented as different shapes. 

A) SNP associations with variation in resource use traits. B) SNP associations with variation in morphological traits.   
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Figure 4.5. RDA outlier SNPs that were shared across sympatric benthic and pelagic morph pairs of Icelandic Arctic charr. Blue 

rectangles highlight RDA outliers that were associated with both variation in resource use and morphology in all benthic and pelagic 

morph pairs. Transparency of the circles indicates the number of shared loci at each chromosome, i.e. there are two shared loci on 

AC10 but only one locus on all other chromosomes. 
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Figure 4.6. Colocalization of Fst peaks and RDA associated outlier loci for all four populations of Icelandic Arctic charr. Red, yellow, 

and blue bars indicate outlier loci, loci surrounding outliers, and non-outlier loci, respectively. Different letters indicate statistical 

significance between the different groups of loci in each population comparison. 
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Chapter 5: Final thoughts and future directions 

This research assessed the conditions and mechanisms that facilitates adaptive divergence 

in the face of gene flow in Icelandic Arctic charr. My highly integrative approach allowed me to 

characterize linkages between phenotypic, ecological, and genomic variation, in order to provide 

detailed insights into the evolutionary processes ranging from ecological opportunity to adaptive 

divergence in sympatry within a single replicated system. The degree of phenotypic divergence 

along a benthic-pelagic axis varies across populations but, the patterns of phenotypic divergence 

are mostly parallel. My findings suggest that parallel patterns of phenotypic divergence are 

facilitated by the joint effects of developmental biases and common divergent selection 

pressures. Developmental biases can structure the amount of phenotypic variation available to 

selection. Adaptation to different habitats through phenotypic specialization on benthic and 

pelagic resources can cause the build-up of reproductive isolating barriers, such as the timing and 

location of reproduction which limits gene flow. Phenotypic adaptation to ecological selection 

pressures appears to promote genomic differentiation, where the magnitude of differentiation is 

associated with the degree of adaptive divergence. Genomic differentiation between morphs 

diverging in sympatry with continuous gene flow is characterized by narrow islands of 

differentiation and is uneven across the genome. I will now outline future areas of investigation 

in this field that are the necessary next steps to better understand the process of adaptive 

divergence in the face of gene flow.  

 My data suggest that developmental biases may affect the degree of phenotypic 

divergence and facilitate adaptation along parallel evolutionary trajectories. The exact 

mechanisms for how developmental biases could form and shape phenotypic variation remains 

relatively unknown. Broadly, developmental biases may be initiated by the interaction between 

phenotypic plasticity and the covariance structure between traits under selection (Noble et al., 

2019; Parsons et al., 2020; Radersma et al., 2020; Uller et al., 2020). Identifying the interactive 

role of phenotypic plasticity and trait covariance in biasing expression of phenotypes throughout 

development in wild populations is needed but may be challenging. An experimental approach 

that utilizes a fully factorial transplant set up or a transplant of enclosures may allow for the 
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differentiation between the effects of phenotypic plasticity and trait covariance on development 

throughout ontogeny. The integration of development into studies of adaptive divergence may 

lead to significant insights into the mechanisms underlying the partitioning of phenotypic 

variation in natural populations characterized by continuous gene flow (Skúlason et al., 2019). 

 A further understanding of selective dynamics would provide increased insight into the 

processes underlying adaptive divergence. Performance trade-offs between benthic and pelagic 

habitats, where alternative phenotypes become specialized on resources within the respective 

habitats due to low performance in alternative habitats are thought to play a key role in adaptive 

divergence. The existence of performance trade-offs can be suggested by phenotypic-habitat 

associations, which in turn can be generated by phenotypic plasticity, habitat matching, and 

natural selection (Nicolaus & Edelaar, 2018). Although I found evidence of phenotype-habitat 

associations, direct evidence is needed to further establish the existence of performance trade-

offs. Measures of individual level fitness within a particular habitat and large-scale selective 

analyses will aid in better understanding the role of divergent selection, along with habitat 

matching, during adaptive divergence in sympatry. However, obtaining accurate and relevant 

fitness measures in wild populations is logistically challenging albeit necessary to fully 

understand the ecological speciation process.  

 Revealing the evolutionary mechanisms that shape the degree and patterns of genomic 

differentiation between sympatric morphs is fundamental to understanding the genomic 

consequences of adaptive divergence and ecological speciation. Currently, there is debate about 

the processes that create heterogenous patterns of differentiation across the genome, either 

divergent selection facilitating divergence hitchhiking or linked selection (Yeaman et al., 2016; 

Burri, 2017). It is unlikely that either divergence hitchhiking or linked selection is creating 

islands of differentiation alone, as it is more likely that they are acting synchronously. 

Determining the relative strengths of divergence hitchhiking and linked selection in driving 

patterns of genomic differentiation is central to understanding the underlying forces that facilitate 

adaptive divergence with continuous gene flow. Such a study will require a lot of detailed 

information such as estimates of Dxy, gene density, and recombination rates (Ravinet et al., 

2017) and involve in depth whole genome sequencing of individuals. Recombination rate may be 



 

 

166 

 

especially important factor that influences genomic differentiation as it has been shown to have a 

large effect on the detection of outliers in genome scans (Booker et al., 2020). Currently, we 

have an incomplete understanding of the processes and mechanisms that promote genomic 

differentiation during adaptive divergence.  

