
Phenotypic selection of morphology  
in polymorphic Arctic charr (Salvelinus alpinus) 

 

 

by 
Oliver Franklin 

 

 

 

A Thesis 
presented to 

The University of Guelph 
 

 

 

in partial fulfilment of requirements 
for the degree of  

Doctor of Philosophy 
in 

Integrative Biology 
 

 

 

 

 

Guelph, Ontario, Canada 

© Oliver Franklin 2017



Oliver Franklin – PhD Thesis   

ii 
 

ABSTRACT 

 

Phenotypic selection of morphology 

in polymorphic Arctic charr (Salvelinus alpinus) 

Oliver Franklin 

University of Guelph, 2017 

Advisor: Dr. Moira Ferguson

 

Considerable advances are being made in our understanding of divergent selection and ecological 

speciation. However, it remains unclear to what extent diversifying selection, responsible for divergence 

of distinct populations, also contributes to earlier stages of population diversification such as resource 

polymorphisms that persist despite gene flow. A general expectation of resource polymorphism is that 

phenotypic trade-offs influence fitness via trophic performance, resulting in disruptive selection. Despite 

numerous polymorphisms exhibiting morphological variation consistent with expectations of trophic 

trade-offs, there have been few attempts to examine these in the context of natural selection. As a 

result, we do not know how phenotype affects fitness and whether morphologically-based performance 

trade-offs contribute to the earliest stages of adaptive diversification. In this thesis, I evaluated the 

hypothesis that morphological trade-offs influence fitness via trophic performance, thus contributing to 

disruptive selection. First, I characterised the shape-dependence of resource use in polymorphic Arctic 

charr (Salvelinus alpinus) in two contrasting Icelandic lakes: Thingvallavatn and Vatnshlíðarvatn. In both 

lakes, resource use was shape-dependent consistent with biomechanical expectations differentiating 

morphs. However, shape-resource associations within morphs did not always correspond to patterns 

distinguishing morphs. I then estimated effects of shape on growth via trophic resource use, using a 

path analytical approach and calculating performance gradients. Though observations were consistent 

with disruptive selection of shape in Thingvallavatn, there were no effects in either lake consistent with 

the hypothesised function of trophic performance. Instead, I observed shape-dependent parasitism and 
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non-trophic effects of shape influencing growth, and contrasting patterns of size-dependent mortality 

between coexisting morphs. Finally, I demonstrated the conditions under which performance gradients 

can be considered valid estimates of selection, and clarified what inferences can be made where direct 

estimates of fitness in nature are unobtainable. This thesis contributes to our understanding of early 

diversification by demonstrating inconsistencies between general expectations of adaptive mechanisms 

and processes evident in nature. Intuitive mechanisms such as morphological trade-offs in trophic 

performance might not affect fitness in the wild and expected phenotype-fitness relationships may arise 

from a complex of alternative mechanisms. 
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Chapter 1: General introduction 

Understanding the mechanisms driving population diversification is a fundamental goal of evolutionary 

biology. Recently, considerable progress has been made in understanding ecological speciation, the 

process whereby ecologically-based divergent selection promotes reproductive isolation (Nosil, 2012). 

Yet because this framework predominantly focuses on divergent selection – selection in opposing 

directions in distinct populations – roles of selection in the earlier stages of diversification have received 

less attention. The primary mechanism underlying divergent selection involves populations adapting to 

different environments, featuring different trophic resources, predators, competitors, climate etc., 

which can lead to reproductive isolation when phenotypically-intermediate individuals are less fit 

(Schluter, 2001). The reduced fitness of intermediate individuals constitutes a post-zygotic isolating 

mechanism, although alternate reproductive isolating mechanisms may also arise independently (Sobel 

et al., 2009; Rice et al., 2011). Support for post-zygotic isolation through ecological incompatibility and 

low fitness of intermediate phenotypes comes from observational and experimental studies (e.g Via et 

al., 2000; Blows et al., 2003; Hendry et al., 2009; Arnegard et al., 2014). However, the generality of such 

mechanisms and their occurrence in early population diversification remains unclear because focal 

populations have often experienced periods of allopatry (e.g. Taylor and McPhail, 2000; Weese et al., 

2012). This introduces the possibility that neutral processes, such as genetic drift, might have 

contributed to the reduced fitness of intermediates. To improve our understanding of mechanisms 

responsible for diversification it is necessary to explore disruptive selection in a variety of systems, 

including in populations which have diversified without extrinsic barriers to gene flow. 

Resource polymorphisms offer remarkable examples of intraspecific diversity, yet fundamental 

expectations regarding selection in the wild often remain untested. Polymorphisms are evident across 

taxa and can involve various aspects of phenotype, including behaviour (McKillup, 1983), life history 

(Jónsson and Skúlason, 2000), and morphology (Hori, 1993), which can vary in the extent of 
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multimodality (Woods et al., 2012). Polymorphisms are considered likely where ecological opportunity is 

encountered, and result from an initial population diversifying through ecological and phenotypic 

release (Wellborn and Langerhans, 2015). Often, ecological opportunity takes the form of discrete 

underutilised resources, which can both sustain morphs and result in disruptive selection through 

phenotypic trade-offs associated with their use (Skúlason and Smith, 1995). Phenotypic constraints 

typically preclude efficient use of all available resources, such that different phenotypic optima exist for 

different resources; if individuals are phenotypically intermediate to these optima they are expected to 

experience reduced relative fitness (Futuyma and Moreno, 1988; Schluter, 1995). Additionally, 

polymorphism might arise where underutilised resources are arrayed continuously, if frequency-

dependent resource competition constitutes an evolutionary branching point (Doebeli and Dieckmann, 

2000). This involves a reduction in the fitness benefit associated with use of an initially-favoured 

resource due to increased competition and limited supply. In this situation, use of an extreme of the 

resource continuum can confer relative fitness benefits (Martin and Pfennig, 2009) and, providing this is 

non-random with respect to phenotype, this can result in polymorphism. In both cases, the expectation 

is that intraspecific competition for available resources results in disruptive selection. Although any 

phenotypic variation exhibited within the initial population might be the target for selection, resource 

polymorphisms are generally thought to begin with behavioural diversification, potentially followed by 

morphological, physiological, and life history traits, as morph phenotypes tend toward local phenotypic 

optima (Skúlason and Smith, 1995; McLaughlin et al., 1999). Although it is expected that disruptive 

selection is evident in such cases of phenotypic diversification, assumptions of how phenotype affects 

fitness often remain untested.  

Despite expectations of disruptive selection across many polymorphic systems, difficulties measuring 

selection in the wild have constrained our understanding of its occurrence and the underlying 

mechanisms. Many environmental and phenotypic factors are likely to be correlated, for example 
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coexisting morphs might face different predation risks, consume different prey, host different parasites, 

and tolerate different physical conditions (Mitchell-Olds and Shaw, 1987; Rausher, 1992). While each 

effect could be statistically controlled in a typical selection gradient calculation (Lande and Arnold, 

1983), this requires that each is explicitly measured at an individual level, presenting considerable 

difficulty in the wild. In addition, our estimates of selection could be biased because effects of 

phenotype on performance are often environmentally-dependent (Rausher, 1992), and niche 

construction suggests that certain phenotype-environment relationships are unlikely to be naturally 

observed (Odling-Smee et al., 2014). Fortunately, experimental and functional studies can inform us of 

the fitness consequences of phenotypes in particular environments, while observational evidence can 

reveal how known functional relationships affect performance or fitness in nature (Wade and Kalisz, 

1990; MacColl, 2011). For example, established biomechanical trade-offs imply that shapes beneficial for 

one performance (e.g. manoeuverability) can be detrimental for another (e.g. efficient prolonged 

locomotion; Webb and Weihs, 1983). This can be assessed under lab conditions to support a causal 

mechanism (e.g. Taylor and McPhail, 1985), in addition to observing effects of shape on performance in 

nature. But without observations in nature, considering both phenotypic and environmental variation, 

the mechanisms driving diversification cannot be known: phenotypic correlations and multiple, 

potentially-correlated environmental causes of selection might render the expected trade-off 

inconsequential to fitness in the wild. 

Measurement of selection in the wild may also be biased because of difficulties with measurement of 

fitness at an individual level. Data on natural selection in the wild predominantly come from a limited 

range of taxa, and any bias may be exacerbated for phenomena such as disruptive selection, which has 

been addressed in few empirical studies (Kingsolver et al., 2001; Siepielski et al., 2013). The taxon bias is 

likely influenced by practical considerations: certain taxa are far less tractable for estimates of survival 

and reproduction in the wild. For example, difficulties associated with measuring reproductive success 
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of individual fish in large natural populations has resulted in use of various fitness proxies, such as mass 

or growth, to estimate selection (e.g. Bolnick and Lau, 2008). Arnold (1983) introduced the concept of 

performance gradients to facilitate estimates of selection in the wild, and promoted a path analytical 

technique to investigate functional selective hypotheses (Kingsolver and Huey, 2003). However, his 

approach has rarely been used to investigate taxa for which individual fitness measures are unattainable 

in the wild. Instead, researchers consider fitness proxies actual estimates of fitness rather than 

estimates of performance. The validity of such estimates of the form and strength of selection remains 

unclear, and subsequently our general understanding of selection in the wild might be biased. 

Fortunately, if the conditions under which performance gradients equate to selection gradients are 

formalised, there exists a substantial literature across many taxa for which trait-performance 

relationships may yield valid insights into selection. 

Postglacial lake fish systems offer numerous advantages for addressing questions regarding adaptive 

diversification and disruptive selection in the wild. Of particular interest are Arctic charr (Salvelinus 

alpinus), long recognised for intraspecific diversity and exhibiting independent polymorphisms 

throughout their circumpolar distribution (Klemetsen, 2010). Following glacial retreat, a lack of 

competitors and range of underutilised resources provided ecological opportunity for initial colonists to 

diversify (Skúlason and Smith, 1995; Schluter and Rambaut, 1996). In many cases there are thought to 

have been no subsequent colonisations, such as across many Icelandic lakes that were isolated by 

isostatic rebound, landslides, or lava flows (Norddahl and Einarsson, 2001; Kapralova et al., 2011). 

Therefore polymorphisms, exhibiting varying degrees of phenotypic and genetic diversity (Gíslason et 

al., 1999), are thought to have arisen despite continuous gene flow between coexisting morphs. The 

relatively simple and depauperate lake systems often contain resources that are differentiated as 

benthic or pelagic, and many polymorphisms are associated with differentiation in a benthic-pelagic 

dimension (Woods et al., 2012). Because there exists a considerable literature regarding adaptation to 
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benthic or pelagic resources, including biomechanical trade-offs, parasite-mediated selection, and 

behavioural variation (e.g. Schluter, 1995; McLaughlin et al., 1999; Karvonen and Seehausen, 2012), this 

enables formation of clear functional hypotheses. Here I utilise young, simple, and isolated polymorphic 

Icelandic Arctic charr systems to address questions regarding the processes driving diversification. 

Understanding adaptive diversification in the wild is confounded by the complexities of environment, 

phenotype, and performance. To gain insight into adaptive processes in early diversification I examine 

support for disruptive selection in two polymorphic Arctic charr systems exhibiting resource 

polymorphism. By assessing relationships among phenotype, resource use, and growth, I explore the 

functional pathways through which phenotype affects performance, before demonstrating the 

conditions under which performance gradients can provide estimates of selection. My focal polymorphic 

populations differ morphologically, whereby diversification is expected to result from trade-offs 

associated with consumption of alternate trophic resources (Snorrason et al., 1994; Jónsson and 

Skúlason, 2000). In this thesis, I ask the following questions:  

 Is resource use shape dependent in my focal polymorphic populations, consistent with expected 

biomechanical trade-offs? (Chapter 2) 

 Does shape affect growth in my focal populations, and are these effects because of differential 

resource use? (Chapter 3) 

 Under what conditions can effects of phenotype on performance be considered estimates of 

selection? (Chapter 4) 

In Chapter 2 I identify shape-dependent resource use that differentiates morphs consistent with 

biomechanical expectations, however patterns within morphs do not always correspond to patterns 

distinguishing morphs. In Chapter 3, using a path analytical approach to estimate performance 

gradients, I find effects consistent with disruptive selection, however these effects are inconsistent with 
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morphology influencing fitness via trophic performance. In Chapter 4 I demonstrate the stringent 

conditions required for performance gradients to quantitatively reflect selection gradients, but find that 

performance gradients are qualitatively valid estimates of selection under far less restrictive conditions.  
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Chapter 2: Shape-dependent trophic resource use between and within coexisting morphs 
of Arctic charr (Salvelinus alpinus) 

Abstract 

Disruptive selection is expected where diversification occurs with gene flow, such as in resource 

polymorphisms whereby intermediate phenotypes may experience reduced relative fitness. 

Morphological polymorphisms are often expected to be maintained by biomechanical trade-offs causing 

variation in trophic performance, which subsequently affects fitness. Such biomechanical trade-offs 

should result in shape-dependent resource use as morphologically-intermediate individuals 

inadequately compete for alternate sets of resources. Interindividual variation in shape and the 

generality of biomechanical constraints suggest that shape-dependent resource use should be evident 

both between and within morphs. However, shape-dependent resource use within morphs might not 

reflect patterns between morphs because of variation in the resources utilised at differing scales. Here I 

assess whether shape-dependent resource use is consistent with biomechanical expectations in two 

polymorphic systems of Icelandic Arctic charr (Salvelinus alpinus). I sampled over three years, measuring 

resource-use variation using δ13C and δ15N stable isotopic signatures and trophically-transmitted 

parasite infections (Diplostomum spp. and Diphyllobothrium spp.). In (lake) Thingvallavatn, shape 

differentiates use of pelagic and benthic resources between morphs, and in (lake) Vatnshlíðarvatn, 

shape affects resource breadth, differentiating morphs as a specialist and generalist. In both cases, 

coexisting morphs exhibit morphological and resource use overlap. I identified shape-dependent 

resource use within morphs in the same (brown morph) and opposite (planktivore morph) direction as 

patterns that distinguish coexisting morphs, and in two morphs shape did not systematically affect 

resource use. Although between-morph patterns are consistent with expectations of disruptive 

selection, fine-scale within morph variation could ameliorate potential costs of supposed morphological 

incompatibilities. My observations within morphs suggest that effects of shape on fitness might not 
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correspond to general biomechanical expectations, which could have implications for understanding 

disruptive selection in the wild. 

Introduction 

Understanding the processes that drive intraspecific diversification is an important goal of evolutionary 

biology (Bolnick and Doebeli, 2003; Moczek et al., 2011; Weissing et al., 2011; Nosil, 2012). Resource 

polymorphisms receive considerable attention as models to explore mechanisms underlying 

diversification due to remarkable levels of intraspecific diversity despite probable gene flow, and the 

potential for subsequent ecological speciation (Smith and Skúlason, 1996; Martin and Pfennig, 2009). In 

resource polymorphisms, underutilised resources are expected to have provided the ecological 

opportunity for diversification (Smith and Skúlason, 1996; Ackermann and Doebeli, 2004; Wellborn and 

Langerhans, 2015), with phenotype-dependent use of alternate trophic resources underlying fitness 

differences (McLaughlin et al., 1999; Svanbäck and Eklöv, 2002; Martin and Pfennig, 2009; Cooper et al., 

2010). Maintenance of polymorphism is expected to depend largely on disruptive selection, with the 

expectation that fitness is a function of intraspecific competition for trophic resources, and 

phenotypically-intermediate individuals are less fit (Hori, 1993; Schluter, 1995; Bolnick and Lau, 2008; 

Martin and Pfennig, 2010).  

Disruptive selection should maintain polymorphism because of known phenotypic trade-offs causing 

differential performance with available trophic resources (Schluter, 1995; Jonsson and Jonsson, 2001). 

Such phenotypic trade-offs can involve behavioural, morphological, physiological, and/or life history 

variation (McLaughlin et al., 1999; Hendry et al., 2009; Martin and Pfennig, 2010). Trade-offs are 

expected to affect fitness via resource use and, due to physical constraints, one phenotype is prevented 

from excelling with all resources (Schluter, 1995; Moore and Hopkins, 2009; Ravigné et al., 2009). For 

example, in many fish species, resource polymorphisms associate with biomechanical trade-offs 
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influencing use of benthic versus pelagic resources (Smith and Skúlason, 1996). Aspects of morphology 

that reduce drag, such as a fusiform shape with a narrow caudal peduncle and small paired fins, cause a 

reduction in thrust and manoeuverability, which is maximised with deep caudal peduncles, large fins, 

and increased mass anterior of the body (Webb and Weihs, 1983). Similarly, a long lower jaw can close 

quickly, whereas a short lower jaw can enhance gape and force of closure (Wainwright and Richard, 

1995). Therefore, a fusiform body with terminal mouth can provide advantages when foraging on patchy 

aggregations of small, fast, planktonic prey in a pelagic environment, whereas it is disadvantageous 

foraging for large invertebrates on substrates of complex benthic environments; the converse case 

applies to deep bodies with subterminal mouths. Such biomechanical trade-offs are evident across taxa 

and continents (Langerhans and Reznick, 2009), supporting the general role of trade-offs underlying 

resource polymorphism through disruptive selection. Crucially, the assumption is that intermediate 

phenotypes are poorly suited for use of either set of resources. 

The generality of biomechanical constraints implies they may affect resource use where resource 

differentiation is subtler than the benthic/pelagic dichotomy. Disruptive selection could occur between 

generalists and specialists, which can coexist even in temporally-variable environments (Wilson and 

Yoshimura, 1994). Generalists might benefit from phenotypic features that promote use of a broader 

range of resources, even if each is used imperfectly, while specialists benefit from competitive 

advantages associated with a reliable resource. Intraspecific co-occurrence of specialists and generalists 

has been described where generalists use combinations of cohabiting specialists’ resource ranges 

(Bourke et al., 1997), or where size-based interference competition precludes access to more profitable 

resources (Holbrook and Schmitt, 1992). Such scenarios consider generalism an undesirable position: 

the jack-of-all-trades that is master of none (Futuyma and Moreno, 1988; Robinson et al., 1996; Bolnick 

et al., 2003). However, resource polymorphisms exist whereby specialism and generalism appear to be 

advantageous alternative strategies (Jónsson and Skúlason, 2000), though whether trophic resource use 



Oliver Franklin – PhD Thesis  Chapter 2: Shape-dependent resource use 

13 
 

contributes to polymorphism remains uncertain. Optimal diet theory (Schoener, 1971; Pulliam, 1974) 

provides a range of mechanisms for fitness to vary between generalists and specialists, including costs 

associated with switching resources, differing cognitive, mechanical, and digestive requirements for 

additional prey types, broader parasite and predator exposure, and the energetic benefits of different 

prey (Werner, 1974; Afik and Karasov, 1995; Bolnick et al., 2003; Estes et al., 2003; Abrams, 2006; 

Araújo et al., 2008). Whether biomechanical trade-offs cause disruptive selection via trophic breadth 

remains unknown, though it is plausible that different phenotypic optima exist regarding specialism and 

generalism. 

The generality of mechanisms of phenotypic trade-offs also suggests we cannot assume they operate 

only on coarse phenotypic scales, such as between coexisting morphs. Despite the importance of inter-

individual differences driving adaptive diversification and maintaining resource polymorphism, 

phenotype-resource associations within morphs are rarely explicitly considered (Wilson, 1998; Maerz et 

al., 2006). Within-morph covariation of shape with resource use appears consistent with between-

morph patterns (Svanbäck and Eklöv, 2002; Maerz et al., 2006) but without explicit consideration non-

parallel patterns may have been overlooked. Such patterns could result from different phenotypic 

constraints associated with variation within a morph’s resource range. Since we often expect 

intraspecific competition to be phenotype-dependent, the use of trophic resources among individuals 

with high phenotypic similarity could affect the adaptive landscape (Bolnick and Paull, 2009). For 

example, within-morph phenotype-dependent resource use could flatten an adaptive landscape through 

reduced intraspecific competition associated with consumption of differing prey. Understanding the role 

of phenotypic trade-offs in maintaining polymorphisms therefore requires knowledge of phenotypic and 

resource variation both between and within morphs. 

Here I examine phenotype-dependent trophic resource use, a fundamental assumption of resource 

polymorphism and an expectation given the functional hypothesis of disruptive selection via trophic 
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performance. My study systems are two postglacial lakes, Thingvallavatn and Vatnshlíðarvatn, Iceland, 

containing morphologically-polymorphic populations of Arctic charr (Salvelinus alpinus). Thingvallavatn 

morphs utilise either pelagic or benthic habitats (Jónasson, 1992), while those in Vatnshlíðarvatn differ 

in resource breadth (Jónsson and Skúlason, 2000), allowing examination of inter-individual variation in 

phenotype-dependent resource use under contrasting conditions. Resource use can be estimated in 

aquatic populations using gut contents, stable isotopic signatures that integrate prey use over months 

(Guelinckx et al., 2007), and trophically-transmitted parasites that provide long-term estimates of diet 

(Bérubé and Curtis, 1986; Voutilainen et al., 2008). These relatively young, simple, and isolated Arctic 

charr systems allow me to assess the generality of phenotype-dependent resource use within resource 

polymorphisms. 

I hypothesise that resource use is shape-dependent because underlying biomechanical trade-offs 

preclude efficient use of all available trophic resources. I predict that, between morphs, consumption of 

benthic resources increases with shape associated with manoeuverability and substratum feeding (large 

relative head, deep compact caudal region, subterminal mouth), while consumption of resources in the 

water column increases with shape associated with continuous swimming and pelagic feeding 

(streamlined head and body, thinner elongate caudal region, terminal mouth; Webb and Weihs, 1983; 

Wainwright and Richard, 1995). Given resource breadth variation in Vatnshlíðarvatn, I predict that 

resource breadth decreases with body shape associated with manoeuverability (deep compact caudal 

region, large pectoral fins), and greater resource breadth associates with streamlined body shapes for 

more efficient movement throughout the lake. Within morphs I predict variation in resource use will be 

associated with variation in morphology, consistent with between-morph patterns. To test my 

hypothesis, I first describe shape variation using individual-level data, considering patterns between and 

within morphs, as well as objectively assessing the existence of morphologically-differentiated clusters. 
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Then I assess effects of shape on each resource-use proxy, investigating patterns between coexisting 

morphs, including estimating niche overlap, before examining effects within each morph. 

Methods 

Study system 

Arctic charr, long recognised for intraspecific diversity (Klemetsen, 2010), inhabit numerous lakes in 

Iceland, exhibiting varying degrees of phenotypic and genetic diversification (Gíslason et al., 1999). My 

focal systems provide contrasting physical and biological environments: Thingvallavatn, a spatially 

complex, spring-fed environment containing four charr morphs (Jónasson, 1992), and Vatnshlíðarvatn, a 

simple, shallow, runoff-fed lake with two charr morphs (Jónsson and Skúlason, 2000; Table S2.1). The 

four morphs of Thingvallavatn are distinguished as benthic or pelagic, and also by size (small or large 

benthic) and diet (planktivore or piscivore). Here I focus on the two smaller morphs – small benthic and 

planktivore – which overlap in spawning times and locations, and exhibit morphological differences 

consistent with expectations for benthic and pelagic niches, respectively (Webb, 1984; Wainwright and 

Richard, 1995). Given the proximity in which the morphs exist differential resource use is expected to 

contribute significantly to maintenance of morphologically-differentiated groups, however variation in 

resource use has not been examined at the individual level (Malmquist et al., 1992). In Vatnshlíðarvatn, 

silver and brown morphs are primarily distinguished through life-history differences, with morphological 

variation potentially related to breadth of resource use (i.e. trophic specialism versus generalism; 

Jónsson and Skúlason, 2000). In Vatnshlíðarvatn, the degrees of specialisation and resource overlap 

have not been quantified, nor have shape-resource use associations at an individual level. These 

contrasting polymorphic systems allow me to address questions regarding shape-dependent resource-

use, in two systems in which disruptive selection associated with trophic resources is expected. 
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Sampling 

In July of 2014, 2015, and 2016, I sampled Arctic charr in cross-sectional surveys of Thingvallavatn and 

Vatnshlíðarvatn using Nordic mixed nets at specific locations on the lakes. For Thingvallavatn (n=1045), I 

sampled small benthic and planktivore morphs from subpopulations around Mjóanes peninsula 

(Sandlund et al., 1992; Kapralova et al., 2011). In Vatnshlíðarvatn (n=1235) I sampled brown and silver 

morphs along the north shore. I aimed to sample the range of immature charr to capture important 

variation unrelated to sexual traits. The mesh size of my nets ranged from 5 to 55 mm, allowing capture 

of targeted fish, though the very smallest and largest fish might be underrepresented. To provide 

baselines for stable isotopic analyses, samples of predominant prey taxa were collected: Lymnaea, 

Copepoda, Chironomidae, Pisidium, Cladocera, and Polychaeta (Malmquist et al., 1992; Jónsson and 

Skúlason, 2000).  

Fish were sacrificed and at the lab individuals were weighed, their left sides photographed for 

morphometric analyses, and caudal muscle tissue was removed and frozen for stable isotopic analysis. 

Individual fish were then frozen until field sampling concluded, whereby I thawed them, removed 

otoliths, sexed, and weighed gonads. Where I could not confidently assign sex due to underdeveloped 

gonads (208 fish), I used the male-specific marker sdY and procedure described in Yano et al. (2012) to 

confirm sex. Understanding effects of shape on resource use requires knowledge of potential effects of 

sex, reproductive investment, and age on shape and resource use. Sex, gonad- and body-mass data 

allowed calculations of gonadosomatic indices (GSI; residuals of regressions of gonad mass on wet 

weight within each morph), providing estimates of reproductive investment. Age information was 

obtained by counting annuli of whole otolith sagittae using a stereomicroscope alongside a digital 

camera with live image enhancement. I submerged sagittae in water overnight prior to viewing with 

reflected light on a dark surface, by one person throughout. Arctic charr otoliths have distinct annuli, 
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particularly in the young samples obtained (Kristoffersen and Klemetsen, 1991), and repeated readings 

and measurements of rostral annuli widths supported age assignments.    

My trophic resource use proxies were stable isotopic signatures of δ13C and δ15N, trophically-

transmitted Diphyllobothrium and Diplostomum parasite intensities and, in Vatnshlíðarvatn only, gut 

contents. δ13C and δ15N can provide estimates of use of a benthic versus pelagic carbon source, and of 

relative trophic level, respectively (Hecky and Hesslein, 1995; Minagawa and Wada, 1984), whereas 

Diphyllobothrium are tapeworms transmitted by pelagic crustaceans (Copepoda; Bérubé and Curtis, 

1986), and Diplostomum eye flukes transmitted through the water column from snail intermediate hosts 

(Lymnaea; Voutilainen et al., 2008). Previously removed caudal muscle tissue was oven-dried at 60oC, to 

send 500ug of ground tissue to GLIER lab, University of Windsor, to quantify δ13C and δ15N stable 

isotopic ratios. Baseline prey samples were similarly processed allowing estimates of expected fish 

muscle tissue isotopic composition given a diet consisting of each resource. Because expected overlap of 

trophic resources in Vatnshlíðarvatn might preclude differentiation using isotopic signatures, gut 

contents were removed in 2015 and 2016 (n = 390 and n = 363, respectively), and I recorded presence of 

major prey items of Chironomidae, Cladocera, Lepidurus, Polychaeta, Hydrophilini, Pisidium, or Lymnaea. 

The volume proportion of gut contents contributed by each prey item was also estimated. I quantified 

parasite intensities in a subset of thawed fish (n = 690 Thingvallavatn, n = 667 Vatnshlíðarvatn): I 

counted all Diphyllobothrium, loose and encysted, in the body cavity and counted all Diplostomum in the 

right eye humour and lens, using stereomicroscopes for identification.  

Analysis  

Aim 1: Characterise phenotypic covariation 

Given the hypothesised role of biomechanical trade-offs determining resource use, I first characterised 

shape associated with expected biomechanical constraints. I obtained shape data with 20 landmarks and 
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six linear measures from photographs of individual fish (Figure 2.1) then, using size- and position- 

corrected Procrustes scores, computed relative warps of landmark data using the TPS suite of software 

(F. James Rohlf; http://life.bio.sunysb.edu/morph). Landmarks were chosen to capture shape variation 

associated with biomechanical expectations of pelagic/benthic adaptation (Keast and Webb, 1966; 

Webb, 1984; Wainwright and Richard, 1995; Walker, 1997). The landmarks included eight sliding-

landmarks, which can contain increased placement error in one dimension; these were fixed by an 

iterative process reducing bending energy between the consensus (average) shape and each individual 

(Bookstein, 1997). To correct potential fish curvature that was introduced post-mortem, I temporarily 

added three additional landmarks along the lateral line for statistical correction using quadratic curves 

(Rohlf, 2004). Relative warp scores were used as my functional shape variables because, as biologically 

interpretable summaries of major axes of shape variation, they provide information applicable to a 

priori shape hypotheses. Partial warps and uniform components, reflecting all shape variation captured 

by landmarks, were used for objective morph classification. I consider the first five relative warps, which 

explain 74.23% and 75.71% of shape variation in Thingvallavatn and Vatnshlíðarvatn, respectively, 

sufficient to explore major aspects of shape variation. I discounted the remaining relative warps (31 in 

each lake) due to the small amount of shape variation each contains, and associated difficulties in 

ascribing biological meaning. To avoid biasing within-morph shape variation, I computed relative warps 

using lakewide (including both focal morph samples) or within-morph morphospaces, using the 

appropriate relative warps for between- or within-morph analyses. 

I expect interindividual shape variation to result adaptively from differential resource use, however 

other determinants of shape or resource use can include sex, reproductive investment and size. Using R 

throughout (R Core Team, 2016), I determined whether shape and size covariation (‘allometric 

trajectories’; Klingenberg, 2016) differed between coexisting morphs with ANCOVAs of the first relative 

warp of each lake (‘lakewide RW1’) on morph with covariates of sex and fork length (mm). Then, within 
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morphs for each sampling year, I used multivariate linear models to explore effects of sex, reproductive 

investment, and size on shape. Starting with predictor variables of sex, fork length, GSI, and interactions 

of sex with GSI and sex with fork length, I interpreted the lowest-AIC model for each morph. My 

response variable was a matrix of within-morph relative warp scores 1 to 5 and fork-length-standardised 

pectoral fin length measurements.  

Classification of individuals into discrete morph categories on site involved integrating subjective 

interpretation of shape, size, colour and texture information. As an additional and more objective 

classification I used Gaussian mixture models to compare whether one or two multivariate normal 

distributions better fit the morphological data. Using the software mclust (Fraley et al., 2012), 

distributions were fit by expectation-maximisation, and one-group and two-group model fits were 

compared using Bayesian information criterion (BIC). The morphological data comprised all lakewide 

partial warp scores and uniform components, as well as fork length and pectoral fin measurement: Thus, 

I included all measured shape variation beyond that related to a priori functional expectations. To assess 

whether morph grouping was confounded by alternative clustering, mixture models were repeated for 

each sex, for mature versus immature fish (based on gonadal development), by age, and by sampling 

year. Because of the benefit of colour, textural information, and shape variation not captured by 

landmarks, I used my on-site classification as the primary morph groupings. However, I repeated all 

analyses with mixture model classifications to ensure robustness of interpretations. 

Aim 2: Assess shape-dependent resource use 

Examining support for shape-dependent resource use, I considered effects of shape on each trophic 

resource proxy using linear models in R. Starting with gut contents data from Vatnshlíðarvatn, Mann-

Whitney U tests determined whether morphs differed in the number of taxa in individuals’ guts. Then, 

exploring effects of shape on gut contents, I used Conway-Maxwell-Poisson (COMPoisson) regressions 
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from R package ‘COMPoissonReg’. COMPoisson generalises the Poisson distribution, appropriate for the 

high degree of homogeneity in my gut content variables (Shmueli et al., 2005); inclusion of the 

dispersion parameter (nu) was necessary due to significant underdispersion (chi-squared Poisson vs. 

COMPoisson, p<0.05). COMPoisson regressions had number of taxa as a response and predictors of 

relative warps 1 to 5 and relative pectoral fin length, and covariates of fork length and GSI. I ran 

regressions lakewide and for each morph, and subset by sex in both cases.  

I characterised mean morph diet, niche breadth, and niche overlap between coexisting morphs using 

stable isotopic signatures, and then investigated effects of shape on my stable isotopic proxies with 

linear models. Using stable isotopic signatures in mixing models, I estimated mean morph diet 

composition based on relative contributions of major prey taxa (mixSIAR; Stock and Semmens 2015). In 

Thingvallavatn major prey groups were Lymnaea, Copepoda, and Chironomidae (Sandlund et al., 1992) 

whereas in Vatnshlíðarvatn they were Cladocera, Pisidium, Copepoda and Chironomidae (Jónsson and 

Skúlason 2000; other taxa I identified were present in less than 3% of examined guts). To estimate 

contributions of prey baselines to fish diet, I adjusted for trophic enrichment by 0.39 ‰ (SD 1.30) for 

δ13C and 3.4 ‰ (SD 0.98) for δ15N (Post, 2002). The analysis uses Markov chain Monte Carlo algorithms 

to estimate posterior contributions of prey sources, improved with use of valid prior diet information. In 

Vatnshlíðarvatn priors were based on gut content analysis, while in Thingvallavatn I used a diffuse prior, 

deemed appropriate due to the expected contribution of major prey groups (Sandlund et al., 1992) 

adjusted for my sample sizes. To estimate morph diets, I included sex nested within morph random 

effects, incorporating both process (e.g. intra-resource sampling bias of consumer) and residual (e.g. 

metabolic rates, assimilation efficiency) error. Because prey isotopic signatures did not encompass fish 

signatures in Vatnshlíðarvatn, inclusion of residual error returned huge error terms. I therefore ran 

additional mixing models in Vatnshlíðarvatn with only process error. I next examined estimates of niche 

breadth and overlap between morphs, using nicheROVER to obtain multivariate probabilistic estimates 
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(Swanson et al., 2015). Using δ13C and δ15N values with diffuse priors, I calculated 95%-probability 

regions of bivariate isotopic space in which each morph is likely to be found, and obtained quantitative 

estimates of resource overlap between cohabiting morphs. Following this characterisation of morph 

diets, I assessed effects of shape on stable isotopic signatures using multivariate multiple linear models, 

considering separately between- and within-morph variation by using lakewide and within-morph 

relative warps as appropriate. My response was a matrix of δ13C and δ15N values and I interpreted the 

lowest-AIC models, starting with predictors of relative warps 1 to 5, relative pectoral fin length, and with 

covariates of fork length, GSI, sex, and an interaction of sex and GSI. 

Finally, I investigated effects of morph and shape on parasite infection, my proxy of long-term trophic 

resource use. I used Mann-Whitney U tests to assess differences of Diplostomum and Diphyllobothrium 

intensities between coexisting morphs. To address effects of shape, I used generalised linear models 

with negative binomial errors (and zero inflation for Diphyllobothrium) and a log link, addressing 

Diphyllobothrium and Diplostomum separately. I again used lakewide or within-morph relative warps to 

explore the effects between- and within-morphs. My models, with responses of parasite intensity, were 

simplified to the lowest-AIC model after beginning with predictors of relative warps 1 to 5, relative 

pectoral fin length, and covariates of fork length, GSI, sex, and a sex by GSI interaction. Integrating 

information from the effects of shape on each of my trophic resource proxies allowed me to assess 

support for shape-dependent resource use both between and within coexisting morphs. 

Results 

Aim 1: Characterise phenotypic covariation 

There were differences between coexisting morph samples in size, shape, life history, abundance, 

resource use, and parasite infections, and these differences were evident in each sampling year (2014-

2016). In both lakes, the more abundant morph (planktivore morphs in Thingvallavatn n=611, silver 

morphs in Vatnshlíðarvatn n=943) was, on average, older, longer, less variable in linear measures, and 
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had fewer Diplostomum and more Diphyllobothrium than the sampled coexisting morph (small benthic 

morphs n=350, and brown morphs n=199; Table 2.1). Interannual variation in age, size, and shape 

characteristics of samples is apparent, particularly in Vatnshlíðarvatn. In Vatnshlíðarvatn 2015 and 2016 

samples were progressively younger, and those in 2016 of lower maturity, despite consistent sampling 

locations, techniques, and timing. I based all interpretations on patterns in the data that persist despite 

this interannual variation. 

Characterisation of shape 

In both lakes, axes summarising the most shape variation describe shape consistent with biomechanical 

expectations between morphs. Summarising 43.98% and 31.05% of shape variation in Thingvallavatn 

and Vatnshlíðarvatn, respectively, relative warp one (RW1) describes variation in relative head and eye 

size, overall body depth, and anteroposterior elongation of the caudal region (post-dorsal fin landmarks; 

Figure 2.2). A notable component of lakewide RW1 in Thingvallavatn, but not Vatnshlíðarvatn, is a more 

subterminal mouth associating with deeper bodies. A further 10.34% (Thingvallavatn) and 19.18% 

(Vatnshlíðarvatn) of shape variation is summarised by RW2, which in both lakes reflects variation of mid-

body depth (Figure 2.2). Within morph shape variation reflects aspects of lakewide variation but to 

differing degrees: RW1 summarises variation including changes in relative head and eye size, body depth 

and elongation; RW2 summarises variation of mid-body depth, but this is less pronounced in the 

planktivore and brown morphs (Figure 2.2). Other aspects of shape variation captured by relative warps 

include eye height, head orientation, and relative shearing of anterior to posterior landmarks (further 

relative warp representations and interpretations in Table S2.3, Figures S2.1 - 2.3). In both lakes fork 

length correlates with RW1 (Pearson’s r=0.50 in Thingvallavatn, 0.56 in Vatnshlíðarvatn) and RW2 

(r=0.40 Thingvallavatn, 0.22 Vatnshlíðarvatn). GSI also correlates with RW1 and RW2 of both lakes (r 

with magnitudes 0.16 to 0.30; full covariance matrices in Supplementary Materials).  
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Increased size, and being female, results in reduced head and eye size relative to the body, and 

increasing elongation of the caudal region, for the small benthic, planktivore, and silver morphs. 

Controlling for sex, coexisting morphs significantly differ in the slopes and intercepts of shape-size 

covariation (ANCOVA, p<0.05; Table S2.4), suggesting different allometric trajectories. Multivariate 

multiple linear regressions of within-morph shape on size, sex, GSI, and interactions, revealed that fork 

length and being female independently increase RW1 in small benthic and planktivore morphs, and 

decrease RW1 in silver morphs, with both patterns absent in the brown morph (Figure 2.3, Table S2.5). 

In addition to effects of sex and size, reproductive investment (GSI) influenced shape via increased 

midbody depth (positive RW2 for small benthic morphs and silver morphs, positive RW4 for planktivore 

morphs, positive RW5 for brown morphs), though this was not significant in every sampling year (Table 

S2.5). Together, the effects of size, sex, and GSI influence a degree of shape within each morph that I 

subsequently controlled in all analyses. 

Objective classification of morphs 

On-site morph classifications reflect morphologically-differentiated clusters: Gaussian mixture models 

supported bimodal multivariate normal distributions over unimodal distributions in both lakes. In 

Thingvallavatn, the lowest-BIC model distinguished small benthic and planktivore morphs as separate 

morphological clusters based on all partial warps and for data subset by sex, by maturity, by sample 

year, or by age. The models identified 349 individuals in a cluster with negative relative warp 1 values (-

0.028, standard error 0.015) and 625 individuals in a cluster centred around positive relative warp 1 

values (0.017, standard error 0.013; Figure 2.4). Comparing on-site fish classification to mixture model 

assignments revealed different classification of only 44 of 983 individuals. In Vatnshlíðarvatn, 

morphological clusters segregating brown and silver morphs were identified for all partial warps, and for 

data subset by sex and by maturity, but only when data were first subset by age. When ages were 

combined, alternative clusters were proposed: silver morph age 3+, and silver morph age 2 with brown 
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morphs. This results from annual variation in sample age distributions, and relatively fast silver morph 

growth between ages 2 and 3: a paucity of silver morphs with fork length around 140mm created 

additional clustering. Within ages, the two morphological clusters corresponded with on-site 

brown/silver morph classifications for ages 2 to 6. One cluster contained 996 individuals with negative 

relative warp 1 values (-0.005, standard error 0.016), the other 238 individuals clustered around positive 

relative warp 1 values (0.021, standard error 0.016). Compared with on-site classification, individual 

assignments from mixture models by age classified 179 of 1235 fish differently. Because limited samples 

within some ages may have affected classification, and my initial classification also contains colour, 

texture, and shape information not captured by landmarks, I consider my morph classifications as more 

accurate, and my results pertain to these. However, I ran additional analyses throughout using the 

mixture model assignments and found no qualitative differences in results or interpretation. 

Aim 2: Assess shape-dependent resource use 

Before examining shape-dependent resource use, I ensured correspondence of trophic resource proxies 

(gut contents, stable isotopic signatures, and parasite intensities), supporting temporal consistency of 

interindividual variation in resource use (full details in Supplementary Materials). In Vatnshlíðarvatn, 

number of taxa in gut contents positively associated with increased δ13C values: An additional taxon 

corresponded to an average increase in δ13C of 0.77‰ (standard error 0.16; year 2015) or 0.71‰ 

(standard error 0.11; 2016) and positive effects of trophic breadth existed independent of fork length, 

sex, and GSI. Associations among isotopic signatures and parasitism included, for small benthic, 

planktivore, and silver morphs, Diplostomum intensity increasing with δ13C, independent of size. 

Notably, there was no effect of δ13C on Diplostomum intensity in the brown morph, beyond an increase 

associated with size. Lakewide in Thingvallavatn and within planktivore morphs, lower δ13C increased 

with Diphyllobothrium intensity independent of positive effects of size. Correspondence of trophic 
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resource proxies and effects independent of size suggest that differential resource use is sustained 

temporally.  

Effects of shape on gut contents 

In Vatnshlíðarvatn, larger fish tend to consume more taxa, as do brown morphs with more streamlined 

bodies independent of size. Vatnshlíðarvatn morphs differed in number of taxa, and estimated relative 

contributions of taxa, in guts (Mann-Whitney U, p<0.05): brown morphs consumed fewer taxa (median 

1, SD 0.56) than silver morphs (median 2, SD 0.67), a greater proportion of Cladocera (mean 0.648, SD 

0.273) than silver morphs (0.439, SD 0.349), and lower proportions of Chironomidae (mean 0.146, SD 

0.271, versus 0.341, SD 0.343), and Pisidium (mean 0.003, SD 0.034) than silver morphs (mean 0.033, SD 

0.140). COMPoisson regressions identified fork length influencing number of taxa consumed, significant 

in both years for lakewide and within silver morph data, and for 2015 within-brown morph data (p<0.05, 

Table S2.14). Effects are approximate increases of 0.2% (silver morph) and 0.4% (brown morph) taxa 

with each additional millimetre length (calculated as: exp(coefficient/nu); Seller and Shmueli 2010). 

There were also effects of shape on gut contents within the brown, but not silver, morph: smaller 

relative heads and elongated caudal regions increased with number of taxa consumed (positive RW1, 

p<0.05 in 2015; Table S2.14). I obtained relatively few brown morphs in 2016 (n=42) and confidence 

intervals failed to converge; I therefore based brown morph interpretation on 2015 data (n=134).  

Effects of shape on stable isotopic values 

Mixing models supported significant differences in resource use between small benthic and planktivore 

morphs but not between brown and silver morphs. In Thingvallavatn, planktivore morphs consumed a 

lower proportion of Lymnaea and a greater proportion of Copepoda than small benthic morphs (Table 

2.2, also see Figure 2.5). A degree of Lymnaea consumption by planktivore morphs, consistent with 

anecdotal observations, was supported by confidence intervals excluding zero. In Vatnshlíðarvatn, no 
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significant differences between morphs were identified because sampled prey resources did not 

adequately encompass the range of fish isotopic values (Figure 2.5), inflating confidence intervals. 

Estimating trophic resource niche using nicheROVER, I identified significantly greater overlap between 

morphs in Vatnshlíðarvatn than in Thingvallavatn. The brown morph diet was largely a subset of the 

silver morph’s realised niche: the probability of the brown morph overlapping the niche space of the 

silver morph, 91%, is significantly greater than the converse probability, 48% (p<0.05; Figure 2.6, Table 

S2.15). In Thingvallavatn, shared resources contribute a fraction of both morph diets, as suggested by 

similar overlap metrics for the small benthic and planktivore morphs. 

