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Migration strategies in �shes comprise a rich, ecologically important, and
socioeconomically valuable example of biological diversity. The variation and �exibility
in migration is evident between and within individuals, populations, and species, and
thereby provides a useful model system that continues to inform how ecological and
evolutionary processes mold biodiversity and how biological systems respond to
environmental heterogeneity and change. Migrating �shes are targeted by commercial
and recreational �shing and impact the functioning of aquatic ecosystems. Sadly,
many species of migrating �sh are under increasing threat byexploitation, pollution,
habitat destruction, dispersal barriers, over�shing, andongoing climate change that
brings modi�ed, novel, more variable and extreme conditions and selection regimes.
All this calls for protection, sustainable utilization andadaptive management. However,
the situation for migrating �shes is complicated further byactions aimed at mitigating
the devastating effects of such threats. Changes in river connectivity associated with
removal of dispersal barriers such as dams and constructionof �shways, together
with compensatory breeding, and supplemental stocking canimpact on gene �ow and
selection. How this in turn affects the dynamics, genetic structure, genetic diversity,
evolutionary potential, and viability of spawning migrating �sh populations remains
largely unknown. In this narrative review we describe and discuss patterns, causes,
and consequences of variation and �exibility in �sh migration that are scienti�cally
interesting and concern key issues within the framework of evolution and maintenance
of biological diversity. We showcase how the evolutionary solutions to key questions
that de�ne migrating �sh—whether or not to migrate, why to migrate, where to
migrate, and when to migrate—may depend on individual characteristics and ecological
conditions. We explore links between environmental changeand migration strategies,
and discuss whether and how threats associated with overexploitation, environmental
makeovers, and management actions may differently in�uence vulnerability of individuals,
populations, and species depending on the variation and �exibility of their migration
strategies. Our goal is to provide a broad overview of knowledge in this emerging
area, spur future research, and development of informed management, and ultimately
promote sustainable utilization and protection of migrating �sh and their ecosystems.
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INTRODUCTION

Migratory �sh showcase a scienti�cally interesting example
of biological diversity that is of considerable ecologicaland
socioeconomic importance (Leggett, 1977; Lynch et al., 2016;
Oke and Hendry, 2019). Given the alarming situation for
migratory �sh worldwide, there is a need for a better
knowledge and understanding of the patterns, causes and
consequences of variation of their migratory behavior. Important
challenges addressed in this contribution include to identify
how di�erent ecological drivers in�uence the evolution and
variation in migratory behavior, and to illuminate how genetic
polymorphism, developmental plasticity, and intra-individual
�exibility of migratory behavior in�uence the response, and
ability of individuals, populations and species to cope with
environmental change (Figure 1).

What's at Stake?
The variation and �exibility in migration strategies in �shes
that move between habitats to ful�ll competing needs
provides a rich and fascinating example of how biological
diversity manifests between and within communities, species,
populations and individuals (Leggett, 1977; Ro�, 1988; Lucas
and Baras, 2001; Nathan et al., 2008; Mehner, 2012; Brönmark
et al., 2014). As such, �sh o�er good model systems for
investigating how biological systems respond to and cope with
environmental heterogeneity and change. Being important
predators, competitors, and prey to other species, migrating
�sh a�ect the functioning of lakes, rivers, coastal ecosystems
and open oceans (Post et al., 2008; Brodersen et al., 2015;
Donadi et al., 2017). In some areas, migrating �sh represent
important “vectors” by transferring nutrients or pathogens
between habitats, as in the case of mass-migration and post-
spawning death of Paci�c salmon that brings energy from
resource rich marine habitats to less productive rivers (Naiman
et al., 2002). Migrating �sh also comprise an important
resource of considerable socioeconomic value targeted by
commercial and recreational �sheries throughout the world
(Oke and Hendry, 2019).

What Are the Key Hazards to Migrating
Fish?
Migrating �sh are under threat by habitat modi�cation,
fragmentation and destruction of spawning and nursery habitats,
pollution, and overexploitation (Waldman et al., 2016; Forseth
et al., 2017). Apart from immediate negative e�ects associated
with declining populations, changes in distribution ranges,and
local extinctions (Dudgeon et al., 2006), exploitation can induce
long-term evolutionary shifts in behaviors, individual growth
trajectories and life-history strategies. These in turn may a�ect
the recruitment, size-structure and dynamics of populations
(Beacham, 1983; Kuparinen and Merilä, 2007; Uusi-Heikkila
et al., 2008; Lowerre-Barbieri et al., 2017).

Perhaps counterintuitively, migrating �sh are potentially
also under threat by various management actions. Even e�orts
designed to compensate for overexploitation and mitigate
the devastating e�ects of dispersal barriers via removal of

dams, construction of �shways, compensatory breeding and
supplemental stocking may have unintentional and unforeseen
negative consequences. For example, alterations in river
connectivity caused by the building and removal of dams or the
construction of �shways may bring about changes in community
composition and species interactions (Ngor et al., 2018), and
in rapid loss of local adaptations (Thompson et al., 2019).
Connectivity changes can also a�ect the directions and rates
of gene �ow with consequences for genetic diversity and inter-
population hybridization (Lynch, 1991; McClelland and Naish,
2007; Whitlock et al., 2013; Rius and Darling, 2014). Similar to
�sheries induced evolution (Kuparinen and Merilä, 2007), the
altered severity of migration caused by constructed �shwaysmay
in�uence the characteristics of successful migrants and impose
selection and evolutionary shifts in traits that directly de�ne
migration or dispersal capacity, as well as in other traits thatmay
impair population growth (as discussed and exempli�ed below).

Selection that gives rise to local adaptations generally reduces
phenotypic and genetic variance. This can be detrimental
because diversity brings many bene�ts. Theory and empirical
evidence concur that �exibility and variance reducing bet-
hedging strategies within individuals and genotypes can
increase geometric mean �tness in changing and heterogeneous
environments (Slatkin, 1974; Seger and Brockmann, 1987;
Forsman et al., 2007). Earlier work unanimously show
that among-individual variation contributes to improved
establishment, more stable populations, and reduced extinction
risk of populations and species, via complementarity and/or
variance reducing e�ects (Hughes et al., 2008; Simberlo�, 2009;
Forsman, 2014; Forsman and Wennersten, 2016; Des Roches
et al., 2018). Lastly, portfolio e�ects associated with variation
among populations across environments or with high species
diversity may increase stability, productivity and resilience of
species and ecosystems (Schindler et al., 2010, 2015; Waldman
et al., 2016; Hui et al., 2017; Lowerre-Barbieri et al., 2017).

Designing adaptive management for protection and
sustainable utilization of migrating �sh is complicated by
ongoing climate change that brings changes in salinity,
temperature, precipitation, sea surface levels, and species
distribution ranges (Roessig et al., 2004; IPCC, 2013, 2018;
Reusch et al., 2018; Cheng et al., 2019), thereby resulting
in modi�ed, novel, more variable and extreme selection
regimes (Parmesan and Yohe, 2003; Root et al., 2003; Forsman
et al., 2016b). The situation for migratory �sh is worsened
by the challenges (e.g., increased harvesting and habitat
destruction) that accompany the increasing demands of a
growing human population.

Questions Addressed in This Review
An important task for research is to investigate how the key
hazards outlined above disrupt eco-evolutionary processes and
the diversity of migrating �sh. Scienti�c output on �sh migration
has grown tremendously from< 100 papers per year prior to
1970 to nearly 3300 papers in 2018 (Figure 2A). The portion
of studies addressing aspects of variation and �exibility among
and within populations or individuals is relatively low (<
10%), but this emerging �eld has increased 7-fold from< 50
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FIGURE 1 | Overview of causes and consequences of variation and �exibility in �sh migration. Fish migratory behaviors and associated phenotypic traits vary within
and among individuals, populations and species. The phenotypic differences are re�ective of the combined contributions of genetic differences, developmental
plasticity, and phenotypic �exibility. The costs and bene�tsof migratory behaviors are context dependent in that they vary according to individual attributes (see
Table 1 ) and are in�uenced by interactive ecological and evolutionary processes in response to spatiotemporal environmental heterogeneity. Climate change and
anthropogenic activities result in environmental makeovers and can further modify the opportunities for migration, the direction and strength of selection, genetic
diversity, and structure, population dynamics, species distributions, and community composition. Patterns of variation in �sh migratory behaviors thus represent the
outcome of complex and dynamic eco-evolutionary feed-backloops.

papers per year prior to 1990 to> 350 papers per year in
2018 (Figure 2B). This growing appreciation of the potential
importance of �exible migration strategies in �sh is comparable
to that in other organism groups (Figure 2C), and evident also
relative to total research output (Figure 2D).Given the rich
literature on variation and �exibility in �sh migration (Figure 2)
it is impossible to provide an all-inclusive summary of current
knowledge, and there are already more than 300 reviews touching
on various facets of this emerging area. Previous reviews typically
focus on speci�c hypothesis, biomes, taxa, or migratory behaviors
to summarize knowledge within a restricted area.