 Identifying genes associated with adaptive divergence, and potential speciation may aid 

in determining how divergent selection leads to genomic differentiation (Nosil & Schluter, 2011; 

Skovmand et al., 2018). A large number of candidate genes that may have a phenotypic or 

ecological effect can be identified through modern genomic techniques. However, research needs 

to move forward in validating the role these genes play in adaptive divergence and the speciation 

process. It is unlikely that a single speciation gene will be identified for most wild populations 

and it is more likely that many genes, or gene networks, are involved in the development of 

phenotypic variation. This is especially important as research moves away from simple 

phenotypic characterizations and attempts to explain the evolution of complex traits with 

polygenic genomic architectures. Utilizing modern technologies such as CRISPR may allow for 

the determination of the phenotypic influences of candidate genes or gene networks and how 

they may affect the evolution of phenotypic variants.  

 The most important feature of ongoing and future research on adaptive divergence in the 

face of gene flow is that it integrate and examine linkages among the fields of ecology, 

evolution, and developmental biology (Skúlason et al., 2019). To effectively link the three fields 

together, a variety of research approaches that include mesocosm and field experiments on both 

short- and long-term scales would be especially valuable. Increasing the prevalence of 

experimental approaches in wild populations is important as they will allow for the direct 

examination of the evolutionary mechanisms that can lead to adaptive divergence and possibly 

speciation in sympatry with continuous gene flow. Understanding the significance of 

developmental biases for phenotypic evolution and genomic differentiation is an especially 

promising avenue of research which requires integrative thinking across ecology, evolution, and 

developmental biology. The recent development of genomic resources for phenotypically 

variable species such as Arctic charr will enable research on the effects of development on 

adaptive divergence across all levels of biological organization. Future research that successfully 



 

 

167 

 

integrates research across the three fields may lead to significant insight into the adaptive 

divergence and ecological speciation process.    
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APPENDICES 

Chapter 2 Supplement 

Table S2.1. The effects sex on body shape within six populations of Icelandic Arctic charr from 

MANOVA.  F-statistics were calculated from Wilks λ and the partial variance explained (Partial 

ɳ2) was calculated from Wilks λ using the formula: ɳ2 = 1- λ1/s where s is the number of 

dependent variables. 

Population Wilks λ F-statistic df 

(numerator, 

denominator) 

P-value Partial variance 

explained (%) 

Þingvallavatn 0.28 7.96 40, 123 <0.001 3.13 

Vatnshlíðarvatn 0.18 9.93 40, 88 <0.001 4.20 

Svínavatn 0.26 2.93 40, 120 <0.001 3.31 

Galtaból 0.15 4.91 40, 34 <0.001 4.63 

Mjóavatn 0.03 6.15 40, 8 0.0054 8.32 

Fljótaá 0.06 4.15 40, 10 0.010 6.91 

 

 

 

 

 

 

 

 

 

 



 

 

170 

 

Table S2.2. Allele frequencies for nine microsatellite markers from six populations of Icelandic Arctic charr (twelve morphs total). 

Allele frequencies were significantly different between morphs within the same population. There were a number of private and low 

frequency alleles within and across each population. 

Marker 
Allele 

(BP) 
Flj Mjoa G-B G-P S-B S-P1 S-P2 T-B1 T-P T-B2 V-B V-P 

OMM1329 

220 0 0 0 0 0 0.79 0 0 0 0 0 0 

224 4.55 6.12 0 0 4.17 11.91 10.15 0 0 0 0 0 

228 30.91 58.16 0 0 22.92 15.08 21.01 14.17 8.62 16.36 9.23 10.66 

232 20.91 11.22 0 2.5 56.25 34.92 32.61 55.83 47.41 53.64 17.69 36.07 

236 23.64 4.08 0 12.5 12.5 13.49 11.59 8.33 5.17 10 19.23 9.84 

240 10.91 16.33 9.52 66.67 0 3.97 7.25 20.83 34.48 17.27 24.62 10.66 

244 4.55 4.08 50 16.67 4.17 15.08 14.49 0.83 3.45 2.73 23.85 10.66 

248 4.55 0 24.29 0 0 3.18 2.9 0 0.86 0 4.62 12.3 

252 0 0 15.24 0 0 0.79 0 0 0 0 0.77 9.84 

294 0 0 0.48 1.67 0 0.79 0 0 0 0 0 0 

305 0 0 0.48 0 0 0 0 0 0 0 0 0 

OMM1236 

263 0 0 0 0 0 0 0 0 0 0.93 0 0 

282 0 0 0 0 0 0 2.14 0 0.89 0 0 0 

286 0 3.57 0.99 0 0 0 0 3.39 0.89 0.93 0 3.28 

290 12.75 16.67 19.31 1.79 2.17 20.16 15.71 2.54 3.57 3.7 41.27 20.49 

294 9.8 14.29 41.09 0 13.04 13.7 12.14 7.63 3.57 7.41 13.49 4.92 

298 20.59 2.38 3.96 13.39 2.17 6.45 5.71 20.34 21.43 23.15 15.08 12.3 

302 18.63 5.95 8.42 0 13.04 6.45 5.71 9.32 16.07 12.96 1.59 2.46 

306 1.96 4.76 0.5 84.82 0 4.03 1.43 7.63 9.82 14.82 23.02 7.38 

310 4.9 14.29 0.5 0 0 4.03 2.14 20.34 19.64 7.41 0.79 3.28 

315 12.75 0 0 0 0 7.26 5.71 19.49 12.5 6.48 0 7.38 

319 5.88 0 0 0 0 7.26 5 3.39 0 0.93 0 8.2 

323 0 0 6.44 0 0 5.65 5.71 0 1.77 4.63 3.18 18.03 

327 0 1.19 1.49 0 0 7.26 5 0 0 1.85 0 8.2 

331 0 5.95 0.5 0 2.17 3.23 3.57 2.54 3.57 1.85 1.59 0.82 

335 0 14.29 0.99 0 8.7 2.42 7.14 0.85 0.89 0.93 0 0.82 
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340 8.82 4.76 12.38 0 4.35 3.23 5 0.85 0.89 0.93 0 0 

