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Migration is a widespread but highly diverse component of many animal life histories.

Fish migrate throughout the world’s oceans, within lakes and rivers, and between the

two realms, transporting matter, energy, and other species (e.g., microbes) across

boundaries. Migration is therefore a process responsible for myriad ecosystem services.

Many human populations depend on the presence of predictable migrations of fish

for their subsistence and livelihoods. Although much research has focused on fish

migration, many questions remain in our rapidly changing world. We assembled a
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diverse team of fundamental and applied scientists who study fish migrations in

marine and freshwater environments to identify pressing unanswered questions. Our

exercise revealed questions within themes related to understanding the migrating

individual’s internal state, navigational mechanisms, locomotor capabilities, external

drivers of migration, the threats confronting migratory fish including climate change,

and the role of migration. In addition, we identified key requirements for aquatic

animal management, restoration, policy, and governance. Lessons revealed included

the difficulties in generalizing among species and populations, and in understanding the

levels of connectivity facilitated by migrating fishes. We conclude by identifying priority

research needed for assuring a sustainable future for migratory fishes.

Keywords: ecosystem services, ichthyology, habitat connectivity, partial migration, conservation, ecology

INTRODUCTION

Migration is an adaptive and widely expressed behavior within
the animal kingdom. Species’ movements among habitats,
whether by solitary individuals or as synchronized collective
displacements by many animals, facilitate exploitation of patchy
and seasonally variable resources, which is key to species’
reproduction and persistence (Baker, 1978; Jørgensen et al.,
2008). As the most speciose classes of vertebrates, fishes provide
an excellent focal group for the study of the evolution and
ecology of migration (Lucas and Baras, 2001). Among fishes, a
taxonomy of migration types exist for species moving between,
and within, marine and freshwater environments (e.g., diadromy,
oceanodromy potamodromy; Myers, 1949).

Migration is ecologically important, but also a behavior that is
under significant threat worldwide (Wilcove andWikelski, 2008).
Animal migrations connect ecosystems and transport matter and
energy long distances—faster than would be conveyed by wind,
currents, or tides. Carbon, nutrients, and pathogens carried in the
bodies of migratory animals have been shown tomake substantial
contributions to recipient ecosystems (Naiman et al., 2002; Hall
et al., 2012; Childress and McIntyre, 2015). Therefore, assuring
secure pathways among habitats is essential to support migration;
a key consideration for ecosystem management (Mumby, 2006;
Fuller et al., 2015). Migratory species’ reliance onmultiple habitat
types also increases their vulnerability to human disturbances
such as fragmentation caused by dams, roads, or land use
change, as well as climate change and other human-mediated
global changes (Wilcove and Wikelski, 2008; Secor, 2015b).
There have been an increasing number of studies to better our
understanding of how different human disturbances influence
and affect diverse migratory species. With increasing recognition
of the importance of protecting migratory fish species, there have
been rapid developments in our understanding of how these
stressors operate and in the appropriate mitigations needed to
limit their impacts on migratory fishes (Lucas and Baras, 2001;
Brink et al., 2018; Lowerre-Barbieri et al., 2019).

Despite a growing number of studies, there remains a need to
identify knowledge gaps as well as plan a research agenda based
on focused questions related to understanding and conserving
migratory species. The goal of our paper is to identify 100

outstanding questions about the mechanisms and processes of
fish migration, and human disturbances that threaten migratory
species’ persistence (see Figure 1 for an overview of related topics
and considerations). Our questions encompass fish species across
habitats, ecologies, and taxa. We identify timely and relevant
questions that, if addressed, will advance our understanding of
which fish species migrate, how, when, and why they do so, and
the actions required to conserve these species and the habitats
that they depend on. We present nine broad themes relevant to
fish migration, beginning each theme with a brief description,
followed by a series of related questions to be explored. We
conclude with a proposed research agenda for migratory fishes,
giving emphasis to the science that has the potential to inform
management and policy actions.

ONE HUNDRED QUESTIONS

Each author of this paper independently derived a series of
questions about fish migration and shared them with the
first author. Questions were then sorted into themes using
the movement ecology framework from Nathan et al. (2008)
that integrates internal and external drivers, navigation, and
motion capacity as fundamentals of animal movement. The
questions we identified relate to animal internal state (energetics,
drivers, endocrinology); navigation (orientation and timing);
locomotion; external drivers of migration; threats to fish
migration related and unrelated to climate change, as well as
environmental conservation; policy and governance related to
migratory fishes, and thematic questions on the role of migration
(Figure 1). Breakout groups around each theme synthesized and
refined related questions.We present the nine themes and related
questions below.

Internal State
A fish’s internal state and its maintenance of homeostasis are
regulated by a combination of abiotic and biotic stimuli, as well
as interactions with genetics, morphology, life history, cognition,
and physiology (Uusi-Heikkilä et al., 2008). Individual and
collective behavior ultimately feed back to influence internal
state, meaning that migration itself can influence the internal
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FIGURE 1 | By migrating, a fish uses multiple habitats for growth, refuge and reproduction. External drivers such as lunar and solar cues and temperature are

integrated by fish sensory systems and can shift the internal state, stimulating migration. Fish use multiple physiological sensory systems to navigate and arrive at the

right place at the right time and conserve energy with efficient locomotion. Many migratory fish taxa are threatened by human infrastructure and land use modification,

which can interact with threats posed by climate change. In the right-hand panel, we see how sociopolitical and jurisdictional processes can affect the environmental

aspects of migration. Threats to migratory fish are managed, often through fisheries management, and risks are managed with other institutions such as marine

protected areas. Rapid environmental change from climate change or human activities affect the relationship between cues and environmental conditions, which

mismatches migratory timing and energy budgets and can threaten the viability of migration as a behavior. Governance structures and political institutions are

responsible for minimizing these threats and implementing effective management actions, including habitat restoration that maintains connectivity and ensures

migratory fish will persist in the future. ALAN refers to artificial light at night.

