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Building resilience in coastal resources and related communities is improved by a
holistic ecosystem research approach for integrating socioecological system
components; a key challenge in this process is capturing dynamic interactions
between components. We present an application of ecosystem oceanography to
address goals of marine conservation and management, including climate
readiness and supporting a blue economy. Treating the ecosystem as the
sample unit is fundamental to our research program. Specifically,
spatiotemporal structure of relationships among taxa themselves is the study
subject, not the individual members. Our approach outlines four steps toward
successful implementation: 1) Build a conceptual ecosystem-oceanography
model informed by previous science and human dimensions research to test
hypotheses and identify gaps in our understanding; 2) Design survey and adaptive
monitoring efforts, including data sharing protocols, to capture the
spatiotemporal processes of ecosystem structure; 3) Use diet data and
spatiotemporal variability in trophic interactions to quantify processes
influencing ecosystem function, including persistent hotspots of abundance,
biodiversity, and trophic transfer; 4) Link empirically-determined processes to
improve parameterization of biophysical models to enable evaluation of
ecosystem structure and functionality retrospectively and prospectively.
Accomplishing these objectives requires a transdisciplinary team and will
enable evaluation of specific management goals, develop indicators for
tracking progress towards meeting them, and carry out scenario evaluation
under near-term and long-term scenarios that explore key uncertainties (e.g.,
future climate and policy directions). We apply this four-step approach to identify
key drivers for recent ecosystem and fishery surprises in the California Current
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Ecosystem. We propose this approach offers a means for anticipating future
ecosystem states and increasing preparedness and capacity to overcome fishery
surprises, and in doing so supporting the development of management
approaches that are robust to uncertainty.

KEYWORDS

ecosystem monitoring and management, salmon, whale entanglement, food webs,

biophysical models

A role for ecosystem oceanography

Reductionist approaches commonly used in fishery and biological
oceanography often fall short in providing management advice
leading to robust actions for dealing with novel or surprising
ecosystem change. Despite decades of researching the dynamics and
behavior of marine ecosystems, there is a lack of demonstrated skill in
fishery and ecosystem-level forecasting. Such a short-fall is apparent
in the presence of increasing challenges brought on by climate change,
successful predator recovery efforts, and additional anthropogenic
pressures (e.g., fisheries, shipping, offshore wind development)
(Hidalgo et al., 2022). Namely, predicting contemporary dynamics
is underprepared for overcoming increasing risk and challenges to
mitigating and adapting to adverse and interactive effects of climate
change and human resource demand on ecosystem services. A holistic
ecosystem oceanography approach to research that focuses on
identifying complex and varying processes and mechanisms can
provide context for quantifying the embedded and interactive
effects of ecosystem components. This improves the evaluation and
implementation of dynamic ocean management approaches that are
robust to ‘ecological surprises’ (here defined as ecosystem behavior
and events that deviate from our expectation) and better situates
researchers and managers to proactively adapt to or mitigate pending
conditions (Filbee-Dexter et al., 2017; Moore and Schindler, 2022).

The discipline of ecosystem oceanography provides a
framework for achieving system-level understanding and
parameterization of models for developing well-founded risk
assessments and management strategies for contemporary and
novel ecosystem issues. Ecosystem oceanography was first
referenced by Cury (2005) and an initial framework for the
approach was presented in Cury et al. (2008) incorporating
empirical and numerical analyses to quantify ecosystem dynamics
including influences of spatiotemporal variability in bottom-up,
top-down, and middle-out control of the system. Our goal is to
provide context and tractable advice on developing an ecosystem
oceanography program: a discipline for elucidating variability in
trophic structure related to climate change and human-related
impacts. In building a transdisciplinary research program, we
have found it essential to integrate personnel with skills
pertaining to physical and biological oceanography, ecosystem
modeling, and fisheries biology and management as components
of an ecosystem oceanography approach (e.g., Wells et al., 2020;
Santora et al, 2021a; Tommasi et al., 2021). Doing so permits
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diagnosing previous ecological conditions and anticipating looming
changes in the ecosystem to optimize solutions for maintaining
healthy socio-ecological systems.

