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On the maintenance of genetic variation and adaptation to
environmental change: considerations from population

genomics in fishesa

L. Bernatchez

Institut de Biologie Intégrative et des Systèmes (IBIS), Université Laval, Québec, QC, G1Y
2T8, Canada

The first goal of this paper was to overview modern approaches to local adaptation, with a focus on
the use of population genomics data to detect signals of natural selection in fishes. Several mecha-
nisms are discussed that may enhance the maintenance of genetic variation and evolutionary potential,
which have been overlooked and should be considered in future theoretical development and predictive
models: the prevalence of soft sweeps, polygenic basis of adaptation, balancing selection and tran-
sient polymorphisms, parallel evolution, as well as epigenetic variation. Research on fish population
genomics has provided ample evidence for local adaptation at the genome level. Pervasive adaptive
evolution, however, seems to almost never involve the fixation of beneficial alleles. Instead, adapta-
tion apparently proceeds most commonly by soft sweeps entailing shifts in frequencies of alleles being
shared between differentially adapted populations. One obvious factor contributing to the maintenance
of standing genetic variation in the face of selective pressures is that adaptive phenotypic traits are most
often highly polygenic, and consequently the response to selection should derive mostly from allelic
co-variances among causative loci rather than pronounced allele frequency changes. Balancing selec-
tion in its various forms may also play an important role in maintaining adaptive genetic variation
and the evolutionary potential of species to cope with environmental change. A large body of litera-
ture on fishes also shows that repeated evolution of adaptive phenotypes is a ubiquitous evolutionary
phenomenon that seems to occur most often via different genetic solutions, further adding to the poten-
tial options of species to cope with a changing environment. Moreover, a paradox is emerging from
recent fish studies whereby populations of highly reduced effective population sizes and impoverished
genetic diversity can apparently retain their adaptive potential in some circumstances. Although more
empirical support is needed, several recent studies suggest that epigenetic variation could account for
this apparent paradox. Therefore, epigenetic variation should be fully integrated with considerations
pertaining to role of soft sweeps, polygenic and balancing selection, as well as repeated adaptation
involving different genetic basis towards improving models predicting the evolutionary potential of
species to cope with a changing world.
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INTRODUCTION

Ample empirical evidence has accumulated that species across the globe are experienc-
ing drastic changes in environmental conditions as a result of human activities (Smith
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& Bernatchez, 2008; Carroll et al., 2014). Among these, change in temperature induced
by increased greenhouse gas emissions is of greatest concern (Hoffmann et al., 2015.).
In particular, aquatic species must also face other associated environmental challenges
including ocean acidification, extremes in length and intensity of drought and flood
conditions, changes in the salinity of coastal areas and novel pathogens. Moreover,
anthropogenic activities also impose many additional stressors on species, including
physical habitat alterations (e.g. dams and reservoirs), pollution and the introduction
of new species that are altering predation and competition dynamics. Selective harvest-
ing of wild populations (e.g. fishing) has the potential to radically modify population
dynamics and selection regimes (Allendorf et al., 2008). These environmental changes
are happening rapidly, almost instantaneously, they incur substantial economic costs
and threats to biodiversity as well as diminish a species’ potential to adapt to future
environments. As a consequence of these interactions, a global, yet unplanned, evolu-
tionary experiment is being witnessed with direct effects on the biotic diversity of the
planet (Smith & Bernatchez, 2008).

Understanding and predicting how organisms respond to human-driven environmen-
tal change is therefore of major concern for scientists. For instance, this was identified
among the top five priorities in a recent perspective outlining the molecular ecology
strategy for the next 20 years (Andrew et al., 2013). Despite the scale of the problems
at stake, however, there remains much to be done to understand how species can adapt
and under what conditions this may occur (Hansen et al., 2012). Three (non-exclusive)
options exist by which organisms can cope with a changing environment. In the shorter
term, animals and plants may acclimate to shifting environmental conditions via phe-
notypic plasticity, i.e. by expressing particular adaptive phenotypes in response to local
environmental conditions. In the longer term and depending on an organisms’ life his-
tory, species distributions may shift to sites that are more favourable to their physiology
and ecology. Lastly, the ultimate response to global change is to adapt to the prevail-
ing environmental conditions, which implies evolutionary (genetic) change in response
to the new selective pressures. Arguably, in order to assess the potential of species to
cope with environmental change, it is necessary to differentiate among these aforemen-
tioned responses and to document their respective roles in different contexts and under
different conditions.

The application of principles from evolutionary biology to these challenges may
improve the ability to respond to human-driven environmental change (Carroll, 2011).
For instance, by applying an evolutionary framework the three most important demo-
graphic factors that facilitate successful adaptation to rapid environmental change,
such as generation time, population size and population structure can be identified
(Carroll et al., 2014). A plethora of studies have provided evidence that species differ
largely in their potential to adapt to rapid changes, probably owing to variation in
these three factors. On one hand, numerous studies have documented human-driven
‘contemporary (adaptive) evolution’ (Stockwell et al., 2003). Evidence for rapid
evolutionary adaptations, as seen in the peppered moth Biston betularia (Kettlewell,
1973), or changes in resistance levels to heavy metals in plants inhabiting contami-
nated sites (Wu & Kruckeberg, 1985), once considered atypical, is now commonplace.
Indeed, many studies showed that over recent decades, environmental change has
led to heritable, genetic changes in both plants and animals (Bradshaw & Holzapfel,
2006; Hoffmann et al., 2015). Studies on aquatic species and in fishes in particular
have provided evidence that species can rapidly adapt to newly invaded environments
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(Lee & Gelembiuk, 2008; Vera et al., 2016), to increased pollution levels (Williams
& Oleksiak, 2008; Bélanger-Deschênes et al., 2013), captive environments (Makinen
et al., 2015; Christie et al., 2016) or hybridize following environmental perturbations
(Seehausen et al., 2008a). Yet other studies have documented changes in the genetic
basis of growth in exploited species as a result of size-selective fishing (Conover
& Munch, 2002; Dunlop et al., 2009). More dramatic, however, are the challenges
faced from cancer, pests and pathogens that can evolve rapidly over short time frames
(Palumbi, 2001; Thomas et al., 2013; Carroll et al., 2014). On the other hand, not all
populations are expected to be capable to adapt to anthropogenic changes via evolu-
tionary change. Indeed, species that are characterized by long generation times (e.g.
several years), or by fragmented population structures make them less able to adapt
quickly enough to keep pace with the rate of human alterations to the environment.
These biological characteristics contribute, together with non-evolutionary factors,
to what has been termed the imminent prospect of Earth’s sixth mass extinction
(Carroll et al., 2014).

While many studies have attributed phenotypic changes in natural populations to
adaptive evolution, there is still significant controversy and uncertainty surrounding
these inferences (Merilä & Hendry, 2014). Genetic evidence is needed to demonstrate
that adaptive evolution has occurred, yet it has proven very challenging to link this
evidence to phenotypic changes and thus, to distinguish between the proportions of
phenotypic changes that are genetically based v. changes resulting from phenotypic
plasticity. Indeed, the genetic underpinnings of most fitness-related phenotypic traits
are still poorly documented (Ellegren & Sheldon, 2008; Savolainen et al., 2013).
There are several explanations for this. First, the vast majority of studies have focused
on measuring phenotypic responses potentially associated with increased individual
fitness in new environments (e.g. growth, fecundity, physiology and morphology),
whereas the molecular pathways underlying rapid adaptive phenotypic responses and
the change in genetic variation have been less studied (Laikre et al., 2010). Second,
progress towards addressing these questions has been methodologically hampered
until recently because the technical and analytical resources necessary to investi-
gate the genetic basis of adaptation lacked power (Pardo-Diaz et al., 2015). This is
particularly true for non-model species, where genomic resources have been limited
to the genotyping information of a few dozen (e.g. microsatellites) or at best a few
hundred (e.g. amplified fragment length polymorphism, AFLP) mainly neutral and
anonymous markers.

Recent development in genomics and other omic technologies are now providing
unprecedented insights into the evolutionary processes and molecular basis of adapta-
tion, equipping on how to now address the challenge. In particular, the genomic revolu-
tion associated with the development of various next-generation sequencing methods
has transformed the field of population and functional genomics over the past 5 years by
allowing to perform, for relatively modest costs, genome-wide single nucleotide poly-
morphism (SNP) genotyping for any species (Andrews et al., 2016) and for species
with small and simple genomes, whole genome (re)sequencing (Jones et al., 2012;
Ellegren, 2014). In turn, this makes it possible to document in much more detail the
genome-wide architecture underlying adaptive traits (Star et al., 2011; Barson et al.,
2015), as well as the genome-wide response to selection induced either by natural
(Hohenlohe et al., 2010) or anthropogenic factors (Bélanger-Deschênes et al., 2013;
Laporte et al., 2016).
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Although this explosion of genomic data is very promising, this only represents a
first step, as genomic data in itself are not sufficient for predicting the evolutionary
potential of species and their future. This requires building models that would inte-
grate parameters that allow predicting the potential for adaptive responses of a given
species in a given environmental context. For instance, theory and simulation studies
have demonstrated that the number, effect size, geographical distribution and starting
allele frequencies of beneficial variants can drastically alter the probability of adap-
tation (Ralph & Coop, 2015; Yeaman, 2015). While empirical genome-wide data are
now available for many species, these are rarely integrated into theoretical frameworks
that would, for instance, allow a better evaluation of how the adaptive capacity may
vary across taxonomic groups with different life histories or that are occupying dis-
tinct ecological niches. In sum, progress towards forming predictive hypotheses has
been relatively modest because of the existing gap between these two main lines of
inquiries: (1) what is learnt from population genomic studies about the potential evolu-
tionary change in existing populations and (2) do these findings match existing theory?

Understanding and predicting a species’ capacity to retain its evolutionary poten-
tial in the face of new selection pressures is further hampered by the fact that existing
theory and models pertaining to environmental adaptation are quite recent and com-
monly assume that phenotypic traits are controlled by single genes driven to fixation
(Uecker et al., 2014). For instance, such models predict that an environmental toler-
ance allele, that provides a sufficient selective benefit in the novel environment and is
present at a high enough frequency in the contemporary population, will be driven to
fixation (Orr & Unckless, 2014). In turn, this assumption also implies the erosion of
genetic diversity and therefore the reduction of a species’ evolutionary potential. The
prevailing and gloomy perspective stemming from these approaches is that natural pop-
ulations are threatened by interacting forces that together create a downward spiral that
reduces the evolutionary potential as a result of strong directional selection and reduc-
tions in population size, leading to impoverished genetic variation and an increased
extinction risk.

In sharp contrast to this view, however, is the notion that the sole search for quan-
titative trait nucleotides of large effects, or the QTN programme (Rockman, 2012),
could lead to an underestimate of the potential of species to retain their genetic diver-
sity and evolutionary potential. After all, organisms can sometimes adapt surprisingly
quickly to new environmental conditions (Messer & Petrov, 2013), even when census
sizes are very small, as commonly observed in captive and domesticated populations
(Andersson, 2013). Moreover, empirical studies using population genomics techniques
are increasingly revealing a prevailing role for standing genetic variation in environ-
mental tolerance within populations (Barrett & Schulter, 2008). Clearly, there exist
mechanisms by which genetic variation and evolutionary potential can be maintained
by natural populations and it appears that this can happen in a more prevailing way
than has previously been assumed.

In the following sections, the first goal is to briefly introduce what Whitlock (2015)
coined the ‘modern approaches to local adaptation’, with a focus on the use of pop-
ulation genomics data to detect signals of natural selection. Several mechanisms are
discussed that may enhance the maintenance of genetic variation and evolutionary
potential that have been overlooked and should be considered in future theoretical
development and predictive models. These are the prevalence of soft sweeps, polygenic
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basis of adaptation, balancing selection and transient polymorphisms, recurrent paral-
lel evolution and epigenetic variation. Given the focus of this volume on ‘Fish, Genes
and Genomes: Contributions to Ecology, Evolution and Management’, exemplary pop-
ulation genomic studies from the recent fish literature that illustrate the usefulness of
applying modern approaches to local adaptation for management and conservation pur-
poses is then presented. This review also provides empirical fish examples showing that
species may be able to retain more genetic variation and evolutionary potential than cur-
rently assumed. Fishes are particularly relevant in this context since both marine and
freshwater environments belong to the types of ecosystems that are thought to be suf-
fering the most from the various human-induced stressors. They further represent the
group of vertebrates with the highest number of threatened species and possibly also
one of the best studied groups of organisms for documenting evolutionary change in
human-altered habitats. Finally, while trying to represent most of the relevant literature
to the topic, there is a bias towards highlighting some of my own research, given that
this paper was delivered as an invited keynote lecture.

MODERN APPROACHES TO STUDY GENOMICS OF LOCAL
ADAPTATION

Many new theoretical and analytical approaches have been developed in recent
years to study local adaptation (Savolainen et al., 2013; Haasl & Payseur, 2016). With
the ever decreasing costs and increasing analytical power to dissect DNA, it has now
become possible to identify some of the loci responsible for local adaptation using
genome-wide, population-level data. Such studies are ideally performed using whole
genome resequencing or high density SNP chip data, but the costs of developing and
applying these tools have so far limited their use to either model species or species
characterized by small and notionally simple genomes. Arguably, the most common
genotyping approach currently applied to fishes is restriction site-associated DNA
sequencing (RADseq), which enables the low-cost discovery and genotyping of thou-
sands of genetic markers (Andrews et al., 2016). Regardless of the exact analytical
approach, the hope of using genome-wide data is to interrogate variation across the
genome to discover genes responsible for local adaptation without the need to rely on
a priori expectations. If the loci can subsequently be annotated and thus associated
with a biological function, then the phenotypes upon which selection has acted on
can potentially be inferred on the basis of gene function (Primmer et al., 2013). The
analytical and statistical methods currently applied to identify the targets of selection
can be divided into two main groups.

G E N O M E S C A N S

The first group of methods is based on variation in genetic differentiation between
populations. Broadly speaking, these comprise FST based approaches that extend the
Lewontin & Krakauer (1973) method, whereby a genome-wide average of differen-
tiation is taken to provide a baseline approximation of neutral processes, including
demographic and genetic processes. Then, outliers, which exhibit greater differences
in allele frequencies between populations than expected under neutral assumptions,
are considered as the most likely loci under divergent selection, or at least, physically
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linked to genomic regions involved in local adaptation. There are many methods to
detect FST outliers, which differ in the underlying demographic models, the statistical
approach and whether selection is explicitly included in the method (Narum & Hess,
2011; Lotterhos & Whitlock, 2015; Haasl & Payseur, 2016). These methods also vary
in their relative biological realism.

L A N D S C A P E G E N O M I C S

The second, newer group of methods is based on detecting selection by finding
statistical associations between local allele frequencies and environmental variables
that could be selective agents of local adaptation (De Mita et al., 2013; Joost et al.,
2013; Frichot & Francois, 2015). The assumption of these analyses is that the
distribution of alleles across a landscape (or seascape or riverscape) is a function
of adaptation to contemporary environments, with each population being adapted
to local conditions. Again, the different methods differ in their underlying neutral
assumptions, statistical approaches or the way they control for population structure,
which in turn influences their relative performance in different contexts of popula-
tion structure and demography (De Mita et al., 2013; de Villemereuil et al., 2014;
Rellstab et al., 2015). Admittedly, a simple correlation with environmental variables
does not readily imply a causal relationship, as this would require additional evi-
dence to conclude whether these loci are truly involved in local adaptation. Ideally,
landscape genomic analyses should be combined with experimental and functional
approaches in order to demonstrate more firmly that fitness trade-offs of genetic vari-
ants are truly associated with contrasting environments (Soria-Carrasco et al., 2014;
Egan et al., 2015; Storz, 2016).