state and that internal state can in turn influence migration.
For example, recent evidence suggests that stress levels and
nutritional status can both impact migration distance and success
in salmonids (Bordeleau et al., 2018; Birnie-Gauvin et al., 2019a).
Few such studies exist, but these can shed light on themechanistic
links between internal state and migratory behavior. These
synergies are especially important given ecological consequences
of recent human-mediated trait changes to fish populations
(Jørgensen et al., 2007; Palkovacs et al., 2012; Rahel and
McLaughlin, 2018). Understanding the effects of ecosystem-
organism interactions on short-term movements and longer-
term migrations of fishes requires approaches that unify:
a) mechanistically-driven physiological studies, b) pattern-
oriented behavioral studies, and c) quantitatively driven fisheries
sciences (Horodysky et al., 2015). Quantifying the internal
state of the animal from non-lethal biopsy of blood, gill, or
other tissues can allow subsequent movement patterns to be
ascertained through laboratory experiments or in the field
using biotelemetry for remote monitoring. These methods can
advance our understanding of mechanistic linkages between
hormone levels, gene expression, or other internal variables
and the movement patterns exhibited by the individual.
Below, we provide a series of questions to guide future
inquiry into the effects of fish internal state on movement
and migration:

1. What are the internal physiological drivers of, and triggers
for, migration?

2. Is ontogeny an important factor regulating
migratory strategies?

3. What role do genetics and epigenetics have in migration?
4. Are migratory phenotypes (residents, short-distance

migrants, long-distance migrants) reflected in physiological
phenotypes (predictable differences in metabolic rate,
condition, energetic state, proteomics, etc.)?

5. Can physiological indices (e.g., gene expression, endocrine
stress, oxidative stress, osmoregulation, sensory modalities)
be used to predict migration success?

6. How can nutrition or available energy limit migration ability,
either directly or indirectly?

7. What is the role of the neuroendocrine system onmigration?
8. How can we characterize internal drive to migrate, and what

internal factors are involved?
9. What are the costs of migration to an animal’s internal

state and physiology (e.g., energetics, oxidative stress,
carryover effects)?

10. Do physiological processes (e.g., up/down regulation of gene
expression, endocrinology) differ between when animals
depart and return to natal habitats?

11. How do disease, infections, and parasites affect fish internal
state during migration-related processes?

Frontiers in Ecology and Evolution | www.frontiersin.org 3 August 2019 | Volume 7 | Article 286

https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org
https://www.frontiersin.org/journals/ecology-and-evolution#articles


Lennox et al. Fish Migration Questions

12. Do multiple stressors have additive or synergistic effects on
migratory behavior?

13. To what extent are migration strategies heritable?
14. Can physiological processes that stimulate migration be used

to inform conservation and management?
15. What causes a fish to lose the drive to migrate (i.e.,

stop migrating, spawn at a suboptimal location due to a
barrier, stray to a different area than intended), including
intergenerational changes caused by selection (e.g., changes
to migration routes)?

16. How common are movement syndromes in fish (i.e., what
distinguishes animals thatmigrate and those that do not) and
what drives these at the individual scale?

17. What physiological changes at the population scale
lead to irruptions and/or colonization events (i.e.,
straying at a large scale to expand or shift the
population distribution)?

Navigation
Fish species migrate variable distances among habitats (Lohmann
et al., 2008). Wayfinding mechanisms within fishes typically
depend on the extent of their migration and vary with species,
life stages, and environments (Ueda et al., 1998; Ueda, 2018).
Magnetic senses likely play a role in the navigation of many
species (Durif et al., 2013; Putman et al., 2014) along with
olfactory and visual cues (Ueda et al., 1998) and learning
(Dodson, 1988; Brown and Laland, 2003). Fish populations, and
in some cases species, have evolved different spatial strategies
through natural selection: some have high degrees of philopatry,
whereas others exhibit substantial plasticity in their movement
andmigration behaviors (Secor, 2015a). This phenomenon needs
further detailed exploration using comparative and experimental
approaches. Timing, route efficiency, and accuracy of migration
are critical for fish species to arrive at their destination at the
right time and with sufficient energy reserves (Cooke et al.,
2006), and dispersal to new areas is also critical for population
resilience, gene flow (Klemetsen, 2010), and for recolonization
(Perrier et al., 2009; Radinger and Wolter, 2014). Tracking
technology has allowed us to elucidate the onset, periodicity,
and progress of some migrations; although many fishes are too
small to be tagged this way with the size of current technology.
Despite an increasing number of studies on a broader diversity
of fish species (i.e., beyond salmonids) and migration types,
our understanding of how different species find their way
and what can affect their navigation remains limited. These
limitations in knowledge influence our ability to manage or
conserve species and the habitats that they depend on. We
propose that key research questions for future work in the
navigation theme are:

18. How do the Earth’s rapidly shifting magnetic field and
increasing anthropogenic electromagnetic fields affect
fish migration?

19. How do hydrodynamic conditions (e.g., turbulence, flow
rate, currents) influence migratory fish navigation?

20. How spatially and temporally accurate, and precise, is the
homing of different migratory fish taxa?

21. How many different mechanisms are used among fish
species, and concurrently within a given species, to navigate
to the correct place?

22. What is the role of intraspecific variation inmigration timing
to individual success relative to population persistence?

23. What is the role of dispersal as a component of migration or
an alternative to migration?

24. How does artificial light at night affect navigation of fishes,
especially in coastal areas?

25. Does anthropogenic noise affect the distribution of fish and
their ability to navigate?

Locomotion
Migratory fish exhibit extreme variability in their modes of
locomotion, from the highly maneuverable Anguilliformes to
the streamlined Thunniformes that can sustain fast swimming
speeds (Sfakiotakis et al., 1999). Within a population, individuals
can also vary significantly in their locomotor abilities (Reidy
et al., 2000). For migratory animals, swimming capacity is often
an important factor influencing success as it determines an
individual’s ability to pass natural and human-made barriers
or surmount other challenges (Hinch and Bratty, 2000; Cooke
et al., 2006). Understanding locomotion can be critical for
maintaining suitable conditions for fish to migrate in habitats
where humans have some degree of control over the physical
environment, for example in rivers where water levels or flows
are regulated and effective fish passage infrastructure may
or may not have been built. Migrations can be energetically
costly; therefore, efficient and judicious use of energy stores
can also affect migration success (Brownscombe et al., 2017).
Human activities are rapidly changing the environmental
conditions in ways that challenge the physical and metabolic
capabilities that fish rely upon to power themselves to their
destinations (Lucas and Baras, 2001). With the existence of
such variability in fish locomotory modes, abilities, migratory
types, and challenges, and alterations to the environmental
conditions both on and off migration routes, human-induced
environmental change will generate varied and in some
cases unanticipated responses amongst migratory fishes. The
questions posed in this theme address key knowledge gaps
relevant to how various fish species and ecosystems will
be affected.

