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Science of the Anthropocene

COMMENTARY

Urban seas as hotspots of stress in the
Anthropocene ocean: The Salish Sea example

Kathryn L. Sobocinski'*, C. Drew Harvell®3, Natalie J. K. Baloy*>, Ginny Broadhurst*,
Megan N. Dethier®, Aquila Flower’, and John R. Delaney®

Coastal seas and estuaries are among the most productive ecosystems on Earth and have long attracted human
activity. Yet, urbanization pressures are intense and are compounded by accelerating climate stresses. Urban
seas are now hotspots of stress in the Anthropocene ocean. The Salish Sea stands out as one of a few highly
functioning urban seas in the world, boasting ecological riches and thriving coastal communities and industries,
including tourism. For over 10,000 years the region has supported Indigenous peoples; now it is home to
a growing population of almost nine million people, concentrated in and near the major cities of Seattle,
Washington, and Vancouver, British Columbia. Increasing urbanization combined with intensifying climate
stress is degrading the Salish Sea and acutely affecting communities already experiencing marginalization.
Current environmental impacts include acidifying waters, hypoxia, and intense heat waves, all of which have
had measurable impacts within the ecosystem. A recent synthesis of this system identified key domains for
solutions, which we generalize here for invoking positive change in global urban seas: 1) innovation in data
collection, curation, and integration using a systems approach in science and management; 2) sharing place-
based knowledge to sustain community-based action; and 3) aligning science and policy with ecosystem
boundaries. The differing governance and socio-political settings across two countries and numerous
Indigenous nations creates a complex challenge in ecosystem management. Developing actionable solutions
for people and the biota of the Salish Sea can create a global example of a sustainably managed urban sea
with transferable insights to other urban seas in need of revitalization around the world.

Keywords: Urban seas, Urbanization, Climate change

Urban seas

Urban Seas are coastal estuaries and marginal seas with drainage basins that are extensively developed and populated by humans,
creating unique human-environment conditions and exhibiting profound environmental change. Urban seas are a nexus of
anthropogenic change, where global climate change intersects with urbanization, as well as being living laboratories for generating
solutions for decelerating the Anthropocene.

1. Urban seas

Coastal ecosystems are highly productive as measured by
primary productivity (Cloern et al., 2014), global biodiver-
sity (Ray, 1991; Costanza et al., 1993; Worm et al., 2006),
and ecosystem function (Barbier et al., 2011). Nutrient
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inputs from freshwater, upwelling, or a combination of
both, support rich primary production in the form of phy-
toplankton, seagrasses, and benthic algae. Many coastal
ecosystems today exist at the nexus of biological produc-
tivity and human productivity, the result of global urban
and industrial expansion, concentrated at the intersec-
tions of rivers and coasts in estuaries (Lotze, 2010). Thus,
urban seas—those estuaries and coastal embayments sur-
rounded by dense human populations in one or more
urban areas—are deeply impacted by intense human activ-
ities on land and the concomitant degradation of the
seascape from myriad anthropogenic activities. These
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impacts have spanned generations, with legacy and con-
tinuing impacts, while emerging stressors add to the pres-
sures that urban sea ecosystems face. Cumulative stress
from urbanization and climate change puts urban seas at
the center of anthropogenic change in the global oceans,
and therefore also at the center of climate change
solutions.

Urban seas, such as Chesapeake Bay and Baltic Sea, are
among the most intensively studied ecosystems in the
world (Chesapeake Bay: Officer et al., 1984; Baird and
Ulanowicz, 1989; Hagy et al., 2004; Baltic Sea: Méllmann
et al.,, 2009; Murray et al., 2019; Reckermann et al., 2022).
There is opportunity to expand on the extensive science of
these systems, as well as the many other urban seas that
share similar environmental pressures resulting from
urbanization (examples in Table 1), with the added
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impact of climate change bearing down with a diversity
of local implications. While urban seas are each unique in
their geographic, oceanographic, social, cultural, and eco-
nomic features, and will require tailored solutions,
a broadly framed approach could prove effective at map-
ping out viable solutions to address many challenging
issues facing urban sea systems (National Academies of
Sciences, Engineering, and Medicine [NASEM], 2022).
Here, using the Salish Sea as an example, we suggest
that the existing level of understanding in these critical
ecosystems must be combined with actionable solutions—
both time-tested and novel—to improve conditions and
mitigate future impacts. Furthermore, as harbingers of the
cumulative impacts of anthropogenic change in its
entirety, these systems can serve as priority testbeds for
better understanding repercussions throughout the global

Table 1. Example urban seas and associated waterbody and watershed areas, major cities, population, and

ecosystem impacts

Waterbody = Watershed Population
Urban Sea Area (km?)  Area (km?) Major Cities (Millions)  Primary Ecosystem Impacts
Salish Sea® 17,800 320,000 Seattle, USA; Vancouver, 8.9 Habitat loss, water and sediment
Canada contamination, overfishing,
vessel traffic
Baltic Sea® 420,000 1,640,000 Copenhagen, Denmark; 85 Eutrophication, overfishing,
Helsinki, Finland; Riga, invasive species, water and
Latvia; Stockholm, Sweden; sediment contamination
St. Petersburg, Russia
Bohai Sea“ 77,0000 1,400,000 Dalian, Tangshan, Tianjin, and 208 Pollution, overfishing, land
Weifang, China development and
sedimentation, water quality
Chesapeake 11,600 165,700 Baltimore, Norfolk, and 18.4 Nutrient enrichment,

Bay? Washington, DC, USA sedimentation,
eutrophication, hypoxia,
impaired water quality

Rio de la 38,000 3,100,000 Buenos Aires, Argentina; 67 Water and sediment

Plata Montevideo, Uruguay contamination from

Estuary® freshwater inflow, overfishing,
vessel traffic

San Francisco 16,000 163,000 Oakland, San Francisco, and 7.2 Invasive species, altered

Bayf San Jose, USA freshwater inflow and
diversion, impaired water
quality, habitat loss

Seto Inland 21,800 47,000 Hiroshima, Kobe, and 35 Eutrophication, harmful algal

Sea, Takamatsu, Japan blooms overfishing, hypoxia,

Setonaikai® land reclamation and habitat

loss, dredging

“Sobocinski (2021); Flower (2022).
PHELCOM (2018); Reckermann et al. (2022).

“Bian et al. (2016); International Center for the Environmental Management of Enclosed Coastal Seas (2015).

dKemp et al. (2005); Carey (2021); Chesapeake Bay Program (2022).

“Baigtin et al. (2016); Organization of American States (2005).
fCloern and Jassby (2012).
®Takeoka et al. (2002); Matsuda (2017).
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ocean and as productive spaces for generating climate
change solutions from local to global scales.

2. Salish Sea as urban sea

The Salish Sea is an inland sea bisected by the interna-
tional border between Washington, USA, and British
Columbia, Canada, and connected to the Pacific Ocean
by the Strait of Juan de Fuca (Figure 1). It comprises the
Strait of Georgia in the north and Puget Sound in the
south, and includes numerous inlets, bays, and islands
(Figure 2). The estuarine waters span 17,803 km? (Flower,
2020). The biophysical interactions within the Salish Sea
defy geopolitical boundaries and jurisdictions as ocean
water, nutrients, organisms, and pollutants circulate in the
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estuary with inflows of freshwater, sediments, and con-
taminants from the uplands.

An extensive network of rivers and large contributing
watersheds, extending thousands of meters to prominent
peaks in the Coast, Cascade, and Olympic mountain ranges,
provide the freshwater input that makes the Salish Sea an
estuary. The most prominent of these inputs is the Fraser
River, which enters the Salish Sea in Canada, just north of
the international border. The Fraser contributes approxi-
mately 50% of the freshwater and a significant amount of
the sediment entering the Salish Sea (Khangaonkar et al.,
2018), with discharge averaging 3,475 m> s~ . This freshwa-
ter input drives much of the circulation in the Salish Sea
(Geyer and Cannon, 1982; Sutherland et al., 2011).

