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ABSTRACT

Climate change and local pressures are eroding the health and performance of many watersheds and their freshwater ecosys-
tems, pushing these complex social-ecological systems to the boundaries of their safe operating space. Here, we offer a synthetic
perspective on the downscaled application of the safe operating space concept to inform the stewardship of watersheds in this
time of rapid climate change, with particular focus on watersheds that support coldwater migratory fishes such as Pacific salmon.
First, we review the safe operating space concept as it applies to salmon watersheds as social-ecological systems. Salmon water-
sheds, and the benefits they provide for diverse peoples, are under enormous cumulative pressure from climate change as well
as local activities such as forestry, urbanisation, mining and agriculture. We identify four general syndromes of dual local and
climate pressures. For example, local pressures, such as the removal of riparian vegetation that shades streams, can exacerbate
climate warming of water temperatures. Furthermore, extractive industries can damage or destroy future habitats and thus
erode adaptive capacity. As an illustrative example of how the safe operating space concept can be operationalised, we assess
alternative plausible watershed futures of land use and climate change scenarios and salmon performance. Collectively, this
work showcases tangible options for local management to help give salmon watersheds the time and space to cope with climate
change. More broadly, while there is a global need to address climate change, local watershed management is a key component
of pathways towards freshwater sustainability and their services for humanity.
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1 | Introduction

Watersheds and their freshwater ecosystems are critical for life
on Earth and provide invaluable ecosystem services, but are
heavily pressured by the cumulative impacts of climate change
and local human activities (Falkenmark et al. 2019; Rockstrém
and Karlberg 2010). For example, global inland fisheries catch
over 17 million tonnes of fish each year, providing livelihoods
and food security for millions of people (Ainsworth et al. 2023).
However, watersheds and their freshwaters are harmed by vari-
ous local land-use practices such as mining, forestry, agriculture
and urban development (Allan 2004; Reid et al. 2019). Climate
change is further warming waters and changing flow regimes
(IPCC (Intergovernmental Panel on Climate Change) 2022).
Indeed, global assessments indicate that 25% of freshwater bio-
diversity is threatened with extinction (Sayer et al. 2025).

Watersheds are influenced by social and natural processes that
span global to local scales. While there is a global imperative to
reduce greenhouse gas emissions, the management of human
activities in watersheds generally occurs at local scales. Global
climate change affects local watershed functioning through
changes in temperature and precipitation and may alter the ef-
fectiveness of local-scale management actions. Pragmatic con-
structs are urgently needed that link global climate and local
pressures to inform the limitations of, or opportunities for,
local conservation and management actions in an era of climate
change (Moore and Schindler 2022).

Downscaled versions of the ‘safe operating space’ (SOS) concept
could provide a pragmatic construct to guide proactive manage-
ment. The concept of ‘safe operating space’ (SOS) integrates the
combined risks posed by multiple pressures on Earth's complex
ecosystems and the benefits provided for humanity (Rockstrém
et al. 2009). The SOS boundary delineates the transition be-
tween the normal range of variation and compromised ecosys-
tem performance or a tipping point to an alternate ecosystem
state. The SOS concept can be downscaled to inform local
management by aggregating pressures into two dimensions:
(1) Local pressures that are under local management control,
such as land use; (2) External pressures that are outside of local
management control, such as global climate change (Scheffer
et al. 2015). These local and external pressures interact to de-
termine the net impact on the ecosystem. For example, many
streams are shifting from perennial to intermittent flow states
in Mediterranean regions, driven by a combination of climate
change, water extraction and land use (Carlson et al. 2023). As
well, warming lake temperatures from the combined effects of
climate change and local habitat degradation can decrease the
productivity of coldwater fishes and their fisheries (Carpenter
et al. 2017; Hansen et al. 2019). The SOS concept may provide
a powerful framework to catalyse effective local management
of watersheds into the changing future (Carpenter et al. 2017;
Green et al. 2017; Scheffer et al. 2015).

Here, we focus on the North American watersheds that sup-
port migratory Pacific salmon (Oncorhynchus spp.) and suggest
these well-studied social-ecological systems provide lessons ger-
mane to watershed management around the world. Diadromous
fishes, like Pacific salmon, connect ocean and inland freshwa-
ters, are ecologically and culturally important and contain many

examples of conservation failures and some successes. Salmon
ecosystems are being pressured by climate change and varying
local human activities across their extensive range (Ulaski et al.
2025), resulting in a variety of states and trajectories (Griffiths
et al. 2014). While a few salmon stocks are thriving (Hilborn
et al. 2003) or recovering (Pess et al. 2024), most populations of
most species appear to be declining in abundance or productivity
(e.g., Chinook salmon, (Atlas et al. 2023)), and other regions are
defined by complete loss and harm. For example, 29% of > 1000
historical unique salmon populations have been extirpated
since European contact in the western contiguous United States
(Gustafson et al. 2007). Salmon declines cause loss of diverse
benefits to people and impoverish human-salmon relationships.
Despite major investments (Bilby et al. 2024), most salmon wa-
tersheds are struggling and there is an urgent need to enable
positive actions for watersheds in a rapidly changing world.

We apply the SOS concept to watersheds that support wild mi-
gratory Pacific salmon as an integrative framework to guide
local management given ongoing climate change. First, we over-
view the SOS concept as it applies to salmon-bearing watersheds
(Section 2). We then synthesise the literature to examine how
dual pressures of global climate change and local land use ac-
tivities can harm salmon and their habitats (Section 3). We offer
four general syndromes of these linked dual pressures, each
with their own management challenges and opportunities. Last,
we illustrate how the SOS concept can be operationalised into
collaborative decision-support tools with forward-looking simu-
lations of salmon performance under scenarios of local land use
and global climate changes (Section 4). Collectively, this integra-
tive work illustrates how contemporary environmental policies
and practices, built to enable industrial activities and based on
the ‘climate normal’ past, are likely insufficient to keep salmon
watersheds in their SOS under climate change. However, the
salmon SOS framework also identifies tangible watershed man-
agement and policy options and sustainable paths forward with
broad relevance to climate resilience (Section 5).