26. In which ecological contexts (e.g., group size, parasite load)
do individual variation in locomotory ability influence the
ability to successfully migrate?

27. What are the main physical, behavioral, and ecological
drivers of swimming performance?

28. Are changes to environmental conditions (e.g., temperature,
oxygen) and migratory obstacles (e.g., dams, currents)
disproportionately affecting fish with specific swimming
modes, physical characteristics, or life histories?

29. How will changes to ocean currents and river flows affect the
migratory performance of species with different locomotor
performance and larval recruitment dynamics?

30. Will human-induced changes to fish life history
(e.g., changes in size-at-age of maturity due to size
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selective fishing) affect the locomotor performance of
migratory species?

31. In which ecological contexts are efficient movements (e.g.,
least cost paths, energetically efficient swimming speeds)
relevant to migration success?

32. Which characteristics of swimming performance explain
the reliance of certain species on least cost paths for
migration success?

33. What role does voluntary movement have on migration
success of larval fish that are mostly conveyed by currents
(e.g., eel leptocephalus larvae)?

External Drivers
External drivers, along with a fish’s internal state, stimulate
behaviors including movement and habitat shifts to important
foraging or spawning grounds that maintain or restore individual
homeostasis and satisfy life history demands. Fish migrations
must be properly timed on short (e.g., diurnal) and long
(e.g., seasonal) timescales to optimize the balance between
costs (avoiding hostile conditions) and benefits (matching
distributions to abundant feeding opportunities) to maximize
fitness (Dingle and Drake, 2007). Decisions to migrate or
not, and when to migrate, are often regulated by abiotic
external drivers (e.g., day length; Bradshaw and Holzapfel,
2007). External cues can regulate long-term physiological
and morphological developments that prepare fishes for
arrival into new environments, and can synchronize groups
of fish to migrate under favorable conditions (e.g., lunar
phases). Human disturbances, such as noise, artificial light,
and dam discharge can also influence decisions to migrate,
and potentially also alter timing and route choice (Reid et al.,
2019). By understanding how external drivers interact with
fish internal states, and how these can regulate migration,
we can develop more effective actions and policies to
mitigate impacts on migratory species (Bowlin et al., 2010).
Key questions about the role of external drivers upon fish
migration include:

34. How many different abiotic external drivers inform
migratory fish behavior and how do they interact?

35. What environmental thresholds exist that initiate partial
and facultative migration, and how do these influence the
likelihood of migration?

36. Do climatic differences along geographic clines (e.g.,
latitude) influence migratory phenotypes; if so, is the
variation predictable or generalizable among species (e.g.,
differences in timing or extent of migration)?

37. To what extent are external drivers conflicting with
rapidly changing environmental conditions that influence
migration success?

38. What role do migrant densities have in regulating migratory
species’ population dynamics (e.g., functional and numerical
responses of predators)?

39. How do host-pathogen dynamics contribute to the evolution
of migration?

40. How does land use change affect the delivery of accurate cues
for migrating fishes?

41. To what extent do changes to habitat quality override
spawning site fidelity, informing fish to abandon their
destination habitat for more suitable habitat?

42. How do invasive species that affect relevant food abundances
influence native fish migration?

43. How does hypoxia (seasonal and otherwise) affect the
energetics, movements, and geographic distributions of
migratory fishes?

44. What is the relationship between schooling and
migration behaviors?

Threats (Excluding Climate Change)
Humans aggregate around water (Fang and Jawitz, 2019) and
use rivers, lakes, and oceans for drinking water, producing food,
wastewater treatment, transport and trade, and in many other
ways that modify or threaten the ecological integrity of these
systems (Halpern et al., 2008; Vörösmarty et al., 2010; Reid et al.,
2019). Chemical pollution (Hellström et al., 2016), artificial light
(Longcore and Rich, 2004), noise (Filous et al., 2017), water
abstraction (Benstead et al., 1999), barrier installation (Silva et al.,
2018), and fishing (Jørgensen et al., 2008) all affect or have the
potential to affect fish migrations. Our understanding of impacts
on migratory fishes by different human disturbances is often
confined to shorter-term effects (e.g., one migration cycle) and
single disturbances, but we must move to evaluate the effects of
disturbances across longer time periods (e.g., intergenerational
impacts), and to evaluate cumulative interactions among the
many human disturbances that confront different migratory fish
species. Important future research questions about threats are:

45. What is the relative impact of different types of aquatic
barriers and infrastructure on fish migration patterns
and survival?

46. What are the individual and cumulative effects of
anthropogenic stressors (e.g., water quantity/quality,
sedimentation, anthropogenic sound and light) on
physiology and ecology of migratory species and how
can we mitigate these threats?

47. How do capture fisheries (recreational, subsistence, and
commercial) that may remove migratory fishes and/or their
prey affect the distribution and abundance of migrating
fishes (both immediately and in terms of artificial selection
on population traits)?

48. What existing or emerging chemical pollutants have the
potential to affect fish migration and how?

49. Does sea cage aquaculture alter wild-fish migrations by
providing resource subsidies or by aggregating prey fish that
migrants rely upon?