In Thingvallavatn, both size and shape independently affect resource use between morphs, as measured 

by isotopic signatures, whereas in Vatnshlíðarvatn there is no lakewide effect of shape independent of 

size. In both lakes, δ13C is influenced by fork length, and morph effects are independent of this 

(ANCOVAs of δ13C~morph*fork length; morph and fork length: p<0.05). While morph effects appear to 

be shape-related in Thingvallavatn, Vatnshlíðarvatn is less clear (Figure 2.7). In Thingvallavatn, RW1 and 

fork length decrease δ13C, and RW4 increases δ13C, independently and in each sampling year (p<0.05, 

Table S2.16). These relative warps associate streamlined bodies with terminal mouths and lower-

positioned eyes with decreased δ13C, and reflect shape differences between morphs (Figure 2.8). 

Within Vatnshlíðarvatn, fork length increases δ13C, and no aspects of size-independent shape 

consistently affect isotopic signatures (Table S2.16). Therefore, a difference in isotopic signatures 

between Vatnshlíðarvatn morphs remains that is unexplained by shape or size variation.  

Within-morph effects of shape on isotopic signatures were identified for the planktivore, but no other 

morph. Planktivore morph RW1, RW4, and fork length independently affected δ13C: smaller individuals 

and those with elongated, tubular bodies had greater δ13C (p<0.05 in 2015 and 2016, Table S2.16). 

Substituting lakewide for within-morph relative warps (data not shown), the association of elongated 

bodies with greater δ13C was evident on lakewide RW1 and RW3, demonstrating that within-morph 
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variation occurs on axes of between-morph variation. Notably, the direction of the within-planktivore 

morph effect differed from the between-morph effect: deeper-bodied planktivore morphs had lower 

δ13C (a more pelagic carbon source) yet lakewide, deeper-bodied fish had greater δ13C. In the small 

benthic, silver, and brown morphs, there were no effects of shape on isotopic signature evident across 

sampling years, though size had a positive effect on δ13C for brown and silver morphs (Table S2.16). 

Effects of shape on parasite infections 

I observed shape-dependent parasitism between coexisting morphs in both lakes, and within brown and 

planktivore morphs. Diplostomum infections differed significantly between coexisting morphs (Mann-

Whitney U test, p<0.05): planktivore morphs (mean 183.21, SD 112.91) had fewer than small benthic 

morphs (272.99, SD 243.94), and silver morphs (101.04, SD 87.09) fewer than brown morphs (126.55, SD 

85.98). In Thingvallavatn, Diplostomum intensity increased with fork length and lower RW1 values 

independently (contracted caudal region, subterminal mouth, large relative head; Figure 2.8). Within 

small benthic and planktivore morphs Diplostomum intensity increased only with fork length (Table 

S2.17). In Vatnshlíðarvatn, Diplostomum intensity increased with fork length and shape corresponding to 

differences between morphs (positive RW1, RW3, RW5; Table S2.17). Within both silver and brown 

morphs Diplostomum intensity increased with fork length while, additionally for the brown morph, a 

deeper head and body increased Diplostomum intensity (negative RW1, RW2; Table S2.17). This shape 

effect was also evident using lakewide relative warps (positive lakewide RW1, RW2; data not shown), 

demonstrating within-morph variation occurring on axes of between-morph variation. 

Diphyllobothrium infections differed significantly between coexisting morphs (Mann-Whitney U test, 

p<0.05): planktivore morphs had more Diphyllobothrium (mean 16.09, SD 29.31) than small benthic 

morphs (0.05, SD 0.50), and silver morphs (0.34, SD 1.10) had more than brown morphs (0.14, SD 0.93). 

In Thingvallavatn, increased likelihood of Diphyllobothrium infection associated with increased RW1 
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(elongated caudal region, terminal mouth, small relative head; Figure 2.8, Table S2.18) and, given an 

infection, Diphyllobothrium intensity increased with fork length and decreasing RW1. Due to the scarcity 

of infected small benthic morphs (n=5), Thingvallavatn within-morph models are appropriate only for 

planktivore morphs, whereby greater fork length, increased GSI, and more tubular bodies associated 

with fewer Diphyllobothrium (positive RW4 significant in 2015 and 2016, Table S2.18). Again, this shape 

effect was apparent using lakewide morphospaces (RW1, data not shown). In Vatnshlíðarvatn, 

interannual variation precluded identification of repeated associations between shape and 

Diphyllobothrium infection. However, in 2015 when a greater brown morph sample was obtained, fish 

with smaller relative heads and streamlined bodies (negative RW1) were more likely to be infected and, 

given infection, had greater Diphyllobothrium intensity (negative RW1, RW2, RW3). Within the silver 

morph, only fork length (p<0.05 in 2014 and 2016) and being male (p<0.05 in 2015 and 2016; Table 

S2.18) increased Diphyllobothrium intensity. Within the brown morph, there were too few infected 

individuals (n=6) to model. 

Discussion  

I identified shape-dependent resource use differentiating morphs in both Thingvallavatn (benthic versus 

pelagic resources) and Vatnshlíðarvatn (resource breadth), with coexisting morphs overlapping in both 

morphology and resource use. Within morph patterns of shape-dependent resource use were evident in 

the planktivore and brown morphs on axes of variation that distinguished between coexisting morphs. 

However, the direction of the shape-resource association within the planktivore morph was opposite of 

the lakewide pattern. Together these results suggest that, although between-morph associations are 

consistent with expectations, fine-scale within morph variation could also influence fitness via use of 

alternate resources.   
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Aim 1: Characterise phenotypic covariation 

My data support previously-defined polymorphisms in both Thingvallavatn and Vatnshlíðarvatn, 

characterised by morphologically distinguishable clusters exhibiting shapes consistent with 

biomechanical trade-offs. The principle axes of shape variation in both lakes included relative elongation 

of the body, particularly in the caudal region, and varying relative head size. Such variation is consistent 

with biomechanical expectations that fusiform shapes improve continuous swimming, while deeper 

bodies improve manoeuverability (Webb and Weihs, 1983). These trade-offs are thought to have 

functional importance in both lakes, either between benthic and pelagic (Malmquist, 1992; Skúlason et 

al., 1993), or specialist and generalist (Jónsson and Skúlason, 2000) foraging. Additional aspects of shape 

variation, such as eye and mouth position, and pectoral fin length, are also consistent with 

biomechanical expectations associated with resource use (Wainwright and Richard, 1995; Langerhans et 

al., 2004). Although subtle shape differences between Vatnshlíðarvatn morphs had suggested 

morphology could be unimodal (Jónsson and Skúlason, 2000; Woods et al., 2012), my mixture models 

demonstrate objective bimodality based on morphology. Demonstrating morphological polymorphisms 

in both lakes was necessary to understand patterns of shape-dependent resource use, which are 

expected to have fitness effects in these systems. 

Aim 2: Assess shape-dependent resource use 

Shape-dependent resource use between morphs 

My observations demonstrate shape-dependent resource use in both Thingvallavatn and 

Vatnshlíðarvatn, though the latter appears confounded by limited brown morph samples. Lakewide in 

Thingvallavatn, deep bodies, large heads, and subterminal mouths associate with increased 

consumption of benthic resources, indicated by greater δ13C values, decreased intensity of Copepoda-

transmitted Diphyllobothrium, and increased intensity of Lymnaea-transmitted Diplostomum. 

Conversely, more streamlined bodies and terminal mouths associate with increased consumption of 
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pelagic resources (Figure 2.8). Notably, individual-level temporal persistence of resource use is evident 

in these effects of shape, independent of size, across timescales of months (δ13C and δ15N of caudal 

muscle) and years (Diplostomum and Diphyllobothrium infections). These observations are consistent 

with expectations that biomechanical trade-offs constrain resource use, and provide individual-level 

support for established differences between morphs (Frandsen et al., 1989; Sandlund et al., 1992).  

In Vatnshlíðarvatn, shape-dependent resource use is evident within- and between- morphs, though I 

only observed the latter with larger sample sizes of brown morphs. Lakewide in Vatnshlíðarvatn, 

increased size results in greater trophic generalisation, indicated by more taxa in gut contents and lower 

intensities of Diplostomum, while smaller individuals specialise trophically (Figure 2.8). Because shape 

and size covary (Figure 2.3), deeper-bodied individuals with larger heads are trophic specialists, 

consistent with prior research (Jónsson and Skúlason, 2000). My data support effects of shape, 

independent of size, within the brown morph (discussed below) and lakewide in 2015 when I obtained a 

greater brown morph sample (Table 2.1). This suggests that resource-use in Vatnshlíðarvatn is both 

shape- and size-dependent, whereby specialisation on Cladocera is dependent on shape, whereas 

consumption of a wider range of resources depends on increased size.  

My trophic resource proxies captured associations with shape in both lakes, but were more informative 

in Thingvallavatn. In Thingvallavatn, prey baseline isotopic signatures and trophically-transmitted 

parasites were consistent with expectations of morph diets (Malmquist et al., 1992). Considerable 

variation in resource use is indicated in isotopic signatures (Figure 2.5), due in part to both morphs 

consuming insects, and occasional use of Lymnaea by planktivore morphs (Malmquist et al., 1992; 

personal observations). In Vatnshlíðarvatn, morph resource use was harder to differentiate: there is 

little variation in prey isotopic signatures (Figure 2.5) and morph trophic niches overlap (Figure 2.6). I 

was also unable to ascribe isotopic signatures to consumption of particular taxa because of inadequate 

baseline samples, potentially due to intra-annual variation in prey isotopic signatures: δ13C can vary by 
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5.7‰ over one month (Cremona et al., 2008), sufficient to encompass my observed isotopic values. 

Such variation is possible in Vatnshlíðarvatn, a shallow lake, well mixed in summer and ice-covered in 

winter, because δ13C values vary with turbulence (Hecky and Hesslein, 1995), light, and temperature 

(MacLeod and Barton, 1998). Despite my inability to identify particular prey with isotopic signatures, my 

gut contents data, isotopic estimates of niche breadth, and prior research (Jónsson and Skúlason, 2000) 

all indicate that brown morphs specialise on a subset of the silver morph realised niche.  

Given variation in resource breadth between Vatnshlíðarvatn morphs, it is possible that differential 

spatial use might contribute to patterns of parasite infection. Diplostomum infections differentiate 

morphs and associate with shape, but not due to Lymnaea consumption: Lymnaea have high δ13C 

signatures (our mean -10.5‰; expected fractionation +0.39, Post 2002), whereas brown morphs have 

low δ13C signatures (mean -25.7‰) yet high Diplostomum infections. Because Diplostomum cercariae 

infect fish via the water column (Karvonen et al., 2004), greater brown morph Diplostomum intensities 

might result from association with a microhabitat proximal to Lymnaea. Silver morphs, consuming more 

taxa, should spend less time in any one microhabitat, diluting Diplostomum exposure. Variation in 

susceptibility offers an alternative explanation (Karvonen et al., 2004; Eizaguirre and Lenz, 2010), but 

this must correlate with shape variation to explain my observations. Despite this uncertainty regarding 

Diplostomum exposure and prey taxa isotopic signatures, in Vatnshlíðarvatn and Thingvallavatn I 

observed shape-dependent resource use variation between morphs (Figure 2.6). This suggests that 

resource use may contribute to maintaining polymorphism under contemporary conditions, if use of 

intermediate resources has negative effects on relative fitness. However, shape-dependent resource use 

within morphs also has the potential to ameliorate costs of competition (Bolnick and Paull, 2009). 
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Within morph shape-dependent resource use 

Within morph shape-dependent resource use could suggest that individuals phenotypically-intermediate 

between morphs may not experience reduced fitness. Within the planktivore morph, shallower bodied 

individuals had greater δ13C signatures and lower Diphyllobothrium infections, implying proportionally 

fewer Copepoda in the diet, but not a greater proportion of Lymnaea (no Diplostomum effect); these 

planktivore morphs likely consume Chironomidae and/or Cladocera (Malmquist et al., 1992; personal 

observations). The direction of this effect opposes the observed between-morph effect and reveals 

shape-dependent resource use within pelagic resources, suggesting the need for more detailed 

functional biomechanical explanations (Blake, 2004). The pattern might result from planktivore morphs 

with greater δ13C possessing bodies shallower than an optimal streamline shape, or more tubular 

shapes improving fast-starts through thrust (Webb, 1978; Walker et al., 2005), either influencing prey 

capture. Alternatively, the association might arise from phenotypic covariation of shape with other traits 

that affect resource use, such as size (Mittelbach, 1981) or behaviour (Malmquist, 1992; Skúlason et al., 

1993). In Vatnshlíðarvatn, the functional explanation for morph shape differentiation may also apply 

within the brown morph. Brown morph individuals with more streamlined bodies consumed more taxa 

and had lower Diplostomum infections, all features more similar to the silver morph. Although I expect 

deep bodies of brown morphs to be beneficial for specialist Cladocera foraging, such variation may 

suggest that more streamlined individuals are capable at foraging on additional taxa. Whether 

streamlined brown morph individuals foraging on a greater breadth of taxa provides a fitness advantage 

is unclear given the implied competition of overlapping resource use with the silver morph. The 

associations between shape and resource use within morphs in both lakes could indicate additional 

phenotypic solutions to resource acquisition to those expected under simple binary models of resource 

use (e.g. benthic-pelagic or generalist-specialist). Such alternative functions could imply that 

intermediate morphologies are not necessarily detrimental to fitness. 
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There were no effects of shape on resource use in silver and small benthic morphs, which could suggest 

a lack of systematic benefit associated with particular resources within each morph’s range, or a lack of 

competitive advantages associated with shape. If there were no systematic advantage of consuming 

particular benthic taxa, variation in benthic foraging effectiveness caused by shape could explain 

coexistence of morphs, with potential intermorph hybrids experiencing reduced relative fitness due to 

mismatched shape. Whereas if there were no competitive advantage associated with shape, trophic 

resource use could not explain morphological polymorphism, particularly as I have observed 

morphological overlap between morphs. However, because my analyses controlled for size, and size and 

shape covary, it is possible that morphological differentiation between morphs results from size-

dependent resource use (Mittelbach, 1981). Larger silver morphs consume a greater breath of taxa, and 

have more streamlined body forms, both differentiating them from the coexisting brown morph. 

Therefore, I expect that silver morph shape may partially result, indirectly, from size-dependent 

resource use.  

Implications 

Systematic associations between morphology and resource use proxies are consistent with my 

hypothesis that biomechanical trade-offs affect resource use between morphs (Figure 2.8). This suggests 

that individuals intermediate to these optima could suffer reduced relative fitness via trophic 

performance with either alternative resource (Smith and Skúlason, 1996; Martin and Pfennig, 2009). I 

expect intermediate individuals in Thingvallavatn to be less fit because of distinct benthic and pelagic 

resources, reflecting similar trade-offs in other systems (Schluter, 1995; Robinson et al., 1996). In 

Vatnshlíðarvatn, alternative resources are less distinct and resource breadth is size- and shape-

dependent. Despite common resources between morphs, I expect distinctions between morphological 

optima of Cladocera-specialists and benthic generalists might still result in intermediate forms being less 

fit, though this is dependent on resource availability. If the trade-offs do affect fitness, they might 
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explain morphological differences between morphs and constitute an ecological mechanism limiting 

gene flow (Nosil, 2012). Although my between-morph observations are consistent with adaptive shape-

dependent resource use, other aspects of phenotype cause fitness variation, and it is unclear how 

consequential shape-resource mismatches are in nature. Estimates of fitness in the wild are required to 

provide support for disruptive selection for shape. 

Despite between-morph associations of shape and resource use aligning with expectations, I identified 

within-morph variation that could have implications for fitness. Individuals morphologically intermediate 

to coexisting morphs might not necessarily experience reduced fitness based on resource use if their 

morphology permits adequate use of different resources. Because shape-dependent resource use in the 

planktivore morph opposed the direction of the between-morph effect, the potential for intermediate 

phenotypes to successfully forage is unclear. Planktivore morphs with deeper bodies (similar to small 

benthic morph shape) consumed more Copepoda and had greater Diphyllobothrium infections. This 

suggests potential inter-morph hybrids, presumably with intermediate shapes, could forage on 

Copepoda with no morphological constraint, but might suffer from increased parasitism. These patterns 

of within-morph variation suggest that effects of shape on fitness might not correspond to general 

biomechanical expectations. If disruptive selection is not occurring because intermediates can forage 

successfully, observed morphological variation requires alternative explanations. Shape could 

potentially affect fitness via non-trophic functions such as predator avoidance, or shape could result 

from correlations with other traits. I identified effects of size on resource use, and variation in resource 

use independent of both shape and size, suggesting shape variation could conceivable arise indirectly via 

selection for size or behaviour. 

In summary, I identified morphologically-differentiated morphs consistent with a priori expectations of 

benthic-pelagic and specialist-generalist polymorphic systems. Shape-dependent resource use was 

temporally persistent at an individual level, with associations summarised by gut contents, isotopic 
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signatures, and parasite infections. Although shape-dependent resource use was broadly consistent with 

expectations of resource polymorphisms, patterns of resource use and shape within morphs could lead 

to unexpected effects of shape on fitness. This could involve alternate functions through which shape 

effects fitness, such as parasite-mediated selection, and/or involve shape covarying with resource use 

because of trait correlations, for example via selection of size. Though I expect disruptive selection of 

shape in resource polymorphisms, estimates of fitness via the hypothesised resource-use pathways are 

required (Arnold, 1983; Kingsolver and Huey, 2003) to assess the functional importance of resource 

availability in diversification. 
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Tables and Figures 

Table 2.1: Descriptive data by sampling year and by morph for samples of Arctic charr from the Icelandic lakes Thingvallavatn and 
Vatnshlíðarvatn. Means (standard deviations in parentheses) for morphs as classified on site. Sample size reflects my classification (estimates of 
Gaussian mixture models in parentheses). Locations of head, body, and caudal depth measurements shown on Figure 2.1. Thingvallavatn 
lakewide data consists of small benthic and planktivore morph (i.e. not piscivorous or large benthic morphs). 

 Year Thingvallavatn  Planktivore Small Benthic Vatnshlíðarvatn Silver Brown 
Sample size [GMM]  983 [974] 611 [625] 350 [349] 1235 [1235] 943 [996] 199 [238] 
Sex ratio / M:F 2014  90:100 53:45  160:189 14:9 
 2015 

2016 
 64:153 

67:136 
58:78 
59:67 

 120:150 
167:157 

99:35 
40:2 

Fork length / mm combined 159.97 (44.64) 170.4 (37.2) 132.1 (35.1)  197.79 (51.38) 203.94 (52.42) 165.92 (28.39) 
 2014 

2015 
2016 

153.50 (46.28) 
165.21 (43.00) 
160.62 (44.07) 

153.51 (37.02) 
177.53 (31.27) 
178.59 (38.29) 

134.81 (47.12) 
136.60 (32.39) 
125.26 (24.93) 

218.05 (40.45) 
197.78 (51.54) 
177.48 (53.04) 

221.05 (38.88) 
210.30 (52.97) 
180.22 (55.99) 

170.78 (37.93) 
166.69 (26.14) 
160.81 (29.34) 

Pectoral fin length /  
mm 
 

combined 24.76 (7.10)  25.72 (6.19)  23.25 (6.71)  31.51 (9.06) 31.62 (9.31) 29.97 (6.31) 
2014 
2015 
2016 

23.39 (7.62) 
27.40 (6.74) 
25.16 (6.38) 

22.09 (5.59) 
28.11 (5.27) 
26.49 (6.14) 

22.66 (8.63) 
24.79 (6.59) 
22.02 (4.62) 

32.77 (7.24) 
33.79 (9.53) 
27.75 (9.00) 

32.90 (7.12) 
34.62 (10.10) 
27.73 (9.41) 

28.79 (8.07) 
30.74 (5.89) 
28.13 (6.21) 

Head depth / mm combined 15.09 (3.96)  15.43 (2.95)  14.54 (4.29)  18.47 (4.55) 18.57 (4.63) 17.44 (3.32) 
 2014 

2015 
2016 

15.01 (4.78) 
15.92 (3.49) 
15.47 (3.50) 

13.99 (2.93) 
16.11 (2.41) 
16.03 (3.04) 

14.76 (5.74) 
14.84 (3.83) 
14.04 (3.40) 

19.93 (4.17) 
18.49 (4.29) 
16.99 (4.70) 

19.94 (4.01) 
18.74 (4.43) 
16.95 (4.92) 

17.55 (4.41) 
17.41 (3.16) 
17.45 (3.23) 

Body depth / mm combined 29.09 (9.11)  30.95 (7.28)  25.97 (8.48)  39.94 (11.35) 40.51 (11.81) 36.07 (6.89) 
 2014 

2015 
2016 

28.57 (9.43) 
31.03 (12.54) 
30.13 (9.30) 

27.65 (7.13) 
32.23 (5.94) 
32.61 (7.75) 

26.23 (10.02) 
27.04 (7.47) 
24.64 (8.15) 

43.95 (9.06) 
41.00 (11.35) 
34.78 (11.48) 

44.34 (8.88) 
42.35 (12.20) 
34.88 (12.12) 

35.95 (9.00) 
36.73 (6.38) 
34.04 (6.94) 

Caudal depth / mm combined 11.84 (3.29)  12.60 (2.73)  10.55 (2.95)  15.62 (4.07) 15.86 (4.19) 14.05 (2.63) 
2014 
2015 
2016 

11.81 (3.63) 
12.47 (3.02) 
12.12 (3.18) 

11.54 (2.76) 
13.08 (2.30) 
13.07 (2.85) 

10.79 (3.91) 
10.82 (2.67) 
10.08 (2.29) 

17.02 (3.23) 
15.87 (4.15) 
13.93 (4.15) 

17.21 (3.14) 
16.39 (4.36) 
13.98 (4.37) 

13.80 (3.05) 
14.26 (2.60) 
13.54 (2.47) 

Age / years combined 4.78 (1.77) 5.33 (1.33) 3.82 (1.95) 3.96 (1.26) 3.98 (1.28) 3.78 (1.10) 
 2014 

2015 
2016 

4.62 (1.70) 
5.24 (1.66) 
4.65 (1.87) 

4.65 (1.12) 
5.72 (1.14) 
5.56 (1.46) 

4.09 (2.29) 
4.36 (2.01) 
3.04 (1.23) 

4.45 (1.17) 
4.02 (1.20) 
3.40 (1.21) 

4.45 (1.13) 
4.04 (1.23) 
3.41 (1.25) 

4.13 (1.66) 
3.84 (1.00) 
3.40 (0.96) 

combined 240.48 (219.80) 183.21 (112.91) 272.99 (243.92) 108.63 (93.26) 101.04 (87.09) 126.55 (85.98) 
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Diplostomum mean 
intensity 
(one eye, vitreous) 

2014 
2015 
2016 

232.69 (222.67) 
249.32 (204.83) 
237.64 (233.06) 

137.30 (77.05) 
228.70 (110.07) 
170.64 (125.35) 

292.77 (229.12) 
266.46 (268.54) 
268.49 (228.56) 

86.62 (66.89) 
119.32 (104.92) 
117.09 (97.73) 

84.52 (63.90) 
108.99 (90.17) 
110.20 (100.70) 

108.78 (87.95) 
125.29 (90.95) 
137.86 (75.10) 

Diphyllobothrium 
mean intensity  

combined 8.43 (22.64) 16.09 (29.31) 0.05 (0.50) 0.33 (1.10) 0.34 (1.10) 0.14 (0.93) 
2014 
2015 
2016 

6.70 (15.90) 
14.14 (30.69) 
3.67 (14.55) 

10.90 (17.94) 
26.10 (37.83) 
7.77 (20.66) 

0 (0) 
0.01 (0.09) 
0.12 (0.78) 

0.37 (1.11) 
0.16 (0.73) 
0.46 (1.34)  

0.40 (1.19) 
0.16 (0.65) 
0.42 (1.26) 

0.06 (0.24) 
0.04 (0.21) 
0.36 (1.69) 

CPUE / catch per net  
per hour 

combined  3.27  0.33   2.27 0.40 
2014 
2015 
2016 

 4.69 
3.50 
1.63 

0.47 
0.35 
0.16 

 2.66 
1.94 
2.22 

0.47 
0.34 
0.39 
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Table 2.2: Estimated mean proportions of prey consumed by morphs, given stable isotopic values, from MixSIAR mixing models of Arctic charr 
from the Icelandic lakes Thingvallavatn and Vatnshlíðarvatn. The Thingvallavatn model (small benthic and planktivore morphs, incorporating 
both process and residual error) converged, whereas the Vatnshlíðarvatn model (brown and silver morphs, incorporating only process error) did 
not. Lymnaea and Cladocera were excluded from Vatnshlíðarvatn because they were uninformative given other baselines; Pisidium was not 
included in Thingvallavatn as they are not a known component of diet. In Vatnshlíðarvatn, two chains converged to the same distribution; the 
third differed substantially, resulting in failure of the Gelman-Rubin test. 

Resource Small benthic 
mean (SD) 

CI 
2.5% 

CI 
97.5% 

Planktivore CI 
2.5% 

CI 
97.5% 

Brown  CI 
2.5% 

CI 
97.5% 

Silver  CI 
2.5% 

CI 
97.5% 

Copepoda 0.032 (0.053) 0.000 0.124 0.694 (0.087) 0.535 0.892 0.364 (0.079) 0.146 0.492 0.280 (0.066) 0.102 0.389 
Chironomidae 0.376 (0.116) 0.100 0.606 0.208 (0.084) 0.020 0.360 0.242 (0.083) 0.117 0.392 0.243 (0.072) 0.143 0.368 
Lymnaea 0.592 (0.108) 0.356 0.815 0.097 (0.056) 0.002 0.211       
Cladocera       0.244 (0.082) 0.138 0.411 0.346 (0.080) 0.238 0.511 
Pisidium       0.150 (0.113) 0.000 0.314 0.130 (0.097) 0.000 0.260 
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Figure 2.1: Locations of landmarks and linear measures for morphometric analyses of Arctic charr from the Icelandic lakes Thingvallavatn and 
Vatnshlíðarvatn. Red landmarks summarise important shape variation, blue landmarks were included temporarily for a statistical unbending 
function (TPSUtil). Linear measures and landmarks were digitised from photographs. Linear measurements (red lines) are standard length, 
pectoral fin length, and vertically from left to right: head depth, opercular depth, body depth, and caudal depth. Fork length was measured on 
fish upon collection. 
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Figure 2.2: Wireframe representations summarising shape variation of Arctic charr morphs from the Icelandic lakes Thingvallavatn and 
Vatnshlíðarvatn. The maximum and minimum shapes associated with relative warps 1 and 2 are displayed for both lakes and for focal morphs 
within lakes. See appendix for verbal descriptions of shape changes (Table S2.3) and further relative warps (Figures S2.1 - S2.3). 
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Figure 2.3: Relationships between fork length and shape, by sex, within focal morphs of Arctic charr from the Icelandic lakes Thingvallavatn 
and Vatnshlíðarvatn. Shape is represented by the relative warp with greatest covariance with fork length. Filled circles and solid lines depict 
females. Relative warp axes, and corresponding wireframe shape depictions, are specific to each morph. In all except the brown morph, greater 
fork lengths and being female associate with decreased relative head and eye size, and elongation of caudal region (p<0.05). See Table S2.5: full 
model coefficients, and Table S2.7: ANCOVAs associated with this visualisation. 
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Figure 2.4: Density plots estimated by Gaussian mixture models (using mclust) of coexisting Arctic charr morphs from the Icelandic lakes 
Thingvallavatn and Vatnshlíðarvatn, displaying lakewide relative warps one and two, for 2015 samples. Wireframes depict extreme shapes on 
corresponding relative warp axes, and points are coloured indicating fish as classified by morph on site (blue = planktivore morph 
(Thingvallavatn) and silver morph (Vatnshlíðarvatn)). Although these plots illustrate groups on the two greatest axes of shape variation, two 
groups were identified for all shape data (partial warps), including when subset by sex and by mature and immature individuals. Gaussian 
mixture models identified multivariate bimodal distributions in both lakes consistent with on-site classifications. 
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Figure 2.5: Stable isotopic biplots (δ13C and δ15N) of individual Arctic charr in Vatnshlíðarvatn and Thingvallavatn, Iceland, and estimated 
isotopic values of fish consuming each taxon exclusively (black circles). Error bars depict standard deviations associated with variation in prey 
samples, added to standard deviations of trophic enrichment values (from Post, 2002). Morph classification as on-site; prey values obtained in 
lakes in 2014-2016 (Thingvallavatn) and 2014-2015 (Vatnshlíðarvatn). Note that in both lakes, there is variation outside the estimated range of 
sampled prey taxa, and in Vatnshlíðarvatn, this suggests considerable variation in prey source isotopic signatures intra-annually. 
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Figure 2.6: Overlap of bivariate isotopic niche space for coexisting Arctic charr morphs in Thingvallavatn and Vatnshlíðarvatn, estimated with 
nicheROVER. Plots a and d depict 95% probability niche regions (ten random projections of parameters from the posterior expectation of bivariate 
normal distributions given stable isotopic data) of planktivore morph (black) and small benthic morph (blue) niche space in a, and of brown morph 
(black) and silver morph (blue) niche space in d. Plot b shows the probabilistic overlap of 95% niche regions (posterior means and 95% credible 
intervals from 1000 Monte Carlo draws) expressed as the probability of the planktivore overlapping onto the small benthic morph niche space. 
Plot c as b but expresses probability of small benthic overlapping onto the planktivore morph niche space. Plots e and f express the probability of 
brown morphs overlapping onto the silver morph niche space, and vice versa, respectively. 
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Figure 2.7: Associations of stable isotopic values (δ13C) with length (a, c) and major components of 
lakewide shape variation (b, d) for Arctic charr morphs from the Icelandic lakes Thingvallavatn (a, b) 
and Vatnshlíðarvatn (c, d). In a and b open circles are small benthic morphs, solid black circles are 
planktivore morphs, (triangles were classified as intermediate morphology, and grey solid circles are large 
benthic morphs). In c and d open circles are silver morphs, solid black circles are brown morphs (solid grey 
circles were classified as intermediate morphology). Lines represent simple linear regressions of δ13C on 
x variable subset by focal morphs. In Thingvallavatn morph δ13C is clearly distinguished on relative warp 
1 (positive values indicate elongated caudal region, smaller relative head, terminal mouth), whereas in 
Vatnshlíðarvatn brown morph isotopic signatures are a subset of silver morphs’, varying with both size 
and relative warp 1 (positive values indicating contraction of the caudal region, larger relative head and 
terminal mouth).  

a b 

c d 
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Figure 2.8: Overview of effects of shape on resource use proxies for Arctic charr from the Icelandic lakes Thingvallavatn and Vatnshlíðarvatn, 
summarising effects on δ13C (carbon stable isotopic signature), Diplostomum, and Diphyllobothrium infections. Shape changes are relative 
warps with consistent significant effects over three sampling years. Direction of shape change effects on each resource use proxy are given, along 
with effects of fork length on each proxy. Unless otherwise stated, effects of shape are independent of effects of size, sex, and gonadal investment 
(GSI). For Diphyllobothrium, ‘infection’ reflects the odds of being infected, and ‘count’ reflects the expected change in Diphyllobothrium count 
given that an individual is infected. So, for example, the row for lakewide Thingvallavatn illustrates that, controlling for size, a more streamlined 
body and terminal mouth reduces δ13C signature, reduces Diplostomum infection, increases the odds of Diphyllobothrium infection but, given an 
infection, the same shape reduces the number of Diphyllobothrium. Small benthic and silver morph rows are omitted due to no consistent effects 
of within-morph shape on resource use proxies presented. See supplementary materials for full tables of coefficients from multivariate multiple 
linear models (effects of shape on stable isotopic values, Table S2.16), and generalized multiple linear models with negative binomial and log link 
(effects of shape on Diplostomum, Table S2.17), and with zero-inflated binomial and logit link (effects of shape on Diphyllobothrium, Table S2.18)



Oliver Franklin – PhD Thesis                                          Chapter 3: Selection of shape in polymorphisms 

53 
 

Chapter 3: Selection of shape and consequences of differential resource use in resource 
polymorphisms 

Abstract 

Phenotypic trade-offs influencing trophic performance are thought to be an important component of 

adaptive diversification. As striking examples of intraspecific diversity, resource polymorphisms often 

exhibit morphological variation consistent with biomechanical explanations for efficient use of alternate 

trophic resources. Biomechanical trade-offs can result in diversifying selection via resource use, 

promoting phenotypic diversity. Yet, in nature, multiple phenotypic and environmental correlations 

confound our understanding of how phenotype causes fitness variation. Here I examine support for 

diversifying selection of shape via the assumed trade-offs in trophic performance, in two natural 

resource-polymorphic systems. I sampled over three years in Thingvallavatn and Vatnshlíðarvatn, two 

Icelandic lakes containing polymorphic Arctic charr (Salvelinus alpinus) thought to have diversified 

despite gene flow. I estimated size-dependent mortality and, applying path analytical techniques, 

estimated effects of shape on growth via trophic resource use, measured as stable isotopic signatures 

and trophically-transmitted parasites. In Thingvallavatn, I identified patterns consistent with disruptive 

selection of shape: planktivore morphs with more streamlined bodies and terminal mouths experienced 

greater growth (p=0.046), differing significantly from an opposing pattern in small benthic morphs 

(p=0.006). However, these effects were via non-trophic pathways and the detrimental effects of 

parasitism, rather than supporting the trophic biomechanical trade-off hypothesis. In Vatnshlíðarvatn, 

effects of shape on growth did not differ between morphs. My detection of between-morph differences 

in the presence (Vatnshlíðarvatn) and direction (Thingvallavatn) of size-dependent mortality, together 

with non-trophic effects of shape, leads me to speculate that predation may contribute to 

polymorphism: directly, through size-selectivity, and indirectly, by inducing behavioural responses 

involving different morphological optima. By exploring functional paths through which phenotype may 

influence fitness, I have provided a rare insight into selection during early diversification. Contrary to 
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common expectations, morphological trade-offs in trophic efficiency can be inconsequential to fitness in 

resource polymorphisms. A more nuanced consideration of phenotypic functions under multiple local 

environmental conditions will be necessary to understand early diversification. 

Introduction 

Identifying and characterising the selective mechanisms driving population diversification is important 

for understanding the diversity of life. Adaptive diversification can result from numerous environmental 

factors together allowing population persistence while generating diversifying selection (ecological 

opportunity, as defined by Wellborn and Langerhans 2015). Diversifying selection is often expected 

where discrete underutilised resources exist or where frequency-dependent intraspecific competition 

constitutes an evolutionary branching point (Ackermann and Doebeli, 2004; Herron and Doebeli, 2013). 

Under both circumstances the expectation is that niche widths are limited, with individuals constrained 

to use of particular resources. Although niche width is variously interpreted (Roughgarden, 1972; 

Futuyma and Moreno, 1988; Devictor et al., 2010), it is often underlain by expectations of phenotypic 

trade-offs determining efficient use of one resource at the expense of another (Bolnick et al., 2003). 

There is considerable support for phenotypic trade-offs in foraging ability, from both experimental (e.g. 

Skulason et al., 1993; Schluter, 1995; Robinson, 2000; Konuma et al., 2013; Arnegard et al., 2014) and 

field studies (Price, 1987; Robinson et al., 1996; Herrel et al., 2002). However, difficulties in 

understanding effects of trade-offs in the wild persist due to multiple unmeasured correlated 

environmental factors and correlated phenotypic responses (Mitchell-Olds and Shaw, 1987; Ghalambor 

et al., 2003). For example, deep bodied fish might have evolved due to benefits of improved 

maneuverability for prey capture, decreased predation risk due to gape limitation, improved locomotive 

efficiency in their spatial environment, life history variation and associated allometric scaling, or any 

combination of factors (Webb, 1984; Bronmark and Miner, 1992; Voje et al., 2013). In addition, many 

studies of intraspecific phenotypic trade-offs involve systems with known periods of allopatry (e.g. 
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Taylor and McPhail, 2000; Weese et al., 2012), further confounding the conditions responsible for 

diversifying selection. Therefore, it remains unclear to what extent phenotypic trade-offs in foraging 

ability are sufficient to maintain diversity in the presence of homogenising gene flow (Sobel et al. 2009, 

but see Martin and Pfennig 2012). 

Resource polymorphisms receive considerable attention as models to explore diversification, 

particularly regarding roles of phenotypic trade-offs, due to the coexistence of distinct morphs often 

exhibiting contrasting ecologies despite the presence of gene flow (Smith and Skúlason, 1996; Martin 

and Pfennig, 2009). Strong intraspecific competition can cause polymorphism, which is considered likely 

where distinct underutilised prey sources contribute to ecological opportunity (Smith and Skúlason, 

1996; Wellborn and Langerhans, 2015). Phenotypic trade-offs in foraging efficiency are therefore often 

considered important mechanisms in both formation and maintenance of morphs (e.g. Svanbäck and 

Eklöv 2004). Some of the most well-known resource polymorphisms exhibit distinct morphological 

differentiation, and it is often assumed that biomechanical trade-offs in foraging efficiency are 

responsible (Smith, 1990; Sandlund et al., 1992; Hori, 1993; Pfennig et al., 2007). For example, 

polymorphic postglacial fish populations are frequently identified as benthic-pelagic pairs (Robinson and 

Wilson, 1994; Schluter and Rambaut, 1996), with a subterminal mouth, large relative head, and deep 

body considered optimised for benthic foraging due to advantages in maneuverability and gape, 

whereas a terminal mouth with streamlined body is consistent with optimal pelagic foraging, due to 

efficient continuous swimming and capture of patchily-distributed evasive prey (Keast and Webb, 1966; 

Webb and Weihs, 1983; Wainwright and Richard, 1995).  

Biomechanical trade-offs in foraging efficiency are expected to result in diversifying selection and 

therefore may be instrumental in maintaining polymorphism. Expected biomechanical trade-offs relate 

morphologies to efficient use of particular prey, therefore morphologies that do not align with use of 

energetically profitable prey should experience reduced relative fitness (e.g. Bolnick and Araújo, 2011; 
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Arnegard et al., 2014). Biomechanical trade-offs can therefore contribute to diversification and 

maintenance of polymorphism by acting as a postzygotic barrier, whereby potential intermorph hybrids 

experience lower fitness (Nosil, 2012). In addition to biomechanical trade-offs in foraging efficiency, I 

expect additional functions to influence the relative fitness of individuals, not limited to behavioural 

variation (Lingle 2002; Adams 2004; Weissing et al., 2011; Edelsparre et al., 2013), physiological 

variation (Afik and Karasov 1995; Bernatchez and Landry 2003; Moore and Hopkins 2009), 

morphological variation unrelated to foraging efficiency (Hill et al. 1999; Langerhans and Reznick 2009), 

and variation in life history traits (Hutchings 1993). Although there may be many phenotypic targets of 

selection that can promote polymorphism, where morphological differentiation is consistent with 

expectations of trophic trade-offs, morphology is often assumed to cause fitness variation. However, 

functional relationships between morphology and fitness have rarely been examined in polymorphic 

systems, despite the potential for other targets of selection and functional explanations for 

polymorphism. 

Identifying important selective processes operating in the wild requires explicit consideration of 

functions through which traits affect fitness (Endler, 1986; Sober, 1993). Path analyses have been a 

useful approach for understanding how traits cause variation in fitness via hypothesised functional 

pathways (Arnold, 1983; Scheiner et al., 2002; Kingsolver and Huey, 2003; Morrissey, 2014). An 

advantage of the path analytical approach over traditional multiple regressions (Lande and Arnold, 

1983) is the partitioning of a trait’s total effects on fitness into various expected functional pathways, 

determined by prior biological knowledge and including effects via other traits (Morrissey, 2014). For 

example, where morphology is expected to affect fitness via the use of particular trophic resources, 

estimates of individual diet, such as stable isotopic signatures (Guelinckx et al., 2007) or parasite 

infections (Knudsen et al., 2014), can be used to identify effects that are mediated by trophic pathways 

(e.g. Bolnick and Araújo, 2011). In this way, I can identify patterns corresponding to traits 
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mechanistically causing fitness variation via my hypothesised function, or identify where selection 

appears to result from other known or unknown functions. Such explicit consideration of function in 

natural populations is necessary to determine the extent to which various mechanisms can cause 

diversification.  

Here I assess the assumption that biomechanical trade-offs in foraging efficiency underlie 

morphologically-differentiated resource polymorphisms, in two lake systems of Icelandic Arctic charr 

(Salvelinus alpinus) thought to have diversified despite gene flow. I do this by examining the effects of 

shape on growth through trophic pathways reflecting functional expectations of morphological trade-

offs. My study systems, Thingvallavatn and Vatnshlíðarvatn offer an excellent opportunity to assess 

support for diversifying selection and the functional importance of trophic trade-offs. Thingvallavatn 

contains morphs utilising distinct pelagic and benthic resources (Jónasson, 1992), while Vatnshlíðarvatn 

morphs are distinguished as trophic specialist or generalist (Jónsson and Skúlason 2000). The different 

degrees of polymorphism between lakes may relate to their contrasting environments: Thingvallavatn is 

Iceland’s largest lake, featuring distinct benthic and pelagic zones, while Vatnshlíðarvatn is a small, 

shallow, entirely benthic lake (Jónasson, 1992, Jónsson and Skúlason 2000). Examining these contrasting 

systems allows me to explore the generality of effects of trophic trade-offs.  

In order to examine the functional role of trophic resource use, I utilise two trophic resource proxies – 

stable isotopic signatures and trophically-transmitted parasites – which can account for variation in type 

and extent of utilised prey taxa. In aquatic systems, stable isotopic signatures of carbon (𝛿13C) and 

nitrogen (𝛿15N) can provide integrated prey use data over a period of months (Guelinckx et al., 2007). 

Trophically-transmitted parasites can provide additional proxies of long-term consumption of planktonic 

crustacea (Copepoda-transmitted tapeworms: Diphyllobothrium), or of snails (Lymnaea-transmitted 

flukes: Diplostomum). Although Diplostomum can cause cataracts, and Diphyllobothrium become 
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encysted in the body cavity (Bérubé and Curtis, 1986; Voutilainen et al., 2008), I generally expect 

energetic benefits of resource consumption to outweigh detrimental effects of parasitism.  

I hypothesise that biomechanical trade-offs, determining efficient use of alternate prey taxa, result in 

diversifying selection for morphology between coexisting morphs. This involves morphology affecting 

use of trophic resources, which in turn affects growth through differential profitability of prey taxa. If 

growth is monotonically related to fitness, then the total effects of shape on growth are qualitative 

estimates of selection (Franklin and Morrissey, 2017), where total effects refer to the sum of all effects 

via measured and unmeasured intermediate traits. Therefore, my predictions are (a) total effects of 

shape on growth will be in opposing directions in coexisting morphs. Identification of opposing effects of 

shape on growth is consistent with diversifying selection. Explicitly addressing the hypothesised 

function, whereby biomechanical trade-offs cause selection via trophic resource use, I also predict that 

(b) trophic resource use affects growth, and that (c) shape affects growth through trophic resource use 

(Figure 3.2a). Specifically I expect that, in Thingvallavatn, small benthic morphs with deeper bodies, 

larger heads, and more subterminal mouths consume Lymnaea more efficiently thus increasing relative 

growth, whereas planktivore morphs with streamlined bodies, smaller heads and terminal mouths 

increase growth through efficient consumption of Copepoda. In Vatnshlíðarvatn, trophic-specialist 

brown morphs with deeper bodies will more efficiently specialise on benthic Cladocera, resulting in 

increased growth, whereas generalist silver morphs with more streamlined bodies will experience 

increased growth through successful acquisition of more taxa.  

I also address a component of the relationship between growth and fitness through estimation of size-

dependent mortality. Though I expect growth to positively affect fitness via fecundity, mating success, 

and overwinter survival, it is possible that differences in predation pressures among morphs cause 

differing patterns of size-dependent mortality. I expect that planktivore, silver, and brown morphs 

experience selection for larger sizes, whereas the small benthic morphs will experience selection for 
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smaller size. I hypothesise this difference is driven by increased predation risk for small benthic morphs 

too large to utilise lava substratum refuges. 

Methods 

Study system 

Arctic charr, long recognised for intraspecific diversity (Klemetsen, 2010), inhabit numerous lakes in 

Iceland, exhibiting varying degrees of phenotypic and genetic diversification (Gíslason et al., 1999; 

Kapralova et al., 2011; Kristjánsson et al., 2011; Woods et al., 2012). Since initial colonisation 10,000 

years ago, many lakes became inaccessible to migrants due to lava flows and isostatic rebound, and 

appear to have experienced no subsequent colonisation (Norddahl and Einarsson, 2001; Wilson et al. 