344 1.96 4.76 2.48 0 8.7 0 4.29 0.85 0 0.93 0 0 

348 0 4.76 0 0 15.22 2.42 4.29 0 2.68 1.85 0 0.82 

352 0.98 1.19 0 0 28.26 1.61 3.57 0 0.89 0.93 0 0 

356 0.98 0 0 0 2.17 1.61 0.71 0.85 0 0.93 0 0.82 

359 0 1.19 0 0 0 2.42 4.29 0 0 2.78 0 0 

363 0 0 0 0 0 0 0 0 0.89 3.7 0 0 

371 0 0 0 0 0 0 0.71 0 0 0 0 0 

375 0 0 0 0 0 0 0 0 0 0 0 0.82 

391 0 0 0 0 0 0.81 0 0 0 0 0 0 

393 0 0 0.99 0 0 0 0 0 0 0 0 0 

Omi179 

103 0 0 0 1.7 0 0 0 0 0 0 0 0 

113 3.64 1.11 1.94 1.7 3.85 3.18 0 0.83 0 0 0 0 

125 0 0 0 3.39 0 0 0 0 0 0 0.76 0 

128 0.91 4.44 0 0 0 0 0 0 0 0 0 1.67 

130 0 0 0 0 0 0.79 0 0 0 0 0 0 

135 0 0 0.97 0 0 0.79 0 2.5 2.83 5.66 3.03 2.5 

138 0 0 0 0 0 0 0 1.67 0 1.89 0.76 0 

140 0 0 0 0 0 0.79 0 0 1.89 0.94 0 0 

142 82.73 94.44 97.09 93.22 96.15 93.65 100 92.5 94.34 89.62 68.18 42.5 

144 0 0 0 0 0 0.79 0 2.5 0.94 0.94 0 0 

146 3.64 0 0 0 0 0 0 0 0 0 0 0 

150 9.09 0 0 0 0 0 0 0 0 0 0 0 

154 0 0 0 0 0 0 0 0 0 0 27.27 53.33 

156 0 0 0 0 0 0 0 0 0 0.94 0 0 

BX890355 

205 0 0 0 0 2.08 1.59 0 0 0 0 0 0 

224 0 0 1.01 0 0 0 0 0 0 0 0 0 

251 0 0 1.01 0 0 0 0 0 0 0 0 0 

268 4.55 0 0 0 0 2.38 2.14 0 0 0 0 0 

273 4.55 1.02 0 0 0 7.94 10 0 0 0 0 0 

277 2.73 2.04 8.59 46.67 31.25 33.33 28.57 0 0 0 0 0 
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283 12.73 6.12 43.44 44.17 31.25 15.87 14.29 0.83 0 0.91 21.54 35.8 

289 5.46 10.2 4.04 0 0 1.59 2.14 0.83 0 0 13.08 10.83 

293 17.27 32.65 10.1 0 2.08 3.18 22.14 0 2.59 8.18 17.69 10 

305 32.73 4.08 1.52 7.5 12.5 20.64 27.86 8.33 25.86 21.82 6.15 13.33 

313 0 1.02 0 0 8.33 11.11 10 69.17 34.48 41.82 22.31 23.33 

321 0.91 11.22 0 0 10.42 1.59 0.71 15 24.14 18.18 6.92 5 

333 5.46 6.12 1.52 0 2.08 0 1.43 2.5 7.76 7.27 4.62 0.83 

341 13.64 12.25 0 0 0 0 0 3.33 3.45 1.82 7.69 0.83 

353 0 3.06 0 0 0 1.59 0 0 1.72 0 0 0 

OMM5146 

105 3.7 0 0 0 1.92 2.38 2.14 0 0 0 0 0 

130 0 0 0 0 5.77 28.57 29.29 1.67 0 0 1.52 0 

135 80.56 22.45 45.71 98.33 63.46 19.84 20.71 96.67 100 99.09 84.85 37.71 

141 14.82 77.55 54.29 1.67 26.92 47.62 45 1.67 0 0.91 13.64 62.3 

144 0.93 0 0 0 0 0.79 2.14 0 0 0 0 0 

158 0 0 0 0 1.92 0.79 0.71 0 0 0 0 0 

OMM1302 

205 21.7 16.67 95.67 41.53 55.77 28.23 35.29 27.12 10.35 22.64 44.62 80.33 

212 0 0 0.96 0 0 2.42 0.74 0 0 0.94 0 0 

216 1.89 0 0 8.48 32.69 4.03 2.94 0 0.86 0 0 0 

220 7.55 18.75 0 0 1.92 0.81 0.74 0 0 0 0 0 

224 35.85 60.42 0.48 44.92 1.92 5.65 3.68 0.85 0.86 2.83 33.08 5.74 

228 31.13 4.17 0.48 4.24 7.69 53.23 50.74 67.8 82.76 72.64 9.23 12.3 

232 0 0 0 0 0 4.84 5.15 3.39 5.17 0.94 0.77 0 

236 0 0 0 0 0 0.81 0 0 0 0 0.77 0 

239 0 0 0 0 0 0 0 0.85 0 0 0.77 0 

250 0 0 2.4 0.85 0 0 0.74 0 0 0 8.46 0 

262 1.89 0 0 0 0 0 0 0 0 0 2.31 1.64 

OMM1211 

165 0 0 0 0 0 0 0 0 0 0 0.76 0 

247 0 0 0 1.85 0 0 0 0 0 0 0 0 

250 0 0 1.04 0 0 0 0 0 0 0 1.52 0 

261 3.57 0 0 0 0 0 0 0 0 0 0 0 

289 0 0 0 0.93 0 1.72 0.96 0 0 0 0 0 
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294 3.57 0 3.13 1.85 0 0.86 0 0 0 0 0 0 

