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Populations of Atlantic salmon are crashing across most of its natural range:
understanding the underlying causes and predicting these collapses in time to intervene
effectively are urgent ecological and socioeconomic priorities. Current management
techniques rely on phenomenological analyses of demographic population time-series
and thus lack a mechanistic understanding of how and why populations may be
declining. New multidisciplinary approaches are thus needed to capitalize on the long-
term, large-scale population data that are currently scattered across various repositories
in multiple countries, as well as marshaling additional data to understand the constraints
on the life cycle and how salmon operate within the wider food web. Here, we explore
how we might combine data and theory to develop the mechanistic models that
we need to predict and manage responses to future change. Although we focus on
Atlantic salmon—given the huge data resources that already exist for this species—the
general principles developed here could be applied and extended to many other species
and ecosystems.

Keywords: Atlantic salmon (Salmo salar), marine and freshwater fisheries, ecosystem-based management (EBM),
matrix projection models, metabolic theory of ecology (MTE), life-stage models, size structure

INTRODUCTION

Many of the world’s marine and inland fisheries are in a parlous state (Free et al., 2019; Food and
Agriculture Organization [FAO], 2020; WWF International, 2021), and the traditional long-term
focus on single stocks, population-based models and the maximum sustainable yield paradigm has
failed to prevent collapses in many species across the globe (Caddy and Seijo, 2005). This is not
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a new problem—the United Nations Food and Agriculture
Organisation (FAO) addressed global overfishing as one of its
first priorities following its inception in the 1940s—but the scale
and reach of these impacts is now much greater, with worrying
declines of many previously dominant species. The Atlantic cod
offers a salutary lesson here—it once sustained some of the
most productive fisheries in the world, but overfishing pushed
even these populations into collapse (Hutchings and Myers,
1994). Climate change is also a growing concern for global fish
stocks, especially as it is predicted to interact with overfishing
to alter the size structure and metabolic demands of both the
focal species and the wider food web within which they operate
(Brander, 2007). How these fundamental relationships operate
across multiple scales (in space and time), organizational levels
(from individuals to ecosystems), and among different genetically
diverse populations and phylo-geographic groups by means of
eco-genetic feedback, remains poorly understood. This lack of
understanding has hindered our ability to forecast the impact of
future change on fish stocks and subsequently to conserve and
manage those stocks sustainably. However, we are now entering
a period where we can combine new modeling approaches with
extensive datasets to grapple with this challenge, and species
such as the Atlantic salmon, Salmo salar (hereafter, salmon) can
provide a means of advancing the field rapidly now that the
foundational building blocks are within reach.

The salmon was once widespread and common on both sides
of the Atlantic, but populations are now collapsing over much
of its range (Soto et al., 2018; Almodóvar et al., 2019; ICES,
2020). Although there is no evidence that it faces imminent
global extinction as a species, abundances are a fraction of their
previous levels and local extinctions are accelerating, effectively
rendering them commercially or functionally extinct in many
of their previous strongholds. This species is of particular
interest and concern because of its complex lifecycle—it is one
of<1% of fishes that span both the marine and freshwater
realms—and also because of its dual value as both a food fish
(increasingly via industrial scale commercial aquaculture, as
well as via direct exploitation of wild stocks) and a widespread
recreational fishery important to rural economies (Butler et al.,
2009; Winfield, 2016). Given that an individual salmon will
move through different jurisdictional areas and food webs over
its lifetime, it must run a gauntlet of multiple stressors—from
the catchment to the ocean and back again—if it is to survive
and reproduce (Arthington et al., 2016). If we are to forecast
and manage future population change more effectively, we
need to be able to understand, predict, and intervene when
and where key bottlenecks arise in response to stressors that
affect individuals as they grow and move through the food
web (Figure 1).

