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General introduction



As humans and as scientists we can only marvel at the diversity of life that surrounds us.
Curiosity about the mechanisms that underlie this diversity has motivated diverse biological
disciplines and their approaches. Community ecologists study the dynamics of populations and
the interactions among species to understand the organizing principles that determine the
abundance, diversity and distribution of species. Evolutionary biologists seek to understand the
origins of diversity by studying how the genetic and phenotypic make-up of populations
changes from one generation to the next. It has long been recognized that the mechanisms that
drive evolution and those that underlie the organization of populations and communities are
inextricably linked (Darwin 1859, Lion 2018), and may represent “different perspectives on
the same whole” (McPeek 2017). In the recent decades, the realization that evolutionary change
can occur on timescales that are relevant for understanding ecological dynamics has led to an
increasing integration between community ecology and evolutionary biology (Hairston et al.
2005; Haloin & Strauss 2008; Matthews et al. 2011; Schoener 2011; Govaert et al. 2021). This
theoretical and empirical integration lays the foundation for understanding how community
contexts affect phenotypic evolution (Schluter 2000; terHorst et al. 2018; Harmon ef al. 2019),
how evolutionary change affects the ecological dynamics of communities (Emerson &
Gillespie 2008; Harmon et al. 2009; Des Roches et al. 2018; Reznick et al. 2019; Cropp &
Norbury 2020), and how evolutionary and ecological dynamics can feed back on one another
(Hendry 2016; Best et al. 2017; McPeek 2017; Lion 2018). Studying this interplay between
ecological dynamics and evolutionary change in nature, however, is challenging. Some of the
most substantial challenges to overcome involve understanding how complex interactions
among species shape natural selection, and how some of the outcomes of evolution, such as
phenotypic change, can shape selective environments (Wade & Kalisz 1990; Vellend 2010;
Matthews et al. 2014; terHorst et al. 2018).

In this thesis I will address some outstanding issues regarding the interplay between
evolutionary change and the ecological dynamics of species communities. For this purpose, I
will use a combination of literature review and theory (chapter one), experimentation (chapter
two), and comparative analyses of natural populations and ecosystems (chapters three and
four). I will address the questions of how the community context can drive phenotypic variation
(chapter one and four), and how phenotypic divergence affects species-interactions and
community structure (chapters two and three). For the empirical parts of this thesis (chapters
two to four), I use the threespine stickleback (Gasterosteus aculeatus species complex,

Linnaeus, 1758) and the communities they are embedded in as a focal study system.



The ecological dynamics of natural selection

Evolutionary mechanisms such as natural selection, drift and gene flow are increasingly
incorporated into our thinking about ecological dynamics (Lion 2018), however, understanding
the ecological causes and consequences of evolutionary outcomes remains a challenge for
evolutionary ecology (MacColl 2011). Evolution by natural selection results from the
population dynamics of genetically diverse populations, where groups of individuals carrying
some genotype have higher growth rates (i.e. fitness) than individuals carrying other genotypes
(Lion 2018). This differential fitness between genotypes depends on how genetic variation
translates into phenotypic variation (i.e. the heritability of the trait), and on how phenotypic
variation conveys ecological performance and, ultimately, fitness, in a given environmental
context (Arnold 1983). A rich body of theory has laid the foundation for predicting phenotypic
outcomes of natural selection (Lande & Arnold 1983), linking the ecological dynamics of
population and communities to trait changes (McPeek 2017), and describing how ecological
and evolutionary dynamics can reciprocally interact (Lion 2018). However, while these models
help us understand how traits evolve in ecological contexts, they do not inform us about why
they evolve (Wade & Kalisz 1990). Addressing the latter question requires identifying the
environmental causes of fitness variation, understanding the ecological mechanisms by which
they affect survival and reproduction, and tracking how they change over time (Wade & Kalisz

1990; MacColl 2011).

1) What are the relevant agents of selection in a community
context, how do they interact, and how do they affect fitness?