In this narrative review we provide a broad overview,
in which we describe and discuss aspects of variation and
�exibility in �sh migration of basic scienti�c interest that
concern key issues within the framework of evolution and

maintenance of biological diversity (Figure 1). We consider key
questions (whether or not to migrate, why to migrate, where to
migrate, and when to migrate?) that de�ne migrating �sh and
other organisms (Nathan et al., 2008), and exemplify how the
evolutionary solutions to these questions may vary and change
depending on ecological conditions, environmental settings, and
individual characteristics. In particular, we explore linksbetween
environmental change, and migration strategies, and discuss
whether and how threats associated with overexploitation,
environmental makeovers, and management actions are likely
to di�erently in�uence individuals, populations and species
depending on the variation and �exibility of their migration
strategies. In so doing, we aim to advance knowledge, spur
future research and critical evaluation of management strategies,
to ultimately promote sustainable utilization and protection
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FIGURE 2 | Trends in research output on �sh migration.(A) Absolute research output measured as publications on �sh migration (red1) and on �exibility in �sh
migration (blue2) published per year up to December 2018.(B) Absolute research output on �exibility in �sh migration2 published per year.(C) Relative research
output on �exibility in �sh migration expressed as percentageof research output on �exibility in migration summed across all organisms3. (D) Relative research output
on �exibility in �sh migration2 expressed as percentage of total research output summed across all scienti�c disciplines4. Data extracted from a topic search
conducted 18 February 2019 from all databased in ISI Web of Science using the following search strings:
1((migrat* OR *dromous OR dispers*) AND (�sh*)), generated 61,591 papers.
2((migrat* OR *dromous OR dispers*) AND (�sh*) AND (plastic* OR �exib* OR partial OR alternat*)), generated 4,967 papers.
3((migrat* OR *dromous OR dispers*) AND (plastic* OR �exib* ORpartial OR alternat*)), generated 172,489 papers.
4(“in”), generated 54,424,812 papers.

of migrating �sh and their ecosystems. The disproportionate
attention given to di�erent subsections below re�ects our
subjective interests and concerns, not necessarily the relative
importance or state of knowledge.

VARIATION IN FISH MIGRATION–WHAT'S
AT STAKE?

Fish migration encompasses a broad range of behaviors and
life-history strategies by which individuals, populations and
species cope with challenges associated with di�erent scales of
temporal and spatial environmental heterogeneity (Figure 1).
The growing literature (Figure 2) has resulted in a rich �ora of
terms and phrases pertaining to various aspects of �sh migration
(Myers, 1949; Lucas and Baras, 2001; Secor and Kerr, 2009). The
increasing interest in developmental plasticity and phenotypic
�exibility has also been accompanied by numerous classi�cations

and de�nitions (Piersma and Drent, 2003; West-Eberhard, 2003;
O'Connor et al., 2014; Forsman, 2015; Senner et al., 2015).
Below we provide a brief overview and reintroduce some
de�nitions and key concepts related to variation and �exibility of
�sh migration.

De�nitions and Key Concepts in Fish
Migration
Migration involves bi-directional large- or small-scale
movements by individuals between habitats that ful�ll
competing needs that may occur within and between
di�erent life-stages. The habitats and resources that maximize
growth, survival and reproductive success during di�erent
life history phases are typically separated in time and space
(Gross et al., 1988). Migration is often interpreted as an
adaptive response, although discriminating adaptive optimal
migration solutions from “non-adaptive” movements induced
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by external or internal stressors can be di�cult. Bene�ts from
migratory movements may come in the forms of refuge from
predators, access to resources, or strategic positioning of
gametes in locations that o�er advantageous conditions for
the developing embryos and o�spring. Potential costs include
the energy expenditure associated with moving, predation
risk, osmoregulation, erroneous navigation, and impaired
reproductive success owing to genetic incompatibility associated
with inter-population hybridization.

Migration tactics vary between species, among populations,
and among individuals within populations. In “Migration of
Freshwater Fishes,”Lucas and Baras (2001)de�ne migration as:
“a strategy of adaptive value, involving movement of part or all
of a population in time, between discrete sites existing in an n-
dimensional hypervolume of biotic and abiotic factors, usually
but not necessarily involving predictability or synchronicity
in time, since inter individual variation is a fundamental
component of populations.” However, the classi�cation and
understanding of �sh migration is complicated further by an
intra-individual component of variation, meaning that migration
strategies can change also over an individual's life. Despite
the extensive variability, some general migration patternscan
be discerned.

Main Migration Modes
Fish migration modes can be described on the basis of the fresh-
and salt water biomes used (Figure 3). These include holobiotic
lifestyles, meaning that the �sh spend their entire lifespan in
either salt or fresh water, and amphibiotic lifestyles, meaning
that the �sh move between water bodies with di�erent salinities
(Lucas and Baras, 2001).

Oceanodromous�shes live and migrate wholly in the sea
(Myers, 1949; Lucas and Baras, 2001). Well-known examples
include small prey �sh such as sardine (Sardina pilchardus),
anchoveta (Engraulis encrasicolus), herring (Clupea harengus) but
also larger �shes at higher trophic levels, pelagic species with wide
distributions such as tuna, sail�sh, marlin, sword�sh, sharks, and
rays that undertake variable but often long-distance migrations
for feeding or reproduction.

Potamodromous�shes migrate between natal areas and
feeding grounds entirely within fresh water. Although these �sh
typically migrate relatively shorter distances, these movements
across habitats within freshwater may be just as important
for survival, growth and reproduction as the typically larger
scale migrations partaken by oceanodromous or diadromous
species. There are also potamodromous species with extensive
migrations; spawning migration distances of 300 km have been
recorded for the endangered Colorado pike minnow of the
Colorado River system (Lucas and Baras, 2001).

Diadromous �shes migrate between fresh and salt water
environments to complete di�erent parts of their life cycle (Lucas
and Baras, 2001; Gri�ths, 2006, 2010) (Figure 3). Catadromous
�sh spend the majority of the time feeding and growing in
freshwaters and migrate into the saline sea water as adults to
reproduce. Famous examples are the freshwater eels of the genus
Anguilla, including the iconic European eel (Anguilla anguilla
L.), which spawns in the Sargasso Sea and whose o�spring

FIGURE 3 | Spawning migration modes in �sh classi�ed based on the use of
biomes (freshwater vs. brackish or saline). Oceanodromous�shes live and
migrate to feed and reproduce wholly in the sea (lower box). Potamodromous
�shes migrate between reproductive areas and feeding grounds entirely within
fresh water (upper box). Diadromous �shes migrate between fresh and salt
water to complete their life cycle; these are classi�ed as anadromous if they
spend most time in freshwater but migrate to marine environments to
reproduce, and as catadromous if they instead spend most time in the sea
and migrate into freshwater to reproduce. The �gure was created in Adobe
Photoshop CC 2015 v. 16.0.1.

drift across the Atlantic Ocean to the coasts and freshwaters
of Europe and North Africa where they will grow and mature,
before returning to the Sargasso Sea to reproduce (Moyle, 2004;
Aoyama, 2009). Another catadromous species is the Indo-Paci�c
barramundi (Lates calcarifer) that inhabits rivers before returning
to the river mouths or estuaries to spawn, and where the
larvae and juveniles live in the associated brackish temporary
swamps (Russell and Garrett, 1983). Anadromous�shes spend
the majority of the time feeding and growing in the sea and move
into freshwater to reproduce. Well-known examples can be found
among salmonids, such as Atlantic salmon (Salmo salar) that
exploit the rich resources of the ocean as adults, only to return
to the natal river or stream to reproduce. Additional examples
include various species of Paci�c salmon, striped bass (Morone
saxatilis), and sea lampreys (Petromyzon marinus) (Moyle, 2004;
Silva et al., 2014).

Not all �sh species fall easily into the above categories.
Species showing pronounced intraspeci�c variation include some
salmonids (S. trutta), the three-spine stickleback (Gasterosteus
aculeatus), and the northern pike (Esox lucius) in which di�erent
populations of the same species can be classi�ed as belonging
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to at least two of the oceanodromous, potamodromous, and
the anadromous lifestyles (Jonsson and Jonsson, 1993; Fleming,
1996; Lucas and Baras, 2001; Dodson et al., 2013; Forsman
et al., 2015; Leitwein et al., 2016). There is also extensive
variation in timing and distance of migration among species
and populations (McDowall, 1997; Hendry and Day, 2005;
Kuparinen and Merilä, 2009; Gri�ths, 2010; Seamons and
Quinn, 2010; Kovach et al., 2015; Forsman and Berggren, 2017;
Bloom et al., 2018).

Spawning Migration
While �sh migration takes countless shapes and can
be described based on utilization of di�erent biomes
(Figure 3), it is sometimes fruitful to analyze and classify
them from a functional viewpoint. In principle, the main
drivers of large scale �sh migrations are to reproduce,
�nd food, and avoid enemies. Although any habitat shifts
must be interpreted as representing the outcome of these
competing needs, �sh migrations are typically classi�ed based
on reproduction.

Spawning-, reproductive- or breeding migrations involve
the movements of reproductively mature �sh from foraging
areas to a location where they will place their gametes.
For a spawning environment to be productive, it should
provide abiotic and biotic conditions that are favorable for
the development and survival of fertilized eggs, embryos,
hatched larvae, and young juveniles (Lowerre-Barbieri et al.,
2017) (Figure 1). Because of di�erential needs and demands
depending on size and age, the nursery habitat progressively
becomes suboptimal. As the �sh grow larger and older, they
eventually leave the nursery grounds in favor of more productive
foraging grounds where they likely join the adult population.
Spawning migration may involve the crossing of the borders
between fresh, brackish, and saline water bodies, but can occur
within such biomes, for example between or within lakes and
rivers (Figures 3, 4).

TABLE 1 | Overview of potential correlates and putative internal (left column) and
external (right column) drivers of variation and �exibilityin migration behavior in
�shes.

Whether, why, where and when to migrate?

Internal drivers External drivers(spatiotemporal heterogeneity of)

Species identity Abiotic factors:

Population af�nity Water level and �ow

Individual attributes: Water temperature

Sex Salinity, acidity, and oxygen levels

Genetic makeup Light conditions

Age/life stage Opportunities for/limits to dispersal

Size Access to spawning habitats

Dispersal capability Biotic factors:

Condition/state Mates

Health Food

Experience Competitors

Enemies

Homing Behavior and Navigation
Some �sh display homing behavior. After having reached
maturity, the adults may return to spawn where they were
born. In iteroparous species, the adults may reuse the
same spawning grounds for multiple reproductive cycles
(e.g., Tibblin et al., 2016b). Homing is not an obligatory
part of �sh migratory behavior (Lucas and Baras, 2001).
However, it can allow for evolution of genetic structure,
local adaptations, and divergence of early life-history traits
among subpopulations that use di�erent spawning areas, and
thereby reinforce the bene�ts of homing (Jensen et al., 2008;
Kavanagh et al., 2010; Petersson, 2015; Tibblin et al., 2015,
2016a; Berggren et al., 2016; Mäkinen et al., 2016; Sunde
et al., 2018a). This showcases how varying environmental
conditions and behaviors can shape biodiversity even on small
spatial scales.