Currently, sophisticated statistical analyses of demographic
population time-series data are used to inform management
policy (Massiot-Granier et al., 2014; Olmos et al., 2019,
2020), but a mechanistic framework that links resource supply
through the food web to metabolic and life-history traits, and
ultimately population growth, is missing (Hampton et al., 2013).
Historically, fish population biologists have overlooked the wider
food web and how it changes across major environmental

gradients, even though we know it can be at least as important
as abiotic drivers of population dynamics (Woodward et al.,
2010a; Pellissier et al., 2018). The critical role of stage- and/or
size-specific resource supply to (and predation on) has also been
ignored in traditional population models in general (Woodward
et al., 2005a, 2010b; Gilljam et al., 2011; Rudolf and Rasmussen,
2013) and for salmon in particular. The consequent dearth of
integrated studies that combine high-quality data with realistic
models based on first principles means we still cannot effectively
predict species responses to future environmental change and
drivers of mortality.

Fortunately, we are now well-placed to start making these
advances by building on a combination of institutional holders
of fisheries data (e.g., contributors to International Council
for Exploration of the Sea working groups; ICES, 2020) and
new data-gathering initiatives, such as the recently established
Missing Salmon Alliance (missingsalmonalliance.org). Given the
huge investment in monitoring that has been conducted on both
sides of the Atlantic, the salmon is arguably one of the most
heavily studied of all the fishes on the planet, at least in terms
of long-term and large-scale population demographics (Birnie-
Gauvin et al., 2019). There are long-term time-series data on
both catches and population parameters that often span many
decades in focal systems, and there are even more extensive
spatial snapshots across its range (Juanes et al., 2004). This
means the salmon is uniquely well-positioned as a model species
to understand how multiple pressures affect fish stocks and,
potentially, to develop new predictive models that can forecast
future change. The fact that its range covers huge gradients in
latitude, temperature, biodiversity, and productivity can help us
unravel the major underlying drivers that would otherwise be
difficult to disentangle for other species (Verspoor et al., 2008;
Miettinen et al., 2020).

Numerous key study systems are nested within such gradients,
and these contain exceptionally detailed observational data in the
freshwater environment—from the warmer, productive waters
of the River Frome in southern England (Gregory et al., 2019),
to the cold, less productive waters of the Vesturdalsá on the
edge of the Arctic Circle in Northern Iceland (Antonsson and
Gudjonsson, 2002), both of which are ICES index rivers for
marine survival of salmon with over 40 years of population
data (ICES, 2020; see Figure 2). Some of these ICES “index
rivers” even have individual-based tagging and food web data,
which can provide exceptional insights into how salmon operate
within the wider ecosystem. At a second tier of sites, comparable
data exist in the freshwater environment, but these still need
to be collated and/or standardized to account for the different
techniques used to sample algae, invertebrates, and fishes.
In addition, archived samples are often collected in routine
biomonitoring, which could also be worked up to boost the
sample size and coverage beyond that offered by the first tier
of core sites (Gray et al., 2014). There is also a third tier
of sites with strong population time-series data, but which
currently lack food web data or archived samples, which would
therefore require de novo generation to plug key gaps in the
environmental gradients (Woodward et al., 2010a; Pellissier et al.,
2018). Building this third tier of data is more challenging and
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FIGURE 1 | Feeding interactions and gaps in our knowledge across the life cycle in both the marine and freshwater environment need resolving to understand
population drivers for future management of Atlantic salmon. Model parameters can relate to different stages the life cycle with thermal performance curves showing
the relationship between temperature and vital rates (survival and growth) across salmonids and how these may vary at each life stage (data points for Atlantic salmon
are shown as solid squares). The central graphic shows the Northeast Atlantic marine food web, arranged with salmon in the center (blue star) and with species that
are one, two, or three trophic links away arranged in each subsequent ring. No species in this complex food web is more than three trophic links away from salmon,
highlighting the importance of the surrounding ecosystem for understanding salmon population dynamics. There are still some black boxes in our understanding of
how pressures on some life stages (e.g., development of eggs in the river, survival at sea) affect population dynamics. The life cycle also presents numerous
opportunities for management interventions, including egg planting, construction of salmon ladders, and altering catch-and-release quotas of returning adults.

would require substantial additional funding, so it needs to be
viewed as a more strategic goal that can be addressed beyond what
can be achieved now with the existing data and samples in the
first two tiers.