Correlations between phenotypes and fitness are not intrinsic to traits, but are contingent on
environmental conditions (Wade & Kalisz 1990; MacColl 2011). Identifying these conditions
— often dubbed agents of natural selection — is central to understanding the causes and
ecological dynamics of selection and, as such, the evolutionary trajectories of populations
(Gibbs & Grant 1987; MacColl 2011). The communities within which populations are
embedded are an important source of fitness variation (Haloin & Strauss 2008; terHorst et al.
2018; Harmon et al. 2019). A classic example for an ecological cause of natural selection is
seed availability and its effects on bill size in the Galapagos finch Geospiza fortis (Boag &
Grant 1981; Gibbs & Grant 1987; Hairston et al. 2005). During drought years the resources
available to individuals consisted primarily of hard seeds. In this community context,

individuals with large bills, which are better suited to crack open hard seeds, had a fitness



advantage over individuals with small bills (Boag & Grant 1981). In years without droughts,
however, more soft seeds became available, resulting in a reversal of the selection gradient,
where small bills became more beneficial to fitness than large bills (Gibbs & Grant 1987). The
evolutionary dynamics of bill size between years were driven by how bill morphology was
causally related to biomechanical performance, and by how the availability and the traits of
other species in the community (seed bearing plants) changed over time. This example
illustrates, how a mechanistic understanding of natural selection requires an understanding of
both the links between phenotypes and performance (“the performance gradients" (Arnold
1983)) and the ecological (community) contexts, within which these trait-performance

relationships become relevant for fitness (“the fitness gradient” (Arnold 1983)) (Figure 1).
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Figure 1: Understanding the ecological dynamics of natural selection in a community
context requires understanding the complex ecological interactions that determine
differential survival and reproduction in a focal population. Fitness variation arises from
how the hierarchies of traits that determine the overall phenotype of individuals convey
fitness in a given environment. Community contexts can not only determine how
phenotypes link to fitness, but can also affect the links within this trait hierarchy. For
example, environments can determine how genotypes translate into phenotypes (phenotypic
plasticity) and affect behaviors that alter the links between morphology and performance.
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In nature, populations are embedded in diverse physical and geochemical environments, and
interact directly or indirectly with a myriad of other species. In such complex settings a suite
of environmental factors can affect the survival and reproduction of individuals, which
challenges our ability to identify the ecological causes of natural selection (MacColl 2011).
Environmental variables with putative effects on fitness often covary in nature but may not
equally contribute to fitness variation (Schluter 2000; MacColl 2011; Singkam & MacColl
2019). For example, the addition of predators to an ecosystem often reduces the densities of
prey populations, alters the competitive interactions among prey species, and affects lower
trophic levels via cascading ecological effects (Polis & Strong 1996; Chase et al. 2002). An
evolutionary response to changing predation regimes may thus result from the effects of
predators, competitors, conspecifics, resources, or combinations thereof (terHorst et al. 2018;
Reznick et al. 2019; Singkam & MacColl 2019). In complex ecological contexts it is likely that
several agents affect fitness simultaneously, and so it is hard to attribute any particular agent
to the observed evolutionary response (Van Leeuwena et al. 2008; TerHorst et al. 2015;
Czorlich et al. 2022). Such attribution is particularly difficult when selection is affected by
indirect ecological interactions between species (Haloin & Strauss 2008; TerHorst ef al. 2015;
Czorlich et al. 2022), i.e. when selection imposed by one species (e.g. a consumer) onto another
(e.g. a prey) is altered by the presence of a third species (e.g. a top predator), without the third
species interacting with the focal populations (TerHorst ez al. 2015). This complexity is further
compounded by abiotic conditions that influence the nature and strength of species interactions

(Sanford & Worth 2010).

Identifying the agents of selection is crucial for a mechanistic understanding of natural
selection, however, the ecological complexities of natural systems often make it difficult to
identify these causes from patterns of phenotypic variation in nature (e.g. phenotype-
environment correlations (Schluter 2000)), or to predict evolutionary responses in complex
contexts from more simple conditions (e.g. experiments). Approaches to identifying agents of
selection include observations of spatiotemporal patterns of phenotypic variation or selection
(Schluter 2000; Reznick et al. 2019; Czorlich et al. 2022), and experimental manipulations,
where putative selective agents can be directly manipulated (Svensson & Sinervo 2000). Such
approaches have their limitations, but collectively they provide important windows into the
complex dynamics of natural selection and shape our perspective about ecological mechanisms

underlying evolution.
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2) How does phenotypic variation affect selective environments?