Figure 1. Location and jurisdictions of the Salish Sea and its watersheds. The Salish Sea region is governed by
numerous agencies and jurisdictions, including 12 counties in Washington (WA), 10 regional districts in British
Columbia (BC), and over 80 First Nations and Tribal Governments with federally recognized land holdings. The
Indigenous lands shown on this map are limited to the Indian Reserves and Reservations, Tribal Trust Lands, and
First Nations Treaty Lands recognized by the US and Canadian federal governments as of 2021. This map does not
show marine waters under Indigenous management, unceded Indigenous lands, land involved in ongoing treaty
negotiations in British Columbia, usual and accustomed Indigenous fishing grounds, nor the numerous and often
overlapping ancestral Indigenous territories that cover the entirety of the Salish Sea and its watersheds. Further
details of land ownership and management can be found in the interactive maps in the Land Ownership chapter of

the Salish Sea Atlas (Flower, 2022).
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Figure 2. Watersheds and land cover of the Salish Sea bioregion. The three component estuarine water bodies
(Strait of Juan de Fuca, Strait of Georgia, and Puget Sound) and the major cities are shown. The watershed extends into
the upper Fraser River Basin, which has been omitted for clarity. Based on 30 x 30-m resolution satellite imagery
from 2015; figure adapted from Sobocinski (2021). More detailed land cover data can be found in the Land Cover

chapter of the Salish Sea Atlas (Flower, 2021).

The physical characteristics of the watersheds and estu-
arine subbasins shape the complex oceanography and
biota within them (Geyer and Cannon, 1982; Sobocinski,
2021). The high productivity of biota in the Salish Sea is
driven by abundant nutrients, specifically nitrogen, enter-
ing the sea from Pacific Ocean water (Mackas and Harri-
son, 1997; Davis et al., 2014). This nitrogen-rich water
mixes with surface waters as it circulates from the entry
in the Strait of Juan de Fuca throughout the Strait of
Georgia and Puget Sound basins (Khangaonkar et al.,
2017; MacCready et al., 2021). These nutrients, along with
those from the rivers, are the raw material with which
phytoplankton and microplankton build their cell walls,
forming the base of an extensive food web that includes
iconic species such as Pacific herring (Clupea pallasii),
Pacific salmon (Oncorhynchus spp.), killer whales (Orcinus

orca), bald eagles (Haliaeetus leucocephalus) and countless
other interconnected species on which these icons
depend.

The geological characteristics and complex oceanogra-
phy within the Salish Sea contribute to variation in eco-
system response to anthropogenic change. The circulation
and tidal processes that control the exchange and mixing
of oceanic and freshwater are critical for biological pro-
duction but also play a central role in the severity and
local variation in environmental problems in the region,
such as hypoxia, pollution, ocean acidification, and other
climate change impacts (Sutherland et al., 2011; Khan-
gaonkar et al., 2018). This oceanography along with the
geomorphology of the Salish Sea as a deep, well-mixed,
fjordal estuarine system have meant that it faces fewer of
the system-scale impacts, like sedimentation and
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eutrophication, that other urban estuaries like Chesa-
peake Bay have faced (e.g., Kemp et al., 2005). Thus, gen-
eralizing both the problems and the solutions across the
Salish Sea is challenging.

Urbanization induces primarily localized impacts, while
climate change stemming from greenhouse gas emissions
intensifies global impacts. Like other urban seas, the
Salish Sea is already experiencing effects of global climate
change, including changing precipitation regimes and
freshwater delivery (Mauger et al., 2015), increasing sea
water temperatures (Amos et al., 2015), declines in dis-
solved oxygen (Crawford and Pena, 2013), increasing
ocean acidification (Bednarsek et al., 2020), and more
frequent heat waves (Philip et al., 2021). Changes to the
physical system are projected to intensify, even if CO,
emissions were reduced drastically today. Physical mod-
els predict near-term effects of global climate change
locally (Khangaonkar et al., 2019; MacCready et al.,
2021), but the rapid pace of global climate change is
altering local Salish Sea watershed hydrology and the
global oceans in ways that may fundamentally alter cir-
culation and mixing processes within the Salish Sea
(Newton et al., 2003; Khangaonkar et al., 2019). This
circulation and mixing have been key to mitigating many
of the urbanization impacts in the Salish Sea (e.g., min-
imally treated sewage input, sedimentation from devel-
opment; Johannessen et al., 2015).

Our understanding of organismal responses to oceano-
graphic changes remains incomplete. Nonetheless, recent
studies have shown that rising seawater temperature
increases susceptibility of organisms to marine diseases
(Harvell et al.,, 2019; Burge and Hershberger, 2020; Groner
et al., 2021) and amplifies bioaccumulation of contami-
nants (Alava et al,, 2018). Without a doubt, many effects
are occurring simultaneously and, in some cases, synergis-
tically (Cabral et al., 2019). How interactions among organ-
isms and ecosystem processes are affected by the
converging stressors from global climate change and urban-
ization into the future remains a key question locally and
globally in urban seas, the answers to which will depend
upon climate, topography, oceanography, and freshwater
inputs (the physical system) further modified by unique
histories of anthropogenic stressors within a given system.

Historically, the Salish Sea has been a productive estu-
ary, but growing urbanization and increasing degradation
threaten the persistence of many species and ecosystem
processes. For over 10,000 years, Indigenous peoples on
the Pacific Northwest coast have cultivated relationships
of reciprocity with the sea and relied on its abundance of
natural resources (Lindo et al., 2017; Toniello et al., 2019;
Atlas et al., 2021). Between the 1770s and 1870s, settlers
in search of the Northwest Passage, otter pelts, gold, tim-
ber, and salmon established what is currently British
Columbia in Canada and Washington in the United States,
displacing Indigenous peoples and dispossessing them of
their lands and waters. In this same era, settlers drew the
land and marine borders between the United States and
Canada (Figure 1) and established the major cities of the
region—Vancouver, Victoria, Seattle, Tacoma, and Olym-
pia—transforming the Salish Sea into an urban sea. Today,
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these cities and the wider region are home to almost nine
million people, and rapidly growing as the metropolitan
areas of Seattle and Vancouver continue to prosper eco-
nomically (Cappellano et al.,, 2021).

Like other urban seas, the Salish Sea is a multijurisdic-
tional sea with connections across the world through
major ports and other global industries. The sociopolitical
and governmental configurations between 80+ sovereign
Indigenous nations, Canada, and the United States and
numerous smaller municipal jurisdictions contribute to
differences in environmental policy across the border and
across scales, as well as differences in Indigenous rights
and co-management models (Figure 1). This complexity
adds challenges but also creates unique opportunities for
shaping a future urban sea that is more sustainable, just,
and resilient.

The Salish Sea is notable among global urban seas for
its relative health, with sustainable shellfish harvests, clear
waters for boating and scuba diving, numerous species of
fish and wildlife, and, thus far, resilience to urbanization
and climate change stressors, due in part to its nature as
a deep fjordal estuary with strong input of ocean water
and high rates of mixing. Its more recent colonization and
industrial urbanization make it a relatively young urban
sea, with newer urban centers and much coastline remain-
ing relatively undeveloped. Balanced against these posi-
tive signs is the drumbeat of warning signs: disappearing
kelp beds (Berry et al., 2021), seagrass meadows threat-
ened by disease (Groner et al., 2021), endangered resident
orca whales (Wasser et al., 2017), changed flow in the
Fraser River (Shrestha et al., 2012), habitat loss in its delta
(Kehoe et al., 2020) and in the deltas of many other impor-
tant rivers and streams (Brophy et al., 2019), and declining
salmon runs (Figure 3; Losee et al., 2019; Pearsall et al.,
2021), which exhibit lower marine survival in stocks from
within the urban sea than from those outside. Salmon are
an iconic species within this ecosystem and have been
integral to Indigenous community identities for thou-
sands of years; their decline is an important indicator of
ecosystem change and one that integrates stressors across
the urban estuarine landscape (Hodgson et al., 2020) and
serves as an opportunity for innovative and time-tested
management solutions (Atlas et al., 2021).

The industrial human footprint locally and globally
brings with it stressors that threaten the resilience of the
urban sea ecosystem through a complex array of legacy,
continuing, and emerging impacts associated with indus-
trialization, urbanization, and global trade (Izaguirre et al.,
2021). These stressors collectively manifest as cumulative
ecosystem impacts in the Salish Sea (Figure 4) as in other
urban seas, with variable degrees of ecosystem degrada-
tion depending upon historical and current severity of
impacts. There currently exists a gradient of impact in the
Salish Sea, from the heavily urbanized waterways of the
Duwamish River near Seattle to less-populated regions in
the northern Strait of Georgia that have seen extensive
logging but relatively little coastal development. This gra-
dient can serve as a natural experiment in ecosystem
response. Disentangling causes and specific solutions will
only become more challenging as stressors continue to
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Figure 3. Salmon stocks in decline. In part due to declining marine survival, especially in the Salish Sea, salmon
populations have declined in recent decades. Marine survival trends for Chinook salmon (Oncorhynchus tshawytscha,
top panel) and Coho salmon (O. kisutch, middle panel) in Puget Sound (blue), Strait of Georgia (pink), and outside of
the Salish Sea along the Washington (WA)/British Columbia (BC) Coast and the Columbia River (green) and for
steelhead (O. mykiss, bottom panel) in Puget Sound and the Keough River of Vancouver Island (teal). A smoothing
function (colored line and gray envelope showing confidence interval from a generalized additive model of survival as
a function of ocean entry year) was applied to illustrate trends. All panels span ocean entry years 1978-2015.
Underlying data as described in Zimmerman et al. (2015), Kendall et al. (2017), Ruff et al. (2017), and Sobocinski
et al. (2021). Used with permission from Pearsall et al. (2021).

intensify. Compounding ecosystem dynamics are the par-
allels of socio-political complexity in management and
governance. The Salish Sea shares both the ecosystem deg-
radation and the complexity of solutions for repair and
restoration with other urban seas; people who appreciate,
study, and manage urban seas around the globe contend
with similar issues like impaired water quality, contami-
nants, and overfishing, most of which are being exacer-
bated by global climate change.