Despite these unique strengths in terms of the scale and
scope of the empirical data, much of the key information is
still dispersed across the published and gray literature (or even
held as physical samples preserved in laboratory or museum
archives). This has resulted in the largely piecemeal approach
that has characterized the field to date, potentially obscuring
the bigger picture and limiting our ability to characterize the
mechanisms operating at large spatial and temporal scales.
Uniting these different data sources and targeting key gaps in
these large gradients in a tiered approach provides a way to
make major advances faster and more effectively (Figure 3,
Phase 1). Thus, although large amounts of data are available
on catches, for instance, resolution of different life stages
represents a much smaller subset of that vast data resource,
and those that have resolved food webs are a smaller (and
often different) subset still. Nonetheless, there are enough
sites and data across the salmon’s range to start assembling
the pieces of the jigsaw. Bringing together data in this way
can facilitate the building and validation of new models that
go beyond the phenomenological and site-specific forms that
have dominated to date (Khalilian et al., 2010; Finley, 2011).

A more general framework should dramatically improve on
the currently very limited ability to predict population change
under different future scenarios of management intervention or
environmental change.

Our central premise is that significant steps can now be
made via more joined-up collaborations that draw together the
currently piecemeal data, and augmenting it with strategically
targeted efforts to collect new data where key gaps exist, to
build the next generation of mechanistic models. This will
also require a shift in perspective from the population to the
individual level, to identify bottlenecks in the life cycle, and also
to scale up to the higher organizational levels to understand
how the food web and wider ecosystem shape population
dynamics. Ultimately, these two threads of investigation should
eventually combine to provide a holistic understanding that
is currently lacking, but major advances can still be made
before we reach that point by tackling both ends of the
problem, with the even bigger benefits from these synergies
emerging later. It is not necessary to attempt the leap to a fully
mechanistic individual-based food web model in one bound—
that would be unfeasible at present and also unwieldy. Rather,
the initial aim would be to build a mechanistic understanding
of how key aspects of the food web and environmental
drivers affect the key life stages that allow us to forecast
responses to future change and for prioritizing management
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FIGURE 2 | Map of rivers throughout the European range of Atlantic salmon with long-term population dynamics data (white stars), some of which contain additional
high resolution food web data (yellow stars—Vesturdalsá in Iceland and River Frome in the United Kingdom—note this list is not exhaustive). Long-term time series of
salmon population dynamics are shown for these two rivers, along with a third site in Spain (River Pas), which contains food web data that is not yet standardized
across trophic compartments. The quantified food webs for the Vesturdalsá and River Frome highlight the consistent scaling of biomass flux through the food web,
with trophic biomass pyramids shown in the insets (colors correspond to the major trophic groups: diatoms in green, invertebrates in blue, salmonids in red, and
other fish in purple). Note that the width of the bars in the trophic pyramids equates to total biomass on a log scale. The final column illustrates the use of biomass
pyramids to identify potential for a management intervention, with recent construction of a salmon ladder on the Miðfjarðará in Iceland aimed at converting the
excess biomass of invertebrates above the waterfall into salmon biomass.

FIGURE 3 | Projected timeline of prioritized actions to advance the field and build ecosystem-based predictive capacity over the next decade, with increasing
emphasis on the marine phase to span the full life cycle as data and models evolve.

interventions in the most effective—and ecologically sound—
manner.

Combining Research Efforts in the
Freshwater and Marine Realms
Implementing this potential roadmap will require prioritization
of both ongoing and future monitoring and modeling efforts,
so they can be most effectively employed to make the biggest
advances quickly that can then be built upon in the next iteration.

The collection and analysis of data from the marine phase of
the salmon life cycle is technically challenging (Chaput, 2012;
Strøm et al., 2019). Nevertheless, several large-scale international
research projects have focused on the growth and survival of
salmon at sea (e.g., SALSEA (salmonatsea.com), SAMARCH
(samarch.org), SeaSalar (seasalar.no)]. Combining these marine
data, as they become available, with detailed parameterization
of the freshwater stages of the life cycle is crucial because it is
becoming increasingly apparent that the freshwater phase has
consequences for success in the marine realm and the eventual
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return of spawning adults (Russell et al., 2012; Gregory et al.,
2019). Similarly, top-down control from large marine predators
can have major implications for the success of repeat spawners
and thus overall viability of certain salmon populations (Lacroix,
2014), highlighting the importance of improved understanding
in the marine stage of the life cycle (Figure 3, Phase 2).