As a discipline, several ecosystem oceanography stylized
approaches have been successfully implemented globally, regardless
of whether they have followed similar steps that we outline. All of these
approaches have readily applied the use of a conceptual model for
describing how ecosystem components interact and how they are
scaled relative to biophysical drivers. The importance of the Stommel
Diagram approach, which examines scales of spatiotemporal variability
of biological and physical oceanography, is now a ubiquitous feature of
biological, fisheries and ecosystem oceanography (Stommel, 1963;
Haury et al, 1978; Levin, 1992; Schwing, 2023). This cornerstone
approach to conceptualizing oceanographic variability extends to
development of research programs invested in understanding the
causal and ultimate drivers of marine ecosystem dynamics
worldwide by pairing empirical and numerical modeling research
priorities (e.g, Wells et al, 2020). For example, the Global Ocean
Ecosystem Dynamics program invested in developing indicators and
models to benefit fishery and ecosystem management (Turner et al,
2013). Further, in the Southern Ocean, fishery and ecosystem
management involving Antarctic krill (Euphausia superba) and
dependent predators (finfish, penguins, pinnipeds), relies upon
ecosystem monitoring data that is explicitly connected to dynamical
ecosystem models that are used to ensure overfishing of krill does not
impact sensitive predator populations (Watters et al., 2013). In the
North Sea, the sprat (Sprattus sprattus L.) fishery applies a coupled
ocean ecosystem and individual-based model to assess fish survival
(Daewel et al, 2008) and similar models have been developed for
Atlantic cod (Gadus morhua) (Daewel et al., 2015). In the Baltic Sea,
well-parameterized biophysical models are considered assets in the
development of ecosystem-level management tactics and strategies for
sprat, Atlantic cod, and herring (Clupea harengus) to ensure fisheries
are sustainable (Mollmann et al, 2014). Although there are many
examples of studies that develop ecological and oceanographic
indicators from observations, and use numerical models to predict
species patterns and response of fishery practices, we argue that
implementing a well-defined and transferable ecosystem
oceanography approach is more relevant than ever due to increasing
climate change and variability effects on marine ecosystems.

Our ecosystem oceanography approach applied to the
California Current Ecosystem has been of increasing importance
as variability in trophic structure (i.e., variability of food web
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linkages between zooplankton and secondary consumers) linked to
variability of environmental conditions result in consequential
ecosystem-level impacts (Bindoff et al., 2019). Successful
conservation of seabirds and marine mammals has resulted in
many once-depleted populations recovering, a situation
prompting resource managers to consider strategies that better
balance the trade-off between the forage needs of predators and
the impacts of human fisheries and removals (DeMaster et al., 2001;
Samhouri et al., 2017; Ainley et al., 2018). The concomitant effect of
varying and less persistent environment and forage populations
with increasing consumptive demands of recovering predators (e.g.,
seabirds and marine mammals) has been linked to observed shifts of
trophodynamics (Wells et al., 2008a; Mills et al., 2013; McClatchie
et al., 2015; Fleming et al., 2016). The cost of ecological surprises to
coastal human communities has been great and future costs may be
greater as unanticipated ecosystem states continue to develop (Lam
et al., 2016). Costs directly realized have included closures to
fisheries due to recruitment failures (e.g., Chinook salmon
(Oncorhynchus tshawytscha); Lindley et al., 2009; McCabe et al.
2016), domoic acid events (Holland and Leonard, 2020; Trainer
etal,, 2020), and mitigating risk of whale entanglement in fixed-gear
fisheries (Santora et al., 2020). There have been monetary losses
connected to droughts, fires and increasing river temperatures
which directly relate to salmon adult abundance and the fishery
(Lindley et al, 2009), and losses due to whale entanglement
mitigation and the Dungeness crab (Metacarcinus magister)
fishery (Seary et al,, 2022). As current climate trends continue, we
can expect occurrences of ecological surprises to increase and the
development of chronically-unfavorable conditions that could be
irreversible (e.g., freshwater habitat degradation, compression of
coastal habitat, reduced productivity at trophic hotspots; Solomon
et al.,, 2009; Santora et al., 2017; Schroeder et al., 2022).