3. Similarities across urban seas

Among urban seas worldwide, the Salish Sea remains a rel-
atively robust and resilient ecosystem, supported by the
dynamics of circulation and evidenced by standout

features like extant resident orca whale populations. But
there are relentless threats and pressures on the Sea, as
there are on other urban seas (Kennish, 2002; Kemp et al.,
2005; Cloern and Jassby, 2012; Freeman et al., 2019) and
its future health is anything but certain, with most indi-
cators of ecosystem condition failing to improve or declin-
ing (U.S. Environmental Protection Agency, 2021). If even
a global exemplar like the Salish Sea is in peril, then
clearly urban seas worldwide need significant attention,
action, and transformation to survive, thrive, and support
healthy coastal communities.

Many urban seas across the globe share common stres-
sors threatening ecosystem function. These include loss of
structured habitats like seagrasses, oyster reefs, and
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Figure 4. Cumulative impacts to the Salish Sea. Similar to other urban seas, a combination of local stressors caused
by urbanization and global stressors from intensifying climate change bring cumulative impacts to the Salish Sea.
Stressors in the Salish Sea are depicted here but all are generalizable to other urban seas (see Table 1). The cumulative
impacts of multiple interacting stressors include histories of previous landscape and seascape uses as well as current
impacts. Image: Emily M. Eng for the Salish Sea Institute, Western Washington University.

macroalgae; contamination from stormwater and waste-
water run-off; loss of connectivity between uplands and
the intertidal zone from development, dams, dikes, and
dredging; overfishing; altered freshwater inflow; and light
pollution, underwater noise, and other impacts resulting
from the vibrant cities and their populations bordering
these urban seas. These problems are worth highlighting
in recognition that large scale solutions (beyond local and
regional jurisdictions) may be needed to mitigate further
degradation in the Salish Sea and other urban seas. Solu-
tions will need to be reflective of and responsive to the
unique ecological and political systems of their specific
contexts, but the problems facing urban seas, and their
solutions, are generalizable to some extent, and all must
contend with global effects of climate change.

Global environmental stress is concentrated and com-
pounded in urban seas—impacts from the landscape and
seascape converge in coastal regions, the very regions that
emerged as economic hubs because of their physical and
biological characteristics that enabled ports, maritime
industries, fishing to feed local and global populations,
and commerce. At the same time, the solutions to these
problems also lie within these very watersheds: science
and academia, Indigenous nations and knowledge sys-
tems, industry, and government centers, all with skilled
environmental professionals concentrated in and con-
nected to urban sea city centers. By attending to the
unique issues facing urban seas, possibilities can emerge
for localized solutions as well as transferable and shared
knowledge and approaches.
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4. Boundary-spanning solutions

Our recent detailed synthesis of the Salish Sea (Sobocinski,
2021) recognized many existing efforts and recommended
broad areas of focus to mitigate future losses and open
opportunities toward revitalization and resilience. These
solutions are applicable more broadly, and an intense
focus on urban seas as a domain of study and experimen-
tation may provide novel approaches in science, technol-
ogy, human dimensions, governance, and socio-
environmental-systems understanding that address the
specific needs for urban sea recovery. Effective policies
could benefit similar systems throughout the world. The
growing intensification of change in urban seas necessi-
tates urgency and large-scale investment. Here we offer
three broad domains for solutions.

4.1. Data collection, curation, and integration using

a systems approach in science and management
Collection, curation, and integration of data is essential for
understanding the ecosystem services upon which we
depend, from fisheries to climate buffering. Spatially and
temporally detailed data are essential for detecting
change, inferring significance, and planning and/or miti-
gating for future stressors. But these data sets require
sustained investment and are currently not available for
many key ecosystem indicators. Transboundary regions
such as the Salish Sea present additional challenges
related to organizing and harmonizing data collection and
dissemination across multiple jurisdictions. Combining
datasets from disparate sources is sometimes impossible
due to spatial, temporal, and conceptual mismatches in
how the data were collected, recorded, and distributed.
Leveraging creative, collaborative partnerships and new
technologies to collect data over longer time periods and
across larger spatial scales, and to manage and dissemi-
nate those data, will allow better understanding of climate
change and local human impacts (Pendleton et al., 2020;
NASEM, 2022).

Ongoing modeling work throughout the Salish Sea,
from the open ocean to the headwaters of our streams
and rivers, is bringing together data, computing power,
and technical expertise to better understand oceano-
graphic processes and ecosystem responses. These models
are the foundation of understanding human impacts like
eutrophication, ocean acidification, and hypoxia (Khan-
gaonkar et al., 2017; MacCready et al., 2021). But they
must be informed by up-to-date data, with relevant tem-
poral and spatial coverage. Investing in and maintaining
sensors, cabled and autonomous, and systems and struc-
tures for data processing and dissemination is critical
(Whitt et al.,, 2020).

As physical models continue to improve, modeling
tools are needed to incorporate the multiple simulta-
neous, cumulative, and rapid impacts on the Salish Sea.
To become truly powerful and integrative, models must
incorporate the transboundary, social-ecological system at
multiple levels of spatial and temporal complexity (Bograd
et al., 2019). This integration is currently limited by meth-
odology and computational power (Steenbeck et al.,
2021), but these are not insurmountable obstacles.

Sobocinski et al: Urban seas are hotspots of stress

Innovation in model integration and application would
be beneficial to urban seas around the world.

Systems approaches involve viewing ecosystems and
human relationships as parts of an overall complex
dynamic system, with history, nested connections, and
a multitude of interactions and feedbacks (Levin, 1998).
The challenges associated with environmental manage-
ment are similar to those associated with any complex,
large-scale, constantly evolving, difficult-to-define prob-
lem (“wicked” problems, sensu Rittel and Webber, 1973).
These problems are rarely solved with simple solutions
(Ostrom, 2007). Urban seas and the cumulative challenges
they experience are prime examples of the need for a sys-
tems approach (Klinger and Newton, 2016).

To address the dynamic, non-linear, and cumulative
effects of urbanization and climate change in urban seas,
we must go beyond compartmentalized solutions. Addres-
sing any single component in isolation is a failure to
appreciate the compounding impacts in systems increas-
ingly subjected to new stresses layered on top of compro-
mised resiliency from previous eras (Levin et al., 2013). For
example, in the Salish Sea, stormwater run-off laden with
contaminants is interacting with foodwebs that are
responding to both acute and protracted bottom-up
changes in ocean physics and for which apex predators,
like salmon and orcas, are changing. Integrating diverse,
cross-disciplinary data streams and developing modeling
techniques that cross knowledge domains will be neces-
sary to assess and respond to cumulative stresses.

4.2, Place-based knowledge to sustain community-
based action

As a result of development in urban seas, structured
habitats have been lost throughout the landscape and
seascape. Loss of habitats and their ecosystem services
are an underlying cause of declines in valuable biota,
once plentiful in many coastal ecosystems. In order to
re-build and maintain resilience, especially at the land-
sea ecotone where infrastructure exacerbates problems
of rising sea level, we must understand, conserve, and
recover valuable aspects of our ecosystems. Place-based
research and knowledge systems, including historical
ecology and Indigenous ways of knowing, can be utilized
creatively and productively to inform conservation and
restoration initiatives to target culturally relevant places
(Poe et al., 2016) and to counteract shifting baseline
syndrome (Pauly, 1995).

Climate change education and research is intensifying
worldwide, preparing next generations of scholars and
scientists to understand and intervene in global change
processes and impacts. This work is essential and, we
argue, must be paired with intentional place-based edu-
cation and research to ensure that the specificities and
contexts of local places, ecosystems, and sociopolitical
configurations are reflected in climate change solutions
at different scales.