Threats From Climate Change
Human mediated climate change is establishing a future that
will be characterized by temperature extremes, evaporative water
losses, and more variable timing and extent of precipitation, as
well as surface water levels and flow, salinity, and temperature
(Alexander et al., 2006; Hoegh-Guldberg and Bruno, 2010).
These changes are altering community phenology, species
dynamics, and distributions (Walther et al., 2002; Lynch et al.,
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2016). Climate change is also altering pathogen dynamics,
the impacts of which are poorly understood with respect
to fish migration (Miller et al., 2014; Vollset et al., 2016).
Migratory species are disproportionately influenced by these
ongoing global changes compared to resident species because
of their reliance on multiple geographically separated habitats
that are changing at different rates and in different ways
(Both and Visser, 2001; Robinson et al., 2009). For example,
multiple mismatches could develop in relation to food availability
and migration, including temporal mismatch from fish using
traditional drivers of migration to pursue movements, but where
the drivers are no longer linked to favorable conditions along
the migration route, and spatial mismatch if fish move to
foraging grounds that are no longer productive (Free et al.,
2019). On the same note, migratory species’ abilities to move,
especially long distances, could buffer such effects of change,
because behavior is the fastest route available for species to
cope with change (Lehodey et al., 2006; Chessman, 2013).
Finally, climate change can interact with other disturbances
such as fishing (Ottersen et al., 2010) and dams (Secor,
2015b), and there remains a need to explore these interactions
and effects on different migratory species. Key questions
related to the impact of climate change upon migratory
fishes are:

50. How much can/will fishes behaviorally adapt (e.g., alter
the timing or nature of their migration) to cope with
environmental changes?

51. Are hypoxia, hyperthermia, or other climate-associated
stressors affecting the distribution (e.g., prey availability),
quality (e.g., energetic content), and access to critical
resources needed by migratory fishes?

52. How are changes in water temperature, acidity, and flow,
as mediated by global climate change, affecting fish sensory
systems and the role they play in different fish species abilities
to navigate?

53. Can related or potential surrogate species be used to infer
the degree to which migration patterns have changed for key
commercial or valued species?

54. How do pathogens affect fish migration and are the effects
more pronounced under regimes of acute or chronic
environmental change?

55. Will altered migration patterns of species due to climate
change result in global net increases or decreases in
migratory fish production?

56. Will lower latitude regions lose migratory fish species and
production more quickly or disproportionately as compared
with higher latitude regions?

57. Will any regions show positive increases in fish production
based on the arrival of new migrants?

58. How, if at all, is climate-mediated changing floodplain
inundation affecting the recruitment of different
migratory fishes?

59. Are altered environmental conditions from climate
change (e.g., ocean circulation, sea levels, ice cover extent
and duration) creating new, and potentially persistent,
migration pathways?

60. What will be the role of fish migration in influencing
how existing and new fish diseases spread and proliferate
under human-mediated climate change and what are the
consequences for populations at range edges?

61. How do fish respond to implemented environmental
flows as mitigation measures and how does fish passage
infrastructure need to consider changes in climate to
maintain environmental flows?

62. What measures are needed to ensure the presence of secure
movement pathways for migratory aquatic species in the face
of climate change?

Conservation Management
The management of fish migrations developed primarily to
restore the free movement of fishes in systems fragmented by
dams and other in-stream infrastructure (McLaughin et al.,
2013). Early efforts to provide passage at dams included royal
decrees to remove weirs from salmon rivers in the Magna Carta
(1215)1 and the installation of fish ladders in Europe in the
1800s (Orsborn, 1987). Efforts to consider passage of all species
are needed to ensure ecosystem-scale conservation of migratory
fish species in impacted rivers, including successful downstream
passage by the young of anadromous species and the adults
of catadromous species such as freshwater eels (Anguillidae;
Roscoe and Hinch, 2010). Selective fish passage systems that
exploit species differences in physical ability, spawning behavior,
and sensitivity to various sensory stimuli are the object of
much current research (Birnie-Gauvin et al., 2018; Rahel and
McLaughlin, 2018; Silva et al., 2018). Efforts also exist to
re-connect rivers and processes such as sediment transport
to riparian zones (Hauer et al., 2018; Hohensinner et al.,
2018). Similar approaches could be explored for use in marine
environments used by migratory species. For example, Murchie
et al. (2015) found bonefish (Albula spp.) selected amanufactured
canal as a migration route to access spawning grounds, in lieu
of a historical natural corridor. Expanding beyond fishways
as tools for assisting fishes over built infrastructure, there
remains a need to further explore complementary management
actions such as temporal protected zones (see Abell et al.,
2007), designating protected species, regulating habitat loss and
pollution, monitoring and managing exploitation, and gear-
use restrictions for fisheries. Spatial planning efforts benefit
from an understanding of the resource selection, distribution,
and movements of migratory species that can be disturbed by
human activity (Lennox et al., 2018a). We explore key questions
related to conservation management below. Key conservation
and management questions relevant to migratory fishes are:

63. Is there a key time window in which habitat connectivity
needs to be restored before population rebounds can occur
in migratory species?

64. How do the management strategies of: maximizing
adult returns, maximizing juvenile out-migration, and

1see section 33; originally published 1215. Available online at: https://www.

constitution.org/eng/magnacar.htm (accessed July 27, 2019).

Frontiers in Ecology and Evolution | www.frontiersin.org 6 August 2019 | Volume 7 | Article 286

https://www.constitution.org/eng/magnacar.htm
https://www.constitution.org/eng/magnacar.htm
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org
https://www.frontiersin.org/journals/ecology-and-evolution#articles


Lennox et al. Fish Migration Questions

preserving spawning habitat compare in their performance
as management objectives with regards to desirable
population outcomes?

65. Can protection of “umbrella species” (i.e., those whose
protection affords benefits to others) be used to promote
conservation of both migratory and non-migratory
species (that may still disperse at least locally among
habitat patches)?

66. How can we apply existing knowledge, and mobilize new
knowledge, to effectively mitigate threats with limited
funding and opportunities?

67. How can stock assessment methods adapt to the changing
behavior (e.g., timing, distribution) of migratory fishes?

68. How can intraspecific variation in migratory behavior be
incorporated into management models?

69. To what extent are artificial habitats, such as reservoirs,
mortality sinks for migrating fishes and how can such
mortality be minimized?

70. How effective is habitat restoration, including dam removal
and fishway installation, and how can we accurately evaluate
the costs and benefits to make better decisions?

71. How can we balance the potential for invasive
species introductions with connectivity restoration for
migratory species?

72. Can fishways perform as well as dam removal?
73. Can we design fish passage systems that facilitate passage

by desirable species while blocking or reducing passage by
undesirable (often non-native) species?

74. How can attractive (sex pheromones, larval pheromones)
and repulsive (necromones) scents be used to attract
migrating fish to desired migration pathways or repel
them from undesired pathways or block the movements of
invasive species?