Local management actions have long been a feature of
conservation efforts directed at increasing salmon production
during the freshwater phase, but these have often been misguided
and lacked a firm evidence base to quantify their perceived
benefits. The next generation of mechanistic models we need
to predict and manage responses to future change requires
a more complete understanding of how management actions
in the freshwater stage affect marine survival, and hence the
overall efficacy of conservation efforts. By concentrating on
the freshwater phase of the salmon life cycle, key drivers
can be identified and isolated more effectively, allowing us to
build toward the mechanistic understanding from the ground
up, starting with the critical early life stages. Moving beyond
inference toward linking cause and effect will ultimately also
require both experimentation in, and manipulation of, the
natural environment (e.g., river restoration and monitoring of
effects), and this is also possible in the freshwater environment.
Ultimately, the aim is to have a unifying general mechanistic
framework that adequately predicts the growth and production
of salmon, such that management actions can be judged in the
context of the whole life cycle (Figures 1, 3, Phase 3).

What to Measure and Model—Individuals
to Ecosystems
Every ecosystem is composed of multiple individuals, each with
its own set of metabolic constraints, and those individuals
are generally positioned within the food web on the basis of
their body size, particularly in aquatic systems (Brown et al.,
2004; Woodward et al., 2005a, 2010b). We now know that
simple allometric models can predict food web structure and
dynamics in these systems (Petchey et al., 2008; Woodward
et al., 2010b), including freshwaters that contain salmonids at
the higher trophic levels (Forseth et al., 2001; O’Gorman et al.,
2017, 2019). We also know that temperature plays a strong
(and predictable) role in determining the abundance and size
of these predators, as well as being a major driver of many
ecosystem processes (McGinnity et al., 2009; O’Gorman et al.,
2016; Nicola et al., 2018). Thus, where information can be
gathered on the body mass and abundance of the members
of the food web—including salmon—it should be possible
to construct feasible trophic networks and also models that
describe their key properties. If additional information can also
be garnered on environmental temperature, then this can be
incorporated to start to understand how (and at what rates)
biomass and energy move between these nodes of different
species and size classes. This provides the “trophic backbone”
of the system and allows salmon to be seen as a part of these
higher organizational levels. It is also important for identifying
deviations from the general pattern and potential drivers, which
can then help in prioritizing (and testing) future management

interventions. For instance, if the slope of the mass-abundance
scaling relationship is steeper than predicted by theory, this
could imply that the ecosystem is under stress and that less
biomass is moving from the base of the web into the higher
trophic levels, including salmon (see O’Gorman et al., 2017).
Similarly, a truncated size spectrum could provide another
indicator that the system is under stress, resulting in reduced
salmon population biomass, as large species high in the web
are already rare and especially vulnerable to perturbations
(Jennings and Blanchard, 2004).

It is important to note that we are not arguing that
temperature is the sole variable of interest, but rather that
it is a master variable, so that once it is accounted for, the
residual variation due to other pressures is easier to identify and
isolate (Jones et al., 2017). Another key advantage of such an
approach is that it effectively involves “taxon-free” metrics that
avoid the confounding contingencies of community ecology and
biogeography within particular sites. For instance, the scaling
and structure of the food web or size spectrum should follow
similar rules, largely irrespective of the names of the species
involved (e.g., Gilljam et al., 2011). This helps us escape the
spatial confounds that would otherwise prevent us from seeing
the bigger picture, and which have contributed to the piecemeal
approach used to date.