For millennia in the Salish Sea, Coast Salish Indigenous
peoples developed relationships and systems in place,
nourished and sustained through ecocultural modifica-
tion practices, cultural exchange, and knowledge systems.
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Deep ecocultural ways of knowing are not universally
shared by newcomers. Dedicated place-based educational
initiatives for people moving to the Salish Sea because of
global climate migration and/or economic pushes and
pulls are critical. Otherwise increasing numbers will be
unfamiliar with the values and sensitivities of the ecosys-
tem, thereby limiting the future pool of inspiration and
implementation of ecosystem-based solutions. Addition-
ally, meaningful relationships are central to effective sys-
tems, and place-based and community-connected learning
can facilitate relationship-building across disciplines, sec-
tors, and organizations.

Investment in intentional Salish Sea-wide place-based
education to tie the current community to its history and
ecology is critical for building connectivity and familiarity
with its cultural, political, and environmental complex-
ities. These same approaches are relevant to urban seas
around the world. Education initiatives from pre-K to
graduate-level curricula to community approaches aimed
at newcomers will increase ecosystem literacy and create
stronger ties with the lands and waters around us. Build-
ing knowledge, relationships, and connections through
place-based learning must happen in tandem with robust
support for Indigenous communities to build capacity for
ecocultural restoration as the region’s original knowledge
keepers and environmental stewards.

Place-based education initiatives will also build capac-
ity to link next-generation data streams to regional feed-
backs (e.g., "report cards” like Ocean Watch: Miller et al.,
2020; and Vital Signs: Puget Sound Partnerships, 2022),
which in turn can accelerate awareness, investment, and
action. Experience within an ecosystem can generate
awareness and mitigate environmental amnesia and the
continued acceptance of progressive environmental deg-
radation (Soga and Gaston, 2016). Opportunities for con-
necting people with urban seas outside of formal
education settings can engage a variety of regional part-
ners such as public aquaria, park systems, museums, and
leisure and tourism ventures such as whale watching, cul-
tural tours, and sportfishing. Supporting people to learn
about the urban seas around them—not as backdrops to
their lives but as dynamic, relational sites of ecocultural
community—is a central element in transformative sys-
tems change through cultural shift.

4.3. Science and policy must align with ecosystem
boundaries

Many urban seas span political boundaries. Differing jur-
isdictions and related governance, and thus science fund-
ing and focus, are barriers to cohesive science agendas and
actionable policies. There is a need to prioritize cross-
border ecosystem-scale work, engaging decision-makers
at the highest levels in a shared effort to understand
emerging and persistent concerns. To increase formal col-
laboration and provide a groundwork for shared methods
and initiatives, in our system we recommend the forma-
tion of a Salish Sea Science Panel, with positions for scien-
tists from bioregional universities, agencies, and
communities from British Columbia, Washington State,
and Indigenous Nations. The panel should identify and
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develop large-scale actionable science needs and priorities
for the Salish Sea urban estuary. The scale of science and
environmental policy must align with ecosystem
boundaries.

Other urban seas already benefit from similar overarch-
ing, cross-jurisdictional efforts. The suggestion for the
Salish Sea is modeled on an example from the Baltic Sea
(Sére, 2020). There, the Helsinki Commission was formed
to foster intergovernmental cooperation. Within this com-
mission, representatives from governments and sectoral
agencies of nine countries, the European Union, and
researchers, experts and environmental organizations
have been cooperating toward management within the
Baltic Sea (Valman et al., 2015). Analysis of other examples
from around the world can contribute to a repository of
tools and knowledge to support ecosystem-based adaptive
management and decision-making that can transcend
political borders.

In addition to multiple ecosystem stresses, a primary
contributor to the wicked problem of urban sea recovery
is the multiplicity of actors (landowners, stakeholders)
and levels of governance (from Indigenous nations to
municipal to state/provincial to federal), many of them
overlapping on the same parts of the seascape (Imperial
et al., 2016; Parrot, 2017). But this challenge may also be
a benefit, with numerous invested Indigenous groups,
agencies, community organizations, and educational
institutes already in place. Building a better future will
require developing creative configurations and transfor-
mative solutions (Bennett, 2019), leveraging the ways
societies, economies, and ecosystems are linked across
scales—and in the Salish Sea and many other urban seas,
across international borders. Ecosystem processes rarely
exist along the same lines as political borders: aligning
the scale of action is critical to system-scale, transforma-
tive change.

5. Conclusion
Urban seas are acute and tangible examples of human-
induced changes taking place on the edges of our global
ocean system—they are the nexus for human-ocean rela-
tionships. Climate change presents an intensifying chal-
lenge to planning for both protection and restoration.
Mechanisms underlying resilience to global change that
can be influenced by management-ready actions must be
identified and tested (Kroecker et al., 2019). Existing func-
tional habitats that have withstood pulse perturbations,
like heat waves, should be prioritized for conservation,
with attention paid to preventing further erosion of eco-
system structure and function. Spatial analyses can reveal
habitats resilient to climate stress and culturally signifi-
cant places (Cuerrier et al., 2015; Poe et al., 2016) to pri-
oritize as sites to preserve. Moving forward, investments in
mitigating climate impacts also present opportunities for
restorative work. Positive, protective, restorative, and
regenerative actions are increasingly necessary as stresses
compound in urban sea ecosystems.

In recognizing the importance of functional urban seas,
billions of dollars have been expended trying to repair
these ecosystems, but it is not enough. In many cases,
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restorative change has been slow and incomplete, existing
protections are outpaced by development, and decline
continues, further jeopardizing both ecosystem function
and potential actions that could right the course. At the
same time, the climate change juggernaut is rapidly out-
pacing current protections and restorative actions. We
must persevere and continue to invest in research and
long-term monitoring to fully understand impacts, and
also foster investment, decision-making, education, and
policies that take real steps toward change.

Owing to the high concentration of anthropogenic
activities, urban seas represent ideal natural laboratories
to study the well-defined, intense chemical/biological
gradients involved in the proximal impacts of high-
density population in marginal sea marine ecosystems.
Many urban seas have been the subject of rich research
over the last century (Geyer and Cannon, 1982; Officer
et al., 1984; Kennish, 2002; Lotze, 2010; Cloern and
Jassby, 2012; Cabral et al., 2019; see also Table 1 for
sea-specific examples), and that understanding must be
coupled with innovation in science and management,
local ocean literacy, and bold policy actions at appropri-
ate scales to reverse decline.

The Salish Sea stands as a preeminent global example
of a system on the precipice: its future is in our hands.
With more than 10,000 years of knowing from Indigenous
peoples and a dedicated network of educators, scientists,
policy makers, and communities, the Salish Sea represents
a priority testbed for transdisciplinary solutions, integrat-
ing across socio-environmental domains, jurisdictional
borders, science disciplines, and policy arenas to envision
a systems approach to environmental sustainability in the
most precarious area of our global ocean. Salish Sea scien-
tists and managers can learn from examples of more
degraded global urban seas to anticipate future declines
and identify innovative solutions, reciprocating with trans-
ferable and adaptable approaches for urban sea manage-
ment more broadly. An opportunity exists to demonstrate
that salmon and orcas can persist in proximity to major
metropolitan cities, but it will take more international
cooperation, uplifting of Indigenous rights and sover-
eignty, and collaborative commitment to recovery. While
there are strong signals of diminished ability to thrive
today, with the investment of money, community knowl-
edge, and bold action that questions the cost of doing
business as usual and makes fundamental change at the
land-sea interface now, this urban sea can be a leader in
coastal solutions.

As a critical nexus of human-ocean systems, urban seas
must be target areas for proactively managing the twin
threats of urbanization and climate change. Fundamental
to the toolkit of this work will be engaging a systems
approach in science and management through data inte-
gration, implementing place-based education initiatives to
sustain community-based action, and aligning science and
policy with ecosystem boundaries. By prioritizing the hot-
spots of the Anthropocene ocean and making large-scale
investments in urban sea renewal worldwide, we can
decelerate decline and open different futures.

Sobocinski et al: Urban seas are hotspots of stress

Acknowledgments

The authors thank numerous individuals for inspiration
during the crafting of the State of the Salish Sea report
from which this current effort sprung. The manuscript
benefited from further discussion with participants at the
Salish Sea Solutions Symposium at Friday Harbor Labora-
tories. We wrote this piece from our desks and computers
at several different places around the Salish Sea, all on the
lands and waters of the Lummi Nation and Nooksack
Tribe, two of many Coast Salish nations whose knowledge
systems of this place offer an anchor for restoration and
future health of the sea.

Competing interests

The authors declare that they have no known competing
financial interests or personal relationships that could
have appeared to influence the work reported in this

paper.