2004; Geirsdóttir et al., 2009). I focus on two lakes offering contrasting physical and biological 

environments, allowing insight as to the generality of hypothesised trophic-trade offs. I sampled in 

Thingvallavatn, a spatially complex, spring-fed environment containing four charr morphs (Jónasson, 

1992), and Vatnshlíðarvatn, a simple, shallow, runoff-fed lake with two charr morphs (Jónsson and 

Skúlason, 2000). The four morphs of Thingvallavatn are distinguished as either benthic or pelagic, and by 

size (small or large benthic) and diet (planktivore or piscivore). Here I focus on the two smaller morphs – 

small benthic and planktivore – which overlap in spawning times and locations, and exhibit 

morphological differences consistent with expectations for benthic and pelagic niches, respectively 

(Webb, 1984; Skúlason et al., 1989; Wainwright and Richard, 1995). Given the proximity in which these 

morphs exist, differential trophic efficiency is expected to contribute significantly to the maintenance of 

morphologically-differentiated groups, though piscivorous morphs, brown trout (both predators and 

competitors), and avian predators could also contribute to differential habitat use (Malmquist et al., 

1992). In Vatnshlíðarvatn, silver and brown morphs are distinguished through life-history differences, 

and differences in size and shape that associate with the breadth of prey taxa used. The smaller, deeper 

bodied brown morph is considered a benthic Cladocera-specialist, while the larger, more streamlined 
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silver morph is a trophic generalist (Jónsson and Skúlason, 2000, Chapter 2). In Vatnshlíðarvatn there are 

no other fish species, though cannibalism occurs infrequently (Jónsson and Skúlason, 2000) and avian 

predators are usually present (personal observation). Thingvallavatn and Vatnshlíðarvatn offer 

contrasting systems allowing insights into the occurrence and generality of selective processes in early 

diversification, particularly with regards to the common expectation of morphological trade-offs 

influencing fitness via trophic performance. 

Sampling 

In July of 2014, 2015 and 2016, I sampled Arctic charr in cross-sectional surveys of Thingvallavatn and 

Vatnshlíðarvatn using Nordic mixed nets at specific locations on the lakes. For Thingvallavatn (n=1045), I 

sampled small benthic and planktivore morphs from subpopulations around Mjóanes peninsula (Sandlund 

et al., 1992; Kapralova et al., 2011). In Vatnshlíðarvatn (n=1235) I sampled both brown and silver morphs 

along the north shore. I aimed to sample the range of immature charr to capture morphological variation 

unrelated to sexual traits. The mesh size of my nets ranged from 5 to 55 mm, allowing capture of targeted 

fish, though the very smallest and largest fish may be underrepresented. In Thingvallavatn the target 

morphs are easily distinguished: classification on site allowed me to focus effort on the small benthic 

(n=359) over the more abundant planktivore morph (n=611). Immature Vatnshlíðarvatn morphs are 

harder to distinguish, with sample sizes reflecting differing abundances of the brown (n=199) and silver 

morphs (n=943).  

Fish were sacrificed and, at the lab, individuals were weighed, their left sides photographed, and caudal 

muscle tissue was removed and frozen. Individual fish were frozen until field sampling concluded, 

whereby I thawed them, removed otoliths, sexed, and weighed gonads. For a subset (n = 690 

Thingvallavatn, n = 667 Vatnshlíðarvatn) I quantified infections of Diphyllobothrium spp. and Diplostomum 

spp. parasites. Previously removed caudal muscle tissue was oven-dried at 60oC, to send 500ug of ground 
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tissue to GLIER lab, University of Windsor, to quantify δ13C and δ15N stable isotope ratios. Age 

information was obtained by counting annuli of whole otolith sagittae submerged in water overnight and 

viewed with reflected light on a dark surface. Where I could not confidently assign fish sex due to 

underdeveloped gonads (208 fish), I used the male-specific marker sdY and procedure described in Yano 

et al. (2012) to confirm sex. 

Analyses 

Analyses were carried out within morph groups using my on-site morph designations, which are 

supported by objective assignment from Gaussian mixture models given shape data (see Chapter 2). 

Shape data were summarised in each lake using linear measures of pectoral fin length and relative 

warps one (RW1) to five (RW5), which account for around 75% of shape variation in each lake captured 

by 20 landmarks. Relative warps were computed using the TPS suite of software (F. James Rohlf; 

http://life.bio.sunysb.edu/morph), from size- and position- corrected Procrustes scores, as detailed in 

Chapter 2. Briefly, the greatest axis of shape variation (RW1) in Thingvallavatn accounts for variation in 

relative head size and elongation of the body, particularly in the caudal region, and variation in mouth 

position, whereas RW2 reflects mid-body depth. The greatest axis in Vatnshlíðarvatn (RW1) primarily 

reflects variation in relative head size, with RW2 reflecting depth of body (Figure 3.1; Chapter 2). 

Analyses were carried out using lakewide relative warps (axes of shape variation across coexisting 

morphs) allowing identification of effects on axes shared by coexisting morphs. Strong covariance of 

within-morph relative warps with lakewide relative warps (Chapter 2) suggests this approach captures 

most shape variation within morphs. Effects of shape on growth were assessed within each morph 

because of differences in life history associated with my response variable growth. Morphs in 

Thingvallavatn are considered morphologically distinct, and it is possible that I will not observe the most 

‘intermediate’ individuals, that is, individuals falling within the hypothesised fitness valley. However, in 

both lakes, my data show morph overlaps in major axes of morphology and in stable isotopic signatures 
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(Chapter 2), suggesting ample variation to observe intermediate individuals. In addition, given the 

generality of biomechanical expectations, along with major axes of within-morph morphological 

variation being generally consistent with between-morph axes, I expect to observe variation in growth 

associated with hypothesised biomechanical inefficiencies, independent of the presence of intermediate 

individuals. 

Growth was estimated as the increase in backcalculated fork length for the last complete year of growth, 

as measured by the most recent full otolith annulus, which relates more directly to observed shape and 

trophic proxies (below) than lifetime growth. Estimates of back-calculated length-at-age were obtained, 

through the relative size of otolith annuli, under the assumption that the relationship between somatic 

and otolith growth is linear throughout the age range in question (Casselman, 1990; Campana and Jones, 

1992). To account for the Rosa Lee phenomenon (Lee, 1912) and bias associated with statistical 

adjustments (Campana, 1990), I used a biological intercept of body size 20mm and otolith diameter 

0.01mm (from Salvelinus malma; Radtke et al. 1996). I backcalculated length-at-age as: 

Li = Lc + (Oi – Oc) (Lc-Lo) (Oc-Oo)-1 

where Li represents estimated fish fork length at age i, Lc fork length at capture, Oi measured otolith radius 

at age i, Oc otolith radius of outermost complete band at capture, Lo fork length at biological intercept, 

and Oo represents otolith radius at biological intercept, all lengths in mm. Absolute mean error of 

observed- with backcalculated- size at age was 1.73% (standard deviation 2.28) in Vatnshlíðarvatn, and 

1.60% (standard deviation 2.23) in Thingvallavatn, calculated as Li - Lc / Lc * 100. Potential biases in size at 

age (e.g. younger caught small benthic morphs with greater backcalculated sizes at a given age than older 

fish) were determined to be present in otolith annuli data, and are therefore not an artefact of the 

backcalculation method. As an independent performance measure, I calculated condition factor as 

residuals of a regression of wet weight of fish on fork length, within each morph. 
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I used estimates of recent growth and condition factor to estimate effects of shape on fitness. Due to 

difficulties in assessing fitness directly in natural aquatic populations, I use performance measures related 

to my focal traits and functional hypotheses, and crucially, which I expect will have a monotonic effect on 

fitness (Franklin and Morrissey, 2017; Chapter 4). Although there are exceptions, the general expectation 

in fish is that growth rate and condition factor have positive effects on fitness through survival, mating 

success and fecundity (e.g. Dickerson et al. 2002; Foote 1990; Morita and Takashima 1998; Wootton 1973; 

Bolnick and Araújo 2011). Because I lack estimates of the growth-fitness or condition factor-fitness 

relationships in my study populations, my estimates are performance gradients (Arnold, 1983) and cannot 

be interpreted quantitatively as selection gradients. However, if the relationships are monotonic in 

nature, performance gradients should reflect qualitative features of the true selective surface (Franklin 

and Morrissey 2017; Chapter 4). 

My proxies of trophic resource use are stable isotopic signatures of 𝛿13C and 𝛿15N, and counts of 

Diphyllobothrium and Diplostomum parasite infections. Benthic primary producers generally integrate 

less 12C (greater 𝛿13C) than pelagic producers due to less turbulence in benthic boundary layers (Hecky 

and Hesslein, 1995), and 15N is enriched (greater 𝛿15N) with each additional trophic level (Minagawa and 

Wada, 1984). Together, 𝛿13C and 𝛿15N are often used to estimate time-integrated use of trophic 

resources (e.g. Knudsen et al., 2014; Berchtold et al., 2015). In Thingvallavatn, lower 𝛿13C values associate 

with consumption of Copepoda while greater 𝛿13C values associate with Lymnaea, and morphs exhibit 

variation in 𝛿13C values corresponding to expectations of planktivorous and benthic diets. In 

Vatnshlíðarvatn, greater 𝛿13C associates with increased resource breadth (more taxa identified in gut 

contents), and morphs differ in 𝛿13C values consistent with specialist and generalist diets (Chapter 2). In 

addition to quantifying trophic resource use over several months using 𝛿13C and 𝛿15N (Guelinckx et al., 

2007), counts of trophically-transmitted parasites act as a proxy for cumulative consumption of Copepoda 

and Lymnaea (Bérubé and Curtis, 1986; Wilson et al., 2002; Voutilainen et al., 2008; Henriksen et al., 
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2015). Diphyllobothrium infection intensity increases with cumulative consumption of Copepoda, and is 

greater in the planktivore morph of Thingvallavatn and the silver morph of Vatnshlíðarvatn (Chapter 2), 

whereas infection intensity of Diplostomum, transmitted via the water column from Lymnaea hosts, is 

greater in the small benthic and brown morphs (Chapter 2). In my study systems, overlap of trophic 

resource use between morphs and variation within morphs has previously been identified (Malmquist et 

al., 1992; Jónsson and Skúlason, 2000; Chapter 2). Together, isotopic signatures and parasite infections 

offer insights into the prey taxa consumed and are indicative of expected trophic differences between 

coexisting morphs.  

Path analyses 

Prior to conducting path analyses I estimated quadratic performance gradients (Arnold 1983) using 

lakewide (across morph) data to assess indications of disruptive selection that are independent of 

morph designations. I then used a path analytical approach, using within-morph data throughout, to 

explore functional relationships among shape, resource use, and relative growth. The total effects of 

shape on relative growth can be considered ‘extended performance gradients’ in the manner of 

extended selection gradients (η; Morrissey, 2014). These total effects are the sum of all effects of shape 

on growth, via measured or unmeasured pathways, and can qualitatively reflect selection for shape 

(Franklin and Morrissey, 2017). Total effects can be divided into indirect and direct effects on growth: 

indirect effects involve mediating variables determined by functional hypotheses (here, trophic proxies 

of isotopic signatures and parasite infections; Figure 3.2a); direct effects are any effects for which 

intermediate variables are not included. To test my functional hypothesis, I must observe both total 

effects (shape’s net effect on growth) and indirect effects (shape’s effects via trophic resource use) on 

growth. Presence of direct effects between shape and growth indicate unknown or unmeasured 

functional relationships. My path model (Figure 3.2a) relating traits to growth is:  
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y = by.0 + by.diph * diph. + by.diplo * diplo. + by.c * 𝛿13C + by.n * 𝛿15N + by.RW1 * RW1  

+ by.RW2 * RW2 + by.RW3 * RW3 + by.RW4 * RW4 + by.RW5 * RW5 + by.Pec * Pec + by.FL* FL  

+ by.sex * sex + by.GSI * GSI + by.age * age + e 

diph = bdiph.0 + bdiph.c * 𝛿13C + bdiph.n * 𝛿15N + bdiph.RW1 * RW1 + bdiph.RW2 * RW2 + bdiph.RW3 * RW3  

+ bdiph.RW4 * RW4 + bdiph.RW5 * RW5 + bdiph.Pec * Pec + bdiph.FL* FL + bdiph.sex * sex  

+ bdiph.GSI * GSI + bdiph.age * age + e 

diplo = bdiplo.0 + bdiplo.c * 𝛿13C + bdiplo.n * 𝛿15N + bdiplo.RW1 * RW1 + bdiplo.RW2 * RW2 + bdiplo.RW3 * RW3  

+ bdiplo.RW4 * RW4 + bdiplo.RW5 * RW5 + bdiplo.Pec * Pec + bdiplo.FL* FL + bdiplo.sex * sex  

+ bdiplo.GSI * GSI + bdiplo.age * age + e 

c = bc.0 + bc.RW1 * RW1 + bc.RW2 * RW2 + bc.RW3 * RW3 + bc.RW4 * RW4 + bc.RW5 * RW5 + bc.Pec * Pec  

+ bc.FL* FL + bc.sex * sex + bc.GSI * GSI + bc.age * age + e 

n = bn.0 + bn.RW1 * RW1 + bn.RW2 * RW2 + bn.RW3 * RW3 + bn.RW4 * RW4 + bn.RW5 * RW5 + bn.Pec * Pec  

+ bn.FL* FL + bn.sex * sex + bn.GSI * GSI + bn.age * age + e 

where y represents relative growth (individual growth divided by mean growth within morph), diph 

represents log Diphyllobothrium infection count, diplo represents log Diplostomum infection count in 

one eye, c represents 𝛿13C values, n represents 𝛿15N values, RW1 to RW5 represent the first five 

relative warps, Pec represents residuals of pectoral fin length regressed on body length, and FL 

represents fork length (mm), sex is coded as 0 and 1, GSI represents gonadosomatic index (residuals of 

regressions of gonad mass on wet weight), and age is a continuous covariate. Subscript 0 refers to 

intercepts and e refers to residual error. Relative warps and pectoral fin length are focal traits, and fork 

length, sex, age, and GSI are covariates to control their effects on growth. Although effects on growth 

rate might vary inter-annually, I assume that cumulative growth over several years is positively 

associated with fitness, allowing me to pool sampling years and improve statistical power. I log-

transformed parasite data prior to inclusion in the path model, ensuring that there were minimal (and 

no qualitative) differences between the log-transformed models and log-link negative binomial models. I 

then standardised all variables except relative growth, and used the lavaan package in R (Rosseel, 2012) 
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to carry out path analyses with bootstrapped standard errors. I repeated path analyses using condition 

factor as an independent response variable. I refer to my trophic pathways as capturing effects via 

differential prey resource use, yet there is invariably trophic variation that I cannot include such as 

physiological variation (Afik and Karasov, 1995; Pörtner et al., 2013), or variation within isotopic 

signatures (e.g. different-sized prey may not differ in isotopic signature, but may differ in effects on 

growth). Despite these limitations, I expect to observe effects of shape on growth via my trophic 

pathways, as implied by prior research suggesting differential use of prey taxa (e.g. Malmquist et al. 

1992; Jónsson and Skúlason 2000). Having estimated path coefficients, I compared coefficients between 

coexisting morphs using z-tests. 

Size-dependent mortality 

I also explored size-dependent mortality within morphs by comparing frequency distributions of 

backcalculated length at a given age for fish that were caught at an older age to those that were caught 

at a younger age. The expectation of selection for larger individuals is that the older sample of fish will 

have a greater mean backcalculated length at the given age, as these are a subset of the original 

population that survived size selection. My sampling approach allowed me to account for inter-annual 

variation in size-dependent mortality by comparing only fish from the same cohort, assessing size 

selection over a two-year period. For example, I compared lengths of age 5+ caught fish in 2016 with 

lengths of age 3+ caught fish in 2014, where length is backcalculated at age 3+ in both cases. The 3+ fish 

from 2014 represent the population prior to the two-year selection period, whereas the 5+ are the 

subset that survived until 2016. I calculated directional selection differentials within each morph by 

deducting the (before selection) 2014 size data from the (after selection) 2016 size data, using z-

standardised size data, and assessing deviation from zero with t-tests (p<0.05). Nonlinear selection 

differentials were calculated by deducting the variance of 2014 size data from the variance of the 2016 

size data, then adding the squared value of the directional selection differential to account for 



Oliver Franklin – PhD Thesis                                          Chapter 3: Selection of shape in polymorphisms 

67 
 

reductions in variance associated with directional selection; F-tests were used to assess significant 

deviation from zero at p<0.05.  

Results 

In both lakes, lakewide performance gradients revealed effects of shape on growth between morphs 

that are consistent with disruptive selection, though only in Thingvallavatn did they reflect 

morphological expectations. In Thingvallavatn, quadratic RW1 was positive (p<0.05, Table 3.1) indicating 

that intermediate shapes experienced reduced growth relative to extremes on an axis summarising head 

size, mouth position, and body elongation. In Vatnshlíðarvatn, quadratic RW1 and RW5 were negative, 

and RW4 was positive (p<0.05, Table 3.1). Negative RW1 indicates that individuals intermediate in head 

size and body depth experienced greater growth than extreme phenotypes. These nonlinear effects, 

including whether they are mediated by trophic resource use, were further investigated by considering 

within-morph patterns in path analyses. 

Path analyses  

(a) Total effects of shape on growth 

Shape affects growth in opposing directions between coexisting morphs in Thingvallavatn but not in 

Vatnshlíðarvatn. In Thingvallavatn, consistent with expectations, RW1 has a positive total effect on 

growth in planktivore morphs (0.039, se=0.020, p=0.046) whereas RW1 has a negative total effect in 

small benthic morphs (-0.047, se=0.024, p=0.051; Table 3.2 details effects of RW1 and RW2, see Tables 

S3.2 and S3.3 for further shape variables). Although the small benthic morph estimate does not 

significantly differ from zero at p=0.05, the planktivore and small benthic morph estimates differ 

significantly from each other (p=0.006, z-test, Table 3.2). Because RW1 involves variation in head size, 

mouth position, and elongation of the caudal region, these results support a priori predictions of 

diversifying selection for shape. Additionally, a negative effect of RW2 on growth was detected in small 

benthic morphs but absent in planktivore morphs, representing an effect of mid-body depth that 
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differed significantly between morphs (p=0.007, z-test, Table 3.2). In Vatnshlíðarvatn, RW1 had positive 

effects on growth in both morphs while RW2 has negative effects significant only in the silver morph 

(Table 3.3; Tables S3.4 and S3.5 for further shape variables). The brown and silver morphs do not differ 

in total effects on growth for any shape variables (p>0.05, z-tests, Table S3.6). Rather, larger relative 

heads (RW1) and shallower bodies (RW2) associate with increased growth in both morphs. Although 

these total effects allow inferences of the form of selection, to understand function I explored 

relationships between trophic resources and growth.  

(b) Effects of trophic resource use on growth  

Trophic resource use appears to affect growth only in the planktivore and silver morphs, with most of 

the effects due to detrimental effects of parasitism. No resource proxies significantly associated with 

growth for the small benthic morph, though 𝛿13C and 𝛿15N positively associate with Diplostomum 

infections (Table 3.2a). For the planktivore morph, isotopic signatures affect growth only through 

infections of Diphyllobothrium and Diplostomum, which each have negative effects (Table 3.2a, Figure 

3.2b). In Vatnshlíðarvatn, though trophic resource proxies had no significant associations with each 

other or with growth for the brown morph, 𝛿13C did have a marginally non-significant (p=0.08) negative 

effect on growth (Table 3.3a). A significant negative effect of 𝛿13C on growth was identified in the silver 

morph, in addition to increasing Diplostomum infections which further negatively affected growth (Table 

3.3a). The effects of trophic resources on growth, which consist primarily of detrimental effects of 

parasitism, do suggest use of particular resources can be advantageous. However, such parasite-

mediated selection is not consistent with expectations that more efficient use of particular taxa would 

be advantageous due to biomechanical trade-offs. This was explored by examining effects of shape via 

resource use. 
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(c) Effects of shape on growth via trophic resources 

Although shape affected growth via trophic resources in the planktivore and silver morphs, the 

mechanism is not consistent with expectations from my biomechanical trade-off hypothesis. For the 

planktivore morph, greater RW1 increased growth by increasing 𝛿13C, which reduced detrimental 

Diphyllobothrium infections (Figure 3.2b, Table 3.2). Although the covariance of shape and growth are as 

predicted, the details differ: more streamlined individuals with terminal mouths (positive RW1) have 

increased growth because they consume fewer Copepoda (increased 𝛿13C) and experience lower 

copepod-transmitted parasite infections. The other aspects of shape that affect planktivore morph 

growth via trophic pathways, RW2 and RW3, also follow this pattern (Table 3.2, Table S3.3). In the silver 

morph RW3 and RW4 affect growth by increasing 𝛿13C and Diplostomum infections, respectively 

(p<0.05; Table S3.5 a-c). Though these aspects of shape were not expected to influence growth, this 

suggests a form of shape-dependent resource use. However, these aspects of shape did not have a 

significant total effect on growth, suggesting opposing effects of this shape on growth via non-trophic 

pathways. In the small benthic and brown morphs, trophic resources did not associate with growth, and 

so there were no effects of shape on growth via trophic pathways. There were however associations 

suggesting shape-dependent resource-use: greater RW3 increased Diplostomum infection, and RW4 and 

pectoral fin length influenced isotopic signature in the small benthic morph (Table S3.3a), while for the 

brown morph greater RW1 increased Diplostomum infection (Table 3.3). The lack of effects on growth 

via trophic resources and the presence of total effects of shape suggest non-trophic effects of shape for 

these morphs also. 

Direct effects of shape on growth 

Effects of shape on growth independent of trophic resource pathways are large compared with effects 

via trophic pathways. The total effects of RW1 in the small benthic morph that oppose those in the 

planktivore morph are largely due to differing direct effects of RW1 on growth (p=0.022, z-test, Table 
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3.2), rather than effects via trophic pathways. The Thingvallavatn morphs also differ in direct effects of 

RW2 (p=0.001, z-test, Table 3.2), whereby a shallower mid-body associates with increased growth in 

small benthic morphs but not in planktivore morphs. The magnitude of direct effects in both 

Vatnshlíðarvatn morphs are considerably larger than effects via trophic pathways, and do not differ 

between morphs (Table 3.3, Tables S3.4 and S3.5). In addition, effects of shape via trophic pathways in 

the planktivore and silver morphs are often opposed by direct effects, nullifying their net influence on 

growth (e.g. planktivore RW2, Table 3.2a and c; silver RW3 and RW4, Table S3.5a and c). The 

associations between shape and growth that could not be explained by trophic resource pathways 

suggest that non-trophic functions of shape may play an important selective role. 

Repeating my path analyses with condition factor as a response revealed no qualitative differences via 

trophic pathways to those presented above. Although direct effects of shape on condition differed to 

the equivalent effects on growth, due to covariance of deeper bodies with greater condition factor, 

condition factor revealed no additional opposing effects among morphs (data not shown).  

Size-dependent mortality   

Differences in size-dependent mortality between coexisting morphs were evident in both Thingvallavatn 

and Vatnshlíðarvatn. Small benthic morphs experienced selection for smaller sizes over the period 2014 

to 2016, significant in age comparisons of 2 to 4 and 3 to 5 (p<0.05), whereas planktivore morphs 

experienced selection for larger sizes over the same period, significant in age comparisons of 4 to 6 and 

5 to 7 (p<0.05; Table 3.4). Although I obtained no statistically significant selection differentials in other 

age classes, effect sizes suggest it was advantageous for small benthic morphs to be smaller but for 

planktivore morphs to be larger. In Vatnshlíðarvatn, the silver morph experienced selection of larger 

sizes in all age-classes, whereas there was no size selection in the brown morph that significantly 

differed from zero (p<0.05), though estimates were positive. This suggests there may be limited 
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selection of size for the brown morph, but a clear presence of positive size selection in the silver morph. 

There were no significant estimates of nonlinear size-dependent mortality in any morph (data not 

shown).  

Discussion  

My data support roles for non-trophic effects of shape, size-dependent mortality, and parasite-mediated 

selection as mechanisms underlying diversification in resource polymorphisms. This is contrary to 

common expectations that shape causes variation in fitness because of trade-offs in trophic 

performance. In Thingvallavatn, planktivore morphs with less terminal mouths and less streamlined 

bodies experienced reduced growth, as did small benthic morphs with more terminal mouths and more 

streamlined bodies. This indicates disruptive selection for shape if growth is monotonically related to 

fitness (Franklin and Morrissey, 2017). These patterns are consistent with expectations of biomechanical 

trade-offs influencing success of foraging and consumption of benthic and pelagic resources. However, 

the hypothesised function of shape causing fitness variation via trophic performance is not supported. 

Rather, diversifying effects of shape independent of resource use variation, detrimental effects of 

Diphyllobothrium (Copepoda-transmitted tapeworm) infections in the planktivore morph, and opposite 

patterns of size-dependent mortality between morphs are supported as potential explanations for 

polymorphism. In Vatnshlíðarvatn I observed no effects of shape differing between morphs, implying a 

lack of disruptive selection of shape. Contrary to expectations, individuals with narrower resource 

breadths (lower 𝛿13C signatures) in both morphs experienced increased growth (p<0.05 silver morph 

only), yet shape predominantly affected growth independent of resource use. If there is no disruptive 

selection for shape in Vatnshlíðarvatn, morphological differentiation may be maintained by other 

selective processes such as temporal variation in selection, sexual selection, and/or, as my data suggest, 

differences in size-dependent mortality. Biomechanically underlain trade-offs in trophic performance 

appear inconsequential across both lakes under contemporary conditions, and instead I propose that 
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behavioural variation, including subsequent parasite-mediated selection, may maintain morphological 

polymorphism. Size-dependent mortality differing in direction between morphs could result from 

contrasting predation risks arising from behavioural variation in spatial use. Differential use of the 

spatial environment could also favour alternate morphologies if contrasting swimming behaviours 

favour different shapes for optimal performance, which could explain observed non-trophic effects of 

shape on growth. These novel insights into selective processes in two distinct polymorphic systems 

suggest the need for greater consideration of local conditions to understand early diversification. 

Effects via trophic resource use 

Shape-dependent resource use affected growth and this was due to detrimental effects of parasitism 

rather than biomechanical trade-offs determining trophic performance. I expected a streamlined body 

shape and terminal mouth to improve pelagic trophic performance (Webb and Weihs, 1983; Wainwright 

and Richard, 1995), reflected by effects on growth via isotopic signatures. However, it appears that 

streamlined-bodied planktivore morphs (increased RW1) have greater growth because they consume 

fewer Copepoda (greater 𝛿13C) and experience lower Diphyllobothrium infections. Effects of 

Diphyllobothrium infection include internal haemorrhaging and, in extreme cases, numerous cysts can 

bind the host’s internal organs (Bérubé and Curtis, 1986). While avoiding excessive consumption of 

Copepoda appears beneficial to fitness, it is unclear why this is shape-dependent. Biomechanical 

constraints regarding prey capture seem unlikely to contribute. My isotopic data suggest planktivore 

morphs predominantly consume Chironomidae and/or Daphnia as alternatives to Copepoda, consistent 

with prior research (Lymnaea are infrequently observed in planktivore morph guts; Malmquist et al., 

1992; Chapter 2). Because Copepoda are more difficult to capture than Daphnia for this morph 

(Malmquist, 1992), biomechancial constraints are unlikely to prevent fish consuming the more beneficial 

resources. I suggest shape-dependent parasitism results from behavioural variation associated with 

morphology, such as interference competition, increased search behaviours, and/or a boldness to 
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forage farther from the shoal (Ehlinger, 1990; Mikheev et al., 1996; Adams, 2004; Edelsparre et al., 

2013). Observational and experimental data implies that planktivore morphs prefer to forage with 

conspecifics (Malmquist, 1992; Snorrason et al., 1992; Skúlason et al., 1993), and such preferences could 

associate with morphology due to differing hydrodynamic demands. In this case, biomechanical trade-

offs could influence resource use, but it is the associated parasitism that causes fitness variation. An 

alternative explanation for observed patterns is that subtler shape and size differences prior to age 5+ 

between the planktivore and piscivore morphs of Thingvallavatn (Jonsson et al., 1988) have resulted in 

misclassification of piscivores as planktivore morphs. I consider this unlikely given the low abundance of 

piscivores (Jónasson, 1992) and the large variance of planktivore morph isotopic signatures (Chapter 2). 

However, behavioural variation within the planktivore morph might be considered a factor in the 

diversification of planktivore and piscivore morphs. Though effects via trophic resources in the 

planktivore morph contribute to patterns indicative of disruptive selection in Thingvallavatn, the 

functional explanation suggested by my data is inconsistent with the general expectation of trophic 

performance trade-offs, highlighting the need for better understanding of behaviour in the wild. 

Though shape influenced growth via resource use in the silver morph, patterns were inconsistent with 

expectations for this generalist consumer (Jónsson and Skúlason, 2000) and there were no effects in 

Vatnshlíðarvatn suggestive of disruptive selection. Consuming a greater range of taxa appears 

detrimental to silver morphs, implied by the negative association between 𝛿13C (resource breadth; 

Chapter 2) and growth, and a positive association between 𝛿13C and Diplostomum infections. Although 

there were no indications of Diplostomum causing cataracts in my samples, as some Diplostomum can 

(Voutlilainen et al., 2008), it appears that infections in the humour had detrimental effects on growth. 

The negative association of growth with resource breadth could result from increased cognitive or 

locomotive costs associated with consuming more taxa (Webb, 1975; Werner et al., 1981; Persson, 

1985). These effects via resource use imply that trophic trade-offs are unlikely to be responsible for the 
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Vatnshlíðarvatn polymorphism because silver morphs experiencing greater growth have diets more like 

the specialist brown morph: growth positively associates with increased consumption of benthic 

Cladocera, as indicated by my isotopic values and previous gut content analyses (Jónsson and Skúlason, 

2000; Chapter 2). Together, these effects suggest trophic generalism is detrimental to fitness and 

therefore cannot adaptively explain morphological polymorphism, unless fluctuations of resources over 

timescales greater than my three-year study can favour a generalist strategy (Wilson and Yoshimura, 

1994). 

Shape associated with trophic resource use in the small benthic and brown morphs with no subsequent 

effects on growth. The small benthic morph association of shape (RW3) with Diplostomum may be 

explained through increased consumption of Lymnaea, but this is unlikely to explain the association of 

larger relative heads (RW1) with increased Diplostomum in the brown morph. Low 𝛿13C values and 

absence of Lymnaea in guts of examined brown morphs (Jónsson and Skúlason, 2000, Chapter 2) 

suggest consumption of Lymnaea is rare. Variation in exposure to Diplostomum among brown morphs 

might result from differential use of the spatial environment, such as the utilisation of Myriophyllum 

spp. patches as refuges, because Diplostomum are transmitted via the water column (Karvonen et al., 

2004). Such behavioural variation could result from inter-individual variation in risk taking (Farwell and 

McLaughlin, 2009), interference competition associated with territories (Holbrook and Schmitt, 1992; 

Sol et al., 2005), or parasite avoidance behaviour (Karvonen et al., 2004). An alternative explanation of 

Diplostomum counts in both morphs could involve variation in parasite susceptibility that is correlated 

with morphology. Although I cannot identify the mechanism responsible for shape-dependent 

parasitism, because there are no subsequent effects on growth, adaptive mechanisms via resource use 

are unlikely to be responsible for maintenance of polymorphism. 
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Non-trophic effects 

I observed significant direct effects of shape on growth in the small benthic, brown, and silver morphs 

and I hypothesise that these arise from biomechanical constraints of different swimming behaviours 

associated with predator avoidance and escape (Webb, 1975; Bolnick and Araújo, 2011; Ellerby and 

Gerry, 2011; Samways et al., 2015), rather than trophic resource acquisition. Interindividual variation in 

predator-avoidance behaviour often associates with morphology (Mikheev et al., 1996; Hawley et al., 

2016), and in Thingvallavatn behavioural differences are evident. Planktivore morphs exhibit shoaling 

behaviours, appear reluctant to forage in the absence of conspecifics, and spend considerable time 

hovering in the water column. Small benthic morphs swim independently, spending more time 

stationary on the substrate and actively swimming than the planktivore morph, and utilise refuges of the 

complex lava substrate (Malmquist, 1992; Sandlund et al., 1992; Skúlason et al., 1993; Kristjánsson et 

al., 2011). I speculate that these different behaviours could result in diversifying selection of shape due 

to energetic costs of locomotion, independent of trophic resource use. In Vatnshlíðarvatn, the direct 

effects of shape on growth are consistent between morphs so, while these effects might result from 

locomotive costs, they cannot explain morphological differences. The target of diversifying selection in 

Vatnshlíðarvatn appears not to be shape, though I cannot attest to its role in sexual selection.  

I propose that predation is an underlying cause of polymorphism in both Thingvallavatn and 

Vatnshlíðarvatn, through size-selective mortality and indirect effects on behaviour. Predation as a cause 

of diversification has received considerable support (Rundle et al., 2003; Langerhans and Reznick, 2009; 

Scharnweber et al., 2013), including in systems where effects are divergent (Lingle, 2002; Reimchen and 

Nosil, 2002; Carlson et al., 2009; Svanbäck and Eklöv, 2011). However, whether predation can cause 

and/or maintain polymorphisms in the face of gene flow remains unclear (Chase et al., 2002; Andersson 

and Persson, 2005; Knudsen et al., 2006). My selection differentials indicate that size-dependent 

mortality differs in direction (Thingvallavatn) and magnitude (Vatnshlíðarvatn) and predation could 
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therefore act as a diversifying mechanism if predation targets intermediate sizes. As well as diversifying 

in size, potentially affecting shape through allometry (Voje et al., 2013), predation could cause 

diversification through variation in the focal species’ behavioural responses (Lingle, 2002; Parsons, 

2008): different behaviours might result in different locomotive costs, prey and parasite exposure, 

perhaps even affecting spawning behaviour. In Thingvallavatn, the avian, piscivorous Arctic charr morph, 

and increasing brown trout populations (unpublished information) could contribute to maintenance of 

morphs both directly, via observed size-dependent predation, and indirectly, through induced 

behavioural responses. In Vatnshlíðarvatn, where effects of shape are not diversifying, it is possible that 

predation risk from loons (Gavia immer) and cannibalism is sufficient to maintain behavioural 

diversification. Subsequent morphological divergence may have arisen through allometric scaling due to 

variation in prey availability, parasitism, locomotion, or life history trade-offs associated with these 

behaviours (Reznick, 1983; Stearns, 1989; Hutchings, 1993). In both lakes, differences between 

coexisting morphs in behaviour associated with predation (Malmquist, 1992; Skúlason et al., 1993; 

Parsons, 2008), of growth rate and life history (Sandlund et al., 1992; Jónsson and Skúlason, 2000), and 

my data suggesting non-trophic costs of shape and size-dependent mortality, together suggest that 

predation may be at least partially responsible for maintaining polymorphisms. 

Limitations and implications  

The ecological opportunity initiating resource polymorphism likely involved behavioural responses to 

factors including prey availability, spatial and temporal complexity, predation, competition, and 

parasitism, contingent on existing phenotypic variation and developmental systems (Skúlason and 

Smith, 1995; Wellborn and Langerhans, 2015). Contrary to general expectations (Schluter, 1995; 

Robinson et al., 1996; Svanbäck and Eklöv, 2003; Bolnick and Araújo, 2011; but see Andersson, 2003; 

Samways et al., 2015), my data from two distinct polymorphic systems suggest that the subsequent 

morphological variation does not cause diversifying selection via trophic resource use, at least under 
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contemporary conditions. Rather, a combination of parasite-mediated selection, size selection, and non-

trophic effects of shape appears to contribute to maintenance of polymorphism. However, although my 

focal systems are relatively young, I cannot ascertain the importance of selective processes under prior 

environmental conditions or during initiation of polymorphism. The colonising charr population was 

anadromous, and individuals likely experienced different flow regimes, predation, parasitism, prey 

availability, and competition to today’s populations. If some individuals remained resident in spawning 

grounds while others migrated before returning to spawn (e.g. Edelsparre et al., 2013; Morinville and 

Rasmussen, 2008), it is plausible that mechanisms underlying this decision could have initiated 

polymorphism. Further differentiation could result from divergent selection including different spawning 

times and locations associated with available resources (e.g. Savolainen et al., 2006). Despite this 

inability to address previous selective landscapes, the focal lakes are thought to have been landlocked 

for 10,000 years (Norddahl and Einarsson, 2001; Geirsdóttir et al., 2009) and polymorphisms persist 

today, suggesting that the diversifying effects I identified are mechanisms that can maintain 

polymorphism despite gene flow between morphs. This contribution is especially valuable given the 

relative scarcity of estimates of diversifying selection in the wild, particularly regarding early 

diversification. 

Although I estimated performance gradients, these are qualitatively indicative of selection gradients if 

growth and fitness are monotonically related in the wild (Arnold, 1983; Franklin and Morrissey, 2017). 

Unfortunately, measurement of this presents considerable difficulties in large aquatic systems. While 

the general expectation for fish is that increased growth results in greater total fitness (Dickerson et al., 

2002; Foote, 1990; Morita and Takashima, 1998; though see Barber et al., 2001; Carlson et al., 2008), it 

is possible that growth does not improve fecundity or mating success for the more ecologically-

specialised morphs – the brown and small benthic (Parsons et al., 2011; Küttner et al., 2013) – and my 

data show that increased size can reduce survival for the small benthic morph. Furthermore, differences 
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in age at maturity and asymptotic size between coexisting morphs in both Thingvallavatn and 

Vatnshlíðarvatn (Jonsson et al. 1988; Skúlason et al., 1996; Jónsson and Skúlason, 2000) are suggestive 

of fitness component trade-offs resulting from different growth-fitness relationships between morphs 

(Reznick, 1983; Stearns, 1989; Hutchings, 1993). Such patterns imply that both shape and growth are 

important determinants of fitness, potentially involving size-dependent predation or trade-offs involving 

the immune system (Barber et al., 2001). Although non-monotonic growth-fitness relationships are 

possible, this would not invalidate my observation that morphological trade-offs do not affect growth 

via trophic performance. However, measurement of growth-fitness relationships is necessary to quantify 

fitness effects of parasitism and morphology via non-trophic functions. 

My sampling approach allowed me to make inferences regarding selection via trophic resources, but 

naturally there were limitations. In Thingvallavatn it is likely that subpopulations of morphs exist, and 

subpopulations may vary in phenotype, resource availability, and gene flow (Sandlund et al., 1992; 

Kapralova et al., 2011). Because I sampled in the littoral zone, I obtained planktivore morphs that were 

likely more similar ecologically to small benthic morphs, compared with planktivore morphs caught in 

pelagic zones. This allowed me to examine selective processes where overlap in phenotype and resource 

use was most likely, and therefore to speculate on the fitness of potential inter-morph hybrids. My 

finding that increased Copepoda consumption was detrimental to planktivore morph growth raises 

interesting questions, as planktivore morphs caught in pelagic zones consume a greater proportion of 

Copepoda (Sandlund et al., 1992). This could suggest a role of parasite resistance in maintenance of 

polymorphism, and variation in resistance due to gene flow from small benthic morphs might have 

contributed to the observed patterns. Though I have provided a valuable insight into early 

diversification, my results and limitations suggest the importance of considering a complex of ecological 

mechanisms. During sampling I was also unable to sample the youngest age groups of charr adequately 

and so may have overlooked selection via trophic pathways in young of the year. Although I expect 
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competition in early life stages to be strong (Perez and Munch, 2010), reduced variation in morphology 

and feeding performance early in ontogeny (Skúlason, Noakes, et al., 1989; Parsons, 2008) and foraging 

principally on Chironomidae (Sandlund et al., 1988) suggests that selection is likely a result of 

interference competition and variation in size due to maternal effects (Valdimarsson et al., 2002; 

Leblanc et al., 2014), rather than shape. Though foraging efficiency trade-offs exist in young (Skulason et 

al., 1993; age 1+) and older charr (Malmquist, 1992; ages 4+ to 12+) and I cannot rule out selection of 

shape at the youngest ages, this would be unlikely to explain observed morphological differentiation 

observed in older fish. However, as suggested by differences in size among morphs, competition in the 

nursery grounds might contribute to morph formation if a size threshold forces faster growing 

individuals to switch to a more pelagic environment, and therefore experience different ecological 

conditions (Byström et al., 2014).  

In conclusion, I identified parasitism, non-trophic effects of shape, and size as factors likely to contribute 

to fitness in resource polymorphisms, with evidence of disruptive selection of shape in Thingvallavatn 

and contrasting size-dependent mortality between morphs in both Thingvallavatn and Vatnshlíðarvatn. 

Most notably, though it is commonly assumed that trade-offs in trophic performance cause disruptive 

selection of shape, I found no support for this mechanism over three years in two distinct resource 

polymorphic systems. This suggests that such trade-offs do not constitute a postzygotic isolating 

mechanism and that other functions, such as predation and parasitism, are required to explain how 

polymorphisms are maintained in the presence of gene flow. My study highlights the need to consider a 

complex of detailed mechanisms through which phenotype can influence fitness, which may be largely 

contingent on local environmental conditions. For example, within-morph diet variation in planktivore 

morphs appears to cause selection for shape because of parasite exposure rather than trophic 

efficiencies, yet results in the same pattern. Understanding which functional explanations are supported 

in nature is essential for our understanding of diversification, yet because of logistical difficulties 
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associated with measurement of selection we still lack estimates applicable to many biological 

phenomena. Because of the potential importance of selective mechanisms in driving diversification in 

the presence of gene flow, polymorphic systems provide outstanding opportunities to explore selection. 

This contribution is one of relatively few attempts to explore selection in resource polymorphisms in the 

wild, and has revealed unexpected functional patterns. I hope that this prompts further examination of 

how phenotype influences fitness in the wild and in early stages of diversification, in order to assess the 

generality of underlying mechanisms. 
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Tables and Figures 

Table 3.1: Standardised lakewide (across-morph) performance gradients of relativised recent growth regressed on variance-standardised 
shape traits, for Arctic charr from the Icelandic lakes Thingvallavatn and Vatnshlíðarvatn. RW refers to relative warps, Pec fins to pectoral fin 
length, and square terms indicate quadratic estimates, p values below 0.05 are bold. Growth is relativised by dividing by mean growth across 
morphs within each lake. The presence of nonlinear effects in these lakewide comparisons suggests selection may operate in opposing directions 
between morphs. 

Variance-standardised traits 
Thingvallavatn  Vatnshlíðarvatn 

Estimate  Std. error p. value  Estimate  Std. error p. value 
(Intercept) 0.984 0.041 0.000  0.575 0.095 0.000 
RW1 0.065 0.017 0.000  0.061 0.021 0.003 
RW2 0.023 0.011 0.033  -0.102 0.015 0.000 
RW3 -0.008 0.010 0.457  0.013 0.012 0.265 
RW4 -0.002 0.010 0.855  0.045 0.013 0.000 
RW5 -0.046 0.010 0.000  -0.006 0.013 0.653 
Pec fins 0.008 0.014 0.560  -0.042 0.019 0.028 
RW12 0.051 0.020 0.012  -0.041 0.020 0.038 
RW22 0.009 0.014 0.509  -0.014 0.020 0.483 
RW32 -0.006 0.014 0.672  0.010 0.015 0.495 
RW42 0.003 0.010 0.800  0.040 0.016 0.011 
RW52 -0.008 0.014 0.567  -0.047 0.015 0.002 
Pec fins2 0.017 0.012 0.177  0.013 0.013 0.346 
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Table 3.2: Path coefficients detailing effects of shape (RW1 and RW2) on growth within samples of small benthic and planktivore Arctic charr morphs from 
the Icelandic lake Thingvallavatn, and z-tests comparing effects between morphs. Standardised path coefficients (a), compound path coefficients (b), effects 
via trophic proxies (c), and total effects (d) from the path diagram relating shape to relative growth (Figure 3.2a), with covariates of age, sex, gonadosomatic 
indices, and fork length. Coefficients are displayed (standard errors in parentheses) except z-test columns which display p-values. Bolded values are significant 
at p=0.05 (significant path coefficients differ from zero; z-test significance indicates morph coefficients differ). Growth was relativised by dividing by mean 
growth within morph. Greater 𝛿13C indicates a benthic diet in Thingvallavatn, greater 𝛿15N indicates higher trophic level, Diplostomum are flukes with snail 
intermediate hosts, Diphyllobothrium are tapeworms with copepod intermediate hosts. 𝛿13C and 𝛿15N are included separately in (a) for univariate 
coefficients. Because 𝛿13C and 𝛿15N together produce an estimate of resource use, in compound path coefficients (b) they are not considered independently.  