When applying any of the aforementioned methods, it is always important to keep
in mind that confounding factors, other than local adaptation, can cause FST outliers,
or incidental associations with environmental variables (Bierne et al., 2013; Gagnaire
et al., 2015). In particular, any factor (other than divergent selection) that causes
genetic variation to differ among loci may affect the success of these methods, with
the main determinants of genomic heterogeneity being mutation, recombination,
background selection and the genetic architecture of adaptive traits (Haasl & Payseur,
2016). Methodological failures to properly account for different genetic structures,
demographic history or non-equilibrium conditions, further add bias to these meth-
ods and can cause high false-positive rates. On the contrary, limited sampling of
the genome, reduced power caused by the combination of small sample sizes and
the necessity for multiple comparisons, can all lead to an increase false-negative
rates. Consequently, a common problem encountered in genomic studies of local
adaptation is that the different methods often only detect partially overlapping sets
of loci (Gagnaire et al., 2015). The ongoing refinement of methods towards fixing
these caveats is underway, while trying to minimize loss of power (de Villemereuil
& Gaggiotti, 2015; Whitlock & Lotterhos, 2015). Meanwhile, a common practice
to partially circumvent these problems is to combine genome scans with landscape
genomic methods as a way to identify more reliably the most likely targets of selection
(de Villemereuil et al., 2014).

In fish-related research, the combined use of RADseq data in genome scans with
the aim of identifying targets of selection in freshwater, anadromous and marine
species has been increasingly popular, such that it is nearly impossible to provide
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an exhaustive list of all published studies. References to less recent studies can be
found in several review papers (Hemmer-Hansen et al., 2014; Pujolar et al., 2014,
2015; Ulrik et al., 2014; Willette et al., 2014; Gaither et al., 2015; Guo et al., 2015;
Elmer, 2016; Picq et al., 2016, as well as references in the next section as examples
of the most recent studies). In contrast, fewer fish studies have used a landscape
genomic framework to detecting selection by finding statistical associations between
local allele frequencies and environmental variables and those have mainly been per-
formed on salmonids (Zueva et al., 2014; Hecht et al., 2015; Hand et al., 2016). For
instance, Hecht et al. (2015) used RADseq to genotype nearly 2000 Chinook salmon
Oncorhynchus tshawytscha (Walbaum 1792) from 46 localities at about 20 000 SNPs
in order to document environmental adaptation throughout the North American range
of the species, from California to Alaska. They applied a multivariate landscape
genomic technique (redundancy analysis, RDA), to identify correlations between
genetic markers and 24 environmental and climatic traits. They identified 566 putative
adaptive loci as targets of environmental adaptation. Depending on the genetic lin-
eages, their results revealed that between 5·8 and 21·8% of genomic variation could be
accounted for by environmental and climate features, the most influential being precip-
itation, variation in mean diurnal range in temperature, as well as migration distance.
Thus, this study allowed identifying environmental features that are potential strong
drivers of adaptive genomic divergence in O. tshawytscha, which provided a basis to
investigate in greater detail how this species might respond to global environmental
change.

A similar study was performed by our group a few years ago on Atlantic salmon
Salmo salar L. 1758 (Fig. 1). In one of the first large-scale landscape genomic studies
in fishes, Bourret et al. (2013) documented adaptive and neutral differentiation across
54 North American populations of S. salar. Using an SNP array, about 4000 SNPs
were genotyped in 640 individuals and 49 environmental variables were characterized.
The authors combined genome scans (hierarchical Fdist), linkage mapping and a mul-
tivariate RDA to associate population genetic structure and environmental variables.
The results confirmed the regional structure of the species in North America, con-
sistent with previous data that S. salar form seven regional groups in the study area
[Fig. 1(a)]. Hierarchical Fdist detected 179 outliers distributed throughout the S. salar
genome, that are potentially under divergent selection among these regional groups
and for which genetic variation was four times the observed percentage for neutral
SNPs (28·04 and 6·42%). The RDA revealed that up to 81% of the variation at these
markers could be accounted for by environmental features, with RDA axes 1 and 2
representing 62% of the variation [Fig. 1(b)]. Climate (temperature and precipitation)
and geological characteristics were the main variables associated with this potentially
adaptive genetic divergence [Fig. 1(c)]. Annotation of the 179 outliers identified 12
gene ontology (GO) terms that were over-represented and associated with growth func-
tions. Taken together, this integrative landscape genomic approach identified both puta-
tive environmental selective agents and candidate genes potentially involved in the
process of local adaptation in S. salar. Although these results call for experimental
confirmation of the adaptive hypotheses, this study provided one of the first illustra-
tions how landscape population genomics may improve the understanding of evolu-
tionary processes affecting fish populations. Insights from such studies may help to
develop conservation tools that integrate both genetic and environmental variables and
their interactions.
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Fig. 1. Landscape genomics in Salmo salar: searching for gene–environment interactions driving local adap-
tation. (a) Principal component analysis clustering S. salar into seven regional genetic groups in Canada:

, Anticosti; , Southern Québec; , Labrador; , Lower North Shore; , Québec City; , Higher North
Shore; , Ungava. (b) Redundancy analysis (RDA) showing the position of allele frequency vectors for the
179 outlier single nucleotide polymorphism (SNP) and significant environmental principal component fac-
tors (PCF): PCF 1, temperature; PCF 2, precipitation, PCF 4 and 7, geological features. Markers identified
by and colours reflect regional groups identified in (a) and abbreviated population names are those iden-
tified by Bourret et al. (2013). (c) Example of relationship between allele frequency at an SNP correlated
with average summer temperature (T ∘ C).

ALLELIC FIXATION DOES NOT UNDERLY LOCAL ADAPTATION
IN FISHES

Numerous studies provided evidence for adaptation at the molecular level, either
from the identification of outlier genomic regions or from the association between
genetic and environmental factors (Jensen et al., 2016). A striking observation stem-
ming from these studies is that pervasive adaptive evolution seems to almost never
involve the fixation of beneficial alleles, in the form that is classically inferred from
hard sweeps. Without performing a rigorous survey, this seems particularly clear from
the fish literature. Even though actual heterozygosity values for individual loci are not
readily available for most population genomics studies, evidence for the rarity of allelic
fixation can be interpreted from the maximum values of FST outliers. The rationale
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here is that the alternate fixation of SNPs is associated with differential adaptation as
a result of hard sweeps (values should be 1 or at least close to this value). Of course,
FST values< 1 does not rule out the possibility that some of the populations are fixed
for locally beneficial alleles. Yet, FST of 1 (or close to it) should be relatively common
if the prevailing mode of adaptation implies hard sweeps. Clearly, this is not what has
been reported in almost all studies. For instance, in a study on S. salar populations
occupying distinct freshwater habitats that differ in climate, substratum and precipita-
tion, Bourret et al. (2013) reported maximum FST values for outliers varying between
0·30 and 0·58. A similar study on O. tshawytscha reported FST values for outliers in
the range of 0·40–0·80 (Brieuc et al., 2015). In another Pacific anadromous species,
the eulachon Thaleichthys pacificus (Richardson 1836), Candy et al. (2015) observed
maximal outlier values ranging between 0·15 and 0·30, whereas outlier values reported
by Hess et al. (2013) between anadromous Pacific lamprey Entosphenus tridentatus
(Richardson 1836) populations performing different lengths of reproductive migration
were in the range of 0·10–0·50, with only one exceeding value of 0·83. In marine
fishes, Corander et al. (2013) found 117 outliers among 4756 divergent SNPs between
Atlantic herring Clupea harnegus L. 1758 populations across a salinity gradient in the
Baltic Sea, corresponding to a mean outlier FST = 0·128 (0·125–0·131). In Atlantic cod
Gadus morhua L. 1758, Hemmer-Hansen et al. (2013) observed maximum outlier FST
values of 0·73 between stationary and migratory stocks and maximal outliers values in
the range of 0·5–0·7 were reported by Karlsen et al. (2013). In G. morhua also, Brad-
bury et al. (2010) observed FST values for outliers ranging from 0·15 to 0·45 between
populations across a strong thermal gradient in both North America and Europe. In
freshwater fishes, Fraser et al. (2015) reported a mean maximum FST of 0·68, which
varied from 0·50 to 0·92 depending on rivers between Trinidad guppy Poecilia reticu-
lata Peters 1859 populations adapted to different predator densities. Higher values and
evidence for alternate fixation were reported in the three-spined stickleback Gasteros-
teus aculeatus L. 1758. Hohenlohe et al. (2010) observed several differentially fixed
SNPs between marine and freshwater populations, including for the classic ectodys-
plasin (eda) gene region on chromosome 4, which is strongly associated with variation
in armour plate numbers. Very high values were also reported between lake and stream
parapatric pairs where fixation was observed for few loci in one of the pairs in a study by
Roesti et al. (2012), whereas maximum FST values in the other three pairs were in the
range of 0·2–0·6. A very similar pattern was observed in lake whitefish Coregonus cle-
upeaformis (Mitchill 1818) sympatric dwarf-normal pairs with values ranging between
0·8 and 0·9 and a few alternate fixations in two lakes, whereas outliers values were gen-
erally in the range of 0·2–0·6 in the other lakes (Gagnaire et al., 2013). Recently also,
Le Moan et al. (2016) reported a few cases of alternate fixations between European
anchovy Engraulis encrasicolus (L. 1758) ecotypes. Here, however, local adaptation is
not the only factor at play since the speciation process is quite advanced and involved
a phase of long geographic isolation during which genomic incompatibilities prob-
ably evolved. Finally, most outliers detected between young species in the radiation
of Nicaraguan crater-lake cichlids involved shifts in frequencies of the same alleles,
although near fixation was observed for several of those (Kautt et al., 2012). In addition
to the fact that this review is not exhaustive, a caveat that could apply to these examples
is that failure to detect locus-specific FST values close to 1 could be a resolution issue,
i.e. if the causative sequence polymorphism lies some distance from the SNPs that
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are actually assayed. This could result in lower FST values through incomplete link-
age. Yet, the general emerging pattern is that adaptation in freshwater, anadromous
and marine fishes in the form of either trophic or migratory ecotypes, or populations
adapted to distinct predatory, salinity or thermal regimes rarely (if ever) involves the
fixation of alternate alleles. It is only in extreme cases of population differentiation, for
instance where the processes of ecological speciation is well underway and genomic
incompatibilities causing postmating reproductive isolation has developed (such as
in some Coregoninae, Gasterosteidae, Engraulidae and young Cichlidae), that fixa-
tion has been mainly observed. In general, therefore, adaptation seems to proceed
most commonly by shifts in frequencies of alleles being shared between differentially
adapted populations.

HOW IS STANDING GENETIC VARIATION BEING MAINTAINED?

T H E P R E VA I L I N G RO L E O F S O F T S W E E P S I N A DA P TAT I O N

Perhaps because of computational complexity, most available models to predict the
potential for adaptation to environmental change have been developed on the basis
that a single locus affects a single trait (Orr & Unckless, 2014; Uecker et al., 2014).
Similarly, the prevailing approaches applied in empirical population genomics studies
have been to search for signals of selection of large effects on a locus-by-locus basis
(or linked genomic regions), for instance by using one of the many available methods
described in the previous section, but also Haasl & Payseur (2016) and Jensen et al.
(2016). Hard sweeps and selection driving major adaptive changes (and ultimately
fixation) in allele frequencies certainly occur in nature and are informative about genet-
ics changes that can cause evolution (Savolainen et al., 2013). For example, genes or
genomic regions have been identified and located for colour of the polymorphic pep-
pered moth (van’t Hof et al., 2011), the reduction of armour plates in G. aculeatus
populations that have colonized freshwater environments (Colosimo et al., 2005) and
coat colour variation in mouse species adapted to different environmental background
colours (Steiner et al., 2007). Despite this, there are many theoretical and empirical
reasons to suspect that QTNs of large effect associated with hard sweeps and allelic
fixation may not be the most informative in terms of addressing the molecular basis
of phenotypic evolution or for estimating the roles of evolutionary forces in shaping
adaptation (or maladaptation).

Based on both empirical evidence and modelling approaches, Pritchard & Di Rienzo
(2010) and Messer & Petrov (2013) argued that adaptation may predominantly occur
without dramatic allele frequency changes and adaptive fixation. Instead, adaptation
should commonly produce soft selective sweeps, whereby multiple adaptive alleles
sweep through the population at the same time, as opposed to hard sweeps that would
rapidly lead to fixation. They also argued that most well-known examples of rapid
molecular adaptation indeed show signatures of such soft selective sweeps and that
fixed differences among human populations are exceptionally rare, despite sufficient
time. Instead, much local adaptation appears to result from more modest changes in
frequencies of several to many genes, something that is also consistent with studies
highlighting the importance of standing genetic variation. Thus, the footprint of adap-
tation observed in fishes and summarized above is in line with these other studies.
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T H I N K P O LY G E N I C

Rockman (2012) argued that large-effect QTNs are insufficient to explain general
evolutionary phenomena, including those pertaining to the maintenance of genetic
variation. Indeed, such loci may be unrepresentative of the alleles that matter most
for rapid adaptation, given that models and experimental findings suggest that evolu-
tion often acts via large numbers of small-effect polygenes, which are hard to detect
individually (Pritchard & Di Rienzo, 2010; Le Corre & Kremer, 2012). Thus, as the
number of causative loci increases, the intensity of selection experienced by each of
them decreases and consequently, selection on a highly polygenic trait generates only
small changes in allele frequencies at causative loci. Instead, the response to selection
derives mostly from allelic co-variances among causative loci (McKay & Latta, 2002;
Le Corre & Kremer, 2012). Polygenic selection is therefore not expected to lead to
the fixation of loci under selection, which means that allelic diversity, and therefore
evolutionary potential, should be retained when exposed to new selective pressures,
for instance, by novel environments (Yeaman, 2015). Given the evidence for a ubiqui-
tous polygenic basis of adaptation, it is somewhat of a paradox that the vast majority
of studies investigating the genomic basis of adaptive traits or signatures of selec-
tion have been based on genome-wide association studies (GWAS) performed on a
locus-by-locus basis or genome scans that are biased towards the detection of large
effects at single loci (Jensen et al., 2016). Similarly, studies that experimentally doc-
ument the effect of selection at the genetic level in natural populations have mainly
focused on methods best designed to quantify selection coefficients on a locus by locus
basis (Thurman & Barrett, 2016). Accordingly, it is expected that these methods will
often fail to identify selective events involving polygenic selection (Haasl & Payseur,
2016). This is well-exemplified in studies on humans. For instance, classical GWAS
have found significant associations with phenotypic variation, but these explained only
a minute proportion of heritable trait variation. This so-called missing heritability is
best illustrated in studies on variation of human height, a trait with a heritability of 80%
(Visscher et al., 2008). Yet, GWAS performed on 90 000 individuals with thousands of
SNPs identified only around 50 genes that together accounted for 5% of the heritable
height variation (McEvoy & Visscher, 2009). Taking together, evidence for the occur-
rence of adaptation involving both allelic change of large effects (sometimes involving
fixation), as well as co-varying changes of small effects both indicate that studies aim-
ing at detecting the effect of selection in natural populations should combine methods
that are best designed to detect either types of signals. This is also theoretically inferred,
for instance under Orr’s (1998) exponential effect-size model, which predicts that the
effect-size distribution of adaptive substitutions is approximately exponential, with a
few large-effect and numerous small-effect mutations.

Wellenreuther & Hansson (2016) reviewed recent analytical advancements to investi-
gate the polygenic basis of phenotypic variance as well as signals of polygenic selection
in wild populations. Their review shows that the development and application of mixed
models that incorporate confounding factors, such as environmental noise and popu-
lation structure, has led to substantial improvements in the accuracy of polygenetic
modelling. Different variants of the mixed-model family comprise a univariate linear
mixed model (LMM) for estimating the proportion of variance explained (PVE) of
genotypes, a multivariate linear mixed model (mvLMM) for testing marker associa-
tions with multiple phenotypes while simultaneously controlling for population strati-
fication and a Bayesian sparse linear mixed model (BSLMM), which allows estimating
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PVE of genotypes and identifying associated markers by jointly modelling all markers
while controlling for population structure. The power of such multivariate approaches
is nicely shown by the study of Yang et al. (2010) who revisited the genetic basis of
human height variation. The authors quantified the proportion of variance for human
height explained by nearly 300 000 SNPs across 4000 individuals using a linear model
analysis combined with a restricted maximum likelihood analysis (REML) to estimate
the variance explained by SNPs. They found that 45% of variance could be explained
when considering all SNPs simultaneously, a proportion nine times higher than the 5%
estimated by classical GWAS (McEvoy & Visscher, 2009). Moreover, they showed
that the remaining heritability was due to incomplete linkage disequilibrium between
causal variants and genotyped SNPs. This suggests that most of the heritability for
human height is not missing, but that the previously detected individual effects were
too small to pass stringent significance tests.