Once this general backbone is in place, it can then be used
to understand what is driving local differences that deviate
from the underlying general pattern. The converse approach
of trying to build from phenomenological inferences from
specific case studies is unlikely to succeed and has not done
so to date, largely because it is inevitably bedeviled with
contingencies and the lack of a unifying general mechanistic
framework. An example of the potential for these types of
allometric and metabolic approaches being used to understand
what shapes the abundance and biomass of fishes can be
drawn from recent work on the brown trout (Salmo trutta)—
a close relative of the Atlantic salmon and one that often
shares the same prey and predators within the food web—
and how it responds to gradients of land use change in the
United Kingdom (Perkins et al., 2018) and temperature in
Iceland (O’Gorman et al., 2016). Brown trout often share
the same anadromous life cycle as salmon, with individuals
migrating to the sea before returning to spawn in their
natal rivers, although populations of brown trout that remain
resident in the river throughout their life cycle are also
common (Elliott, 1994). Given their similar taxonomy and
position in the food web, there is every reason to expect
that salmon can also be understood by employing similar
tools—especially because we now have access to even larger
datasets across even wider gradients than in these initial studies
focused on brown trout.

Indeed, recent pilot studies in Iceland have shown that
riverine food webs containing salmon do indeed follow the
same general rules that are seen elsewhere, such as the highly
size-structured and thus quantifiably predictable flow of energy
from small, abundant resources to large, rare predators (e.g.,
Thompson et al., 2016; Perkins et al., 2018; see Figure 2).
Intriguingly, these have offered new glimpses of how we might
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assess the potential biomass that a system could support but
which currently lacks salmon (e.g., the “free space” in the
trophic pyramid in headwaters above a waterfall barrier; see
Figure 2). These types of data could be used more generally
to test hypotheses about the capacity of food webs to hold
salmon, by deploying often routine management interventions
(e.g., relocation, supplementation, or habitat restoration) as
Before-After-Control-Impact (BACI) style “field experiments”
(Green, 1979; Thompson et al., 2018). For instance, the modeling
framework and food web data could be used to prioritize where
management interventions should be targeted, by identifying
bottlenecks, and for testing hypotheses about what the response
should be to those interventions. This then feeds back into
the next rounds of model development and targeted data-
gathering as they are challenged with more and increasingly
robust “experimental” data. Embedding a more formalized
and co-ordinated prediction-testing mode could help move
management practices beyond a reliance on simple correlational
time series by strengthening the evidence base with a more
mechanistic understanding.

Identifying Model Systems Spanning the
Major Axes of Temperature, Biodiversity,
and Productivity
Given the rationale for an individual-to-ecosystem approach,
the next obvious step will be to prioritize how best to collate
existing data and where to target new data acquisition—both
in terms of selecting the best geographical locations for site
selection and spanning the major environmental gradients of
temperature, biodiversity, and productivity as a first step and
then filling in the gaps to resolve and refine the data and models
iteratively. If this were an experimental study, it would be akin
to making planned contrasts that can control as many variables
as possible whilst manipulating the major axis of interest—but
when dealing with observations in the real world this needs
to be tempered by capitalizing on existing time-series data. As
such, this idealized design will inevitably need to be adapted
pragmatically and examples of potential candidate sites on the
European seaboard that could be targeted for generating the first
rounds of data and models are highlighted in Figure 2, from
Spain to the Arctic. These sites already have broadly comparable
data on salmon life-stages as well as data or archived samples for
the wider food web, which could be used to facilitate building and
testing of the metabolic-based population models and assembling
well-resolved food webs (Figure 3, Phase 1).

Food web data can be time-consuming to collect (Gray et al.,
2014), so in the first instance, biomass and abundance data from
basal resources to higher consumers could be used to build coarse
trophic biomass and abundance pyramids (Trebilco et al., 2013;
see Figure 2). Ultimately, additional data collation and sampling
effort could yield more sophisticated measures, such as size
spectra (Jennings and Blanchard, 2004), or “trivariate food webs,”
whereby the network of feeding links is overlain on an X-Y plot
of body mass and abundance for each species, from diatoms to
fishes (Cohen et al., 2003; Woodward et al., 2005a,b; see Figure 2).
These more highly resolved data could provide deeper insights

into the flux of energy and biomass through particular species
and size classes (including salmon) within the food web. They
may also help to anticipate the indirect effects of fish competitors,
such as the Pacific pink salmon that have recently become a
prominent invader in European waters (Armstrong et al., 2018;
Mo et al., 2018; Sandlund et al., 2019). The use of body size
and temperature data and how they combine to shape individual
metabolic demands and energy flux through the ecosystem lies at
the core of both the theory and the data that will be needed and
can provide an overarching conceptual framework.