Rapid evolutionary change of organisms can affect ecological dynamics and, as such, may
change selective environments (Hendry 2016). Understanding how organisms modify their
environment can, therefore, improve our understanding of ecological and evolutionary
dynamics in ecosystems, particularly if these modifications affect putative agents of selection,
including those influenced by the community context (Matthews et al. 2011). Reciprocal
dynamics between rapid evolutionary changes and ecological dynamics, are well supported in
theory (McPeek 2017; Lion 2018; Gibert & Yeakel 2019; Cropp & Norbury 2020), and
experiments have documented ecosystem-wide phenotypic effects of consumers in general,
and changes in community structure in particular (Des Roches ef al. 2018). In some cases, these
modifications might feed back to affect trait distributions or trait expression of subsequent
generations (Matthews et al. 2016; Best et al. 2017; Brunner et al. 2017). However, only a few
studies have investigated how spatiotemporal phenotypic variation drives community structure
in natural systems and have identified the underlying traits that govern such modifications
(“ecosystem-effect traits” (Violle et al. 2007)) (Post et al. 2008; Post & Palkovacs 2009). In
nature, the relative importance of phenotypic change/variation in driving community structure
likely depends on the complex interplay between various abiotic and biotic factors (Polis &
Strong 1996; Paquette et al. 2022). Hence, questions remain about when and how rapid trait

evolution can meaningfully affect selective environments in nature.

A useful starting point to study the ecological effects of phenotypic change is to understand the
ecological function of traits (Wainwright et al. 2007; Post et al. 2008; Post & Palkovacs 2009;
Schmid et al. 2018). This can provide hypotheses about how phenotypic variation and trait
change might alter the ecological interactions of focal populations. These hypotheses can then
be experimentally tested in semi-natural ecosystems (e.g. mesocosm-ecosystems) or
comparatively tested in nature by correlating phenotypic variation among independent
communities with variation in community structure (Post et al. 2008). However, the causality
of such phenotype-environment correlations cannot be unambiguously interpreted, and are
most often interpreted with a particular causal structure in mind, namely that traits evolve in
response to local environmental conditions. From this perspective, phenotype-environment
correlations offer supportive, albeit not conclusive, evidence for local adaptation (Schluter

2000; Sanford & Worth 2010; Holding et al. 2018). However, if phenotypes shape
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environmental conditions, then the underlying causality of these correlations is reversed (i.e.
phenotypes to environment, rather than environment to phenotypes). While experimental work
has demonstrated phenotypic effects on environments, we lack observations of phenotypic
effects in nature, and this would provide an important stepping stone towards understanding

the role of evolutionary change in driving ecological dynamics.

Threespine stickleback as a study system

Threespine stickleback are small teleost fish that have a (near) circumpolar marine distribution
in the northern Hemisphere (Fang et al. 2018). After the last glacial maximum, the ancestral
marine species has independently colonized diverse freshwater habitats in North America and
Eurasia, resulting in repeated adaptive diversification (McKinnon & Rundle 2002; Hendry et
al. 2009). This diversification typically occurs along a lake-stream habitat axes, and, more
rarely, along a benthic-limnetic axis within lakes (Schluter & McPhail 1992; Magurran 1994;
McKinnon & Rundle 2002; Gow et al. 2008; Willacker et al. 2010; Ostbye et al. 2016). The
rapid adaptation to freshwater, and the subsequent diversification within freshwater habitats,
as well as their suitability as laboratory animals, has made stickleback an important model
species in ecology and evolutionary biology (Magurran 1994; Gibson 2005; Hendry et al.
2013), and an ideal system to study the interplay between ecological and evolutionary

dynamics (Hendry et al. 2013).

Sticklebacks inhabit diverse aquatic habitats and sit at an intermediate position in aquatic food-
webs. They prey upon a variety of invertebrates, ranging from small bodied zooplankton
(copepods, cladocera, etc.), to relatively large bodied benthic invertebrates (e.g. isopoda, insect
larvae, etc.) (Lucek et al. 2012; Bretzel et al. 2021). They are preyed upon by invertebrates,
piscivorous fish, and birds (Vamosi & Schluter 2002; Leinonen et al. 2011; Zeller et al. 2012).
Previous work has investigated the evolutionary dynamics of stickleback in response to various
selective agents, including habitat (Schluter 1993; Bolnick & Lau 2008; McGee et al. 2013)
and resource environments (Singkam & MacColl 2019). A body of experimental work has
identified associations between in foraging traits, local feeding habitats and resource-use
(Schluter 1993; Matthews et al. 2010; Lucek et al. 2013; McGee et al. 2013; Arnegard et al.
2014), and has related phenotypic variation in some of these traits to prey-specific foraging
performance in different environmental contexts (Schluter 1993; Robinson 2000; Higham et