Pathway analyses present another family of methods to investigate the polygenic
control of phenotypic trait expression, as well as signals of polygenic selection. One of
the most promising methods is the random-forest (RF) algorithm, which is a tree-based
ensemble-machine learning tool that is particularly well suited for studies with a ‘large
number of indicators and small sample sizes’ (Chen & Ishwaran, 2012). The RF
approach is particularly well suited for genomic applications, because this kind of
data contains typically a large number of loci relative to the number of individuals. RF
also accounts for correlation and interactions among loci, making them particularly
suitable to search for signals of polygenic selection. While this approach is currently
popular in the fields of medicine and agriculture, it is still infrequently used in studies
of natural populations. One pioneer example is the study by Holliday et al. (2012)
who used RF to predict adaptive phenotypes related to climate from multi-locus
genotypes in Sitka spruce Picea sitchensis, an important tree for the forestry industry.
The authors were able to explain 37 and 30% of the phenotypic variation, respectively,
when retaining the 20 most important SNPs as predictors for two locally adaptive
traits: autumn bud-set timing and cold hardiness. Their results illustrate the power of
RF to identify subsets of markers that are most important to climatic adaptation and
suggest that co-variation among these loci may be widespread.

Good examples of RF applications also come from recent fish studies. In an elegant
study on anadromous O. tshawyscha populations, Brieuc et al. (2015) integrated mul-
tiple approaches to examine the genetic basis of local adaptation in a key life-history
trait (migration-run timing) sampled from contrasting environments. First, they used
RF, to detect markers linked to run timing across 14 populations representing four
distinct evolutionary lineages within O. tshawyscha in order to detect loci of small
phenotypic effect. Second, they performed a discriminant analysis of principal com-
ponents (DAPC) of the identified predictor loci to determine whether structuring at
these loci was best explained by run timing or by lineage. Third, they performed a
genome scan using BAYESCAN (http://cmpg.unibe.ch/software/BayeScan/) to detect
outliers of pronounced divergence between these populations. All loci identified were
also positioned on a high-resolution genetic map. Sequencing of over 9000 RAD mark-
ers identified 33 predictor loci which explained nearly 80% of variance in run timing.
Analysis of the spatial relationship between populations based on DAPC analysis on
the predictor loci defined groups based on run timing, rather than on lineage. This sug-
gested some parallel genetic changes underlying evolution of the run-timing phenotype
across lineages, although there was also evidence of lineage-specific affinity. While
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differences between populations were largely explained by changes in minor allele
frequency, BAYESCAN provided some evidence of soft selective sweeps on specific
loci, with five of the 33 predictor markers mapped to a small region on specific outlier
chromosomal regions. Taken together, the data suggest that the evolution in run timing
in O. tshawyscha has occurred through both shared and novel evolutionary pathways,
although the authors could not rule out other processes that have acted on undetected
markers. These results are also consistent with theory implying that genetic variation
underlying life-history traits is explained mainly by loci of small phenotypic effect
without excluding a role for loci of major effect. This study of Brieuc et al. (2015)
provides a clear illustration of the limitations of a strictly single-locus approach in
searching for the genomic basis of adaptation.

Laporte et al. (2016) also combined RF with multivariate analyses (distance-based
redundancy analyses, db-RDAs) and genome scan (BAYESCAN) to test for the occur-
rence of polygenic selection within-generation in response to anthropogenic organic
and metal contamination in both American Anguilla rostrata (leSeuer 1817) and Euro-
pean Anguilla anguilla (L. 1758) eels. The goal was to identify loci that would dis-
criminate eels from control v. polluted environments and be associated with specific
contaminants acting as putative selective agents. RADseq resolved 23 659 and 14 755
filtered loci for the A. anguilla and A. rostrata, 141 and 142 co-varying predictor mark-
ers discriminating from control v. polluted sampling localities were found using RF in
A. anguilla and A. rostrata, respectively. The db-RDA was then used to assess the rela-
tionships between these co-varying markers and concentration of 34 contaminants mea-
sured for each individual eel. Three contaminants (PCB153, 4040DDE and selenium)
were consistently associated with co-varying markers for both species, thus identifying
these contaminants as important selective agents in contaminated sites. About 30 out of
the 141 or 142 predictor markers for each species could be annotated and gene enrich-
ment analyses suggested that sterol regulation plays an important role in the differential
survival of anguillids in polluted environments. In contrast to the polygenic analyses, a
genome scan provided little evidence for selection with no loci potentially under selec-
tion identified in A. anguilla and only two divergent ones in A. rostrata, which were also
identified by RF. As for Brieuc et al. (2015), this study illustrates the power of combin-
ing methods for detecting signals of polygenic selection and for associating variation of
markers with putative selective agents in studies aiming at documenting the dynamics
of selection at the genomic level and particularly so in human-altered environments.

The RF approach was also recently applied to detect signals of polygenic selection
imposed by different natural habitats used in A. anguilla (Fig. 2; pers. obs.). This
species presents a paradox; despite inhabiting drastically different environments,
the species is panmictic and as such cannot develop local adaptation (Côté et al.,
2013). Yet, depending on rearing habitat, individuals exhibit drastically different
ecotypes, with individuals reared in fresh water tending to grow slowly and maturing
older and being more likely to be female in comparison with individuals reared in
brackish–saltwater habitats. Pavey et al. (2015) used RF to perform a genome-wide
association study to investigate a possible polygenic basis of these habitat-specific
anguillid ecotypes. They found 331 co-varying predictor loci out of 42 424 RADseq
loci that consistently were associated with ecotypes, allowing a reclassification of
90%. Of these 331 associated markers, 55% (n= 182) allelic diversity was highly
reduced in one ecotype: with 137 markers being associated with freshwater and 45
with brackish–saltwater locations, referred to as freshwater and brackish–saltwater

© 2016 The Fisheries Society of the British Isles, Journal of Fish Biology 2016, 89, 2519–2556



2532 L . B E R NAT C H E Z

4

3

2

1

0

–1

–2

FW
 m

od
ul

e
SW

SN
Ps

Freshwater Brackish–saltwater

Sampling locations

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Fig. 2. RAD sequencing highlights polygenic discrimination of habitat ecotypes in the panmictic Anguilla ros-
trata. Heat map (−2 to +4 arbitrary units) illustrating the allele frequencies at the 331 predictor single
nucleotide polymorphisms (SNP) for 16 study sampling locations. Rows represent specific SNP, and each
column, a sampling site. Colours represent normalized (by row) allele frequencies. Half of the markers
are nearly fixed in one ecotype and comparatively variable in the other. SNPs exhibiting this pattern are
designated as either fresh water (FW: 137 SNPs) or brackish–saltwater (SW: 45 SNPs) modules.

modules, respectively (Fig. 2). The finding that the freshwater module is three times
larger than the brackish–saltwater module suggests that more genes are influenced by
intra-generational directional selection in the freshwater habitat. The 331 predictor
SNPs were associated with 101 genes that represent various functions, including
vascular and morphological development, calcium ion regulation, growth and tran-
scription factors and olfactory receptors. These results are consistent with divergent
natural selection acting on phenotypes causing genetic differences between habitats,
occurring every generation anew in this panmictic species. They thus support the
hypothesis that ecotype differences between anguillids occupying different habitats is
not the solely caused by plasticity, as traditionally assumed, but that functional genetic
differences stemming from intra-generational spatially varying selection is also of
importance.
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T H E RO L E O F BA L A N C I N G S E L E C T I O N I N T H E
M A I N T E NA N C E O F G E N E T I C VA R I AT I O N

Population genomic studies searching for signatures of adaptive evolution have so
far paid little attention to the finding that selection does not always act in a direc-
tional manner but may instead be balancing, thereby contributing to the maintenance
of standing genetic variation (Fijarczyk & Babik, 2015). Indeed, Whitlock (2015)
argued that ‘although we still do not know, even after almost a century of research,
the relative importance of different mechanisms for the maintenance of genetic
variation, it is reasonable to believe that whatever genetic variation is preserved by
spatial balancing selection is likely to be more useful in allowing the population to
respond to future challenges than other mechanisms that maintain genetic variation’.
Balancing selection can take different forms, such as: frequency-dependent selec-
tion; heterozygote advantage (overdominance); selection that varies in direction and
intensity across space or time; antagonistic evolution within species, including sexual
conflicts, as well as disassortative mating (Rice, 1992; Castric & Vekemans, 2004;
Charlesworth, 2006; Hedrick, 2006). Any of these mechanisms would allow alleles to
persist at intermediate frequencies in a population, potentially for long periods (but
see below). Consequently, selection imposed by environmental stressors (e.g. climate
change) may not necessarily cause the loss of adaptive genetic diversity. For instance,
Orozco-Terwengel et al. (2012) combined laboratory imposed natural selection in
fruit flies Drosophila melanogaster with genome-wide sequencing of DNA pools
(Pool-Seq; https://omictools.com/pool-seq-category/) to identify alleles selected in a
fluctuating thermal regime and traced their trajectories during 15 generations. They
observed a genomic selection response in 5000 SNPs, consistent with a model of
polygenic selection. Furthermore, they observed that numerous alleles at first increased
rapidly, but then eventually reached a plateau of intermediate frequencies. While the
authors could not identify the exact causal factors, their results suggest that overdom-
inance or antagonistic pleiotropy, two inferred mechanisms of balancing selection,
could be the cause. Also in fruit flies, Bergland et al. (2014) tested the hypothesis
that seasonal environmental fluctuations can impose temporally variable selection that
could drive repeatable adaptive oscillations at balanced polymorphisms. Using whole
genome resequencing data, the authors identified hundreds of polymorphisms whose
frequency oscillated among seasons, most likely due to strong and temporally variable
selection. Their results also suggested that adaptively oscillating polymorphisms can
be very old. These polymorphisms were also associated in predictable ways with
seasonally variable phenotypes. Therefore, their results are consistent with a model
of balancing selection whereby rapid temporal climatic fluctuations over generational
time maintains adaptive genetic diversity at loci underlying polygenic fitness varia-
tion. In fact, Bergland et al.’s (2014) results nicely corroborate predictions of a recent
realistic evolutionary model of temporally varying environments (Gulisija & Kim,
2015). In particular, this model predicts that cyclic selection can vary in magnitude,
either spatially or temporally and can promote the maintenance of elevated levels of
non-neutral genetic polymorphisms in finite populations.

The maintenance of adaptive polymorphisms by balancing selection may be partic-
ularly prevalent in species facing few physical barriers to dispersal during their early
life-history stages, or with weak philopatry at the adult stage and that must cope with
heterogeneous environments varying in time and space (Lenormand, 2002). This is
characteristic of many marine fishes and invertebrates for which random mating and
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dispersal exist over large geographic areas. Here, theory predicts that genetic poly-
morphism at genes differentially affecting fitness in contrasting environments will be
maintained by a balance between selection and dispersal across the heterogeneous
seascape (Hedrick, 2006). In extreme situations where both dispersal across habitats
and mating are random, local adaptation will be impossible, yet adaptive polymor-
phism may be protected by selection (Yeaman & Otto, 2011). In such a case, and for
the many marine species characterized by a time lag between recruitment and reproduc-
tion, selection could be particularly efficient at filtering beneficial allelic variants in a
given environment, leading to local genetic adaptation within each generation (Hedrick,
1986), due to a form of balancing selection called spatially varying selection.

In practice, the discovery of locally adaptive polymorphisms subject to balancing
selection is hampered by a lack of suitable methods, resulting in false positives, even
when the selection coefficients are large relative to the migration rate (Beaumont &
Balding, 2004; but see Fijarczyk & Babik, 2015 for new developments). In addition
and particularly in situations of quasi or complete panmixia, there might be a negative
trade-off between the number of loci affected by spatially varying selection and indi-
vidual locus effects on fitness, such that the whole adaptive load owing to selection on
unlinked loci remains sustainable for the population (Gagnaire et al., 2012). Moreover,
recombination is expected to rapidly erase the effects of selection in proximity to the
selected sites, such that soft sweeps on new targets of balancing selection is expected
to leave only transient genomic footprints, which will diminish the chances of finding
them (Charlesworth et al., 1997; Gagnaire et al., 2015). Despite these shortcomings,
several recent population genomic studies provide evidence for a role of balancing
selection in maintaining adaptive genetic variation in marine species.

In a study that investigated the evolutionary potential of table-top corals to tolerate
climate change, Bay & Palumbi (2014) genotyped over 15 000 SNPs within a natu-
ral temperature mosaic. Despite panmixia, they identified 114 highly divergent SNPs
candidates for thermal selection. Their data were best explained by mild selection
for alternate alleles at many loci, in accordance with a polygenic model of selection,
accompanied by the maintenance of adaptive polymorphism through multilocus bal-
ancing selection in this heterogeneous environment. Bay & Palumbi (2014) suggested
that natural populations of corals harbour a reservoir of alleles preadapted to high tem-
peratures, suggesting evolutionary potential to respond to future climate change. In
another study, Pespeni et al. (2013) aimed at documenting the adaptive capacity of the
purple sea urchin Strongylocentrotus purpuratus to ocean acidification. By genotyp-
ing nearly 20 000 loci in larvae cultured under realistic future CO2 levels, they found
significant allelic change in 40 functional proteins classes involving hundreds of loci.
Their results revealed the capacity for rapid evolutionary response to ocean acidifica-
tion, probably due to standing genetic variation representing a reservoir of resilience
to climate change in coastal upwelling ecosystems. Pespeni et al. (2013) proposed
spatio-temporal variation in CO2, pH and carbonate ion concentrations in the Califor-
nia Current System as the causal environmental agents of polygenic balancing selection
maintaining this adaptive genetic variation.

There are still few population genomic studies that investigated the role of balancing
selection in maintaining genetic variation in wild fish populations. Clearly, the best dis-
sected case to date is the study by Barson et al. (2015) that documented sex-dependent
dominance at a single gene of large phenotypic effect (vestigial-like family member
3 gene or vgll3), which explains 39% of the variance in age at maturity of S. salar.
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Adaptive polymorphism at this gene is being maintained due to sex-dependent dom-
inance that promotes earlier and later maturation in males and females, respectively.
This is the first empirical example of dominance reversal allowing greater optimiza-
tion of phenotypes within each sex, contributing to the maintenance of adaptive genetic
variation resulting from sexually antagonistic selection (a form of balancing selection)
and the resolution of sexual conflict in a major and widespread evolutionary trade-off
between age and size at maturity.