Two events in the California Current Ecosystem demonstrate
complicated consequences of spatiotemporal variability in
ecosystem function, resulting in surprises that impacted socio-
economic systems, and demonstrate the need for an ecosystem-
oceanographic approach. These examples include different time
periods, yet similar underlying unexpected ecosystem shifts: 1) the
failure of the 2005 California Fall-run Chinook salmon cohort that
led to a years-long collapse of a salmon fishery (Lindley et al., 2009);
and 2) increased whale entanglements in fixed-gear fisheries during
the Large Marine Heat Wave of 2014-2016 (Santora et al., 2020). In
both cases, there were warm winter conditions in the Northeast
Pacific Ocean basin and increased coastal stratification,
consequences of reduced late-winter upwelling. This
preconditioned the California Current Ecosystem for poor
primary productivity, reduced production of euphausiids
(hereafter krill) at persistent hotspots, and a switch by predators
from typically well dispersed juvenile forage fishes associated with
productive conditions (e.g., rockfishes, spp. Sebastes) and krill to
adult Northern anchovy (Engraulis mordax) which are restricted
nearshore in a narrow band of upwelled water (i.e., habitat
compression) (Wells et al., 2017; Santora et al., 2020). As a result,
seabirds aggregated nearshore to feed on the available Northern
anchovy, but in doing so, increased incidental predation on
emigrating Chinook salmon which typically only make up a
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nominal amount of their diet (Wells et al., 2017). Similarly,
humpback whales (Megaptera novaeangliae) that typically feed on
krill in more offshore locations (outer continental slope), foraged
nearshore on Northern anchovy where the incidence of their
entanglement with fixed fishing gears increased dramatically.
Currently, in 2023 the Chinook salmon fishery for much of the
US West Coast is closed for the second time in 15 years, resulting in
another significant economic loss for coastal fishing communities.
We refer back to these examples throughout to highlight how an
integrative ecosystem oceanographic approach can inform and
mitigate such surprises.

We contend that diagnosing and adapting to future ecosystem
change, through use of single-species, multi-species or aggregated
approaches (i.e., constructing ecosystem structure and process from
disaggregated studies) are insufficient at capturing the variability in
ecosystem structure and functionality, especially in cases where
spatiotemporal variability in the trophic interactions is a dominant
characteristic. What makes the ecosystem oceanographic approach
novel is consideration of the underlying structure of the full system
and building a study design accommodating this system and its
varying structure with an eye toward modeling the variability in the
interactions and functionality of ecosystem components and,
ultimately, the consequences to fish, fisheries and protected
resources. We advocate for a holistic and adaptive research and
survey program that could allow for building capacity and
preparedness for overcoming novel contemporary ecosystem
management issues and unanticipated logistical constraints (e.g.,
coronavirus, reduced funding, ship malfunctions; Santora et al.,
2021b). We provide a conceptual overview of our streamlined
process to facilitate an effective approach to ecosystem-based
management that we refer to throughout this perspective piece
(Figure 1). Linking ecosystem services to data inputs, empirical
analyses, coupling empirical results to biophysical models is integral
to an ecosystem oceanographic approach. This is especially critical
as the frequency of negative, novel conditions is greater than the
evolution of the science needed to diagnose related impacts, develop
decision tools, and resolve contemporary and future solutions.

Although the California Current is particularly data rich, many
similar observational and modeling data sets exist within large
marine ecosystems worldwide and are increasingly accessible to
researchers. We have access to several long-term data sets including
physical and biological series, and fishery assessments, across
trophic levels, from which to develop an integrative ecosystem
observing and modeling approach. By treating the ecosystem as the
sample unit and by evaluating these data series synthetically we
achieve an ecosystem oceanography research effort. This underlying
approach considers the spatiotemporal relationships between
ecosystem components as the study subject. The implication of
this assertion is that spatiotemporal variability in ecosystem
function is best evaluated synthetically. Otherwise, constructing
conceptual understandings and management options by
reanimating previously disconnected research efforts would
provide a false comfort in solving issues as idiosyncratic problems
to be diagnosed and dealt with individually. Rather, we should build
general approaches and solutions founded on researching
underlying processes governing ecosystem structure, treating the
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FIGURE 1