75. How does the level of protection of intermittent headwater
streams, hydrologically connected wetlands, and floodplains
affect migratory fishes?

76. At what scale would the establishment of free-flowing rivers
as conservation units protect migratory species in highly
diverse river systems?

77. How do we integrate migratory processes affecting
vulnerability into fisheries stock assessments or harvest
control rules?

Policy and Governance
Policy instruments and governance structures are fundamental
to the development, implementation, and enforcement of
regulations of sustainable management action and protection
of nature (Gunningham et al., 1998; Lange et al., 2013).
This is particularly salient for migratory organisms. As noted
at the start of this paper, migratory species routinely cross
ecosystem boundaries, habitats, and jurisdictions at national and
international scales (Shuter et al., 2010; Cooke et al., 2012; Runge
et al., 2014), which can raise challenges for policy making and
management (Link et al., 2011). Because many migratory species
aggregate in migratory corridors or on their spawning grounds,
they are also vulnerable to spatially explicit stressors including
targeted fishing, red tides, and anthropogenic disturbances

such as dams, weirs, and roads (Januchowski-Hartley et al.,
2013; Lascelles et al., 2014). Consequently, effective policy
and governance of migratory fishes often necessitates multiple
government sectors working together, such as fisheries and those
that deal with energy and water resource management (see
Nieminen et al., 2017). It is also established that political will to
enact policy that benefits the environment (including migratory
fish) depends on an engaged and vocal public (i.e., the electorate;
Chhatre and Saberwal, 2005). With regards to migratory fishes,
these considerations raise the following questions:

78. At what spatial and temporal scales should policies and
fisheries management function to effectively mitigate threats
to all migratory species?

79. How can we implement an ecosystem approach to
management when migrations cross geopolitical and
ecosystem boundaries?

80. What type of international policies or institutions are needed
to effectively manage migratory species?

81. Are existing structures and policy instruments for managing
migratory fishes enough given the multitude of threats faced
by such organisms?

82. How can fisheries and conservation management systems
becomemore responsive to changes in distributions of stocks
and their connectivity?

83. What policies and governance structures could be instituted
to align with global best practices for migratory fish
protection and management?

84. What is the balance of evidence and action (i.e., science vs.
policy) needed to effectively manage migratory fishes—or,
more specifically, at what point do we know enough such
that enough research has been conducted and corresponding
action is needed more than new information?

85. What narratives exist to engage the public in the
conservation of migratory fish and their habitats?

86. How can we raise the profile of economically or culturally
less significant species with more cryptic migrations?

87. How do we improve data availability and research on
migratory fishes in low income countries (e.g., Malawi,
Burundi, Niger, Madagascar)?

88. Because fish migrations can span broad temporal and
spatial scales and cross many jurisdictional boundaries, what
mechanisms for data sharing exist or can be developed?

The Role of Migration
One of the great challenges that emerges when discussing fish
migration is establishing effective definitions for a process that is
highly flexible.We know thatmany fish species aremigratory, but
without agreed upon definitions of what is a migration it can be
difficult to identify which ones are not. Unknowns related to the
ecological function of migration, for example, are challenging to
unravel and we are in the early stages of identifying what role fish
movements play in connecting environments, conveying carbon
and nutrients, and transferring pathogenic and parasitic species
(Altizer et al., 2011; Hyndes et al., 2014). Moreover, this yields
further questions about the genetic consequences of migration
and how to define species/populations as management units and
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assign responsibility for fish that cross boundaries (Dionne et al.,
2008; Riccioni et al., 2010; Zeng et al., 2019). Methodological
advances and new technologiesmay emerge to assist in answering
some of these overarching questions in fish migration that will
assist with addressing other, finer scale questions dealing with
mechanisms. Questions about the role of migration are:

89. What is the evolutionary history and phylogeny of
migration; is it an ancestral trait of animals or fishes
that is not expressed in some species, or has it evolved
independently many times?

90. How common is migration in fishes (i.e., how many and
which fish species migrate)?

91. To what extent do small-bodied fishes migrate and, for
those that do, how far and when?

92. How aremigrating fishes structured into genetically distinct
populations or evolutionarily significant units?

93. How common is vertical migration and what are its
similarities and differences with other types of migration?

94. How many distinct typologies of migration are there
and how can they be distinguished with respect to their
ecological functions?

95. How can genetic, genomic, and chemical tags be used to
assist with studying migration?

96. How tightly does fishmigration couple ecological processes,
both within the aquatic realm and between the aquatic and
terrestrial realms, by moving matter and energy?

97. How important is intraspecific variation in migratory
phenotypes (e.g., timing, frequency, body size)
of migration?

98. How plastic is migration within genotypes, phenotypes,
and species?

99. What role does migration have in the carbon cycle and
carbon sequestration and how do threats such as barriers
affect fish roles in carbon sequestration?

100. How can innovations in technology and engineering
contribute new tools to answer questions related to
fish migration?

SYNTHESIS

Failure to understand how, why, when, and where different
fishes migrate, and the consequences of migration, limits our
understanding of migratory fishes and their roles in aquatic
and terrestrial ecosystems. Migration is a process occurring
across different spatial and temporal scales, which has many
implications for understanding how species, populations,
communities, and ecosystems are structured and how they
interact with one another. Understanding movements is critical
to determining the resource requirements of species and
identifying appropriate measures for protection (Lennox et al.,
2018a). Here, we worked to identify outstanding questions
about migratory fish species that could provide important
knowledge about these species, and support guidance for
the conservation of these species. Applying the movement
ecology paradigm (Nathan et al., 2008) to engage scientists
from fish ecology, physiology, evolution, behavior, and

environmental conservation and management yielded a
diverse set of questions that will better our understanding
of migratory fishes, and provide evidence and knowledge
needed to guide more effective conservation decisions for
these species.