The mechanism(s) involved in navigation, identi�cation and
habitat recognition that allow for homing behavior in �sh have
been reviewed elsewhere (Lucas and Baras, 2001; Odling-Smee
and Braithwaite, 2003; Keefer and Caudill, 2014; Petersson,
2015). Receptors sensitive to electric and geomagnetic �elds,
light, temperature, olfactory and visual cues together with
information based on landmarks, water �ow, and sound seem
to be involved to various degrees by di�erent species (Lucas and
Baras, 2001; Keefer and Caudill, 2014).

Below, we illustrate how migratory behavior may vary among
and within species of �sh (Table 1). We also exemplify how
variation and �exibility in migratory behavior may be associated
with, and possibly depend on, spatiotemporal environmental
heterogeneity and vary according to individual characteristics
(Table 1; Figure 1).

Variation Among Species
Patterns and strategies of migration vary extensively
among species with regards to function (e.g., spawning,
feeding, and refuge from predators and other environmental
stressors), migration mode (diadromous, potamodromous and
oceanodromous), mode of parity (semelparous-iteroparous),
timing of migratory events (phenology), and migratory distance
(McDowall, 1997; Gri�ths, 2010; Seamons and Quinn, 2010;
Mehner, 2012; Forsman and Berggren, 2017; Nilsson et al., 2019).
As for diadromy, inter-speci�c comparisons have uncovered
that anadromous species predominate in temperate latitudes
where productivity in freshwater is generally lower than in
marine environments whereas catadromy dominates in tropical
latitudes where the highest productivity is found in freshwater
habitats (Gross et al., 1988; McDowall, 1997). Similarly among
potamodromous �sh, many species utilize rivers as spawning and
nursery grounds whereas foraging occurs in more productive
areas such as lakes. Drivers other than productivity are also
important in shaping the mode or direction of migration in �sh
(Bloom and Lovejoy, 2014). Recent evidence from a comparative
analysis indicate that across Clupeiformes (anchovies, herring,
shad and allies) diadromous species are larger than non-
diadromous species, whereas no association was found with
trophic position (Bloom et al., 2018).
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With regards to migration timing,Kovach et al. (2015)
report that temporal trends in the direction of the shift in the
median migration date, as well as in duration and inter-annual
variation in migration timing are highly variable across species
and populations of Paci�c salmon. The drivers resulting in the
diversity of migration strategies seen across �sh species are poorly
understood but presumed to be the result of improved access
to resources in a patchy system or decreased predation. With
regards to distance, pike, and goliath cat�sh (Brachyplatystoma
rousseauxii) o�er an example of a striking di�erence in freshwater
migration distance between anadromous species. Both species
inhabit coastal estuarine areas and migrate to spawning locations
upstream. For pike, maximum migration distance in freshwater
is probably< 50 km (Larsson et al., 2015), whereas the goliath
cat�sh that spawns in the western Amazon travels 11,500 km, the
longest �sh freshwater migration in the world (Barthem et al.,
2017). In the catadromousAnguilla eels, migration distances
from freshwater to the marine spawning areas range from
750 to > 8,000 km (see Table S1 inForsman and Berggren,
2017). Results from a comparative analysis indicate that the
evolutionary increments of migration distances inAnguillahave
been accompanied by shifts in dispersal enhancing phenotypic
traits, such as larger body size (Forsman and Berggren, 2017).
Phylogenetic comparative analysis also point to a role of thermal
biology for migration distance.Watanabe et al. (2015)showed
that species that are able to maintain red muscles warmer
than ambient temperatures swim faster and have longer annual
migration distances compared with similar sized species of �sh
without red muscle endothermy (i.e., the vast majority of �shes).

Even though di�erent species may share the same modes
of migration there can be di�erences in where and when
alternative strategies (residents and anadromous) are sympatric
or allopatric. For example, salmonid and esocid species are
phylogenetically relatively close (Rondeau et al., 2014), and their
resident and anadromous populations are partially sympatric
(Craig, 1996; Fleming, 1996; Quinn, 2005; Jonsson and Jonsson,
2011; Skov and Nilsson, 2017). However, salmonids are sympatric
during spawning and early life-stages in the recruitment habitat,
whereas in esocids the resident and anadromous phenotypes
are sympatric during the adult life-stage in the foraging habitat
(Engstedt et al., 2010; Forsman et al., 2015; Tibblin et al., 2015).

Insights about the causes and consequences of migration
behavior in �shes might be gained by studying species and
populations that do not migrate, or do so to a lesser extent. This
opens for phylogeny based comparative approaches (Felsenstein,
1985) that may inform about large scale evolutionary dynamics
of migration behavior in �shes. Although tedious to perform,
the compilation and analysis of data within a phylogenetic
framework may pay dividends in the long run. For example,
such approaches may uncover how migratory behavior data
de�ciency is distributed across and within di�erent clades
of �shes, and thereby help identify taxa and geographic
regions in particular need of further investigation. Given a
su�cient number of independent evolutionary modi�cations,
phylogenetic comparative approaches can help identify why
certain species migrate whereas others do not (McDowall,
1997; Bloom et al., 2018). Apart from uncovering associations

of migration behaviors with external environmental factors,
there is potential for phylogeny based comparisons to reveal
whether evolutionary shifts in migration have been accompanied
by correlated modi�cations of morphological, physiological,
or behavioral phenotypic dimensions (Watanabe et al., 2015;
Forsman and Berggren, 2017; Bloom et al., 2018) (Figure 1).

The diversity of migration behaviors among species
outlined above is impressive. However, identifying generality is
complicated by the extensive variation seen alsowithin species.

Variation Among Populations
There is considerable variation in spawning migratory patterns
among populations within species (Jonsson and Jonsson, 1993;
Gri�ths, 2006; Dodson et al., 2013). Di�erent populations have
di�erent evolutionary histories, and are exposed to di�erent
selection pressures depending on the environment they inhabit
(Berggren et al., 2016; Sunde et al., 2018a). Accordingly, di�erent
populations can adopt di�erent migration tactics and, in some
cases, display a level of variation that is comparable to that
observed between species. In several salmonid species (e.g.,
S. salar, S trutta, O. mykiss, O. tshawytscha, and Salvelinus
alpinus) populations di�er in migration mode (ranging from
anadromous, potamodromous to residents in either streams or
lakes) (Jonsson and Jonsson, 1993; Fleming, 1996; Lucas and
Baras, 2001; Dodson et al., 2013; Leitwein et al., 2016), and the
number of migratory events vary according to mode of parity
(Unwin et al., 1999; Narum et al., 2008; Seamons and Quinn,
2010; Dodson et al., 2013). This large-scale variability at the
population level has been attributed to life-history evolution
being shaped by stage-speci�c mortality and resource availability
(McDowall, 1997; Kindsvater et al., 2016). Variation in migration
modes among populations has also been documented in
cyprinids, esocids, gasterosteids, gadids, and percids (Nordahl
et al., (in press); Lucas and Baras, 2001; Tibblin et al., 2012).

Populations commonly vary also in the timing and distance
of migratory events (Kinnison et al., 2001; Hodgson and Quinn,
2002; Quinn, 2005; Kuparinen and Merilä, 2009; Kennedy and
Crozier, 2010; Jonsson and Jonsson, 2011). This has been
suggested to re�ect in part phenotypic �exibility (Forsman, 2015)
in response to environmental conditions (e.g., temperature,
precipitation, light regime and water �ow) along latitudinaland
altitudinal gradients and local climate (Hodgson and Quinn,
2002; Dodson et al., 2013), but a growing body of evidence
suggests that genetic components are also involved (Skov et al.,
2010; Plantalech manel-la et al., 2011; Kovach et al., 2012;
Thompson et al., 2019). Crossin et al. (2004)showed that
migratory distance of populations of sockeye salmon (O. nerka)
within the Fraser river ranged from< 100 km to > 1,100 km,
and that the severity of migration (distance and elevation)
was associated with higher densities of somatic energy and
a more fusiform, streamlined body shape. A similar pattern
has been documented in roach (Rutilus rutilus) with migratory
populations having a more slender body shape than resident ones
(Chapman et al., 2015).

An important task for future research is to determine
whether the occurrence of populations with di�erent migration
strategies within a species bu�ers against environmental
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challenges. Predictions from theory, evidence from manipulation
experiments, and results from comparative analyses concur that
populations and species with higher phenotypic and genetic
diversity are better able to cope with environmental changes
and less extinction prone (Hughes et al., 2008; Bolnick et al.,
2011; Wennersten and Forsman, 2012; Forsman, 2014, 2015;
Forsman and Wennersten, 2016). However, it has not yet been
systematically investigated whether these bene�ts apply also to
variation and �exibility of migratory behavior in �shes. To
achieve this, information on migration behaviors must �rst
be compiled for multiple populations and species. The large
number of studies of variation and �exibility in �sh migration
identi�ed by our literature search (Figure 2) opens for such
future systematic reviews and for meta-analytical approaches
that can be used to summarize information, identify patterns,
and evaluate potential drivers of variation in migration mode,
migration timing, and migration distance among populations
(Gurevitch et al., 2018). Results from such endeavors may
also help identify the need for and inform population speci�c
management and conservation e�orts.