Thingvallavatn small benthic planktivore z-test 
(a) path coefficients, detailing effect of column variable on row. Bottom row is direct effects of traits or trophic proxies on relative growth p-values 

 RW1 RW2 𝛿13C 𝛿15N Diplo. Diph. RW1 RW2 𝛿13C 𝛿15N Diplo. Diph. RW1 RW2 
𝛿13C -0.106 

(0.078) 
 -0.108 

(0.064) 
         0.148 

(0.069) 
 -0.150 

(0.067) 
        

 
0.015 0.650 

𝛿15N 0.021 
(0.073) 

 -0.029 
(0.059) 

         -0.139 
(0.073) 

 0.211 
(0.070) 

        
 

0.121 0.009 

Diplostomum 0.115 
(0.061) 

 -0.056 
(0.050) 

 0.260 
(0.047) 

 0.130 
(0.051) 

     -0.019 
(0.053) 

 0.027 
(0.051) 

 0.355 
(0.043) 

 0.045 
(0.041) 

    
 

0.097 0.245 

Diphyllobothrium 0.007 
(0.082) 

 0.008 
(0.067) 

 -0.037 
(0.063) 

 -0.058 
(0.068) 

     -0.056 
(0.042) 

 0.091 
(0.040) 

 -0.322 
(0.034) 

 0.250 
(0.032) 

    
 

0.494 0.287 

Relative growth -0.045 
(0.024) 

 -0.062 
(0.020) 

 0.007 
(0.020) 

 0.010 
(0.021) 

 -0.021 
(0.024) 

 0.010 
(0.018) 

 0.025 
(0.019) 

 0.033 
(0.019) 

 0.013 
(0.019) 

 0.014 
(0.016) 

 -0.049 
(0.021) 

 -0.109 
(0.026)  

0.022 0.001 

(b) compound path coefficients. Summaries of indirect effects of traits (columns) on relative growth via trophic pathways (rows)     
Effect on relative growth via:   

isotopes -0.001 
(0.002) 

 -0.001 
(0.002) 

         0.000 
(0.004) 

 0.001 
(0.005) 

 
    

    0.823 0.710 

isotopes via 
Diphyllobothrium 

0.000 
(0.000) 

 0.000 
(0.000) 

         0.009 
(0.004) 

 -0.011 
(0.004) 

 
    

    0.024 0.006 

isotopes via Diplostomum 0.001 
(0.001) 

 0.001 
(0.001) 

         -0.002 
(0.002) 

 0.002 
(0.002) 

 
    

    0.180 0.655 

Diplostomum -0.002 
(0.003) 

 0.001 
(0.002) 

         0.001 
(0.003) 

 -0.001 
(0.003) 

 
    

    0.480 0.579 

Diphyllobothrium 0.000 
(0.001) 

 0.000 
(0.001) 

         0.006 
(0.005) 

 -0.010 
(0.005) 

 
    

    0.239 0.050 

(c) effects of traits on relative growth via trophic pathways (sum of indirect effects)      
Relative growth -0.002 

(0.004) 

 
0.001 

(0.003) 

 
        0.014 

(0.007) 
 -0.019 

(0.007) 
 

    
    0.047 0.006 

(d) total effects of traits on relative growth, reflecting extended performance gradients (sum of all indirect & direct effects of traits on growth)   
Relative growth -0.047 

(0.024) 

 
-0.061 
(0.020) 

         0.039 
(0.020) 

 0.014 
(0.019) 

 
    

    0.006 0.007 
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Table 3.3: Path coefficients detailing effects of shape (RW1 and RW2) on growth within samples of brown and silver Arctic charr morphs from the Icelandic 
lake Vatnshlíðarvatn, and z-tests comparing effects between morphs. Standardised path coefficients (a), compound path coefficients (b), effects via trophic 
proxies (c), and total effects (d) from the path diagram relating shape to relative growth (Figure 3.2a), with covariates of age, sex, gonadosomatic indices, and 
fork length. Coefficients are displayed (standard errors in parentheses) except z-test columns which display p-values. Bolded values are significant at p=0.05 
(significant path coefficients differ from zero; z-test significance indicates morph coefficients differ). Growth was relativised by dividing by mean growth within 
morph. Greater 𝛿13C indicates greater resource breadth in Vatnshlíðarvatn, greater 𝛿15N indicates higher trophic level, Diplostomum are flukes with snail 
intermediate hosts, Diphyllobothrium are tapeworms with copepod intermediate hosts. 𝛿13C and 𝛿15N are included separately in (a) for univariate 
coefficients. Because 𝛿13C and 𝛿15N together produce an estimate of resource use, in compound path coefficients (b) they are not considered independently. 

Vatnshlíðarvatn brown silver z-test 
(a) path coefficients, detailing effect of column variable on row. Bottom row is direct effects of traits or trophic proxies on relative growth p-values 

 RW1 RW2 𝛿13C 𝛿15N Diplo. Diph. RW1 RW2 𝛿13C 𝛿15N Diplo. Diph. RW1 RW2 
𝛿13C -0.020 

(0.124) 
 0.024 

(0.122) 
         0.034 

(0.056) 
 -0.033 

(0.049) 
        

 
0.691 0.665 

𝛿15N -0.015 
(0.131) 

 -0.172 
(0.129) 

         -0.010 
(0.074) 

 -0.078 
(0.065) 

        
 

0.973 0.515 

Diplostomum 0.270 
(0.097) 

 -0.084 
(0.096) 

 0.067 
(0.077) 

 -0.048 
(0.073) 

     0.121 
(0.049) 

 -0.238 
(0.043) 

 0.220 
(0.041) 

 0.088 
(0.031) 

    
 

0.170 0.143 

Diphyllobothrium 0.129 
(0.129) 

 -0.224 
(0.128) 

 -0.062 
(0.102) 

 0.167 
(0.097) 

     0.034 
(0.073) 

 -0.188 
(0.064) 

 0.004 
(0.062) 

 0.001 
(0.047) 

    
 

0.522 0.801 

Relative growth 0.088 
(0.046) 

 -0.034 
(0.045) 

 -0.064 
(0.036) 

 0.051 
(0.034) 

 0.025 
(0.045) 

 0.006 
(0.034) 

 0.092 
(0.025) 

 -0.084 
(0.023) 

 -0.064 
(0.021) 

 0.014 
(0.016) 

 -0.061 
(0.024) 

 0.008 
(0.016)  

0.939 0.323 

(b) compound path coefficients. Summaries of indirect effects of traits (columns) on relative growth via trophic pathways (rows)     
Effect on relative growth via:   

isotopes 0.001 
(0.010) 

 -0.010 
(0.012) 

         -0.002 
(0.004) 

 0.001 
(0.004) 

         0.781 
 

0.385 

isotopes via 
Diphyllobothrium 

0.000 
(0.000) 

 0.000 
(0.001) 

         0.000 
(0.000) 

 0.000 
(0.000) 

         1.000 1.000 

isotopes via Diplostomum 0.000 
(0.000) 

 0.000 
(0.001) 

         0.000 
(0.001) 

 0.001 
(0.001) 

         1.000 0.480 

Diplostomum 0.007 
(0.012) 

 -0.002 
(0.004) 

         -0.007 
(0.004) 

 0.015 
(0.006) 

         0.268 0.018 

Diphyllobothrium 0.001 
(0.004) 

 -0.001 
(0.008) 

         0.000 
(0.001) 

 -0.002 
(0.003) 

         0.808 0.907 

(c) effects of traits on relative growth via trophic pathways (sum of indirect effects)      
Relative growth 0.008 

(0.017) 
 -0.014 

(0.015) 
         -0.010 

(0.006) 
 0.015 

(0.008) 
         0.318 0.088 

(d) total effects of traits on relative growth, reflecting extended performance gradients (sum of all indirect & direct effects of traits on growth)   
Relative growth 0.096 

(0.046) 
 -0.048 

(0.045) 
         0.082 

(0.025) 
 -0.069 

(0.022) 
 

    

    0.789 0.675 
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Table 3.4: Size-dependent mortality within cohorts from 2014 to 2016 for Arctic charr morphs from two Icelandic lakes, Thingvallavatn and 
Vatnshlíðarvatn. Directional selection differentials (S), with bolded values significant at p<0.05 (t-test), and standard errors. Age comparisons 
are within cohorts of each morph, using backcalculated length at a given age to estimate the difference between mean length of the cohort 
before selection (younger age) to that of individuals that survived selection (older age). 

 Thingvallavatn Vatnshlíðarvatn 
age comparison small benthic planktivore brown silver 

 S se S se S se S se 
2 to 4 -0.607 0.134 -0.034 0.096 0.097 0.121 0.510 0.049 
3 to 5 -0.474 0.125 0.127 0.086 0.205 0.289 0.473 0.059 
4 to 6 -0.129 0.174 0.323 0.072 0.021 0.345 0.583 0.107 
5 to 7 0.454 0.259 0.540 0.098     
6 to 8   0.189 0.215     
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Figure 3.1: Wireframe representations summarising the first two principal axes of shape variation (RW1, RW2) of Arctic charr morphs from 
the Icelandic lakes Thingvallavatn and Vatnshlíðarvatn. Thingvallavatn RW1 summarises 43.98%, and RW2 10.34%, of lakewide shape variation 
captured by landmarks. Vatnshlíðarvatn RW1 summarises 31.05%, and RW2 19.18%, of lakewide shape variation captured by landmarks. 
Wireframe depictions of RW3 to RW5 are in supplementary materials (Figure S3.1) 
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Figure 3.2: Path diagrams illustrating (a) all path coefficients incorporated into models, and (b) effects 
estimated for the first relative warp of the planktivore Arctic charr morph from Thingvallavatn, 
Iceland. In (a) arrows connecting shape, stable isotopic signatures (d13C, d15N), and parasite infections 
(Diph., Diplo.), show how shape indirectly affects growth via trophic pathways, thus addressing my 
functional hypothesis. The arrow directly connecting shape and growth accounts for non-trophic effects 
of shape on growth. The sum of all pathways reveals the total effects of shape on growth. (b) Wireframe 
depictions and path diagram of Thingvallavatn first relative warp (RW1) summarising effects of shape 
variation on growth in the planktivore morph. Diph refers to Diphyllobothrium, Diplo to Diplostomum, 
𝛿13C and 𝛿15N are stable isotopic signatures, and growth is relative backcalculated growth over one 
year. Solid lines depict positive relationships, dashed lines negative, with thickness reflecting the 
magnitude of path coefficients. Black lines are significant at p<0.05, grey lines are p<0.10, other path 
coefficients omitted, but see Tables 3.2 - 3.3 (RW1 and RW2) or Tables S3.2 - S3.5 (all shape variables) 
for full details. Notably, effects of stable isotopic signatures on growth are mediated by parasitism, and 
all effects of shape on growth are accounted for by trophic pathways.

(a) 

(b) 
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Chapter 4: Inference of selection gradients using performance measures as fitness proxies 

As published in Methods in Ecology and Evolution 2017, 8, 663–677 

Abstract    

Selection coefficients, i.e. selection differentials and gradients, are useful for quantifying selection and 

for making comparisons across traits and organisms, because they appear in known equations for 

relating selection and genetic variation to one another and to evolutionary change. However, selection 

coefficients can only be estimated in organisms where traits and fitness (components) can be measured. 

This is probably a major contributor to taxonomic biases of selection studies. Aspects of organismal 

performance, i.e. quantities that are likely to be positively related to fitness components, such as body 

size, are sometimes used as proxies for fitness, i.e. used in place of fitness components in regression-

based selection analysis. To date, little theory exists to inform empirical studies about whether such 

procedures may yield selection coefficients with known relationships to genetic variation and evolution. 

We show that the conditions under which performance measures can be used as proxies for fitness are 

very limited. Such analyses require that the regression of fitness on the proxy is linear and goes through 

the origin. We illustrate how fitness proxies may be used in conjunction with information about the 

performance–fitness relationship, and clarify how this is different from substituting fitness proxies for 

fitness components in selection analyses. We apply proxy-based and fitness component-based selection 

analysis to a system where traits, a performance measure (size; similar to proxies that are commonly 

used in place of fitness), and a more proximate fitness measure, are all available on the same set of 

individuals. We find that proxy-based selection gradients are poorly reflective of selection gradients 

estimated using fitness components, even when proxy–fitness relationships are quite strong and 

reasonably linear. We discuss the implications for proxy-based selection analysis. We emphasise that 

measures of organismal performance, such as size, may in many cases provide useful information that 

can contribute to quantitative inferences about natural selection, and their use could allow quantitative 

inference about selection to be conducted in a wider range of taxa. However, such inferences require 
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quantitative analysis of both trait–performance and performance–fitness relationships, rather than 

substitution of performance for measures of fitness or fitness components. 

Author contributions 

This chapter was a collaborative effort with Michael Morrissey (University of St. Andrews, UK). After I 

identified a tendency for the use of performance traits to estimate selection gradients in the literature, 

Michael and I together conceived the ideas for this chapter. We developed the scope of the chapter, 

contributed critically to the drafts, and worked together on the discussion. I was primarily responsible 

for the literature review, writing the introduction, and contributing Tables 4.1, 4.2, and 4.3, along with 

Figures 4.1 and 4.4. Michael designed the methodology and derived the theoretical results, and 

contributed Table 4.4, Figures 4.2, 4.3, and 4.5.  

Introduction 

Understanding how natural selection operates in the complexity of the wild remains a key challenge for 

biologists, and data across a broad range of natural systems are necessary to understand both general 

patterns and causes of differences in selection.  However, data on natural selection in the wild come 

predominantly from a limited range of taxa (Kingsolver and Diamond 2011; Siepielski et al. 2013). A 

major barrier to quantitative inference of selection in many taxa is determination of individual fitness or 

fitness components (survival and fecundity) in the wild.  While a formal quantitative genetic framework 

exists for measuring selection via fitness and fitness components, little formal work has been conducted 

on how quantitative inference of selection might be made via non-fitness (component) variables that 

might plausibly be highly related to fitness, given knowledge of the biology of a particular taxon.  For 

example, mass-fecundity relationships are often well known at the species or even population level in 

fishes (e.g. Wootton 1973; Stauffer 1976; Blueweiss et al. 1978; Power et al. 2005), and thus 

relationships of traits with mass might profitably be used to make inferences about selection.  This work 

seeks to formalise the theory of quantitative inference of selection via fitness proxies, and to specify the 
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necessary conditions under which fitness proxies can be used for quantitative inference of natural 

selection. 

Fitness is the expected contribution of individuals to future generations. If a trait covaries with fitness, 

the distribution of that trait weighted by fitness will be different than the unweighted distribution, i.e., 

the distribution among unselected individuals. If this association has a (partial) genetic basis, that 

change in the distribution of phenotype will be (in part) propagated into future generations (Robertson 

1966; Lynch and Walsh forthcoming). Fitness components, which are quantities appearing in a life table 

(i.e. age-specific survivorship and fecundity) or summaries of life table entries (e.g. survival to maturity), 

represent the demographic contribution of individuals to the population during periods within the life 

cycle.  Associations of traits with fitness components are associated with changes in the distributions of 

traits, weighted by those fitness components, during the period to which the fitness components 

pertain.  As for associations with fitness, any genetic basis to these trait-fitness component relationships 

also generates evolutionary change, providing antagonistic selection does not occur via other fitness 

components.  Importantly, many aspects of the statistical mechanics quantitatively relating trait-fitness 

(component) relationships and the genetic basis of variation in traits to evolutionary change are known 

(Robertson 1966; Price 1970; Lande and Arnold 1983; Arnold and Wade 1984; Mitchell-Olds and Shaw 

1987; van Tienderen 2000; Shaw et al. 2008; Morrissey 2014a; 2015). This body of theoretical work 

justifies the concept of selection coefficients (Lush 1937; Lande and Arnold 1983; Arnold and Wade 

1984) which have proven useful for synthesising general information about selection in the wild (e.g. 

Endler 1986; Kingsolver et al. 2001; Hereford et al. 2004; Kingsolver and Pfennig 2004; Siepielski et al. 

2009; Kingsolver et al. 2012; Morrissey and Hadfield 2012). In contrast to fitness (components), fitness 

proxies, such as measures of organismal performance, cannot be assumed to be indicative of 

demographic contribution to future generations because aspects of performance that are not 

demographic rates do not reflect the representation of an individual’s genes in a population at future 
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times.    Here we refer to fitness proxies and performance, the former is a broad term describing any 

measure used in place of fitness, while the latter refers to a measure of organismal success that is 

justified by the natural history of a given organism (aspects of size are commonly used as performance-

based fitness proxies).   

Recognising the practical difficulties associated with measuring both traits and fitness on the same 

organisms in the wild, Arnold (1983) introduced the concept of performance gradients, calculated in 

much the same way as selection gradients. It is important to note that a performance gradient, 

calculated via (multiple) regression of performance on phenotype, is not a selection gradient. Arnold 

explained that the product of coefficients of trait-performance and performance-(relative) fitness 

regressions is equivalent to a selection gradient. Importantly, he suggested that the trait-performance 

and performance-fitness data could come from different studies (e.g., one in the lab and the other in the 

field). This is particularly useful where it is unfeasible to measure traits and fitness of the same 

individuals in the wild: measurements of performance (e.g. mass) and focal traits in the wild can be 

combined with data from studies on other individuals (e.g. a known mass-fecundity relationship from 

lab studies) to enable calculation of selection gradients. The introduction of path analytical techniques 

to selection analyses by Arnold (1983) has been important in motivating interest in, and providing a 

framework for, exploring trait interactions and functional pathways within studies of natural selection 

(see Kingsolver and Huey 2003). However, despite Arnold’s (1983) recommendation that trait-

performance and performance-fitness data can be combined to give selection gradients as justified in 

evolutionary quantitative genetic theory, this approach has rarely been used to investigate taxa for 

which trait-fitness measurements in the wild are unattainable. 

For taxa in which field measurements of fitness are unobtainable, there is a literature that uses 

performance measures (see Table 4.1). However, rather than the incorporation of quantitative 

information about performance-fitness relationships from other studies or individuals than the trait-
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performance data are obtained, these studies have predominantly used relative performance measures, 

such as size or growth, as substitutes for relative fitness. Such fitness proxies are usually measures of 

organismal performance known to be related to the focal trait(s) and believed to causally affect fitness. 

The inherent, and typically stated, assumption of a positive performance-fitness relationship tends to be 

convincingly justified in these reports, typically by appealing to knowledge of the organismal biology and 

ecology of the particular study system. Although the logical connection between traits, performance, 

and fitness does not differ between the approach in these studies and that proposed by Arnold (1983), 

these studies have calculated what Arnold termed ‘performance gradients’ but interpreted them as 

‘selection gradients’ with their associated evolutionary quantitative genetic justification and the 

comparisons they make possible. Use of performance in place of fitness extends beyond studies that 

have self-identified as using proxies (i.e., Table 4.1), such that a discernible proportion exist in the 

Kingsolver et al. (2001) selection meta-analysis: e.g. territory tenure (Grant 1985; Grether 1996), aspects 

of mass, nest defence (van den Berghe and Gross 1989; Mitchell-Olds and Bergelson 1990a). The 

performance gradient is only part of Arnold’s approach, which also requires use of a known 

performance-fitness relationship. So, although these studies are typically based on sound biological 

knowledge, it is unknown whether this approach can yield selection gradients that are interpretable in a 

quantitative genetic framework. To whatever extent different quantitatively-justifiable options exist for 

using performance in selection studies, the range of taxa in which we can infer quantitative estimates of 

selection in the wild could be greatly increased. 

In this paper, we first analyse a model where traits have direct effects on a performance measure, and 

that performance measure has a direct effect on fitness.  We first analyse a simple case, where all 

effects are linear.  We derive a simple but limited condition under which performance can be 

substituted for fitness in selection analyses, beyond those typically assumed and stated when 

performance measures are used in place of fitness components in selection analysis.  Importantly, we 
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confirm that path analysis can be used to construct analyses that use performance data, in conjunction 

with additional quantitative data about performance-fitness relationships, to make inferences about 

natural selection (as suggested by Arnold 1983).  In the appendix, we extend our analysis to non-linear 

selection, and show that similar conditions hold for estimation of quadratic and correlational selection.  

We then apply performance-based (i.e., using performance as a proxy in calculations of relative fitness), 

fitness-based (i.e., using a fitness component for calculation of relative fitness), and performance-

mediated (i.e., using performance in conjunction with data on the performance-fitness relationship) 

selection analyses in a system in which trait, performance, and fitness data are all available on the same 

individuals (see Figure 4.1 for a graphical representation of these terms).  We conduct linear and 

quadratic/correlational analyses using linear models of the performance-fitness relationship (as justified 

by our theoretical sections), and we describe and perform a more flexible numerical analysis (extending 

methods in Morrissey and Sakrejda 2013 to performance-mediated analysis), allowing non-linear 

performance-fitness relationships to be accommodated.  We conclude with a discussion of the best 

means to leverage performance data for quantitative selection analysis, and of ways in which trait-

performance relationships can be of use for qualitative inference of natural selection in the absence of 

quantitative performance-fitness information. 

Theory 

Here we outline the conditions under which performance measures can be substituted for fitness 

measures to obtain selection gradients. We derive conditions for their equivalence where the 

relationship between performance and fitness is assumed to be linear. This provides a useful case for 

exposing the basic principles, while aspects of analysis of non-linear trait-performance and 

performance-fitness relationships are detailed in the appendix. We assume that the effect of the trait on 

fitness is mediated entirely by the performance measure. 
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Linear performance-fitness relationship 

Assume a linear trait-performance function 

(1)   𝐸[𝑦 |𝑧 ] = 𝑓(𝑧 ) =  𝑎 + 𝑏𝑧 , 

where 𝐸[𝑦 |𝑧 ] is expected performance, y, given phenotype, z, for individual i, as a function of an 

intercept, a, and a slope term, b, defining the regression of y on z. Similarly, assume a linear 

performance-fitness function 

(2)   𝐸[𝑊 |𝑦 ] = 𝑓(𝑦 ) =  𝑚 + 𝑛𝑦 , 

where 𝑊  is individual absolute fitness, and m and n are the intercept and regression coefficients of the 

linear regression of fitness on performance. 

The selection gradient is the derivative of relative fitness, i.e., 𝑤 = , with respect to phenotype, z, 

averaged over the distribution of phenotype. The first step to obtaining an expression for the selection 

gradient requires that we relate individual phenotype directly to fitness. We can perform this first step 

by substituting (1) into (2).  Because (2) is a linear function, E[𝑓(𝑦 )] = 𝑓(E[yi]) irrespective of the 

distributions of residuals of performance and fitness; note that this relation would not hold if the 

performance-fitness function were not linear (see further discussion in the appendix). Therefore, we can 

write expected fitness given phenotype as 

(3)    𝐸[𝑊 |𝑧 ] =  𝑊(𝑧 )  =  𝑚 + 𝑛(𝑎 + 𝑏𝑧 ) = 𝑚 + 𝑛𝑎 + 𝑛𝑏𝑧 . 

We can write the derivative of expected fitness with respect to phenotype as 

(4)    = 𝑛𝑏 = E[ ], 

which is a constant (both n and b are constants in equations 1 and 2, to be estimated in practice).  In the 

model developed so far, with a linear trait-performance function and a linear performance-fitness 
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function, the derivative of fitness with respect to phenotype does not depend on phenotype.  Therefore 

(4) also gives the average derivative of (absolute) fitness with respect to phenotype, as depicted in its 

last relation. 

Since the selection gradient depends on relative fitness rather than absolute fitness, we must express 

the average trait-fitness relationship in terms of relative fitness in order to obtain the selection gradient, 

i.e.,  

(5)   𝛽 =
[ ]

 

Again, because all relationships are linear, the mean fitness is the expected fitness given the mean 

phenotype.  Therefore the selection gradient can be expressed as, 

(6)    𝛽 =
̅
 , 

where 𝑧̅ is mean phenotype.  In order to render the implications of this expression more intuitive, and 

applicable to performance-based selection analysis (where performance will be divided by its mean to 

derive a proxy for relative fitness), we consider the case where mean performance is 1.  Furthermore, 

since the mean phenotype may be arbitrarily scaled, we consider the case where it is centred to a mean 

of zero (this is typical, but not necessary, in an analysis of linear selection, and necessary in regression-

based analysis of linear and quadratic selection; Lande and Arnold 1983).  Under these conditions, the 

coefficient a in equation 1 has a value of one; therefore, treating performance as relative fitness and 

centring the phenotype, we simplify equation 7 to yield 

(7)   𝛽 =
( ) ( )

=  , 

from which we can see that the linear coefficient in a regression of relative performance on phenotype 

is only interpretable, even if the performance-fitness relationship is strictly linear (i.e., the most 
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commonly-stated assumption in existing empirical performance-based selection analyses, and also an 

assumption encoded in equation 2), if the regression of fitness on performance passes through the 

origin i.e., if m = 0. We show in the appendix that this pair of conditions for performance-based selection 

gradients to be correct, i.e., a truly linear regression through the origin of fitness on performance, holds 

for non-linear selection gradients, and for inference of selection differentials, and for different 

standardisations of selection gradients and differentials. 

It is important to note that these conditions for equivalence rest on the assumption that the traits are 

independent of fitness, conditional on performance. If the traits affect fitness directly and/or via an 

additional unmeasured aspect of performance, then any resulting selection gradient must be 

interpreted as a partial description of the selection gradient, that is, selection mediated by that 

particular performance trait. A number of authors have invoked positive relationships between 

performance and fitness as justifying the use of performance as a substitute for fitness or fitness 

components in selection analysis (Table 4.1). Given the above analysis, along with the potential for 

alternative performance pathways, we caution that the conditions for such an interpretation are much 

stricter. Even where traits are independent of fitness, conditional on measured performance, and the 

performance-fitness regression is truly linear, the error can be of essentially arbitrary order of 

magnitude. The error is dependent on the relationship between the intercept and slope, i.e., the 

proportion by which a performance-based analysis overestimates the selection gradient is given by 

rearrangement of equation (7) as =  (Figure 4.2). None of the studies using performance as a 

fitness proxy (Table 4.1) considered the intercept of the performance-fitness regression as part of their 

justification.  A statistic that is consistently reported in support of the use of performance measures as 

substitutes for fitness is the correlation or r2 of the performance-fitness relationship.  The correlation of 

performance with fitness has no bearing on the adequacy of performance-based selection analysis, 

when the performance-fitness relationship is linear. 
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Comparison and interpretation of fitness- and performance-based selection inferences in Arabidopsis 

thaliana 

In a single dataset, we conduct fitness-based, performance-based, and performance-mediated selection 

gradient analysis. This exercise allows us to investigate performance-based and performance-mediated 

selection gradient analysis, and to investigate the consequences when and if their assumptions are not 

met.  In particular, the performance-based selection gradient analysis assumes that the performance-

fitness relationship is linear and intersects the origin, and both the performance-based and 

performance-mediated analyses assume that there are no alternative pathways through which the focal 

traits affect fitness. We first assess these assumptions for our focal dataset, before comparing the 

gradients generated through performance-based and fitness-based analyses, for both linear and 

nonlinear trait effects.  

The focal dataset, provided by H.S. Callahan (Columbia University) and S.M Scheiner (NSF), is an 

experimental population of Arabidopsis thaliana.  Path analysis-based inference of selection in this 

system has been reported in Scheiner et al., (2000). Briefly, in the study the plants were monitored 

every other day to record bolting day (inflorescence initiation) and number of rosette leaves and, after 

flowering had ended, inflorescence height and fruit number were measured. Further details about the 

study system are available in Scheiner et al. 2000.  

For performance-based and performance-mediated analyses, we adopted Scheiner et al.’s (2000) a 

priori path model, whereby bolting day and leaf number both directly affect inflorescence height, and 

inflorescence height directly affects fruit number, the measure of fitness (Figure 4.1c). We consider 

inference of direct selection gradients of bolting day and leaf number, and we use inflorescence height 

as a performance measure.  Scheiner et al.’s original intention was to consider height a trait; however 

their path diagram is particularly amenable to demonstrating how an intermediate such as this may be 

used to generate selection inferences, and what assumptions are required to use such a trait as a 
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substitute for fitness.  In fact, as a measure of organismal size, this character is immediately analogous 

to many measures used in performance-based selection inference (e.g. Mitchell-Olds and Bergelson 

1990a, Heschel et al. 2005, Martin and Pfennig 2009, Ossler et al. 2015, Ramirez-Valiente et al. 2015).  

The performance-fitness relationship: assessing the potential for substitution of performance for fitness 

First we characterise the performance-fitness relationship by regressing fruit number on inflorescence 

height. Visual inspection suggests that it is reasonable to assume linearity for the height-fruit number 

relationship, and that the regression line is close to intersecting the origin (Table 4.2, Figure 4.3a). 

Despite the apparent modest deviation of the intercept from the origin (Table 4.2), the quantitative 

consequences of the intercept not intersecting the origin are manifested in terms of the relationship of 

the intercept, not to the overall range of the performance and fitness data, but to the slope of the 

regression of fitness on relative performance.  The intercept and slope are -2.96 and 9.23, respectively (-

0.47 and 1.47 for the regression of relative fitness on relative performance; Table 4.2), and so 

correspond to a proportional error of =
. .

.
= 0.68.  In other words, the performance 

gradient is only 68% the value of the fitness-based selection gradient.   Furthermore the height-fruit 

number relationship is significantly non-linear (Table 4.2, Figure 4.3b).  It is not clear how to make an a 

priori judgement of the severity of any potential effects of this non-linearity on performance-based 

selection inferences.  See the appendix for a brief discussion on why theoretical treatment of systems 

with quadratic (or other non-linear performance-fitness) relationships would be complex and unlikely to 

yield sufficiently simple results to be generally informative.  We will nonetheless return to the issue of 

non-linearity of the performance-fitness relationship.  

The other assumption of performance-based and performance-mediated selection analysis - that fruit 

number is independent of traits, conditional on inflorescence height - determines whether the error 

associated with the performance-fitness relationship pertains to total selection on the focal traits or 
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only the portion of selection that is mediated by inflorescence height. To test this assumption we 

regressed focal traits and performance on fitness according to 

(8a)   𝑤 = 𝜇 + 𝑏 𝑦 + 𝑏 𝑧 +  𝑏 𝑧 + 𝑒, and 

(8b)   𝑤 = 𝜇 + 𝑏 𝑦 + 𝑏 𝑧 +  𝑏 𝑧 + 𝑔 𝑦 + 𝑔 𝑧  + 𝑔 𝑧  

                                       + 𝑔 𝑧 𝑧 +  + 𝑔 𝑧 𝑧 + 𝑔 𝑧 𝑧 + 𝑔 𝑧 𝑧 𝑧 + 𝑒, 

where w represents relative fitness, y represents inflorescence height, µ represents the intercept, and z 

represents phenotype (subscripts blt and lnr denote bolting day, and leaf number, respectively). Note 

that the analogous regression coefficients, e.g., b1 for the effect of y on w in equations 8a&b are 

separately estimated.  Similarly, the re-use of such coefficients in subsequent models throughout the 

example analyses (i.e., in equations 9, 10 and 12) is to avoid confusion arising from separately defining 

many different quantities; throughout, all coefficients are separately estimated by the regression 

analyses described by each equation. All predictors were variance-standardised and centred on zero 

((𝑧 − 𝑧̅)/𝜎 ), and fitness was relativised (𝑤/𝑤), as in typical selection analyses (Lande and Arnold 1983). 

Statistically significant direct effects of bolting day and leaf number on fitness in the analyses that 

include inflorescence height as a predictor (equations 8a&b), indicate that fruit number is not 

independent of these traits, conditional on inflorescence height (Table 4.3). The error associated with 

using performance measures in place of fitness in this example will therefore stem from both the nature 

of the performance-fitness relationship and the existence of alternative paths through which selection 

of focal traits are mediated.  

We have now ascertained that for the Arabidopsis data, performance-based and fitness-based estimates 

of selection gradients will not be equivalent, and that differences will be due, in part, to the existence of 

alternative causal pathways of traits effects on fitness and, in part, to a performance-fitness relationship 

that may be reasonably approximated with a linear function, but fails to intersect the origin. Next we 
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calculate the scale of this total error, and estimate the contribution of the performance-fitness 

relationship, by comparing selection gradients calculated in three different ways. First, selection 

gradients (considering bolting time and leaf number as the focal trait vector) are calculated with a 

multiple regression of relative fitness on traits (following Lande and Arnold 1983; see also Stinchcombe 

et al. 2008), and we consider these ‘fitness-based selection gradients’ to be the most theoretically 

justifiable selection gradients and thus the reference against which we will judge estimates based on the 

performance measure (height, in our example). Next, we calculate gradients with multiple regression of 

relative performance on traits, as is the use of fitness proxies in the literature (e.g. Table 4.1), and refer 

to these as ‘performance-based selection gradients’. The difference between these two forms of 

gradients provides an estimate of total error associated with using performance as fitness in this system. 

Finally, we calculate gradients using a path analytical approach in order to estimate selection of traits 

mediated only by our performance measure, and we term these ‘performance-mediated selection 

gradients’. The difference between performance-mediated selection gradients and performance-based 

selection gradients is introduced by the performance-fitness relationship. 

Fitness-based selection gradient analysis 

The equations for the fitness-based selection gradients are 

(9a)   𝑤 = 𝜇 + 𝛽 𝑧 +  𝛽 𝑧 + 𝑒, 

for analysis of directional selection gradients only, and 

 (9b)   𝑤 = 𝜇 + 𝛽 𝑧 + 𝛽 𝑧 + 𝛾 𝑧  + 𝛾 𝑧 +   𝛾 , 𝑧 𝑧 + 𝑒, 

for a full analysis of directional and quadratic selection.  𝛽 and 𝛾 represent directional and quadratic 

selection gradients, subscripted by the traits to which they pertain. Prior to inclusion in the model, focal 

traits were standardised to mean zero and unit variance, and fitness was relativised. Fitness-based 
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selection gradients from the combined linear and quadratic model indicate directional selection for 

earlier bolting date (𝛽  = -0.286, SE: 0.066, P<0.005) and greater leaf numbers (𝛽  = 0.471, SE: 0.043, 

P<0.005), with positive quadratic selection in both instances (𝛾  = 0.275, SE: 0.116, P=0.02; 𝛾  = 

0.169, SE: 0.055, P<0.005, respectively), but no significant correlational selection (Figure 4.4). 

Performance-based selection gradient analysis 

To explore the effects of using a performance measure as a proxy for fitness, we substituted the relative 

inflorescence height for the response variable in equations 9a&b yielding 

(10a)   𝑦 = 𝜇 + 𝑏 𝑧 +  𝑏 𝑧 + 𝑒 , and 

(10b)     𝑦 = 𝜇 + 𝑏 𝑧 +  𝑏 𝑧 + 𝑔 𝑧  + 𝑔 𝑧 +   𝑔 , 𝑧 𝑧 + 𝑒 

where y represents relative performance (inflorescence height).  Regression coefficients are as for 

equations 8ab and 9ab, except directional effects are denoted by b and quadratic effects by g, for 

consistency with the theory section, and to distinguish these quantities from selection gradients as 

justified by quantitative genetic theory. Qualitatively, the relationships among focal traits and height are 

the same as those among focal traits and fruit number, although the positive quadratic value of leaf 

number is no longer significantly different from zero (Figure 4.4). However, when considering the 

magnitude of the coefficients, there is a considerable difference between fitness-based and 

performance-based selection gradients (from the quadratic model, bolting time: linear -0.125, SE: 0.039, 

P<0.005, quadratic 0.168, SE: 0.069, P=0.02; leaf number: linear 0.293, SE: 0.025, P<0.005; see Figure 

4.4). 

Performance-mediated selection gradient analysis 

Our comparisons of performance-based and fitness-based selection gradients illustrate that these 

quantities can differ; however, the differences in our example analyses will be because of broken 
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assumptions about the performance-fitness relationship (Figure 4.3, Table 4.2), and about conditional 

independence of traits and fitness, given performance (Table 4.3).  To disentangle these two sources of 

error we must estimate only the portion of selection mediated by the performance trait of inflorescence 

height.  We thus conduct formal performance-mediated selection analyses, such that we can relax 

assumptions about the performance-fitness relationship.  We first relax the assumption that the linear 

regression of fitness on performance passes through the origin, using results from our analytical theory 

(see above, and the appendix for non-linear analysis based on quadratic trait-performance regressions).  

Linear performance-fitness model 

To estimate only the selection mediated by performance we multiply the performance-based selection 

gradients by the coefficient of the regression of relative fruit number on relative inflorescence height. 

Thus we obtain the performance-mediated selection gradients as the product of the performance 

gradients and the regression of relative fitness on relative performance.  This is inherent to equation 3, 

and justified by equation 7 (when traits are mean-centred and performance is relative performance), 

and equations A4 and A8 (in appendix).  These are the path analyses advocated by Arnold (1983).  Note 

that we conduct this analysis based on relative performance.  The results of the path analysis-based 

performance-mediated selection analysis are identical regardless of whether absolute or relative (or 

some other linear re-scaling of) performance is used, so long as the same scaling of performance is used 

in the analysis of the trait-performance and the performance-fitness relationships.  We used standard 

errors of the performance gradients and the linear performance-relative fitness regression to calculate 

standard errors of the performance-mediated selection gradients, according to a first order 

approximation (Lynch and Walsh 1998, Appendix 1) 

11      𝑆𝐸[𝑋𝑌] =  𝑆𝐸[𝑋] + 𝑆𝐸[𝑌] + 𝑌 𝑆𝐸[𝑋] + 𝑋 𝑆𝐸[𝑌]  
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where X and Y represent two quantities, in this case performance gradients and the performance-

relative fitness slope, 𝑋 and 𝑌 are estimated values of X and Y, and SE[X] and SE[Y] represent their 

corresponding standard errors. 

The comparison of performance-mediated with performance-based selection gradients isolates the 

error associated with the performance-fitness relationship not meeting the conditions of linearity and 

origin intersection, in this example only the latter. The effect is to underestimate the magnitude of 

selection by approximately 1/3 (i.e., we expect the true value to be about 50% greater than the 

performance-based gradients), and this applies to both linear and quadratic components (see Figure 4.4, 

see also equations 7 and A8).  

We have thus shown that use of a performance measure in place of a fitness measure has the potential 

to drastically alter the estimate of selection, even under the assumption of a linear performance-fitness 

relationship. The strength of selection here was underestimated because of the presence of alternative 

pathways among traits and fitness and because of the performance-fitness relationship not meeting the 

condition of linearity and intersection of origin. Whereas the former source of error can influence traits 

differentially, performance-based selection gradients for traits included in the analysis will be affected 

equally by the proportional error introduced by the performance-fitness relationship, which validates 

within-study comparisons of selection, if fitness can be assumed to be independent of traits, conditional 

on performance. 

Non-linear performance-fitness model 

In this section, we outline a numerical approach to multivariate directional and quadratic performance-

mediated selection analysis.  The analysis centers on two functions.  The first y(z) takes (potentially 

multiple) trait values as predictor variables, and expected values of a performance measure as a 

response variable.  The second W(y) takes the performance measure, and returns expected fitness.  
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In order to model the trait-performance relationship for the non-linear performance-mediated selection 

gradients analysis, we fitted a quadratic regression of log inflorescence height (performance) on the 

traits 

(12)  𝑦 = 𝑎 + 𝑏 𝑧 + 𝑏 𝑧 + 𝑔 𝑧 + 𝑔 𝑧 + 𝑔 𝑧 𝑧 + 𝑒, 𝑒 ~ 𝑁(0, 𝜎 )  

where y is the performance measure (log inflorescence height, in our non-linear analysis), a is an 

intercept, b1 and b2, g1 and g2, and g12 are linear, quadratic, and correlational regression coefficients for 

the two traits, bolting day, and leaf number. e are residuals, the variance of which (𝜎 ) are estimated.  

For comparison, we also used a model for (log) performance given phenotype with only linear effects. 

The resulting coefficients are qualitatively the same as when relative performance was the response 

variable (equation 10b, see Table 4.4 and Figure 4.5a). We examined model r2 values and distributions of 

residuals for versions of equation 12 applied to both logged and un-logged performance data, and these 

aspects of model fit were very similar in both cases (not shown).  Since logged values of a strictly 

positive character seem most natural in an additive model, we adopted these (see Table 4.2).  We also 

adopted a quadratic regression model for W(y) in order to model the non-linear performance-fitness 

relationship, but in a generalized linear model analysis, with a log link function and assuming Poisson 

errors, 

(13a)   𝑊 ~ 𝑃𝑜𝑖𝑠𝑠𝑜𝑛(𝐸[𝑊 ]), 

(13b)   𝐸[𝑊(𝑦)] =  exp(𝑚 + 𝑛𝑦 + 𝑜𝑦 )  

The coefficients of the model in equations 13a&b are given in Table 4.2. From these two models, we can 

construct a function giving expected fitness as a function of individual phenotype 

(14)   𝑊(𝑧) =  ∫ 𝑊(𝑦) 𝑁 𝑦, 𝑦(𝑧 ), 𝜎 𝑑𝑦. 
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Because 𝑊(𝑦) is a non-linear function, the expected fitness of an individual with a given expected value 

of performance (based on its phenotype) is not equal to the expected fitness of an individual with that 

specific value of performance (this is Jensen’s 1906 inequality). Consequently, the integration in 

equation 14 over the distribution of values that performance might take for an individual with a given 

phenotype is necessary to obtain expected fitness, given phenotype; see Morrissey (2015) for further 

explanation of this general approach to the inference of quantitative genetic parameters in non-linear 

systems. 

Population mean fitness may be obtained by taking an average of individual expected fitness given by 

W(z)i, over the distribution of phenotype in a population. We may choose to assume some distribution 

of phenotype, such as a multivariate normal distribution of the traits, with a mean vector and covariance 

matrix equal to that estimated directly from the trait data. As such, mean fitness would be given by 

(15)    𝑊 = ∫ 𝑊(𝑧)𝑝(𝑧)𝑑𝑧, 

where p(z) is the assumed distribution of phenotype with parameters estimated from the data.  Such 

performance-mediated selection analysis (i.e., using this construction for 𝑊 with the rest of the 

procedure, below), would exactly follow the mechanics for inference of extended selection gradients in 

non-linear systems in Morrissey (2015). 

However, we may wish to accommodate an analysis that makes fewer assumptions about the 

distribution of phenotype; in the present example, bolting time is very non-normal.  Consequently, we 

could calculate population mean fitness as 

(16)   𝑊 = ∑ 𝑊(𝑧 ) 

i.e., an average of expected fitness of all observed phenotypes, where i indexes the n observed 

individual phenotypes.  This approach follows Morrissey and Sakrejda (2014) and Morrissey (2014b).  
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Selection gradients calculated using expected fitness calculated in this way still correspond to changes in 

the mean and variance of breeding values due to selection (according to expressions given in Lande 

1979 and Lande and Arnold 1983), assuming that breeding values are multivariate normal, but not 

making any parametric assumption about the distribution of environmental effects on phenotype. 

Regardless of the choice of function for 𝑊, selection gradients may be calculated using 𝛽 = 𝑊 ∇𝑊, 

and 𝛾 = 𝑊 ∇ 𝑊, where ∇𝑊 and ∇ 𝑊 represent the gradient vector and matrix of second partial 

derivatives of mean fitness with respect to mean phenotype, respectively.  Note that these expressions 

define selection gradients as the derivatives of population mean fitness with respect to population mean 

phenotype, and are equivalent to the earlier definitions based on the average derivatives of (individual) 

fitness with respect to (individual) phenotype given earlier.  These latter definitions are more directly 

useful for numerical analysis of selection gradients.   

∇𝑊 and ∇ 𝑊 are relatively easily calculated numerically.  Define a vector of perturbations of mean 

phenotype x, and a function for mean fitness accommodating these perturbations 

(17)   𝑊(𝑥) = ∑ 𝑊(𝑧 + 𝑥) 

values in ∇𝑊 are then be calculated numerically, most simply by finite differences.  For example the 

partial derivative of mean fitness with respect to the mean phenotype for the first trait would be 

approximated by 

(18)   
̅

 ≈  
( ) ( )

, x = [ℎ, 0], x = [0,0] 

when h is set to a small value, relative to the SD of the distribution of the trait. Calculations of second 

partial derivatives are simple extensions of this method, and their implementation is detailed in the 

supplemental R code. 
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The performance-mediated selection gradients returned from this analysis closely matched those from 

the path analysis (justified in the theory section, above, and in the appendix for non-linear selection). 