It can be challenging to evaluate how preservation,
restoration, or degradation related to a migratory species’
habitat can also affect the broader ecosystem, including human
dependencies and economic activity (see Box 1 for some
examples). A complete understanding of the diversity and
functional ecology of migratory fishes is essential to making
effective conservation and management decisions (Lowerre-
Barbieri et al., 2019). Migration research has expanded in recent
decades with increased access and application of technologies
such as electronic tags, chemical and molecular tracers, acoustic
imaging, telecommunications, and bioinformatics (Secor, 2015a;
Lowerre-Barbieri et al., 2019). The number of taxa investigated is
also expanding (seeBox 1) andmovement ecology is increasingly
integrated within hydro-ecology, oceanography, and fisheries
and habitat management (Hidalgo et al., 2016; Birnie-Gauvin
et al., 2019b) to begin addressing fundamental questions related
to migratory fish ecology and conservation. Applying the
movement ecology paradigm to engage scientists from fish
ecology, physiology, evolution, behavior, and environmental
conservation and management yielded a strong list of questions
that if answered will transform our understanding of migratory
fishes and lead to better management of these species.

Genetic studies focused on the evolution of migration are
needed to understand the underlying architecture resulting in
variation between migratory and non-migratory species, as well
as within and among migratory species (Hendry et al., 2000;
Kess et al., 2019). Many species are partially migratory, having
the genetic disposition to express migration depending on the
environmental conditions that they experience (Olsson et al.,
2006). Migratory phenotypes can respond over generations
to selective pressures of the environment (Bracken et al.,
2015). Rainbow trout and steelhead (Oncorhynchus mykiss), for
example, are genetically the same species but with different
migratory life histories and the migratory and non-migratory
forms frequently coexist in coastal streams (Hecht et al., 2015).
Understanding partial migration is key to unlocking information
about migratory species (Pulido, 2011) andmigratory behavior of
hybrids can reveal how genetics and the environment contribute
to migration (Kovach et al., 2015). Within migratory species,
there is variation in the spatial and temporal extents of migratory
behavior exhibited by individuals; Prince et al. (2017), for
example, recently isolated a gene in steelhead, associated with
early arrival to freshwater. Protecting genetic diversity within
migratory species must be a priority given that this diversity
underlies behavioral and physiological diversity that confers
resilience to species. It has been increasingly demonstrated that
habitat fragmentation and migration obstacles significantly, and
rapidly, negatively affect biodiversity (So et al., 2006). A better
understanding of how genetic isolation of distinct spawning
stocks, and the phenotypic adaptations arising as a result
(e.g., body shape, metabolic capabilities), is central to directing
conservation efforts (e.g., Eliason et al., 2011). In turn, this
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BOX 1 | Cartilaginous and bony �shes frommany different families exhibit migrations within, and between, lakes, rivers, and oceans. Migrations have signi�cant

ecological importance but many are poorly understood, hindering our comprehension of ecosystem functioning and our ability to conserve �sh species or any

associated services or values. Here we highlight some migratory �sh species from around the world and refer to how answering lingering questions about their

migrations should be a priority for scientists and management groups.

Bonefish are culturally and economically important coastal species that undertake spawning migrations

from their neritic foraging habitats offshore to pelagic waters (Adams and Cooke, 2015). Acoustic

telemetry revealed that at Anaa Atoll, French Polynesia, nearly all spawning movements of shortjaw

bonefish (Albula glossodonta) occurred in two passageways on the northern end of the island where

most artisanal fish traps are located (Filous et al., Unpublished Data). Movements were synchronized

with the lunar cycle, but at different phases than Atlantic Albula vulpes. Although the neritic movements

were well-characterized by telemetry, offshore movements remain an enigma. Additional research is

needed to identify critical spawning sites and ensure that they remain unimpacted by anthropogenic

development and their fisheries can be managed. It is also crucial to the understanding of larval dispersal

and metapopulation connectivity. Transfer rate among populations, navigational mechanisms, and

interspecific differences are critical to better understand these migrations (photo: Filous).

The Japanese grenadier anchovy Coilia nasus migrates from the Yangtze River estuary up the Yangtze

River and its adjacent lakes for spawning and growth (Dou et al., 2012). Dams and sluice gates have

blocked key migration routes and other human stressors such as navigation and channel modifications

and overfishing have caused dramatic habitat loss for this fish species (Xue et al., 2019). Understanding

locomotor capabilities of this species may be necessary to determine if they can pass sluice gates to

adjacent lakes, spawn and grow successfully. Investigating internal and external drivers will also assist in

predicting migration and preparing to open gates to facilitate passage. Tracking studies are also needed

in order to identify how habitat requirements change with ontogenetic stage and determine whether

suitable habitat can be preserved or created (photo: Chen).

For many Neotropical fish species, adults migrate upstream to spawn during the wet season and the

eggs and larvae are conveyed downstream to floodplains. Spent adults undergo a return migration

downstream to suitable habitats for feeding (Pompeu et al., 2012). Biotelemetry data of Prochilodus

costatus in the upper São Francisco River, Brazil revealed external drivers of the migration, specifically a

preference for initiating migration at the beginning of the rainy season, when river discharge is low, on

days with increased water level, and at times of new or waxing moon (de Magalhães Lopes et al., 2018).

After spawning, most fish returned to the same location where they were captured/released, and for

those tracked for two consecutive years, both upstream and downstream migration timings occurred

only a few days apart (de Magalhães Lopes et al., 2019). Such homing behavior and temporal fidelity still

needs to be confirmed for most other Neotropical migratory species. However, these findings pose

additional challenges to the use of (predominantly upstream-directed) fishways as a management tool in

the South American context, which is already controversial (Pompeu et al., 2012; Pelicice et al., 2015;

photo: Pompeu).

Arapaima arapaima is a migratory osteoglossiform fish that moves between the flooded forest in the rainy season and floodplain ponds in the dry season

in several neotropical rivers, including Guyana’s Essequibo watershed. The extent of its movements, migratory tendencies, and site fidelity are unknown,

challenging efforts to establish protected areas, for example. The fish is threatened by overexploitation and although listed as ‘unassessed’ by IUCN it is a

protected species in Guyana (Watson et al., 2016). Illegal fishing has historically been challenging to manage and legal fishing tourism has the potential to

offer some relief if arapaima are resilient to catch-and-release fishing pressure (Lennox et al., 2018b). Given uncertainty about internal states and external

drivers of migration, and that climate change could affect the length and intensity of the dry season, the future of arapaima will depend upon an adequate

understanding of its movements to enable effective management (photo: Lennox). Mahseer (Tor spp.) such as the Critically Endangered cauvery

(Continued)
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humpbacked mahseer Tor remadevii (pictured), are iconic fishes exhibiting

potamodromous migrations, most often to facilitate successful spawning

(Nautiyal et al., 2001; Pinder et al., 2019). Mahseer are distributed in the monsoonal

rivers of South and Southeast Asia, many of them heavily modified and fragmented

due to hydropower dams. There is an urgent need to understand and resolve the

impacts of river engineering projects on mahseer migrations. Particularly important are

the Mekong and Ganges-Brahmaputra river systems which harbor many of the

conservation-concern and data-deficient mahseer species. Preliminary understanding

of Tor putitora revealed large-scale migrations (>50 km in a 48 h period) to warmer

(non-snow fed) tributaries for spawning and homing behavior of individual fish to

distinct tributaries on an annual basis (Fisheries Conservation Foundation and World

Wildlife Fund-Bhutan Unpublished; photo: John Bailey).