Variation Among and Within Individuals
Variation in migratory behaviors among individuals within
populations can also provide insights into the underlying
mechanisms and functional signi�cance of migration (Wilson,
1998). Spawning migrating and resident phenotypes sometimes
coexist within the same population, a population level
phenomenon called partial migration (Brodersen et al., 2007;
Chapman et al., 2011a; Dodson et al., 2013; Brönmark et al.,
2014). Such partial migration may o�er good opportunities
to study both the causes and consequences of migration,
and suggests that sometimesnot migrating is adaptive for an
individual in an otherwise migratory population, and further
that partial migration is an evolutionary stable strategy. Whether
individuals chose to migrate or not is in�uenced by numerous
interacting environmental variables (e.g., resource availability,
predation risk, water �ow and temperature) and individual
characteristics (e.g., growth rate, size, age, lipid content, life
history stage, personality, and previous reproduction e�orts),
as well as by genetic variation in the sensitivity to the external
and internal cues (Chapman et al., 2011a,b; Skov et al., 2011;
Dodson et al., 2013; Brönmark et al., 2014) (Table 1; Figure 1).
For example,Olsson et al. (2006)showed that migration could be
environmentally induced by translocating individuals between
two habitat patches that di�ered in density and opportunities for
individual growth.

In iteroparous species that engage in multiple migratory
spawning events there is potential for phenotypic �exibility
(Forsman, 2015), such that individuals change and modify their
migratory behavior (Brodersen et al., 2014). Intra-individual
�exibility in migratory behavior has recently received increased
scienti�c attention (Figure 2), especially in birds. Evidence is
accumulating that �exibility is key to cope with the challenges
associated with anthropogenic impacts such as climate change
and exploitation (Arnaud et al., 2013; Winkler et al., 2014).
Yet, individual �exibility in migratory behavior and timing of
�sh remains largely overlooked (Tibblin et al., 2016b). Studies

of roach, an iteroparous species that displays partial migration,
suggest that individuals are consistent rather than �exible across
years in whether to migrate or not, thus implying that residency
and migration can be stable strategies (Brodersen et al., 2014).
This consistency can either be attributed to genetic di�erences
or to initial plasticity, possibly caused by variation in somatic
condition, followed by canalization with the latter gainingsome
support in the roach system (Brodersen et al., 2014).

With regards to phenotypic correlates of timing of spawning
migration (Table 1; Figure 1), a common pattern is that males
migrate, and subsequently arrive in the spawning habitat, earlier
than females (Morbey and Ydenberg, 2001; Tibblin et al., 2016b),
possibly because males strive to maximize the number of mating
opportunities. Migratory timing may also be associated with
body size. Larger size is associated with early migration inboth
juvenile and adult life-stages of salmonids (Heim et al., 2016;
Jonsson et al., 2017), butTibblin et al. (2016b)report the opposite
pattern in pike. Reversible phenotypic �exibility can be selected
for and evolve in environments that change throughout an
individual's lifetime. Models predict that organisms that arelong-
lived relative to the rate and frequency of environmental changes
should be more �exible, compared with short-lived organisms.
It has been suggested that causality may be bidirectional
because �exibility itself may select for longevity. Simulation
models suggest that under highly auto-correlated environmental
�uctuations, reversible �exibility should coevolve with lifespan
(Ratikainen and Kokko, 2019). To our knowledge, it has not
yet been investigated whether reversible �exibility in migration
strategies is more common in long-lived species of �sh.

Besides the long-term and often larger scale seasonal
migratory movements between areas used for breeding and non-
breeding purposes, many �sh engage in migrations at smaller
spatial, and temporal scales (Lucas and Baras, 2001; Mehner,
2012). Daily migratory movements for utilizing reoccurring
and predictable windows of available resources and favorable
conditions are particularly common. Many marine-, brackish-,
and freshwater �sh show such diel vertical migrations, rising
to the surface to feed during night and diving to deeper layers
during the day (reviewed inLucas and Baras, 2001; Mehner,
2012). Some species instead utilize the near surface waters during
the daytime and return to bottom layers in the evenings to
feed. Other proximate triggers of vertical migrations include light
intensity and water temperature, and ultimate drivers encompass
bioenergetics e�ciency, foraging opportunities and predator
avoidance (Mehner, 2012; Nordahl et al., 2019). Horizontal �sh
migrations include movements between shallow, inshore littoral
areas and o�shore pelagic areas performed by �shes in larger
lakes. Such horizontal movements are often cyclical on a daily
basis, with shifts from o�shore to inshore areas at night, orin
the reverse direction. It is generally believed that such rhythmical
diel shifts are driven by a trade-o� between foraging and avoiding
being fed upon (Lucas and Baras, 2001; Mehner, 2012).

Migrating between water bodies also o�ers a means to bu�er
against changing external physicochemical conditions, maintain
internal homeostasis and regulate body temperature to conserve
energy expenditure or to maximize aspects of performance
(Reynolds and Casterlin, 1980; Nakamura et al., 2015; Pépino
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et al., 2015; Nordahl et al., 2018, 2019). Observations of diel
horizontal migrations in juvenile coho salmon (Oncorhynchus
kisutch) indicate that individuals that moved to warmer habitats
after feeding processed their food more quickly and grew
faster compared with individuals that adopted other behaviors
(Armstrong et al., 2013). A behavioral study of pike has shown
that individuals surface during daytime and seek out deeper
waters during night in the summer, whereas the direction is
reversed during winter, thus pointing to a possible role of sun
basking (Nordahl, 2018; Nordahl et al., 2019).

A recent study of carp (Cyprinus carpio) demonstrates
that sun basking close to the surface during sunny conditions
enables �sh to increase their body temperature above that of
the ambient water, and further indicates that the temperature
excess gained by basking enabled the �sh to grow faster
(Nordahl et al., 2018), thereby putting the individual in
a favorable situation compared to those not expressing
this behavior. The discovery that sun basking can o�er
thermoregulatory bene�ts even in aquatic environments
(Nordahl et al., 2018, 2019) is likely to spur future research
and may ultimately change the way we think about �sh
ecology and evolution, in particular with regards to behaviors
and migrations.

Longitudinal studies have contributed with knowledge
regarding how migratory behavior may be modi�ed in response
to environmental cues (Table 1; Figure 1). Forsythe et al. (2012a)
andForsythe et al. (2012b)studied associations between external
factors and individual timing of spawning migration in lake
sturgeon (Acipenser fulvescens) across 8 years and showed that
individuals adjust their timing according to lunar cycle, water
�ow and temperature. These last results might be interpreted
as an indication that �exibility is adaptive, but �rm evidence
to that e�ect is scarce, mainly for logistical reasons (Forsman,
2015). However, a recent study of pike migratory behavior
has shed some light on this matter. Data on recapture rates
of pike suggests that the timing of arrival to the spawning
area is under stabilizing viability selection, and that individuals
that are more �exible in their timing during the 1st years
survive longer compared with less �exible individuals (Tibblin
et al., 2016b). Besides extensive research on how abiotic cues
in�uence migratory timing it has been proposed that timing
may be modulated by social interactions. Work byBerdahl et al.
(2017) suggests that migratory timing in sockeye salmon was
better explained by social interactions (group migration) than by
abiotic cues such as temperature and river �ow. Environmental
in�uences aside, there is evidence emerging that timing canbe
under genetic control and undergo rapid evolutionary change
(Thompson et al., 2019). There is also potential for variation
among individuals in the timing of spawning migration to
contribute to population genetic structure; isolation by time
rather than isolation by distance (Hendry and Day, 2005).
Whether isolation by time is a common driver of genetic
divergence and adaptation in �sh, and whether di�erences in
the timing of spawning migration contributes more or less to
population structure in di�erent species depending on their life-
history (e.g., discrete or overlapping generations) remainsto
be investigated.

Phenotypic Correlates of Migratory
Performance
A plethora of studies have aimed to identify phenotypic correlates
of swimming performance and the evolution of adaptations
facilitating migratory behavior. Collectively, results point to
important roles of morphological (e.g., body size, body shape,
number of vertebrae, spool width, and size and shape of �ns)
and physiological traits that in�uence aspects of performance
(e.g., swimming capacity, acceleration, endurance, and ability
to sustain high water velocities), and of behavioral (boldness,
and latency to pass obstacles) traits (Webb, 1975; Swain, 1992;
McDowall et al., 1994; Fleming, 1996; McDowall, 2003; Crossin
et al., 2004; Haugen et al., 2008; Long et al., 2011; Chapman etal.,
2015; Podgorniak et al., 2016, 2017; Tibblin et al., 2016a; Forsman
and Berggren, 2017; Hall, 2018; Aguirre et al., 2019). There is
also potential for indirect evolutionary responses of phenotypic
dimensions that are genetically or developmentally correlated
with dispersal enhancing traits (see “Construction of Fishways”).

On Genetic Polymorphism, Developmental
Plasticity and Phenotypic Flexibility
The di�erences in migration behaviors, or any other traits,
between species, populations, and among individuals within
populations discussed above may be seen as representing
the combined outcomes of underlying genetic polymorphisms,
developmental plasticity and phenotypic �exibility (Piersma
and Drent, 2003; West-Eberhard, 2003; O'Connor et al., 2014;
Forsman, 2015; Senner et al., 2015). The concept of phenotypic
plasticity is deceptively simple, and has been previously de�ned
in numerous ways by di�erent authors [see for instance Box
1 in Whitman and Agrawal (2009)]. The consequences of
plasticity and �exibility for the performance and success of
individuals, populations and species continue to attract a growing
interest (see Figure 1 inForsman, 2015). Here, we distinguish
between irreversible developmental plasticity and reversible
intra-individual phenotypic �exibility (Piersma and Drent, 2003;
Forsman, 2015).

Developmental plasticity is used primarily for irreversible
phenotypic variation in traits of individuals (or genotypes)
that result from environmentally induced modi�cations of
development and growth (Stearns, 1989). Developmental
plasticity can also involve mechanisms that operate across
generations. When the phenotype is induced by the female
parent, the plasticity is usually referred to as maternal e�ects
(Ro�, 1997; Mousseau and Fox, 1998). Cross generational
plasticity can also be mediated by the male parent (e.g.,
Kekalainen et al., 2018).