This analysis’ linear coefficients for bolting day, βblt = -0.186 (SE: 0.065, P<0.005), and leaf number, βlnr = 

0.446 (SE: 0.041, P<0.005), are remarkably close to those of the path analysis: βblt = -0.186 (SE: 0.058) 

and βlnr = 0.434 (SE: 0.040), respectively. Nonlinear estimates from the analysis accommodating the non-

linear performance fitness function differ more (Figure 4.4). Thus, the simpler analysis (i.e., the path 

analysis assuming a linear performance-fitness relationship) may generally be quite robust, at least for 

inference of directional selection.   

Discussion  

We have demonstrated that it is possible to substitute performance measures for fitness (components) 

in regression-based analyses of selection to obtain accurate selection gradients, however the conditions 

are strict.  In addition to linearity of the performance-fitness relationship, the linear regression of fitness 

on performance must pass through the origin, if performance-based selection analyses are to recover 

selection gradients.  Our literature review suggests that this condition is not generally met (see Table 

4.1). Although these studies – and an additional number not self-identifying as using proxies – could 

misinform subsequent research, our main concern was the ambiguity surrounding the use of fitness 

proxies, which may have contributed to a disinclination to estimate selection in systems where fitness is 

not directly measurable in the wild. We hope that, by clarifying the conditions under which performance 

measures can be used in selection analyses, researchers will be able to reduce taxonomic disparities in 

our understanding of selection in the wild.   

The relationship between inflorescence height and fruit number in the Arabidopsis example does not 

meet the conditions of linearity and intersection of the origin.  However, visual inspection suggests the 

relationship is reasonably linear, and that its intercept is reasonably close to the origin (Figure 4.3).  It 

appears that the assumption of linearity is in fact sufficiently well-met to allow path analysis-based 
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performance-mediated selection inference: the selection gradient estimates based on path analysis 

(assuming a linear performance-fitness relationship) and the full non-linear analysis agree quite closely 

(Figure 4.4), certainly closely enough that they lead to equivalent biological interpretations. The 

apparent minor lack of correspondence between the performance-fitness regression and the 

assumption that it passes through the origin (Figure 4.3) could be misleading.  In fact, the error 

associated with the regression not passing through the origin is not determined by how close it is, 

relative to the distributions of performance and fitness, but rather, it depends on the value of the 

intercept relative to the slope (Figure 4.2).  In the Arabidopsis example, this corresponds to 

approximately a 50% error, which is reflected in differences between the performance-based and 

performance-mediated selection inferences (Figure 4.4). 

We attempted to use data from performance-based reports of selection gradients, and their associated 

sources justifying assumptions about the positive relationships of the performance measures with 

fitness (Table 4.1), to reconstruct performance-mediated selection gradient estimates.  This exercise 

would have allowed us to test how large errors are in practice as a result of performance-fitness 

functions not passing through the origin.  However, this exercise required that mean absolute 

performance (in the trait-performance analysis) was known.  In some cases we could not find this 

information.  Furthermore, such reconstructions required that the performance measure in the studies 

reporting performance-based selection gradients were the same quantities as the performance 

measures involved in the performance-fitness relationships that were invoked to justify the 

performance-based analysis; this was often not the case (Table 4.1).  Consequently, we were unable to 

derive the factor by which performance-mediated selection analysis would differ from performance-

based selection analysis (i.e., , when performance is relativised) in most cases.  However, we suspect 

that a general argument can be made that fitness-performance relationships may systematically fail to 

intersect the origin.  If some threshold level of performance is necessary before any fitness is realised 
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(e.g., if it is often the case that only individuals above some minimum size produce any gametes), then 

intercepts of performance-fitness relationships would generally be negative, at least when fitness 

components associated with reproduction are considered.  In such cases, the intensity of selection 

would be systematically underestimated.  There is one study, Heschel et al. (2005), for which we can 

reconstruct the selection gradient, given the performance gradient and the information available about 

the performance-fitness relationship. Heschel et al. (2005) reported performance gradients based on 

biomass as a proxy, and the associated performance fitness function is W = 29.72y -5.90 (Waller 1979). 

The slope, if the regression were on relative biomass rather than absolute biomass is obtained by 

multiplying this slope by mean biomass (3.49g; Heschel et al. 2005). Proportional error is calculated as 

= =
. . ∙ .

. ∙ .
 = 0.94, demonstrating that selection gradients via the proxy about are 6% 

smaller than the corresponding gradients. The relatively small magnitude of this error does suggest that 

performance measures can be reasonable estimates of fitness, and importantly that the direction and 

magnitude of errors can be checked and corrected, given data that may already be available about many 

performance-fitness relationships.  With only a single reconstructed comparison (and the larger error in 

the performance-based analysis in our example) we are unable to ascertain the general scale of any 

potential bias introduced to our general understanding of selection by the use of proxies. 

The fitness measure in our example analysis, fruit number, is not immediately proximate to fitness.  In 

other words, it is not completely representative of the demographic representation of individuals in 

future generations. A more proximate fitness measure, such as number of seeds, could provide further 

improvements to the inference of selection in this system, if it were available.  We suggest that fruit 

number can be considered a fitness component (rather than a proxy), since it can be mathematically 

represented as a multiplicative component of net reproductive rate (i.e., total seed production is the 

product of number of fruits and number of seeds per fruit).  However, since fruit production is not total 

fitness, the selection gradients reported here must be interpreted as those via fruit production (and, for 
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example, evolutionary predictions based on these selection gradient inferences using the Lande 

equation should be interpreted as that evolution expected through fitness via the corresponding 

episodes of selection).  

In practice, selection via a fitness component can be related to total selection, or selection via a 

component more proximate to fitness in two ways: (a) via treating different components as  

multiplicative and using existing theory to combine selection gradients across multiplicative episodes 

(Arnold and Wade 1984; Wade and Kalisz 1989), or (b) by applying the same relationships as apply for 

performance-mediated selection gradient analysis route which, as we have discussed, allows use of 

separate studies and therefore facilitates studies in systems where direct fitness measurements are 

difficult. The latter is possible for the Arabidposis example due to a relationship between seed number 

(W) and fruit number (x) established by Westerman and Lawrence (1970): W = 23.74x - 12.31. Mean 

fruit number is 5.98, and so by the method described above for obtaining the error in the Heschel et al. 

(2005) study, we find that selection gradients via total seed production would be 9% larger than those 

via fruit production.  

We have focused primarily on the inference of direct selection gradients.  The same basic conditions 

apply to performance-based and performance-mediated analysis of extended selection gradients 

(Morrissey 2014). The approaches we suggest here for obtaining direct selection gradients can also yield 

selection differentials, assuming multivariate normality of phenotype, by multiplying gradients by 

phenotypic variances (or in the multivariate case, pre-multiplying the vector of directional selection 

gradients by the inverse of the P matrix, and similar operations for non-linear selection differentials 

given in Lande and Arnold 1983).  Similarly, while we have focused on the calculation of unit-variance 

standardised selection gradients (as is most common; Lande and Arnold 1983; Kingsolver et al. 2012), 

known relationships among different standardisations of selection gradients (Hereford et al. 2004) are 

immediately applicable to performance-mediated selection gradient estimates.  
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We suggest that performance-based selection analyses should not be assumed to have the same 

justification in evolutionary theory as those based on fitness and fitness components.  For example, 

performance-based gradients should be excluded from meta-analyses, as the broad comparisons across 

traits, taxa, etc., made in meta-analysis are justified by evolutionary quantitative genetic theory.  

However, this does not mean that trait-performance relationships should not be considered useful for 

qualitative inference of natural selection.  In particular, insofar as it is reasonable to assume that 

performance-fitness relationships are monotonic, functions relating traits to performance should be 

representative of major aspects of the shape of trait-fitness relationships, such as the existence of 

fitness minima or maxima. We hope that by (a) formulating clear conditions under which the use of 

performance measures as proxies for fitness in selection gradient analysis is justified, and (b) 

highlighting more general ways of using performance measures, when quantitative data about the 

performance-fitness relationship are available (including from other individuals or other studies), studies 

of selection can be expanded to a wider range of taxa. 
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Tables and Figures 

Table 4.1: Publications containing selection gradients calculated using performance measures in place of fitness, including details of purported 
relationship between performance/fitness proxy and fitness (component). I reviewed the literature citing Lande and Arnold (1983) and/or Arnold 
(1983) and containing keyword ‘proxy’ to identify these 19 publications, and consulted citations within to explore justifications for substituting 
performance measures for direct fitness measures. Most studies refer to multiple sources of evidence, both qualitative and quantitative, to justify 
use of performance as a fitness proxy. For brevity we have selected only the most direct correlational data, showing the greatest fit. It should also 
be noted that while some performance-fitness associations were measured on the same populations as the selection gradients, it is not uncommon 
for evidence of the association to stem from different genera or using different performance measures.  

Selection 
gradients 
published 
in: 

Study species Proxy estimated Purported proxy-
fitness relationship 

Citation for 
relationship 

Relationship details, from citation unless otherwise stated 
Fitness measure / 

w 
Proxy measure / y Association / details of fit 

(where available) 

Ramirez-
Valiente et 
al. 2015 

Cork oak 
(Quercus suber) 

Aboveground 
growth rate 

linear (via size) with 
total fruit number 

Greenberg 2000 Mean fruit 
number 

Basal area (m2) of 
white oak (Quercus 
alba) 

Linear fit: W = 5239.61y - 
26.88 (r2 = 0.2677)  

Heschel et 
al. 2005 

Orange 
jewelweed 
(Impatiens 
capensis) 

Biomass linear with 
reproductive fitness 

Waller 1979 Total seed 
number 

Estimated biomass 
(g) 

Linear fit: Estimated from 
his Table 1: 
 W = 29.724y -5.9019 
(r2=0.8419) 

Mitchell-
Olds and 
Bergelson 
1990a and 
1990b 

Orange 
jewelweed 
(Impatiens 
capensis) 

Relative adult size Linear with total seed 
production 

Waller 1979 Total seed 
number 

Estimated biomass 
(g) 

Linear fit: Estimated from 
his Table 1:  
W = 29.724y -5.9019 
(r2=0.8419) 

Tucic et al. 
1998 

Pygmy iris (Iris 
pumila) 

Biomass linear with survival Schmitt et al. 
1987 

Last date alive 
(days) 

Estimated biomass 
(g) of Orange 
jewelweed 
(Impatiens 
capensis) 

Linear fit: Estimated from 
their Figure 6:  
W =246.67y + 204 (stated 
rs=0.75): 

Donovan et 
al. 2007 

Western/desert 
sunflower 
(Helianthus 
anomalus and H. 
deserticola) 

Vegetative 
biomass 

assumed linear with 
number of 
reproductive units 

Own study Number of 
reproductive 
units 

Vegetative biomass Linear fit assumed: stated 
r2=0.96 

Winn and 
Miller 1995 

Wright’s plantain 
(Plantago 
wrightiana) 

Biomass assumed linear with 
fecundity 

Own study Seed number Biomass Linear fit assumed: r2=0.97, 
n=14 
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Ossler et al. 
2015 

Partridge pea 
(Chamaecrista 
fasciculata) 

Aboveground 
biomass 

linear with seed 
number 

Own study Seed number Aboveground 
biomass 

 Linear fit: r = 0.75, n=100 

Arntz et al. 
2000 

Green amaranth 
(Amaranthus 
hybridus) 

Reproductive 
mass 

linear with seed 
number 

Jordan 1996 Seed production Reproductive 
biomass 

Linear fit: r=0.98, n=51 

Ludwig et 
al. 2004 

Western 
sunflower 
(Helianthus 
anomalus) 

Vegetative 
biomass 

linear (via 
reproductive 
biomass) with 
fecundity  

Own study Reproductive 
biomass 

Vegetative biomass Linear fit: r=0.75, n=104 

Martin and 
Pfennig 
2009 

Spadefoot toad 
(Spea 
multiplicata) 

Larval body size linear with survival, 
and indirectly via 
adult body size 

Pfennig et al. 
1991 

Age at death 
(days) 

Wet mass at 
metamorphosis (g) 

Linear fit: Estimated from 
their Figure 3:  
W = 29.234y + 15.765 
(stated rs=0.83) 

Bolnick and 
Lau 2008 

Three-spine 
stickleback 
(Gasterosteus 
aculeatus) 

Growth rate linear with survival 
and reproductive 
success 

Wootton 1973 Number of eggs Total length (mm) Linear fit: W = 8.089y - 301 
(r=0.89) 

Martin 2012 Cameroon cihlid 
complexes 
(Stomatepia 
mariae/pindu, 
and Tilapia 
fusiforme/decker
ti/ejagham) 

Growth rate linear with survival Healey 1982  Survival Scale circuli width 
(mm) of chum 
salmon 
(Oncorhynchus 
keta) 

Linear fit: Estimated from 
his Table 4:  
W = 67.5y - 1.195 (r2= 
0.9075) 

Monro et al. 
2007 

Red algae 
(Asparagopsis 
armata) 

Clonal growth  monotonic (via size) 
with survival  

Hughes and 
Connell 1987 

Survival % Surface area (cm2) 
of coral from 
genera Acropora, 
Porites, Pocillopora 

Logarithmic fit: Estimated 
from their Table 2:  
W = 14.861 ln(y) + 31.812 
(r2=0.90) 

Svanback 
and Persson 
2009 

Eurasian perch 
(Perca fluviatilis) 

Condition factor assumed monotonic 
with survival and 
reproduction 

Persson et al. 
2000 

Citation provides population level associations between mortality and 
condition 

Gonzalez-
Gomez & 
Estades 
2008 

Firecrown 
hummingbird 
(Sephanoides 
Sephaniodes) 

Condition factor assumed monotonic 
with survival 

Carpenter et al. 
1993; Hiebert 
1993 

Citations provide population-level associations among body mass and 
thermoregulatory or migratory traits of Rufous hummingbird 
(Selasphorus rufus). 

Valluru et 
al. 2011 

Einkorn (Triticum 
Monococcum) 
and Emmer 
wheat (Triticum 
dicoccum) 

Energy stores assumed monotonic 
with growth, 
phenology, yield 

Ehdaie et al. 2006 Citation reviews contribution of energy stores to yield (5 to 20% non-
stressed) and dry grain mass (22 to 60% under stress) 
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Procter et 
al. 2012 

Leaf-footed 
cactus bug 
(Narnia 
femorata) 

Male-Male 
competition 

assumed monotonic 
(via territory) with 
mating success  

Not provided    

Forseth et 
al. 2003 

Arctic charr 
(Salvelinus 
alpinus) 

Growth rate unknown Not provided    

Hoffmann 
et al. 2007 

Common fruit fly 
(Drosophila 
melanogaster) 

Dispersal distance unknown Not provided    
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Table 4.2: Performance-fitness functions in the Arabidopsis data, detailing linear and non-linear fits and relative and absolute performance. 
Linear fits were calculated as simple linear regressions; non-linear fits were calculated as either quadratic regression models or as generalized 
linear models assuming Poisson errors and using a log link function.  Standard errors in parentheses. The coefficients of the linear regression of 
fitness on relative performance (i.e., height divided by mean height) in (a) describe the error in performance-based selection analysis.  The 
quadratic generalised linear model regression in (b) is the regression of absolute fitness on log height, as used in the non-linear performance-
mediated selection analysis. 

 Absolute performance Relative performance 

(a) linear fits Fruit number regressed on inflorescence 
height (cm) 

Fruit number regressed on 
relative height 

Relative fruit number 
regressed on relative height 

Intercept (m)  – 2.968 (0.348; P<0.005) – 2.968 (0.35; P<0.005) – 0.474 (0.056; P<0.005) 
Slope (n) 1.246 (0.042; P<0.005) 9.232 (0.31; P<0.005) 1.474 (0.050; P<0.005) 
(b) non-linear fits Quadratic regression of fruit number on 

inflorescence height (cm) 
Quadratic GLM  

(log-link, Poisson errors) 
Quadratic regression of 
relative fruit number on 

relative height 
Intercept – 0.074 (0.599; P=0.90) – 0.639 (0.339; P=0.06) – 0.012 (0.096; P=0.90) 
Linear 0.443 (0.144; P<0.005) 0.919 (0.326; P<0.005) 0.524 (0.171; P<0.005) 
Quadratic 0.045 (0.008; P<0.005) 0.132 (0.078; P=0.09) 0.394 (0.068; P<0.005) 
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Table 4.3: Test of conditional independence of fitness and traits, mediated by performance, through a multiple regression of relative fitness 
(fruit number) on standardised traits (leaf number, bolting day), and performance (inflorescence height). Table summarises fitness-based selection 
gradients from (a) only linear terms, and (b) linear, quadratic, and interaction terms, with standard errors in parentheses. Qualitatively, the models 
both indicate effects of traits on fitness that are not mediated by performance. 

Variance-standardised traits Linear terms Linear, quadratic, and interaction terms 

Intercept 1.000 (0.024, P<0.005) 0.893 (0.037, P<0.005) 

Bolting day -0.069 (0.024, P<0.005) -0.111 (0.034, P<0.005) 

Leaf number 0.107 (0.029, P<0.005) 0.111 (0.029, P<0.005) 

Inflorescence height 0.652 (0.030, P<0.005) 0.575 (0.032, P<0.005) 

Bolting day2  0.0.037 (0.041, P=0.37) 

Leaf number2  -0.041 (0.045, P=0.36) 

Inflorescence height2  0.098 (0.046, P=0.04) 

Bolting day * leaf number  -0.002 (0.030, P=0.95) 

Inflorescence height * bolting day   -0.05 (0.032, P=0.10) 

Inflorescence height * leaf number  0.094 (0.034, P=0.01) 
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Table 4.4: Trait-performance relationships for non-linear performance-mediated selection gradient 
analysis. The model is a quadratic regression of log inflorescence height (performance) on variance 
standardised traits. Values in parentheses are standard errors. See Figure 4.5a for a visualisation. 

 

Variance-standardised traits Linear, quadratic, and interaction terms 

Intercept 1.842 (0.037, P<0.005) 

Bolting day -0.143 (0.038, P<0.005) 

Leaf number 0.328 (0.027, P<0.005) 

Bolting day2 0.064 (0.022, P=0.01) 

Leaf number2 -0.032 (0.017, P=0.06) 

Bolting day * leaf number 0.051 (0.023, P=0.03) 
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Figure 4.1: Illustration of fitness-based, performance-based, and performance-mediated selection 
analyses, as conducted in the Arabidopsis system.   (a) In a fitness-based analysis, relative fitness, w, is 
regressed on focal traits, as in Lande and Arnold (1983; see also non-linear extensions therein).  (b) In 
performance-based analyses, a measure of organismal performance is used as a proxy for fitness, and 
used directly to calculate relative fitness. (c) In performance-mediated selection analysis, path analysis is 
conducted, as in Arnold (1983; see Arnold 2003 and Morrissey 2015 and text here for non-linear 
extensions), based on a causal structure where focal traits influence the performance measure, which in 
turn influences relative fitness.  
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Figure 4.2: Proportional error introduced by use of performance-based selection gradients, for 
different values of slope (n) and intercept (m) of the function describing a linear performance-fitness 
relationship. The proportional error, b/β (performance-based selection gradient / fitness-based 
selection gradient), increases in magnitude when the deviation of the intercept from 0 is large relative 
to the slope. When the intercept is the origin (m=0), there is no error (β/b=1), providing the 
performance-fitness relationship is linear.  
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Figure 4.3: Visualisations of the performance-fitness relationship with linear and nonlinear fits, where 
inflorescence height (cm) and fruit number are the performance and fitness measures, respectively, 
corresponding to tests of assumptions of performance-based selection analysis.  (a) Linear regression of 
fitness on performance, providing a test of the assumption in performance-based selection analysis that 
the regression of fitness on performance passes through the origin, and (b) quadratic regression of 
fitness on performance, to test the assumption of a linear performance-fitness relationship.   
Coefficients of the regressions in (a) and (b) are given in Table 4.2. 
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Figure 4.4: Comparison of fitness-based, performance-based and linear and non-linear performance-
mediated selection gradients, for linear-only and full linear & nonlinear selection analyses. Boxes depict 
estimate ± 1 standard error; whiskers depict 95% confidence intervals (± 1.96 x standard error). Traits 
are bolting day (blt) and leaf number (lnr), with β and γ depicting linear and quadratic selection 
gradients, respectively (or b and g for performance-based gradients). Multiple regressions are of relative 
fruit number (for selection gradients) or relative inflorescence height (for performance-based selection 
gradients) on variance-standardised focal traits. Performance-mediated selection gradients result from 
multiplication of performance-based gradients by the relative performance-relative fitness relationship 
detailed in Table 4.2 (Linear: w = 1.474 y – 0.474 (r2=0.75, P<0.005); Non-linear: W = 0.919 log y + 0.132 
log2y – 0.639). Qualitatively the coefficients for all approaches are the same, but magnitudes differ 
considerably. This is due to the performance-fitness relationship not intersecting the origin (differences 
between path analytical selection gradients and the performance-based multiple regression selection 
gradients) and the presence of alternative performance pathways (together with the performance-
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fitness relationship, resulting in the difference between fitness-based and performance-based multiple 
regression selection gradients). Standard errors for linear path-mediated selection gradients were 
approximated using the formula: (𝑠𝑒. 𝑥  ∗  𝑠𝑒. 𝑥  + 𝑥    ∗ 𝑠𝑒. 𝑥 +  𝑥   ∗  𝑠𝑒. 𝑥 ) , where se 
represents standard errors, 𝑥 represents estimates, x1 represents the coefficients from the performance-
based selection gradient estimates, and x2 represents the slope of the regression of relative fitness on 
relative performance. Standard errors and P-values for non-linear performance-mediated selection 
gradients were approximated via 2000 bootstraps. 
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Figure 4.5: Non-linear trait-performance and performance-fitness functions used in the performance-
mediated selection analysis allowing arbitrary functional forms. (a) The effect of traits on log 
inflorescence height (with this response variable visualised with contours). Coefficients corresponding to 
this figure can be found in Table 4.4. (b) The relationship between log inflorescence height 
(performance) and fruit number (fitness), demonstrating the appropriateness of a non-linear fit. 
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Chapter 5: Concluding remarks and future directions 

In exploring functional relationships among shape, size, resource use, and growth I have identified 

inconsistencies between common assumptions and resource polymorphism in the wild. Rather than 

morphology affecting fitness through trade-offs of trophic performance between morphs, as expected, I 

observed within-morph diet variation affecting growth through parasite exposure, effects of shape on 

growth that were independent of trophic resource use, and contrasting size-selectivity between 

coexisting morphs. These novel insights raise questions as to the generality of trophic trade-offs in 

driving and maintaining diversity in the presence of gene flow, and suggest the need to understand a 

complex of mechanisms through which phenotype can influence fitness. 

This thesis constitutes a valuable contribution to understanding selective mechanisms operating in early 

diversification in the wild. My focal polymorphic populations differ considerably, in degree of 

polymorphism, expected gene flow, and in biotic and abiotic environments (Jónasson, 1992; Jónsson 

and Skúlason, 2000), yet both systems exhibited differences in size-dependent mortality between 

morphs, detrimental effects of shape-dependent parasitism, and effects of shape on growth that were 

independent of trophic resource use. The generality of these functions in maintaining resource 

polymorphism in the wild is so far unknown, likely due to difficulties associated with measuring natural 

selection in the wild and common assumptions regarding the leading causes of diversification. My 

identification of patterns, consistent with expectations of disruptive selection but with a different 

functional explanation, will hopefully prompt more attempts to examine the effects of phenotype on 

fitness in the wild. Though measurement of natural selection in the wild now constitutes a considerable 

literature, many selection gradient estimates come from relatively few studies, and large taxon and 

geographical biases exist (Kingsolver et al., 2001; Siepielski et al., 2013). Consequently, our 

understanding of natural selection with regards to specific biological phenomena, such as resource 

polymorphism or diversification in the presence of gene flow, often relies on a limited number of 
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observations in the wild. In Chapter 4 I clarified conditions under which performance measures can be 

considered estimates of selection. This should aid researchers in estimating selection in diverse taxa, by 

utilising trait-performance and performance-fitness relationships established in separate studies, many 

of which may already exist, to reduce biases in our general understanding of selection. 

This thesis highlighted the potential importance of size/growth in diversification, which could be a 

valuable avenue for further research. Having identified differing size-dependent mortality between 

coexisting morphs and shape differentiation between morphs that correlates with allometric 

trajectories, it seems plausible that size contributes adaptively to polymorphism. Selection for size can 

result in morphological changes via developmental associations, such that a large degree of phenotypic 

variation between morphs might be explained by differences in size. My use of growth and condition 

factor as performance measures precluded direct exploration of effects of size on fitness via trophic 

resources.  However, measurement of relationships between growth and fitness in the wild may help 

disentangle the effects of shape and size on fitness. Obtaining estimates of individual growth and 

lifetime fitness in the wild can be challenging, but could be particularly useful for the more derived 

benthic morphs, whose growth-fitness associations might differ from the general expectations and 

predominant literature regarding fish. In addition, such data could be used to quantitatively estimate 

the strength of selection in both Thingvallavatn and Vatnshlíðarvatn, given the performance gradients 

calculated within this thesis. Alternatively, insights into the importance of size in early diversification 

might be obtained through quantification of size, shape, and environmental variables across numerous 

systems. Such approaches may identify the extent to which morphological differentiation is a by-product 

of selection for size. Fortunately, many repeated occurrences of derived Arctic charr exist across Iceland, 

in addition to a variety of polymorphic systems, which can facilitate future research into shape, growth, 

and research.  



Oliver Franklin – PhD Thesis  Chapter 5: Concluding remarks 

139 
 

This thesis also identified associations between shape and growth via non-trophic functions and, given 

the large effect sizes, identification of these functions may be crucial to understanding early 

diversification. I have suggested that such variation could indicate constraints of shape associated with 

anti-predator behaviours, though I obtained no behavioural data to assess this. Exploring the potential 

indirect effects of predation on shape could include a component examining behavioural responses to 

predation in aquaria mimicking natural conditions. I would hypothesise that coexisting morphs would 

exhibit different behaviours upon sensing predators, and that their behaviours would involve 

movements that have contrasting biomechanical demands. Subsequently, the effect of such behaviours 

on growth could be estimated in nature, perhaps with use of biotelemetry (e.g. Hawley et al., 2016). An 

additional approach could involve assessment of morphological variation associated with a range of 

predation environments experienced by Icelandic Arctic charr, from sheltered cave systems to 

polymorphic populations containing numerous piscivorous threats. If it can be demonstrated that 

predation can cause differential behaviours that affect shape and growth, together with my estimates of 

size-dependent mortality, predation could be responsible for a considerable degree of diversification. 

With regards to Thingvallavatn in particular, where sudden increases in brown trout populations have 

been reported (unpublished information), more intense predation might exaggerate the current 

strength of selection. 

My identification of parasite-mediated selection as a potential diversifying effect resulting from shape-

dependent resource use within morphs, suggests a need to examine resource use at a finer scale of 

detail. Even without detrimental effects of parasitism, such within-morph variation might reduce the 

intensity of disruptive selection, contingent on resource availability. In addition, because potential 

effects of parasitism on fitness may depend on host immune systems, the implications of resource use 

may vary where resources fluctuate temporally or where gene flow exists among morphs. 

Characterisation of the immune system, such as major histocompatibility genes, among morphs would 
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allow insights into evolutionary roles of parasitism. For the planktivore morphs in Thingvallavatn, I 

observed elevated parasitism and detrimental effects on growth in individuals consuming more 

Copepoda. Further exploration of variation within this morph might reveal variation in resistance among 

subpopulations, which could be indicative of detrimental effects of gene flow on fitness. 

This thesis has made valuable contributions to the understanding of early diversification by identifying 

functional pathways through which morphology influences fitness in the wild. Future work should build 

on these ideas, further exploring the complex of mechanisms that cause disruptive selection. In addition 

to advancing knowledge of selective processes that are important in the wild, and elucidating a method 

to encourage measurement of selection in a broader range of taxa, work from this thesis can contribute 

to understanding other evolutionary mechanisms. Using my performance gradients, quantitative 

estimates of selection valid for evolutionary predictions can be obtained with estimates of growth-

fitness relationships from these systems. In addition, the identification of size-selection as a diversifying 

effect might suggest that genetic divergence is associated with few regulatory genes with large effect 

sizes, rather than the typical polygenic expectation (e.g. Arnegard et al., 2014). 
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Appendices 

Chapter 2 Supplement 

Supplementary Information: Correspondence of Trophic Resource Proxies 

Methods 

To explore temporal consistency of resource use I examined correspondence of independent resource-

use proxies both between and within morphs. I assessed the extent to which shorter term resource-use 

proxies predicted longer term proxies, where gut contents represent diet over timescales of hours (only 

available for Vatnshlíðarvatn), stable isotopes over months, and parasites over years. For both lakewide 

and within-morph datasets I first explored covariance of each shorter-term proxy with each longer-term 

response in simple linear models, then I investigated the effects of each shorter-term proxy in multiple 

and generalized linear models, accounting for covariates of sex, GSI, and fork length. Multiple linear 

models predicted isotopic scores (δ13C, δ15N), and generalized linear models with negative binomial 

errors (and zero-inflation for Diphyllobothrium infection odds) and log-transformed responses predicted 

parasite counts: 

δ13C ~ Chironomidae + Pisidium + Cladocera + Nr.taxa + FL + sex + GSI + sex*GSI 

δ15N ~ Chironomidae + Pisidium + Cladocera + Nr.taxa + FL + sex + GSI + sex*GSI 

Diphyllobothrium count ~ δ15N + δ13C + FL + sex + GSI + sex*GSI 

Diplostomum count ~ δ15N + δ13C + FL + sex + GSI + sex*GSI 

where δ13C and δ15N are ratios relative to standards of Pee Dee Belemnite and ambient air, 

respectively, given in parts per thousand (‰), Chironomidae, Cladocera, and Pisidium are vectors of 

presence/absence data from gut content analysis (further prey taxa were omitted after model 

simplification based on AIC), Nr.taxa is count data of number of major prey groups identified in guts, 

Diphyllobothrium count is from full body dissection, Diplostomum count is from the right eye only, and 

other terms as previous models. Models were simplified to remove terms where appropriate.  

Results 

Correspondence of resource-use proxies operating over different timescales provided evidence of 

temporally-consistent resource use variation that is independent of consumer size. The number of taxa 

in the guts of Vatnshlíðarvatn fish, or merely the presence of Pisidium, were reasonable predictors of 
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stable isotopic signatures, a proxy of diet integrated over several months. Lakewide, in 2015 and 2016, 

each additional taxon associated with an average increase of 0.77 (standard error 0.16; 2015) or 0.71 ‰ 

δ13C (standard error 0.11; 2016; Table S2.9, all values discussed in text significant at p<0.05); the 

standard deviation of δ13C over both years is 1.37. Presence of Pisidium associated with an increase in 

δ13C of 1.43 (standard error 0.31, 2015) and 1.07 ‰ (standard error 0.25, 2016). There were no 

significant associations between gut contents and δ13C or δ15N within the brown morph, but within the 

silver morph, each additional taxon associated with 0.13 (standard error 0.06) and 0.15 ‰ (standard 

error 0.04) increases in δ15N (standard deviation of δ15N 0.42 over both years). Pisidium presence 

associated with increases of 1.11 (standard error 0.34, 2015) and 1.25 ‰ (standard error 0.25, 2016) 

δ13C. Given the expected temporal variation within gut contents, with resource availability, and the 

simplicity of the predictors, gut contents are an impressive predictor of longer-term resource use and 

suggest that, in Vatnshlíðarvatn, carbon isotopic signatures are a reasonable proxy for resource breadth 

(number of taxa consumed). Pisidium, Chironomidae, and Cladocera contribute positively to δ13C when 

covariates of fork length, sex, and GSI were controlled in multiple linear models. In 2016, lakewide and 

within silver morph, presence of Cladocera (lakewide effect 0.444, standard error 0.157; silver morph 

effect 0.849, standard error 0.279) and Pisidium (lakewide 0.491, standard error 0.219; silver morph 

0.991, standard error 0.318) positively affected δ13C signature, while Pisidium had a positive effect in 

both 2015 and 2016 in the brown morph (2015: 1.640, standard error 0.761, 2016: 1.529, standard error 

0.526; all p<0.05, Table S2.10). The direction of estimated effects suggests that Pisidium, Cladocera, and 

Chironomidae consumption contributes positively to δ13C, while there were no identified taxa with a 

negative effect. This suggests isotopic signatures, integrating several months’ resource consumption, 

reflect additional intra-annual resource use variation. However, temporal variation in prey taxa isotopic 

signatures may be great enough to account for such variation. 

Evidence of differential resource use, maintained over the long term was provided by significant effects 

of stable isotopic signatures on parasite infections while controlling the effect of size. In Thingvallavatn, 

δ13C predicted between 49% (in 2016) and 56% (2015) of estimated lakewide deviance in 

Diphyllobothrium infection, whereas in Vatnshlíðarvatn δ13C predicted 5% (2014) to 9% (2014; p<0.05, 

Table S2.11). Predictive ability of δ13C for Diplostomum infections varied between 5% (2015) and 29% 

(2014) in Thingvallavatn, and between 10% (2015) and 13% (2014) in Vatnshlíðarvatn. Values of δ15N 

predicted between 3% (2015) and 18% (2016) of Diphyllobothrium deviance in Thingvallavatn but did 

not significantly associate with other parasites in either lake for the three years. At a finer scale, δ13C 

predicted within-morph parasitism of the more abundant morphs: 23% to 31% of deviance in 
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Diplostomum count in the silver morph, and 20% to 29% of Diphyllobothrium variation in the planktivore 

morph. Though much of the explanatory power of δ13C and δ15N for predicting parasite infections is 

associated with size (Tables S2.11 and S2.12), which can relate to parasitism as a function of cumulative 

exposure to resources, δ13C provides evidence of the influence of differential resource use beyond this. 

Lowest-AIC generalized multiple linear models identified increased Diplostomum counts, in all sampling 

years, increasing with size-corrected δ13C within small benthic, planktivore, and silver, though not 

brown morphs (Table S2.12). In Thingvallavatn morphs a unit increase in δ13C involved an increase of 

around 6% Diplostomum infection (coefficients of 2014 SB: 1.048, 2015 SB: 1.059, 2014 PL: 1.057, 2015 

PL: 1.065, 2016 PL: 1.063; all p<0.05), whereas the increase was around 15% with unit δ13C increase for 

silver morphs (2014: 1.141, 2016: 1.150, p<0.05). Diphyllobothrium count increased with decreasing 

δ13C and increasing δ15N, controlling for fork length, in planktivore morphs for every sample year (δ13C 

2014: 0.847, 2015: 0.894, 2016: 0.930 (ns); δ15N 2014: 1.748, 2015: 3.852, 2016: 2.859, p<0.05 unless 

stated, Table S2.13). The same pattern was not evident in the less-infected silver morph, though δ13C 

did have a significant negative effect when included in the model in 2015 (coefficient 0.315). Together, 

this suggests that between- and within-morph variation in resource use, summarised by stable isotopic 

signatures, is temporally consistent in individuals, resulting in differential parasite infections, though the 

strength of the relationships vary among morphs. 
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Table S2.1: Comparison of Icelandic lakes Thingvallavatn and Vatnshlidarvatn. Subscripts: a: Skúlason et al. 1989a; b: Jonsson and Skúlason 2000; 
c: Jónsdóttir et al. 1998; d: calculated from area of 70 ha and average depth 2.5 m; e: Smith and Skúlason 1996; f: Frandsen 1989; g: Jonsson 1996; 
h: Malmquist et al. 1992. 

 Thingvallavatn (66º N, 22º W) Vatnshlidarvatn (65º N, 19º W) 
Lake age ~10,000 years a ~10,000 years b 
Volume 2855 Gl c ~1.75 Gl d 

Depth Mean: 34.1 m; maximum: 114 m a Mean: 2-3 m; maximum: 5 – 6 m b 
Water 
temperature  

0 – 11 ºC, relatively stable (70 – 90 % of inflow 
subterranean; areas receive inflow at 3 – 4 ºC) a 

0 – 15 ºC, fluctuating (following 
seasonal changes in air 
temperature) b 

Substrate Differentiated: large pelagic zone, extensive 
littoral zone of complex volcanic rubble e 

Largely uniform: mud, gravel, 
patches of Myriophyllum sp. b 

Fish 
community 

Threespine-stickleback 
Brown trout (few, reported increasing) 
Arctic charr (four morphs: large benthic, small 
benthic, planktivore, piscivorous) a 

Arctic charr (two morphs: silver, 
brown) b 

Parasites 
recorded  
(on Arctic 
charr) 

Diphyllobothrium dendriticum & ditremum 
Eubothrium salvelini 
Philonema oncorhynchi  
Crepidostomum farionis 
Diplostomum sp. 
Proteocephalus longicollis f 

Diphyllobothrium sp. 
Phyllodistomum conostomum 
Salmonicola edwardsii g 

Notable diet Low seasonal variation; little overlap between 
morphs. Benthics feed principally on Lymnaea 
peregra. Planktivorous on crustacean 
zooplankton. Both consume Chironomidae 
when present. Piscivorous on stickleback (a few 
occurrences of cannibalism by piscivorous and 
large benthic morphs) h 

Considerable overlap between 
morphs, most pronounced in 
August. Benthic diet for both, but 
brown a specialist on Eurycercus sp; 
silver a generalist. One recorded 
case of cannibalism by silver morph 
b 
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Table S2.2: Descriptive data for samples of polymorphic Arctic charr from Thingvallavatn and Vatnshlíðarvatn, Iceland: means (standard 
deviations in parentheses) for lakewide data and for morphs as classified on site (planktivore, small benthic, silver, brown). Sample size reflects 
my classification with, in parentheses, estimates of Gaussian mixture models (differences include potential misclassification of piscivorous or 
large benthic morphs and model classification of morphs assigned as ‘intermediate’). Thingvallavatn lakewide data consists of small benthic and 
planktivore morph (i.e. not piscivore or large benthic morphs). 