A flow diagram of ecosystem services linked to (A) data inputs, (B) empirical analyses, (C) coupling empirical results to biophysical models and the
(D) ecosystem benefits that can result from each level of this ecosystem oceanographic approach. Empirical observations and statistical modeling
provide measures of the states of individual ecosystem components, a conceptual understanding of the system, and the opportunity to develop
functional relationships within the ecosystem. This provides indicators on which to assess risks to ecosystem components, the opportunity for semi-
quantitative analyses from a conceptual model, and sensitivity analysis to evaluate the leverage ecosystem components have on accomplishing
managerial goals or affecting additional ecosystem components. Empirical outputs and diagnosed processes can be coupled to biophysical models
to evaluate spatiotemporal variability in ecosystem structure and functionality retrospectively and prospectively. Further, by quantifying the
relationships between the environment and spatiotemporal variability of managed ecosystem components, we can estimate the spatiotemporal
responses of these components to future climate trends and variability. These coupled, numerical approaches provide a more complete
spatiotemporal coverage of ecosystem state that have been out-of-sample, inform near and long-term risks, and can be used to evaluate
management strategies. We also provide example products and users (E): 1) Pacific Marine Fisheries Council (https://www.pcouncil.org/annual-
california-current-ecosystem-status-report/), 2) California Current Integrated Ecosystem Assessment (https://www.integratedecosystemassessment.
noaa.gov/regions/california-current/california-current-iea-indicators), 3) California Department of Fish and Wildlife, Ocean Protection Council
(https://www.opc.ca.gov/risk-assessment-and-mitigation-program-ramp/), 4) National Marine Sanctuary Reports, Central California Ocean
Observing System (CenCOQS), 5) Marine Biodiversity Observation Network: https://mbon.iocos.us/#default-data/5, 6) NOAA Fisheries (Wells et al
2020 and development of biophysical models and biological opinions), 7) Monterey Bay Aquarium Research Institute (https://www.mbari.org/data/
krill-hotspots-in-the-california-current/), 8) Informing freshwater management actions (e.g., Gosselin et al., 2021, ), 9) Fiechter et al., 2015 (IBM is
Individual Based Model), 10) Henderson et al., 2019, and 11) Friedman et al., 2019.

ecosystem itself as the unit of study. If not, resulting cascades,
synergistic outcomes and latent interactions may be unanticipated
when the ecosystem is pushed in novel ways by environmental,
internal, and human pressures. Therefore, a first step in an
ecosystem-level approach is to define the ecosystem, including its
community structure, the environmental drivers that impact
trophic interactions, and the impacts to and resulting from
humans (e.g., Figure 2).

An ecosystem oceanography effort is improved by integrating
research goals and human dimensions directly. Sole consideration to
natural resource variability marginalizes and impacts stakeholders
and reduces effective participation in implementation of management
decisions that aim for resilient fisheries and communities (Conroy
and Peterson, 2013). An integrated socio-ecological conceptual model
is a first step in developing a transdisciplinary program inclusive of
human dimensions such that the results are mapped to identified
needs, climate vulnerability assessments, and the diagnosis of
resolutions (Harvey et al, 2016; Wells et al., 2020; Dudley et al.,
2021). For example, Chinook salmon fisheries are linked to additional
fisheries, such as the fixed-gear Dungeness crab fishery, through
cross-participation which is an aspect that is likely of importance
beyond a salmon-oriented ecosystem (Fisher et al., 2021). Developing
and executing a research program in collaboration with the
community through methods such as Structured Decisions Making
reduces unforeseen conflicts that could hinder the application of an
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academically valuable but misdirected research effort (Conroy and
Peterson, 2013).