In a study predating the genomic era, Pogson (1995) compared allozyme patterns to
anonymous nuclear DNA loci in G. morhua. Highly significant DNA marker differ-
ences were observed among all populations consistent with an isolation-by-distance
population structure. In contrast, they observed very limited spatial variation in allele
frequencies at allozyme loci. Pogson (1995) proposed that the discrepancy between
both types of markers was caused by balancing selection maintaining uniform pro-
tein polymorphism among populations. In another study on G. morhua, Therkildsen
et al. (2013) performed genome scans in four overfished populations studied over an
80 year period to evaluate how quickly natural populations can adapt to changes in
their environment and how temporal and spatial variation in selection pressures inter-
act to shape patterns of genetic diversity. Screening about 1000 gene-associated SNPs,
they identified 77 loci that showed elevated levels of differentiation. Their analysis
suggested that temporal allele frequency shifts at certain loci may correlate with local
temperature variation. More importantly, they observed pronounced sequential shifts
in spatial outliers, with no locus maintaining elevated spatial differentiation through-
out the study period. The authors proposed that the observed genetic changes are likely
to be at least partly driven by highly dynamic temporally and spatially varying selec-
tion that contributed to maintain genetic variation and evolutionary potential in this
high gene flow species. Finally, Hohenlohe et al. (2010) conducted a genome scan
of nucleotide diversity and differentiation in marine and freshwater populations of
G. aculeatus. Genotyping of over 45 000 SNPs identified genomic regions exhibiting
signatures of divergent selection consistent across multiple, independently derived pop-
ulations. They also identified several genomic regions with high levels of diversity and
heterozygosity, which suggested the effect of balancing selection maintaining a com-
mon pool of genetic variation within and among populations. Interestingly, the authors
identified several candidate targets of balancing selection in those genomic regions,
namely genes implicated in the first line of defence against pathogens and orthologues
of several inflammation pathway genes, as well as genes potentially implicated in innate
immune responses.

In sum, the above theoretical considerations and the few available empirical examples
document that balancing selection of various forms may play an important role in
maintaining adaptive genetic variation and contributes significantly to the evolutionary
potential of species to cope with environmental change and particularly so in marine
ecosystems.

T H E PA R A D OX O F P O LY G E N I C A DA P TAT I O N A N D T H E
T R A N S I E N T NAT U R E O F P O LY M O R P H I S M M A I N T E NA N C E

The above sections suggest that molecular adaptation occurs most commonly by
means of soft selective sweeps that very rarely lead to fixation and instead, that allelic
polymorphisms are maintained in the form of standing genetic variation. The sections
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also suggest that the prevailing occurrence of soft sweeps may relate to the polygenic
nature of most adaptive traits, whereby the intensity of selection experienced by the
underlying locus may be small, thus generating modest changes in allele frequencies.
Moreover, the maintenance of adaptive genetic variation at such polygenes may in some
cases be further enhanced by balancing selection of various forms. All of these observa-
tions seem to contradict theoretical predictions of population genetic models inferring
that alleles with small selection coefficients will be swamped by migration or lost by
drift and therefore will rarely contribute to local adaptation (Yeaman & Otto, 2011).
Moreover, there are controversies regarding the importance of balancing selection in
adaptive evolution. Recent theoretical studies indicate that balancing selection may be
only a short-term process that cannot efficiently promote the long-term maintenance of
adaptive polymorphism (Fijarczyk & Babik, 2015). Consequently, the traditional view
to date is that balancing selection mainly affects a few classes of genes (e.g. related to
immune responses) and that its overall role in maintaining variation is relatively minor
(Asthana et al., 2005). One argument against the evolutionary significance of balanc-
ing selection is that balanced polymorphisms may be difficult to maintain for a long
time because of the genetic load that they create. Also, environmental changes may
cause shifts in allele frequencies that could result in the loss of formerly stable poly-
morphisms. Indeed, there are an accumulating number of studies from a wide array
of genes and organisms reporting the transient nature of balancing selection (Fijar-
czyk & Babik, 2015). These observations then raise a fundamental question: if most
alleles contributing to standing variation are of small effect and are often temporally
transient, how then does local adaptation proceed? Yeaman (2015) recently simulated
this paradox using a modified version of Nemo (Guillaume & Rougemont, 2006) and
showed that local adaptation occurs much more readily with alleles of large effect,
but also that adaptation can involve polygenic response. Thus, even when population
genetic models predict the replacement of individual alleles at loci of small effect,
Yeaman (2015) showed that considerable local adaptation can evolve at the pheno-
typic level, as long as there is sufficient standing genetic variation. More importantly,
Yeaman’s (2015) simulations suggest that in such a case, the underlying architecture of
adaptive divergence is transient, whereby no locus makes an important contribution for
long periods, thus causing the genes responsible for adaptive divergence to vary over
time. These results also suggest that genetic drift can play a critical role in shaping
the architecture of local adaptation, both through randomly eroding standing genetic
variation, as well as affecting the rate of polymorphism turnover with redundant pheno-
typic effects. Since most quantitative traits have substantial levels of standing genetic
variation (Houle, 1992), local adaptation via the temporal turnover of a polygenic archi-
tecture may be particularly common when selection acts on metatraits (e.g. complex
life-history traits and growth) that may also involve many biochemical pathways (Yea-
man, 2015). Because this kind of local adaptation may happen mainly due to transient
frequency changes and allelic co-variance, these architectures will be difficult to detect
using the most currently used approaches to study the genomic basis of adaptation,
which may partly explain why empirical evidence for such allelic transient state is still
scarce. Yet, the finding that adaptive evolution mainly involves soft sweeps, that bal-
ancing and polygenic selection may be quite common and that these processes seem
to promote the maintenance of ample standing genetic variation, suggest altogether
that adaptation by temporal turnover of a polygenic architecture underlying adaptive
traits is plausible.
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As far as is known, no study has directly addressed this question. In fishes, however,
at least two studies support this possibility. Gagnaire et al. (2012) evaluated the extent
to which spatially varying selection on panmictic A. rostrata can explain the reten-
tion of adaptive genetic variation. By combining a genome scan and candidate SNP
approach to genotype nearly 1000 individuals from 16 sampling sites at different life
stages of the same cohort, clear evidence for spatially varying selection was found at
13 genes. These genes showed correlations between allele frequencies and tempera-
ture across the entire sampling range. Subsequent simulations using a multiple-niche
Levene’s model estimated the relative fitness values among genotypes. This model
rarely predicted a stable polymorphic equilibrium at these loci, but predicted the fixa-
tion of globally advantageous alleles with spatially variable effects on fitness. This in
turn suggested a transient turnover of loci involved in within-generation adaptation to
the different environments encountered by anguillids throughout their extensive range,
in line with Yeaman’s (2015) individual-based simulations. The study of G. morhua
by Therkildsen et al. (2013) provides a second example suggesting that the molecu-
lar basis of local adaptation may be transient, given their observation of pronounced
sequential shifts in spatial outliers, with no locus maintaining elevated spatial differ-
entiation over time. Clearly, much remains to be learned about the possible role of
transient polymorphisms in adaptation. If more evidence is found, this would provide
yet another way by which species may manage to cope with environmental change.
Moreover, this could also suggest that polygenic traits may be less susceptible to share
the same adaptive architecture across populations compared with simple traits, or in
other words, that multiple genetic solutions can underlie a given environmental adap-
tation in polygenic adaptive traits (Yeaman, 2015). Therefore, this process could partly
explain why parallel evolution often does not involve the same genetic architecture, as
presented below.

REPEATED ADAPTATION, WITH OR WITHOUT SIMILAR GENETIC
ARCHITECTURE

A vast number of empirical studies have provided evidence that populations can
evolve in parallel to the same environmental problem either via the same or different
genomic architectures (Elmer & Meyer, 2011). Yet, predictive models of organismal
potential to adapt to environmental change have largely neglected the fact that adap-
tive phenotypes are not irreplaceable, that is, populations of a given species can in
parallel evolve the same phenotypes independently. Classic examples of parallel adap-
tive phenotypic evolution in vertebrates include adaptive radiations of the Caribbean
Anolis lizards and cichlids in African rift lakes (Schluter, 2000). These cases of par-
allel phenotypic evolution provide a unique framework to infer the genetic basis of
adaptation. Indeed, progress in sequencing technologies and other genomic approaches
makes it now feasible to address these fundamental questions. In particular, there has
been a major focus to assess whether parallel phenotypic evolution can be achieved
through the same molecular basis, i.e. whether parallel evolution involves homolo-
gous nucleotide change in the same genes, different mutations in the same gene or
non-homologous mutations in different genes (Elmer & Meyer, 2011). A recurrent
question has also been whether these changes are occurring de novo or are the product
of standing genetic variation (Schluter & Conte, 2009). Clearly, work towards this goal
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will contribute to a better understanding of genetic (e.g. mutational or pleiotropic) con-
straints to adaptive evolution (Losos, 2011; Ralph & Coop, 2015). More generally, this
may improve our ability to predict adaptive responses to human imposed selection. To
this end, examples to explore in fishes include the adaptive evolution during the process
of domestication (Roberge et al., 2006; Sauvage et al., 2010), in response to pollution
(Williams & Oleksiak, 2011) or to thermal gradients (Bradbury et al., 2010).

According to Storz (2016), the number of possible mutations capable of producing an
adaptive change depends on the particular proteins under consideration and the nature
of the selected phenotype. For instance, if adaptive modifications of protein function
require fine-tuned changes in catalytic activity or substrate specificity, then the number
of potentially adaptive mutations may be limited to a fairly restricted set of active sites.
Alternatively, if adaptive changes involve a more generalized property, then numerous
possible mutations at multiple sites may be capable of producing the required change.
Consequently, empirical evidence to date has shown that parallel phenotypic change
in different populations can occur both through similar or different genetic trait archi-
tectures (Conte et al., 2012; Laporte et al., 2015). Comparative studies of naturally
evolved proteins have documented a number of striking cases of convergence and par-
allelism at the amino acid level (Storz, 2016). For example, studies on humans reported
independent adaptations to the same nucleotide change (Jeong & Di Rienzo, 2014).
In other mammals, parallel evolution of colour polymorphisms important in camou-
flage are due to changes in the same loci (e.g. melanocortin 1 receptor, MC1R) and in
some cases to the same mutation, even across different species (Manceau et al., 2010).
There are also examples of contemporary molecular parallelism driven by human activ-
ities; for instance, in proteins that mediate insecticide resistance, herbicide resistance or
antibiotic resistance (Storz, 2016). In fishes, the iconic example of parallel evolution
involving a similar genetic basis is G. aculeatus, which repeatedly evolved a reduc-
tion in defensive structures (e.g. armour plates and pelvic spines) from the same set of
genes (e.g. ectodysplasin, eda) and the paired-like homeodomain transcription factor 1
(Pitx1) following the independent colonization of new freshwater habitats (Colosimo
et al., 2005; Chan et al., 2010).

The above cases illustrate that the same adaptive traits have evolved in parallel in
a variety of organisms by means of a shared genetic basis. Is it also possible, how-
ever, that adaptations evolve via alternative genetic routes? The answer is yes, as an
increasing number of examples now document that different populations of a species
have adapted to similar environments by means of different genetic changes, sometimes
involving very distinct genes and pathways (Ralph & Coop, 2015). Theoretical consid-
erations support this finding and indicate that pronounced spatial population structure,
for instance caused by geographically limited dispersal, increases the chance of par-
allel evolution involving a different genetic architecture (Ralph & Coop, 2014). This
is because in spatially structured populations, the spread of adaptive mutations can be
impeded by the time it takes until individuals with mutations can migrate to more dis-
tant populations. If migration takes much longer than a new adaptive mutation to arise,
then novel adaptive mutations of independent origin will instead arise and spread. Also,
highly structured populations make it more likely that the local pool of alleles respond-
ing to selection may be different due to genetic drift (Barton, 1989). In humans, a classic
example of parallel adaptation involving a different genetic basis is lactase persistence
that evolved in parallel in Eurasia and Africa through independent mutations (Enattah
et al., 2008). Other examples include the evolution of pesticide resistance in the fruit
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fly (Menozzi et al., 2004), drug resistance in malaria parasites (Nair et al., 2007), adap-
tive coat colour variation in mice populations (Hoekstra et al., 2006) or species-specific
changes in skeletal form (Indjeian et al., 2016).

Among fishes, although G. aculeatus is the most cited example involving the same
genetic basis underlying parallel evolution, recent studies have shown that parallel
evolution can also proceed via different genetic routes (Elmer & Meyer, 2011).
For instance, pelvic reduction is generally associated with a cis-regulatory deletion
upstream of the pitx1 gene, but this deletion can be of variable size among populations,
indicating that the genetic basis is not the same. Moreover, the pitx1 deletion is not
always the origin of pelvic reduction (Chan et al., 2010). Instead, multiple genetic
mechanisms have been shown to account for pelvic reduction in the nine-spined stick-
leback Pungitius pungitius (L. 1758) (Shapiro et al., 2004). Similarly, while worldwide
loss of armour plates in freshwater populations is associated with eda alleles, there
is at least one exception to this rule (Colosimo et al., 2005). Finally, whole genome
resequencing has shown that most of the genetic differentiation between freshwater
and marine populations of Gasterostidae is not parallel (Jones et al., 2012). These
results suggest that a combination of standing genetic variation, different mutations at
homologous genes and changes to different genes have been involved in the repeated
parallel phenotypic adaptation of Gasterostidae to freshwater habitats. Cases of paral-
lel phenotypic evolution have also been documented in cichlids. For instance, studies
of genotype–phenotype associations of Lake Victoria cichlids in vision genes (opsins)
revealed parallel adaptation to divergent water depth and clarity (Seehausen et al.,
2008b). In contrast, species flocks in Lakes Tanganyika and Malawi showed parallel
opsin gene expression profiles that were not accompanied by parallelism in coding
sequence variation (O’Quin et al., 2010). Machado-Schiaffino et al. (2015) showed
that cichlids of different origins colonized Ugandan crater lakes and independently
evolved a more slender (limnetic-like) body shape relative to the ancestral populations.
Another classic example of parallel phenotypic evolution is the P. reticulata, for which
repeated adaptation to low and high predation environments has been documented.
Fraser et al. (2015) used genome scans to examine whether phenotypic convergent
evolution to high and low predation environments left comparable footprints at the
genome level. They found only a small number of regions across the genome with
the same selection signatures across populations. Consequently, they proposed that P.
reticulata populations evolved parallel adaptation to low and high predation regimes
through a different genetic basis.

While parallel phenotypic evolution is common, it is often not perfectly repeated, as
illustrated by the research programme that has been conducted for many years on sym-
patric species pairs of Coregonus spp. (Figs 3–6). Here, parallel phenotypic evolution
can be explained by two distinct views (Losos, 2011): first, natural selection produces
optimal solutions to problems repeatedly posed by the environment; second, constraints
on evolutionary processes lead to biases in the production of phenotypic variation. The
expected outcome under either of these two views would be populations showing per-
fect evolutionary parallelism. It is increasingly being reported, however, that studies
of populations that diverged in response to apparently similar environmental gradi-
ent show no or imperfect parallelism, including variable progress towards adaptive
divergence (Nosil, 2012). Also, studies show that parallel phenotypic evolution can
involve parallel genetic evolution or not, depending on the nature of the genetic basis
of underlying phenotypes and historical contingency (Gompel & Prud’homme, 2009).
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Environmental problem
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Evolutionary
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Fig. 3. Schematic framework illustrating how the comparative analysis of populations may help to elucidate the
fine tuning of adaptive evolution. In a case of perfect parallelism, a same phenotypic solution optimizing
fitness in the face of a same environmental problem will evolve as a consequence of identical selective pres-
sure. This may involve the same genetic basis or not, depending on the extent of evolutionary or contingency
constraints. In a situation of imperfect parallelism, different phenotypic solution could evolve because: (1)
the environmental problem (and therefore selective pressure) is not exactly the same; (2) there are evo-
lutionary constraints that prevent similar phenotypes to evolve in parallel in different populations and (3)
contingency constraints (e.g. different evolutionary origin) could also limit the extent of parallelism.

Elucidating the mechanisms responsible for parallelism v. non-parallelism is a fruit-
ful, yet underexploited research area towards elucidating the fine tuning of adaptive
evolution (Fig. 3).