308 12.5 5.56 29.69 82.41 16 4.31 4.81 3.64 6.9 9 2.27 10.66 

312 3.57 2.22 10.94 0 38 13.79 18.27 24.55 5.17 18 15.91 9.02 

316 10.71 4.44 8.85 0 38 22.41 19.23 40.91 37.07 20 1.52 18.03 

321 12.5 17.78 40.1 0.93 4 19.83 16.35 18.18 14.66 21 9.85 16.39 

325 23.21 32.22 3.13 0.93 0 1.72 10.58 10.91 17.24 13 0 1.64 

329 8.93 8.89 1.04 11.11 0 1.72 3.85 1.82 0.86 5 0.76 0.82 

337 5.36 28.89 1.56 0 0 2.59 3.85 0 5.17 7 0 0 

341 1.79 0 0 0 2 6.9 3.85 0 0 1 0.76 0.82 

345 0 0 0 0 0 5.17 11.54 0 6.9 4 0.76 0 

353 8.93 0 0.52 0 2 16.38 6.73 0 6.03 2 3.03 4.1 

365 3.57 0 0 0 0 0.86 0 0 0 0 57.58 31.15 

373 0 0 0 0 0 1.72 0 0 0 0 5.3 7.38 

393 1.79 0 0 0 0 0 0 0 0 0 0 0 

OMM5151 

127 0 0 0 0 0 0 0.71 0 0 0 0 0 

133 27.27 8.16 0 0.83 0 0 0 0 0 0 2.27 0.94 

136 13.64 80.61 94.76 98.33 50 43.65 42.86 2.5 34.48 5.46 85.61 81.13 

138 21.82 0 0 0 0 3.97 3.57 0 0 0.91 3.03 0 

140 24.55 10.2 4.76 0.83 48 44.44 49.29 90 65.52 79.09 7.58 16.98 

142 12.73 1.02 0.48 0 0 5.56 1.43 6.67 0 10.91 0 0 

145 0 0 0 0 0 0.79 2.14 0.83 0 3.64 1.52 0.94 

147 0 0 0 0 2 1.59 0 0 0 0 0 0 

OMM1228 

247 1.06 0 0 0 0 0 0 0 0 0 0 0 

255 28.72 79.17 68.1 100 15.38 14.52 17.39 6.67 2.59 8.18 47.73 48.36 

262 35.11 17.71 14.29 0 32.69 19.36 26.09 7.5 37.07 13.64 43.94 49.18 

266 34.04 3.13 16.67 0 42.31 37.1 25.36 3.33 18.97 20.91 5.3 2.46 

272 1.06 0 0 0 0 8.87 7.25 1.67 5.17 1.82 0 0 

278 0 0 0 0 0 8.06 4.35 4.17 0 0 0 0 

281 0 0 0 0 0 0 2.17 4.17 0 4.55 0 0 

283 0 0 0 0 3.85 6.45 10.15 2.5 1.72 1.82 0 0 

285 0 0 0 0 0 2.42 1.45 8.33 0 0.91 1.52 0 
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287 0 0 0 0 0 1.61 3.62 22.5 16.38 22.73 0 0 

289 0 0 0 0 0 0 0 12.5 6.03 7.27 0 0 

291 0 0 0 0 1.92 1.61 2.17 17.5 6.03 12.73 0 0 

293 0 0 0 0 3.85 0 0 8.33 1.72 3.64 0 0 

295 0 0 0 0 0 0 0 0.83 4.31 0.91 0 0 

297 0 0 0 0 0 0 0 0 0 0.91 0 0 

308 0 0 0.95 0 0 0 0 0 0 0 0.76 0 

316 0 0 0 0 0 0 0 0 0 0 0.76 0 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

175 

 

Table S2.3. Fst and Dest values of between samples of Icelandic Arctic charr. Fst and Dest are 

below and above the dashed line, respectively. All Fst and Dest values are significant except in the 

comparison of SPI and SPL from Svinavatn. Black boxes indicate within population 

comparisons. 