As we consider a holistic program, we recognize Cury et al.
(2008) provide tenets on which we base our guideposts. 1) Problems
should be approached and addressed at the ecosystem level. 2)
Ecosystem oceanography treats bottom-up (e.g., productivity) and
top-down (e.g., fishery, predation) influences as acting
simultaneously on components of the ecosystem, albeit, with
different relative influence under different conditions. 3) Spatial
and temporal processes act simultaneously to determine ecosystem
state including, among other aspects, recruitment of forage fish,
forage species assemblages, predator behaviors, trophic dynamics
and fisheries. 4) While ecosystem processes are dependent on
larger-scale conditions (e.g., pressure cells), the proximate
determinants of ecosystem structure and function are the result of
mesoscale processes (e.g., fronts, upwelling, eddies). 5) Explicit
representation of predation allows for the estimation of the
proximate outcomes of environmental variability and trends. 6)
Quantitative analysis of long-term data series allows a greater scope
of conditions and provides more confidence in the estimation of
out-of-sample predictions. 7) Ecosystem models should only be as
complex as needed to address the overarching ecosystem processes.
In such, appropriate model complexity should be evaluated by
comparing nested model results to observed condition. 8) Model
evaluation is essential to develop trust in the hindcasts and forecasts

frontiersin.org


https://www.pcouncil.org/annual-california-current-ecosystem-status-report/
https://www.pcouncil.org/annual-california-current-ecosystem-status-report/
https://www.integratedecosystemassessment.noaa.gov/regions/california-current/california-current-iea-indicators
https://www.integratedecosystemassessment.noaa.gov/regions/california-current/california-current-iea-indicators
https://www.opc.ca.gov/risk-assessment-and-mitigation-program-ramp/
https://mbon.ioos.us/#default-data/5
https://www.mbari.org/data/krill-hotspots-in-the-california-current/
https://www.mbari.org/data/krill-hotspots-in-the-california-current/
https://doi.org/10.3389/fmars.2023.1192052
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Wells and Santora

10.3389/fmars.2023.1192052

1
[ Basin during winter (e.g., PDO, ENSD)Q

Krill

Rockfish

5 Northern anchovy
4 [ Meridional transport of copepods
ill

T | and zonal transport/retention of kri

Salmon

stratification in winter

!

Coastal upwelling and {f -)l Nutrients on shelf and shelf break |
2

6
Pri " ¥ — Growth and production of Common murre
rimary productivity mesoplankton on shelf during winter Humpback whale

Winter Spatial extent of cool

Ii!
Winter-spawned forage fishes

=== coastal waters

Spring

Spring transition to more

Continued introduction of B

Trophic structure

+ Salmon survival and recruitment®®<

nutrients

consistent, deeper

Condition, production, E * Distribution expansions (e.g., salps)
distribution of

Primary productivi

on shelf

* Seabird reproductive success/failure®
+ Sealion unusual mortality eventsf
* Salmon bycatch in Pacific hake fishery®

fronts)

Forage fish assemblage, availability,
and distribution (e.g., mesoscale,

* Hotspot development and persistenceh i
*  Whale entanglements®

10 * Fishery variability (e.g., timing, closures)'

Physics

Primary production

Forage

Ecological and societal outcomes

FIGURE 2

Our general conceptual model of the California Current Ecosystem as it currently stands relative to a number of recent and current ecological
outcomes. Fonts are colored to match ecological outcomes and the various studies with which we refined the conceptual model: a growing suite of
components and interactions were examined to elucidate the outcomes at hand. Numbers associated with components are referenced as specific
studies in the text. Literature cited in "Ecological and societal outcomes”: a) Wells et al., 2012, b) Woodson et al,, 2013b, c) Wells et al.,, 2017, d) Miller
et al, 2019, e) Wells et al,, 2008a, f) McClatchie et al., 2015, g) Wells et al., 2023, h) Santora et al,, 2011, i) Santora et al,, 2018, j) Santora et al., 2017, k)
Santora et al,, 2020 and |) Seary et al., 2022. From upper left to lower right the scale of processes declines from basin-scale to meso-scale. Also
shown are two roughly organized trophic structures of central California sentinel species discussed here related to cool, productive conditions (blue
arrows) and less productive, warmer conditions (orange arrows) during spring and summer.

of ecosystem structure and functionality. Here, we provide direction
in the development of an ecosystem oceanography program
inclusive of, and building on, Cury et al.’s principles.