2 | Applying the Safe Operating Space Concept to
Salmon Watersheds

The SOS of a salmon watershed can be characterised as its
ability to provide sufficient social and ecological benefits given
cumulative pressures from local activities and climate change
(Figure 1). Intact and healthy watersheds allow salmon pop-
ulations to thrive and, in turn, provide diverse benefits for
people and ecosystems (Figure 1A). Salmon are cultural key-
stone species and viewed as kin by many Indigenous Peoples
(Carothers et al. 2021; Garibaldi and Turner 2004; Reid
et al. 2022). Productive salmon populations also sustain fish-
eries that support economies, food security, cultures and live-
lihoods (Carothers et al. 2021; Donkersloot et al. 2020; Nesbitt
and Moore 2016; Reid et al. 2022; Schindler et al. 2010). Healthy
watersheds allow for salmon populations to support diverse
wildlife, including killer whales and grizzly bears (Ford and
Ellis 2006; Levi et al. 2012). Protected watersheds can also pro-
vide natural spaces that promote human well-being, forests that
sequester carbon and clean water for consumption (Rahr et al.
2025). Local human activities and climate change impacts, to-
gether or in isolation, can pressure salmon watersheds and their
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FIGURE1 | The salmon safe operating space (SOS). (A) Healthy salmon watersheds provide diverse benefits. Pictures by J.W. Moore, J. Monroe

and J. Armstrong, top to bottom. (B) A theoretical SOS surface for salmon. The z-axis is the overall performance of the system (e.g., salmon popula-

tion productivity), ranging from thriving (dark blue) to impoverished (umber). The boundaries of the SOS could be risk-adverse (black dashed line),
moderate (black dotted), or risk-tolerant (white dashed). (C) The sensitivity of the system is defined by stressor-response relationships. (D) The SOS
is a multi-dimensional surface arising from multiple stressor chains from human activities to pressures to habitat conditions to salmon performance.
(E) Different salmon watersheds may have different performance surfaces and also will be situated in different parts of their performance surfaces

due to varied exposure to pressures.

component pieces beyond the bounds of typical variation and
into a state of impoverishment, with various harms for people
and ecosystems. For example, a salmon watershed may be in a
moderate state of health, with intermediate pressures from local
activities and climate change. In time, under moderate to high
emissions scenarios, climate change alone may push the water-
shed to its SOS limits. On the other hand, under low emissions
scenarios, climate change alone may only slightly increase the
probability that the system is pushed to its SOS limits. Local ac-
tions could either exacerbate or ameliorate this trajectory. Thus,
different combinations of local and global pressures will produce
varied states and trajectories of salmon watersheds (Figure 1).

The literature uses diverse terms to describe human impacts
on ecosystems. Any given harm is caused by a chain of causal
relations, a pathways of effects’ or ‘stressor chain’ (Rosenfeld
et al. 2022). Harm originates from human ‘activities’ (e.g., for-
estry) that directly result in ‘pressures’ (e.g., loss of riparian
forest) that change ‘habitat conditions’ (e.g., increased water
temperatures) that influence ‘performance’ of the focal ecosys-
tem component, in this case salmon (e.g., survival). The term

‘stressor’ can be broadly applied to any factor within the stressor
chain that drives changes in performance, including the human
activity, the pressure, or the altered habitat condition.

We focus our consideration of the SOS at the scale of major water-
sheds or aggregates of smaller watersheds that support a salmon
stock complex or meta-population. Conceptually, the SOS can
be viewed as a manifestation of the ecological niche, that is, an
n-dimensional hypervolume where each axis represents a dif-
ferent stressor (pH, temperature, etc.) that collectively define
the performance of the system (e.g., salmon population growth)
(Rosenfeld et al. 2022). We refer to this as the ‘ecological SOS’.
However, to facilitate its applicability, the performance surface
can instead be defined by the emergent outcomes from various
human pressures that are aggregated to two dimensions: local
(e.g., forestry, mining) and global (e.g., climate change). We refer
to this as the ‘management SOS’ and is the primary focus of
this paper.

The definition of the performance surface deserves care and in-
clusiveness because it is inherently intertwined with the values
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and goals of diverse rightsholders and stakeholders. For exam-
ple, a performance surface could consider performance metrics
of salmon populations, salmon fisheries or the role of salmon in
supporting important wildlife (e.g., (Levi et al. 2012)). From a
social perspective, the performance surface could be defined by
the health of relationships between salmon and people, which
reflect provisioning and cultural services (e.g., (Donkersloot
et al. 2020)). Further, time horizons for performance should
align with community values that could range from a short
planning window to intergenerational stewardship.