Phenotypic �exibility is used for reversible changes
within individuals of labile, context-dependent physiological,
morphological, or life-history traits (Piersma and Drent, 2003;
Forsman, 2015). It is applicable also to behavioral traits, for
instance as a result of previous history, learning, and experience,
or adjustments to external conditions that in�uence current
responses and behaviors in given situations (Dingemanse et al.,
2010; Tuomainen and Candolin, 2011; Snell-Rood, 2013).
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Plasticity and �exibility are not fundamentally distinct from
genetic polymorphisms (Leimar et al., 2006; Forsman, 2015).
Crossing norms of reaction, when di�erent genotypes display
di�erent phenotypic responses to environmental change, are
manifestations of underlying genetic polymorphisms (Pigliucci,
2001; West-Eberhard, 2003). It is often di�cult to disentangle
the contribution of genetic and non-genetic sources of variation.
Demonstrations of trait heritability alone do not provide
conclusive evidence that di�erences among individuals or
populations have a genetic basis. Conversely, failure to
demonstrate a role of developmental plasticity for a given trait
in response to a given environmental factor does not necessarily
imply that the trait is insensitive also to other factors.

As we have seen, variation in �sh migratory behaviors
manifests at di�erent hierarchical levels and at di�erent
spatiotemporal scales, and can be of genetic and/or
environmental origin. In the following sections, we discuss
how this may contribute to the viability of species and
resilience of ecosystems. Safeguarding against key hazards
requires management actions that do not raze, but promote
variance-coping mechanisms. Unfortunately, management and
conservation actions aimed to mitigate the devastating e�ects
of key hazards for migrating �sh can themselves disrupt natural
processes and threaten biodiversity, as discussed below.

KEY HAZARDS AND HOW THEY DISRUPT
THE NATURAL PROCESSES THAT
UNDERLIE DIVERSITY

The environmental heterogeneity that has shaped evolution of
�sh migration behaviors is modi�ed by anthropogenic activities
and climate change. Threats associated with such makeovers,
overexploitation and management actions may di�erently
in�uence individuals, populations and species depending on their
migration strategies (Figure 1). The variance reducing e�ects that
diversity at di�erent hierarchical levels of biological organization
have on productivity (see Introduction for references) must
inform decision making regarding utilization and protection of
migratory �sh and the ecosystem services they provide.

On the Roles of Exploitation,
Environmental Makeovers, and
Management Actions
Dams and Hydroelectric Power Plants
Damming is a major threat to migratory �sh, biodiversity, and
ecosystem functioning. Damming is one of the most widespread
environmental alterations of river ecosystems, a�ecting about
half of all large river systems globally (Nilsson et al., 2005;
Grill et al., 2015). Consequences include habitat fragmentation,
loss and degradation, and changed hydrological regimes.
Fragmentation resulting from damming in rivers is particularly
troublesome because aquatic organisms are limited to linear
pathways and cannot �nd another route unless one is provided.
River systems comprise diverse communities of �sh with many
migration modes, partaken on di�erent spatial and temporal
scales and between di�erent habitats (Figure 4A). Dams and

other obstacles reduce river connectivity and hinder both small
and large migratory movements for most species (Figure 4B).
Although likely to be more common than recorded in the
scienti�c literature, there are examples indicating that dams
and inability to migrate cause local extirpations of populations
(Winston et al., 1991; Holmquist et al., 1998; Morita and
Yamamoto, 2002; Locke et al., 2003). Obstacles can potentially
also constrict larger scale migrations such as poleward or
altitudinal range shifts that many species are undertaking to
evade e�ects of climate change (Comte and Grenouillet, 2013).

When connection between freshwater and marine habitats
is removed, the persistence of anadromous species depends on
whether they can switch to a more resident strategy. Species
that would have utilized the ocean as foraging grounds but
gets landlocked may change to a freshwater resident behavior
or disappear from the freshwater system altogether. Such
switches may lead to evolutionary divergence. For example,
comparisons of juvenile alewives (Alosa pseudoharengus) have
shown that anadromous life history forms are more robust
compared with �sh in landlocked freshwater resident populations
that have a more fusiform body shape, pointing to a parallel
divergence mediated by shifts in zooplankton prey (Jones et al.,
2013). Catadromous species that utilize freshwater habitats as
foraging and nursery grounds may get locked out in the ocean
and extirpated from inaccessible freshwater systems (Harris
et al., 2016). Potamodromous species are also a�ected by
migration barriers (Branco et al., 2017) (Figure 4B) as most
species migrate between habitats used for growth, survival
or reproduction (Lucas and Baras, 2001). Fish with �exible
migration strategies are likely more persistent during such
severe environmental makeovers as they may adjust migratory
behaviors to novel regimes.

Habitat Fragmentation, Conversion and Loss
Obstacles can be de�nitive or partial dispersal barriers,
depending on the severity of the obstacle and the swimming
capabilities of the �sh. Naturally, obstacles are often harder to
traverse in the upstream direction, while weirs and spillways
may allow for some downstream dispersal. This unidirectional
dispersal constricts gene �ow in the upstream direction and
reduces genetic diversity in the upstream direction (Gouskov
et al., 2016; Van Leeuwen et al., 2018). Small populations
upstream of dams, with no possibility for immigration or
recolonization from downstream populations, may also be
extirpated (Morita and Yamamoto, 2002). Depending on the
severity of the upstream and downstream barriers, movement
becomes restricted and gene �ow between fragments reduced.
This can lead to population di�erentiation among fragments and
manifest as local population structures between barriers (Van
Leeuwen et al., 2018). Reductions in the number, size, and type of
available habitats (Figure 4Cvs.Figure 4D) will reduce the size
of the local populations that can be sustained between barriers,
with consequences for genetic diversity, divergence, and viability
of populations (Carim et al., 2016).

Inundation, the creation of reservoirs upstream dams
(Figures 4B,D), can impact river communities (Geist, 2011)
and cause a shift from lotic to lentic �sh assemblages.
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FIGURE 4 | Variation in �sh migration and consequences of exploitationand management actions.(A) A river system showing the principal modes of migration for �sh
inhabiting the system. Fish migrate (a) between lakes and rivers, (b) between larger and smaller parts of the river, (c) between sea and lakes, and (d) between the sea
and river.(B) When dams (e) are added to a river system, previous migrationroutes become disconnected and the total amount of freely available habitat fragments
becomes smaller. Damming structures create impoundments (f) that store water, converting lotic habitats to lentic habitats. Connectivity can be partially restored by
adding �sh passages (g) that enable �sh to pass obstacles, but the impoundments created upstream of damming structures persist even though �sh passages are
built. The height pro�les(C,D) drawn from point X to point Z illustrate how damming changes the large-scale structure of a river system to a series of steps. The
potential migration length for freshwater �sh in the river system is severely shortened, limiting access to areas that may provide better opportunities for growth,
survival, or reproduction for �sh.

Impoundments upstream of damming structures persist despite
attempts to restore connectivity through �sh passage solutions
(Figures 4B,D), and the lentic habitats created upstream can
in themselves continue to pose large migratory challenges
(Jepsen et al., 1998; Olsson and Greenberg, 2004). As a
consequence of complete or partial conversion of lotic to lentic
habitats by inundation (Figure 4), lotic habitats also become
less frequent and spaced further apart (Aarts et al., 2004),
reducing available suitable habitats for species that depend
on running waters. Local populations whose structure and
temporal dynamics is governed by meta-population processes
may be particularly sensitive to river fragmentation (Rieman
and Dunham, 2000) because damming increases isolation
of “islands.”

Construction of Fishways
Management actions to alleviate the negative impacts on
migrating �sh of impaired connectivity, river fragmentation and

habitat destruction discussed above include the �tting of fauna
passage solutions to damming structures and compensatory
breeding, both of which may also have undesirable consequences.
A �shway is a type of passage that, usually, consists of engineering
solutions that reroute part of the water around obstacles to
o�er an alternative migration route and “free passage” for
the �sh (Birnie-Gauvin et al., 2018), a goal that is practically
unreachable because �shways themselves entail a barrier of
sorts. A more grounded goal would be that �shways should
enable a wide range of genotypes and phenotypes to pass,
such that populations can maintain their evolutionary potential.
The innate tradition of �shway retro�tting to avoid negatively
a�ecting the damming structures or the hydroelectric power
production generally results in compromised designs and a
performance that is suboptimal.

Although �shways improve possibilities for spawning
migration (Gouskov et al., 2016; Tamario et al., 2018), they
seldom result in the desired level of connectivity restoration
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(Brown et al., 2013; Foulds and Lucas, 2013; Birnie-Gauvin etal.,
2018; Silva et al., 2018; Tamario et al., 2019) and are not fully and
equally permeable for all species, ages and phenotypes (Haugen
et al., 2008; Volpato et al., 2009; Birnie-Gauvin et al., 2018).
The altered severity of migration caused by �shways, and other
types of partial dispersal barriers (Newton et al., 2018), may thus
impose selection by favoring certain phenotypes and disfavoring
others, and thereby impact on the phenotypic and genetic
composition (Figure 5). Fishways that are harsh to traverse may
cause size selection with evolutionary consequences similar to
that of size-selective �shing, with average size and variation in
sizes decreasing over time (Haugen et al., 2008; Maynard et al.,
2017). The loss of phenotypic diversity can be surprisingly rapid
and observable over just a few decades (Haugen et al., 2008).
Similarly, �sh passage solutions for eels usually consist oframps
lined with a homogeneous climbing substrate that may favor
the sinusoid movements and climbing performance of eels of a
certain size (Podgorniak et al., 2017). Podgorniak et al. (2017)
report that eels upstream of �sh passage solutions showed less
variation in size than eels below, and that di�erent climbing
substrates may select for di�erent sizes. Such climbing substrates
vary widely in their e�ciency (Watz et al., 2019), and ignorance
of best technical solutions in management likely leads to reduced
�shway performance, stronger selection, and higher culling
of variation.