†T – Ϸingvallavatn, S – Svínavatn, V – Vatnshlíðarvatn, G – Galtaból 

†† B – Benthic, P – Pelagic 

 

 

 

 

 

 

 

 

 

 

  Flj G-B G-P 
Mjo

a 
S-B S-P1 S-P2 T-B1 T-P 

T-

B2 
V-B V-P 

Flj - 0.51 0.54 0.36 0.3 0.39 0.33 0.4 0.35 0.31 0.39 0.42 

G-B 0.27 - 0.37 0.47 0.41 0.42 0.42 0.65 0.62 0.61 0.39 0.35 

G-P 0.32 0.32 - 0.57 0.5 0.63 0.63 0.65 0.59 0.61 0.41 0.55 

Mjoa 0.19 0.3 0.43 - 0.51 0.43 0.41 0.65 0.59 0.6 0.41 0.39 

S-B 0.11 0.24 0.38 0.23 - 0.24 0.23 0.4 0.39 0.35 0.46 0.39 

S-P1 0.1 0.23 0.36 0.17 0.078 - 9.03X10-5 0.36 0.31 0.28 0.43 0.3 

S-P2 0.1 0.22 0.35 0.17 0.072 -0.0015 - 0.36 0.31 0.26 0.43 0.3 

T-B1 0.15 0.41 0.45 0.37 0.19 0.16 0.16 - 0.09 0.05 0.51 0.49 

T-P 0.13 0.38 0.4 0.34 0.18 0.14 0.14 0.047 - 0.06 0.44 0.45 

T-B2 0.11 0.38 0.42 0.34 0.16 0.14 0.14 0.012 0.026 - 0.46 0.44 

V-B 0.17 0.18 0.35 0.18 0.15 0.13 0.13 0.28 0.25 0.26 - 0.19 

V-P 0.12 0.19 0.23 0.18 0.15 0.15 0.15 0.25 0.19 0.21 0.095 - 
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Table S2.4. Pair-wise comparison of allometric divergence vectors between sympatric benthic 

and pelagic morphs in four populations of Icelandic Arctic charr. Fitted Procrustes landmark 

coordinates were regressed onto LDFA scores describing benthic-pelagic body shape divergence, 

estimating vectors of divergence. Vectors describe allometric divergence along a benthic-pelagic 

axis. Divergence vectors were considered parallel if there was overlap in the 95% confidence of 

the vector angle. 

Comparison Angle 1 95% CI Angle 2 95% CI 

95% 

difference in 

angle 

Parallel/No

n-parallel 

VB-P vs GB-P 40.73 40.73 – 139.27 96.78 83.22 – 96.78 -56.05 – 42.49 Parallel 

 VB-P vs TB1-P 40.73 40.73 – 139.27 82.28 82.28 – 97.72 -56.98 – 41.55 Parallel 

VB-P vs TB2-P 40.73 40.73 – 139.27 74.52 74.52 – 74.52 -33.79 – 64.75 Parallel 

VB-P vs SB-P1 40.73 40.73 – 139.27 72.01 72.01 – 107.99 -67.25 – 67.25 Parallel 

VB-P vs SB-P2 40.73 40.73 – 139.27 91.5 91.50 – 91.50 -50.77 – 47.77 Parallel 

GB-P vs TB1-P 96.78 83.22 – 96.78 82.28 82.28 – 97.72 -14.49 – 14.49 Parallel 

GB-P vs TB2-P 96.78 83.22 – 96.78 74.52 74.52 – 74.52 8.70 – 22.26 Non-parallel 

GB-P vs SB-P1 96.78 83.22 – 96.78 72.01 72.01 – 107.99 -24.76 – 24.76 Parallel 

GB-P vs SB-P2 96.78 83.22 – 96.78 91.5 91.50 – 91.50 -8.28 – 5.28 Parallel 

TB1-P vs TB2-P 82.28 82.28 – 97.72 74.52 74.52 – 74.52 7.76 – 23.19 Non-parallel 

TB1-P vs SB-P1 82.28 82.28 – 97.72 72.01 72.01 – 107.99 -25.70 – 25.70 Parallel 

TB1-P vs SB-P2 82.28 82.28 – 97.72 91.5 91.50 – 91.50 -9.22 – 6.21 Parallel 

TB2-P vs SB-P1 74.52 74.52 – 74.52 72.01 72.01 – 107.99 -33.46 – 2.51 Parallel 

TB2-P vs SB-P2 74.52 74.52 – 74.52 91.5 91.50 – 91.50 -16.98 – -16.989 Non-parallel 

SB-P1 vs SB-P2 91.5 91.50 – 91.50 72.01 72.01 – 107.99 -16.49 – 16.49 Parallel 

†T – Ϸingvallavatn, S – Svínavatn, V – Vatnshlíðarvatn, G – Galtaból 

†† B – Benthic, P – Pelagic 
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Table S2.5. Allometric effects on body shape in six populations of Icelandic Arctic charr. All 

partial warp and uniform component scores were simultaneously regressed on centroid size 

across all individuals. See Table 1 for sample sizes and text for details of statistical analysis. 

Population 

Original 

sums of 

squares 

Remaining 

sums of 

squares 

Percent 

explained 
F-statistic 

Degrees of 

freedom 

(df) 

 

P-value 

All populations 1.03 0.95 7.74 53.62 40,25560 <0.001 

Þingvallavatn 0.23 0.18 20.73 42.89 40, 6560 <0.001 

Vatnshlíðarvatn 0.12 0.11 2.42 3.19 40, 5160 0.002 

Svínavatn 0.12 0.12 2.98 
5.03 

 
40, 6560 <0.001 

Galtaból 0.09 0.08 9.32 
7.71 

 
40, 3000 <0.001 

Mjóavatn 0.04 0.04 1.62 0.79  40, 1920 0.62 

Fljótaá 0.04 0.03 1.78 
0.89 

 
40, 1960 0.55 
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Table S2.6. Angles of allometric slopes for morphs of Icelandic Arctic charr from four 

polymorphic populations. The black boxes indicate within population comparisons of slopes. P-

values and slope angles are indicated above and below the dashed line.  