The boundaries of the SOS can be informed by science and
knowledge, but they are also inherently based on values re-
lated to risk tolerance and levels of acceptable harm. The
boundaries of the SOS delineate safe from unsafe outcomes
to inform management and decision-making by, for exam-
ple, determining the suite of permitted activities that might
allow a salmon watershed to remain in its SOS despite inher-
ent variability and non-stationarity (Johnson 2013). In a typ-
ical quantitative application, ecological models can be used
to characterise the performance surface, and the boundary
might then be defined as the parameter space whereby pop-
ulation viability is jeopardised. Rather than typical fisheries
management benchmarks that just guide harvest such as in
maximum sustainable yield approaches, the SOS boundaries
can provide a holistic consideration of the acceptable limits
of performance for salmon watersheds across multiple pres-
sures. Importantly, different peoples will likely have different
ideas of what level of performance, or conversely, risk, is ac-
ceptable (different dashed lines on Figure 1). For example, the
abundance of salmon that makes a population viable in the
short term may be substantially less than the abundance and
diversity that enables diverse benefits, deep cultural connec-
tions and equity (Donkersloot et al. 2020; Lamb et al. 2023;
Raworth 2017). Accordingly, SOS boundaries should not be
considered as one-size-fits-all thresholds of precise impact,
but rather as local boundaries of socially acceptable risk.
Inclusive collaborative processes with diverse communities
in defining performance metrics and setting SOS boundaries
(Adams, Tulloch, et al. 2023; Martin et al. 2012) can embrace
knowledge and values pluralism to navigate power asymme-
tries and advance recognitional and procedural equity for so-
cial justice (Pascual et al. 2023).

3 | Synthesis of Global and Local Pressures on
Salmon Watersheds

3.1 | How Salmon Watersheds Work

Salmon watersheds are complex social-ecological systems that
are incredibly varied across the vast range of Pacific salmon.
Anadromous salmon rely on marine habitats for feeding and
growing, and freshwater habitats in watersheds for spawn-
ing, incubation, and rearing. Watershed physical processes
of movements of water, sediment, wood and other materials
(Montgomery 1999) generate dynamic mosaics of the diverse
habitats required by salmon to complete their freshwater
life cycles (Bisson et al. 2009; Brennan et al. 2019; Stanford
etal. 2005). Salmon are generally considered a ‘cool-water’ spe-
cies that are harmed by excessively warm water temperatures.

Thus, salmon can be strongly influenced by dynamic thermal
riverscapes that are in turn controlled by climate and weather,
watershed attributes, stream flow, groundwater and human
activities (Ebersole et al. 2020; Leach et al. 2023). Salmon are
also strongly influenced by the timing and magnitude of water
flows that control habitat suitability and access (Beechie,
Buhle, et al. 2006; Ward et al. 2015). Thus, the SOS of salmon
watersheds is underpinned by watersheds with function-
ing hydrologic and geomorphic processes that generate and
maintain connectivity, complexity, dynamics and diversity of
suitable aquatic habitats. Diverse and dynamic habitat condi-
tions underpin the vast trait and genetic diversity of salmon.
Through providing a diverse and dynamic set of options, akin
to a diverse financial portfolio, diverse salmon habitats and
populations can dampen risk and provide adaptive capac-
ity and resilience (Brennan et al. 2019; Hilborn et al. 2003;
Schindler et al. 2010).

Salmon watersheds vary in their local human cultures, econ-
omies, values, governance systems, infrastructure and ac-
tivities that connect salmon and people (Atlas et al. 2021).
Fisheries are important connections between salmon and peo-
ple and may operate across the migratory routes and salmon
and thus within, or external to, watershed boundaries. Salmon
fisheries range from industrial fisheries that harvest multiple
stocks as they comingle along ocean migration routes, recre-
ational or sport fisheries along coasts and in freshwaters, to
local coastal and inland Indigenous fisheries (which can in-
clude so-called ‘food, social and ceremonial’ fisheries, as well
as commercial interests), as well as subsistence fisheries for
other local communities. Even as salmon watersheds vary
enormously in their environment and geography across their
vast range, they are also interwoven with a diverse social and
cultural human fabric.

3.2 | Shifting Salmon Watersheds

Climate change and the cumulative impacts of various local
human activities challenge salmon watersheds across their vast
range in western North America (Figure 2). In Arctic rivers of
northern Alaska and Canada, salmon spawn in the emerging
pockets of groundwater that stay unfrozen. In desert rivers in
California, salmon huddle in cool-water refugia during the hot
summer months. Repeatedly, focal analyses suggest that the
trajectories of salmon populations are generally driven by some
combination of various local and global pressures (Cunningham
et al. 2018; Murdoch et al. 2024; Nehlsen et al. 1991; Wilson
et al. 2022). There is generally ‘no smoking gun’, but rather a
‘death by a thousand cuts’ (Ulaski et al. 2025). Human land-use
pressure is generally greater in lower latitude than higher lat-
itude regions, but there are many localised hotspots of human
land-use pressures across the North American salmon range
(Figure 2C).

Human-caused climate change is profoundly shifting salmon
ecosystems (Crozier and Siegel 2023). Across the range of
salmon, the climate is warming faster at higher latitudes, while
lower latitude ranges are generally already hot (Figure 2A).
Anthropogenic climate change is also altering flow regimes.
Many northern watersheds are predicted to experience an

4
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FIGURE 2 | Salmon stressors and climate change across their range in North America. (A) Predicted changes in mean annual temperature

between climate normal 1961-1990 and projected values for mean 2011-2040 under climate emission scenario SSP2-4.5 (Mahony et al. 2022).