Selection on migratory performance may have evolutionary
consequences that extend beyond the phenotypic dimensions
that directly in�uence migratory capacity. This is because
phenotype sorting on dispersal enhancing traits may result in
indirect correlated responses and induce evolutionary transitions
in morphological, physiological, behavioral, and reproductive
life-history traits that are developmentally, functionally or
genetically associated with the traits directly involved in
migration and dispersal (Lande and Arnold, 1983; Ro�, 1997;
Walsh and Lynch, 2012), and that may impair population
growth. For example, a study on the e�ect of body length and
arrival timing on reproductive success in wild pink salmon
(O. gorbuscha) indicated that these traits are under stabilizing
selection (Dickerson et al., 2005). Therefore, if small size
enhances the ability to overcome migration obstacles [as in
Maynard et al. (2017); Newton et al. (2018)], this might
not only impact the evolutionary trajectory for body length
but also population productivity. Changes in the severity of
migration may thus have consequences similar to �sheries
induced evolution (Kuparinen and Merilä, 2007).

Because �shways and other partial barriers can be di�cult
to �nd and pass through, migrating �sh may be delayed
(McLaughlin et al., 2013; Newton et al., 2018). Longer delays
may lead to aggregations that promote disease transmission,
create predatory hotspots, and leave individuals with less energy
available for reproduction (McLaughlin et al., 2013). Tagging
studies suggest that low attraction is often a limiting factor (Dodd
et al., 2017), partly because �sh rely on water �ow dynamics as a
cue to initiate upstream migration and to �nd the �shways (Hall,
2018). Mismatches between �shway operation (van Leeuwen
et al., 2016) and the evolved migratory timing may have
consequences for both individuals (e.g., late arrival, suboptimal

conditions for breeding, not �nding a partner) and populations
(loss of adaptation of migratory timing) (Dickerson et al.,
2005). For example, populations may become reproductively
isolated by utilizing the same spawning grounds at di�erent
times (Quinn et al., 2000). Delays associated with passing of
�shways can potentially cause admixture between temporally
isolated subpopulations.

As for recommendations, there should be less focus on the
number of �sh passing, and more focus on maintaining diverse
and viable �sh populations (Birnie-Gauvin et al., 2018; Silva et al.,
2018). Designing optimal �sh passage solutions is complicated
by the di�erential demands of di�erent species, life-history stages
and phenotypes (Birnie-Gauvin et al., 2018). There is a growing
concern that �shways may relax selection or select for phenotypic
dimensions, such as certain life-stages or sizes (Haugen et al.,
2008; Maynard et al., 2017) or boldness (Cote et al., 2010),
and trait value combinations that are di�erent from those that
are bene�cial in un-manipulated water courses (Newton et al.,
2018) (Figure 5). When deciding on the design and operation of
�shway passages, it is important to consider that selectivity may
apply to each of the approach, entry and passage components, as
well as to post-passage behaviors and performances (Silva et al.,
2018). The phenotypic and genetic structure of �sh populations
may be further in�uenced by selection operating on individuals
as they embark on the downstream journey to complete their
life-cycle in the lake or sea. We have in mind the risky and
often deadly passage through the created impoundments as
well as turbines of hydroelectric power-plants (Jepsen et al.,
1998; Calles et al., 2010). If the phenotypic trait values that
are favored by selection on juveniles during this downstream
passage are di�erent from those that are favored in spawning
migrating adults during the upstream journey then this will
magnify the variance reducing e�ect (comparable to stabilizing
selection), which can detrimentally impact long-term population
persistence. Perhaps the key question regarding connectivity
restoration is whether the persistence of the dam or migration
barrier is at all defendable, and whether it can be removed
instead of installing inherently imperfect �shways? With barrier
removal comes also the complex issue of how the capacity for
re-colonization and range expansion may vary among species
depending on migratory behavior and life-history characteristics
(Pess et al., 2014), and the possible establishment of invasive
migratory species, such as the sea lamprey, that may disrupt local
communities (Smith and Tibbles, 1980; McLaughlin et al., 2013).

Captive Breeding, Supplemental Stocking and
Aquaculture
The release of captive reared �shes might be seen as a quick
and feasible �x for declining wild �sh stocks to compensate for
over�shing and losses due to dam construction (Hórreo, 2015),
but it does not come without problems. Releasing large numbers
of captive-bred �shes might expose wild �sh populations to
elevated competition and predation, and it can do so even if
the stocked �sh do not reproduce in the wild, as exempli�ed by
escapes of farmedS. salarin Norway (Anonymous, 1999). The
escaped farmed �sh have low reproductive success (Fleming et al.,
1996), and probably do not replace what they destroy neither in
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FIGURE 5 | Fishways impose selection and can induce evolutionary modi�cations of spawning migrating �sh. (A) The spawning migrating �sh have to pass two
barriers equipped with �shways to arrive at the breeding area. Fishways are generally inef�cient and can either relax selection or impose selection by favoring certain
phenotypes (here represented by red and black) that are morepro�cient at traversing �shways, gradually reducing phenotypic diversity after each passage. Due to
selection and spatial sorting, the breeding population will consist mostly of red and black phenotypes, and as a result of assortative mating the relative frequency of
these phenotypes will increase and the phenotypic and genetic diversity in the population will decrease over time (N generations).(B) The increase in relative
frequency of passage pro�cient phenotypes may, at least in theory, improve �shway performance. The loss of standing genetic variation, however, will reduce the
adaptive potential, and viability of the population.

numbers nor quality of o�spring. An example from the North
American west coast further indicates that the consequences of
stocked �sh may vary according to environmental conditions.
Levin et al. (2001)report that the productivity of wild Chinook
salmon (O. tshawytscha) was a�ected by the interaction between
ocean conditions and the number of stocked hatchery spring
chinooks. Nickelson (2003) reports on a similar negative
relationship between hatchery spawners and wild productivityin
coho salmon (O. kisutch).

Captive breeding has the advantage over wild reproduction
that fewer parental �shes are needed for producing a certain
number of juveniles of a certain age. However, captive breeding

programs rarely use a su�cient number of breeding individuals,
and studies indicate that the genetic variation declines in
populations exposed to repeated captive breeding (Hansen et al.,
2001; Säisä et al., 2003) thereby reducing their performance and
adaptability in the wild (Araki et al., 2007). In addition, released
captive reared �sh, and escapers from aquaculture cages, may
interbreed with wild stocks and result in genetic admixture.

Genetic Admixture
Migration behavior may result in reproductive interactions
between �shes from di�erent populations. Mixing of previously
separated gene pools, admixture (Lynch, 1991), can occur
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both between species and between populations within species.
Intraspeci�c admixture may be a natural outcome of dispersal
and non-natal adult straying (Keefer and Caudill, 2014). It can
also result from anthropogenic activities, including management
actions aimed at protecting biodiversity, such as removal
of migration barriers, installation of �shways, compensatory
breeding, supplementary stocking, and translocations (Gjedrem
et al., 1991; Berg et al., 1997; Søndergaard et al., 2000; McClelland
and Naish, 2007; Seddon et al., 2007; Frankham, 2008; Service
USFW, 2012).

Admixture will increase the genetic diversity in the receiving
population, but �tness consequences can vary from positive
to negative. By contributing new alleles and enabling creation
of novel genotypes and haplotypes, admixture can counteract
inbreeding depression, conceal deleterious recessive alleles, and
result in heterosis (Lynch, 1991; Fenster and Galloway, 2000;
Keller and Waller, 2002; Facon et al., 2005; Drake, 2006;
Lavergne and Molofsky, 2007; Weeks et al., 2011). Conversely, the
introduction of new genetic material can dilute favorable alleles,
break up co-adapted gene complexes (Lynch, 1991; Rhymer and
Simberlo�, 1996; Fenster and Galloway, 2000; Edmands, 2007;
Verhoeven et al., 2011; Whitlock et al., 2013) and reduce fertility
and o�spring viability (Gilk et al., 2004; Turner et al., 2012; Sunde
and Forsman, 2016), thereby impairing population performance
(Fleming et al., 2000; McGinnity et al., 2003).

The outcome of admixture a�ects both the genetic diversity
within populations and genetic di�erentiation between
populations, which might have consequences for the viability,
and adaptability of the populations and species (McGinnity
et al., 2009). From a management perspective it is therefore
problematic that the direction and magnitude of responses to
admixture can di�er between species (Hardiman and Culley,
2010; Molofsky et al., 2014; Rollinson et al., 2014), among
populations within species (Escobar et al., 2008; Tortajada et al.,
2010; Hu�ord et al., 2012; Sunde and Forsman, 2016; Tinnert
et al., 2016; Shi et al., 2018), and even vary depending on the
sex of the immigrants (Sunde et al., 2018b). That the e�ects
of admixture can be sex-speci�c (Sunde et al., 2018b) might
impact on dispersal behavior; if the responses to admixture
depend on the sex of the immigrant, it is likely that the impact on
spawning migratory behavior may also di�er between the sexes.
Predicting the outcome of admixture is further complicated by
that responses can di�er also between generations (Hu� et al.,
2011; Tinnert et al., 2016) and environments (Lynch, 1991;
McClelland and Naish, 2007).

Evolutionary divergence following reproductive isolationcan
occur in just a few generations (Christie et al., 2012; Thompson
et al., 2019), and is thus potentially relevant for recent population
sub-divisions. Anadromous �sh populations that have been split
into reproductively isolated subpopulations due to migration
barriers have resulted in the evolution of freshwater formsin
landlocked subpopulations (e.g.,McDowall, 1997; Littrell et al.,
2018). Evolutionary divergence and population genetic structure
may also be modi�ed by admixture associated with captive
breeding programs, stocking, and escapes of farmed individuals
(Christie et al., 2014), and this can a�ect migratory behavior and
evolution of populations that have not previously been much
in�uenced by gene �ow.