A New Data-Modeling Framework
Classical Matrix Population Models (MPMs) use empirical
data on fecundities and probabilities of survival of successive
life stages in a “transition matrix” to project the growth or
decline of a population in discrete life-stage categories (Caswell,
2000). A new class of MPM can be developed by expanding
the matrix to include the body size of salmon at each life
stage, thus enabling the use of Ecological Metabolic Theory
(EMT) to link body size and thermal physiology to fundamental
life-history traits (Brown et al., 2004; Figure 1). Predictions
from metabolic theory can then be nested inside each cell
of the expanded matrix to parameterize survival, growth, and
fecundity mechanistically as a function of temperature. For
example, we already know that salmon growth rate differs
with temperature across its life cycle in the absence of
predation or resource supply constraints (Nicieza and Metcalfe,
1997; Handeland et al., 2008; Jonsson, 2012; Figure 1), and
this allows us to predict the time spent in different life-
history stages as well as stage-specific intrinsic mortality. Food
web theory can then start to be incorporated into such
a Metabolic MPM by altering growth rates via restricted
resource supply and survival via predation on different life
stages, to model the consequences for population abundances
across systems. Ultimately, such a mechanistic stage- and
size-structured population model for salmon could then be
developed to predict population dynamics for multiple sites
across its range, and to forecast responses within sites
to future change.

Such a general mechanistic framework goes far beyond
classical MPMs, which still rely on detailed parameterization
using locally collected data (Kendall et al., 2019). Current
models may be able to predict abundances in short time-
frames in specific systems, but they lack a mechanistic basis,
so they cannot address changes in population dynamics
under different (and future) scenarios (Smallegange et al.,
2017). Conventional MPMs can only capture population
dynamics within the time window that the life-history
parameters are measured, but a Metabolic MPM can
overcome this by allowing parameters to change over time
as a function of body size and temperature using EMT.
Model parameters could also be collated or collected in
a coordinated approach to allow data from across the
species range to be useful for parameterization and the
resulting model(s) could be used to explore the relative
importance of management interventions that target
particular parts of the life cycle in freshwater and marine
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environments for sustaining stocks, by partitioning life
stages in both realms based upon metabolic and resource
supply constraints.

Although marine mortality is often cited as a major
concern for salmon stocks, many studies show that body
size at migration from the river ultimately determines
survival rates at sea (Russell et al., 2012; Gregory et al.,
2019). Consequently, the freshwater and marine phases
are intimately coupled through metabolic and food web
constraints—different marine survival rates can be simulated
to gauge how much survival is needed at sea to maintain a
viable population. Some recent European salmonid declines
have indeed been attributed to marine mortality, with changing
sea temperatures and reduced resource availability invoked
as leading candidates (Todd et al., 2011; Oke et al., 2020;
Olmos et al., 2020): although the empirical data are still sparse,
ongoing initiatives like SAMARCH will increasingly shed light
on this part of the life cycle, allowing the next generations
of models and data to be refined and improved iteratively
(Figure 3, Phase 2).