(B) Predicted changes in mean annual precipitation between climate normal 1961-1990 and projected values for mean 2011-2040 under scenario

SSP2-4.5. (C) Human footprint index, a composite index of land-use alteration (Mu et al. 2022).

increase in total precipitation (Figure 2B) that can, in combi-
nation with snowfall shifts to rain as well as extreme storms,
lead to more frequent flooding that scour incubating salmon
embryos (Sloat et al. 2017). In more southern arid water-
sheds, forecasted decreases in total precipitation and snow-
pack (Figure 2B) are predicted to increase summer droughts
and reduce low summer flows (Mantua et al. 2010), which
can impair the survival of stream-rearing juvenile salmon
(Warkentin et al. 2022). Climate change is also altering ma-
rine environments that support Pacific salmon. For example,
the 2014-2016 marine heat wave in the California Current,
the ‘Blob’, reduced copepod and euphausiid biomass and de-
creased marine survival of salmon in the region (Peterson
et al. 2017). Warming ocean temperatures are contracting the
southern range of salmon in the Pacific Ocean, pushing this
boundary northwards (Langan et al. 2024). Climate change is
also fundamentally transforming salmon watersheds—glacier
loss is reducing summer cooling water flows but also is open-
ing up future streams and lakes (Pitman et al. 2020, 2021), and
sea-level rise could inundate estuaries that otherwise provide
nursery habitats for outmigrating smolts (Davis et al. 2022;
Flitcroft et al. 2013). These different symptoms of climate are
being expressed across the vast range of salmon that have co-
occurring human land-use pressures (Figure 2C).

3.3 | Syndromes of Combined Impacts of Global
Climate Change and Local Watershed Pressures

We present four different syndromes of the combined impacts of
global climate change and local watershed pressures (Figure 3).
These syndromes are not exhaustive nor exclusive. These syn-
dromes offer simplifying and generalisable categories of the
different combined impacts of climate and local watershed
pressures and their associated management challenges and
opportunities.

3.3.1 | Shared Local Stressor (Climate Amplification
Syndrome)

Description: Climate change and local pressure affect the same
habitat condition stressor to cause cumulative harm (Figure 3A).

Management challenge: Ecosystem harm from inadequate man-
agement of a local pressure is exacerbated by climate change.

Management opportunity: Strengthened management of the
local pressure can decrease susceptibility of habitat stressor to
climate change.
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FIGURE3 | Foursyndromes that describe different ways that global pressures and local land use pressures can combine to influence the trajecto-
ries of salmon ecosystems: (A) the Climate Amplification Syndrome, (B) the Independent Stressors Syndrome, (C) the Migration Linkage Syndrome,

and (D) the Adaptive Impairment Syndrome.

Global climate pressures can combine with local pressures
to cumulatively impact the same habitat condition stressor
(Figure 3A, Table 1). If global and local pressures push
salmon watersheds along the same pressure-response curve,
salmon populations may become increasingly compromised
by even incremental increases in either pressure. For exam-
ple, major human activities in salmon watersheds—agricul-
ture (Allan 2004), forestry (Naman et al. 2024) and mining
(Sergeant et al. 2022)—share key symptoms with climate
change: higher stream temperatures, flashier high flows
and lower summer flows (Table 1). This syndrome of local
and global impacts on a shared stressor has profound impli-
cations for watershed management given climate change.
For instance, if regulations are ineffective at minimising the
degradation of habitat conditions, the addition of climate
change will amplify these inadequacies and result in harm
to salmon. Even historically effective regulations, if based on
past climate-normal conditions, risk failing to offer sufficient
protections given ongoing climate change.

One key example of local and global pressures impacting the
same habitat stressor is the impact of riparian forest loss on
water temperatures. Many salmon watersheds have experi-
enced extensive loss of riparian habitat from riparian forestry,

agriculture and wildfires. Riparian forest loss decreases shad-
ing, leading to warmer water temperatures of upwards of
5°C in some situations (Cunningham et al. 2023; Moore and
Richardson 2012; Naman et al. 2024). Extensive forestry can
also decrease the residence time of water in snow and soil reser-
voirs, making stream flows flashier and, in some cases, contrib-
uting to reduced summer base flows and potentially increased
sensitivity to air temperatures (Gronsdahl et al. 2019; Naman
et al. 2024). Thus, riparian forest loss can exacerbate the impacts
of higher summer air temperatures from global climate change
on stream temperature and flow.

Conversely, strengthening local riparian management can con-
tribute to the mitigation of climate pressures and thereby help
maintain salmon watersheds within their SOS. In northeast
Oregon, for example, local restoration of riparian habitats and
their shading is expected to counteract the impacts of substan-
tial warming of air temperatures (Wondzell et al. 2019). While
local management of riparian forests does not directly address
global climate pressures, intact riparian forests can mitigate
some impacts of increasing air temperatures by providing shade
and decreasing the climate sensitivity of streams (Cristea and
Burges 2010; Fuller et al. 2022; Justice et al. 2017; Lawrence
et al. 2014; Wondzell et al. 2019).
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3.3.2 | Global Pressure Adding Additional Local
Stressors (Independent Stressors Syndrome)

Description: Global climate change and local pressures contrib-
ute distinct and unrelated stressors that cause cumulative harm
(Figure 3B).

Management challenge: Climate pressures will continue to
contribute to cumulative harm to salmon watersheds that are
already challenged by local pressures and thus elevate risks
of pushing them out of their SOS. Regulation and local man-
agement actions have little capacity to directly address global
pressures.

Management opportunity: Strengthened local management may
not be able to address climate pressures, but it can reduce the
cumulative net impacts on salmon watersheds.

The cumulative harms of both local and global climate change,
even if unrelated and incremental, combine to affect salmon wa-
tersheds (Figure 3B). For instance, salmon watersheds among
highly pressured regions, such as California’s Central Valley, are
subjected to extensive land-use changes including habitat loss,
severed connectivity, invasive species and pollution (Munsch
et al. 2022). Meanwhile, climate change pressures also increase
local stressors including excessively hot water temperatures and
droughts that may kill adult salmon and reduce juvenile salmon
rearing capacity.