Admixture is likely more important for species and
populations that display spawning migration, compared
with resident forms (Keefer and Caudill, 2014) for example
owing to non-natal adult straying (Keefer and Caudill, 2014).
Spawning migrating species and populations may also be a�ected
more strongly by admixture resulting from management actions.
Comparisons of dispersal probability between wild and captive-
bred individuals have generated mixed results; some studies
report that captive bred individuals are more likely to disperse,
while others have found that wild individuals are more dispersive
[reviewed inQuinn (1993)]. Jonsson et al. (2003)showed that
wild populations have a higher probability of homing and that
captive-bred individuals tend to stray more. Studies investigating
whether and how migratory behavior is a�ected by hybridization
between di�erent migratory forms are scarce. However,Saint-Pé
et al. (2018)investigated genetic structure and spatial patterns
of admixture in brown trout (S. trutta) within a small watershed
in France, and report that dispersal was admixture-biased. In
conclusion, populations can di�erentiate rapidly, selection can
modify migratory behavior, and admixture between di�erent
migratory forms can impact on dispersal probability, population
di�erentiation and genetic structure of migratory �sh. Besides
the immediate relevance for the understanding and management
of biodiversity, this has implications for the productivity,
functioning and resilience of ecosystems.

Over�shing and Fishing Regulations
Over�shing is a major threat to aquatic biodiversity globally
(Pauly et al., 1998; Jackson et al., 2001). In addition to
aggregations in spawning habitats, migratory species may be
particularly vulnerable to over�shing through aggregations
during migration (Allan et al., 2005). This is especially relevant
to anadromous and catadromous species that pass through
con�ned waterbodies represented by streams on their way toward
the spawning habitats. It is plausible that species, populations
and individuals may be di�erently a�ected by �sheries harvest
depending on migration patterns and �shing regulations
regarding timing (Diaz Pauli and Sih, 2017). For instance,
it may result in skewed harvesting of migratory phenotypes
in comparison to resident phenotypes, and ultimately change
population dynamics and evolutionary trajectories. Fisheries may
also impose di�erential mortality due to variation in timing and
size of migratory �sh. For example, it is a common practice to
regulate �sheries with closed seasons (Wilen, 1985), and such
actions might render early or late migrants disproportionately
vulnerable to �sheries. If timing co-varies with body size (Tibblin
et al., 2016b; Jonsson et al., 2017; Morita, 2019), regulations
involving closed seasons may also translate into size-selective
mortality, with potentially dramatic ecological and evolutionary
side e�ects (Kuparinen and Merilä, 2007). Together, this calls
for adaptive �sheries management where variation in migratory
behavior is incorporated in management strategies and actions
to prevent loss of biodiversity and unique migratory patterns.
For example, given the protective variance reducing portfolio
e�ect that population and life history diversity may have in
exploited species, such as sockeye salmon, it will be importantto
minimize the homogenizing e�ects that hatcheries may have on
genetic structure and to protect weak and declining populations
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from exploitation. This is essential both because it can stabilize
productivity of individual species (Schindler et al., 2010), and
because there can be a critical threshold for the number of
populations below which regional extinction is likely (Hui et al.,
2017). Maintaining options and portfolios for organism and their
ecosystems is a means of spreading the risk and maintaining
productivity, biodiversity and ecosystem functioning in the face
of future uncertainties (Schindler et al., 2015; Waldman et al.,
2016; Lowerre-Barbieri et al., 2017).

Responses to Changing Water
Temperatures, Sea Surface Fluctuations,
and Salinity Gradients Associated With
Climate Change
Climate change constitutes a major threat to biodiversity in both
terrestrial and aquatic environments. Environmental conditions
(hydro geography, temperature, precipitation, ice coverage, sea
surface levels, acidity, �ow regimes, currents, and salinity
gradients) are changing rapidly worldwide due to ongoing global
warming (Mackenzie et al., 2007; IPCC, 2013, 2018; Cheng et al.,
2019). In the wake of climate change, organisms will be exposed
not only to increasing averages but also to more variable and
extreme conditions (IPCC, 2018), with changes in both the
strength and direction of selection over time. While there is little
doubt that climate change is happening, it remains unclear how
biodiversity and ecosystem services will be a�ected—particularly
in aquatic systems that are less well studied compared with
terrestrial systems (see Figure 1 inForsman et al., 2016a).

Altered water temperatures, sea surface levels, �ow regimes,
and salinity gradients may modify the opportunities for
dispersal and a�ect connectivity among populations (Figure 1).
This too may induce changes in the timing of events,
local adaptations, and distribution shifts, potentially with far
reaching implications and indirect e�ects mediated via species
interactions, modi�ed community species compositions and
altered ecosystem functioning.

Distribution Shifts
Because of limited potential for temperature regulation, body
temperatures of �sh generally conform closely to surrounding
temperatures. Some species of �sh [such as tunas (Scombroidei)
and sharks (Lamniformes) (Dickson and Graham, 2004), and
the opah (Lampris guttatus) (Wegner et al., 2015)] can evade
the temperature boundaries of ambient water by generating
and conserving metabolic heat internally, but this capacityis
restricted to about 0.1% of the known �sh species (Dickson and
Graham, 2004). Most �sh instead rely on external heat from
the environment and on behavioral thermoregulation, including
both larger scale migrations between colder and warmer
environments and smaller scale vertical movements involved
in sun basking and when �sh take advantage of temperature
di�erences among strata in strati�ed lakes and oceans, to regulate
their internal temperature (May, 1979; Reynolds and Casterlin,
1980; Hertz et al., 1993; Gillooly et al., 2002; Mehner, 2012;Ma
et al., 2018; Nordahl et al., 2018, 2019).

Mobile organisms (including �shes) may respond to temporal
environmental changes (or altered demands) by dispersing to
habitats with more suitable conditions, which might ultimately
result in range expansions, distribution shifts (Parmesan and
Yohe, 2003; Root et al., 2003; Cooke et al., 2004; Perry et al.,
2005; Forsman et al., 2016b) and spatiotemporal modi�cations
of migration routes (Crozier and Hutchings, 2014). That climate
change is driving poleward distribution shifts in marine �sh
species that attempt to escape warm waters and enables �shes
that cannot tolerate too cold water to colonize new regions
complicates management, governance, and international �shing
regulations. For example, recent modeling results suggest that
the system for allocating �sh stocks is being outpaced by
the movement of �sh species in response to climate change
(Pinsky et al., 2018).

Phenology Shifts
In �sh, changes in the timing of adult migration and
reproduction, age at maturity and in age at juvenile migration
seem to be common responses to temperature shifts (Crozier and
Hutchings, 2014). Cooke et al. (2004)report that the timing of
peak upriver spawning migration of sockeye salmon in the Fraser
River shifted forward more than 6 weeks from 1995 through
2002, and that the earlier migration was associated with higher
pre-spawning mortality. Such temporal shifts in the onset of
spawning migration in salmonids are typically interpreted as
responses to climate change. However, it has also been suggested
that it might instead re�ect a �sheries-induced evolutionary
response because late-spawning brood lines are being �shed for
longer time periods (Morita, 2019). Predictions regarding future
changes of migration timing in the face of global warming are
further complicated by the heterogeneity in long-term shiftsin
migration timing seen across species and populations of Paci�c
salmon, with some postponing and others migrating earlier
(Kovach et al., 2015). Environmental challenges in the form of
warmer waters and altered �ow velocities associated with climate
change may also directly in�uence locomotor performance
and the costs of migration, moderate energetic trade-o�s, and
limit the amount of resources available for other facets of the
reproductive cycle (Fenkes et al., 2016).

An investigation of an anadromous pike population in the
Baltic Sea shows that the timing of arrival to the spawning
area may vary among years by as much as 3 weeks. Despite
this year-to-year �exibility, the relative timing of spawning
migration di�ered considerably and in a consistent manner
among individuals (Tibblin et al., 2016b). Whether this variation
has a genetic component remains unknown, but estimates
of repeatability point to an upper bound of heritability of
about 0.25 (Tibblin et al., 2016b), indicating that evolutionary
responses to selection on timing of spawning in pike are
possible. That the timing of spawning migration in pike is highly
�exible, with individuals �ne-tuning migratory timing between
years (Tibblin et al., 2016b), indicates that temporal behavioral
adjustments are used to ensure that embryos and larvae develop
when temperature conditions are favorable. Such phenotypic
�exibility may bu�er populations against rapid unpredictable
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environmental changes and potentially prevent the loss of genetic
diversity (Wennersten and Forsman, 2012; Forsman, 2015).

Adaptations of Migratory Fish to Changing
Conditions
Migrating �shes cross habitat borders and move along
environmental gradients (Figure 3). Individuals are exposed to
environmental changes also if they remain for prolonged periods
within a given habitat or limited area. Depending on the spatial
and temporal scales of the environmental changes relative tothe
dispersal capacity, generation time and reproductive mode of
the organisms, this may maintain a diversity of specialists within
populations, or promote the evolution of generalist strategies
that perform reasonably well across a range of environments
(Levins, 1968; Kassen, 2002; Forsman et al., 2011). Generalist
strategies include plastic or �exible phenotypes that adjust
to conditions via developmental modi�cations or reversible
intra-individual physiological or behavioral modi�cations
(Pigliucci, 2001; West-Eberhard, 2003; Forsman, 2015; Tibblin
et al., 2016b).