Author contributions
Conceptualization, investigation, writing, review, and revi-
sion: KLS, NJKB.
Conceptualization, writing, review, and revision: CDH.
Conceptualization, review, and revision: GB, MND, JRD.
Map creation, review, and revision: AF.
Approved submission of this manuscript: All authors.

References

Alava, ]JJ, Cisneros-Montemayor, AM, Sumaila, UR,
Cheung, WW. 2018. Projected amplification of food
web bioaccumulation of MeHg and PCBs under cli-
mate change in the Northeastern Pacific. Scientific
Reports 8(1): 1-12.

Amos, CL, Martino, S, Sutherland, TF Al Rashidi, T.
2015. Sea surface temperature trends in the coastal
zone of British Columbia, Canada. journal of Coastal
Research 31(2): 434-446.

Atlas, WI, Ban, NC, Moore, JW, Tuohy, AM, Greening, S,
Reid, AJ, Morven, N, White, E, Housty, WG,
Housty, JA, Service, CN, Greba, L, Harrison, S,
Sharpe, C, Butts, KIR, Shepert, WM, Sweeney-
Bergen, E, Macintyre, D, Sloat, MR, Connors, K.
2021. Indigenous systems of management for cul-
turally and ecologically resilience Pacific salmon
(Oncorhynchus spp.) fisheries. BioScience 71(2):
186-204.

Baigin, CRM, Colautti, DC, Maiztegui, T. 2016. Rio de la
Plata (La Plata River) and estuary (Argentina and
Uruguay), in Finlayson, C, Milton, G, Prentice, R,
Davidson, N eds., The Wetland book. Dordrecht, the
Netherlands: Springer. DOI: http://dx.doi.org/10.
1007/978-94-007-6173-5_243-1.

Baird, D, Ulanowicz, RE. 1989. The seasonal dynamics of
the Chesapeake Bay ecosystem. Ecological Mono-
graphs 59(4): 329-364.

Barbier, EB, Hacker, SD, Kennedy, C, Koch, EW, Stier, AC,
Silliman, BR. 2011.The value of estuarine and coastal
ecosystem services. Ecological Monographs 81:
169-193. DOI: http://dx.doi.org/10.1890/10-1510.1.


http://dx.doi.org/10.1007/978-94-007-6173-5_243-1
http://dx.doi.org/10.1007/978-94-007-6173-5_243-1
http://dx.doi.org/10.1890/10-1510.1

Sobocinski et al: Urban seas are hotspots of stress

Bednarsek, N, Pelletier, G, Ahmed, A, Feely, RA. 2020.
Chemical exposure due to anthropogenic ocean
acidification increases risks for estuarine calcifiers
in the Salish Sea: Biogeochemical model scenarios.
Frontiers in Marine Science 7(580). DOI: http://dx.
doi.org/10.3389/fmars.2020.00580.

Bennett, NJ. 2019. Marine social science for the peopled
seas. Coastal Management 47(2): 244-252.

Berry, HD, Mumford, TF, Christiaen, B, Dowty, P, Callo-
way, M, Ferrier, L, Grossman, EE,VanArendonk, NR.
2021. Long-term changes in kelp forests in an inner
basin of the Salish Sea. PLoS One 16(2): e0229703.

Bian, C, Jiang, W, Pohlmann, T, Siindermann, J. 2016.
Hydrography-physical description of the Bohai Sea.
Journal of Coastal Research 74(10074): 1-12.

Bograd, SJ, Kang, S, Di Lorenzo, E, Horii, T, Katugin,
ON, King, JR, Lobanov, VB, Makino, M, Na, G,
Perry, RI, Qiao, F. 2019. Developing a social—ecolo-
gical-environmental system framework to address
climate change impacts in the North Pacific. Fron-
tiers in Marine Science 6: 333.

Brophy, LS, Greene, CM, Hare, VC, Holycross, B, Lanier,
A, Heady, WN, O'Connor, K, Imaki, H, Haddad, T,
Dana, R. 2019. Insights into estuary habitat loss in
the western United States using a new method for
mapping maximum extent of tidal wetlands. PLoS
One 14(8): e0218558.

Burge, CA, Hershberger, PK. 2020. Climate change can
drive marine diseases, in Behringer, DC, Silliman, BR,
Lafferty, KD eds., Marine disease ecology. Oxford, UK:
Oxford University Press: 83—-94.

Cabral, H, Fonseca, V, Sousa, T, Costa Leal, M. 2019.
Synergistic effects of climate change and marine
pollution: An overlooked interaction in coastal and
estuarine areas. International Journal of Environmen-
tal Research and Public Health 16(15): 2737.

Cappellano, F Richardson, K, Trautman, L. 2021. Cross
border regional planning: Insights from Cascadia.
International Planning Studies 26(2): 182—-197.

Carey, J. 2021. The complex case of Chesapeake Bay res-
toration. Proceedings of the National Academy of
Sciences 118(25). DOI: http://dx.doi.org/10.1073/
pnas.2108734118.

Chesapeake Bay Program. 2022. What is a Watershed?
Available at https://www.chesapeakebay.net/
discover/watershed. Accessed July 11, 2022.

Cloern, JE, Foster, SQ, Kleckner, AE. 2014. Phytoplank-
ton primary production in the world's estuarine-
coastal ecosystems. Biogeosciences 11: 2477-2501.
DOI: http://dx.doi.org/10.5194/bg-11-2477-2014.

Cloern, JE, Jassby, AD. 2012. Drivers of change in
estuarine-coastal ecosystems: Discoveries from four
decades of study in San Francisco Bay. Reviews of
Geophysics 50(4): RG4001.

Costanza, R, Kemp, WM, Boynton, WR. 1993. Predict-
ability, scale, and biodiversity in coastal and estua-
rine ecosystems: Implications for management.
Ambio 22(2/3): 88-96. Available at http://www.
jstor.org/stable/4314052. Accessed December 8,
2022.

Art. 10(1) page 11 of 14

Crawford, WR, Pefia, MA. 2013. Declining oxygen on the
British Columbia continental shelf. Atmosphere-
Ocean 51(1): 88—103. DOI: http://dx.doi.org/10.
1080/07055900.2012.753028.

Cuerrier, A, Turner, NJ, Gomes, TC, Garibaldi, A, Down-
ing, A. 2015. Cultural keystone places: Conservation
and restoration in cultural landscapes. Journal of
Ethnobiology 35(3): 427-448.

Davis, KA, Banas, NS, Giddings, SN, Siedlecki, SA,
MacCready, P, Lessard, EJ, Kudela, RM, Hickey,
BM. 2014. Estuary-enhanced upwelling of marine
nutrients fuels coastal productivity in the U.S. Pacific
Northwest. Journal of Geophysical Research: Oceans
119(12): 8778-8799. DOI: http://dx.doi.org/10.
1002/2014JC010248.

Flower, A. 2020.Where is the Salish Sea? in Salish Sea Atlas.
Available at https://wp.wwu.edu/salishseaatlas/.
Accessed August 23, 2022.

Flower, A. 2021. Land cover and land use in the Salish Sea
bioregion. Available at https://arcg.is/5nPei.

Flower, A. 2022. Salish Sea Atlas. Available at https://wp.
wwu.edu/salishseaatlas/.

Freeman, LA, Corbett, DR, Fitzgerald, AM, Lemley, DA,
Quigg, A, Steppe, CN. 2019. Impacts of urbanization
and development on estuarine ecosystems and water
quality. Estuaries and Coasts 42(7): 1821-1838.

Geyer, WR, Cannon, GA. 1982. Sill processes related to
deep water renewal in a fjord. Journal of Geophysical
Research 87: 7985-7996.

Groner, ML, Eisenlord, ME, Yoshioka, RM, Fiorenza, EA,
Dawkins, PD, Graham, OJ, Winningham, M,
Vompe, A, Rivlin, ND, Yang, B, Burge, CA. 2021.
Warming sea surface temperatures fuel summer epi-
demics of eelgrass wasting disease. Marine Ecology
Progress Series 679: 47-58.

Hagy, JD, Boynton, WR, Keefe, CW, Wood, KV. 2004.
Hypoxia in Chesapeake Bay, 1950-2001: Long-term
change in relation to nutrient loading and river flow.
Estuaries 27(4): 634—658.

Harvell, CD, Montecino-Latorre, D, Caldwell, JM, Burt,
JM, Bosley, K, Keller, A, Heron, SE Salomon, AK,
Lee, L, Pontier, O, Pattengill-Semmens, C. 2019.
Disease epidemic and a marine heat wave are asso-
ciated with the continental-scale collapse of a pivotal
predator (Pycnopodia helianthoides). Science
Advances 5(1): eaau7042.