This syndrome reveals that local management actions will not
address climate-associated impacts head-on, but they can reduce
the cumulative net impact on salmon and their watersheds. The
effective management of cumulative effects is a major challenge
for this and the other syndromes, as current policies generally
implicitly or explicitly enable cumulative incremental harm to
salmon watersheds (Ulaski et al. 2025). There is thus a need for
planning and policy tools that protect local salmon ecosystems
from cumulative effects (Ulaski et al. 2025). Addressing local
stressors will provide cumulative benefits for salmon that could
help keep salmon within their SOS despite climate change.

3.3.3 | Migration Links Impacts of Global and Local
Pressures (Migration Linkage Syndrome)

Description: In addition to the local pressures they face in their
home watersheds, migration exposes salmon to additional
global pressures occurring in the ocean (Figure 3C).

Management problem: Regulation of individual pressures, ei-
ther local or in the shared ocean, based on past salmon produc-
tivity may no longer be sufficiently protective to keep salmon
watersheds in their SOS.

Management opportunity: Strengthened international man-
agement of activities that affect the ocean as well as local man-
agement of local pressures can help mitigate impacts of climate
change.

Studies have repeatedly found that both marine and freshwater
pressures can jointly regulate salmon populations (Figure 3C)

(Cunningham et al. 2018; Ward et al. 2015; Wilson et al. 2022).
Indeed, salmon are exposed to a myriad of local watershed and
marine pressures across their migratory life cycle (Ulaski et al.
2025). While beyond watershed boundaries, marine pressures
can include the marine symptoms of climate change, industrial
fisheries and competition with co-occurring salmon (Connors
et al. 2024; Langan et al. 2024). International treaties that over-
see the activities that impact the shared ocean commons, such
as the Pacific Salmon Treaty, should be critically evaluated and
revised as needed so they are robust to oncoming climate im-
pacts on salmon. This syndrome illuminates that addressing
local pressures will not address key marine pressures, but it can
provide additional cumulative benefits for salmon that help keep
salmon within their SOS.

3.3.4 | Eroding Adaptive Capacity (Adaptive
Impairment Syndrome)

Description: Local pressures damage the adaptive capacity of
salmon watersheds and thus decrease their ability to cope with
oncoming climate change (Figure 3D).

Management problem: The adaptive capacity of salmon water-
sheds is insufficiently recognised and protected by environmen-
tal policies.

Management opportunity: Strategically identify and protect or
restore important dimensions of adaptive capacity that can in-
clude genetic diversity, habitat portfolios and future key habitats.

Local pressures can erode the adaptive capacity and climate
resilience of salmon watersheds (Figure 3D). The adaptive ca-
pacity of salmon watersheds has many different dimensions and
hierarchical scales of organisation that range from habitat mo-
saics to life-history diversity to genetic diversity (Healey 2009;
Hilborn et al. 2003; Schindler et al. 2008). Thus, this syndrome
is broad; indeed, in the broadest sense, all of the previous three
syndromes can also erode adaptive capacity if they decrease
habitat or salmon population diversity, productivity, or abun-
dance. The adaptive capacity of salmon watersheds is strongly
influenced by local watershed pressures. For example, while
hatchery practices are incredibly varied, hatcheries can erode
genetic diversity and thus adaptive capacity of wild salmon stock
complexes (Naish et al. 2007). The destruction or degradation of
salmon habitats and populations removes potentially important
future options from the portfolio (Anderson et al. 2015; Carlson
and Satterthwaite 2011; Moore et al. 2010; Munsch et al. 2022).
Landscape-level habitat protection within priority salmon land-
scapes that contain functioning watersheds and diverse habitats
and salmon can help conserve the adaptive capacity of salmon
watersheds (Griffiths et al. 2014; Schindler et al. 2008).

There are also local opportunities to protect not just current
salmon habitats, but also future salmon habitats, given oncom-
ing habitat transformations due to climate change. Climate
change is driving expansion and contraction of the suitabil-
ity of habitats, such as with sea-level rise (Davis et al. 2022;
Flitcroft et al. 2013), glacier retreat (Pitman et al. 2020, 2021),
Arctic warming (Dunmall et al. 2024) and warming of fresh
waters (Iacarella and Weller 2024). Local pressures can damage
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habitats that will be important in the future. For example, cli-
mate change-induced glacier retreat is creating new rivers and
lakes that provide future habitat for salmon in the Alaska/British
Columbia (BC) transboundary region (Pitman et al. 2021).
However, mining may degrade these future salmon habitats un-
less there is policy reform of mining legislation and proactive
habitat protections such as via Indigenous Protected Conserved
Areas (Moore et al. 2023). Similarly, impassable dams on
California rivers block Chinook salmon access to cool thermal
refuges in higher elevations that will be increasingly important
in the warming future (FitzGerald et al. 2021). Conversely, dam
removal can lead to rapid increases in salmon abundance and
life-history diversity (Pess et al. 2024). These and other exam-
ples (Bottom et al. 2005; Finn et al. 2024) showcase opportuni-
ties for forward-looking protection or large-scale restoration to
support future opportunities for salmon given climate change.

4 | Scenarios of Climate Change and Watershed
Land Use

The SOS concept can be incorporated into decision-support tools
to guide watershed management of local pressures and fisheries
in a warming world. Future scenarios can be used, not necessar-
ily to provide predict-and-prescribe support, but rather to pro-
vide strategic guidance to identify robust management actions
and policies (Schindler and Hilborn 2015). For example, resto-
ration approaches in salmon watersheds can target different lo-
cations to maximise benefit with future climate warming (Battin
et al. 2007; Beechie, Imaki, et al. 2006). A diversity of modelling
approaches and tools has been developed and used to explore
watershed management options given climate change and other
watershed pressures (e.g., (Adams, Tulloch, et al. 2023; Beechie,
Imaki, et al. 2006; Fuller et al. 2024)).