  G-P G-B S-B S-P1 S-P2 T-B1 T-P T-B2 V-B V-P 

G-P – 0.76 0.82 0.81 0.82 0.79 0.86 0.83 0.84 0.06 

G-B 76.47 – 1 1 1 1 1 1 0.98 0.7 

S-B 72.23 23.68 – 1 1 1 1 1 1 0.76 

S-P1 72.96 27.92 17.01 – 0.99 1 1 1 1 0.77 

S-P2 72.64 37.6 32.77 40.44 – 1 1 1 0.95 0.75 

T-B1 74.68 31.55 26.93 25.72 31.7 – 1 1 0.98 0.73 

T-P 69.95 29.45 22.45 21.93 33.07 31.6 – 1 1 0.77 

T-B2 72.09 30.19 22.58 29.53 30.17 33.66 19.13 – 0.99 0.76 

V-B 71.32 46.71 31.15 26.82 50.86 45.3 30.77 42.27 – 0.79 

V-P 94.64 79 75.21 74.42 75.8 77.02 74.12 75.19 73.28 – 

†T – Ϸingvallavatn, S – Svínavatn, V – Vatnshlíðarvatn, G – Galtaból  

††B – Benthic, P – Pelagic 
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Table S2.7. The magnitude of allometric relationships of morphs of Icelandic Arctic charr from 

four polymorphic populations. The black boxes indicate within population comparisons of the 

magnitude of allometry. P-values and distance of allometric slopes are indicated above and 

below the dashed line.   

  G-P G-B S-B S-P1 S-P2 T-B1 T-P T-B2 V-B V-P 

G-P – 0.44 0.17 0.01 0.02 0.04 0 0.38 0.41 0.25 

G-B 1.23 – 0.18 0.01 0.04 0.07 0 0.4 0.45 0.44 

S-B 8.01 6.78 – 0.51 0.38 0.33 0.13 0.23 0.2 0.17 

S-P1 4.1 2.87 4.9 – 0.25 0.15 0.01 0.62 0.02 0.01 

S-P2 3.12 1.89 3.91 0.98 – 0.57 0 0.88 0.11 0.02 

T-B1 2.71 1.48 5.3 1.39 0.41 – 0 0.78 0.32 0.04 

T-P 11.61 10.38 3.6 7.51 8.49 8.9 – 0 0 0 

T-B2 3.41 2.18 4.6 0.69 0.3 0.7 8.2 – 0.43 0.38 

V-B 2.04 0.81 5.97 2.06 1.08 0.67 9.57 1.37 – 0.41 

V-P 0 1.23 8.01 4.1 3.11 2.71 11.61 3.41 2.04 – 

†T – Ϸingvallavatn, S – Svínavatn, V – Vatnshlíðarvatn, G – Galtaból 

†† B – Benthic, P – Pelagic 
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Figure S2.1. Results from STRUCTURE, used to determine the number of genetic groups and 

population genetic structuring for all populations of Icelandic Arctic charr. The best supported 

number of genetic groups is 13. All outputs were obtained from Structure Harvester. A) 

Determination of K using the Evanno method. B) Determination of K using the Pritchard 

method. 
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Chapter 3 Supplement 

Supplementary methods 

The effects of allometry and sex were minimized from the body shape (partial warp and uniform 

component scores) for all populations to focus on morphological variation related to ecology. 

Allometric effects on body shape were minimized within each population using a multivariate 

linear regression. Partial warp and uniform component scores were regressed onto centroid size 

(a geometric estimate of body size) using Standardize within Regress8 and residual body shape 

variation was obtained. The standardization approach is similar to the approach used with single 

traits however, it must be performed in a multivariate framework due to multiple response 

variables (affine and non-affine shape components). A linear discriminant function analysis was 

then performed on the Procrustes landmark coordinates where individuals within each morph 

were grouped by sex to obtain scores along the axis of morphological sex discrimination. Partial 

warp and uniform component scores were then regressed against the LDFA scores to obtain sex 

standardized Procrustes landmark coordinates using Standardize within Regress8. The sex 

standardized landmark coordinates were then used to calculate new partial warp and uniform 

component scores using PCAgen8. 
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Supplementary tables and figures 

Table S3.1. Assessing difference in carbon and nitrogen stable isotopic signature variation for six populations of Icelandic Arctic 

charr. Polymorphic (Galtaból, Svínavatn, Ϸingvallavatn, and Vatnshlíðarvatn) were compared against monomorphic (Mjóavatn and 

Fljótaá) populations. Stand deviation was calculated for each population (lake) and is denoted by the abbreviation SD 

Population comparison Isotope SD lake 1 SD lake 2 Variable Df F-value p-value 

Galtaból vs Mjóavatn 

Carbon 2.87 0.50 
Lake 1 

30.18 <0.001 
Residuals 88 

Nitrogen 1.26 0.65 
Lake 1 

0.63 0.43 
Residuals 88 

Galtaból vs Fljótaá 

Carbon 2.87 1.87 
Lake 1 

6.47 0.01 
Residuals 89 

Nitrogen 1.26 0.65 
Lake 1 

5.42 0.02 
Residuals 89 

Svínavatn vs Mjóavatn 

Carbon 3.15 0.50 
Lake 1 

16.09 <0.001 
Residuals 121 

Nitrogen 0.49 0.91 
Lake 1 

21.59 <0.001 
Residuals 121 

Svínavatn vs Fljótaá 

Carbon 3.15 1.87 
Lake 1 

3.94 0.05 
Residuals 122 

Nitrogen 0.49 0.65 
Lake 1 

2.05 0.15 
Residuals 122 

Ϸingvallavatn vs 

Mjóavatn 

Carbon 8.90 0.50 
Lake 1 

25.35 <0.001 
Residuals 128 

Nitrogen 1.09 0.91 
Lake 1 

0.57 0.45 
Residuals 128 

Ϸingvallavatn vs Fljótaá 

Carbon 8.90 1.87 
Lake 1 

19.04 <0.001 
Residuals 129 

Nitrogen 1.09 0.65 
Lake 1 

7.73 0.006 
Residuals 129 
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Vatnshlíðarvatn vs 