This conceptual framework has been used to investigate the nature of adaptive evo-
lution in dwarf (limnetic) and normal (benthic) sympatric species pairs of Coregonus
spp. that have evolved rapidly, independently and in parallel in different North Amer-
ican lakes (pers. obs.). There are multiple life history, morphological, physiological
and transcriptomic traits differing between the two species type (Bernatchez, 2004;
Bernatchez et al., 2010; Evans & Bernatchez, 2012; Dalziel et al., 2015; Laporte et al.,
2015). The framework allowed elucidation of some important aspects of the pattern of
adaptive evolution between and across sympatric coregonid species: a similar pheno-
typic solution (dwarf–normal species) evolved at a different pace in each lake (Fig. 4)
and this apparently happened as a function of the local environment (e.g. biotic and
abiotic factors favouring competitive interactions). In turn, these differences in biotic
and abiotic variables among lakes imposed different intensity of divergent selection in
each lake which also resulted in variable genome-wide divergence (Fig. 5). Also, dif-
ferent contingency constraints (evolutionary and demographic histories) also probably
affected the continuous pattern of phenotypic and genetic divergence between dwarf
and normal coregonids observed among lakes (Fig. 6).

In summary, the above examples show that repeated evolution of adaptive phenotypes
is a ubiquitous evolutionary phenomenon. More importantly, these studies demon-
strate that this phenomenon can occur through various genetic solutions that may either
involve the repeated use of the same genetic variants or very different genetic architec-
tures, the latter particularly so in highly structured populations.
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Fig. 4. Multivariate morphological analyses across (a) Témiscouata Lake, (b) East Lake, (c) Webster Lake, (d)
Indian Pond and (e) Cliff Lake revealed a continuum of phenotypic divergence among five sympatric pairs a
dwarf ( ) and normal ( ) Coregonus clupeaformis. This continuum of phenotypic divergence was accom-
panied by lake-to-lake differences in potential for competitive interactions (Landry et al., 2007).

ADAPTIVE POTENTIAL IN SMALL POPULATIONS: IS THERE A ROLE
FOR EPIGENETIC VARIATION?

Despite the occurrence of various mechanisms explaining why and how stand-
ing genetic variation may be maintained, impoverished genetic diversity has been
commonly documented, particularly so in isolated populations with highly reduced
effective population sizes. While theory predicts that the adaptive potential of such
populations should be severely compromised, recent studies in fishes suggest that it is
not necessarily the case. For instance, in a study on brown trout Salmo trutta L. 1758
populations founded by a small number of parents in Kergulen, Indo-Southern Ocean,
Labonne et al. (2016) showed that contrary to theoretical predictions, minimal genetic
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Fig. 5. A genome scan performed using RADseq among these same Coregonus clupeaformis sympatric pairs as
in Fig. 4 revealed a continuum of genome-wide divergence that strongly correlated (r2 = 0·849) with the
extent of phenotypic divergence (Gagnaire et al., 2013): (a) Témiscouata Lake FST = 0·008; (b) East
Lake FST = 0·029; (c) Webster Lake FST = 0·049; (d) Indian Pond FST = 0·105; (e) Cliff Lake FST = 0·216
(Gagnaire et al., 2013). The alternating groups of and data points indicate different linkage groups.

variation and very strong founder effects did not preclude the species to colonize a new
environment never occupied by S. trutta and apparently to adapt to it. Wood & Fraser
(2015) investigated plasticity response of brook trout Salvelinus fontinalis (Mitchill
1814) to increasing temperature in a common-garden experiment using populations
varying 50 fold in census size. They observed similar responses of small and large pop-
ulations that also differed strikingly both in their effective population size and genetic
diversity. These results suggest that phenotypic plasticity is not necessarily reduced as
population size and genetic diversity decreases and that even very small populations
might have the ability to respond to climate change by means of an adaptive plastic
response. Finally, Wood et al. (2016) performed a meta-analysis to investigate the links
between natural selection, quantitative genetic variation and population size across
a large number of populations and species in nature. They found that heritability
does not decrease with population size unless it is extremely small (Ne < 10), which
suggests that potential for response to selection at small population size might be
more extensive than previously assumed in evolutionary and conservation biology.
Admittedly, the number of empirical studies supporting the view that wild populations
of very small effective sizes can retain adaptive potential is too small to draw general-
ities about the ubiquity of this phenomenon. Indeed, Wood et al. (2016) admitted that
their meta-analysis had some important limitations, partly imposed by the current lack
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Fig. 6. Demographic inferences (𝜕a𝜕i software; Gutenkunst et al., 2009) based on likelihood calculation of RAD-
seq joint–allelic–frequency spectrum (JAFS) and model comparison (AIC) revealed different evolutionary
and demographic history among Coregonus clupeaformis populations (C. Rougeux, L. Bernatchez & P.-A.,
unpubl. data). Examples of two lakes with distinct demographic histories: (a–c) Webster Lake, the (a) data
best fits a history of sympatric origin with (b) an ancient migration [AM; (c) model] in the early stage of
divergence. (d–f) The best fit for Indian Pond (d) data is a history of (e) secondary contact [SC; (f) model] of
two glacial lineages after an allopatric phase, both with heterogeneous gene flow. The demographic history
of the two lakes also differs in the values of and the different model parameters: (c) AM2m, the Ancient
migration (AM) model with 2 m chromosomal variations in migration rate; 𝜃, factor that allows scaling the
inferred demographic parameter values; N1 and N2, the effective population size after split for dwarf (N1)
and normal (N2) populations; TS, time parameter for split of the ancestral population and end of migration;
Tam, time parameter for start of migration between diverging populations before complete isolation and
(f) SC2N2mG, the Secondary contact (SC) model with chromosomal variations of effective population size
(2 N); G, temporal variation in effective populations size; b, the growth coefficient for dwarf (b1) and normal
(b2) populations; biNi, corresponds to the contemporary effective population size; hrf, the Hill–Robertson
factor corresponding to the degree to which the effective population size is locally reduced due to the effect
of background selection and selective sweep effects; TSC, time parameter for start of migration following
allopatric phase.

of data for very small and isolated populations. Consequently, until more empirical
population genomics studies from different biogeographic contexts (e.g. over a range
of predictable and unpredictable environmental instability) are obtained, results of
the above studies should be interpreted cautiously and as showing how unpredictable
evolution (including habitat-specific selection) can be when Ne becomes very small.

That being said, the solution to this apparent paradox, whereby evolutionary poten-
tial might sometimes be retained despite small population size and impoverished
genetic diversity, could lie in epigenetic variation, a non-genetic source of variation
that may increase the potential of species to quickly adapt to environmental change and
upon which natural selection can also act (Verhoeven et al., 2016). Indeed, epigenetic
variation meets the requirements to be acted on by natural selection: it is ubiqui-
tous; it controls the expression of adaptive traits and may be inherited over several
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generations (Angers et al., 2010; Klironomos et al., 2013; Rey et al., 2016). The best
evidence to date for the association between epigenetic variation and adaptation to
local environmental conditions comes largely from plant studies. For instance, using
the reduced-representation bisulphite sequencing (RRBS) technique, Gugger et al.
(2016) assessed whether climate is associated with variation in DNA methylation
levels among 58 naturally occurring and species-wide samples of valley oak Quercus
lobata collected across climate gradients. Environmental association analyses revealed
43 specific single-methylation variants (SMV) that were significantly associated with
four climate variables, mainly with mean maximum temperature. This pioneer study
provides initial evidence for a role of CG methylation in locally adaptive evolution
(including adaptive plasticity) in plant response. Keller et al. (2016) recently per-
formed a multivariate association study between genome-wide DNA methylation
and climate across the range of mouse-ear cress Arabidopsis thaliana. Comparing
genomic clusters of methylated and unmethylated cytosines, they found that climate
and space variables explain much greater amounts of variation in DNA methylation
than those explained by variation at the single-nucleotide level. They also found that
methylation polymorphisms showing the strongest associations with climate were
enriched in transposable elements. These findings therefore indicate that epigenetic
variation across the genome contributes to an adaptive response to climate conditions.

In animals, Norouzitallab et al. (2014) found that exposure of brine shrimp Artemia
spp. to heat-induced heritable changes in DNA methylation and histone acetylation
patterns associated with increased hsp70 production, which enhanced tolerance to heat
stress. Other studies revealed that epimutations may occur at higher rates than muta-
tions, or reported higher levels of variation at the epigenome than at the genome level.
Liebl et al. (2013) reported that epigenetic diversity was negatively correlated with
genetic diversity in house sparrow Passer domesticus populations that invaded new
habitats in the past century. This suggests either that methylation increases phenotypic
variation or that plasticity increases in response to new environments and therefore
plays an important source of variation related to adaptation. Epimutations may also
be triggered by environmental stressors (Feil & Fraga, 2012) and consequently, epige-
netic variation could potentially promote rapid and inherited phenotypic diversity in
response to global change.

There are few studies on epigenetic variation performed on natural fish populations.
In a pioneer study on the clonal finescale dace Chrosomus eos-neogaeus (Cope 1857),
Massicotte et al. (2011) documented ample epigenetic variation in the total absence
of genetic variation, demonstrating that this process can be an important source of
variation. Baerwald et al. (2016) investigated the role of epigenetic regulation of gene
expression in linking phenotypic plasticity to variation in migration-related life history
tactics between migratory steelhead and non-migratory rainbow trout Oncorhynchus
mykiss (Walbaum 1792) lines. They found 57 differentially methylated regions (DMR)
between migratory and resident juveniles, many of which encode proteins with activ-
ity relevant to migration-related transitions. This is the first evidence of a relationship
between epigenetic variation and life-history divergence associated with migratory
traits in any species. Finally, Smith et al. (2016) tested the hypothesis that populations
in the earliest stages of divergence should differentiate in their methylome prior to any
genetic differentiation. They showed that epigenetic differentiation was indeed greater
than genetic divergence among closely related populations. Epigenetic divergence was
also a stronger predictor of the strength of behavioural reproductive isolation. This
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study therefore suggests a role for epigenetic variation in both the initiation of diver-
gence and the maintenance of species boundaries.

Although this remains to be supported by more empirical studies, results to date
support the view that the retention of high epigenetic diversity could account for the
apparent paradox of the maintenance of evolutionary potential in small populations
despite very low genetic diversity. They also suggest that such variation may be adap-
tive and probably play a role in local adaptation and even possibly in reproductive
isolation.

CONCLUSION

The goal of this perspective paper was not to provide arguments for downplaying
the importance of environmental challenges that living organisms (and fishes in par-
ticular) are currently facing, as well as the importance of genetic monitoring. After
all, fishes, in particular freshwater populations, provide examples of rapid extinctions
associated with fragmentation, demographic stochasticity, sometimes associated with
genetic erosion. Therefore, ongoing efforts of incorporating genetic data into conserva-
tion practices and translating genetic findings into management policies remains totally
warranted and justified. Rather, the aim was to bring a more balanced view on this issue
by surveying theoretical considerations and current empirical facts regarding several
important mechanisms by which species may maintain their evolutionary potential in
the face of these challenges and adapt to them, perhaps more efficiently than generally
assumed or predicted to date.

Research performed over recent years on fish population genomics has contributed
greatly at providing evidence for local adaptation at the molecular level. A striking
general pattern emerging from these studies is that pervasive adaptive evolution seems
almost never to involve the fixation of beneficial alleles, in the form that is classi-
cally inferred from hard sweeps and the QTN programme. This confirms that the view
whereby adaptation proceeds via selective sweeps at key loci of large effect is too
limited. Instead, it may be that sweeps and other modes of selection (e.g. polygenic
selection) are not mutually exclusive. For instance, it could be that sometimes the alle-
les with largest effect sizes sweep to fixation, although much of the adaptive response is
caused by smaller changes in allele frequency (Hermisson & Pennings, 2005; Pritchard
& Di Rienzo, 2010). Fish studies also support the view that genetic diversity and asso-
ciated evolutionary potential is being retained in the long-term mainly via standing
genetic variation (more than from new mutations), despite selection driving the evo-
lution of pronounced divergent adaptations. They also add to the growing evidence
suggesting that adaptive alleles may persist at intermediate frequencies, particularly so
when selection pressures are highly variable, such as along a species’ range or across
time. This has some important implications towards predicting the potential of species
to adapt to environmental changes and perturbations. Standing genetic variation has
several advantages over new mutations (Messer & Petrov, 2013). In particular, alle-
les have already avoided stochastic loss immediately after arising and intermediate
allele frequencies may underlie important parts of a phenotype’s heritable (and there-
fore selectable) variation, with allelic effects being either large or small.

Perhaps the most obvious factor contributing to the maintenance of standing genetic
variation is that adaptive phenotypic traits are most often highly polygenic and
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as a consequence, evolution may proceed more commonly via high numbers of
small-effect polygenes. The response to selection should thus derive mostly from
allelic co-variances among causative loci. Theory predicts that such polygenic selec-
tion will generally not lead to the fixation of loci under selection, meaning that allelic
diversity and therefore evolutionary potential, should be retained when exposed to
new selective pressures. While such signals of selection are more difficult to detect
at the genome level than say, the effect of hard sweeps, the few studies performed
on fishes using new analytical approaches, including various multivariate analysis
framework as well as tree-based ensemble machine learning tools such as RF, showed
their efficiency and relevance for detecting signals of polygenic selection. Clearly,
more studies aiming the investigation of polygenic selection must be performed in
other species occupying different types of environments and with different demo-
graphic and population structure characteristics in order to obtain a more complete
view of how natural selection shapes genome architecture and genetic diversity. This
should contribute to improve predictions regarding the potential of species to cope
with a changing environment. Similarly, future population genomic studies should
also consider that selection is not only divergent or directional. Rather, there are
many reasons to believe that balancing selection may be at play more commonly
than currently assumed and consequently be an important process contributing to the
maintenance of genetic variation allowing species to respond to future challenges.
Arguably, detecting true signals of balancing selection remains very challenging
and therefore, new analytical and empirical development towards this goal appears
particularly crucial.

Future modelling efforts towards predicting the evolutionary fate of species in the
face of environmental changes should also consider that repeated evolution of adaptive
phenotypes is a ubiquitous evolutionary phenomenon. Studies on fishes have made
very substantial contributions in empirically supporting this fact. These studies also
showed that repeated evolution often involve different genetic architectures, perhaps
more commonly than involving the same genetic basis. This implies that while some
of the genetic variation underlying the expression of adaptive traits may be lost in
some populations, e.g. due to genetic drift, such traits might evolve again via a distinct
genetic architecture. The high prevalence of repeated adaptation with or without the
same genetic architecture adds to the potential of species to cope with a changing
environment. As illustrated by research on coregonids also, while parallel phenotypic
evolution is common, it is often not perfectly repeated, or sometimes unobserved
where it was expected to occur. Future studies would benefit by aiming to elucidate the
mechanisms responsible for parallelism v. non-parallelism, which arguably represents
a very fruitful, yet underexploited research area towards elucidating the fine tuning of
adaptive evolution.

Finally, although this remains to be supported by many more empirical studies,
results to date support the view that the retention of high epigenetic variation could
account for the apparent paradox that represents the maintenance of evolutionary
potential retention in small populations despite their impoverished diversity. They
also suggest that such variation may be adaptive and probably play a role in local
adaptation and even possibly in reproductive isolation. Therefore, the aim should be
towards fully integrating epigenetic variation with considerations pertaining to role
of soft sweeps, polygenic and balancing selection, as well as repeated adaptation
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involving different genetic basis towards improving models predicting the potential of
species to cope with a changing world.

I am thankful to M. Wellenreuther for a thorough revision of a previous version, A. Carrier, B.
Sutherland, M. Laporte and P.-A. Gagnaire for their thoughtful inputs, as well as E. Normandeau
for helping in screening the literature on genome scans. I am also grateful to G. Carvhalo and
three anonymous referees for their constructive comments and suggestions. This research is
funded by the Natural Sciences and Engineering Research Council of Canada and the Canada
Research Chair in Genomics & Conservation of Aquatic Resources.

References

Allendorf, C. A., England, P. R., Luikart, G., Ritchie, P. A. & Ryman, N. (2008). Genetic effects
of harvest on wild animal populations. Trends in Ecology & Evolution 22, 327–337. doi:
10.1016/j.tree.2008.02.008

Andersson, L. (2013). Molecular consequences of animal breeding. Current Opinion in Genetics
& Development 23, 295–301.