4.1 | Methods

As an illustrative example, we explore a Climate Amplification
Syndrome and its impact on the SOS of a hypothetical salmon
watershed. In this example, forestry land-use activity (local
pressure) combines with warming air temperatures (global
pressure) to impact water temperatures and ultimately salmon
performance. Using the concepts of the Climate Amplification
Syndrome (Figure 3A, Table 1), we developed a simulation
model to examine how a semelparous fish population performs
into the future given scenarios of climate change and watershed
management through 2100 (Figure 4). The specific model for-
mulation and parameters were based on a hypothetical sockeye
salmon population, with parameters sourced from studies of
small to mid-sized watersheds of interior BC, Canada (Table S1).
The fish population follows density dependent population dy-
namics with stochasticity and a local fishery with abundance-
based harvest rules. The population suffers mortality during the
post-fishery upriver adult migration if water temperatures are
too hot (Figure 4C). The model took a simple approach to water
temperatures; riparian harvest warmed waters in an additive
manner, and water temperature was related to air temperature
in a linear manner with a static climate sensitivity parameter.
Rates and magnitudes of air temperature warming depend
on the greenhouse gas emissions scenarios, ranging from low

(SSP1-2.6) to high ‘business as usual’ scenarios (SSP5-8.5). We
assessed performance as an integrated function that equally
weighted relative fish population abundance, fishery catch
and risk of population extinction. Our approach focuses solely
on warming fresh waters as a key potential source of migra-
tion mortality, and does not consider other pathways of effects
(e.g., forestry increases in fine sediment that decrease survival,
decreased ocean survival). For more details, see Supporting
Information.

4.2 | Scenario Results

Simulations across scenarios of climate change and riparian
forest harvest reveal the SOS of a hypothetical sockeye salmon
watershed (Figure 4A). Both local and global pressures com-
bined to control sockeye salmon performance—combinations
of higher global air temperatures and forestry harvest lead to
a higher risk of compromised performance, indicated by de-
pressed numbers of returning salmon (escapement), subsequent
closure of the fishery, and then, if pressures keep increasing, ex-
tirpation. The degree of riparian forestry was a key control of
salmon performance. At high levels of riparian forest harvest,
the probability of fishery closure exceeded 50% by 2030 in nearly
all climate scenarios. In contrast, salmon performance was
maintained through 2100 across climate scenarios if riparian
forests were fully protected or restored.

Thresholds in salmon performance emerged from the dual
impacts of climate change and forestry on water temperatures
(Figure 4C), which controlled adult salmon survival (Figure 4B).
In general, under high emission scenarios and over longer time
horizons, mean summer air temperatures increased, which in-
creased stream temperatures. Specifically, mean summer air
temperatures were predicted to increase in the simulation by
1°C-2°C by 2060 in all emissions scenarios except the lowest
emissions scenario (SSP1-2.6). By 2080, air temperatures were
predicted to increase by approximately 3°C-4°C under the high
emissions scenarios (i.e., SSP3-7.0 and SSP5-8.5). However, ri-
parian forest harvest strongly expedited the timing when sim-
ulated water temperatures exceeded 20°C, a temperature when
salmon survival starts to decline. For example, in this specific
formulation, when riparian area harvested was 15% or less,
stream temperature exceeded 20°C in fewer than 5% of iterations
for all years and climate emission scenarios. However, under the
SSP3-7.0 scenario, stream temperatures started to exceed 20°C
in nearly 25% of iterations by 2100 when 25% of riparian area
is harvested and as early as 2025 when 35% of riparian area is
harvested.

This simulation illustrates how salmon performance can be
controlled by the combination of local pressure (e.g., riparian
forestry) and global pressure (e.g., climate warming). The level
of salmon performance response will vary depending on model
formulation and parameters. Watersheds with warmer or cooler
starting water temperatures would have smaller or larger SOS.
In addition, this SOS simulation did not include other pressures,
such as from declining ocean survival due to climate change
or other forestry impacts, that would further contract the SOS.
These features could be integrated into more process-based
models, but were beyond the scope of this illustrative example.
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lines). (B) Survival of simulated sockeye salmon followed a prespawn mortality stressor-response function. (C) The simulations explored a Climate

Amplification Syndrome-how global emissions and local riparian forest harvest affect water temperature to harm salmon.

These scenarios are an example of how the SOS concept can be
translated into analyses that function as decision-support tools
to showcase management opportunities and trade-offs. To guide
decision-making, models such as this should be tuned with local
parameters and guided by the local community.

5 | Discussion
5.1 | Key Findings
Cumulative pressures from land use and climate change are

pushing many salmon watersheds out of their natural range
of variation to states of impoverishment (Murdoch et al. 2024;

Ulaski et al. 2025; Ward et al. 2015; Warkentin et al. 2022;
Wilson et al. 2022). We offer four syndromes of the combined
impacts of climate change and local watershed activities that
each present challenges and opportunities for management.
For example, common extractive local land use industries, such
as forestry and agriculture, share the same symptoms of cli-
mate change and thus will exacerbate oncoming climate risks.
Alternatively, extractive local industries may damage or destroy
future habitats and thus erode adaptive capacity. We illustrate
how the SOS concept can be operationalised with collaborative
decision-support tools that assess alternative plausible futures
of salmon performance given local watershed land use, fisheries
management and climate action. Collectively, this downscaling
of the SOS concept to salmon watersheds showcases that local
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watershed management can either exacerbate or ameliorate on-
coming climate risks to important aquatic ecosystems.