 Year Thingvallavatn  Planktivore Small Benthic Vatnshlíðarvatn Silver Brown 
Sample size 
[GMM] 

 983 [974] 611 [625] 350 [349] 1235 [1235] 943 [996] 199 [238] 

Sex ratio / M:F 2014  90:100 53:45  160:189 14:9 
 2015 

2016 
 64:153 

67:136 
58:78 
59:67 

 120:150 
167:157 

99:35 
40:2 

Fork length / mm combined 159.97 (44.64) 170.4 (37.2) 132.1 (35.1)  197.79 (51.38) 203.94 (52.42) 165.92 (28.39) 
 2014 

2015 
2016 

153.50 (46.28) 
165.21 (43.00) 
160.62 (44.07) 

153.51 (37.02) 
177.53 (31.27) 
178.59 (38.29) 

134.81 (47.12) 
136.60 (32.39) 
125.26 (24.93) 

218.05 (40.45) 
197.78 (51.54) 
177.48 (53.04) 

221.05 (38.88) 
210.30 (52.97) 
180.22 (55.99) 

170.78 (37.93) 
166.69 (26.14) 
160.81 (29.34) 

Centroid size combined 239.91 (71.21) 263.08 (59.8) 200.3 (55.6)  307.98 (82.66) 318.06 (84.50) 256.10 (44.52) 
 2014 

2015 
2016 

236.56 (73.23) 
254.50 (68.75) 
245.52 (70.91) 

236.76 (58.59) 
275.17 (51.15) 
274.29 (62.04) 

206.69 (74.50) 
207.08 (52.58) 
188.20 (38.13) 

341.14 (64.23) 
308.60 (83.87) 
274.15 (84.30) 

346.23 (61.65) 
329.19 (86.78) 
278.52 (89.00) 

264.26 (60.75) 
257.69 (40.99) 
246.57 (44.72) 

Pectoral fin length 
/  

combined 24.76 (7.10)  25.72 (6.19)  23.25 (6.71)  31.51 (9.06) 31.62 (9.31) 29.97 (6.31) 

mm 
 

2014 
2015 
2016 

23.39 (7.62) 
27.40 (6.74) 
25.16 (6.38) 

22.09 (5.59) 
28.11 (5.27) 
26.49 (6.14) 

22.66 (8.63) 
24.79 (6.59) 
22.02 (4.62) 

32.77 (7.24) 
33.79 (9.53) 
27.75 (9.00) 

32.90 (7.12) 
34.62 (10.10) 
27.73 (9.41) 

28.79 (8.07) 
30.74 (5.89) 
28.13 (6.21) 

Head depth / mm combined 15.09 (3.96)  15.43 (2.95)  14.54 (4.29)  18.47 (4.55) 18.57 (4.63) 17.44 (3.32) 
 2014 

2015 
2016 

15.01 (4.78) 
15.92 (3.49) 
15.47 (3.50) 

13.99 (2.93) 
16.11 (2.41) 
16.03 (3.04) 

14.76 (5.74) 
14.84 (3.83) 
14.04 (3.40) 

19.93 (4.17) 
18.49 (4.29) 
16.99 (4.70) 

19.94 (4.01) 
18.74 (4.43) 
16.95 (4.92) 

17.55 (4.41) 
17.41 (3.16) 
17.45 (3.23) 

Body depth / mm combined 29.09 (9.11)  30.95 (7.28)  25.97 (8.48)  39.94 (11.35) 40.51 (11.81) 36.07 (6.89) 
 2014 

2015 
2016 

28.57 (9.43) 
31.03 (12.54) 
30.13 (9.30) 

27.65 (7.13) 
32.23 (5.94) 
32.61 (7.75) 

26.23 (10.02) 
27.04 (7.47) 
24.64 (8.15) 

43.95 (9.06) 
41.00 (11.35) 
34.78 (11.48) 

44.34 (8.88) 
42.35 (12.20) 
34.88 (12.12) 

35.95 (9.00) 
36.73 (6.38) 
34.04 (6.94) 

Caudal depth / 
mm 

combined 11.84 (3.29)  12.60 (2.73)  10.55 (2.95)  15.62 (4.07) 15.86 (4.19) 14.05 (2.63) 
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 2014 
2015 
2016 

11.81 (3.63) 
12.47 (3.02) 
12.12 (3.18) 

11.54 (2.76) 
13.08 (2.30) 
13.07 (2.85) 

10.79 (3.91) 
10.82 (2.67) 
10.08 (2.29) 

17.02 (3.23) 
15.87 (4.15) 
13.93 (4.15) 

17.21 (3.14) 
16.39 (4.36) 
13.98 (4.37) 

13.80 (3.05) 
14.26 (2.60) 
13.54 (2.47) 

Lakewide relative  combined 0 (0.026) 0.017 (0.013) -0.029 (0.015) 0 (0.019) -0.005 (0.016) 0.023 (0.015) 
warp 1 
 

2014 
2015 
2016 

0 (0.021) 
0 (0.028) 
0 (0.027) 

0.015 (0.012) 
0.018 (0.015) 
0.017 (0.012) 

-0.022 (0.015) 
-0.031 (0.014) 
-0.033 (0.014) 

-0.016 (0.013) 
0.002 (0.018) 
0.013 (0.013) 

-0.018 (0.011) 
-0.008 (0.012) 
0.010 (0.011) 

0.009 (0.015) 
0.022 (0.013) 
0.035 (0.013) 

Lakewide relative  combined 0 (0.012) -0.002 (0.011) 0.001 (0.014) 0 (0.015) -0.004 (0.013) 0.017 (0.013) 
warp 2 
 

2014 
2015 
2016 

0 (0.012) 
0 (0.013) 
0 (0.011) 

-0.002 (0.011) 
0.001 (0.011) 
-0.004 (0.011) 

0.005 (0.014) 
0.006 (0.013) 
-0.007 (0.010) 

0.004 (0.010) 
0.010 (0.013) 
-0.015 (0.009) 

0.002 (0.009) 
0.003 (0.009) 
-0.017 (0.007) 

0.021 (0.012) 
0.022 (0.010) 
0.001 (0.009) 

Age / years combined 4.78 (1.77) 5.33 (1.33) 3.82 (1.95) 3.96 (1.26) 3.98 (1.28) 3.78 (1.10) 
 2014 

2015 
2016 

4.62 (1.70) 
5.24 (1.66) 
4.65 (1.87) 

4.65 (1.12) 
5.72 (1.14) 
5.56 (1.46) 
 

4.09 (2.29) 
4.36 (2.01) 
3.04 (1.23) 

4.45 (1.17) 
4.02 (1.20) 
3.40 (1.21) 

4.45 (1.13) 
4.04 (1.23) 
3.41 (1.25) 

4.13 (1.66) 
3.84 (1.00) 
3.40 (0.96) 

Gonad weight at  combined 1.60 (1.10) 1.72 (1.07)  1.39 (1.11)  3.38 (2.55) 4.51 (2.82) 1.67 (0.96) 
maturity level 3 / 
g 

male, all years 
female, all years 

1.16 (1.30) 
2.25 (1.42) 

1.00 (0.58) 
2.06 (2.03) 

1.02 (0.63) 
2.02 (1.42) 

2.35 (1.38) 
5.45 (3.05) 

3.12 (1.50) 
5.70 (3.14) 

1.65 (0.96) 
2.63 (0.80) 
 

Diplostomum 
mean  

combined 240.48 (219.80) 183.21 (112.91) 272.99 (243.92) 108.63 (93.26) 101.04 (87.09) 126.55 (85.98) 

intensity (one eye, 
humour) 

2014 
2015 
2016 

232.69 (222.67) 
249.32 (204.83) 
237.64 (233.06) 

137.30 (77.05) 
228.70 (110.07) 
170.64 (125.35) 

292.77 (229.12) 
266.46 (268.54) 
268.49 (228.56) 

86.62 (66.89) 
119.32 (104.92) 
117.09 (97.73) 

84.52 (63.90) 
108.99 (90.17) 
110.20 (100.70) 

108.78 (87.95) 
125.29 (90.95) 
137.86 (75.10) 

Diplostomum  combined 100  100  100  98.80 98.78 98.37 
prevalence (nr. 
infected/nr. 
examined*100) 

2014 
2015 
2016 

100 
100 
100 

100 
100 
100 

100 
100 
100 

97.03 
99.56 
99.58 
 

97.02 
99.31 
100 

94.44 
100 
97.22 

Diphyllobothrium combined 8.43 (22.64) 16.09 (29.31) 0.05 (0.50) 0.33 (1.10) 0.34 (1.10) 0.14 (0.93) 
mean intensity  2014 

2015 
2016 

6.70 (15.90) 
14.14 (30.69) 
3.67 (14.55) 

10.90 (17.94) 
26.10 (37.83) 
7.77 (20.66) 

0 (0) 
0.01 (0.09) 
0.12 (0.78) 

0.37 (1.11) 
0.16 (0.73) 
0.46 (1.34)  

0.40 (1.19) 
0.16 (0.65) 
0.42 (1.26) 

0.06 (0.24) 
0.04 (0.21) 
0.36 (1.69) 
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Diphyllobothrium  combined 30.58  57.31 2.13 14.07 14.69 5.69  
prevalence (nr. 
infected/nr. 
examined*100) 

2014 
2015 
2016 

30.85 
38.34 
22.13 

54.21 
70.07 
42.48 

0 
0.88 
3.28 

18.32 
8.37 
15.90 

19.05 
9.03   
15.17 

5.56 
4.35 
8.33 

Condition factor  combined 0 (0.17) 0 (0.12) 0 (0.13)  0 (0.10) 0 (0.08) 0 (0.08) 
(residual of log 
weight~length); 
within morph & 
year 

2014 
2015 
2016 

0 (0.12) 
0 (0.13) 
0 (0.23) 

0 (0.07) 
0 (0.12) 
0 (0.17) 

0 (0.12) 
0 (0.09) 
0 (0.14) 

0 (0.08) 
0 (0.11) 
0 (0.10) 

0 (0.07) 
0 (0.07) 
0 (0.08) 

0 (0.08) 
0 (0.08) 
0 (0.07) 

Hepatosomatic 
index  

combined 0 (0.39) 0 (0.33) 0 (0.37) 0 (0.31) 0 (0.31) 0 (0.29) 

(residual of liver 
mass~body 
weight); within 
morph & year 

2014 
2015 
2016 

0 (0.39) 
0 (0.48) 
0 (0.50) 

0 (0.35) 
0 (0.34) 
0 (0.41) 

0 (0.37) 
0 (0.64) 
0 (0.53) 

0 (0.28) 
0 (0.31) 
0 (0.34) 

0 (0.27) 
0 (0.31) 
0 (0.35) 

0 (0.40) 
0 (0.28) 
0 (0.23) 

Gonadosomatic  combined 0 (1.75) 0 (1.79) 0 (1.53) 0 (3.03) 0 (2.79) 0 (1.38) 
index (residual of 
gonad 
weight~body 
mass); within 
morph & year 

2014 
2015 
2016 

0 (2.07) 
0 (1.45) 
0 (1.81) 

0 (1.89) 
0 (1.18) 
0 (1.44) 

0 (2.04) 
0 (1.70) 
0 (2.00) 

0 (3.36) 
0 (2.67) 
0 (2.74) 

0 (3.27) 
0 (2.26) 
0 (2.51) 

0 (1.88) 
0 (0.73) 
0 (1.77) 

d13C / ‰ combined -19.44 (6.39) -24.19 (3.84) -13.87 (3.73) -24.30 (1.37)  -24.03 (1.30) -25.65 (0.79) 
 2014 

2015 
2016 

-20.09 (6.85) 
-20.67 (5.92) 
-17.39 (6.08) 

-24.43 (4.13) 
-24.92 (3.55) 
-22.90 (3.61) 

-13.46 (4.44) 
-15.50 (3.67) 
-12.40 (2.55) 

-23.76 (1.41) 
-24.55 (1.47) 
-24.50 (1.08) 

-23.58 (1.32) 
-24.12 (1.44) 
-24.34 (1.03) 

-25.55 (1.08) 
-25.68 (0.77) 
-25.61 (0.66) 

d15N / ‰ combined 6.02 (0.57) 6.07 (0.43) 5.97 (0.70) 6.98 (0.43) 6.94 (0.43) 7.18 (0.35) 
 2014 

2015 
2016 

5.98 (0.53) 
6.12 (0.66) 
5.94 (0.46) 

6.18 (0.42) 
6.00 (0.45) 
6.04 (0.39) 

5.68 (0.54) 
6.27 (0.82) 
5.84 (0.50) 

6.86 (0.43) 
7.08 (0.45) 
6.98 (0.37) 

6.82 (0.42) 
7.05 (0.48) 
4.94 (0.37) 

7.21 (0.37) 
7.15 (0.36) 
7.23 (0.32) 

CPUE / catch per 
net  

combined  3.27  0.33   2.27 0.40 

per hour 2014 
2015 
2016 

 4.69 
3.50 
1.63 

0.47 
0.35 
0.16 

 2.66 
1.94 
2.22 

0.47 
0.34 
0.39 
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Table S2.3: Interpretations of shape variation as summarised by first five relative warps of morphospaces for total lakewide samples of 
Icelandic Arctic charr (Thingvallavatn, Vatnshlíðarvatn), and for individual morphs (planktivore, small benthic, brown, and silver). Percentage 
shape variation explained by each relative warp is given along with descriptions of relative shape change associated with increasing RW values 
(Procrustes superimposition removed variation due to size). 

 Thingvallavatn Planktivore Small benthic Vatnshlíðarvatn Brown Silver 
RW1 43.98%  23.82% 21.24% 31.05% 22.56% 33.11% 
 elongation of caudal 

region, smaller head & 
eye, lower eye position, 
more terminal mouth 

elongation of caudal 
region, smaller head & 
eye, 

smaller head & eye, 
more subterminal 
mouth, elongation of 
caudal region, smaller 
dorsal fin 

contraction of caudal 
region, larger head & 
eye, larger dorsal fin, 
more pointed snout 

elongation of caudal 
region, smaller head & 
eye, higher eye position, 
smaller dorsal fin 

contraction of caudal 
region & body anterior 
of dorsal fin, larger 
head & eye 

RW2 10.34%  13.48% 15.71% 19.18% 16.83% 12.64% 
 deeper at mid-body, 

shorter head, higher & 
smaller eye 

more ventral orientation 
of head & mouth 

deeper mid-body, 
shorter head & smaller, 
higher eye 

deeper at mid-body, 
shorter head & smaller 
eye 

contracted body 
anteriorly, larger head & 
eye, more terminal 
mouth 

dorsal head 
orientation, terminal 
mouth, higher eye, 
deeper head & mid-
body, contraction of 
caudal region 

RW3 9.41%  9.68% 14.72% 10.37% 12.34% 11.45% 
 head and mouth 

oriented more dorsally, 
lower eye position 

anteroposterior shear 
(dorsal to anterior), 
lengthening of dorsal 
relative to ventral 
landmarks 

elongation of caudal 
region (particularly 
between dorsal and 
adipose fins), less 
subterminal mouth 

head & mouth oriented 
more ventrally 

deeper body 
throughout, shorter 
maxilla, higher eye, 
more dorsal head 
orientation  

flatter body dorsally, 
elongated caudal 
region, more terminal 
mouth 

RW4 5.95%  9.49% 7.79% 8.07% 10.10% 9.14% 
 anteroposterior shear 

(dorsal to anterior), 
elongation of dorsal 
relative to ventral 
landmarks, shallower 
body 

deeper mid-body, 
shorter head, smaller 
eye 

anteroposterior shear 
(dorsal to anterior), 
elongation of dorsal fin, 
more subterminal 
mouth, deeper caudal 
region 

higher eye position, 
anteroposterior shear 
(dorsal to posterior) 

more dorsally oriented 
head, lower eye position 

thinner head & mid-
body, lower eye 
position, 

RW5 4.54%  6.90% 6.19% 7.04% 9.36% 6.62% 
 combination of 

anteroposterior shear 
(dorsal to posterior), 
shallower body, and 
smaller dorsal fin 

combination of 
anteroposterior shear 
(dorsal to posterior) and 
shallower mid-body 

less anteroposteriorly-
tapered body, lower eye 
position  

contraction of body 
anterior of dorsal fin, 
anteroposterior shear 
(dorsal to anterior), 
deeper body, lower eye 
position 

lower eye position, 
deeper mid-body 

more anterior & larger 
dorsal fin, lower eye 
position, deeper body 
generally 
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Table S2.4: Comparison of shape-size covariation of cohabiting morphs of Arctic charr from Thingvallavatn and Vatnshlíðarvatn, Iceland, 
controlling for sex, ANCOVA with dependent variable of lakewide relative warp one (the warp with greatest covariance with fork length) and 
covariate of fork length. Morphs within both lakes differ in intercept and slope. 

 On-site classification GMM classification 
 df sum of 

squares 
mean 
squares 

F value p value df sum of 
squares 

mean 
squares 

F value p value 

Thingvallavatn 
sex 1 0.0528 0.0528 381.56 <0.001 1 0.0521 0.05210 434.75 <0.001 
morph 1 0.4494 0.4494 3245.39 <0.001 1 0.4624 0.23118 1928.96 <0.001 
fork length 1 0.0178 0.0178 128.66 <0.001 1 0.227 0.02275 189.79 <0.001 
morph*fork length 1 0.0022 0.0022 16.05 <0.001 1 0.0055 0.00275 22.91 <0.001 
residuals 946 0.1310 0.0001   966 0.1158 0.00012   
Vatnshlíðarvatn 
sex 1 0.03576 0.03576 199.47 <0.001 1 0.03470 0.03470 190.9 <0.001 
morph 1 0.11253 0.11253 627.76 <0.001 1 0.11158 0.11158 613.8 <0.001 
fork length 1 0.07898 0.07898 440.58 <0.001 1 0.06177 0.06177 339.8 <0.001 
morph*fork length 1 0.00184 0.00184 10.25 0.001 1 0.01944 0.01944 106.9 <0.001 
residuals 1136 0.20364 0.00018   1229 0.22340 0.00018   
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Table S2.5: Coefficients of lowest-AIC multivariate multiple linear models regressing within-morph shape on length, sex, and gonadosomatic 
indices (GSI), for Arctic charr morphs from the Icelandic lakes Thingvallavatn (planktivore and small benthic morphs) and Vatnshlíðarvatn 
(brown and silver morphs). Shape variables are RW1 to RW5 and relative pectoral fin length, predictors are sex, size (fork length, ‘FL’), GSI, and 
interactions (model fits detailed in Table S2.6). (a) small benthic and planktivore morphs and (b) brown and silver morphs. Fork length and GSI 
are standardised to mean zero and unit variance. Standard errors are in parentheses and bold values are significant at p<0.05. 

(a) Small benthic morph Planktivore morph 
within-morph RWs RW1  RW2 RW3 RW4 RW5 Pec RW1  RW2 RW3 RW4 RW5 Pec 

Fork length 2014 0.008 
(0.002) 

0.006 
(0.002) 

0.001 
(0.002) 

0.005 
(0.002) 

-0.001 
(0.001) 

-0.085 
(0.199) 

0.010 
(0.001) 

0.000 
(0.001) 

0.001 
(0.001) 

0.003 
(0.001) 

0.001 (0.001) 0.070 
(0.140) 

 2015 0.003 
(0.002) 

0.002 
(0.002) 

-0.002 
(0.002) 

0.003 
(0.001) 

0.001 
(0.001) 

0.208 
(0.264) 

0.008 
(0.001) 

0.001 
(0.001) 

0.002 
(0.001) 

0.003 
(0.001) 

0.001 (0.001) 0.451 
(0.252) 

 2016 0.003 
(0.002) 

0.005 
(0.001) 

0.002 
(0.001) 

0.002 
(0.001) 

0.000 
(0.001) 

-0.157 
(0.174) 

0.008 
(0.001) 

-0.001 
(0.001) 

0.001 
(0.001) 

0.003 
(0.001) 

0.001 (0.000) 0.099 
(0.172) 

Sex, male 2014 -0.006 
(0.003) 

-0.000 
(0.003) 

-0.011 
(0.003) 

0.002 
(0.003) 

0.002 
(0.002) 

1.572 
(0.331) 

-0.008 
(0.002) 

0.002 
(0.002) 

0.004 
(0.002) 

0.003 
(0.002) 

0.001 (0.001) 1.103 
(0.240) 

 2015 -0.006 
(0.002) 

0.000 
(0.002) 

-0.008 
(0.002) 

0.004 
(0.001) 

0.000 
(0.001) 

0.746 
(0.423) 

-0.011 
(0.002) 

0.000 
(0.002) 

0.001 
(0.002) 

0.006 
(0.002) 

-0.004 (0.001) 2.083 
(0.439) 

 2016 -0.003 
(0.003) 

-0.002 
(0.002) 

-0.005 
(0.002) 

0.004 
(0.001) 

0.000 
(0.001) 

0.365 
(0.263) 

-0.008 
(0.001) 

0.001 
(0.002) 

0.002 
(0.001) 

0.001 
(0.001) 

-0.001 (0.001) 0.542 
(0.371) 

GSI 2014 0.004 
(0.003) 

0.000 
(0.003) 

0.003 
(0.003) 

-0.005 
(0.003) 

-0.001 
(0.002) 

-0.322 
(0.324) 

0.001 
(0.001) 

-0.001 
(0.001) 

-0.001 
(0.001) 

0.001 
(0.001) 

0.000 (0.001) 0.330 
(0.113) 

 2015 -0.003 
(0.001) 

0.003 
(0.001) 

-0.004 
(0.001) 

0.000 
(0.001) 

-0.001 
(0.001) 

0.434 
(0.210) 

0.001 
(0.003) 

0.000 
(0.003) 

-0.002 
(0.002) 

0.005 
(0.002) 

-0.001 (0.002) 1.567 
(0.491) 

 2016 -0.004 
(0.003) 

0.003 
(0.002) 

-0.002 
(0.002) 

-0.001 
(0.001) 

0.001 
(0.001) 

0.193 
(0.266) 

0.000 
(0.001) 

0.001 
(0.001) 

-0.001 
(0.001) 

0.002 
(0.001) 

-0.001 (0.000) 0.189 
(0.162) 

FL* 
Sex, male 

2014 -0.006 
(0.003) 

-0.002 
(0.003) 

-0.003 
(0.003) 

-0.003 
(0.003) 

0.005 
(0.002) 

0.480 
(0.325) 

-0.005 
(0.001) 

0.000 
(0.002) 

0.002 
(0.001) 

0.003 
(0.001) 

-0.001 (0.001) 0.379 
(0.233) 

 2015 -0.001 
(0.003) 

-0.003 
(0.003) 

-0.002 
(0.003) 

0.000 
(0.001) 

0.002 
(0.002) 

-0.384 
(0.438) 

-0.001 
(0.002) 

-0.003 
(0.002) 

-0.001 
(0.002) 

-0.001 
(0.002) 

-0.003 (0.001) 0.497 
(0.418) 

 2016 0.001 
(0.003) 

-0.003 
(0.002) 

-0.001 
(0.002) 

0.000 
(0.001) 

0.002 
(0.001) 

0.469 
(0.269) 

 --   --   --  --  --  -- 

Sex, male*GSI 2014 -0.005 
(0.003) 

0.001 
(0.003) 

-0.005 
(0.003) 

0.006 
(0.003) 

-0.001 
(0.002) 

0.876 
(0.374) 

 --  --  --   --  --  -- 

 2015   --  --  --  --  --  -- -0.002 
(0.003) 

-0.002 
(0.003) 

0.001 
(0.002) 

-0.002 
(0.002) 

-0.001 (0.002) -1.439 
(0.526) 

 2016 -0.001 
(0.003) 

0.000 
(0.002) 

0.000 
(0.002) 

0.002 
(0.001) 

0.000 
(0.002) 

0.228 
(0.307) 

 --  --  --  --  --  -- 

(b) Brown morph Silver morph 
within-morph RWs RW1  RW2 RW3 RW4 RW5 Pec RW1  RW2 RW3 RW4 RW5 Pec 

FL 2014 0.004 
(0.003) 

-0.009 
(0.003) 

0.005 
(0.004) 

0.004 
(0.004) 

0.000 
(0.003) 

-0.648 
(0.549) 

-0.004 
(0.001) 

0.000 
(0.001) 

0.001 
(0.001) 

-0.003 
(0.001) 

0.002 (0.001) -0.111 
(0.149) 

 2015 -0.003 
(0.002) 

-0.001 
(0.002) 

-0.005 
(0.002) 

0.002 
(0.002) 

0.001 
(0.002) 

-0.689 
(0.405) 

-0.008 
(0.001) 

-0.001 
(0.001) 

-0.003 
(0.001) 

-0.004 
(0.001) 

0.002 (0.001) -0.358 
(0.180) 
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 2016 0.002 
(0.008) 

-0.003 
(0.006) 

0.002 
(0.005) 

-0.002 
(0.006) 

-0.001 
(0.005) 

-1.211 
(1.283) 

-0.009 
(0.001) 

-0.003 
(0.001) 

0.001 
(0.001) 

-0.005 
(0.001) 

0.002 (0.001) -0.211 
(0.147) 

Sex, male 2014 -0.011 
(0.005) 

0.002 
(0.005) 

-0.003 
(0.006) 

0.011 
(0.006) 

-0.002 
(0.005) 

2.072 
(0.872) 

0.003 
(0.001) 

0.005 
(0.001) 

-0.004 
(0.002) 

0.002 
(0.001) 

0.002 (0.001) 1.129 
(0.276) 

 2015 -0.017 
(0.004) 

-0.006 
(0.003) 

-0.004 
(0.003) 

0.004 
(0.003) 

0.006 
(0.003) 

1.952 
(0.635) 

0.004 
(0.001) 

0.000 
(0.002) 

-0.005 
(0.001) 

0.003 
(0.001) 

0.002 (0.001) 1.822 
(0.327) 

 2016 -0.022 
(0.010) 

-0.002 
(0.007) 

-0.005 
(0.006) 

0.001 
(0.007) 

0.002 
(0.006) 

0.766 
(1.638) 

0.003 
(0.001) 

0.003 
(0.001) 

-0.003 
(0.001) 

0.002 
(0.001) 

0.003 (0.001) 0.938 
(0.209) 

GSI 2014 0.004 
(0.004) 

0.001 
(0.004) 

0.000 
(0.005) 

-0.003 
(0.005) 

0.006 
(0.004) 

-0.361 
(0.698) 

-0.004 
(0.002) 

0.001 
(0.002) 

-0.004 
(0.002) 

-0.002 
(0.002) 

-0.002 (0.001) -0.160 
(0.351) 

 2015 0.001 
(0.002) 

-0.002 
(0.001) 

0.002 
(0.001) 

0.001 
(0.001) 

0.003 
(0.001) 

-0.225 
(0.291) 

0.001 
(0.001) 

0.002 
(0.001) 

-0.002 
(0.001) 

-0.001 
(0.001) 

0.000 (0.001) 0.580 
(0.163) 

 2016 -0.001 
(0.003) 

0.001 
(0.002) 

0.004 
(0.002) 

0.001 
(0.002) 

0.000 
(0.002) 

0.557 
(0.430) 

0.001 
(0.000) 

0.001 
(0.000) 

-0.001 
(0.001) 

0.000 
(0.000) 

0.001 (0.000) 0.219 
(0.105) 

FL*Sex, male 
 

2014 -0.008 
(0.005) 

0.002 
(0.005) 

-0.006 
(0.007) 

-0.004 
(0.007) 

0.000 
(0.005) 

1.617 
(0.930) 

-0.001 
(0.001) 

-0.002 
(0.001) 

-0.002 
(0.001) 

0.001 
(0.001) 

0.000 (0.001) 0.184 
(0.202) 

 2015 0.003 
(0.003) 

-0.002 
(0.002) 

0.003 
(0.002) 

-0.001 
(0.002) 

-0.001 
(0.001) 

0.929 
(0.471) 

0.001 
(0.001) 

-0.002 
(0.001) 

0.000 
(0.001) 

-0.001 
(0.001) 

0.002 (0.001) 0.834 
(0.259) 

 2016 -0.004 
(0.008) 

0.000 
(0.006) 

-0.005 
(0.005) 

0.000 
(0.006) 

0.005 
(0.005) 

1.379 
(1.391) 

0.001 
(0.001) 

0.001 
(0.001) 

-0.001 
(0.001) 

0.002 
(0.001) 

0.002 (0.001) 0.361 
(0.194) 

Sex, male*GSI 2014 -0.004 
(0.005) 

-0.006 
(0.005) 

0.003 
(0.006) 

0.006 
(0.006) 

-0.006 
(0.005) 

0.455 
(0.913) 

0.006 
(0.002) 

0.001 
(0.002) 

0.004 
(0.002) 

0.002 
(0.002) 

0.003 (0.002) 0.732 
(0.373) 

 2015 0.003 
(0.005) 

-0.004 
(0.004) 

0.004 
(0.004) 

-0.004 
(0.004) 

-0.010 
(0.003) 

0.518 
(0.818) 

 --  --  --  --  --  -- 

 2016  --  --  --  --  --  --  --  --  --  --  --  -- 
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Table S2.6: Coefficients of determination of lowest-AIC multivariate linear models regressing within-morph shape on length, sex, and 
gonadosomatic indices (GSI), for Arctic charr morphs from the Icelandic lakes Thingvallavatn (planktivore and small benthic morphs) and 
Vatnshlíðarvatn (brown and silver morphs). Shape variables are RW1 to RW5 and relative pectoral fin length. Predictors are sex, size (fork 
length, ‘FL’), GSI (gonadosomatic index) and interactions for (a) small benthic (SB) and planktivore (PL) morphs and (b) brown (VB) and silver (VS) 
morphs. All r2 values are adjusted for multiple predictors; values p<0.05 unless noted ‘(ns)’.  

(a) SB 2014 SB 2015 SB 2016 PL 2014 PL 2015 PL 2016 
lowest AIC model 
(within 
morphospaces) 

FL + Sex + GSI + 
Sex*FL + GSI*Sex; 
84 df 

FL + Sex + GSI + 
Sex*FL; 127 df 

FL + Sex + GSI 
+ Sex*FL +  
GSI*Sex; 
114 df 

FL + Sex + GSI 
+ Sex*FL; 
177 df 

FL + Sex + GSI + 
Sex*FL +                  
GSI*Sex; 
211 df 

 FL + Sex 
+ GSI; 
199 df 

RW1 r2 
residual SE 

0.28 
0.012 

0.11 
0.014 

0.12 
0.014 

0.58 
0.009 

0.39 
0.012 

0.55 
0.009 

RW2 r2 
residual SE 

0.13 
0.012 

0.04 
0.014 

0.22 
0.009 

0.00 (ns) 
0.010 

0.01 (ns) 
0.013 

0.00 (ns) 
0.010 

RW3 r2 
residual SE 

0.14 
0.013 

0.14 
0.014 

0.13 
0.009 

0.05 
0.009 

0.02 (ns) 
0.010 

0.03 (ns) 
0.008 

RW4 r2 
residual SE 

0.13 
0.012 

0.15 
0.008 

0.15 
0.007 

0.14 
0.009 

0.07 
0.009 

0.17 
0.008 

RW5 r2 
residual SE 

0.08 
0.008 

0.00 (ns) 
0.008 

0.00 (ns) 
0.007 

0.01 (ns) 
0.007 

0.06 
0.007 

0.03 
0.006 

Pectoral fin r2 
residual SE 

0.26 
1.431 

0.03 (ns) 
2.238 

0.06 
1.432 

0.10 
1.390 

0.09 
2.291 

0.00 (ns) 
2.262 

 (b) VB 2014 VB 2015 VB 2016 VS 2014 VS 2015 VS 2016 
lowest AIC model FL + Sex.2 + GSI +  

Sex.2*FL +                           
GSI*Sex.2; 
17 df 

 FL + Sex.2 + GSI 
 + Sex.2*FL + 
GSI*Sex.2; 
129 df 

 FL + Sex.2 + GSI 
 + Sex.2*FL; 37 df 

 FL + Sex.2 + GSI 
 + Sex.2*FL + 
GSI*Sex.2; 
341 df 

 FL + Sex.2 
 + GSI + Sex.2*FL; 263 
df 

 FL + Sex.2 +  
GSI + Sex.2*FL 
319 df 

RW1 r2 
residual SE 

0.11 (ns) 
0.012 

0.29 
0.014 

0.08 (ns) 
0.012 

0.24 
0.009 

0.46 
0.008 

0.63 
0.006 

RW2 r2 
residual SE 

0.26 (ns) 
0.011 

0.02 (ns) 
0.011 

0.01 (ns) 
0.009 

0.06 
0.010 

0.05 
0.011 

0.14 
0.008 

RW3 r2 
residual SE 

-0.14 (ns) 
0.014 

0.19 
0.011 

0.25 
0.008 

0.01 
0.011 

0.07 
0.010 

0.01 
0.009 

RW4 r2 
residual SE 

0.02 (ns) 
0.014 

0.02 (ns) 
0.010 

0.00 (ns) 
0.009 

0.13 
0.008 

0.18 
0.007 

0.28 
0.007 

RW5 r2 
residual SE 

-0.15 (ns) 
0.012 

0.12 
0.009 

0.09 (ns) 
0.008  

0.08 
0.008 

0.19 
0.007 

0.19 
0.007 

Pectoral fin r2 
residual SE 

0.15 (ns) 
2.028 

0.14 
2.244 

-0.03 (ns) 
2.095 

0.09 
1.862 

0.13 
2.103 

0.06 
1.719 
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Table S2.7: ANCOVAs of effect of sex on shape, covariate fork length, within morphs of Arctic charr from the Icelandic lakes Thingvallavatn 
and Vatnshlíðarvatn. See Tables S2.5 and S2.6 for multivariate linear models assessing the full effects and interactions of sex, size, age, and 
gonad mass on multiple aspects of shape; this table is for direct correspondence to slopes and intercepts in Figure 2.2. 

 Degrees of 
freedom 

Sum of 
squares 

Mean Sq. F values p value 

morph, response Small benthic, RW1 
Sex 1 0.00326 0.003260 14.76 <0.001 
Fork length 1 0.00845 0.008454 38.28 <0.001 
Sex*Fork length 1 0.00067 0.000673 3.05 0.082 
Residuals 339 0.07486 0.000221   
morph, response Planktivore, RW1 
Sex 1 0.03043 0.030434 284.430 <0.001 
Fork length 1 0.02832 0.028320 264.674 <0.001 
Sex*Fork length 1 0.00050 0.00050 4.677 0.031 
Residuals 598 0.06399 0.000107   
morph, response Brown, RW2 
Sex 1 0.00053 0.000533 2.923 0.089 
Fork length 1 0.00260 0.002595 14.220 <0.001 
Sex*Fork length 1 0.00000 0.000002 0.001 0.971 
Residuals 195 0.03559 0.001825   
morph, response Silver, RW1 
Sex 1 0.00515 0.00515 25.802 <0.001 
Fork length 1 0.11991 0.11991 600.898 <0.001 
Sex*Fork length 1 0.00054 0.00054 2.697 0.101 
Residuals 938 0.18718 0.00020   
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Table S2.8: Effect of sex on fork length within morphs of Arctic charr from the Icelandic lakes Thingvallavatn and Vatnshlíðarvatn, controlling 
for age. r2 values are adjusted for multiple predictors, RSE = residual standard errors on given degrees of freedom, coefficients (standard errors) 
and p values reported.  

 Small benthic Planktivore Brown Silver 
Fork length ~ 
Sex + Age 

r2=0.72 
RSE: 18.60 on 347 df 

r2=0.68 
RSE: 21.17 on 608 df 

r2=0.59 
RSE: 18.08 on 196 df 

r2=0.87 
RSE: 19.01 on 937 df 

Intercept 75.691 (2.437) 
p<0.001 

58.853 (4.004) 
p<0.001 

87.361 (5.345) 
p<0.001 

51.003 (2.135) 
p<0.001 

Sex; male -3.595 (2.00) 
p=0.074 

-9.774 (1.894) 
p<0.001 

3.812 (3.052) 
p=0.213 

2.861 (1.244) 
p=0.022 

Age 15.189 (0.513) 
p<0.001 

21.579 (0.681) 
p<0.001 

20.013 (1.171) 
p<0.001 

38.142 (0.485) 
p<0.001 
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Table S2.9: Predicting stable isotopic values with gut content data from Arctic charr in Vatnshlíðarvatn, Iceland. Gut contents assessed as 
presence/absence of taxa Chironomidae, Cladocera, Lepidurus, Polychaeta, Hydrophilini, Pisidium, and Lymnaea, and total number of taxa 
present. Univariate linear models are presented for gut contents with 1+ statistically significant effect (p<0.05), NB: no significant predictions 
within brown morph, so only lakewide and silver morph coefficients displayed. For multiple linear models of gut content data with covariates of 
sex, fork length, and GSI, see Table S2.10.   

 Response d13C Response d15N 

 

Response d13C Response d15N 
 Whole lake Silver morph 
 adjusted r2 coefficient (se) adjusted r2 coefficient (se) adjusted r2 coefficient (se) adjuste

d r2 
coefficient (se) 

Number of taxa Number of taxa 
2015 0.095 0.768 (0.158) 0.001 (ns) 0.058 (0.052) (ns) 0.014 (ns) 0.361 (0.208) (ns) 0.021 0.125 (0.062) 
2016 0.167 0.709 (0.111) 0.033  0.113 (0.041) 0.179 0.693 (0.117) 0.063 0.150 (0.044) 
Presence Cladocera Presence Cladocera 
2015 0.002 (ns) -0.404 (0.333) (ns) -0.001 (ns) 0.089 (0.104) (ns) 0.002 (ns) -0.413 (0.371) 

(ns) 
-0.002 
(ns) 

0.090 (0.111) 
(ns) 

2016 0.079 0.791 (0.187) 0.014  0.130 (0.066) 0.087  0.843 (0.212) 0.029 0.185 (0.077) 
Presence Pisidium Presence Pisidium 
2015 0.085 1.429 (0.313) 0.001 (ns) -0.114 (0.102) (ns) 0.065 1.106 (0.335) -0.006 

(ns) 
-0.046 (0.104) 
(ns) 

2016 0.082  1.070 (0.247) 0.015 0.173 (0.087) 0.134 1.249 (0.249) 0.005 
(ns) 

0.124 (0.095) 
(ns) 

Presence Chironomidae Presence Chironomidae 
2015 0.05  0.800 (0.221) 0.007 (ns) 0.111 (0.071) (ns) -0.007 (ns) 0.049 (0.341) (ns) 0.024 0.211 (0.100) 
2016 -0.004 (ns) 0.121 (0.222) (ns) -0.005 (ns) -0.005 (0.076) (ns) -0.006 (ns) 0.029 (0.249) (ns) -0.003 

(ns) 
0.064 (0.088) 
(ns) 
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Table S2.10: Multiple linear models of stable isotopic values on gut content data from Arctic charr morphs in Vatnshlíðarvatn, Iceland. Gut 
contents assessed as presence/absence of taxa Chironomidae, Cladocera, Lepidurus, Polychaeta, Hydrophilini, Pisidium, and Lymnaea, and total 
number of taxa present. Lowest-AIC multiple linear models of gut content data with covariates of sex, fork length, and GSI. 

 Response d13C Response d15N 
 Adjusted r2 Predictors Coefficients 

(Standard errors) 
p-value  
0 = <0.0005 

 Adjusted r2 Predictors Coefficients 
(Standard errors) 

p-value 
0 = <0.0005 

Full lake 
2015 0.474 Pisid. 

FL 
Sex, male 
GSI 

0.042 (0.253) 
0.017 (0.002) 
-0.223 (0.153) 
-0.123 (0.028) 

0.094 
0 
0.148 
0 

 0.060 Pisid. 
Nr.taxa 
GSI 

-0.252 (0.112) 
0.164 (0.059) 
0.041 (0.012) 

0.026 
0.006 
0.001 

2016 0.417 Chiron. 
Cladoc. 
Pisid. 
FL 
Sex; male 
GSI 
Sex, male*GSI 

0.333 (0.176) 
0.444 (0.157) 
0.491 (0.219) 
0.010 (0.001) 
-0.446 (0.117) 
-0.037 (0.039) 
-0.071 (0.045) 

0.060 
0.005 
0.026 
0 
0 
0.343 
0.120 

 0.119 FL 
GSI 

0.002 (0.001) 
0.026 (0.008) 

0 
0.002 

Brown morph 
2015 0.187 Pisid. 

FL 
Sex 
GSI 
Sex, male*GSI 

1.640 (0.761) 
0.015 (0.006) 
0.261 (0.299) 
0.107 (0.173) 
1.258 (0.572) 

0.036 
0.009 
0.388 
0.540 
0.033 

 0.029 Chiron. 
Cladoc. 
FL 
Sex; male 
GSI 
Sex, male*GSI 

0.671 (0.300) 
0.611 (0.365) 
-0.494 (0.277) 
-0.005 (0.003) 
0.047 (0.154) 
0.031 (0.090) 
-0.399 (0.301) 
 

0.030 
0.100 
0.081 
0.101 
0.760 
0.733 
0.191 

2016 0.377 Chiron. 
Cladoc. 
Pisid. 
GSI 

0.506 (0.268) 
0.745 (0.294) 
1.529 (0.526) 
-0.148 (0.058) 

0.074 
0.020 
0.009 
0.020 

 0.277 Cladoc. 
Pisid. 
FL 
Sex, male 
GSI 

-0.274 (0.206) 
0.754 (0.294) 
0.006 (0.003) 
-0.554 (0.405) 
0.113 (0.045) 

0.201 
0.019 
0.119 
0.188 
0.022 

Silver morph 
2015 0.358 FL 

Sex, male 
0.016 (0.002) 
0.294 (0.194) 

0 
0.131 

 0.052 Pisid. 
Nr.taxa 
GSI 

-0.195 (0.112) 
0.190 (0.068) 
0.033 (0.016) 

0.085 
0.006 
0.040 

2016 0.405 Chiron. 
Cladoc. 
Pisid. 
Nr.taxa 
FL 

0.661 (0.300) 
0.849 (0.279) 
0.991 (0.318) 
-0.438 (0.237) 
0.011 (0.002) 

0.029 
0.003 
0.002 
0.067 
0 

 0.103 Cladoc. 
FL 

0.111 (0.077) 
0.002 (0.001) 

0.150 
0 
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Table S2.11: Generalized univariate linear models (negative binomial with log link) of parasite counts on stable isotopic values or size for 
Arctic charr from the Icelandic lakes Thingvallavatn and Vatnshlíðarvatn. Details given of both lakewide and within-morph datasets, for each 
sampling year 2014-2016. Diplostomum counts are from one eye (vitreous), coefficients in table are exponentiated. For Diphyllobothrium, 
infections were too few to model for small benthic and brown morphs. All coefficients significant at p<0.05 unless noted. 

 Predictors 
null 

deviance 

null 
degrees of 
freedom 

residual 
deviance 

residual 
degrees of 
freedom 

proportion 
deviance 
explained 

coefficient 
(exponentiated) 

lower 95% 
confidence intervals 

(exponentiated) 

upper 95% 
confidence 

intervals 
(exponentiated) 

Diplostomum count response 
2014 Thingvallavatn,  

both morphs 
d13C 289.55 188 204.30 187 0.2944 1.070 1.055 1.085 

  d15N 216.32 
 

208.48 
 

0.0362 0.711 0.565 0.902 
    fork length 300.20 

 
203.74 

 
0.3213 1.012 1.010 1.015 

  small benthic d13C 74.08 63 71.70 62 0.0321 1.039 (ns) 0.989 1.085 
    d15N 72.79 

 
71.79 

 
0.0137 1.288 (ns) 0.796 2.209 

    fork length 122.37 
 

69.86 
 

0.4291 1.019 1.014 1.025 
  planktivore d13C 102.94 90 94.81 89 0.0790 1.037 1.011 1.063 
    d15N 95.10 

 
95.10 

 
0.0000 0.992 (ns) 0.742 1.316 

    fork length 107.36 
 

94.59 
 

0.1189 1.006 1.003 1.009 
2015 Thingvallavatn,  

both morphs 
d13C 281.13 244 266.10 243 0.0535 1.031 1.015 1.045 

  d15N 267.97 
 

266.99 
 

0.0037 0.927 (ns) 0.802 1.077 
    fork length 298.55 

 
265.00 

 
0.1124 1.007 1.005 1.010 

  small benthic d13C 127.76 108 123.76 107 0.0313 1.051 1.001 1.102 
    d15N 124.50 

 
124.11 

 
0.0031 0.927 (ns) 0.737 1.178 

    fork length 165.30 
 

120.72 
 

0.2697 1.018 1.012 1.024 
  planktivore d13C 153.49 130 134.80 129 0.1218 1.046 1.025 1.068 
    d15N 141.50 

 
135.09 

 
0.0453 0.795 0.665 0.949 

    fork length 141.80 
 

135.07 
 

0.0475 1.004 1.001 1.006 
2016 Thingvallavatn,  

both morphs 
d13C 252.16 206 229.37 205 0.0904 1.046 1.027 1.066 

  d15N 231.92 
 

231.04 
 

0.0038 1.135 (ns) 0.871 1.483 
    fork length 279.22 

 
227.52 

 
0.1852 1.012 1.008 1.015 

  small benthic d13C 116.83 103 115.24 102 0.0136 1.042 (ns) 0.976 1.109 
    d15N 120.10 

 
114.98 

 
0.0426 1.497 1.055 2.141 

    fork length 156.90 
 

112.91 
 

0.2804 1.020 1.014 1.027 
  planktivore d13C 99.51 90 99.19 89 0.0032 1.012 (ns) 0.970 1.056 
    d15N 99.42 

 
99.19 

 
0.0023 1.115 (ns) 0.715 1.733 

    fork length 148.00 
 

97.24 
 

0.3430 1.016 1.011 1.020 
2014 Vatnshlíðarvatn, 

both morphs 
d13C 231.68 177 201.56 176 0.1300 1.290 1.179 1.410 

  d15N 202.41 
 

202.41 
 

0.0000 1.008 (ns) 0.754 1.350 
    fork length 296.22 

 
201.21 

 
0.3207 1.014 1.011 1.016 

  brown d13C 21.06 15 19.15 14 0.0910 1.522 (ns) 0.844 2.810 
    d15N 19.28 

 
19.17 

 
0.0058 0.754 (ns) 0.131 3.705 
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    fork length 28.95 
 

19.44 
 

0.3285 1.017 1.006 1.028 
  silver d13C 217.40 148 167.08 147 0.2315 1.476 1.328 1.639 
    d15N 168.48 

 
168.45 

 
0.0002 1.031 (ns) 0.756 1.408 

  
 

fork length 292.66 
 

166.89 
 

0.4297 1.017 1.014 1.020 
2015 Vatnshlíðarvatn,  

both morphs 
d13C 260.77 209 233.82 208 0.1033 1.233 1.138 1.335 

  d15N 237.82 
 

235.09 
 

0.0115 1.230 (ns) 0.962 1.582 
    fork length 350.62 

 
231.01 

 
0.3411 1.011 1.009 1.013 

  brown d13C 67.62 62 66.76 61 0.0128 1.1000 (ns) 0.900 1.344 
    d15N 67.63 

 
66.75 

 
0.0130 1.266 (ns) 0.773 2.061 

    fork length 99.03 
 

65.62 
 

0.3373 1.016 1.010 1.021 
  silver d13C 214.21 132 147.32 131 0.3123 1.597 1.428 1.787 
    d15N 150.34 

 
150.16 

 
0.0012 1.077 (ns) 0.765 1.513 

    fork length 337.71 
 

146.74 
 

0.5655 1.014 1.012 1.016 
2016 Vatnshlíðarvatn, 

both morphs 
d13C 263.61 210 236.14 209 0.1042 1.311 1.184 1.451 

  d15N 255.91 
 

236.54 
 

0.0757 2.243 1.567 3.209 
    fork length 418.18 

 
230.23 

 
0.4494 1.016 1.013 1.018 

  brown d13C 31.49 25 30.81 24 0.0216 1.186 (ns) 0.795 1.807 
    d15N 30.97 

 
30.78 

 
0.0061 1.240 (ns) 0.479 3.327 

    fork length 34.25 
 

31.01 
 

0.0946 1.010 0.999 1.022 
  silver d13C 246.23 164 181.31 163 0.2637 1.626 1.446 1.827 
    d15N 200.04 

 
184.25 

 
0.0789 2.356 1.545 3.588 

    fork length 394.57 
 

176.47 
 

0.5528 1.016 1.014 1.019 
Diphyllobothrium count response 

2014 Vatnshlíðarvatn, 
both morphs 

d13C 99.77 177 91.02 176 0.0877 1.664 1.181 2.441 
  d15N 90.92   90.50   0.0046 0.731 (ns) 0.277 1.882 

2014 Thingvallavatn,  
both morphs 
  

d13C 254.31 188 114.83 187 0.5485 0.705 0.654 0.753 
  d15N 3969.40   3419.30   0.1386 3.418 3.103 3.758 
  fork length 3969.50   3134.50   0.2104 1.020 1.018 1.021 
  planktivore d13C 122.28 90 91.43 89 0.2523 0.776 0.712 0.845 
    d15N 92.96   90.01   0.0317 2.667 (ns) 0.863 7.246 
    fork length 182.79   89.24   0.5118 1.052 1.040 1.064 
2015 Thingvallavatn,  

both morphs 
d13C 402.15 244 176.96 243 0.5600 0.617 0.571 0.663 

  d15N 190.90   184.27   0.0347 3.424 1.352 8.075 
    fork length 284.04   183.33   0.3546 1.063 1.049 1.077 
  planktivore d13C 184.14 130 146.85 129 0.2025 0.743 0.677 0.815 
    d15N 176.51   147.31   0.1654 6.578 3.423 12.256 
    fork length 185.27   146.73   0.2080 1.037 1.025 1.049 
2016 Thingvallavatn,  

both morphs 
d13C 206.43 206 105.52 205 0.4888 0.741 0.691 0.788 

  d15N 120.70   99.48   0.1758 13.159 4.623 38.369 
    fork length 4050.30   1892.50   0.5328 1.046 1.044 1.048 
  planktivore d13C 104.37 90 73.89 89 0.2920 0.721 0.639 0.808 
    d15N 88.36   72.67   0.1777 17.902 4.472 73.496 
    fork length 173.17   73.39   0.5762 1.059 1.046 1.074 
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    fork length 106.35   89.37   0.1596 1.025 1.012 1.041 
  silver d13C 84.57 148 79.09 147 0.0648 1.586 1.076 2.447 
    d15N 78.69   78.41   0.0035 0.761 (ns) 0.268 2.110 
    fork length 90.91   77.91   0.1430 1.025 1.011 1.042 
2015 Vatnshlíðarvatn, 

both morphs 
d13C 59.89 209 55.78 208 0.0687 1.666 1.017 2.893 

  d15N 55.89   55.81   0.0014 0.815 (ns) 0.187 3.434 
    fork length 68.43   55.57   0.1880 1.023 1.010 1.038 
  silver d13C 39.48 132 39.23 131 0.0063 1.164 (ns) 0.640 2.238 
    d15N 39.83   39.43   0.0098 1.669 (ns) 0.333 8.896 
    fork length 42.95   37.03   0.1380 1.021 1.004 1.045 
2016 Vatnshlíðarvatn,  

both morphs 
d13C 95.10 210 90.71 209 0.0461 1.407 (ns) 1.022 1.955 

  d15N 95.19   90.07   0.0537 3.965 1.194 14.993 
    fork length 129.12   87.12   0.3253 1.033 1.021 1.047 
  silver d13C 84.40 164 70.63 163 0.1632 2.300 1.467 3.785 
    d15N 68.27   66.74   0.0225 3.106 (ns) 0.515 19.870 
    fork length 99.70   66.20   0.3361 1.030 1.019 1.045 
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Table S2.12: Lowest-AIC generalized multivariate linear models (negative binomial with log link) of Diplostomum on stable isotopic values for 
Arctic charr from the Icelandic lakes Thingvallavatn and Vatnshlíðarvatn with covariates of sex, GSI, fork length, and interactions, both 
lakewide and within-morph, for each sampling year 2014-2016. Diplostomum counts are from one eye (vitreous), coefficients in table are 
exponentiated. Coefficients significant at p<0.05 are bolded. Small benthic = SB, planktivore = PL, brown = VB, silver =VS. 