The Murray-Darling Basin in Australia is home to 56 fish species, all of which migrate at some

stage of their life (Koehn and Lintermans, 2012). Golden perch are known to traverse

thousands of kilometers when they migrate upstream in high densities (Reynolds, 1983).

Movement of fish within and between river systems remains significantly restricted by over

10,000 dams and weirs without adequate fish passage (Baumgartner et al., 2009). Further,

many fish, as well as sensitive eggs and larvae, are either diverted into water distribution

canals, or pumped onto irrigation crops and die (Gilligan and Schiller, 2003). Significant

numbers of fish also die when they pass through sluice type weirs (Baumgartner et al., 2006).

These observations demonstrate that physiological traits may be important to understand

migratory species. Passage requirements for adults are significantly different to those for early

life history stages but all should be considered in a holistic sense when considering fish

migration behavior (photo: Baumgartner).

Understanding the factors influencing fish migration can also be essential for management of

invasive species. The sea lamprey (Petromyzon marinus) is a prolific invader in the North

American Great Lakes that imparts substantial economic damage on fisheries (Smith and

Tibbles, 1980; Christie and Goddard, 2003). Parasitic lamprey hatch in Great Lakes tributaries

and the larvae metamorphose and sub-adults move to the lakes where they parasitize many

different fish species including native lake trout (Salvelinus fontinalis, pictured). Lamprey control

has benefited from installing unpassable barriers that block lamprey return migrations to

spawning habitat, but the same barriers have impacted migrations of the diverse fish fauna

other than leaping salmonids (McLaughlin et al., 2006). Understanding that lamprey use

conspecific pheromones to navigate has allowed development of semiochemicals to distract

them during migration (Siefkes, 2017; photo: Wikimedia Commons).

Eight species of yellowfish in southern Africa have been referred to as potamodromous (O’Brien

et al., 2014). Conflicting literature regarding the migration behavior and distances traveled of

the largemouth yellowfish (Labeobarbus kimberleyensis) suggests that studies may need to

focus on detailing their behavior and the internal and external drivers of their migrations. The

yellowfish are just one example of the many fish species in southern Africa that are sensitive to

the increasing impacts of development, most notably from instream barriers (O’Brien et al.,

2013). Without the necessary information on the migratory behavior of these freshwater fishes,

water managers are not able to implement the necessary measures required to mitigate issues

arising from development. It is thus critical that studies relating to the migratory strategies of

fish in southern Africa, and indeed the entire continent, need to be prioritized (image: Brink).

The Mekong River is especially significant because migratory species, many of which provide substantial

food security and economic benefits, are expected to decline in the next 20 years (Dugan et al., 2010). It

has been long suspected that several large upstream migrant species in the Mekong might originate

from the ocean (Ferguson et al., 2011). If this is true, then mainstem dam development on the Mekong

may effectively extirpate entire endemic species by blocking access to critical habitat (Hogan et al.,

2004). The Krempfii catfish (Pangasias krempfii) is so far the only described anadromous species in the

Mekong (Hogan et al., 2007). It commences its spawning migration in February each year and spends

up to 4 months reaching its spawning grounds above the Khone Falls, Laos. Upon hatching, the

juveniles then commence a seaward migration. The migrations are cyclic, annual, and important for the

long term sustainability of this species, which can grow to 1.4m long and fetch up to $8 USD per kilo on

the local markets. The main threats to these species are hydropower dams, especially on the mainstem

in Cambodia and Vietnam that may block access to the upstream spawning grounds (photo:

Baumgartner).
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can shape an understanding of the hierarchical structure of fish
populations, from within rivers and watersheds to regional and
landscape scales, and designations of evolutionarily significant
units (Dionne et al., 2008). Establishing the role of genetics
in the migration of fish can then assist in informing how
climatic and anthropogenic selective pressures may influence the
genetics of fish populations, with implications for how activities
structuring fish populations are managed (Quinn et al., 2007;
Kovach et al., 2012).

Ecosystems are not isolated but interconnected by species
that cross boundaries and transport matter and energy. Many
terrestrial and aquatic food webs rely on migratory fishes directly
or indirectly and we still have rudimentary understanding
of many of these functional roles but are informed by a
few well-studied species that are not necessarily representative
of the diversity of migratory species. Salmonid migrations,
specifically, have been extensively studied in the context of
nutrient subsidies that adults bring from themarine environment
into freshwater (Naiman et al., 2002). Recently, it was shown that
salmon populations in freshwater correlate with geographically
overlapping forest bird abundance and diversity, suggesting
crucial linkages among species and habitats that merit further
investigation (Wagner and Reynolds, 2019). Similar studies are
needed on other migratory species that connect distant habitats,
particularly in terms of forming metapopulations of their own
species or their parasites and pathogens. How this operates
vertically for fish that migrate between the shallows and depths or
in many tropical and subtropical aquatic systems is particularly
uncertain. The challenge, noted independently by many of the
authors in this exercise, is developing international cooperation
and an understanding of how to integrate this information into
policy that can adequately and fairly protect species that cross
jurisdictions and political boundaries (Dallimer and Strange,
2015; Midway et al., 2016).