With regards to early life-history traits, it has been
demonstrated in some species of spawning migrating �sh
that populations with a history of exposure to di�erent
thermal conditions during incubation of eggs and embryos
display local adaptations and respond di�erently to temperature
manipulations in the laboratory. Examples include cold water
specialist salmonids such as brown trout (Salmo trutta) (Jensen
et al., 2008) and grayling (Thymallus thymallus) (Kavanagh
et al., 2010; Thomassen et al., 2011; Mäkinen et al., 2016),
and temperate latitude species such as pike (Sunde et al.,
in press). Given that early and late spawning phenotypes
coexist within populations (Tibblin et al., 2016b), and that the
o�spring produced by early arrivers likely develop in lower
temperatures, it can be hypothesized that correlational selection
(Arnold and Wade, 1984; Forsman and Appelqvist, 1998) on
the combination of spawning timing and temperature tolerance
has favored the evolution of genetic covariance and phenotypic
integration between these behavioral and physiological traits.
This hypothesis could be evaluated by comparing temperature
related performance of eggs and embryos produced by gametes
collected from adults arriving at the beginning and toward the
end of the spawning period. Temperature related adaptations
may potentially reinforce reproductive isolation by time (Hendry
and Day, 2005), and contribute to further population structuring.

Spawning migrating �sh not only have to cope with changing
water temperatures. Global warming also brings modi�cations in
sea surface levels and salinity regimes that may be particularly
challenging for some anadromous species. Depending on the
altitude of spawning areas proximate to the sea, sea surface
�uctuations may result in that saline or brackish water
temporarily enters the freshwater areas used for spawning
and early life-history stages (Sunde et al., 2018a). A recent
study suggests that di�erent anadromous populations of pike
in the Baltic Sea vary in their ability to cope with �uctuating
salinity levels, and that the e�ects of salinity di�ered among
families within populations, consistent with the notion thatintra-
population genetic variation for developmental plasticity o�ers

bu�ering capacity and adaptive potential (Sunde et al., 2018a).
Changing conditions in the areas used for reproduction can
also a�ect population size and density, with consequences for
intensity of competition, cannibalism, sexual selection, and for
population genetic diversity and structure that together may
in�uence the relative success of alternative migration strategies.

FUTURE DIRECTIONS

Scienti�c output on variation in �sh migration has increased
tremendously over the past 50 years (Figure 2). This review
highlights patterns, causes, and consequences of variation and
�exibility of migration behaviors that are of relevance for
the understanding, protection, and sustainable utilization of
migratory �shes and of their ecosystems (Figure 1). Despite
extensive previous research (Figure 2), important knowledge
gaps and unanswered questions remain that require future
investigations. We brie�y summarize these points and future
directions below:

Research on �sh migration has traditionally focused on
a few species of high socio-economic importance, primarily
salmonids. In most species and populations, the relative
contributions of genetic and environmentally induced variation
in migratory behavior remain unresolved. Knowledge of how
internal attributes, social interactions, and environmental factors
(Table 1; Figure 1) in�uence variation in migratory behavior,
timing and distance among species, populations and individuals
of �sh (including many salmonids) is incomplete. However,
recent technological developments in bio-logging have advanced
the ability to obtain high-resolution data on �sh movements,
inform about internal and external drivers of movements,
help illuminate the consequences of movements for individual
performance and population �tness, and provide answers to the
questions how, where, when, and why �sh migrate (Nathan et al.,
2008; Cooke et al., 2013; Wilmers et al., 2015; Nordahl et al.,
2018, 2019; Lowerre-Barbieri et al., 2019). This may improve
our understanding of diversity, and allow for more reliable
predictions of the consequences that exploitation, management
actions and climate change may have for migratory �sh.

New insights into the causes, consequences, and evolutionary
dynamics of migratory behavior in �shes might be gained by
phylogeny based comparative approaches (Felsenstein, 1985;
Bloom et al., 2018). Besides uncovering the distribution of
data de�ciency and identifying taxa and geographic regions
in particular need of further investigation, phylogenetic
comparisons can inform why certain species migrate whereas
others do so to a lesser degree, and uncover associations of
evolutionary shifts in migration behaviors with environmental
factors and with morphological, physiological, or behavioral
phenotypic dimensions (e.g.,McDowall, 1997; Watanabe et al.,
2015; Forsman and Berggren, 2017; Bloom et al., 2018).

Another potentially rewarding line of future research is to
focus on variation among populations. Information on migration
behaviors for multiple populations and species compiled using
systematic reviews and meta-analytical approaches (Gurevitch
et al., 2018) can illuminate patterns and evaluate potential drivers
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of variation in migration mode, migration timing, and migration
distance among populations. Besides summarizing information
and advancing knowledge, results can inform when the evidence
is su�cient for adaptive population speci�c management and
conservation e�orts.

The timing of spawning migration varies considerably both
among and within �sh populations. Whether isolation by time
(Hendry and Day, 2005) is a common driver of reproductive
isolation, genetic divergence and adaptation in �sh, and whether
di�erences in the timing of spawning migration contribute more
or less to population structure in di�erent species depending on
their life-history remains to be investigated.

Several studies have aimed at identifying phenotypic
correlates of variation in migratory behavior and performance.
However, we need to know more about how alterations
in migratory challenges brought about by exploitation,
management and climate change modi�es the intensity and
direction of selection and evolutionary shifts in dispersalrelated
physiological, morphological, behavioral traits, and correlated
life-history attributes.

Improved sequencing technologies have enabled genomic
resources to be generated with increasing e�ciency and speed,
such that non-mainstream �sh species can now be utilized as
models. The NCBI (2019) database (http://www.ncbi.nlm.nih.
gov/genome/browse/ - last accessed 18 February 2019) currently
includes genome sequence assemblies for 258 �sh species. Recent
developments in genomic tools [e.g., RAD-sequencing, WGS,
GWAS and SNP-genotyping (Andrews et al., 2016)] together
with information for closely related species and populations in
di�erent environments may help identify genes and underlying
genomic regions under selection involved in shaping the diversity
of migratory behavior. There is also potential for such approaches
to clarify the contributions of stochastic processes, gene �ow,
selection, and plasticity and to pinpoint the role of speci�c
genes in shaping genetic structure and phenotypic evolution in
migratory �shes (e.g.,Barson et al., 2015; Momigliano et al., 2017;
Thompson et al., 2019).

Changes in river connectivity alters selection pressures and
may have implications for species interactions, community
composition and ecosystem functioning. To evaluate the
consequences that selection associated with �shway passages
may have for spawning migrating �sh requires a combination of
methodological approaches, such as analysis of otolith elemental
chemistry, collection of high-resolution spatiotemporal
movement data using mark-recapture studies, telemetry,
and passive integrative transponders, behavioral monitoring
using �shways equipped with submerged cameras, as well as
longitudinal and cross sectional comparisons of phenotype
distributions (Nathan et al., 2008). When evaluating the design
and operation of �shway passages, it is important to consider
that selection may operate during each of the approach, entry,
and passage components, as well as on post-passage behaviors
and performances; it is the cumulative e�ect that may modify
evolution of behavior, reproduction, population genetics and
population dynamics. As the number of studies grows, the
opportunities for systematic reviews and meta-analytical
approaches to provide new insights will increase.

The directions and rates of genetic exchange between
populations may change over time owing to natural processes,
anthropogenic environmental makeovers and management
actions. The consequences of genetic admixture can vary from
positive to negative, a�ect genetic di�erentiation and diversity
between and within populations, and ultimately in�uence
viability and adaptability of populations and species (McClelland
and Naish, 2007; McGinnity et al., 2009). An important question
to consider is whether and how migratory strategies employed
by the populations subjected to management might a�ect the
outcome of admixture. Conversely, few (if any) studies have
examined whether and how genetic admixture a�ects migratory
behavior. It is therefore necessary to investigate the reciprocal
feedback loop between migration and admixture, and how it
may in�uence dynamics, genetic structuring, and viabilityof
populations. Further, admixture e�ects can be sex-speci�c (Sunde
et al., 2018b), and it might be hypothesized that this should
impact on spawning migratory behavior. To our knowledge,
however, it has not yet been examined whether sex-biased
dispersal or migration is associated with sex-speci�c responses
to admixture.

Water temperature in�uences migratory behavior and
performance of �shes. Recent studies show that �sh can reap
thermoregulatory rewards and elevate their body temperature
above that of ambient water by sun basking near the water
surface (Nordahl et al., 2018, 2019). There is little doubt that
the capacity for aquatic thermoregulation by sun basking is
important for �sh. However, more work is needed in this
emerging area to clarify the consequences of sun basking for �sh
performance, migratory behavior, spatiotemporal distribution
shifts, and whether and how it will modify predictions regarding
responses to climate change.

To understand the e�ects that climate change may have
on migratory �sh, future research needs to expand beyond
considering e�ects of the projected increase in average
water temperatures. There is a need for better knowledge
of how more extreme and �uctuating water temperatures
and sea levels may a�ect the development of early life-
history stages or the growth and survival of adult �sh, and
whether this in�uences the relative success of spawning
migrating forms.

Lastly, we o�er a cautionary note regarding management.
It remains uncertain how human activities and climate change
will in�uence environmental conditions and selective regimes
for �sh. A particular challenge when addressing consequences
of climate change is to �nd the balance between realism
and methodological tractability (Forsman et al., 2016a), and
this applies also to the evaluation of management actions.
It is di�cult to foresee which genetic makeups, phenotypic
trait value combinations, and behaviors that will be most
successful in the future. To safeguard against this uncertainty,
management actions should be designed to maintain genetic
and phenotypic diversity with regards to migratory behavior,
seasonal timing of reproduction, place of spawning, growth
trajectories, size and age at maturity, and reproductive allocation
strategies both among and within populations and species.
Theory and empirical evidence concur that this may promote
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establishment success, reduce extinction risk, enable populations
and species to cope with environmental change and adapt
to novel conditions, and increase productivity, functioning
and resilience of ecosystems (Hughes et al., 2008; Schindler
et al., 2010, 2015; Bolnick et al., 2011; Wennersten and
Forsman, 2012; Forsman, 2014, 2015; Forsman and Wennersten,
2016; Waldman et al., 2016; Lowerre-Barbieri et al., 2017).
Perhaps future research should aim to develop a `best
practice' regarding adaptive management and how to safeguard
against uncertainty; there might be good solutions waitingto
be discovered.
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