Mjóavatn 

Carbon 1.43 0.50 
Lake 1 

21.19 <0.001 
Residuals 95 

Nitrogen 0.40 0.91 
Lake 1 

29.96 <0.001 
Residuals 95 

Vatnshlíðarvatn vs Fljótaá 

Carbon 1.43 1.87 
Lake 1 

0.60 0.44 
Residuals 96 

Nitrogen 0.40 0.65 
Lake 1 

6.60 0.01 
Residuals 96 
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Table S3.2. Mean differences in body size (fork length) for benthic and pelagic morph pairs across four polymorphic populations of 

Icelandic Arctic charr. Body size is significantly different between benthic and pelagic morphs within all populations. 

Population 
Morph 

pair 

Mean 

morph 1 

Mean 

morph 2 

Galtaból B-P 194.1 353.9 

Svínavatn B-P 352.7 255.9 

Ϸingvallavatn B1-P 351.0 184.6 

Ϸingvallavatn B2-P 112.0 184.6 

Vatnshlíðarvatn B-P 218.5 189.6 

†Morphs are represented as: B – Benthic & P – Pelagic 
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Table S3.3. Relationships between morphology (body shape and size) with resource use (carbon and nitrogen stable isotope 

signatures) for benthic and pelagic morph pairs across four populations of Icelandic Arctic charr. Body shape and size is predicted by 

carbon signatures across multiple benthic and pelagic morph pairs while, nitrogen signature does not have a strong relationship to 

body shape size (except in Galtaból). 

Population 
Morp

h pair 

Response 

variable 

Fixed 

factor 

Relationshi

p 
Estimate 

Std. 

Error 
t – value p-value 

Degrees 

of 

freedom 

F value 

Adjusted 

r-squared 

value 

P-value 

Galtaból B-P 

Body shape Carbon Non-linear -2.9 1.4 -2.1 0.04 
6, 52 11.1 0.51 <0.001 

Body shape Nitrogen Non-linear 0.7 1.4 0.5 0.64 

Body size Carbon Non-linear 85.0 86.2 0.9 0.32 
6, 52 10.1 0.48 <0.001 

Body size Nitrogen Non-linear -225.2 90.1 -2.5 0.02 

Svínavatn B-P 

Body shape Carbon Linear -0.39 0.04 -10.16 <0.001 
2, 89 69.0 0.60 <0.001 

Body shape Nitrogen Linear 0.13 0.25 0.51 0.61 

Body size Carbon Linear 15.58 1.40 11.14 <0.001 
2, 89 77.39 0.63 <0.001 

Body size Nitrogen Linear 2.29 8.98 0.26 0.80 

Ϸingvallavatn B1-P 

Body shape Carbon Linear -0.5 0.03 -15.3 <0.001 
2, 63 131.3 0.80 <0.001 

Body shape Nitrogen Linear 0.5 0.4 1.4 0.2 

Body size Carbon Linear 8.5 0.7 11.6 <0.001 
2, 63 72.3 0.69 <0.001 

Body size Nitrogen Linear -1.9 8.3 -0.2 0.8 

Ϸingvallavatn B2-P 

Body shape Carbon Non-linear 9.2 3.0 3.0 0.003 
4, 61 39.9 0.71 <0.001 

Body shape Nitrogen Non-linear 0.3 2.5 0.1 0.9 

Body size Carbon Non-linear -65.8 35.8 -1.8 0.07 
4, 61 27.9 0.62 <0.001 

Body size Nitrogen Non-linear 35.7 29.4 1.2 0.2 

Vatnshlíðarvatn B-P 

Body shape Carbon Linear 0.5 0.2 2.6 0.01 
2, 63 4.5 0.10 0.02 

Body shape Nitrogen Linear -0.5 0.7 -0.6 0.54 

Body size Carbon Linear 17.6 2.6 6.9 <0.001 
2, 63 24.62 0.42 <0.001 

Body size Nitrogen Linear 7.2 9.1 0.8 0.4 
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Table S3.4. AIC comparison of linear and non-linear models to determine the relationship between morphology and stable isotope 

ratios for six benthic-pelagic morph pairs across four polymorphic populations of Icelandic Arctic charr. 

Population Benthic-pelagic pair Morphology Model AIC ΔAIC 

Galtaból B-P 

Body shape 

Linear 222.08 27.19 

Quadratic 198.91 4.01 

Cubic 194.89 0 

Body size 

Linear 707.70 14.57 

Quadratic 692.54 9.41 

Cubic 683.13 0 

Svínavatn B-P 

Body shape 

Linear 271.33 1.72 

Quadratic 269.61 0 

Cubic 272.26 2.65 

Body size 

Linear 931.73 1.56 

Quadratic 930.17 0 

Cubic 932.74 2.57 

Ϸingvallavatn 

B1-P 

Body shape 

Linear 300.72 0 

Quadratic 318.78 18.06 

Cubic 335.35 34.63 

Body size 

Linear 715.37 0 

Quadratic 723.31 7.94 

Cubic 733.03 17.66 

B2-P 

Body shape 

Linear 315.61 5.79 

Quadratic 309.82 0.87 

Cubic 308.95 0 

Body size 

Linear 636.32 0.38 

Quadratic 635.94 0 

Cubic 639.47 3.53 

Vatnshlíðarvatn B-P 

Body shape 

Linear 300.09 0 

Quadratic 300.24 0.15 

Cubic 300.46 0.37 

Body size 

Linear 632.22 0 

Quadratic 632.66 0.44 

Cubic 633.31 1.09 

 