Helsinki Commission. 2018. State of the Baltic Sea—Sec-
ond HELCOM holistic assessment 2011-2016. Baltic
Sea Environment Proceedings 155. Available at
http://stateofthebalticsea.helcom.fi/in-brief/our-
baltic-sea/. Accessed July 11, 2022.

Hodgson, EE, Wilson, SW, Moore JW. 2020. Changing
estuaries and impacts on juvenile salmon: A system-
atic review. Global Change Biology 26(4): 1986—2001.

Imperial, MT, Ospina, S, Johnston, E, O’Leary, R, Thom-
sen, J, Williams, P, Johnson, S. 2016. Understand-
ing leadership in a world of shared problems:
Advancing network governance in large landscape
conservation. Frontiers in Ecology and the


http://dx.doi.org/10.3389/fmars.2020.00580
http://dx.doi.org/10.3389/fmars.2020.00580
http://dx.doi.org/10.1073/pnas.2108734118
http://dx.doi.org/10.1073/pnas.2108734118
https://www.chesapeakebay.net/discover/watershed
https://www.chesapeakebay.net/discover/watershed
http://dx.doi.org/10.5194/bg-11-2477-2014
http://www.jstor.org/stable/4314052
http://www.jstor.org/stable/4314052
http://dx.doi.org/10.1080/07055900.2012.753028
http://dx.doi.org/10.1080/07055900.2012.753028
http://dx.doi.org/10.1002/2014JC010248
http://dx.doi.org/10.1002/2014JC010248
https://wp.wwu.edu/salishseaatlas/
https://arcg.is/5nPei
https://wp.wwu.edu/salishseaatlas/
https://wp.wwu.edu/salishseaatlas/
http://stateofthebalticsea.helcom.fi/in-brief/our-baltic-sea/
http://stateofthebalticsea.helcom.fi/in-brief/our-baltic-sea/

Art. 10(1) page 12 of 14

Environment 14(3): 126—134. DOI: http://dx.doi.
org/10.1002/fee.1248.

International Center for the Environmental Manage-
ment of Enclosed Coastal Seas. 2015. Environmen-
tal guidebook on the enclosed coastal seas of the
World. Available at https://www.emecs.or.jp/upload/
publish/encsea_world_guidebook_en.pdf. Accessed
August 23, 2022.

Izaguirre, C, Losada, 1J, Camus, P, Vigh JL, Stenek, V.
2021. Climate change risk to global port operations.
Nature Climate Change 11: 14-20. DOI: http://dx.
doi.org/10.1038/541558-020-00937-z.

Johannessen, SC, Macdonald, RW, Burd, B, van Rood-
selaar, A, Bertold, S. 2015. Local environmental
conditions determine the footprint of municipal
effluent in coastal waters: A case study in the Strait
of Georgia, British Columbia. Science of the Total
Environment 508: 228-239.

Jones, J, Keller, P, van der flier Keller, E. 2022. Salish
Sea governance. Emerging issues in the Salish Sea,
Issue 1. Broadhurst, G, Baloy, NJK (contributing
eds.). Bellingham, WA: Salish Sea Institute, Western
Washington University. Available at https://cedar.
wwu.edu/salish_pubs/33/. Accessed October 28,
2022.

Kehoe, LJ, Lund, J, Chalifour, L, Asadian, Y, Balke, E,
Boyd, S, Carlson, D, Casey, JM, Connors, B, Cryer,
N, Drever, MC, Hinch, SG, Levings, C, MacDuffee,
M, McGregor, H, Richardson, J, Scott, DC, Stew-
art, D, Vennesland, RG, Wilkinson, CE, Zevit, P,
Baum, JK, Martin, TG. 2020. Conservation in
heavily urbanized biodiverse regions requires urgent
management action and attention to governance.
Conservation Science and Practice 3(2): e310. DOI:
http://dx.doi.org/10.1111/csp2.310.

Kemp, WM, Boynton, WR, Adolf, JE, Boesch, DF, Boi-
court, WC, Brush, G, Cornwell, JC, Fisher, TR,
Glibert, PM, Hagy, JD, Harding, LW. 2005. Eutro-
phication of Chesapeake Bay: Historical trends and
ecological interactions. Marine Ecology Progress
Series 303: 1-29.

Kendall, NW, Marston, GW, Klungle, MW. 2017. Declin-
ing patterns of Pacific Northwest steelhead trout
(Oncorhynchus mykiss) abundance and smolt sur-
vival in the ocean. Canadian Journal of Fisheries and
Agquatic Sciences 74(8): 1275-1290. DOI: http://dx.
doi.org/10.1139/cjfas-2016-0486.

Kennish, MJ. 2002. Environmental threats and environ-
mental future of estuaries. Environmental Conserva-
tion 29(1): 78-107.

Khangaonkar, T, Long, W, Xu, W. 2017. Assessment of
circulation and inter-basin transport in the Salish
Sea including Johnstone Strait and Discovery Islands
pathways. Ocean Modelling 109: 11-32.

Khangaonkar, T, Nugraha, A, Xu, W, Balaguru, K. 2019.
Salish Sea response to global climate change, sea
level rise, and future nutrient loads. Journal of Geo-
physical Research: Oceans 124(6): 3876—3904.

Khangaonkar, T, Nugraha, A, Xu, W, Long, W, Bianucci,
L, Ahmed, A, Mohamedali, T, Pelletier, G. 2018.

Sobocinski et al: Urban seas are hotspots of stress

Analysis of hypoxia and sensitivity to nutrient pol-
lution in Salish Sea. Journal of Geophysical Research:
Oceans 123: 4735-4761. DOL: http://dx.doi.org/10.
1029/2017JC013650.

Klinger, T, Newton, J. 2016. Ocean acidification as a prob-
lem in systems thinking. Washington Journal of Envi-
ronmental Law & Policy 6: 207-211. Available at
https://digitalcommons.law.uw.edu/wjelp/vol6/
iss2/2. Accessed December 15, 2021.

Kroeker, KJ, Carr, MH, Raimondi, PT, Caselle, JE, Wash-
burn, L, Palumbi, SR, Barth, JA, Chan, F Menge,
BA, Milligan, K, Novak, M. 2019. Planning for
change: Assessing the potential role of marine pro-
tected areas and fisheries management approaches
for resilience management in a changing ocean.
Oceanography 32(3): 116—125.

Levin, S. 1998. Ecosystems and the biosphere as complex
adaptive systems. Ecosystems 1: 431-436. DOI:
http://dx.doi.org/10.1007 /s100219900037.

Levin, S, Xepapadeas, T, Crépin, AS, Norberg, J, De
Zeeuw, A, Folke, C, Hughes, T, Arrow, K, Barrett,
S, Daily, G, Ehrlich, P, Kautsky, N, Miler, KG,
Polasky, S, Troell, M, Vincent, JR, Walker, B.
2013. Social-ecological systems as complex adap-
tive systems: Modeling and policy implications.
Environment and Development Economics 18(2):
111-132.

Lindo, J, Achilli, A, Perego, UA, Archer, D, Valdiosera,
C, Petzelt, B, Mitchell, J, Worl, R, Dixon, EJ, Fif-
ield, TE, Rasmussen, M. 2017. Ancient individuals
from the North American Northwest Coast reveal
10,000 years of regional genetic continuity. Proceed-
ings of the National Academy of Sciences 114(16):
4093-4098.

Losee, JP, Kendall, NW, Dufault, A. 2019. Changing
salmon: An analysis of body mass, abundance, sur-
vival, and productivity trends across 45 years in
Puget Sound. Fish and Fisheries 20: 934-951. DOL:
http://dx.doi.org/10.1111/faf.12385.

Lotze, HK. 2010. Historical reconstruction of human-
induced changes in U.S. estuaries. Oceanography and
Marine Biology: An Annual Review 48: 265-336.

MacCready, P, McCabe, RM, Siedlecki, SA, Lorenz, M,
Giddings, SN, Bos, J, Albertson, S, Banas, NS,
Garnier, S. 2021. Estuarine circulation, mixing, and
residence times in the Salish Sea. Journal of Geophys-
ical Research: Oceans 126(2): e2020JC016738.

Mackas, DL, Harrison, PJ. 1997. Nitrogenous nutrient
sources and sinks in the Juan de Fuca Strait/Strait
of Georgia/Puget Sound estuarine system: Assessing
the potential for eutrophication. Estuarine, Coastal
and Shelf Science 44(1): 1-21.