Diplostomum 
count (one eye) as 
response 
  

null 
deviance 

null 
degrees of 
freedom 

residual 
deviance 

residual 
degrees of 
freedom 

proportion 
deviance 
explained 
by model 

predictors 
coefficient 
(exponenti
ated) 

lower 95% 
confidence 
intervals 
(exponentiated) 

upper 95% 
confidence 
intervals 
(exponentiated) 

2014 SB+PL 459.40 188 201.09 182 0.5623 intercept 22.082 7.419 66.657 
         d13C 1.068 1.052 1.083 
         d15N 1.299 1.072 1.572 
         FL 1.012 1.009 1.014 
         Sex, male 1.067 0.889 1.280 
         GSI 1.169 1.063 1.281 
         Sex, male*GSI 0.877 0.791 0.973 

  SB 174.76 63 69.56 58 0.6020 intercept 15.850 6.701 38.584 
         d13C 1.048 1.013 1.081 
         FL 1.023 1.018 1.028 
         Sex, male 1.013 0.744 1.378 
         GSI 1.587 1.292 1.943 
         Sex, male*GSI 0.702 0.563 0.876 
  PL 129.40 90 94.14 87 0.2725 intercept 50.456 11.533 230.260 

         d13C 1.057 1.031 1.083 
         d15N 1.221 0.958 1.542 
         FL 1.007 1.004 1.010 
2015 SB+PL 372.66 244 261.89 239 0.2972 intercept 78.173 49.245 125.476 
         d13C 1.055 1.039 1.071 
         FL 1.013 1.010 1.016 
         Sex, male 1.177 0.985 1.409 

         GSI 1.302 1.160 1.456 
         Sex, male*GSI 0.787 0.689 0.900 
  SB 180.54 108 119.86 103 0.3361 intercept 40.669 14.376 115.490 
         d13C 1.059 1.014 1.106 

         FL 1.019 1.014 1.025 
         Sex, male 1.087 0.800 1.480 
         GSI 1.246 1.056 1.458 
         Sex, male*GSI 0.840 0.691 1.028 
  PL 173.83 130 134.40 125 0.2268 intercept 282.814 136.816 584.325 
         d13C 1.065 1.041 1.089 
         FL 1.007 1.003 1.011 

         Sex, male 1.084 0.884 1.333 
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         GSI 1.221 0.982 1.518 
         Sex, male*GSI 0.798 0.630 1.010 
2016 SB+PL 423.80 206 222.14 200 0.4758 intercept 25.770 7.576 88.038 
         d13C 1.080 1.062 1.098 
         d15N 1.210 0.978 1.497 
         FL 1.016 1.013 1.019 
         Sex, male 0.957 0.804 1.139 
         GSI 1.195 1.103 1.290 
         Sex, male*GSI 0.892 0.813 0.980 
  SB 174.21 103 112.34 99 0.3551 intercept 23.640 10.766 51.510 
         FL 1.020 1.014 1.026 
         Sex, male 0.816 0.630 1.057 
         GSI 1.199 1.058 1.352 
         Sex, male*GSI 0.889 0.769 1.028 
  PL 175.57 90 96.68 86 0.4493 intercept 9.820 1.277 76.058 
         d13C 1.063 1.026 1.101 
         d15N 1.279 0.930 1.747 
         FL 1.017 1.013 1.021 
         GSI 1.099 1.029 1.170 
2014 VB+VS 307.97 177 201.26 175 0.3465 intercept 4.386 2.563 7.625 
         FL 1.014 1.011 1.017 
         GSI 1.035 1.010 1.059 
  VB 34.01 15 19.64 11 0.4227 intercept 2.488 0.476 18.482 
         FL 1.022 1.009 1.036 
       Sex, male 0.971 0.398 2.250 
         GSI 0.844 0.654 1.095 
         Sex, male*GSI 1.429 0.943 2.131 
  VS 304.24 148 166.67 146 0.4522 intercept 99.080 4.918 1974.889 
         d13C 1.150 1.034 1.278 
         FL 1.014 1.011 1.018 
2015 VB+VS 498.24 209 228.33 204 0.5417 intercept 1.854 0.467 7.179 
         d15N 1.187 0.987 1.431 
         FL 1.013 1.012 1.015 
         Sex, male 1.417 1.202 1.667 
         GSI 1.221 1.145 1.302 
         Sex, male*GSI 0.934 0.868 1.005 
  VB 118.60 62 65.04 59 0.4516 intercept 0.182 0.012 2.971 
         d15N 1.632 1.146 2.311 
         FL 1.018 1.013 1.023 
         GSI 1.250 1.061 1.472 
  VS 360.51 132 146.63 129 0.5933 intercept 4.094 2.663 6.348 
         FL 1.014 1.013 1.016 
         Sex, male 1.202 0.958 1.516 
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         GSI 1.086 1.031 1.144 
2016 VB+VS 454.83 210 229.62 206 0.4952 intercept 1.208 0.202 7.239 
         d15N 1.288 0.989 1.680 
         FL 1.016 1.013 1.018 
         Sex, male 1.197 1.005 1.426 
         GSI 1.043 1.014 1.073 
  VB 48.36 25 31.89 22 0.3405 intercept 33.242 7.564 177.865 
         FL 1.025 1.014 1.036 
         Sex, male 0.073 0.013 0.388 
         GSI 1.375 1.160 1.601 
  VS 404.55 164 176.40 162 0.5640 intercept 202.962 7.827 5103.224 
       d13C 1.141 1.010 1.288 
       FL 1.014 1.012 1.017 
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Table S2.13: Lowest-AIC generalized multivariate linear models (negative binomial with log link and zero-inflated binomial with logit link) of 
Diphyllobothrium on stable isotopic values for Arctic charr from the Icelandic lakes Thingvallavatn and Vatnshlíðarvatn with covariates of sex, 
GSI, fork length, and interactions, both lakewide and within-morph, for each sampling year 2014-2016. Zero-inflated (‘binomial’ coefficients etc.) 
components, necessary due to many uninfected individuals, are the odds associated with not being infected; negative binomial (‘count’) 
components are exponentiated, giving proportional expected change in number of Diphyllobothrium, given an infection. Deviance values are 
from generalised linear models with negative binomial response (log link). Coefficients significant at p<0.05 are bolded. d13C and d15N are in 
units of parts per thousand, FL indicates fork length (mm), GSI indicates gonadosomatic index. Small benthic = SB, planktivore = PL, brown = VB, 
silver =VS. 

  

approximate 
proportion 

deviance 
explained 

binomial 
predictors  

binomial 
coefficient 

(odds scale) 

binomial 
lower 95% 
confidence 

intervals 
(odds scale) 

upper 95% 
confidence 

intervals 
(odds scale) 

count 
predictors  

count 
coefficient 
(exponen-

tiated) 

count lower 
95% confidence 

intervals 
(exponen-

tiated) 

count 95% 
confidence 

intervals 
(exponen-

tiated) 
2014 SB+PL 0.733 intercept 9.672 0.005 1.76*10^4 intercept 0.000 0.000 0.001 

     d13C 1.382 1.237 1.544 d13C 0.856 0.822 0.891 
     d15N 3.973 1.090 14.484 d15N 1.802 1.207 2.690 
   FL 0.980 0.968 0.993 FL 1.025 1.020 1.031 
  PL 0.729 intercept 44.017 0.001 3.60*10^6 intercept 0.000 0.000 0.001 
   d13C 1.250 1.024 1.527 d13C 0.847 0.812 0.883 
     d15N 5.590 0.972 32.159 d15N 1.748 1.181 2.588 
     FL 0.937 0.906 0.969 FL 1.025 1.020 1.030 

2015 SB+PL 0.687 intercept 0.000 0.000 1.92*10^7 intercept 0.000 0.000 0.000 
     d13C 5.300 0.435 64.600 d13C 0.871 0.816 0.929 
     d15N 4110.762 0.007 2.30*10^9 d15N 6.443 3.777 10.991 
   FL 0.969 0.893 1.052 FL 1.041 1.031 1.052 
   GSI 0.134 0.002 7.572 GSI 1.249 0.990 1.575 
  PL 0.586 intercept 1.760*10^12 182587.190 1.70*10^19 intercept 0.000 0.000 0.000 
   d13C 1.160 0.903 1.490 d13C 0.894 0.838 0.954 
   d15N 0.050 0.006 0.427 d15N 3.852 2.290 6.478 
   FL 0.953 0.914 0.993 FL 1.041 1.029 1.054 
   Sex, male 0.185 0.009 4.016 Sex, male 1.513 0.885 2.585 
     GSI 1.496 0.114 19.556 GSI 2.420 1.280 4.575 
     Sex, male*GSI 0.277 0.012 6.175 Sex, male*GSI 0.475 0.253 0.895 

2016 SB+PL 0.655 intercept 0.114 0.000 11600.418 intercept 0.000 0.000 0.001 
   d13C 1.796 1.192 2.706 d13C 0.967 0.880 1.063 
   FL 1.071 0.979 1.172 FL 1.060 1.045 1.076 
   Sex, male 0.182 0.005 7.199 Sex, male 2.207 0.892 5.462 
   GSI 7.074 0.497 100.761 GSI 1.303 1.061 1.600 

  PL 0.677 intercept 13240.216 0.000 3.59*10^16 intercept 0.000 0.000 0.000 
     d13C 1.726 0.826 3.607 d13C 0.930 0.828 1.045 
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   d15N 0.102 0.002 6.763 d15N 2.859 1.009 8.102 
   FL 1.076 0.987 1.174 FL 1.060 1.042 1.078 
   Sex, male 9.986 0.282 353.364 Sex, male 2.087 0.791 5.508 
   GSI 22.719 1.148 449.776 GSI 1.383 0.709 2.697 
   Sex, male*GSI 0.015 0.000 0.720 Sex, male*GSI 0.928 0.415 2.076 

2014 VB+VS 0.201 intercept 0.000 0.000 58.581 intercept 0.000 0.000 0.005 
   FL 1.061 0.985 1.142 FL 1.039 1.024 1.055 
   Sex, male 1.578 0.149 16.693 Sex, male 0.423 0.170 1.053 

  VS 0.183 intercept 0.000 0.000 8.614 intercept 0.000 0.000 0.006 
   FL 1.078 0.994 1.169 FL 1.041 1.022 1.061 
   Sex, male 0.352 0.012 10.714 Sex, male 0.381 0.142 1.021 
   GSI 0.730 0.469 1.137 GSI 0.965 0.806 1.156 

2015 VB+VS 0.239 intercept 0.000 0.000 0.979 intercept 0.000 0.000 0.001 
   FL 1.052 1.007 1.100 FL 1.045 1.029 1.062 
   Sex, male 2.701 0.177 41.211 Sex, male 2.037 0.388 10.682 
   GSI 0.322 0.081 1.284 GSI 1.527 0.775 3.006 
   Sex, male*GSI 5.432 0.965 30.586 Sex, male*GSI 0.824 0.388 1.750 

  VS 0.285 intercept 0.000 0.000 6.77*10^15 intercept 0.000 0.000 0.000 
   d13C 0.507 0.067 3.836 d13C 0.315 0.121 0.817 
   FL 1.093 0.978 1.221 FL 1.076 1.041 1.112 
   Sex, male 865.073 0.078 9.64*10^6 Sex, male 113.869 1.407 9218.245 
   GSI 0.810 0.069 9.569 GSI 3.546 1.289 9.755 
   Sex, male*GSI 17.319 0.317 946.538 Sex, male*GSI 0.613 0.094 3.982 

2016 VB+VS 0.369 intercept 1519.620 0.038 6.14*10^7 intercept 0.000 0.000 0.417 
     d15N 0.573 0.138 2.373 d15N 1.897 0.858 4.194 
   FL 0.986 0.973 0.999 FL 1.018 1.008 1.029 
   Sex, male 1.557 0.622 3.895 Sex, male 1.851 1.102 3.112 
  VS 0.345 intercept 25.021 1.808 346.264 intercept 0.042 0.007 0.241 
   FL 0.987 0.976 0.999 FL 1.018 1.011 1.026 
   Sex, male 1.636 0.610 4.388 Sex, male 1.714 1.041 2.822 
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Table S2.14: Associations among shape (between and within morph RWs as appropriate) and number of taxa in guts of Arctic charr in the 
Icelandic lake, Vatnshlíðarvatn. Coefficients and standard errors are estimated with maximum likelihood Conway-Maxwell-Poisson regressions, 
95% confidence interval estimates result from 1000 bootstraps. An approximation of proportional effect size is exp(coeff/nu). Fork length is in 
mm; pectoral fin is residuals of regressions of pectoral fin length (mm) on Fork length (mm). * Brown morph 2015, female only, and 2016 
regressions were non-convergent. Silver morph estimates not subset by sex because only effects are size-related.  

 
mean 

(SD) 
lower 

95% CI 
upper 

95% CI 
mean 

(SD) 
lower 

95% CI 
upper 

95% CI 
mean 

(SD) 
lower 

95% CI 
upper 

95% CI 
mean 

(SD) 
lower 

95% CI 
upper 

95% CI 
mean 

(SD) 
lower 

95% CI 
upper 95% 

CI 

Vatnshlíðarvatn, full lake            

 Both years combined 2015 2015, male only 2015, female only 2016 

nu 6.69 
(0.37) 

6.12 7.51 6.95 
(0.52) 

6.11 8.29 7.81 
(0.81) 

6.72 10.22 6.67 
(0.73) 

5.73 8.86 6.60 
(0.52) 

5.77 7.96 

RW1 
-3.59 

(5.64) 
-14.96 8.28 

-2.77 
(9.97) 

-22.82 17.65 
-18.41 

(14.91) 
-50.14 11.24 

10.11 
(14.51) 

-19.08 42.38 
-17.34 

(12.74) 
-43.88 8.46 

RW2 
-21.38 
(5.92) -33.85 -6.55 

-27.67 
(11.52) -52.25 -3.31 

-18.33 
(17.46) -54.55 17.05 

-22.38 
(16.80) -62.46 10.75 

0.86 
(13.51) -26.44 28.26 

RW3 
-15.49 
(5.94) -27.46 -0.88 

-13.23 
(7.61) -29.71 2.32 

-22.52 
(11.24) -47.93 -2.11 

-4.94 
(12.53) -31.37 21.00 

-17.57 
(10.01) -38.07 2.24 

RW4 0.49 
(8.21) 

-15.93 17.65 2.34 
(11.28) 

-19.49 26.69 30.69 
(17.28) 

-1.62 68.42 -12.22 
(16.76) 

-48.36 22.29 -11.42 
(13.81) 

-39.19 15.16 

RW5 
-9.74 

(7.74) 
-25.53 6.17 

-18.11 
(10.01) 

-39.12 1.83 
-37.82 

(14.56) 
-69.94 -12.21 

0.47 
(16.45) 

-36.10 34.16 
2.05 

(13.46) 
-26.13 29.75 

pectoral 
fin 

-0.04 
(0.03) 

-0.11 0.02 
-0.03 

(0.05) 
-0.12 0.06 

-0.03 
(0.07) 

-0.19 0.11 
-0.02 

(0.07) 
-0.16 0.12 

-0.00 
(0.05) 

-0.11 0.11 

Fork 
length 

0.02 
(0.00) 0.01 0.02 

0.02 
(0.00) 0.01 0.02 

0.02 
(0.00) 0.01 0.03 

0.01 
(0.00) 0.01 0.02 

0.02 
(0.00) 0.01 0.02 

GSI -0.06 
(0.03) 

-0.12 -0.01 -0.09 
(0.04) 

-0.17 -0.01 0.00 
(0.06) 

-0.13 0.12 -0.24 
(0.10) 

-0.46 -0.06 -0.05 
(0.04) 

-0.12 0.02 

Brown morph 
           

 Both years combined 2015 2015, male only 2015, female only* 2016* 

nu 
7.65 

(1.07) 6.53 12.46 
8.23 

(1.28) 6.93 15.62 
8.79 

(1.58) 7.33 20.03 
12.25 
(4.94) 10.91 96.26 

13.70 
(4.51) 11.03 1011.36 

RW1 22.88 
(13.62) 

-5.50 54.25 44.15 
(19.15) 

8.76 96.51 75.55 
(27.79) 

27.86 163.26 4.40 
(49.82) 

-
1427.96 

1710.90 19.70 
(62.40) 

-555.90 1273.13 

RW2 
31.34 

(14.46) 
5.09 68.01 

6.35 
(22.43) 

-41.40 57.64 
21.20 

(27.79) 
-36.14 101.74 

-27.51 
(64.08) 

-
2602.61 

798.67 
-170.76 
(87.35) 

-
5489.60 

-18.69 

RW3 
-8.90 

(17.94) -48.60 29.47 
14.23 

(22.25) -30.25 66.94 
17.54 

(26.04) -43.02 87.78 
3.70 

(67.77) 
-

1249.98 2009.73 
-162.62 
(79.30) 

-
5354.13 -21.88 

RW4 
-23.39 

(18.44) -63.37 14.06 
-27.43 

(22.22) -81.62 19.31 
-35.44 

(26.27) -110.24 16.67 
-20.21 

(78.38) 
-

2841.15 907.77 
114.87 
(69.77) -78.81 4287.32 

RW5 -10.90 
(17.87) 

-52.97 25.63 2.47 
(23.75) 

-52.37 51.60 -4.50 
(28.02) 

-78.11 61.57 -23.50 
(68.16) 

-
3103.23 

655.12 321.70 
(136.16) 

86.13 10669.93 

pectoral 
fin 

0.00 
(0.10) 

-0.20 0.21 
-0.06 

(0.12) 
-0.36 0.19 

0.00 
(0.15) 

-0.41 0.32 
0.14 

(0.37) 
-9.45 20.63 

-0.37 
(0.40) 

-12.00 1.10 
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Fork 
length 

0.03 
(0.01) 0.02 0.05 

0.03 
(0.01) 0.02 0.06 

0.04 
(0.01) 0.02 0.08 

0.05 
(0.03) 0.01 2.60 

-0.00 
(0.02) -0.27 0.36 

GSI -0.04 
(0.15) 

-0.36 0.32 -0.88 
(0.36) 

-1.83 -0.24 1.32 
(1.20) 

-1.12 4.77 -0.93 
(0.78) 

-57.32 4.17 1.27 
(0.59) 

0.58 48.17 

Silver morph 
           

 Both years combined 2015 2016       

nu  
6.53 

(0.40) 
5.85 7.57 

6.93 
(0.61) 

6.05 8.51 
6.49 

(0.56) 
5.70 8.12       

RW1 
8.27 

(6.45) -5.92 20.38 
15.96 

(15.65) -15.49 48.53 
-17.14 

(17.44) -55.21 16.55       

RW2 3.94 
(7.05) 

-11.96 17.83 0.18 
(10.82) 

-22.15 22.91 15.05 
(12.26) 

-8.78 38.98       

RW3 
18.07 
(7.57) 

-0.82 34.05 
17.20 

(11.06) 
-3.64 39.45 

14.45 
(10.96) 

-5.97 40.43       

RW4 
-8.54 

(9.95) 
-29.32 10.42 

-10.83 
(15.46) 

-43.96 20.19 
-0.13 

(15.13) 
-30.48 31.10       

RW5 
-0.84 

(10.34) -21.81 19.20 
2.37 

(14.99) -29.49 32.67 
-2.29 

(15.03) -31.61 29.68       

pectoral 
fin 

-0.04 
(0.04) 

-0.11 0.03 -0.05 
(0.06) 

-0.17 0.06 0.06 
(0.06) 

-0.05 0.18       

Fork 
length 

0.01 
(0.00) 

0.01 0.02 
0.01 

(0.00) 
0.00 0.02 

0.02 
(0.00) 

0.01 0.02       

GSI 
-0.03 

(0.03) 
-0.10 0.03 

-0.04 
(0.05) 

-0.14 0.07 
-0.03 

(0.04) 
-0.11 0.05       
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Table S2.15: Overlap of morph niches based on d13C and d15N values of Arctic charr from the Icelandic lakes Thingvallavatn and 
Vatnshlíðarvatn. (a) mean and standard deviations of morph d13C and d15N values for morphs as classified on-site and by Gaussian mixture 
models. (b) 95% probability that group A overlaps into niche space of group B, calculated using nicheROVER. Small benthic = SB, planktivore = PL, 
brown = VB, silver =VS. 

(a) d13C d15N  d13C d15N 
 mean SD mean SD  mean SD mean SD 

Vatnshlíðarvatn on-site Vatnshlíðarvatn mixture model 
VB -25.645 0.792 7.181 0.351 VB -25.669 0.917 7.152 0.392 
VS -23.976 1.296 6.928 0.411 VS -23.914 1.225 6.932 0.427 
intermediate -24.529 1.276 7.052 0.588      

Thingvallavatn on-site Thingvallavatn mixture model 
PL -24.243 3.824 6.060 0.429 PL -23.878 4.184 6.044 0.431 
SB -13.868 3.731 5.973 0.700 SB -14.235 4.173 6.001 0.702 
LB -13.714 3.694 5.774 0.480      
intermediate -22.936 4.048 6.248 0.395      

 

(b) On site classification Mixture model classification 
Group A 

Group B overlap 

95% 
confidence 
intervals Group B overlap 

95% 
confidence 
intervals 

VB VS 
intermediate 

90.57 
97.15 

84 – 96 
91 – 100  

VS 83.55 76 – 90 

VS VB 
intermediate 

47.72 
94.54 

39 – 57 
88 – 99  

VB 55.84 47 – 65  

intermediate VB 
VS 

51.31 
82.73 

39 – 64 
73 – 91  

   

PL SB 
LB 
intermediate 

14.93 
28.20 
69.00 

11 – 20 
13 – 52  
51 – 88  

SB 28.03 21 – 35  

SB PL 
LB 
intermediate 

19.69 
84.06 
22.54 

13 – 28 
74 – 93  
5 – 59  

PL 33.52 25 – 43 

LB PL 
SB 
intermediate 

28.49 
88.57 
32.29 

16 – 42 
79 – 95  
9 – 67  

   

intermediate PL 
SB 
LB 

92.54 
28.40 
43.59 

77 – 99  
11 – 51 
16 – 76  
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Table S2.16: Lowest-AIC multivariate multiple linear models estimating effects of shape on stable isotopic signatures of Arctic charr from the 
Icelandic lakes Thingvallavatn and Vatnshlíðarvatn, including covariates of size (fork length, mm), sex, GSI, and interactions, for lakewide and 
within-morph data, for all sample years combined, and for data by sample year. 

  Response C Response N 

 
predictor adjusted r2 coefficients  (SE) 

p value  
(0 = <0.0005) 

adjusted r2 coefficients  (SE) 
p value  

(0 = <0.0005) 
Thingvallavatn, 
2014-2016 combined 

(Intercept) 0.484 -16.809 1.041 0.000 0.048 5.819 0.126 0.000 
RW1  -162.727 8.733 0.000  0.826 1.057 0.435 
RW2  31.533 16.113 0.051  -0.539 1.950 0.782 
RW3  -22.416 14.752 0.129  0.344 1.785 0.847 
RW4  119.237 20.323 0.000  2.080 2.460 0.398 
RW5  -29.822 23.171 0.199  3.331 2.804 0.235 
Fork length  -0.016 0.006 0.010  0.001 0.001 0.217 
Sex, male  -1.578 0.408 0.000  0.097 0.049 0.049 
GSI  -0.746 0.223 0.001  0.135 0.027 0.000 
Sex, male*GSI  0.615 0.248 0.013  -0.075 0.030 0.013 

Thingvallavatn, 2014 (Intercept) 0.455 -18.265 0.617 0.000 0.152 5.888 0.058 0.000 

 RW1  -171.246 25.500 0.000  9.481 2.405 0.000 

 RW2  51.410 32.351 0.114  -4.507 3.051 0.141 

 RW3  -64.561 33.066 0.052  4.722 3.118 0.132 

 RW4  88.576 41.174 0.033  5.415 3.883 0.165 

 Pectoral fin  0.395 0.238 0.099  0.003 0.022 0.911 

 Sex, male  -2.642 0.888 0.003  0.127 0.084 0.130 

 GSI  -0.909 0.452 0.046  0.115 0.043 0.008 

 Sex, male*GSI  0.717 0.511 0.163  -0.058 0.048 0.234 
Thingvallavatn, 2015 (Intercept) 0.497 -13.505 1.745 0.000 0.147 5.942 0.252 0.000 

 RW1  -108.822 14.756 0.000  -5.363 2.131 0.013 

 RW2  30.784 24.041 0.202  -2.765 3.472 0.427 

 RW3  -26.025 21.357 0.224  0.702 3.085 0.820 

 RW4  66.584 31.286 0.034  10.387 4.519 0.022 

 RW5  75.937 39.923 0.058  -11.412 5.766 0.049 

 Pectoral fin  0.175 0.128 0.172  0.001 0.018 0.972 

 Fork length  -0.045 0.010 0.000  0.001 0.001 0.422 

 Sex, male  -1.555 0.664 0.020  0.074 0.096 0.441 

 GSI  -1.413 0.426 0.001  0.242 0.061 0.000 

 Sex, male*GSI  1.196 0.473 0.012  -0.148 0.068 0.031 
Thingvallavatn, 2016 (Intercept) 0.601 -14.525 1.964 0.000 0.093 5.482 0.231 0.000 
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 RW1  -153.545 19.973 0.000  -0.696 2.353 0.768 

 RW2  70.809 31.474 0.026  0.863 3.708 0.816 

 RW3  -65.541 25.247 0.010  6.054 2.974 0.043 

 RW4  92.068 33.674 0.007  2.720 3.967 0.494 

 Pectoral fin  0.324 0.175 0.066  -0.052 0.021 0.013 

 Fork length  -0.024 0.012 0.040  0.003 0.001 0.048 

 Sex, male  -0.720 0.547 0.189  0.040 0.064 0.537 

 GSI  -0.501 0.272 0.067  0.089 0.032 0.006 

 Sex, male*GSI  0.275 0.308 0.374  -0.041 0.036 0.262 
Planktivore,  
2014-2016 combined 

(Intercept) 0.168 -18.360 1.442 0.000 0.004 (ns) 6.237 0.177 0.000 
RW1  27.728 17.939 0.123  -0.443 2.205 0.841 
RW4  -79.095 22.523 0.001  7.063 2.769 0.011 
Pectoral fin  -0.110 0.107 0.307  -0.008 0.013 0.532 
Fork length  -0.035 0.008 0.000  -0.001 0.001 0.283 
Sex, male  0.573 0.484 0.237  -0.007 0.060 0.909 
GSI  -0.955 0.264 0.000  0.015 0.032 0.650 
Sex, male*GSI  1.255 0.310 0.000  -0.027 0.038 0.475 

Planktivore 2014 (Intercept) 0.103 -18.194 2.811 0.000 -0.019 (ns) 6.253 0.309 0.000 

 RW1  77.651 46.073 0.096  0.324 5.060 0.949 

 RW4  -74.095 54.027 0.174  -4.759 5.933 0.425 

 Fork length  -0.042 0.018 0.021  -0.001 0.002 0.766 
Planktivore 2015 (Intercept) 0.295 -14.145 2.502 0.000 0.105 5.793 0.358 0.000 

 RW2  29.359 20.812 0.161  -4.863 2.977 0.105 

 RW4  -88.838 28.185 0.002  12.470 4.031 0.002 

 Pectoral fin  -0.063 0.145 0.666  0.028 0.021 0.177 

 Fork length  -0.054 0.013 0.000  0.001 0.002 0.666 

 Sex, male  -0.100 0.808 0.901  -0.077 0.116 0.507 

 GSI  -3.504 0.743 0.000  0.140 0.106 0.190 

 Sex, male*GSI  4.227 0.799 0.000  -0.185 0.114 0.108 
Planktivore 2016 (Intercept) 0.217 -14.839 2.445 0.000 0.022 (ns) 6.048 0.296 0.000 

 RW1  141.372 39.982 0.001  -6.663 4.836 0.172 

 RW3  66.989 47.739 0.164  6.208 5.774 0.285 

 RW4  -62.447 45.556 0.174  12.988 5.510 0.021 

 Pectoral fin  -0.252 0.223 0.262  -0.049 0.027 0.075 

 Fork length  -0.051 0.014 0.001  0.000 0.002 0.842 

 Sex, male  1.396 0.790 0.081  -0.128 0.096 0.185 

 GSI  -0.670 0.362 0.068  -0.019 0.044 0.659 

 Sex, male*GSI  0.995 0.452 0.031  -0.007 0.055 0.895 
Small benthic,  (Intercept) 0.054 -13.889 0.220 0.000 0.168 5.973 0.039 0.000 
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2014 to 2016 combined RW1  -23.885 13.777 0.084  -1.781 2.416 0.462 
RW3  38.677 17.204 0.025  -6.025 3.018 0.047 
RW5  -40.315 25.673 0.118  14.972 4.503 0.001 
GSI  -0.347 0.129 0.008  0.135 0.023 0.000 

Small benthic, 2014 (Intercept) 0.034 (ns) -13.414 0.554 0.000 0.107 5.693 0.064 0.000 

 GSI  -0.595 0.332 0.078  0.112 0.039 0.005 
Small benthic, 2015 (Intercept) 0.130 -15.927 0.360 0.000 0.217  6.390 0.077 0.000 

 RW2  29.431 23.932 0.222  -9.180 5.132 0.077 

 RW4  -123.577 41.288 0.003  32.359 8.854 0.000 

 GSI  -0.725 0.220 0.001  0.214 0.047 0.000 
Small benthic, 2016 (Intercept) 0.005 (ns) -12.189 0.383 0.000 0.202 5.736 0.069 0.000 

 RW3  -34.040 27.611 0.221  9.484 4.994 0.061 

 Pectoral fin  0.192 0.161 0.238  -0.008 0.029 0.797 

 Sex, male  -0.158 0.505 0.756  0.100 0.091 0.276 

 GSI  -0.408 0.244 0.097  0.173 0.044 0.000 

 Sex, male*GSI  0.436 0.277 0.119  -0.074 0.050 0.143 
Vatnshlíðarvatn,  
2014 to 2016 combined 

(Intercept) 0.499 -27.458 0.206 0.000 0.067 6.911 0.088 0.000 
RW1  -5.206 3.382 0.124  0.964 1.443 0.504 
RW2  -13.603 3.241 0.000  -0.220 1.383 0.874 
RW3  7.507 3.636 0.039  -0.741 1.551 0.633 
RW4  5.167 4.387 0.239  0.940 1.871 0.616 
Pectoral fin  -0.054 0.019 0.004  0.023 0.008 0.005 
Fork length  0.017 0.001 0.000  0.000 0.000 0.437 
GSI  -0.028 0.014 0.045  0.019 0.006 0.002 

Vatnshlíðarvatn, 2014 (Intercept) 0.602 -28.508 0.379 0.000 0.068 7.134 0.175 0.000 

 RW2  -13.075 6.917 0.060  8.853 3.187 0.006 

 RW3  12.285 5.976 0.041  -4.897 2.753 0.077 

 RW4  23.982 8.352 0.005  -4.275 3.848 0.268 

 Fork length  0.024 0.002 0.000  -0.001 0.001 0.087 

 Sex, male  0.088 0.139 0.528  -0.138 0.064 0.032 
Vatnshlíðarvatn, 2015 (Intercept) 0.495 -27.882 0.397 0.000 0.032  7.069 0.170 0.000 

 RW1  -10.683 7.583 0.160  5.646 3.256 0.084 

 RW2  -13.414 8.750 0.127  -3.354 3.757 0.373 

 RW4  11.675 8.437 0.168  0.099 3.623 0.978 

 RW5  -9.920 7.629 0.195  -0.365 3.276 0.911 

 Pectoral fin  -0.031 0.035 0.379  0.023 0.015 0.125 

 Fork length  0.017 0.002 0.000  0.001 0.001 0.534 

 Sex, male  0.298 0.159 0.062  -0.128 0.068 0.062 
Vatnshlíðarvatn, 2016 (Intercept) 0.415 -26.034 0.341 0.000 0.157 6.761 0.142 0.000 
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 RW1  -9.479 7.105 0.184  -3.571 2.963 0.230 

 RW4  -18.452 8.592 0.033  -2.733 3.583 0.447 

 RW5  12.823 8.318 0.125  8.584 3.469 0.014 

 Pectoral fin  -0.051 0.037 0.162  0.026 0.015 0.088 

 Fork length  0.012 0.002 0.000  0.002 0.001 0.014 

 Sex, male  -0.329 0.127 0.010  0.010 0.053 0.853 

 GSI  -0.072 0.022 0.001  0.026 0.009 0.005 
Brown morph, 
2014 to 2016 combined 

(Intercept) 0.167 -27.580 0.444 0.000 -0.014 (ns) 7.420 0.217 0.000 
RW4  -8.123 7.002 0.249  0.207 3.421 0.952 
Pectoral fin  -0.053 0.027 0.049  0.007 0.013 0.608 
Fork length  0.012 0.003 0.000  -0.001 0.001 0.265 

Brown morph, 2014 (Intercept) 0.896 -27.990 0.510 0.000 0.447 6.901 0.370 0.000 

 RW1  -22.045 13.484 0.146  20.614 9.778 0.073 

 RW2  -12.133 8.642 0.203  5.037 6.266 0.448 

 RW3  0.286 8.273 0.973  -7.776 5.999 0.236 

 RW5  68.664 9.012 0.000  -21.277 6.535 0.014 

 Pectoral fin  -0.219 0.078 0.027  0.156 0.057 0.029 

 Fork length  0.017 0.003 0.002  0.002 0.002 0.518 

 Sex, male  0.524 0.204 0.037  -0.557 0.148 0.007 

 GSI  0.049 0.049 0.354  0.050 0.036 0.203 
Brown morph, 2015 (Intercept) 0.100 -28.643 0.838 0.000 -0.014 (ns) 7.891 0.427 0.000 

 RW4  -9.979 10.046 0.325  0.907 5.118 0.860 

 Fork length  0.018 0.005 0.001  -0.005 0.003 0.072 

 Sex, male  0.257 0.291 0.381  -0.026 0.148 0.859 

 GSI  0.088 0.170 0.604  0.005 0.086 0.954 

 Sex, male*GSI  0.990 0.507 0.056  -0.315 0.258 0.228 
Brown morph, 2016 (Intercept) 0.005 (ns) -26.166 0.927 0.000 0.169 (ns) 6.928 0.444 0.000 

 RW1  -24.800 22.827 0.290  16.066 10.935 0.157 

 RW5  -23.951 23.808 0.326  6.524 11.405 0.574 

 Pectoral fin  -0.164 0.114 0.166  0.135 0.054 0.022 

 Fork length  0.010 0.006 0.086  0.002 0.003 0.484 

 Sex, male  -1.351 0.718 0.074  0.158 0.344 0.651 
Silver morph,  
2014 to 2016 combined 

(Intercept) 0.423 -26.903 0.170 0.000 0.039 6.833 0.073 0.000 
RW2  -10.994 4.286 0.011  -0.580 1.837 0.752 
RW3  -5.178 4.351 0.235  1.773 1.865 0.342 
RW5  7.542 6.213 0.225  1.885 2.663 0.479 
Pectoral fin  -0.038 0.020 0.058  0.028 0.009 0.001 
Fork length  0.015 0.001 0.000  0.001 0.000 0.117 
GSI  -0.011 0.015 0.467  0.016 0.006 0.010 
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Silver morph, 2014 (Intercept) 0.532 -28.221 0.473 0.000 0.002 (ns) 6.972 0.224 0.000 

 RW1  9.984 11.122 0.371  -8.049 5.274 0.129 

 RW2  -10.225 9.385 0.278  6.892 4.450 0.124 

 RW3  -14.572 6.915 0.037  4.335 3.279 0.188 

 RW4  -17.721 10.262 0.086  3.906 4.866 0.424 

 RW5  -15.539 11.603 0.183  7.994 5.502 0.148 

 Pectoral fin  0.070 0.049 0.152  -0.006 0.023 0.796 

 Fork length  0.023 0.002 0.000  -0.001 0.001 0.221 
Silver morph, 2015 (Intercept) 0.370 -27.297 0.384 0.000 0.006 (ns) 6.947 0.142 0.000 

 RW4  -22.728 12.375 0.068  6.469 4.573 0.159 

 Pectoral fin  -0.051 0.042 0.218  0.025 0.015 0.113 

 Fork length  0.014 0.002 0.000  0.001 0.001 0.306 

 Sex, male  0.484 0.199 0.016  -0.091 0.074 0.219 
Silver morph, 2016 (Intercept) 0.396 -25.666 0.497 0.000 0.110 6.907 0.214 0.000 

 RW1  -12.976 10.063 0.199  -7.574 4.340 0.083 

 RW4  11.530 10.107 0.256  5.997 4.359 0.171 

 RW5  21.050 9.662 0.031  8.158 4.167 0.052 

 Pectoral fin  -0.044 0.040 0.272  0.006 0.017 0.748 

 Fork length  0.011 0.002 0.000  0.001 0.001 0.079 

 Sex, male  -0.159 0.129 0.220  -0.050 0.056 0.370 
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Table S2.17: Lowest-AIC generalized multiple linear models (negative binomial with log link) estimating effects of shape on Diplostomum 
count for Arctic charr from the Icelandic lakes Thingvallavatn and Vatnshlíðarvatn. Estimates displayed with and without stable isotopic 
signatures as covariates (to assess whether associations can be explained by resource use), for lakewide and within-morph data, by sample year. 
Also included are covariates of size (fork length, mm), sex, GSI, and interactions. ‘NA’ signifies where the including stable isotopic values 
increased AIC values and, therefore, models are as ‘isotopes excluded’ models. Bold values are significant at p<0.05. 

 stable isotopes excluded as variables stable isotopes included as variables 

 predictor 
coefficients 

(exponentiated) 

lower 95% 
confidence 

interval 
(exponentiated) 

upper 95% 
confidence 

interval 
(exponentiated) predictor 

coefficients 
(exponentiated) 

lower 95% 
confidence 

interval 
(exponentiated) 

upper 95% 
confidence 

interval 
(exponentiated) 

Thingvallavatn, 
2014 

(Intercept) 25.437 17.631 36.759 (Intercept) 17.627 5.695 55.024 
RW1 0.000 0.000 0.000 d13C 1.062 1.044 1.080 

 Fork length 1.013 1.011 1.016 d15N 1.343 1.105 1.631 

 GSI 1.069 1.020 1.119 RW1 0.021 0.000 4.123 

     RW5 0.000 0.000 13.948 

     Fork length 1.011 1.009 1.014 

     Sex, male 1.002 0.827 1.211 

     GSI 1.127 1.022 1.240 

     Sex, male*GSI 0.909 0.819 1.011 
Thingvallavatn, 
2015 

(Intercept) 32.082 19.164 53.861 (Intercept) 81.226 51.301 129.891 
RW1 0.000 0.000 0.008 d13C 1.056 1.041 1.072 

 RW2 0.002 0.000 1.353 RW2 0.003 0.000 2.022 

 Fork length 1.012 1.009 1.015 Fork length 1.013 1.011 1.016 

 Sex, male 1.008 0.827 1.231 Sex, male 1.141 0.953 1.369 

 GSI 1.187 1.052 1.333 GSI 1.301 1.162 1.452 

 

Sex, 
male*GSI 0.854 0.745 0.981 Sex, male*GSI 0.790 0.694 0.902 

Thingvallavatn, 
2016 

(Intercept) 24.442 12.794 46.505 (Intercept) 25.703 7.413 89.716 
RW1 0.000 0.000 0.180 d13C 1.080 1.061 1.099 

 RW5 4.13x10^5 0.384 4.04x10^11 d15N 1.210 0.976 1.502 

 Pectoral fin 1.069 1.001 1.141 Fork length 1.016 1.013 1.019 

 Fork length 1.015 1.011 1.019 Sex, male 0.957 0.803 1.141 

 Sex, male 0.921 0.763 1.112 GSI 1.195 1.103 1.291 

 GSI 1.160 1.065 1.260 Sex, male*GSI 0.892 0.813 0.980 

 

Sex, 
male*GSI 0.912 0.827 1.007     
(Intercept) 9.141 4.306 20.238 (Intercept) 16.837 7.102 41.174 
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Small benthic, 
2014 

RW3 1.64x10^4 0.061 3.49x10^9 d13C 1.049 1.014 1.083 
Fork length 1.022 1.017 1.027 Fork length 1.023 1.018 1.028 

 Sex, male 1.115 0.795 1.560 Sex, male 1.029 0.752 1.404 

 GSI 1.515 1.228 1.861 GSI 1.584 1.286 1.943 

 

Sex, 
male*GSI 0.726 0.579 0.913 Sex, male*GSI 0.701 0.562 0.878 

Small benthic, 
2015 

(Intercept) 11.732 4.532 30.268 (Intercept) 40.669 14.376 115.490 
RW4 0.000 0.000 343.347 d13C 1.059 1.014 1.106 

 Fork length 1.021 1.015 1.028 Fork length 1.019 1.014 1.025 

 Sex, male 1.181 0.848 1.654 Sex, male 1.087 0.800 1.480 

 GSI 1.201 1.016 1.404 GSI 1.246 1.056 1.458 

 

Sex, 
male*GSI 0.827 0.679 1.014 Sex, male*GSI 0.840 0.691 1.028 

Small benthic, 
2016 

(Intercept) 19.276 8.117 46.199 NA    
RW4 0.000 0.000 3.243     

 Fork length 1.021 1.015 1.028     
 Sex, male 0.870 0.662 1.143     
 GSI 1.207 1.062 1.367     

 

Sex, 
male*GSI 0.895 0.772 1.038     

Planktivore 2014 
(Intercept) 38.129 19.992 73.283 (Intercept) 20.769 5.153 86.907 
RW1 0.000 0.000 0.501 d13C 1.059 1.035 1.085 

 RW2 9.92x10^4 4.923 1.96x10^9 d15N 1.283 1.029 1.588 

 Fork length 1.008 1.004 1.012 RW1 0.000 0.000 0.002 

     RW2 1445.560 0.198 1.07x10^6 

     Fork length 1.011 1.007 1.015 

Planktivore 2015 
(Intercept) 122.084 75.614 197.614 (Intercept) 239.515 113.752 503.136 
RW5 1.15x10^6 34.725 3.54x10^10 d13C 1.067 1.043 1.091 

 Fork length 1.003 1.001 1.006 RW1 0.006 0.000 1.588 

     Fork length 1.009 1.005 1.013 

     Sex, male 1.022 0.828 1.265 

     GSI 1.232 0.994 1.526 

     Sex, male*GSI 0.791 0.626 0.998 

Planktivore 2016 
(Intercept) 15.051 7.830 28.990 (Intercept) 12.282 1.781 85.295 
RW5 1.72x10^7 0.011 3.03x10^16 d13C 1.081 1.043 1.120 