5.2 | Typologies of Safe Operating Spaces

SOS applications entail some understanding of the performance
surface of the system, which could take a variety of typologies
(Figure 5). SOS performance surfaces will vary across space and
salmon species because different watershed characteristics and
salmon adaptations will affect the underlying stressor-response
functions (Jarvis et al. 2024; Rosenfeld et al. 2022), salmon
population processes such as density dependence (Hodgson
et al. 2017), and potential interactions among stressors. While
meta-analyses suggest that additive impacts are more common
than synergistic impacts (Gonzalez-Espinosa et al. 2024), local
and global pressures could have synergistic impacts where com-
binations of local and global stressors have greater than additive
harms, resulting in a concave SOS boundary and a smaller SOS
(Figure 5A). It is also possible that pressures could have antag-
onistic impacts, resulting in a convex boundary and larger SOS.

There is also likely strong variation in the degree to which dif-
ferent salmon watersheds are controlled by local versus global
pressures (Figure 5B), likely differing across geographies, time
and salmon life histories. If the performance surface of a salmon
watershed is considered as a function of the feasible range of
local and global climate pressures (Figure 5B), one option is that
the performance surface is influenced similarly by both pres-
sures, a ‘balanced’ typology. However, some systems may be pri-
marily responsive to local processes rather than external forces,
at least on a short time horizon (‘local primacy’, Figure 5B). For
example, freshwater habitat and its degradation can limit pro-
duction of stream-rearing coho salmon under some conditions
(Bradford and Irvine 2000). Alternatively, salmon species with
shorter freshwater phases, such as pink salmon, may be more

Global pressure
Global pressure

Local pressure Local pressure

FIGURE 5 | Different typologies of SOS. (A) The performance sur-
faces of safe operating spaces and the corresponding boundaries of the
safe space (dash lines) could be controlled by interactions between lo-
cal and global pressures through antagonistic, additive, or synergistic
interactions. (B) If SOS are plotted on similar axes that show the realm
of possibility for local and global pressures, SOS surfaces could exhibit
balanced, local primacy or climate-change primacy.

likely to display ‘climate-change primacy’, where the SOS is
more sensitive to global rather than local watershed pressures
and there is little local agency for altering performance.

SOS with ‘climate-change primacy’ pose an obvious challenge for
local managers—besides restricting fisheries, local managers have
few obvious levers. However, even under climate-change primacy,
salmon do rely on some level of watershed function that could be
degraded by local pressures. While there is the temptation to in-
voke triage and give up on climate-change primacy systems that
have been pushed to the boundaries of their SOS, we offer caution
against this approach. First, studies that examine major climate
symptoms like warm water temperatures often neglect to include
land use as potential predictors and thus run the risk of falsely at-
tributing all of the observed variance to climate and not local land
use activities (e.g., (Moore 2006)). In addition, the watersheds that
are the most stressed by climate may be the ones that contain the
most important components of future adaptive capacity (e.g., genes
for high thermal tolerance) (Eliason et al. 2011). Further, salmon
populations can adapt their life-history timing and spatial distri-
bution to avoid stressful climate conditions and thus may be more
resilient than assumed (Reed et al. 2011). Climate-stressed systems
can also be extremely productive under some seasons or climate
conditions and thus may provide important contributions to the
portfolio of salmon production over time (Armstrong et al. 2021).
More generally, climate systems and salmon watersheds are inher-
ently complex and unpredictable—there is a risk of being overly
confident in predictive abilities (Schindler and Hilborn 2015).
There are also important potential social reasons, such as other
watershed benefits such as flood protection and human values
other than salmon, to continue to invest in climate-primacy wa-
tersheds even if salmon populations are unlikely to recover. For
these reasons, we caution against full triage and abandonment of
climate-primacy watersheds.

5.3 | Management and Policy Options for Salmon
Futures

There are a series of key management actions and policies that
would increase the probability of keeping salmon watersheds in
their SOS in the changing future.

5.3.1 | Climate Action for Salmon Futures

The pace and magnitude of climate change will be directly
controlled by humanity's action (or inaction) to reduce green-
house gas emissions. At more distant time horizons and high
emissions scenarios, salmon will struggle as cool-water species
in a warming world, regardless of local management. Targets
for emissions reductions could be identified with SOS scenar-
ios. While addressing global climate change is beyond the scope
of local managers, the countries that support salmon in North
America contribute disproportionately to global emissions-
Canada and the USA are among the highest per-capita contrib-
utors of CO, emissions in the world (IPCC (Intergovernmental
Panel on Climate Change) 2022). If salmon are culturally and
societally important, they should be an additional motivator for
local and global action on climate change.
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5.3.2 | Managing the Shared Ocean

There are several key pressures on salmon systems at the
ocean-basin scale, external to the control of local communities
and managers, examples of the Migration Linkage Syndrome.
Mixed-stock industrial salmon fisheries in the ocean may over-
harvest co-occurring weak or smaller stocks (Ricker 1958).
Shifting the scale of some salmon fisheries from being external
(e.g., industrial mixed-stock fisheries) to within salmon wa-
tersheds can both localise benefits and decrease mixed-stock
overfishing challenges that are likely to escalate under climate
change (Atlas et al. 2021; Moore et al. 2021). An additional major
pressure at the ocean-basin scale is competition from mass-
produced hatchery salmon, in particular pink salmon (Connors
et al. 2024). Despite overwhelming evidence of international-
level harm from pink salmon competition in the ocean, there
remains little international oversight of hatchery releases (Holt
et al. 2008). We flag these ocean-scale pressures as key contrib-
utors to the trajectories of salmon watersheds that need gover-
nance systems and policies.