Matsuda, O. 2017. The Seto Inland Sea. Available at
https://www.emecs.or.jp/en/wp-content/uploads/
2019/09/10_osamu_matuda.pdf. Accessed August
12, 2022.

Mauger, GS, Casola, JH, Morgan, HA, Strauch, RL,
Jones, B, Curry, B, Busch Isaksen, TM, Whitely
Binder, L, Krosby, MB, Snover, AK. 2015. Puget
sound state of knowledge report. Seattle, WA:


http://dx.doi.org/10.1002/fee.1248
http://dx.doi.org/10.1002/fee.1248
https://www.emecs.or.jp/upload/publish/encsea_world_guidebook_en.pdf
https://www.emecs.or.jp/upload/publish/encsea_world_guidebook_en.pdf
http://dx.doi.org/10.1038/s41558-020-00937-z
http://dx.doi.org/10.1038/s41558-020-00937-z
https://cedar.wwu.edu/salish_pubs/33/
https://cedar.wwu.edu/salish_pubs/33/
http://dx.doi.org/10.1111/csp2.310
http://dx.doi.org/10.1139/cjfas-2016-0486
http://dx.doi.org/10.1139/cjfas-2016-0486
http://dx.doi.org/10.1029/2017JC013650
http://dx.doi.org/10.1029/2017JC013650
https://digitalcommons.law.uw.edu/wjelp/vol6/iss2/2
https://digitalcommons.law.uw.edu/wjelp/vol6/iss2/2
http://dx.doi.org/10.1007/s100219900037
http://dx.doi.org/10.1111/faf.12385
https://www.emecs.or.jp/en/wp-content/uploads/2019/09/10_osamu_matuda.pdf
https://www.emecs.or.jp/en/wp-content/uploads/2019/09/10_osamu_matuda.pdf

Sobocinski et al: Urban seas are hotspots of stress

Climate Impacts Group, University of Washington.
Available at https://cig.uw.edu/resources/special-
reports/ps-sok/. Accessed May 30, 2021.

Miller, A, Chapman, J, Dearden, A, Ross, P eds. 2020.
Ocean watch health ratings. Vancouver, Canada: Ocean
Wise Research Institute, Ocean Wise Conservation
Association: 338. Available at https://oceanwatch.
ca/howesound/welcome-3/snapshot-assessment-3/.
Accessed July 11, 2021.

Mollmann, C, Diekmann, R, Miiller-Karulis, B, Korni-
lovs, G, Plikshs, M, Axe, P. 2009. Reorganization of
a large marine ecosystem due to atmospheric and
anthropogenic pressure: A discontinuous regime
shift in the Central Baltic Sea. Global Change Biology
15: 1377-1393.

Murray, CJ, Miiller-Karulis, B, Carstensen, J, Conley,
DJ, Gustafsson, BG, Andersen, JH. 2019. Past,
present and future eutrophication status of the Bal-
tic Sea. Frontiers in Marine Science 6: 2.

National Academies of Sciences, Engineering, and
Medicine. 2022. Cross-cutting themes for U.S. con-
tributions to the UN Ocean Decade. Washington, DC:
The National Academies Press. DOI: http://dx.doi.
org/10.17226/26363.

Newton, JA, Siegel, E, Albertson, SL. 2003. Oceano-
graphic changes in Puget Sound and the Strait of
Juan de Fuca during the 2000-01 drought. Cana-
dian Water Resources Journal 28(4): 715-728.

Officer, CB, Biggs, RB, Taft, JL, Cronin, LE, Tyler, MA,
Boynton, WR. 1984. Chesapeake Bay anoxia: Origin,
development, and significance. Science 223(4631):
22-27.

Organization of American States. 2005. La Plata River
Basin: A framework for the sustainable manage-
ment of its water resources with respect to the
hydrological effects of climatic variability and
change. Office for Sustainable Development &
Environment, Water Project Series, Number 6.
Available at http://www.oas.org/en/sedi/dsd/
iwrm/Past_Projects/Documents/LaPlata_Brochure.
pdf. Accessed August 12, 2022.

Ostrom, E. 2007. A diagnostic approach for going beyond
panaceas. Proceedings of the National Academy of
Sciences 104(39): 15181-15187. DOI: http://dx.
doi.org/10.1073/pnas.0702288104.

Parrott, L. 2017. The modelling spiral for solving “wicked”
environmental problems: Guidance for stakeholder
involvement and collaborative model development.
Methods in Ecology and Evolution 8(8): 1005-1011.
DOI: http://dx.doi.org/10.1111/2041-210X.12757.

Pauly, D. 1995. Anecdotes and the shifting baseline syn-
drome of fisheries. Trends in Ecology & Evolution
10(10): 430.

Pearsall, I, Schmidt, M, Kemp, I, Riddell, B. 2021. Synthesis
of findings of the Salish Sea Marine Survival Project.
Version 1.0. Available at https://salishsearestoration.
org/images/3/3f/Pearsall_et_al_2021_salmon_
marine_survival_synthesis.pdf. Accessed January 6,
2022.

Art. 10(1) page 13 of 14

Pendleton, L, Evans, K, Visbeck, M. 2020. Opinion: We
need a global movement to transform ocean science
for a better world. Proceedings of the National Acad-
emy of Sciences 117(18): 9652-9655. DOI: http://
dx.doi.org/10.1073/pnas.2005485117.

Philip, SY, Kew, SE van Oldenborgh, GJ, Anslow, FS,
Seneviratne, SI, Vautard, R, Coumou, D, Ebi, KL,
Arrighi, J, Singh, R, van Aalst, M, Pereira Marghi-
dan, C, Wehner, M, Yang, W, Li, S, Schumacher, DL,
Hauser, M, Bonnet, R, Luu, LN, Lehner, F Gillett,
N, Tradowsky, J, Vecchi, GA, Rodell, C, Stull, RB,
Howard, R, Otto, FEL. 2021. Rapid attribution anal-
ysis of the extraordinary heatwave on the Pacific
Coast of the US and Canada June 2021. Earth System
Dynamics Discussion [preprint], in review. DOI:
http://dx.doi.org/10.5194/esd-2021-90.

Poe, MR, Donatuto, J, Satterfield, T. 2016. “Sense of
Place”: Human wellbeing considerations for ecolog-
ical restoration in Puget Sound. Coastal Manage-
ment 44(5): 409-426. DOLI: http://dx.doi.org/10.
1080/08920753.2016.1208037.

Puget Sound Partnerships. 2022. Puget Sound vital
signs. Available at https://vitalsigns.pugetsoundinfo.
wa.gov/. Accessed December 8, 2022.

Ray, GC. 1991. Coastal-zone biodiversity patterns. BioSci-
ence 41(7): 490-498.

Reckermann, M, Omstedt, A, Soomere, T, Aigars, J,
Akhtar, N, Beldowska, M, Beldowski, J, Cronin,
T, Czub, M, Eero, M, Hyytidinen, KP, Jalkanen, JP,
Kiessling, A, Kjellstrom, E, Kulinski, K, Larsén,
XG, McCrackin, M, Meier, HEM, Oberbeckmann,
S, Parnell, K, Pons-Seres de Brauwer, C, Poska, A,
Saarinen, ], Szymczycha, B, Undeman, E, Wor-
man, A, Zorita, E. 2022. Human impacts and their
interactions in the Baltic Sea region. Earth System
Dynamics 13: 1-80. DOI: http://dx.doi.org/10.
5194/esd-13-1-2022.

Rittel, HW, Webber, MM. 1973. Dilemmas in a general
theory of planning. Policy Sciences 4(2): 155—169.

Ruff, CP, Anderson, JH, Kemp, IM, Kendall, NW,
Mchugh, PA, Velez-Espino, A, Greene, CM, Trudel,
M, Holt, CA, Ryding, KE, Rawson, K. 2017. Salish
Sea Chinook salmon exhibit weaker coherence in
early marine survival trends than coastal popula-
tions. Fisheries Oceanography 26(6): 625-637. DOI:
http://dx.doi.org/10.1111/fog.12222.

Sare, M. 2020. Non-governmental organizations and
cross-border environmental cooperation: Salish
Sea and Baltic Sea regions. Border Policy Research
Institute, Western Washington University and Bor-
ders in Globalization SSHRC Research Program at
the Centre for Global Studies at the University of
Victoria. Border Policy Research Institute Publica-
tions 118. Available at https://cedar.wwu.edu/
bpri_publications/118. Accessed July 11, 2022.