 Pectoral fin 1.073 0.997 1.152 d15N 1.307 0.966 1.761 

 Fork length 1.016 1.012 1.020 RW3 0.000 0.000 0.497 

 GSI 1.090 1.019 1.164 RW5 3.34x10^7 0.087 1.40x10^15 

     Pectoral fin 1.115 1.039 1.195 
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     Fork length 1.018 1.014 1.022 

     GSI 1.100 1.033 1.169 

Vatnshlíðarvatn, 
2014 

(Intercept) 4.071 2.409 6.976 NA    
Pectoral fin 1.088 1.048 1.130     
Fork length 1.014 1.012 1.017     

Vatnshlíðarvatn, 
2015 

(Intercept) 6.731 4.441 10.185 (Intercept) 3.104 0.799 11.829 
RW1 1806.838 5.107 7.25x10^5 d15N 1.148 0.959 1.378 

 RW3 1687.735 2.226 1.29x10^6 RW2 6339.833 2.052 2.05x10^7 

 RW5 5026.094 1.443 1.83x10^7 RW3 1291.239 1.724 9.71x10^5 

 Fork length 1.014 1.012 1.016 RW5 4.66x10^4 14.820 1.51x10^8 

 Sex, male 1.130 0.932 1.371 Fork length 1.012 1.010 1.014 

 GSI 1.178 1.102 1.260 Sex, male 1.165 0.969 1.399 

 

Sex, 
male*GSI 0.933 0.867 1.002 GSI 1.163 1.082 1.250 

     Sex, male*GSI 0.938 0.872 1.009 
Vatnshlíðarvatn, 
2016 

(Intercept) 8.270 5.642 12.135 NA    
RW5 8.34x10^6 31.457 2.05x10^12     

 Pectoral fin 1.066 1.017 1.118     
 Fork length 1.015 1.013 1.018     
 GSI 1.030 1.000 1.060     
Brown morph, 
2014 

(Intercept) 45.738 29.546 74.942 (Intercept) 3.92x10^5 4.942 3.50x10^10 
RW2 0.000 0.000 0.000 d13C 1.426 0.916 2.226 

 RW3 1.48x10^10 0.261 5.94x10^21 RW2 0.000 0.000 0.000 

 RW4 1.60x10^29 4.26x10^15 2.19x10^43 RW3 2.49x10^8 0.021 1.51x10^19 

 RW5 3.58x10^22 1.29x10^7 5.47x10^37 RW4 9.10x10^26 1.27x10^14 4.00x10^40 

 Pectoral fin 1.222 1.034 1.441 RW5 6.89x10^14 0.053 3.18x10^31 

     Pectoral fin 1.246 1.065 1.458 
Brown morph, 
2015 

(Intercept) 8.930 3.370 24.061 (Intercept) 0.612 0.047 8.314 
RW1 0.000 0.000 0.000 d15N 1.399 1.032 1.893 

 RW5 1.24x10^8 254.076 6.74x10^14 RW1 0.000 0.000 0.000 

 Fork length 1.019 1.013 1.025 RW5 5.68x10^7 171.003 2.05x10^13 

 Sex, male 0.640 0.434 0.921 Fork length 1.020 1.014 1.026 

 GSI 1.063 0.826 1.330 Sex, male 0.669 0.460 0.952 

 

Sex, 
male*GSI 2.476 1.263 4.866 GSI 1.060 0.832 1.318 

     Sex, male*GSI 2.611 1.363 5.008 
Brown morph, 
2016 

(Intercept) 48.575 15.773 165.470 (Intercept) 6586.342 141.569 2.70x10^5 
RW1 0.000 0.000 0.000 d15N 0.502 0.302 0.844 
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Fork length 1.026 1.017 1.034 RW1 0.000 0.000 0.000 

 Sex, male 0.036 0.009 0.134 Fork length 1.030 1.021 1.039 

 GSI 1.382 1.216 1.561 Sex, male 0.020 0.005 0.071 

     GSI 1.494 1.311 1.698 

Silver morph, 
2014 

(Intercept) 2.083 1.136 3.874 (Intercept) 99.080 4.918 1974.889 

Fork length 1.017 1.014 1.020 d13C 1.150 1.034 1.278 

     Fork length 1.014 1.011 1.018 
Silver morph, 
2015 

(Intercept) 4.403 2.910 6.704 NA    
RW4 0.000 0.000 0.097     

 Pectoral fin 0.948 0.909 0.989     
 Fork length 1.014 1.012 1.015     
 Sex, male 1.355 1.077 1.712     
 GSI 1.094 1.040 1.151     

Silver morph, 
2016 

(Intercept) 6.760 4.607 9.939 (Intercept) 164.916 6.506 4045.131 
RW5 1.70x10^6 1.385 2.20x10^12 d13C 1.129 0.999 1.273 
Fork length 1.016 1.014 1.018 RW5 5.11x10^5 0.411 6.59x10^11 

     Fork length 1.014 1.011 1.017 
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Table S2.18: Lowest-AIC generalized multiple linear models (zero-inflated binomial, logit link, and negative binomial, log link) estimating 
effects of shape on Diphyllobothrium count for Arctic charr from the Icelandic lakes Thingvallavatn and Vatnshlíðarvatn. Estimates displayed 
with and without stable isotopic signatures as covariates (to assess whether associations can be explained by resource use), for lakewide and 
within-morph data, by sample year (small benthic and Brown morphs excluded as too few infected fish). Also included are covariates of size (fork 
length, mm), sex, GSI, and interactions. ‘Stable isotopes included’ models displayed only where including d13C and/or d15N terms did not 
increase AIC. Bold values are significant at p<0.05. Zero-inflated components, necessary due to many uninfected individuals, are the odds 
associated with not being infected; negative binomial (‘count’) components are exponentiated, giving proportional expected change in number 
of Diphyllobothrium given an infection. 

  zero-inflated component count component 

 predictor 
coefficients 

(exponentiated) 

lower 95% 
confidence 

interval 
(exponentiated) 

upper 95% 
confidence 

interval 
(exponentiated) 

coefficients 
(exponentiated) 

lower 95% 
confidence 

interval 
(exponentiated) 

upper 95% 
confidence 

interval 
(exponentiated) 

Thingvallavatn, 2014 (Intercept) 5580.878 0.018 1.75x10^9 3.69x10^-4 2.61x10^-5 0.005 
stable isotopes excluded RW1 0.000 0.000 2.80x10^-34 1.46x10^-16 1.50x10^-32 1.428 

 RW2 1.27x10^220 2.16x10^15 Inf 2.72x10^9 5.04x10^-6 1.47x10^24 

 RW3 7.08x10^-161 0.000 3.43x10^26 1.77x10^-11 1.59x10^-23 19.652 

 RW4 9.38x10^48 1.46x10^-47 6.03x10^144 2.17x10^-23 6.44x10^-39 7.33x10^-8 

 Sex, male 0.073 0.002 2.181 2.060 0.879 4.827 

 Fork length 0.957 0.889 1.031 1.062 1.047 1.078 

 GSI 0.003 1.04x10^-5 0.712 1.776 0.956 3.300 

 Sex, male*GSI 720.142 1.416 3.66x10^5 0.661 0.338 1.292 
stable isotopes included (Intercept) 2.243 4.15x10^-4 12113.997 4.72x10^-5 4.99x10^-6 4.46x10^-4 

 d13C 1.336 1.179 1.515 0.870 0.837 0.904 

 d15N 4.979 1.114 22.245 1.921 1.327 2.781 

 RW1 9.36x10^-30 6.86x10^-46 1.28x10^-13 9.99x10^-9 8.25x10^-15 0.012 

 RW4 3.89x10^19 8.36x10^-7 1.81x10^45 4.50x10^-8 6.88x10^-16 2.949 

 Fork length 0.980 0.964 0.997 1.031 1.024 1.038 
Thingvallavatn, 2015 (Intercept) 2314.107 2.289 2.34x10^6 2.55x10^-4 1.53x10^-5 0.004 

stable isotopes excluded RW1 1.68x10^-61 2.01x10^-72 1.39x10^-30 1.42x10^-13 2.36x10^-21 8.51x10^-6 

 RW4 5.65x10^36 1.37x10^8 2.33x10^65 0.014 1.48x10^-14 1.34x10^10 

 RW5 2.91x10^34 5.92x10^-14 1.43x10^82 2.11x10^-13 1.22x10^-27 36.395 

 Fork length 0.959 0.925 0.995 1.068 1.052 1.084 

 Sex, male 0.041 0.005 0.365 0.769 0.379 1.560 

 GSI 1.030 0.188 5.644 8.520 4.228 17.168 

 Sex, male*GSI 1.200 0.155 9.309 0.159 0.078 0.325 
stable isotopes included (Intercept) 311.168 0.000 1.61x10^9 4.85x10^-9 8.81x10^-11 2.67x10^-7 

 d13C 1.974 1.142 3.414 0.898 0.838 0.962 

 d15N 20.145 0.235 1729.544 5.917 3.433 10.198 
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 RW1 3.02x10^-41 9.04x10^-86 10060.725 0.001 3.76x10^-10 1697.716 

 Fork length 0.951 0.893 1.013 1.048 1.034 1.061 

 Sex, male 0.007 2.22x10^-6 2.196 1.226 0.718 2.096 

 GSI 1.261 0.102 15.652 2.567 1.302 5.059 

 Sex, male*GSI 0.182 0.009 3.734 0.484 0.246 0.953 
Thingvallavatn, 2016 (Intercept) 0.000 3.45x10^-8 5.810 9.88x10^-5 1.19x10^-5 0.001 

stable isotopes excluded RW1 3.74x10^-84 1.72x10^-136 8.12x10^-28 7.95x10^-20 8.07x10^-35 7.83x10^-5 

 Fork length 1.037 0.987 1.089 1.067 1.053 1.081 

 GSI 1.181 0.717 1.945 1.306 1.048 1.627 
stable isotopes included (Intercept) 9.76x10^-6 2.87x10^-13 331.962 4.26x10^-7 1.64x10^-9 1.25x10^-4 

 d13C 1.446 0.945 2.213 0.949 0.854 1.055 

 d15N 8.389 0.503 139.790 2.381 0.871 6.511 

 RW1 9.17x10^-42 1.22x10^-96 6.859x10^13 7.89x10^-24 5.17x10^-38 1.20x10^-9 

 Fork length 1.026 0.976 1.079 1.060 1.045 1.076 
Planktivore 2014 (Intercept) 105.568 0.005 2.44x10^7 0.001 3.93x10^-5 0.009 

stable isotopes excluded RW1 1.58x10^39 5.39x10^-24 4.65x10^101 7.68x10^-9 8.94x10^-22 65913.698 

 RW4 1.10x10^-76 5.28x10^-171 2.29x10^18 1.41x10^13 0.002 8.24x10^28 

 Fork length 0.952 0.905 1.002 1.056 1.041 1.072 

 Sex, male 8.076 0.035 1838.817 2.473 1.170 5.227 

 GSI 3.232 0.147 70.883 2.547 1.652 3.927 

 Sex, male*GSI 0.474 0.026 8.697 0.509 0.317 0.818 
stable isotopes included (Intercept) 5.081 5.24x10^-6 4.93x10^6 7.57x10^-5 7.83x10^-6 0.001 

 d13C 1.229 1.003 1.507 0.855 0.820 0.891 

 d15N 8.635 1.303 57.219 1.938 1.323 2.838 

 Fork length 0.932 0.899 0.967 1.023 1.018 1.028 
Planktivore 2015 (Intercept) 7.72x10^13 0.011 5.43x10^29 0.006 3.38x10^-4 0.101 

stable isotopes excluded RW2 4.78x10^15 1.36x10^-30 1.69x10^61 8.68x10^-8 1.18x10^-15 6.353 

 RW4 2.56x10^10 4.20x10^-44 1.56x10^64 1.65^20 9.37x10^8 2.93x10^31 

 RW5 9.33x10^133 7.79x10^-46 1.12x10^251 3.04x10^-6 4.44x10^-20 2.08x10^8 

 Pectoral fin 0.817 0.288 2.317 1.150 1.022 1.295 

 Fork length 0.823 0.658 1.028 1.043 1.029 1.058 

 Sex, male 9.34x10^-15 4.45x10^-88 1.96x10^59 0.622 0.272 1.422 

 GSI 0.012 4.84x10^-5 3.130 3.654 1.744 7.657 

 Sex, male*GSI 0.064 6.63x10^-19 6.23x10^16 0.239 0.119 0.481 
stable isotopes included (Intercept) 6.04x10^15 2.72x10^5 1.34x10^30 8.11x10^-7 1.77x10^-8 3.71x10^-5 

 d13C 1.353 0.917 1.997 0.910 0.855 0.968 

 d15N 0.016 2.82x10^-4 0.864 3.388 2.040 5.629 

 RW4 1.50x10^30 3.25x10^-27 6.94x10^86 1.81x10^13 8794.779 3.73x10^22 

 Pectoral fin 1.654 0.811 3.372 1.126 1.024 1.239 

 Fork length 0.938 0.882 0.999 1.038 1.026 1.050 

 Sex, male 0.002 2.24x10^-7 2.679 0.880 0.501 1.544 

 GSI 2.324 0.040 133.970 2.378 1.254 4.510 

 Sex, male*GSI 0.030 1.77x10^-4 5.225 0.396 0.213 0.736 
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Planktivore 2016 (Intercept) 0.806 2.64x10^-4 2466.929 1.65x10^-4 4.90x10^-6 0.006 
stable isotopes excluded RW1 3.55x10^51 3.50x10^-11 3.59x10^113 1.36x10^-14 1.22x10^-33 1.52x10^6 

 RW4 6.40x10^117 1.38x10^19 2.96x10^216 1.50x10^36 5.58x10^15 4.03x10^57 

 RW5 8.31x10^83 9.05x10^-48 7.64x10^214 7.85x10^33 0.647 9.52x10^67 

 Pectoral fin 0.631 0.365 1.092 1.041 0.768 1.410 

 Fork length 0.981 0.938 1.025 1.062 1.044 1.081 

 Sex, male 242.082 4.306 13610.384 2.076 0.769 5.604 

 GSI 9.956 0.881 112.451 1.929 1.011 3.684 

 Sex, male*GSI 0.026 0.001 0.472 0.438 0.200 0.960 
stable isotopes included (Intercept) 1.68x10^15 1.60x10^-15 1.75x10^52 2.13x10^-8 5.37x10^-11 8.40x10^-6 

 d13C 0.243 0.041 1.435 0.905 0.813 1.007 

 d15N 0.001 2.25x10^-12 283.383 3.623 1.263 10.393 

 RW1 7.55x10^224 3.63x10^-19 Inf 3.95x10^-11 2.53x10^-30 6.16x10^6 

 RW4 6.48x10^258 1.11x10^10 Inf 1.20x10^21 1530.987 9.42x10^38 

 Pectoral fin 0.107 0.009 1.220 1.034 0.796 1.344 

 Fork length 0.775 0.584 1.028 1.051 1.034 1.067 

 Sex, male 3.38x10^6 1.355 8.45x10^12 2.150 0.952 4.855 

 GSI 0.133 0.012 1.409 1.086 0.803 1.470 
Vatnshlíðarvatn, 2014 (Intercept) 1.11x10^-6 1.09x10^-15 1139.801 0.001 2.18x10^-5 0.020 

stable isotopes excluded RW2 1.22x10^25 1.10x10^-39 1.36x10^89 4.80x10^-14 7.14x10^-34 3.23x10^6 

 RW4 953.813 1.37x10^-55 6.63x10^60 2.50x10^26 5.81x10^5 1.07x10^47 

 Fork length 1.055 0.978 1.138 1.032 1.016 1.049 
Vatnshlíðarvatn, 2015 (Intercept) 3.78x10^-20 1.86x10^-36 0.077 3.63x10^-8 1.91x10^-10 6.92x10^-6 

stable isotopes excluded RW1 3.15x10^-87 3.6x10^-159 2.76x10^-15 5.06x10^-25 6.14x10^-40 4.18x10^-10 

 RW2 1.93x10^-21 2.86x10^-95 1.30x10^53 2.03x10^-35 1.11x10^-61 3.70x10^-9 

 RW3 1.41x10^-66 3.09x10-161 6.40x10^28 7.48x10^-59 2.28x10^-83 2.45x10^-34 

 Fork length 1.181 1.006 1.386 1.064 1.043 1.085 

 Sex, male 41.912 0.169 10409.898 83.887 14.259 493.504 

 GSI 0.775 0.070 8.609 4.941 2.318 10.532 

 Sex, male*GSI 7493.352 1.092 5.14x10^7 1.033 0.530 2.012 
stable isotopes included (Intercept) 4.41x10^-44 0.000 1770.541 5.71x10^-16 4.91x10^-24 6.65x10^-8 

 d15N 269.865 0.087 8.39x10^5 3.303 0.914 11.937 

 d13C 1.559 0.134 18.098 0.777 0.397 1.519 

 RW1 8.59x10^-140 0.000 0.000 8.03x10^-35 1.45x10^-53 4.46x10^-16 

 RW2 1.93x10^-43 0.000 2.64x10^60 6.37x10^-33 4.52x10^-59 8.97x10^-7 

 RW3 4.61x10^-173 0.000 3.105 8.83x10^-71 1.00x10^-99 7.79x10^-42 

 RW4 1.84x10^79 0.000 9.72x10^193 8.54x10^17 3.79x10^-14 1.92x10^49 

 Fork length 1.289 1.039 1.600 1.077 1.052 1.102 

 Sex, male 12838.131 0.870 1.89x10^8 240.813 27.075 2141.843 

 GSI 0.680 0.034 13.546 4.479 2.195 9.139 

 Sex, male*GSI 4.52x10^5 3.217 6.34x10^10 1.420 0.668 3.020 
Vatnshlíðarvatn, 2016 (Intercept) 5.64x10^6 1030.519 3.09x10^11 0.900 0.059 13.647 

stable isotopes excluded Fork length 0.915 0.869 0.964 1.002 0.989 1.014 
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Silver morph, 2014 (Intercept) 1.64x10^-5 3.66x10^-10 7.320 0.001 1.31x10^-6 0.021 
stable isotopes excluded RW2 1.31x10^24 1.55x10^-29 1.10x10^77 6.77x10^-12 1.80x10^-31 2.54x10^8 

 RW4 7.67x10^-37 1.66x10^-109 3.55x10^36 3.86x10^-22 2.19x10^-46 681.909 

 Fork length 1.041 0.989 1.095 1.033 1.016 1.051 

 Sex, male 6.715 0.297 151.744 0.802 0.229 2.804 
Silver morph, 2015 (Intercept) 75.735 3.39x10^-4 1.69x10^7 0.009 3.41x10^-8 25.661 

stable isotopes excluded RW2 1.06x10^-123 2.28x10-233 4.97x10^-14 4.74x10^-55 7.35x10^-104 3.05x10^-8 

 RW5 7.31x10^149 9.70x10^9 5.51x10^289 2.24x10^42 1.18x10^-16 4.22x10^100 

 Fork length 0.987 0.939 1.037 1.022 0.990 1.055 

 Sex, male 47.765 0.621 3675.977 6.394 1.368 29.884 
Silver morph, 2016 (Intercept) 25.021 1.808 346.264 0.042 0.007 0.241 

stable isotopes excluded Fork length 0.987 0.976 0.999 1.018 1.011 1.026 

 Sex, male 1.636 0.610 4.388 1.714 1.041 2.822 
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Figure S2.1: Wireframe representations summarising relative warps 1 to 5 of shape variation of Arctic charr from the Icelandic lakes 
Thingvallavatn and Vatnshlíðarvatn, combining focal morphs. See Table S2.2 for verbal descriptions of shape changes.  
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Figure S2.2: Wireframe representations summarising relative warps 1 to 5 of shape variation of small benthic and planktivore Arctic charr 
morphs from the Icelandic lake Thingvallavatn. See Table S2.2 for verbal descriptions of shape changes. 
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Figure S2.3: Wireframe representations summarising relative warps 1 to 5 of shape variation of brown and silver Arctic charr morphs from the 
Icelandic lake Vatnshlíðarvatn. See Table S2.2 for verbal descriptions of shape changes.   
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Supplement 2.A: Lakewide covariance\Pearson’s r correlation matrix for Arctic charr from the Icelandic lake Thingvallavatn. 
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Supplement 2.B: Covariance\Pearson’s r correlation matrix for the planktivore Arctic charr morph from the Icelandic lake Thingvallavatn. 
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Supplement 2.C: Covariance\Pearson’s r correlation matrix for the small benthic Arctic charr morph from the Icelandic lake Thingvallavatn. 
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Supplement 2.D: Lakewide covariance\Pearson’s r correlation matrix for Arctic charr from the Icelandic lake Vatnshlíðarvatn. 
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Supplement 2.E: Covariance\Pearson’s r correlation matrix for the silver Arctic charr morph from the Icelandic lake Vatnshlíðarvatn. 
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Supplement 2.F: Covariance\Pearson’s r correlation matrix for the brown Arctic charr morph from the Icelandic lake Vatnshlíðarvatn.
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Chapter 3 Supplement 

Table S3.1: Descriptive data for samples of Arctic charr morphs from the Icelandic lakes Thingvallavatn and Vatnshlíðarvatn. Means (standard 
deviations in parentheses) of variables used in lakewide and within-morph analyses. Relative warps are centred at zero, relative pectoral fin 
lengths are residuals of regressions of pectoral fin lengths on fork lengths, condition factor is residuals of log weight regressed on fork length. 

 Thingvallavatn Planktivore morph Small benthic morph Vatnshlíðarvatn Silver morph Brown morph 
RW1  0 (0.026) 0 (0.014) 0 (0.015) 0 (0.019) 0 (0.016) 0 (0.015) 
RW2 0 (0.012) 0 (0.011) 0 (0.014) 0 (0.015) 0 (0.013) 0 (0.013) 
RW3 0 (0.012) 0 (0.010) 0 (0.014) 0 (0.011) 0 (0.011) 0 (0.013) 
RW4 0 (0.009) 0 (0.009) 0 (0.009) 0 (0.010) 0 (0.009) 0 (0.011) 
RW5 0 (0.008) 0 (0.008) 0 (0.009) 0 (0.009) 0 (0.009) 0 (0.011) 
Pectoral fin length / mm 24.76 (7.10) 25.72 (6.19) 23.25 (6.71) 31.51 (9.06) 31.62 (9.31) 29.97 (6.31) 
Relative pectoral fin length  0 (2.66) 0 (2.03) 0 (1.95) 0 (3.22) 0 (2.58) 0 (2.65) 
Fork length / mm 159.97 (44.64) 170.4 (37.2) 132.1 (35.1) 197.79 (51.38) 203.94 (52.42) 165.92 (28.39) 
Age 4.78 (1.77) 5.33 (1.33) 3.82 (1.95) 3.96 (1.26) 3.98 (1.28) 4.78 (1.77) 
Growth /mm per yr  2.30 (1.07) 2.06 (0.82) 2.73 (1.32) 2.74 (1.22) 2.82 (1.23) 2.50 (1.13) 
Condition factor 0 (0.17) 0 (0.12) 0 (0.13) 0 (0.10) 0 (0.08) 0 (0.08) 
d13C / ‰ -19.44 (6.39) -24.19 (3.84) -13.87 (3.73) -24.30 (1.37) -24.03 (1.30) -25.65 (0.79) 
d15N / ‰ 6.02 (0.57) 6.07 (0.43) 5.97 (0.70) 6.98 (0.43) 6.94 (0.43) 7.18 (0.35) 
Diplostomum mean intensity (one 
eye, humour) 

240.48 (219.80) 183.21 (112.91) 272.99 (243.92) 108.63 (93.26) 101.04 (87.09) 126.55 (85.98) 

Diphyllobothrium mean intensity 8.43 (22.64) 16.09 (29.31) 0.05 (0.50) 0.33 (1.10) 0.34 (1.10) 0.14 (0.93) 
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Table S3.2: Standardised path coefficients (a), compound path coefficients (b), effects via trophic proxies (c), and total effects (d), based on 
the path diagram relating shape traits to relative growth (Figure 3.2a) in the small benthic morph of Arctic charr from Thingvallavatn, Iceland. 
Bolded values are significant at p=0.05. Covariates of age, sex, gonadosomatic indices, and fork length, were included in the model. Growth is 
relativised by dividing by mean growth within morph. Greater 𝛿13C indicates a benthic diet in Thingvallavatn, greater 𝛿15N indicates higher 
trophic level, Diplostomum are flukes with snail intermediate hosts, Diphyllobothrium are tapeworms with copepod intermediate hosts. 𝛿13C 
and 𝛿15N represent carbon and nitrogen stable isotopic signatures, included separately in (a) for univariate coefficients. Because 𝛿13C and 𝛿15N 
together produce an estimate of resource use, in compound path coefficients (b) they are not considered independently.  

(a) path coefficients. Bottom row is direct effects of traits or trophic proxies on relative growth 

SB RW1 RW2 RW3 RW4 RW5 Pectoral fin 𝛿13C 𝛿15N Diplostomum Diphyllobothrium 

 coef se coef se coef se coef se coef se coef se coef se coef se coef se coef se 

𝛿13C -0.106 0.078 -0.108 0.064 0.072 0.065 -0.021 0.061 -0.056 0.059 -0.148 0.070         

𝛿15N 0.021 0.073 -0.029 0.059 0.016 0.060 0.150 0.056 0.105 0.055 0.236 0.065         

Diplostomum 0.115 0.061 -0.056 0.050 0.105 0.051 0.018 0.048 -0.049 0.047 0.004 0.056 0.260 0.047 0.130 0.051     

Diphyllobothrium 0.007 0.082 0.008 0.067 -0.031 0.068 0.010 0.064 -0.049 0.063 -0.048 0.076 -0.037 0.063 -0.058 0.068     

Relative growth -0.045 0.024 -0.062 0.020 -0.003 0.020 -0.029 0.019 -0.045 0.019 0.002 0.022 0.007 0.020 0.010 0.021 -0.021 0.024 0.010 0.018 
                     

(b) compound path coefficients. Summaries of indirect effects of traits on relative growth via trophic pathways 

Effect on relative growth via: 
isotopes -0.001 0.002 -0.001 0.002 0.001 0.002 0.001 0.003 0.001 0.002 0.001 0.006         

isotopes via 
Diphyllobothrium 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000         

isotopes via 
Diplostomum 0.001 0.001 0.001 0.001 0.000 0.001 0.000 0.001 0.000 0.000 0.000 0.001         
Diplostomum -0.002 0.003 0.001 0.002 -0.002 0.003 0.000 0.001 0.001 0.002 0.000 0.001         

Diphyllobothrium 0.000 0.001 0.000 0.001 0.000 0.001 0.000 0.001 0.000 0.001 0.000 0.001         

(c) effects of traits on relative growth via trophic pathways (sum of indirect effects)  
Relative growth -0.002 0.004 0.001 0.003 -0.002 0.003 0.001 0.003 0.001 0.003 0.001 0.006         

(d) total effects of traits on relative growth, reflecting extended performance gradients (sum of all indirect & direct effects of traits on growth) 
Relative growth -0.047 0.024 -0.061 0.020 -0.006 0.020 -0.029 0.019 -0.043 0.018 0.003 0.022         
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Table S3.3: Standardised path coefficients (a), compound path coefficients (b), effects via trophic proxies (c), and total effects (d), based on 
the path diagram relating shape traits to relative growth (Figure 3.2a) in the planktivore morph of Arctic charr from Thingvallavatn, Iceland. 
Bolded values are significant at p=0.05. Covariates of age, sex, gonadosomatic indices, and fork length, were included in the model. Growth is 
relativised by dividing by mean growth within morph. Greater 𝛿13C indicates a benthic diet in Thingvallavatn, greater 𝛿15N indicates higher 
trophic level, Diplostomum are flukes with snail intermediate hosts, Diphyllobothrium are tapeworms with copepod intermediate hosts.  𝛿13C 
and 𝛿15N represent carbon and nitrogen stable isotopic signatures, included separately in (a) for univariate coefficients. Because 𝛿13C and 𝛿15N 
together produce an estimate of resource use, in compound path coefficients (b) they are not considered independently.  

(a) path coefficients. Bottom row is direct effects of traits or trophic proxies on relative growth 

PL RW1 RW2 RW3 RW4 RW5 Pectoral fin 𝛿13C 𝛿15N Diplostomum Diphyllobothrium 

 coef se coef se coef se coef se coef se coef se coef se coef se coef se coef se 

𝛿13C 0.148 0.069 -0.150 0.067 0.126 0.060 0.124 0.057 0.007 0.055 -0.018 0.061         

𝛿15N -0.139 0.073 0.211 0.070 -0.100 0.063 0.016 0.060 -0.018 0.058 -0.066 0.064         

Diplostomum -0.019 0.053 0.027 0.051 -0.100 0.045 -0.143 0.043 0.101 0.041 0.049 0.046 0.355 0.043 0.045 0.041     

Diphyllobothrium -0.056 0.042 0.091 0.040 -0.063 0.036 0.007 0.034 -0.010 0.033 0.083 0.036 -0.322 0.034 0.250 0.032     

Relative growth 0.025 0.019 0.033 0.019 0.016 0.017 -0.028 0.016 -0.028 0.015 -0.007 0.017 0.013 0.019 0.014 0.016 -0.049 0.021 -0.109 0.026 
                     

(b) compound path coefficients. Summaries of indirect effects of traits on relative growth via trophic pathways 

Effect on relative growth via: 
isotopes 0.000 0.004 0.001 0.005 0.000 0.003 0.002 0.003 0.000 0.001 -0.001 0.002   

      
isotopes via 

Diphyllobothrium 
0.009 0.004 -0.011 0.004 0.007 0.003 0.004 0.003 0.001 0.002 0.001 0.003   

      
isotopes via 

Diplostomum 
-0.002 0.002 0.002 0.002 -0.002 0.001 -0.002 0.001 0.000 0.001 0.000 0.001   

      
Diplostomum 0.001 0.003 -0.001 0.003 0.005 0.003 0.007 0.004 -0.005 0.003 -0.002 0.002   

      
Diphyllobothrium 0.006 0.005 -0.010 0.005 0.007 0.004 -0.001 0.004 0.001 0.004 -0.009 0.004   

      

(c) effects of traits on relative growth via trophic pathways (indirect causal effects: total effects minus direct effects)  
Relative growth 0.014 0.007 -0.019 0.007 0.017 0.006 0.010 0.006 -0.003 0.005 -0.011 0.006   

      

(d) total effects of traits on relative growth, reflecting extended performance gradients (sum of all indirect & direct effects of traits on growth) 
Relative growth 0.039 0.020 0.014 0.019 0.033 0.017 -0.018 0.016 -0.032 0.016 -0.018 0.017   
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Table S3.4: Standardised path coefficients (a), compound path coefficients (b), effects via trophic proxies (c), and total effects (d), based on 
the path diagram relating shape traits to relative growth (Figure 3.2a) in the brown morph of Arctic charr from Vatnshlíðarvatn, Iceland. 
Bolded values are significant at p=0.05. Covariates of age, sex, gonadosomatic indices, and fork length, were included in the model. Growth is 
relativised by dividing by mean growth within morph. Greater 𝛿13C indicates greater resource breadth in Vatnshlíðarvatn, greater 𝛿15N 
indicates higher trophic level, Diplostomum are flukes with snail intermediate hosts, Diphyllobothrium are tapeworms with copepod 
intermediate hosts. 𝛿13C and 𝛿15N represent carbon and nitrogen stable isotopic signatures, included separately in (a) for univariate 
coefficients. Because 𝛿13C and 𝛿15N together produce an estimate of resource use, in compound path coefficients (b) they are not considered 
independently.  

(a) path coefficients. Bottom row is direct effects of traits or trophic proxies on relative growth 

VB RW1 RW2 RW3 RW4 RW5 Pectoral fin 𝛿13C 𝛿15N Diplostomum Diphyllobothrium 

 coef se coef se coef se coef se coef se coef se coef se coef se coef se coef se 

𝛿13C -0.020 0.124 0.024 0.122 0.080 0.093 0.091 0.101 -0.005 0.098 -0.251 0.142         

𝛿15N -0.015 0.131 -0.172 0.129 0.090 0.098 -0.044 0.107 0.129 0.104 0.082 0.151         
Diplostomum 0.270 0.097 -0.084 0.096 0.055 0.073 0.015 0.080 0.116 0.078 0.075 0.113 0.067 0.077 -0.048 0.073     
Diphyllobothrium 0.129 0.129 -0.224 0.128 0.000 0.098 0.149 0.106 0.002 0.103 -0.050 0.151 -0.062 0.102 0.167 0.097     

Relative growth 0.088 0.046 -0.034 0.045 0.036 0.034 0.031 0.037 -0.083 0.036 -0.067 0.052 -0.064 0.036 0.051 0.034 0.025 0.045 0.006 0.034 
                     

(b) compound path coefficients. Summaries of indirect effects of traits on relative growth via trophic pathways 

Effect on relative growth via: 
isotopes 0.001 0.010 -0.010 0.012 -0.001 0.009 -0.008 0.009 0.007 0.009 0.020 0.015         

isotopes via 
Diphyllobothrium 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.001         

isotopes via 
Diplostomum 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 -0.001 0.001         
Diplostomum 0.007 0.012 -0.002 0.004 0.001 0.003 0.000 0.002 0.003 0.006 0.002 0.004         

Diphyllobothrium 0.001 0.004 -0.001 0.008 0.000 0.001 0.001 0.005 0.000 0.001 0.000 0.002         

(c) effects of traits on relative growth via trophic pathways (indirect causal effects: total effects minus direct effects)  
Relative growth 0.008 0.017 -0.014 0.015 0.001 0.009 -0.007 0.011 0.010 0.011 0.022 0.016         

(d) total effects of traits on relative growth, reflecting extended performance gradients (sum of all indirect & direct effects of traits on growth) 
Relative growth 0.096 0.046 -0.048 0.045 0.037 0.034 0.024 0.037 -0.073 0.036 -0.046 0.053         
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Table S3.5: Standardised path coefficients (a), compound path coefficients (b), effects via trophic proxies (c), and total effects (d), based on 
the path diagram relating shape traits to relative growth (Figure 3.2a) in the silver morph of Arctic charr from Vatnshlíðarvatn, Iceland. 
Bolded values are significant at p=0.05. Covariates of age, sex, gonadosomatic indices, and fork length, were included in the model. Growth is 
relativised by dividing by mean growth within morph. Greater 𝛿13C indicates greater resource breadth in Vatnshlíðarvatn, greater 𝛿15N 
indicates higher trophic level, Diplostomum are flukes with snail intermediate hosts, Diphyllobothrium are tapeworms with copepod 
intermediate hosts. 𝛿13C and 𝛿15N represent carbon and nitrogen stable isotopic signatures, included separately in (a) for univariate 
coefficients. Because 𝛿13C and 𝛿15N together produce an estimate of resource use, in compound path coefficients (b) they are not considered 
independently. Growth is relativised by dividing by mean growth within morph. 

(a) path coefficients. Bottom row is direct effects of traits or trophic proxies on relative growth 

VS RW1 RW2 RW3 RW4 RW5 Pectoral fin 𝛿13C 𝛿15N Diplostomum Diphyllobothrium 

 coef se coef se coef se coef se coef se coef se coef se coef se coef se coef se 

𝛿13C 0.034 0.056 -0.033 0.049 0.094 0.035 0.059 0.039 0.068 0.039 -0.126 0.041         

𝛿15N -0.010 0.074 -0.078 0.065 -0.045 0.047 -0.047 0.052 0.045 0.052 0.211 0.055         

Diplostomum 0.121 0.049 -0.238 0.043 0.025 0.031 0.153 0.034 0.043 0.034 -0.022 0.037 0.220 0.041 0.088 0.031     

Diphyllobothrium 0.034 0.073 -0.188 0.064 0.011 0.046 0.073 0.051 -0.001 0.051 -0.120 0.055 0.004 0.062 0.001 0.047     

Relative growth 0.092 0.025 -0.084 0.023 0.035 0.016 0.005 0.018 -0.023 0.017 -0.040 0.019 -0.064 0.021 0.014 0.016 -0.061 0.024 0.008 0.016 
                     

(b) compound path coefficients. Summaries of indirect effects of traits on relative growth via trophic pathways 

Effect on relative growth via: 
isotopes -0.002 0.004 0.001 0.004 -0.007 0.003 -0.004 0.003 -0.004 0.003 0.011 0.005         

isotopes via 
Diphyllobothrium 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000         

isotopes via 
Diplostomum 0.000 0.001 0.001 0.001 -0.001 0.001 -0.001 0.001 -0.001 0.001 0.001 0.001         
Diplostomum -0.007 0.004 0.015 0.006 -0.002 0.002 -0.009 0.004 -0.003 0.002 0.001 0.002         

Diphyllobothrium 0.000 0.001 -0.002 0.003 0.000 0.000 0.001 0.001 0.000 0.000 -0.001 0.002         

(c) effects of traits on relative growth via trophic pathways (indirect causal effects: total effects minus direct effects)  
Relative growth -0.010 0.006 0.015 0.008 -0.009 0.004 -0.014 0.006 -0.008 0.004 0.012 0.006         

(d) total effects of traits on relative growth, reflecting extended performance gradients (sum of all indirect & direct effects of traits on growth) 
Relative growth 0.082 0.025 -0.069 0.022 0.026 0.016 -0.009 0.018 -0.031 0.018 -0.028 0.019         
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Table S3.6: Z-tests of differences between coexisting morphs in effects of shape on growth, for Arctic charr from the Icelandic lakes 
Thingvallavatn and Vatnshlíðarvatn. P-values of z-tests displayed, bolded where p<0.05, comparing effects of shape on growth directly, via 
trophic resource proxies, and total effects of shape on growth, all taken from Tables S3.2 - S3.5.  

 small benthic vs planktivore  brown vs silver 
effects on shape direct via resource use total  direct via resource use total 
RW1 0.022 0.047 0.006  0.939 0.318 0.789 
RW2 0.001 0.009 0.007  0.323 0.088 0.675 
RW3 0.469 0.005 0.137  0.979 0.310 0.770 
RW4 0.968 0.180 0.658  0.528 0.576 0.423 
RW5 0.483 0.493 0.648  0.132 0.124 0.297 
Pec. Fin 0.943 0.906 0.914  0.226 0.198 0.414 
d13C 0.828    1.000   
d15N 0.880    0.325   
Diplostomum 0.380    0.092   
Diphyllobothrium 0.000    0.958   
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Figure S3.1: Wireframe representations summarising relative warps 1 to 5 of shape variation of Arctic charr from the Icelandic lakes 
Thingvallavatn and Vatnshlíðarvatn, combining focal morphs. See Table S2.2 for verbal descriptions of shape changes.  
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Chapter 4 Supplement 

Appendix: conditions for non-linear selection analysis with fitness proxies 

The directional selection gradient is the average derivative of relative fitness with respect to phenotype 

(see eq. 5 in the main text), and equivalently, the quadratic selection gradient is the average second 

derivative of relative fitness with respect to phenotype, 

A1         γ =
[ ]

. 

Assume a trait-performance relationship of 

A2       𝐸[𝑦 |𝑧 ] = 𝑓(𝑧 ) =  𝑎 + 𝑏𝑧 + 𝑔𝑧  

If y was relative fitness, the fit of this equation by least squares would result in b and g being 

interpretable as directional and quadratic selection gradients, if the z variable was mean-centered and 

normally distributed.  This is thus the regression equation that would be implemented in an analysis 

substituting a performance measure for fitness by dividing performance by its mean, and using the 

resulting relativised performance measure as the response variable. 

Assume a linear performance fitness relationship, as in eq. 2, and as invoked in studies using 

performance as a substitute for fitness, 

A3       𝐸[𝑊 |𝑦 ] = 𝑓(𝑦 ) =  𝑚 + 𝑛𝑦 . 

Fitness as a function of phenotype is thus 

A4      𝐸[𝑊 |𝑧 ] = 𝑊(𝑧 ) = 𝑚 + 𝑛(𝑎 + 𝑏𝑧 + 𝑔𝑧 ) 

The first and second derivatives of absolute fitness, W, with respect to traits, z, are 

A5a       = 𝑛(𝑏 + 𝑔𝑧), and 

A5b      = 𝑛𝑔 

Since A4 is quadratic, the expectation taken over some distribution of phenotype can be obtained by 

taking a Taylor series up to second order, since derivatives of higher than second order of W with 

respect to z are zero.  Thus, mean fitness is given using A4 and A5b 
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A6       𝑊 =   𝑊(𝐸[𝑧]) + 𝑊 ( ̅)𝐸[(𝑧 − 𝐸[𝑧]) ] = 𝑚 + 2𝑎 + 2𝑏𝜇 + 𝑔(𝜇 + 𝜎 ) , 

where 𝜇 is mean phenotype and 𝜎  is the phenotypic variance. 

Since A5a is linear, the expected first derivative is simply the derivative evaluated at mean phenotype, 

i.e., 𝐸[ ] = 𝑛(𝑏 + 𝑔𝜇), and since A5b is constant with respect to z, 𝐸 = 𝑛𝑔 .  Thus, when the 

performance function is evaluated via quadratic regression, and the performance-fitness relationship is 

linear, the directional and quadratic selection gradients are 

A7a      𝛽 =
[ ]

=
( )

( )
, and 

A7b     γ =
[ ]

=
( )

, 

If phenotype is mean-centred (𝜇 = 0) and standardized to unit variance (𝜎  = 1), the selection gradients 

simplify to 

A8a      𝛽 =
( )

, and 

A8b     𝛾 =
( )

, 

To test whether the assumptions inherent to substituting relative values of a proxy for relative fitness 

include merely that the performance fitness is linear, or whether there are also assumptions about the 

slope and/or intercept, it is necessary to obtain a version of the expressions for the selection gradients 

that reflects the case where the mean performance is one.  Because performance is a quadratic function 

of the trait, setting the intercept in equation A2 to one does not correspond to 𝑊 = 1, as in the main 

text.  Rather, mean performance is a function of both a and g.  Similarly to equation A6, mean 

performance is given by 

A9    𝑦 = 𝑎 +  𝑔. 

Using g = 2(1-a), versions of equations A8a&b when performance is relativised are 

A10a     𝛽 =
( ( ))

=  , and 

A10b     𝛾 =
( ( ))

=  . 
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From A10a&b, it is clear that the use of a fitness proxy assumes not only that the relative performance-

fitness relationship is linear, but that the linear regression goes through the origin. If the regression of 

(absolute or relative) fitness on relative performance does not go through the origin, analysis of both 

directional and non-linear selection using performance proxies will be incorrect, by a factor of  (as in 

the strictly linear case).  

One possible analysis advocated in Arnold (2003) for inference of non-linear selection in the general 

trait-performance-fitness framework is the characterisation of both directional (as in Arnold 1983) and 

quadratic selection gradients as the product of their performance gradients, and the directional 

selection gradient of performance.  In the framework for quantitative genetic interpretation of path 

coefficients in selection analysis proffered in Morrissey (2014) these coefficients would be considered 

‘extended’ selection gradients if performance was conserved a trait (for example, in application of the 

equation for evolutionary prediction given in Morrissey 2014 simultaneously to traits and performance 

measures), or they could be considered ‘direct’ selection gradients in the sense of Lande (1979) and 

Lande and Arnold (1983), and would be applicable in an analysis where performance was not 

simultaneously considered as a trait.   

Under either interpretation and application, it can be seen from equations A7a&b, and more readily 

from equations A8a&b that this interpretation (i.e., path analysis applied to quadratic analysis of 

performance gradients, and linear analysis of the selection gradient of performance) is justified.  Since 

the performance-fitness relationship is linear, mean fitness is given as a function of mean performance 

as 𝑊 = 𝑚 + 𝑛𝑦.  From equation A9, 𝑦 = (2𝑎 +  𝑔), when the trait is mean-centred and standardized 

to unit variance (conditions used to simplify equations A8a&b), and so 𝑊 = 𝑚 + 𝑛( (2𝑎 +  𝑔)) , which 

is the function in the denominator of equations A8a and b.   

Arnold’s (2003) suggestion that both trait-performance and performance-fitness relationships could be 

characterized by quadratic regressions, and path analysis subsequently applied to both quadratic and 

correlational terms will yield approximations of selection gradients.  Because a function such as A3, 

giving fitness as a function of phenotype would contain higher polynomial terms if trait-performance 

and performance-fitness functions were both quadratic, analytical expressions for the resulting selection 

gradients would be much more complicated, and would depend on higher derivatives of the trait-fitness 

function, higher moments of the distribution of phenotype (i.e., the skew and the kurtosis), and the 

variance and other aspects of the distribution of residuals of the regression of performance on traits. 