al. 2017; Schmid et al. 2018). A separate body of work has investigated the effects of lineage
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divergence on ecosystem processes in semi-natural systems (mesocosms), including changes
in community structure (Harmon et al. 2009; Rudman et al. 2015; Matthews et al. 2016; Best
et al. 2017), and has related community changes to divergent phenotypes (i.e. putative
ecosystem-effect traits) (Schmid et al. 2018). Combined, these previous studies lay the

foundation to study the ecological dynamics of natural selection in a community context.

The Swiss stickleback system

In chapter two of this thesis, I focus on European stickleback, and specifically, on the
stickleback populations of two large perialpine lakes - Lake Constance and Lake Geneva. Due
to the glaciation history of the continent, the timing of freshwater colonization varies widely
among European stickleback lineages: Populations in Western-European watersheds (e.g.
Rhine, Rhone, Seine) likely established prior to the last glacial maximum, whereas North-
eastern-European watersheds (i.e. the Baltic drainage) were colonized only after the retreat of
the ice sheets ~12,000 years ago (Lucek et al. 2010; Marques et al. 2016, 2019). Recent range
expansion and anthropogenic introductions has brought some of these lineages into secondary
contact in perialpine lakes of the Swiss plateau, which was mostly uninhabited by stickleback
until recent historical times (Lucek ef al. 2010; Marques et al. 2016, 2019; Hudson et al.
2021b). Due to their divergent evolutionary histories, hybridization, and of rapid adaptive
diversification in the newly colonized watersheds, Swiss stickleback populations are highly
variable and differ in various ecological, physiological and morphological phenotypes (Berner
et al. 2010; Lucek et al. 2013; Alexander et al. 2016; Best et al. 2017; Hudson et al. 2021a).
This makes Swiss stickleback an interesting study system to investigate the ecological
consequences of evolutionary divergence. Previous experimental work has investigated how
both rapid and ancient lineage divergence can differentially affect semi-natural ecosystems
(mesocosm), and how these ecological modifications influence the survival and growth of a
subsequent generation (Matthews et al. 2016; Best et al. 2017). In this thesis (chapter two), I
aim to identify the traits that underlie such ecosystem modifications, particularly those

associated with shaping prey communities in littoral and pelagic environments.

The Greenlandic stickleback system
In chapters three and four I focus on lake and pond dwelling stickleback populations of
Southern Greenland (Kujalleq municipality) (Figure 2A). During the last glacial maximum (ca.

22 kb BP) this study area was fully submerged, and became subject to vertical uplift following
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Figure 2: The Greenlandic study system is located on the Tunulliarfik fjord in the south of
Greenland (A). The landscape is scattered with hundreds of independent freshwater lakes that
contain only two fish species — arctic char and threespine stickleback — in a fully factorial
design (B). This creates a highly replicated natural experiment, which has allowed us to
investigate the phenotypic drivers of zooplankton community composition across the
landscape (C; chapter three) and the effects of community context on the phenotypic variation
of stickleback (D; chapter four).

deglaciation (Sparrenbom et al. 2013). The landmass emerged ~10 '000 years ago from the
ocean (Sparrenbom et al. 2006, 2013), forming a landscape, where hundreds of lakes of varying
size occur over small geographic scales. These lakes were subsequently colonized by two
species of freshwater fish, threespine stickleback and the salmonid arctic char (Salvelinus
alpinus). This resulted in a patchwork of lakes with either no fish, only char, only stickleback
or both species (Bergersen 1996; Doenz et al. 2019) (Figure 2B). This natural setting provides
interesting contrasts in food-web configurations across the landscape: comparatively simple
invertebrate communities are preyed upon by stickleback and/or char. Where stickleback and

char co-occur, large char additionally prey on stickleback (Reen 1994; Doenz et al. 2019).
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