Targeted Data-Gathering
These new models can be parameterized by combining existing
data from focal sites such as those highlighted by yellow
stars in Figure 2, plus new data gathered at key junctures
in these large-scale gradients. For instance, building new food
webs in a subset of sites (e.g., white stars in Figure 2
highlight some candidate sites) would enable highly resolved
long-term population data to be matched to data describing
the wider trophic network, just as is already available for
the first tier of other focal sites. The food web approaches
envisaged have already been road-tested and published for > 100
other ecosystems (e.g., Woodward et al., 2005b, 2012; Layer
et al., 2010, 2011; O’Gorman and Emmerson, 2010; Ledger
et al., 2013; Perkins et al., 2018; O’Gorman et al., 2019),
and employing individual size-based data in this way will
enable salmonids to be tracked as they grow and move
through the food web. Although often seemingly complex,
these trophic networks are governed by relatively simple rules:
even in the most biodiverse food webs in the current catalog,
with>100 species and>1,000 feeding links (e.g., United Kingdom
chalk rivers, as well as the NE Atlantic food web), salmon
sit within just three trophic links of every other species
(Figure 1). They are even more tightly coupled in the
simpler freshwater systems than in the marine realm, and
in Icelandic rivers salmon are separated by just two links
from every other species. As such, changes in abundance
of their prey or predators can ripple through the food web
rapidly, and this can have strong effects on the stage-specific
development, fecundity, mortality, and ultimately population
dynamics of the salmon.

Strategically enriching existing data with new focal sites,
particularly from rivers where stock data are available (e.g.,
ICES, 2020), would enable new food web data to be mapped
onto extensive population-level time-series data as efficiently as
possible, and would inform a mechanistic modeling framework
that could be used to explore new or future scenarios. This would

be a huge undertaking if starting from scratch, but by capitalizing
on the many decades of work done to date it represents an
attainable goal that involves (relatively) little financial outlay.
Generating such data would give unprecedented breadth and
depth for testing hypotheses across the broadest possible scale,
over potentially hundreds of rivers, and beyond what is available
for almost any other wild species.

Looking further ahead, we anticipate the ability to embed
Bayesian approaches in such models for a more rigorous
comparison to empirical data. For instance, the mizer package
in R would enable multi-species, trait-based, and community
size spectrum modeling (Scott et al., 2013), potentially allowing
changes in food-web structure to be projected along broadscale
environmental gradients, in addition to changes in salmon
population dynamics (Spence et al., 2016; Reum et al.,
2019; Woodworth-Jefcoats et al., 2019). Future change and
management scenarios related to natural and anthropogenic
drivers could be exploited by adjusting key life stage parameter
values to forecast the potential success of different management
interventions, which could be validated against real-world
conservation efforts, such as planting salmon eggs in artificial
gravel reds (i.e., spawning nests), building salmon ladders
to give access to upstream habitat (Figure 2), and altering
catch-release quotas of returning adults. Empirically grounding
the modeling of conservation measures in this way can help
prioritize and evaluate conservation efforts and expenditure
more efficiently, and by using more standardized approaches
and general frameworks we can start to leverage the (largely
unexploited) statistical power of these “experiments” being done
at large scales (Figure 3, Phase 3).

Management and Policy Implications
and Recommendations for Future
Development
These approaches in combination will be beneficial for informing
future policy and management: for Atlantic salmon, and similar
taxa, we need to start considering not just the focal species
but also the wider food web and ecosystems that support
it. Focusing on a species in isolation will never be able
to reveal its full population behavior and dynamics, so we
need a more ecosystem-based approach to management that
incorporates food web interactions and considers differences
across locations (National Marine Fisheries Service [NMFS],
2016) and among evolutionarily distinct populations (Verspoor
et al., 2008). This is especially important for a species whose
range not only spans jurisdictions but also different aquatic
realms (marine and freshwater) and ecosystems—which will
themselves be under many different pressures (Arthington
et al., 2016). The integration of science into management
and policy requires the coordination of existing efforts as
well as the direction of new research to fill the knowledge
gaps, but much of this can be done via investment in
and alignment with both established and emerging networks
of researchers and stakeholders. Collating and disseminating
scientific advances in the field will be vital to ensure a
thorough understanding of a species and its environment,
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essentially leading to more effective policy surrounding
the species. For salmon in particular, we can enhance
the long-term datasets and biomonitoring by targeting the
insertion of the key information we are lacking on the
life cycle and the surrounding food web, to design policy
and interventions that consider both the freshwater and
marine environment and any future changes within them
(Figures 1–3). Developing this more holistic approach moves
us closer to the more mechanistic understanding that will allow
better forecasting of future change and, by extension, more
effective management.
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