5.3.3 | Landscape-Level Protections

Identification and protection of large intact watersheds or re-
gions with functioning watersheds can support the maintenance
and expression of resilience and adaptive capacity (Brennan
et al. 2019; Healey 2009; Hilborn et al. 2003; Moore and
Schindler 2022; Schindler et al. 2008, 2010). While we caution
against “fortress conservation” that can displace local peoples
and harm salmon-people relations, large-scale watershed pro-
tections could range from complete habitat protection to those
that allow some low-level of industry activities in some regions
(e.g., low level of forestry) but ban industrial-scale clear-cut log-
ging and mega-projects such as major mines or oil and gas de-
velopments (Adams, Chauvenet, et al. 2023). Protections could
be implemented via different visions or policies, such as ‘Salmon
Strongholds’ (Rahr et al. 2025), ‘Salmon Parks’, or ‘Indigenous
Protected and Conserved Areas (IPCA). We also suggest that
there are opportunities for landscape protections to be priori-
tised through forward-looking SOS scenarios, and thus consider
oncoming climate-induced shifts in salmon habitat suitability
(i.e., Adaptive Impairment Syndrome), such as emerging IPCAs
that also protect emerging salmon habitats in glacierized areas
(Moore et al. 2023).

5.3.4 | Reduction of Local Harms

Strengthened environmental regulations of local pressures
will reduce local harms and thus increase the chances of
keeping salmon watersheds in their SOS with climate change.
Regulations of local industries may have already been insuffi-
cient or may not offer adequate protection of salmon watersheds
given climate change if they were built on the climate-normal
past. For example, strengthened regulations and extended
protections of riparian habitats from agriculture, forestry and
development would shade streams and help keep them cool de-
spite climate warming (i.e., Climate Amplification Syndrome)
(Cristea and Burges 2010; Fuller et al. 2022; Justice et al. 2017;
Lawrence et al. 2014; Wondzell et al. 2019). Given the multitude

of pressures encountered by salmon across their migratory
life cycles (i.e., Independent Stressors Syndrome) (Chalifour
et al. 2022; Ulaski et al. 2025), there is also a need for regula-
tory frameworks to address cumulative effects. Advancing best
management practices for reducing harms as well as actions to
restore key physical and ecosystem processes may also bene-
fit salmon watersheds. While these actions may fail if they do
not address root causes of problems (Bilby et al. 2024), process-
based approaches such as restoring lateral and longitudinal con-
nectivity can improve watershed climate resilience (Beechie,
Imaki, et al. 2006).

5.3.5 | Create Road Maps and Paths to Watershed
Sustainability

Different watershed states, pressures, trajectories and human
values all present diverse management challenges and op-
portunities and call for various combinations of management
and restoration approaches. There are a variety of available
decision-support tools and approaches that could inform or
guide forward-looking management of watersheds to keep them
within their SOS, and these should be adopted by natural re-
source management agencies for regional cumulative effects
assessments and development planning. For example, data-
intensive life-cycle models with climate scenarios can identify
different options for restoration or protection at local scales
(Battin et al. 2007; Beechie, Imaki, et al. 2006). Decision analy-
sis, including structured decision-making (Chalifour et al. 2022;
Hemming et al. 2022), could use elicited and modelled values
and co-developed management goals to inform the development
of SOS models, outline different scenarios and thereby examine
trade-offs associated with locally relevant management actions.
These SOS applications should be robust to inherent variabil-
ity of salmon watersheds, uncertainties of climate trajectories,
non-stationarity of climate relationships and ecological sur-
prises (Schindler and Hilborn 2015; Stier et al. 2022). As we
consider paths to thriving watersheds for people and migratory
fish, SOS applications offer opportunities to include alternative
worldviews and values that are not built on the typical capitalist
and colonial perspectives that prioritise short-term extraction of
natural resources with some ‘acceptable’ level of environmen-
tal harm (Liboiron 2021; Pascual et al. 2023). While humanity
has a massive footprint on Earth's watersheds, and there will
inevitably be trade-offs in decision-making, the SOS framework
may help upweight local values beyond watershed extraction to
forward-looking watershed stewardship. Care needs to be taken
that watershed plans set realistic expectations and centre local
values to drive equitable and inclusive environmental decision-
making and policy. There is also a key need for governance sys-
tems that can transform these SOS visions into policy actions,
such as through responsive and local governance systems (Biggs
et al. 2012; Connors 2023).

5.4 | Conclusions

Human-caused climate change is altering flow regimes, water
temperatures and aquatic habitats, fundamentally shifting the
foundation of past management approaches and policies (Milly
et al. 2008). These climate pressures, in concert with harmful
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local watershed activities, profoundly harm freshwater biodi-
versity and the services they provide for humanity. Application
of the SOS concept to salmon ecosystems reveals the power for
local watershed management to exacerbate or ameliorate on-
coming climate risks to important aquatic ecosystems. On the
one hand, local human extractive activities erode the capacity of
salmon ecosystems to cope with climate change and exacerbate
climate risks. Alternatively, improving the local management
of salmon ecosystems can provide large benefits to salmon re-
silience in this era of rapid climate change. This combination
of information, local agency and hope is a key ingredient to
positive socio-ecological transformations (Bennett et al. 2016).
The core concepts advanced in this paper are simple yet have
urgent and profound implications for the management of wa-
tersheds for migratory fish and people in a rapidly changing
world. Integrative, inclusive and forward-looking watershed
science that considers local pressures and climate impacts can
inform, catalyse and inspire watershed stewardship actions and
policies that enable positive trajectories of watersheds for fish
and people.
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