† Morphs are represented as: B – Benthic & P – Pelagic 
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Table S3.5. Relationships between ancestry proportion and resource use (carbon and nitrogen stable isotope signatures) between 

benthic and pelagic morphs within populations of Icelandic Arctic charr. We show differences between ancestry proportion and 

carbon and nitrogen signatures, as well as the significance of the overall model. Model: Ancestry proportion ~ Carbon 13 + Nitrogen 

15. 

 

 

 

 

 

 

 

† Morphs are represented as: B – Benthic & P – Pelagic 

 

 

 

 

 

 

Population 
Morph 

pair 

Fixed 

factor 
Estimate Std.Error 

t-

value 
p-value 

Null 

deviance 

Residual 

deviance 

Galtaból B-P 
Carbon 0.22 0.12 1.89 0.06 

70.39 63.32 
Nitrogen -0.25 0.24 -1.06 0.29 

Svínavatn B-P 
Carbon 0.92 0.09 10.24 <0.001 

85.84 15.80 
Nitrogen -0.04 0.44 -0.09 0.92 

Ϸingvallavatn B1-P 
Carbon 0.30 0.03 10.62 <0.001 

56.91 7.52 
Nitrogen -0.20 0.27 -0.73 0.47 

Ϸingvallavatn B2-P 
Carbon 0.27 0.05 5.96 <0.001 

57.80 15.93 
Nitrogen 0.29 0.26 1.12 0.27 

Vatnshlíðarvatn B-P 
Carbon 0.68 0.22 3.13 0.003 

54.61 39.57 
Nitrogen -1.03 0.76 -1.35 0.18 
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Figure S3.1. Results of a population structure analysis to determine the number of genetically distinct clusters for 12 morphs from 6 

populations of Icelandic Arctic charr. The smallest cross entropy value delineates the optimal K value (K = 11). 
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Figure S3.2. Results of a population structure analysis to determine the number of genetically distinct clusters for four polymorphic 

populations of Icelandic Arctic charr. The smallest cross entropy value delineates the optimal K value for each population. A) 

Galtaból K = 2. B) Vatnshlíðarvatn K = 2. C) Ϸingvallavatn K = 3. D) Svínavatn K = 2. 
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Figure S3.3. Results of a population structure analysis to determine the number of genetically distinct clusters for Mjóavatn and 

Fljótaá, two monomorphic populations. The smallest cross entropy value delineates the optimal K value for each population. A) 

Mjóavatn K = 1. B) Fljótaá K = 1. 
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Figure S3.4. Results of a population structure analysis to determine the number of genetically distinct clusters and ancestry 

proportions within each polymorphic population. sNMF was performed for each population individually. 
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Figure S3.5. Results of a PCA performed on all populations of Icelandic Arctic char to assess the number of significant principal 

components. The number of significant principal components is nine shown by the broken stick visualization. 
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Figure S3.6. Results of principal component analyses performed for each polymorphic population individually to determine if 

populations diverge genetically along a benthic-pelagic axis. All benthic and pelagic morphs are shown in blue and red, respectively. 

A) Galtaból. B) Svínavatn. C) Ϸingvallavatn. D) Vatnshlíðarvatn 
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Chapter 4 Supplement 

Table S4.1. AIC model comparison of divergence history models across four polymorphic 

populations of Icelandic Arctic charr. Models with the lowest AIC and ΔAIC indicate the best fit 

between the observed and expected site frequency spectrums.  

 

Population Model AIC ΔAIC 

Galtaból 

2IM 10779.2 887.4 

CIM 9891.8 0 

2SC 10655.2 763.4 

Svínavatn 

2IM 4147.5 236.1 

CIM 3911.4 0 

2SC 3936.1 24.7 

Ϸingvallavatn 

3IM 5329.6 22494 

3IM_MT 5254.7 2174.5 

3_SC 3080.2 0 

3_SC_MT 5358.5 2278.3 

Vatnshlíðarvatn 

2IM 1440.8 0 

CIM 1450.7 9.9 

2SC 1445.1 4.3 
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Figure S4.1. SNP density across the Arctic charr genome for a common set of 14,187 SNPs 

across four polymorphic populations of Icelandic Arctic charr. The red line indicates a cut off of 

three SNPs per 200Kb sliding window. 
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Figure S4.2. Fst distributions of 200Kb windows across the genome of polymorphic populations 

of Icelandic Arctic charr. Neutral windows are shown in grey and Fst outlier windows are shown 

in blue. A) Galtaból, B) Svínavatn, C) Ϸingvallavatn: Benthic 1 – pelagic, D) Ϸingvallavatn: 

Benthic 2 – pelagic, E) Vatnshlíðarvatn 
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Figure S4.3. Average Fst values for 200Kb outlier windows per chromosome for each sympatric 

benthic and pelagic morph pair of Icelandic Arctic charr. A) Average Fst values of neutral 200Kb 

windows. B) Average Fst values of outlier 200Kb windows. 

 

 

 

 

 