Distinguishing migration from other movements is a
challenge. Partial migration theory (Chapman et al., 2012a,b;
Secor, 2015a), which draws on studies of birds and fishes to
explain a latent capacity for all taxa to exhibit phenotypic
variation in their migration behaviors, may help encapsulate
the many different forms that migration can take in fishes.
Physiological research, such as the genetics of seawater tolerance,
will also contribute to an evolutionary perspective on the origins
of fish migration (Ishikawa et al., 2019). Recent discoveries
of diverse modes of seasonal and lifetime migrations within
populations fit well with the theory of partial migration,
and aligns well with recent research agendas on population
connectivity (Cowen and Sponaugle, 2008), biocomplexity
(Ruzzante et al., 2006), and resilience (Hilborn et al., 2003;
Kerr et al., 2010). Partial migration may be fixed at the
individual level (obligate partial migration) or condition-
dependent (facultative partial migration; Boyle, 2008). The latter
is especially pertinent to many fishes and to management
of aquatic environments because long-lived individuals may
migrate under some conditions (or in some years) but
the same individuals may exhibit non-migratory behavior
under other circumstances (or in other years), emphasizing
their flexible and presumably adaptive responses to varying

environmental conditions (Lucas and Baras, 2001). This also
may inform the potential for irruptive behavior in some species.
Developments in explanatory frameworks such as movement
ecology and partial migration will be informed by increased
attention to central mechanisms (e.g., locomotion, navigation,
internal, and external drivers) and common emergent properties
(schooling, population structure, range shifts, speciation) across
taxa. Exploring how migration and dispersal interact along
a continuum will assist in categorizing species and a better
understanding fish migration in the future.

Much migration research focuses on active movement of
animals but currents may transport eggs, larvae, and juveniles
such that passive transport can form an integral component of
many fish life cycles (e.g., Zeng et al., 2019). Although passive
transport, particularly of fish larvae, has been a long-term focus
of research and modeling in coastal and ocean systems (Harden
Jones, 1968; Sinclair, 1988; Secor, 2015a), it has not received
as much attention in freshwater ecosystems. Pelagic transport
of eggs and larvae is common in many tropical freshwater
fish taxa (Lucas and Baras, 2001) and those of goliath catfish
(Brachyplatystoma) drift hundreds to thousands of kilometers
toward estuarine reaches of South America’s largest rivers
(Barthem et al., 2017). In the ocean, adult plaice (Pleuronectes
platessa) use selective tidal stream transport by moving vertically
into the water column to select the direction of movement,
potentially saving energy or assisting their conveyance to suitable
habitat (Metcalfe et al., 1990). Hydraulics in both the marine and
freshwater environments therefore have significant relevance to
fish migration. There is strong potential for synergistic research
between fish migration biology, river hydrogeomorphology and
physical oceanography to study the role of currents on the fate
and behavior of migratory species, with generation of predictions
for climate change impacts.

Collaboration with Indigenous nations and local
stakeholders/interests can help steer the research agenda to
prioritize questions that we have set out here. Many projects
have shown that strong collaborations yield active knowledge
exchange. For example, in the Penobscot River, USA, access to
thousands of kilometers of river were restored following dam
removals primarily as a result of the active communication
and involvement of all stakeholders from the beginning of the
project (Opperman et al., 2011). However, a lot still needs to
be learned about interdisciplinary research and community
involvement in research and conservation efforts (Nguyen et al.,
2016). This specifically includes improving communication
among researchers, engineers, water managers, and authorities;
reaching out to politicians; improving collaborations and
commitment; and creating awareness and inspiring citizens
(Young et al., 2016). The current focus on flyways for avian
conservation has provided an instrument for international
cooperation (Runge et al., 2015) and parallel efforts should be
developed by identifying and protecting key spatiotemporal
swimways for migratory fish (e.g., Pracheil et al., 2012). Global
initiatives such as World Fish Migration Day (https://www.
worldfishmigrationday.com/), International Year of the Salmon
(https://yearofthesalmon.org/), and the emerging Swimway
Global initiative (https://www.worldfishmigrationfoundation.
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com/projects/4/swimway-project) aim to improve public
knowledge and unify organizations at a global level. Policy
instruments and international cooperation are critical to
realizing protection of migrants and the services and values
they support.

We have generalized many of our questions to apply to
the broad spatial, temporal, and geographic scales, but many
of the initial formulations of the questions noted very specific
threats to particular fish migrations that required investigation.
Indeed, humans continue to look to the aquatic systems
as resources to be tapped for solutions to global problems
such as energy production, commerce, sewage treatment,
stormwater impoundment, food and water security, recreation,
and more (Fang and Jawitz, 2019; Reid et al., 2019). The
myriad stressors emerging from the associated infrastructure
affects fish habitat with noise, light pollution, electromagnetic
interference, temperature and flow alteration, chemical pollution,
water abstraction, and other threats, all of which have the
potential to interfere with internal state, navigation, and
locomotion. These and other threats are being explored but
require additional attention and replication with different
species, because many uncertainties remain and different species
frequently respond very differently to common threats (e.g.,
Gill et al., 2012; Hellström et al., 2016; Filous et al., 2017).
Introduction and spread of non-native species facilitated by
humans and climate change have unknown consequences
on migratory fish and their ecosystems. Novel predators
and parasites are being introduced that can negatively affect
migration (Boulêtreau et al., 2018).

A final challenge emerging from this exercise is the
importance of prioritization. We have identified many questions
with myriad implications for understanding, managing, and

conserving ecosystem integrity in a changing world, and it is a
great ambition to answer them all. Much of the research now

conducted on fish is motivated to address threats from climate
change or human activities but the efforts could significantly

benefit from abetter fundamental understanding of migration
and migratory species. Research necessarily tends to focus on
species of economic importance or species at risk, but we must
not lose sight of the importance of all species (e.g., Cooke
et al., 2006). Studying migratory fishes in ecosystem contexts
(i.e., with predators, prey, competitors, and pathogens) will be
essential to understand how ecosystem processes operate and
how migration functions to modulate the biotic and abiotic

interactions that migratory species have in their environment.
This directs attention to integrative and flexible models, which
can make use of best available empirical studies and evaluate
likely responses to future scenarios of change in probabilistic
frameworks (e.g., Heath et al., 2008; Kerr et al., 2010; McGilliard
et al., 2011). Ultimately, it is our hope that this list of questions
is used to shape future projects, highlight the importance of
migratory fishes, and to inform conservation decisions.
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