Shrestha, RR, Schnorbus, MA, Werner, AT, Berland, AJ.
2012. Modelling spatial and temporal variability of
hydrologic impacts of climate change in the Fraser
River basin, British Columbia, Canada. Hydrological
Processes 26(12): 1840—-1860.


https://cig.uw.edu/resources/special-reports/ps-sok/
https://cig.uw.edu/resources/special-reports/ps-sok/
https://oceanwatch.ca/howesound/welcome-3/snapshot-assessment-3/
https://oceanwatch.ca/howesound/welcome-3/snapshot-assessment-3/
http://dx.doi.org/10.17226/26363
http://dx.doi.org/10.17226/26363
http://www.oas.org/en/sedi/dsd/iwrm/Past_Projects/Documents/LaPlata_Brochure.pdf
http://www.oas.org/en/sedi/dsd/iwrm/Past_Projects/Documents/LaPlata_Brochure.pdf
http://www.oas.org/en/sedi/dsd/iwrm/Past_Projects/Documents/LaPlata_Brochure.pdf
http://dx.doi.org/10.1073/pnas.0702288104
http://dx.doi.org/10.1073/pnas.0702288104
http://dx.doi.org/10.1111/2041-210X.12757
https://salishsearestoration.org/images/3/3f/Pearsall_et_al_2021_salmon_marine_survival_synthesis.pdf
https://salishsearestoration.org/images/3/3f/Pearsall_et_al_2021_salmon_marine_survival_synthesis.pdf
https://salishsearestoration.org/images/3/3f/Pearsall_et_al_2021_salmon_marine_survival_synthesis.pdf
http://dx.doi.org/10.1073/pnas.2005485117
http://dx.doi.org/10.1073/pnas.2005485117
http://dx.doi.org/10.5194/esd-2021-90
http://dx.doi.org/10.1080/08920753.2016.1208037
http://dx.doi.org/10.1080/08920753.2016.1208037
https://vitalsigns.pugetsoundinfo.wa.gov/
https://vitalsigns.pugetsoundinfo.wa.gov/
http://dx.doi.org/10.5194/esd-13-1-2022
http://dx.doi.org/10.5194/esd-13-1-2022
http://dx.doi.org/10.1111/fog.12222
https://cedar.wwu.edu/bpri_publications/118
https://cedar.wwu.edu/bpri_publications/118

Art. 10(1) page 14 of 14

Sobocinski, KL. 2021. State of the Salish Sea. Broadhurst,
G, Baloy, NJK (contributing eds.). Bellingham, WA:
Salish Sea Institute, Western Washington University.
DOI: http://dx.doi.org/10.25710/vfhb-3a69.

Sobocinski, KL, Greene, CM, Anderson, JH, Kendall, N,
Schmidt, MW, Zimmerman, MS, Kemp, IM, Kim,
S, Ruff, CP. 2021. A hypothesis-driven statistical
approach to identifying ecosystem indicators of
Coho and Chinook salmon marine survival. Ecologi-
cal Indicators 124: 107403. DOI: http://dx.doi.org/
10.1016/j.ecolind.2021.107403.

Soga, M, Gaston, KJ. 2016. Extinction of experience: The
loss of human—nature interactions. Frontiers in Ecol-
ogy and the Environment 14(2): 94-101.

Steenbeek, J, Buszowski, J, Chagaris, D, Christensen,
V, Coll, M, Fulton, EA, Katsanevakis, S, Lewis, KA,
Mazaris, AD, Macias, D, de Mutsert, K, Oldford,
G, Pennino, MG, Piroddi, C, Romagnoni, G, Ser-
petti, N, Shin, YJ, Spence, MA, Stelzenmiiller, V.
2021. Making spatial-temporal marine ecosystem
modelling better—A perspective. Environmental
Modelling & Software 145: 105209. DOI: http://
dx.doi.org/10.1016/j.envsoft.2021.105209.

Sutherland, DA, MacCready, P, Banas, NS, Smedstad,
LE 2011. A model study of the Salish Sea estuarine
circulation. Journal of Physical Oceanography 41(6):
1125-1143.

Takeoka, H. 2002. Progress in Seto Inland Sea research.
Journal of Oceanography 58: 93-107. DOI: http://
dx.doi.org/10.1023/A:1015828818202.

Toniello, D, Lepofsky, D, Lertzman-Lepofsky, G, Salo-
mon, A, Rowell, K. 2019. 11,500 y of human—clam
relationships provide long-term context for inter-
tidal management in the Salish Sea, British Colum-
bia. Proceedings of the National Academy of Sciences
116(44): 22106-22114.

Sobocinski et al: Urban seas are hotspots of stress

U.S. Environmental Protection Agency. 2021. Health of
the Salish Sea ecosystem report. Available at
https://www.epa.gov/salish-sea. Accessed January
6, 2022.

Valman, M, Osterblom, H, Olsson, P. 2015. Adaptive
governance of the Baltic Sea—Lessons from else-
where. International Journal of the Commons 9(1):
440-465. DOLI: http://dx.doi.org/10.18352/ijc.532.

Wasser, SK, Lundin, JI, Ayres, K, Seely, E, Giles, D,
Balcomb, K, Hempelmann, J, Parsons, K, Booth,
R. 2017. Population growth is limited by nutritional
impacts on pregnancy success in endangered South-
ern Resident killer Whales (Orcinus orca). PLoS One
12(6): €0179824.

Whitt, C, Pearlman, J, Polagye, B, Caimi, F Muller-Kar-
ger, F Copping, A, Spence, H, Madhusudhana, S,
Kirkwood, W, Grosjean, L, Fiaz, BM, Singh, S,
Singh, S, Manalang, D, Gupta, AS, Maguer, A,
Buck, JJH, Marouchos, A, Atmanand, MA, Venka-
tesan, R, Narayanaswamy, V, Testor, P, Douglas,
E, de Halleux, S, Khalsa, SJ. 2020. Future vision for
autonomous ocean observations. Frontiers in Marine
Science 7: 697. DOI: http://dx.doi.org/10.3389/
fmars.2020.00697.

Worm, B, Barbier, EB, Beaumont, N, Duffy, JE, Folke, C,
Halpern, BS, Jackson, JB, Lotze, HK, Micheli, F
Palumbi, SR, Sala, E. 2006. Impacts of biodiversity
loss on ocean ecosystem services. Science 314(5800):
787-790.

Zimmerman, MS, Irvine, JR, O'Neill, M, Anderson, JH,
Greene, CM, Weinheimer, ], Trudel, M, Rawson,
K. 2015. Spatial and temporal patterns in smolt
survival of wild and hatchery Coho salmon in the
Salish Sea. Marine and Coastal Fisheries 7(1):
116—-134. DOI: http://dx.doi.org/10.1080/19425120.
2015.1012246.

How to cite this article: Sobocinski, KL, Harvell, CD, Baloy, NJK, Broadhurst, G, Dethier, MN, Flower, A, Delaney, JR. 2022,
Urban seas as hotspots of stress in the Anthropocene ocean: The Salish Sea example. Elementa: Science of the Anthropocene

10(1). DOI: https://doi.org/10.1525/elementa.2022.00055

Domain Editor-in-Chief: Jody W. Deming, University of Washington, Seattle, WA, USA

Knowledge Domain: Ocean Science

Published: December 16, 2022

Accepted: November 13, 2022

Submitted: April 14, 2022

Copyright: © 2022 The Author(s). This is an open-access article distributed under the terms of the Creative Commons
Attribution 4.0 International License (CC-BY 4.0), which permits unrestricted use, distribution, and reproduction in any medium,
provided the original author and source are credited. See http://creativecommons.org/licenses/by/4.0/.

N7 ELEMENTA
I\ S

Science of the Anthrapocene

Elem Sci Anthis a peer-reviewed open access
journal published by University of California Press.

OPEN ACCESS @


http://dx.doi.org/10.25710/vfhb-3a69
http://dx.doi.org/10.1016/j.ecolind.2021.107403
http://dx.doi.org/10.1016/j.ecolind.2021.107403
http://dx.doi.org/10.1016/j.envsoft.2021.105209
http://dx.doi.org/10.1016/j.envsoft.2021.105209
http://dx.doi.org/10.1023/A:1015828818202
http://dx.doi.org/10.1023/A:1015828818202
https://www.epa.gov/salish-sea
http://dx.doi.org/10.18352/ijc.532
http://dx.doi.org/10.3389/fmars.2020.00697
http://dx.doi.org/10.3389/fmars.2020.00697
http://dx.doi.org/10.1080/19425120.2015.1012246
http://dx.doi.org/10.1080/19425120.2015.1012246

	Western Washington University
	From the SelectedWorks of Aquila Flower
	Winter December, 2022

	Urban seas as hotspots of stress in the Anthropocene ocean: The Salish Sea example
	ELEMENTA_D_22_00055 1..14