Andrew, A., Bernatchez, L., Bonin, A., Buerkle, C. A., Carstens, B., Emerson, B., Garant, D.,
Giraud, T., Kane, N., Rogers, S. R., Slate, J., Smith, H., Sork, V., Stone, G., Waits, L.,
Widmer, A. & Rieseberg, L. (2013). A roadmap for molecular ecology. Molecular Ecol-
ogy 22, 2605–2626.

Andrews, K. R., Good, J. M., Miller, M. R., Luikart, G. & Hohenlohe, P. A. (2016). Harnessing
the power of RADseq for ecological and evolutionary genomics. Nature Reviews Genetics
17, 81–92. doi: 10.1038/nrg.2015.28

Angers, B., Castonguay, E. & Massicotte, R. (2010). Environmentally induced phenotypes and
DNA methylation: how to deal with unpredictable conditions until the next generation
and after. Molecular Ecology 19, 1283–1295. doi: 10.1111/j.1365-294X.2010.04580.x

Asthana, S., Schmidt, S. & Sunyaev, S. (2005). A limited role for balancing selection. Trends
in Genetics 21, 30–32.

Baerwald, M. R., Meek, M. H., Stephens, M. R., Nagarajan, R. P., Goodbla, A. M., Tomalty,
K. M. H., Thorgaard, G. H., May, B. & Nichols, K. M. (2016). Migration-related pheno-
typic divergence is associated with epigenetic modifications in rainbow trout. Molecular
Ecology 25, 1785–1800. doi: 10.1111/mec.13231

Barrett, R. D. H. & Schulter, D. (2008). Adaptation from standing genetic variation. Trends in
Ecology & Evolution 22, 327–337. doi: 10.1016/j.tree.2007.09.008

Barson, N. J., Aykanat, T., Hindar, K., Baranski, M., Bolstad, G. H., Fiske, P., Jacq, C., Jensen,
A. R., Johnston, S. E., Karlsson, S., Kent, M., Moen, T., Niemelä, E., Nome, T., Næsje, T.
F., Orell, P., Romakkaniemi, A., Sægrov, H., Urdal, K., Erkinaro, J., Lien, S. & Primmer,
C. R. (2015). Sex-dependent dominance at a single locus maintains variation in age at
maturity in salmon. Nature 528, 405–408. doi: 10.1038/nature16062

Barton, N. (1989). The divergence of a polygenic system subject to stabilising selection, muta-
tion and drift. Genetical Research 54, 59–77. doi: 10.1017/S0016672300028378

Bay, R. A. & Palumbi, S. R. (2014). Multilocus adaptation associated with heat resistance in
reef-building corals. Current Biology 24, 1–5. doi: 10.1016/j.cub.2014.10.044

Beaumont, M. A. & Balding, D. J. (2004). Identifying adaptive genetic divergence
among populations from genome scans. Molecular Ecology 13, 969–980. doi:
10.1111/j.1365-294X.2004.02125.x

Bélanger-Deschênes, S., Couture, P., Campbell, P. G. C. & Bernatchez, L. (2013). Evolutionary
change driven by metal exposure as revealed by coding SNP genome scan in wild yellow
perch (Perca flavescens). Ecotoxicology 22, 938–957.

Bergland, A. O., Behrman, E. L., O’Brien, K. R., Schmidt, P. S. & Petrov, D. A. (2014). Genomic
evidence of rapid and stable adaptive oscillations over seasonal time scales in Drosophila.
PLoS Genetics 10, e1004775. doi: 10.1371/journal.pgen.1004775

Bernatchez, L. (2004). Ecological theory of adaptive radiation: an empirical assessment from
coregonine fishes (Salmoniformes). In Evolution Illuminated: Salmon and Their Rela-
tives (Hendry, A. P. & Stearns, S. C., eds), pp. 175–207. Oxford: Oxford University
Press.

© 2016 The Fisheries Society of the British Isles, Journal of Fish Biology 2016, 89, 2519–2556



2548 L . B E R NAT C H E Z

Bernatchez, L., Renaut, S., Whiteley, A. R., Derome, N., Jeukens, J., Landry, L., Lu, G. Q.,
Nolte, A. W., Ostbye, K., Rogers, S. M. & St-Cyr, J. (2010). On the origin of species:
insights from the ecological genomics of lake whitefish. Philosophical Transactions of
the Royal Society B 365, 1783–1800. doi: 10.1098/rstb.2009.0274

Bierne, N., Roze, D. & Welch, J. J. (2013). Pervasive selection or is it… ? Why are FST outliers
sometimes so frequent? Molecular Ecology 22, 2061–2064.

Bourret, V., Dionne, M., Kent, M. P., Lien, S. & Bernatchez, L. (2013). Landscape genomics in
Atlantic salmon (Salmo salar): searching for gene-environment interactions driving local
adaptation. Evolution 67, 3469–3487.

Bradbury, I. R., Hubert, S., Higgins, B., Borza, T., Bowman, S., Paterson, I. G., Snelgrove, P. V.
R., Morris, C. J., Gregory, R. S., Hardie, D. C., Hutchings, J. A., Ruzzante, D., Taggart,
C. T. & Bentzen, P. (2010). Parallel adaptive evolution of Atlantic cod on both sides of
the Atlantic Ocean in response to temperature. Proceedings of the Royal Society B 1701,
3725–3734. doi: 10.1098/rspb.2010.0985

Bradshaw, W. E. & Holzapfel, C. M. (2006). Evolutionary response to rapid climate change.
Science 312, 1477–1478. doi: 10.1126/science.1127000

Brieuc, M. S. O., Ono, K., Drinan, D. P. & Naish, K. A. (2015). Integration of random forest with
population-based outlier analyses provides insight on the genomic basis and evolution
of run timing in Chinook salmon (Oncorhynchus tshawytscha). Molecular Ecology 24,
2729–2746. doi: 10.1111/mec.13211

Candy, J. R., Campbell, N. R., Grinnell, M. H., Beacham, T. D., Larson, W. A. & Narum,
S. R. (2015). Population differentiation determined from putative neutral and diver-
gent adaptive genetic markers in Eulachon (Thaleichthys pacificus, Osmeridae),
an anadromous Pacific smelt. Molecular Ecology Resources 15, 1421–1434. doi:
10.1111/1755-0998.12400

Carroll, S. P. (2011). Conciliation biology: the eco-evolutionary management of per-
manently invaded biotic systems. Evolutionary Applications 4, 184–199. doi:
10.1111/j.1752-4571.2010.00180.x

Carroll, S. P., Jørgensen, P. S., Kinnison, M. T., Bergstrom, C. T., Denison, R. F., Gluckman, P.,
Smith, T. B., Strauss, S. Y. & Tabashni, B. E. (2014). Applying evolutionary biology to
address global challenges. Science 346, 313–325. doi: 10.1126/science.1245993

Castric, V. & Vekemans, X. (2004). Plant self-incompatibility in natural populations: a crit-
ical assessment of recent theoretical and empirical advances. Molecular Ecology 13,
2873–2889. doi: 10.1111/j.1365-294X.2004.02267.x

Chan, Y. F., Marks, M. E., Jones, F. C., Villarreal, G., Shapiro, M. D., Brady, S. D., Southwick,
A. M., Absher, D. M., Grimwood, J., Schmutz, J., Myers, R. M., Petrov, D., Jonsson, B.,
Schluter, D., Bell, M. A. & Kingsley, D. M. (2010). Adaptive evolution of pelvic reduc-
tion in sticklebacks by recurrent deletion of a Pitx1 enhancer. Science 327, 302–305. doi:
10.1126/science.1182213

Charlesworth, D. (2006). Balancing selection and its effects on sequences in nearby genome
regions. PLoS Genetics 2, e64. doi: 10.1371/journal.pgen.0020064

Charlesworth, B., Nordborg, M. & Charlesworth, D. (1997). The effects of local selection,
balanced polymorphism and background selection on equilibrium patterns of genetic
diversity in subdivided populations. Genetical Research 70, 155–174.

Chen, X. & Ishwaran, H. (2012). Random forests for genomic data analysis. Genomics 99,
323–329.

Christie, M. R., Marine, M. L., Fox, S. E., French, R. A. & Blouin, M. S. (2016). A single
generation of domestication heritably alters the expression of hundreds of genes. Nature
Communications 7, 10676. doi: 10.1038/ncomms10676

Colosimo, P. F., Hosemann, K. E., Balabhadra, S., Villarreal, G., Dickson, M., Grimwood, M.,
Schmutz, J., Myers, R. M., Schluter, D. & Kingsley, D. M. (2005). Widespread paral-
lel evolution in sticklebacks by repeated fixation of ectodysplasin alleles. Science 307,
1928–1933. doi: 10.1126/science.1107239

Conover, D. O. & Munch, S. B. (2002). Sustaining fisheries yields over evolutionary time scales.
Science 297, 94–96.

Conte, G. L., Arnegard, M. E., Peichel, C. L. & Schluter, D. (2012). The probability of genetic
parallelism and convergence in natural populations. Proceedings of the Royal Society B
279, 5039–5047. doi: 10.1098/rspb.2012.2146

© 2016 The Fisheries Society of the British Isles, Journal of Fish Biology 2016, 89, 2519–2556



G E N E T I C VA R I AT I O N A N D A DA P T I V E P OT E N T I A L I N F I S H E S 2549

Corander, J., Majander, K. K., Cheng, L. & Merila, J. (2013). High degree of cryptic popula-
tion differentiation in the Baltic Sea herring Clupea harengus. Molecular Ecology 22,
2931–2940. doi: 10.1111/mec.12174

Côté, C. L., Gagnaire, P.-A., Bourret, V., Verreault, G., Castonguay, M. & Bernatchez, L. (2013).
Population genetics of the American eel (Anguilla rostrata): FST = 0 and NAO effects on
demographic fluctuations of a panmictic species. Molecular Ecology 22, 1763–1776.
doi: 10.1111/mec.12142

Dalziel, A. C., Martin, N., Laporte, M., Guderley, H. & Bernatchez, L. (2015). Adaptation and
acclimation of aerobic exercise physiology in Lake Whitefish ecotypes (Coregonus clu-
peaformis). Evolution 69, 2167–2186. doi: 10.1111/evo.12727

De Mita, S., Thuillet, A. C., Gay, L., Ahmadi, N., Manel, S., Ronfort, J. & Vigouroux, Y.
(2013). Detecting selection along environmental gradients: analysis of eight methods
and their effectiveness for outbreeding and selfing populations. Molecular Ecology 22,
1383–1399. doi: 10.1111/mec.12182

Dunlop, E. S., Enberg, K., Jorgensen, C. & Heino, M. (2009). Toward Darwinian fisheries
management. Evolutionary Applications 2, 246–259. doi: 10.1111/j.1752-4571.2009.
00087.x

Egan, S. P., Ragland, G. J., Assour, L., Powell, T. H. Q., Hood, G. R., Emrich, S., Nosil, P. &
Feder, J. l. (2015). Experimental evidence of genome-wide impact of ecological selec-
tion during early stages of speciation-with-gene-flow. Ecology Letters 18, 817–825. doi:
10.1111/ele.12460

Ellegren, H. (2014). Genome sequencing and population genomics in non-model organisms.
Trends in Ecology & Evolution 29, 51–63. doi: 10.1016/j.tree.2013.09.008

Ellegren, H. & Sheldon, B. C. (2008). Genetic basis of fitness differences in natural populations.
Nature 452, 169–175. doi: 10.1038/nature06737

Elmer, K. R. (2016). Genomic tools for new insights to variation, adaptation and evolu-
tion in the salmonid fishes: a perspective for charr. Hydrobiologia (Online). doi:
10.1007/s10750-015-2614-5

Elmer, K. R. & Meyer, A. (2011). Adaptation in the age of ecological genomics: insights from
parallelism and convergence. Trends in Ecology & Evolution 26, 298–306.

Enattah, N. S., Jensen, T. G. K., Nielsen, M., Lewinski, R., Kuokkanen, M., Rasinpera, H.,
El-Shanti, H., Seo, J. K., Alifrangis, M., Khalil, I. F., Natah, A., Ali, A., Natah, S., Comas,
D., Mehdi, S. Q., Groop, L., Vestergaard, E. M., Imtiaz, F., Rashed, M. S., Meyer, B.,
Troelsen, J. & Peltonen, L. (2008). Independent introduction of two lactase-persistence
alleles into human populations reflects different history of adaptation to milk culture.
American Journal of Human Genetics 82, 57–72. doi: 10.1016/j.ajhg.2007.09.012

Evans, M. L. & Bernatchez, L. (2012). Oxidative phosphorylation gene transcription in whitefish
species pairs reveals patterns of parallel and nonparallel physiological divergence. Jour-
nal of Evolutionary Biology 25, 1823–1834. doi: 10.1111/j.1420-9101.2012.02570.x

Feil, R. & Fraga, M. F. (2012). Epigenetics and the environment: emerging patterns and impli-
cations. Nature Reviews Genetics 13, 97–109. doi: 10.1038/nrg3142

Fijarczyk, A. & Babik, W. (2015). Detecting balancing selection in genomes: limits and
prospects. Molecular Ecology 24, 3529–3545. doi: 10.1111/mec.13226

Fraser, B. A., Kunstner, A., Reznick, D. N., Dreyer, C. & Weigel, D. (2015). Population
genomics of natural and experimental populations of guppies (Poecilia reticulata).
Molecular Ecology 24, 389–408. doi: 10.1111/mec.13022

Frichot, E. & Francois, O. (2015). LEA: an R package for landscape and ecological association
studies. Methods in Ecology and Evolution 6, 925–929. doi: 10.1111/2041-210X.12382

Gagnaire, P. A., Normandeau, E., Côté, C., Hansen, M. M. & Bernatchez, L. (2012). The genetic
consequences of spatially varying selection in the panmictic American eel (Anguilla ros-
trata). Genetics 190, 725–733. doi: 10.1534/genetics.111.134825

Gagnaire, P. A., Pavey, S. A., Normandeau, E. & Bernatchez, L. (2013). The genetic architecture
of reproductive isolation during speciation-with-gene-flow in lake whitefish species pairs
assessed by RAD sequencing. Evolution 67, 2483–2497. doi: 10.1111/evo.12075

Gagnaire, P. A., Broquet, T., Aurelle, D., Viard, F., Souissi, A., Bonhomme, F., Arnaud-Haond,
S. & Bierne, N. (2015). Using neutral, selected and hitchhiker loci to assess connectivity
of marine populations in the genomic era. Evolutionary Applications 8, 769–786. doi:
10.1111/eva.12288

© 2016 The Fisheries Society of the British Isles, Journal of Fish Biology 2016, 89, 2519–2556



2550 L . B E R NAT C H E Z

Gaither, M. R., Bernal, M. A., Coleman, R. R., Bowen, B. W., Jones, S. A., Simison, W. B. &
Rocha, L. A. (2015). Genomic signatures of geographic isolation and natural selection in
coral reef fishes. Molecular Ecology 24, 1543–1557. doi: 10.1111/mec.13129

Gompel, N. & Prud’homme, B. (2009). The causes of repeated genetic evolution. Developmental
Biology 332, 36–47. doi: 10.1016/j.ydbio.2009.04.040

Gugger, P. F., Fitz-Gibbon, S., PellEgrini, M. & Sork, V. L. (2016). Species-wide patterns of
DNA methylation variation in Quercus lobata and their association with climate gradi-
ents. Molecular Ecology 25, 1665–1680. doi: 10.1111/mec.13563

Guillaume, F. & Rougemont, J. (2006). Nemo: an evolutionary and population genetics program-
ming framework. Bioinformatics 22, 2556–2557. doi: 10.1093/bioinformatics/btl415

Gulisija, D. & Kim, Y. (2015). Emergence of long-term balanced polymorphism under
cyclic selection of spatially variable magnitude. Evolution 69, 979–992. doi:
10.1111/evo.12630

Guo, B. C., DeFaveri, J., Sotelo, G., Nair, A. & Merila, J. (2015). Population genomic evidence
for adaptive differentiation in Baltic Sea three-spined sticklebacks. BMC Biology 13, 19.
doi: 10.1186/s12915-015-0130-8

Gutenkunst, R. N., Hernandez, R. D., Williamson, S. H. & Bustamante, C. D. (2009). Infer-
ring the joint demographic history of multiple populations from multidimensional SNP
frequency data. PLoS Genetics 5, e1000695. doi: 10.1371/journal.pgen.1000695

Haasl, R. J. & Payseur, B. A. (2016). Fifteen years of genomewide scans for selection: trends,
lessons and unaddressed genetic sources of complication. Molecular Ecology 25, 5–23.
doi: 10.1111/mec.13339

Hand, B. K., Muhfiled, C. C., Wade, A. A., Kovach, R. P., Whited, D. C., Narum, S. R.,
Matala, A. P., Ackerman, M. W., Garner, B. A., Kimball, J. S., Stanford, J. A. & Luikart,
G. (2016). Climate variables explain neutral and adaptive variation within salmonid
metapopulations: the importance of replication in landscape genetics. Molecular Ecology
25, 689–705. doi: 10.1111/mec.13517

Hansen, M. M., Olivieri, I., Waller, D. M. & Nielsen, E. E. (2012). Monitoring adaptive
genetic responses to environmental change. Molecular Ecology 21, 1311–1329. doi:
10.1111/j.1365-294X.2011.05463.x

Hecht, B. C., Matala, A. P., Hess, J. E. & Narum, S. R. (2015). Environmental adaptation in
Chinook salmon (Oncorhynchus tshawytscha) throughout their North American range.
Molecular Ecology 24, 5573–5595. doi: 10.1111/mec.13409

Hedrick, P. W. (1986). Genetic polymorphism in heterogeneous environments: a decade later.
Annual Review of Ecology, Evolution and Systematics 17, 535–566.