To build and implement an ecosystem model, assessment or
management strategy evaluation properly, requires an integrative
observing and modeling process for parametrization and evaluation
(e.g., from samples of fish in trawls and observations of predators
and sea state to parameterizing an individual-based model for
juvenile salmonids). While already existing ecosystem models
may be capable of accommodating our approach, they typically
do not follow the sequence of steps outlined in this conceptual
review. We provide a path with four guideposts for accomplishing
an ecosystem oceanography research effort and applying its results
based on decades of research in the California Current Ecosystem
(Figure 1). This perspective targets and may benefit existing
research programs with intermediate (e.g., 10-20 years) or mature
time series, yet with limited integration between them (Edwards
et al,, 2010). Development and application of the effort begins with
recognizing the ecosystem as it relates to questions, observing and
quantifying processes regulating the ecosystem, recognizing current
and future risks, and providing guidance for management
evaluation to avoid, adapt to, or mitigate risk. While we focus on
an Eastern Boundary Upwelling Ecosystem, any marine system
(e.g., coral reefs, mangrove, and high latitude sea-ice ecosystems)
can be examined if the totality of the system is treated as a sample
unit and the fundamental data series and conceptual models are
considered. The limiting element to the general application of this
approach is data availability. We hope to build a case for increased
investment in data collection and, where possible, adding value to
existing survey efforts by including additional platforms (e.g.,
remotely-sensed data) and observations (e.g., predators, eDNA).
What is not specifically addressed here, but is implicit in the
examples we provide throughout, is the need to build a
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transdisciplinary team including representation from physical and
biological oceanography, ecosystem modeling, fisheries biology, and
management. We are fortunate to have identified and maintained
such a collective (represented in the Acknowledgements), which we
consider to be an ecosystem oceanography program. We hope that
our experiences and comments, organized as 4 interrelated steps,
make the path to such a synthetic effort shorter for those interested
in developing such a program.

Develop conceptual models
of the marine ecosystem structure
and processes

We see a first step in problem solving requiring the
development of conceptual models of presumed ecosystem
structure and processes relative to the hypothesis for the
ecosystem dynamics at hand. The clarity of these models makes
complicated objectives appear more manageable, solutions more
probable, and increases the motivation to work on the issues
collaboratively (Harvey et al., 2016). It is also useful for defining a
strategy for identifying research gaps (Wells et al., 2020).
Importantly, conceptual models allow the identification of
process-oriented indicators for individual components and of
ecosystem function at the scales at which processes are dependent
and occur (Figures 1A, B). Basin-scale drivers (e.g., atmospheric
pressure systems and related surface winds) influence regional-scale
processes (e.g., upwelling and nutrient introduction) that structure
mesoscale trophic interactions (e.g., forage availability near fronts)
(Di Lorenzo et al., 2013). These connections and processes have
been, in the California Current Ecosystem, approached as a series of
more specific research efforts to fill the knowledge gaps between
correlative relationships between basin-scale drivers (upper left of
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Figure 2) and direct proximate drivers of mortality such as
predation at fronts (lower right of Figure 2) (Wells et al., 2006;
Wells et al., 20165 Sabal et al., 2020). Further, the conceptual model
can be built in a way to incorporate management drivers (e.g.,
climate change, Ecosystem Based Fisheries Management,
restoration and recovery, forecasting) to provide a research map
for developing efforts to inform management needs in the context of
the whole system (e.g., Wells et al., 2020).

Importantly, the model we present is general and serves as a
guide for framing hypotheses and facilitating initial diagnosis of
ecological surprises and changes in ecosystem state (Figure 2). The
realism and successful inclusion of conceptual models in a long-
term ecosystem study program is dependent on combining process
studies and lab experiments with observations and numerical
modeling. Such a model acts as an evolving starting point in
diagnosing and modeling drivers and consequences of novel
conditions and has been demonstrably capable of providing
context for a number of such surprises (Figure 2). Generally, Di
Lorenzo et al. (2013) developed correlations that highlight the roles
of basin-scale variability and small-scale variability (e.g., eddies)
structuring the proximate drivers of ecosystem function. Similarly,
our current general conceptual model builds on this and focusses on
evaluating basin-scale to regional changes from winter to predict
development of the subsequent spring coastal ecosystem. Its current
structure results from a collection of studies through the years,
shown roughly in Figure 2 as colored elements to highlight
particular research and deduction pathways. It should be
considered dynamic to address contemporary understanding and
inclusive of components and functional relationships relevant to
individual objectives, hypotheses, or management needs (Harvey
etal., 2016; Wells et al., 2020). The model is built collaboratively by
synthesizing the body of previous research and management
objectives relative to the issue of concern. In doing so, the
conceptual model becomes the hypothesis of ecosystem structure
and dynamics. As research progresses a conceptual model is refined
through a growing body of research effort to fill knowledge gaps.
Our general conceptual model was seeded with a long history of
foundational research (e.g., Hickey, 1979; Cury and Roy, 1989
Ainley and Boekelheide, 1990; Pearcy, 1992; Bakun, 1996; Checkley
and Barth, 2009) on which we expand the understanding through
researching successively more complicated and embedded processes
and research directions (Santora et al., 2014; Wells et al.,, 2016;
Wells et al., 2017; Friedman et al., 2018).