Hedrick, P. W. (2006). Genetic polymorphism in heterogeneous environments: the age of
genomics. Annual Review of Ecology, Evolution and Systematics 37, 67–93.

Hemmer-Hansen, J., Nielsen, E. E., Therkildsen, N. O., Taylor, M. I., Ogden, R., Geffen, A.
J., Bekkevold, D., Helyar, S., Pampoulie, C., Johansen, T., FishPopTrace Consortium &
Carvalho, G. R. (2013). A genomic island linked to ecotype divergence in Atlantic cod.
Molecular Ecology 22, 2653–2667. doi: 10.1111/mec.12284

Hemmer-Hansen, J., Therkildsen, N. O. & Pujolar, J. M. (2014). Population genomics of marine
fishes: next-generation prospects and challenges. Biological Bulletin 227, 117–132.

Hermisson, J. & Pennings, P. S. (2005). Soft sweeps: molecular population genetics of adap-
tation from standing genetic variation. Genetics 169, 2335–2352. doi: 10.1534/genet-
ics.104.036947

Hess, J. E., Campbell, N. R., Close, D. A., Docker, M. F. & Narum, S. R. (2013). Population
genomics of Pacific lamprey: adaptive variation in a highly dispersive species. Molecular
Ecology 22, 2898–2916. doi: 10.1111/mec.12150

Hoekstra, H. E., Hirschmann, R. J., Bundey, R. A., Insel, P. A. & Crossland, J. P. (2006). A
single amino acid mutation contributes to adaptive beach mouse color pattern. Science
313, 101–104. doi: 10.1126/science.1126121

van’t Hof, A. E., Edmonds, N., Dalikova, M., Marec, F. & Saccheri, I. J. (2011). Industrial
melanism in British peppered moths has a singular and recent mutational origin. Science
332, 958–960. doi: 10.1126/science.1203043

Hoffmann, A., Griffin, P., Dillon, S., Catullo, R., Rane, R., Byrne, M., Jordan, R., Oakeshott,
J., Weeks, A., Joseph, L., Lockhart, P., Borevitz, J. & Sgrò, C. (2015). A framework

© 2016 The Fisheries Society of the British Isles, Journal of Fish Biology 2016, 89, 2519–2556



G E N E T I C VA R I AT I O N A N D A DA P T I V E P OT E N T I A L I N F I S H E S 2551

for incorporating evolutionary genomics into biodiversity conservation and management.
Climate Change Responses 2, 1–23. doi: 10.1186/s40665-014-0009-x

Hohenlohe, P. A., Bassham, S., Etter, P. D., Stiffler, N., Johnson, E. A. & Cresko, W. A. (2010).
Population genomics of parallel adaptation in threespine stickleback using sequenced
RAD tags. PLoS Genetics 6, e1000862. doi: 10.1371/journal.pgen.1000862

Holliday, J. A., Wang, T. L. & Aitken, S. N. (2012). Predicting adaptive phenotypes from
multilocus genotypes in Sitka spruce (Picea sitchensis) using RF. G3: Genes Genomes
Genetics 2, 1085–1093. doi: 10.1534/g3.112.002733

Houle, D. (1992). Comparing evolvability and variability of quantitative traits. Genetics 130,
195–204.

Indjeian, V. B., Kingman, G. A., Jones, F. C., Guenther, C. A., Grimwood, J., Schmutz, J., Myers,
R. M. & Kingsley, D. M. (2016). Evolving new skeletal traits by cis-regulatory changes
in bone morphogenetic proteins. Cell 164, 45–56. doi: 10.1016/j.cell.2015.12.007

Jensen, J. D., Foll, M. & Bernatchez, L. (2016). The past, present and future of genomic scans
for selection. Molecular Ecology 25, 1–4. doi: 10.1111/mec.13493

Jeong, C. & Di Rienzo, A. (2014). Adaptations to local environments in modern human pop-
ulations. Current Opinion in Genetics and Development 29, 1–8. doi: 10.1016/j.gde.
2014.06.011

Jones, F. C., Grabherr, M. G., Chan, Y. F., Russell, P., Mauceli, E., Johnson, J., Swofford, R.,
Pirun, M., Zody, M. C., White, S., Birney, E., Searle, S., Schmutz, J., Grimwood, J.,
Dickson, M. C., Myers, R. M., Miller, C. T., Summers, B. R., Knecht, A. K., Brady, S.
D., Zhang, H. L., Pollen, A. A., Howes, T., Amemiya, C., Lander, E. S., Di Palma, F.,
Lindblad-Toh, K. & Kingsley, D. M. (2012). The genomic basis of adaptive evolution in
threespine sticklebacks. Nature 484, 55–61. doi: 10.1038/nature10944

Joost, S., Vuilleumier, S., Jensen, J. D., Schoville, S., Leempoel, K., Stucki, S., Widmer, I.,
Melodelima, C., Rolland, J. & Manel, S. (2013). Uncovering the genetic basis of adaptive
change: on the intersection of landscape genomics and theoretical population genetics.
Molecular Ecology 22, 3659–3665. doi: 10.1111/mec.12352

Karlsen, B. O., Klingan, K., Emblem, A., Jorgensen, T. E., Jueterbock, A., Furmanek, T., Hoarau,
G., Johansen, S. D., Steinar, D., Nordeide, J. T. & Moum, T. (2013). Genomic divergence
between the migratory and stationary ecotypes of Atlantic cod. Molecular Ecology 22,
5098–5111. doi: 10.1111/mec.12454

Kautt, A. F., Elmer, K. R. & Meyer, A. (2012). Genomic signatures of divergent selec-
tion and speciation patterns in a natural experiment, the young parallel radiations
of Nicaraguan crater lake cichlid fishes. Molecular Ecology 21, 4770–4786. doi:
10.1111/j.1365-294X.2012.05738.x

Keller, T. E., Lasky, J. R. & Yi, S. V. (2016). The multivariate association between genomewide
DNA methylation and climate across the range of Arabidopsis thaliana. Molecular Ecol-
ogy 25, 1823–1837. doi: 10.1111/mec.13573

Kettlewell, B. (1973). The Evolution of Melanism. Oxford: Clarendon Press.
Klironomos, F. D., Berg, J. & Collins, S. (2013). How epigenetic mutations can affect genetic

evolution: model and mechanism. Bioessays 35, 571–578. doi: 10.1002/bies.201200169
Labonne, J., Kaeuffer, R., Guéraud, F., Zhou, M., Manicki, A. & Hendry, A. P. (2016). From

the bare minimum: genetics and selection in populations founded by only a few parents.
Evolutionary Ecology Research 17, 21–34.

Laikre, L., Schwartz, M. K., Waples, R. S. & Ryman, N. (2010). Compromising genetic diversity
in the wild: unmonitored large-scale release of plants and animals. Trends in Ecology &
Evolution 25, 520–529. doi: 10.1016/j.tree.2010.06.013

Landry, L., Vincent, W. F. & Bernatchez, L. (2007). Parallel evolution of lake whitefish dwarf
ecotypes in association with limnological features of their adaptive landscape. Journal of
Evolutionary Biology 20, 971–984. doi: 10.1111/j.1420-9101.2007.01304.x

Laporte, M., Rogers, S. M., Dion-Cote, A. M., Normandeau, E., Gagnaire, P. A., Dalziel, A.
C., Chebib, J. & Bernatchez, L. (2015). RAD-QTL Mapping reveals both genome-level
parallelism and different genetic architecture underlying the evolution of body shape in
lake whitefish (Coregonus clupeaformis) species pairs. G3: Genes Genomes Genetics 5,
1481–1491. doi: 10.1534/g3.115.019067

Laporte, M., Pavey, S. A., Rougeux, C., Pierron, F., Lauzent, M., Budzinski, H., Labadie, P.,
Geneste, E., Couture, P., Baudrimont, M. & Bernatchez, L. (2016). RAD sequencing

© 2016 The Fisheries Society of the British Isles, Journal of Fish Biology 2016, 89, 2519–2556



2552 L . B E R NAT C H E Z

reveals within-generation polygenic selection in response to anthropogenic organic
and metal contamination in North Atlantic eel. Molecular Ecology 25, 219–237. doi:
10.1111/mec.13466

Le Corre, V. & Kremer, A. (2012). The genetic differentiation at quantitative trait loci under local
adaptation. Molecular Ecology 21, 1548–1566. doi: 10.1111/j.1365-294X.2012.05479.x

Le Moan, A., Gagnaire, P.-A. & Bonhomme, F. (2016). Parallel genetic divergence
among coastal–marine ecotype pairs of European anchovy explained by differen-
tial introgression after secondary contact. Molecular Ecology 25, 3187–3202. doi:
10.1111/mec.13627

Lee, C. E. & Gelembiuk, G. W. (2008). Evolutionary origins of invasive populations. Evolution-
ary Applications 1, 427–448. doi: 10.1111/j.1752-4571.2008.00039.x

Lenormand, T. (2002). Gene flow and the limits to natural selection. Trends in Ecology & Evo-
lution 17, 183–189. doi: 10.1016/S0169-5347(02)02497-7

Lewontin, R. C. & Krakauer, J. (1973). Distribution of gene frequency as a test of the theory of
the selective neutrality of polymorphisms. Genetics 74, 175–195.

Liebl, A. L., Schrey, A. W., Richards, C. L. & Martin, L. B. (2013). Patterns of DNA methylation
throughout a range expansion of an introduced songbird. Integrative and Comparative
Biology 53, 351–358. doi: 10.1093/icb/ict007

Losos, J. B. (2011). Convergence, adaptation and constraint. Evolution 65, 1827–1840. doi:
10.1111/j.1558-5646.2011.01289.x

Lotterhos, K. E. & Whitlock, M. C. (2015). The relative power of genome scans to detect local
adaptation depends on sampling design and statistical method. Molecular Ecology 24,
1031–1046. doi: 10.1111/mec.13100

Machado-Schiaffino, G., Kautt, A. F., Kusche, H. & Meyer, A. (2015). Parallel evolution in
Ugandan crater lakes: repeated evolution of limnetic body shapes in haplochromine cich-
lid fish. BMC Evolutionary Biology 15, 9. doi: 10.1186/s12862-015-0287-3

Makinen, H., Vasemagi, A., McGinnity, P., Cross, T. F. & Primmer, C. R. (2015). Population
genomic analyses of early-phase Atlantic salmon (Salmo salar) domestication/captive
breeding. Evolutionary Applications 8, 93–107. doi: 10.1111/eva.12230

Manceau, M., Domingues, V. S., Linnen, C. R., Rosenblum, E. B. & Hoekstra, H. E.
(2010). Convergence in pigmentation at multiple levels: mutations, genes and
function. Philosophical Transactions of the Royal Society B 365, 2439–2450. doi:
10.1098/rstb.2010.0104

Massicotte, R., Whitelaw, E. & Angers, B. (2011). DNA methylation: a source of random vari-
ation in natural populations. Epigenetics 6, 421–427. doi: 10.4161/epi.6.4.14532

McEvoy, B. P. & Visscher, P. M. (2009). Genetics of human height. Economics & Human Biol-
ogy 7, 294–306. doi: 10.1016/j.ehb.2009.09.005

McKay, J. K. & Latta, R. G. (2002). Adaptive population divergence: markers, QTL and traits.
Trends in Ecology & Evolution 17, 285–291. doi: 10.1016/S0169-5347(02)02478-3

Menozzi, P., Shi, M. A., Lougarre, A., Tang, Z. H. & Fournier, D. (2004). Mutations of acetyl-
cholinesterase which confer insecticide resistance in Drosophila melanogaster popula-
tions. BMC Evolutionary Biology 4, 4. doi: 10.1186/1471-2148-4-4

Merilä, J. & Hendry, A. P. (2014). Climate change, adaptation and phenotypic plasticity: the
problem and the evidence. Evolutionary Applications 7, 1–14. doi: 10.1111/eva.12137

Messer, P. W. & Petrov, D. A. (2013). Population genomics of rapid adaptation by soft selective
sweeps. Trends in Ecology & Evolution 28, 659–669. doi: 10.1016/j.tree.2013.08.003

Nair, S., Nash, D., Sudimack, D., Jaidee, A., Barends, M., Uhlemann, A. C., Krishna, S., Nosten,
F. & Anderson, T. J. C. (2007). Recurrent gene amplification and soft selective sweeps
during evolution of multidrug resistance in malaria parasites. Molecular Biology and Evo-
lution 24, 562–573. doi: 10.1093/molbev/msl185

Narum, S. R. & Hess, J. E. (2011). Comparison of F-ST outlier tests for SNP loci under selection.
Molecular Ecology Resources 11, 184–194. doi: 10.1111/j.1755-0998.2011.02987.x

Norouzitallab, P., Baruah, K., Vandegehuchte, M., Van Stappen, G., Catania, F., Vanden
Bussche, J., Vanhaecke, L., Sorgeloos, P. & Bossier, P. (2014). Environmental heat
stress induces epigenetic transgenerational inheritance of robustness in parthenogenetic
Artemia model. FASEB Journal 28, 3552–3563. doi: 10.1096/fj.14-252049

Nosil, P. (2012). Ecological Speciation. Oxford: Oxford University Press.

© 2016 The Fisheries Society of the British Isles, Journal of Fish Biology 2016, 89, 2519–2556



G E N E T I C VA R I AT I O N A N D A DA P T I V E P OT E N T I A L I N F I S H E S 2553

O’Quin, K. E., Hofmann, C. M., Hofmann, H. A. & Carleton, K. L. (2010). Parallel evolution
of opsin gene expression in African cichlid fishes. Molecular Biology and Evolution 27,
2839–2854. doi: 10.1093/molbev/msq171

Orozco-TerWengel, P., Kapun, M., Nolte, V., Kofler, R., Flatt, T. & Schlotterer, C. (2012).
Adaptation of Drosophila to a novel laboratory environment reveals temporally het-
erogeneous trajectories of selected alleles. Molecular Ecology 21, 4931–4941. doi:
10.1111/j.1365-294X.2012.05673.x

Orr, H. A. (1998). The population genetics of adaptation: the distribution of factors fixed during
adaptive evolution. Evolution 52, 935–949. doi: 10.2307/2411226

Orr, H. A. & Unckless, R. L. (2014). The population genetics of evolutionary rescue. PLoS
Genetics 10, e1004551. doi: 10.1371/journal.pgen.1004551

Palumbi, S. R. (2001). Humans as the world’s greatest evolutionary force. Science 293,
1786–1790. doi: 10.1126/science.293.5536.1786

Pardo-Diaz, C., Salazar, C. & Jiggins, C. D. (2015). Towards the identification of the
loci of adaptive evolution. Methods in Ecology and Evolution 6, 445–464. doi:
10.1111/2041-210X.12324

Pavey, S. A., Gaudin, J., Normandeau, E., Dionne, M., Castonguay, M., Audet, C. &
Bernatchez, L. (2015). RAD sequencing highlights polygenic discrimination of habi-
tat ecotypes in the panmictic American eel. Current Biology 25, 1666–1671. doi:
10.1016/j.cub.2015.04.062

Pespeni, M. H., Sanford, E., Gaylord, B., Hill, T. M., Hosfelt, J. D., Jaris, H. K., LaVigne, M.,
Lenz, E. A., Russell, A. D., Young, M. K. & Palumbi, S. R. (2013). Evolutionary change
during experimental ocean acidification. Proceedings of the National Academy of Sci-
ences of the United States of America 110, 6937–6942. doi: 10.1073/pnas.1220673110

Picq, S., McMillan, W. O. & Puebla, O. (2016). Population genomics of local adaptation versus
speciation in coral reef fishes (Hypoplectrus spp, Serranidae). Ecology and Evolution 6,
2109–2124. doi: 10.1002/ece3.2028

Pogson, G. H. (1995). Genetic population structure and gene flow in the Atlantic cod Gadus
morhua – a comparison of allozyme and nuclear RFLP loci. Genetics 139, 375–385.

Primmer, C. R., Papakostas, S., Leder, E. H., Davis, M. J. & Ragan, M. A. (2013). Annotated
genes and nonannotated genomes: cross-species use of gene ontology in ecology and
evolution research. Molecular Ecology 22, 3216–3241. doi: 10.1111/mec.12309

Pritchard, J. K. & Di Rienzo, A. (2010). Adaptation – not by sweeps alone. Nature Reviews
Genetics 11, 665–667.

Pujolar, J. M., Jacobsen, M. W., Als, T. D., Frydenberg, J., Munch, K., Jónsson, B., Jiang,
X., Cheng, L., Maes, G. E., Bernatchez, L. & Hansen, M. M. (2014). Genome-wide
single-generation signatures of local selection in the panmictic European eel. Molecular
Ecology 23, 2514–2528. doi: 10.1186/1471-2148-14-138

Pujolar, J. M., Jacobsen, M. W., Bekkevold, D., Lobón-Cervià, J., Jónsson, B., Bernatchez,
L. & Hansen, M. M. (2015). Signatures of selection between life cycle stages
separated by metamorphosis in the European eel. BMC Genomics 16, 600. doi:
10.1186/s12864-015-1754-3

Ralph, P. L. & Coop, G. (2014). Convergent evolution during local adaptation to patchy land-
scapes. PLoS Genetics 11, e1005630. doi: 10.1371/journal.pgen.1005630

Ralph, P. L. & Coop, G. (2015). The role of standing variation in geographic convergent adap-
tation. American Naturalist 186, S5–S23. doi: 10.1086/682948

Rellstab, C., Gugerli, F., Eckert, A. J., Hancock, A. M. & Holderegger, R. (2015). A practical
guide to environmental association analysis in landscape genomics. Molecular Ecology
24, 4348–4370. doi: 10.1111/mec.13322

Rey, O., Danchin, E., Mirouze, M., Loot, C. & Blanchet, S. (2016). Adaptation to global
change: a transposable element–epigenetics perspective. Trends in Ecology & Evolution
31, 514–526. doi: 10.1016/j.tree.2016.03.013

Rice, W. R. (1992). Sexually antagonistic genes–experimental evidence. Science 256,
1436–1439. doi: 10.1126/science.1604317

Roberge, C., Einum, S., Guderley, H. & Bernatchez, L. (2006). Rapid parallel evolutionary
changes of gene transcription profiles in farmed Atlantic salmon. Molecular Ecology 15,
9–20. doi: 10.1111/j.1365-294X.2005.02807.x

© 2016 The Fisheries Society of the British Isles, Journal of Fish Biology 2016, 89, 2519–2556



2554 L . B E R NAT C H E Z

Rockman, M. V. (2012). The QTN program and the alleles that matter for evolution: all that’s
gold does not glitter. Evolution 66, 1–17. doi: 10.1111/j.1558-5646.2011.01486.x

Roesti, M., Hendry, A. P., Salzburger, W. & Berner, D. (2012). Genome divergence during evolu-
tionary diversification as revealed in replicate lake–stream stickleback population pairs.
Molecular Ecology 21, 2852–2862.

Sauvage, C., Derome, N., Normandeau, E., St-Cyr, J., Audet, C. & Bernatchez, L. (2010).
Fast transcriptional responses to domestication in the brook charr (Salvelinus fontinalis).
Genetics 185, 105–118. doi: 10.1534/genetics.110.115071

Savolainen, O., Lascoux, M. & Merilä, J. (2013). Ecological genomics of local adaptation.
Nature Reviews Genetics 14, 807–820. doi: 10.1038/nrg3522

Schluter, D. (2000). The Ecology of Adaptive Radiation. Oxford: Oxford University Press.
Schluter, D. & Conte, G. L. (2009). Genetics and ecological speciation. Proceedings of the

National Academy of Sciences of the United States of America 106, 9955–9962. doi:
10.1073/pnas.0901264106

Seehausen, O., Takimoto, G., Roy, D. & Jokela, J. (2008a). Speciation reversal and biodiversity
dynamics with hybridization in changing environments. Molecular Ecology 17, 30–44.
doi: 10.1111/j.1365-294X.2007.03529.x

Seehausen, O., Terai, Y., Magalhaes, I. S., Carleton, K. L., Mrosso, H. D. J., Miyagi, R.,
van der Sluijs, I., Schneider, M. V., Maan, M. E., Tachida, H., Imai, H. & Okada, N.
(2008b). Speciation through sensory drive in cichlid fish. Nature 455, 620–626. doi:
10.1038/nature07285

Shapiro, M. D., Marks, M. E., Peichel, C. L., Blackman, B. K., Nereng, K. S., Jonsson,
B., Schluter, D. & Kingsley, D. M. (2004). Genetic and developmental basis of
evolutionary pelvic reduction in threespine sticklebacks. Nature 428, 717–723. doi:
10.1038/nature02415

Smith, T. B. & Bernatchez, L. (2008). Evolutionary change in human-altered environments.
Molecular Ecology 17, 1–8. doi: 10.1111/j.1365-294X.2007.03607.x

Smith, T. A., Martin, M. D., Nguyen, M. & Mendelson, T. C. (2016). Epigenetic divergence
as a potential first step in darter speciation. Molecular Ecology 25, 1883–1894. doi:
10.1111/mec.13561

Soria-Carrasco, V., Gompert, Z., Comeault, A. A., Farkas, T. E., Parchman, T. L., Johnston, J. S.,
Buerkle, C. A., Feder, J. L., Bast, J., Schwander, T., Egan, S. P., Crespi, B. J. & Nosil, P.
(2014). Stick insect genomes reveal natural selection’s role in parallel speciation. Science
344, 738–742. doi: 10.1126/science.1252136

Star, B., Nederbragt, A. J., Jentoft, S., Grimholt, U., Malmstrom, M., Gregers, T. F., Rounge,
T. B., Paulsen, J., Solbakken, M. H., Sharma, A., Wetten, O. F., Lanzen, A., Winer, R.,
Knight, J., Vogel, J. H., Aken, B., Andersen, O., Lagesen, K., Tooming-Klunderud, A.,
Edvardsen, R. B., Tina, K. G., Espelund, M., Nepal, C., Previti, C., Karlsen, B. O., Moum,
T., Skage, M., Berg, P. R., Gjoen, T., Kuhl, H., Thorsen, J., Malde, K., Reinhardt, R., Du,
L., Johansen, S. D., Searle, S., Lien, S., Nilsen, F., Jonassen, I., Omholt, S. W., Stenseth,
N. C. & Jakobsen, K. S. (2011). The genome sequence of Atlantic cod reveals a unique
immune system. Nature 477, 207–210. doi: 10.1038/nature10342

Steiner, C. C., Weber, J. N. & Hoekstra, H. E. (2007). Adaptive variation in beach mice produced
by two interacting pigmentation genes. PLoS Biology 5, 1880–1889. doi: 10.1371/jour-
nal.pbio.0050219

Stockwell, C. A., Hendry, A. P. & Kinnison, M. T. (2003). Contemporary evolution
meets conservation biology. Trends in Ecology & Evolution 18, 94–101. doi:
10.1016/S0169-5347(02)00044-7

Storz, J. F. (2016). Causes of molecular convergence and parallelism in protein evolution. Nature
Reviews Genetics 17, 239–250. doi: 10.1038/nrg.2016.11

Therkildsen, N. O., Hemmer-Hansen, J., Als, T. D., Swain, D. P., Morgan, M. J., Trippel, E. A.,
Palumbi, S. R., Meldrup, D. & Nielsen, E. E. (2013). Microevolution in time and space:
SNP analysis of historical DNA reveals dynamic signatures of selection in Atlantic cod.
Molecular Ecology 22, 2424–2440. doi: 10.1111/mec.12260

Thomas, F., Fisher, D., Fort, P., Marie, J. P., Daoust, S., Roche, B., Grunau, C., Cosseau, C.,
Mitta, G., Baghdiguian, S., Rousset, F., Lassus, P., Assenat, E., Gregoire, D., Misse, D.,
Lorz, A., Billy, F., Vainchenker, W., Delhommeau, F., Koscielny, S., Itzykson, R., Tang,
R. P., Fava, F., Ballesta, A., Lepoutre, T., Krasinska, L., Dulic, V., Raynaud, P., Blache,

© 2016 The Fisheries Society of the British Isles, Journal of Fish Biology 2016, 89, 2519–2556



G E N E T I C VA R I AT I O N A N D A DA P T I V E P OT E N T I A L I N F I S H E S 2555

P., Quittau-Prevostel, C., Vignal, E., Trauchessec, H., Perthame, B., Clairambault, J.,
Volpert, V., Solary, E., Hibner, U. & Hochberg, M. E. (2013). Applying ecological and
evolutionary theory to cancer: a long and winding road. Evolutionary Applications 6,
1–10. doi: 10.1111/eva.12021

Thurman, T. J. & Barrett, R. D. H. (2016). The genetic consequences of selection in natural
populations. Molecular Ecology 25, 1429–1448. doi: 10.1111/mec.13559

Uecker, H., Otto, S. P. & Hermisson, J. (2014). Evolutionary rescue in structured populations.
American Naturalist 183, E17–E35. doi: 10.1086/673914

Ulrik, M. G., Pujolar, J. M., Ferchaud, A. L., Jacobsen, M. W., Als, T. D., Gagnaire, P. A., Fry-
denberg, J., Bøcher, P. K., Jónsson, B., Bernatchez, L. & Hansen, M. M. (2014). Do North
Atlantic eels show parallel patterns of spatially varying selection? BMC Evolutionary
Biology 14, 138. doi: 10.1111/mec.12753

Vera, M., Diez-del-Molino, D. & Garcia-Marin, J. L. (2016). Genomic survey provides
insights into the evolutionary changes that occurred during European expansion of the
invasive mosquitofish (Gambusia holbrooki). Molecular Ecology 25, 1089–1105. doi:
10.1111/mec.13545

Verhoeven, K. J. F., vonHoldt, B. M. & Sork, V. L. (2016). Epigenetics in ecology and evolution:
what we know and what we need to know? Molecular Ecology 25, 1631–1638. doi:
10.1111/mec.13617

de Villemereuil, P. & Gaggiotti, O. E. (2015). A new F-ST-based method to uncover local adap-
tation using environmental variables. Methods in Ecology and Evolution 6, 1248–1258.
doi: 10.1111/2041-210X.12418

de Villemereuil, P., Frichot, E., Bazin, F. O. & Gaggiotti, O. E. (2014). Genome scan methods
against more complex models: when and how much should we trust them? Molecular
Ecology 23, 2006–2019. doi: 10.1111/mec.12705

Visscher, P. M., Hill, W. G. & Wray, N. R. (2008). Heritability in the genomics era – concepts
and misconceptions. Nature Reviews Genetics 9, 255–266. doi: 10.1038/nrg2322

Wellenreuther, M. & Hansson, B. (2016). Detecting polygenic evolution: problems, pitfalls and
promises. Trends in Genetics 32, 155–164. doi: 10.1016/j.tig.2015.12.004

Whitlock, M. C. (2015). Modern approaches to local adaptation. American Naturalist 186,
S1–S4. doi: 10.1086/682933

Whitlock, M. C. & Lotterhos, K. E. (2015). Reliable detection of loci responsible for local adap-
tation: inference of a null model through trimming the distribution of F-ST. American
Naturalist 186, S24–S36. doi: 10.1086/682949

Willette, D. A., Allendorf, F. W., Barber, P. H., Barshis, D. J., Carpenter, K. E., Crandall, E. D.,
Cresko, W. A., Fernandez-Silva, I., Matz, M. V., Meyer, E., Santos, M. D., Seeb, L. W.
& Seeb, J. E. (2014). So, you want to use next-generation sequencing in marine systems?
Insight from the Pan-Pacific Advanced Studies Institute. Bulletin of Marine Science 90,
79–122. doi: 10.5343/bms.2013.1008

Williams, L. M. & Oleksiak, M. F. (2008). Signatures of selection in natural populations adapted
to chronic pollution. BMC Evolutionary Biology 8, 282. doi: 10.1186/1471-2148-8-282

Williams, L. M. & Oleksiak, M. F. (2011). Ecologically and evolutionarily important SNPs
identified in natural populations. Molecular Biology and Evolution 28, 1817–1826. doi:
10.1093/molbev/msr004

Wood, J. L. A. & Fraser, D. J. (2015). Similar plastic responses to elevated temperature among
different-sized brook trout populations. Ecology 96, 1010–1019. doi: 10.1890/14-1378.1

Wood, J. L. A., Yates, M. & Fraser, D. J. (2016). Are selection and heritability related to
population size in nature? Meta-analysis and conservation implications. Evolutionary
Applications 9, 640–757. doi: 10.1111/eva.12375

Wu, L. & Kruckeberg, A. L. (1985). Copper tolerance in 2 legume species from a copper mine
habitat. New Phytologist 99, 565–570. doi: 10.1111/j.1469-8137.1985.tb03684.x

Yang, J. A., Benyamin, B., McEvoy, B. P., Gordon, S., Henders, A. K., Nyholt, D. R., Madden,
P. A., Heath, A. C., Martin, N. G., Montgomery, G. W., Goddard, M. E. & Visscher, P.
(2010). Common SNPs explain a large proportion of the heritability for human height.
Nature Genetics 42, 565–569. doi: 10.1038/ng.608

Yeaman, S. (2015). Local adaptation by alleles of small effect. American Naturalist 186,
S74–S89. doi: 10.1086/682405

© 2016 The Fisheries Society of the British Isles, Journal of Fish Biology 2016, 89, 2519–2556



2556 L . B E R NAT C H E Z

Yeaman, S. & Otto, S. P. (2011). Establishment and maintenance of adaptive genetic
divergence under migration, selection and drift. Evolution 65, 2123–2129. doi:
10.1111/j.1558-5646.2011.01277.x

Zueva, K. J., Lumme, J., Veselov, A. E., Kent, M. P., Lien, S. & Primmer, C. R. (2014). Footprints
of directional selection in wild Atlantic salmon populations: evidence for parasite-driven
evolution? PLoS One 9, e91672. doi: 10.1371/journal.pone.0091672

© 2016 The Fisheries Society of the British Isles, Journal of Fish Biology 2016, 89, 2519–2556