To explore processes related to salmon growth, we developed
simplified conceptual models for hypothesized regional ecosystem
function of the system and tested that structure with path analysis.
For example, Wells et al. (2008b), linked Chinook salmon growth
patterns to variability in basin-scale (e.g., Aleutian Low Pressure
Index), regional- scale (i.e., wind stress, turbulence, upwelling, sea
surface temperature), and local-scale (i.e., freshwater plumes)
environmental influences. Cool basin conditions, increased
regional upwelling (Figure 2, Boxes 1, 2), and a reduced plume
size were related to increased salmon growth. The structured
equation methodology, which arranges variables in a manner
representing their sequential role in ecosystem structure,
inherently required a hypothesized conceptual model and, when
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complete, provided context for the factors determining growth and
the relative interactions and sensitivities of each factor and spatial
scale affecting salmon.

We extended the structured equation approach to relate
variability in forage fish recruitment (e.g., pelagic juvenile
rockfishes; Sebastes spp.), seabird productivity and trophic
dynamics in central California (Wells et al., 2008b). Namely, we
developed a conceptual model of the system and tested hypotheses
pertaining to effects of regional winds that determine local
upwelling (Figure 2, Box 3), sea surface temperature and offshore
advection (Figure 2, Boxes 4, 5) and examined the variability in the
interacting dynamics between zooplankton, forage fish and seabird
productivity. Path analysis allows us to quantify the relative roles of
each environmental and biological ecosystem component on one
another. As expected, cool conditions and increased upwelling
increased prey resources and local seabird reproductive success.
Our conceptual model indicated that certain ecosystem
components were insignificant contributors to the trophic
dynamics we examined, including wind speed (turbulence) and
coastal sea level height (as an indicator of geostrophic flow and
meridional transport). Importantly, variables, when examined
individually (as bivariate relationships) to biological times series
can often be significant due to correlations with other variables. Our
approach, embedding them as components driving and being
driven by additional variables, provided process-oriented context.
We paired this analysis with Partial Least Squares regression to
develop predictive models of ecosystem function and resultant
biological variability (Fan et al., 2016). Therefore, with pathways
and connected processes evaluated, an ecosystem sample unit of
information is identified to assess relative state (high and low
variability responses) as well as influence adaptive survey
monitoring to inform decisions to mitigate or adapt to effects of
novel states on ecosystem structure, fisheries, and communities
(Figures 1A-C).

At the midpoint of our program, we focused on research and
spearheaded efforts that evaluated the ecosystem structure as a
consequence of current conditions. We knew then that the forage
availability observed today results from previous spawning
(Figure 2, Boxes 6, 7), nutrient (Figure 2, Box 8), and transport
conditions (Figure 2, Boxes 9, 10). Schroeder et al. (2009; Schroeder
et al., 2013) provides an excellent, and still standing example, of
estimating local ecosystem productivity in spring and summer
(including seabirds and forage fishes) by its relationship to the
size and location of the North Pacific High pressure system in late
winter (Figure 2, Box 1). Schroeder et al. (2013) demonstrated that a
larger, more inshore North Pacific High-pressure cell in February
and March results in increased upwelling and reduced coastal
stratification in winter (Figure 2, Box 2) and, hence, increased
nutrient introduction at the same time local forage fish are spawned
(Figure 2, Boxes 6, 7) and seabirds prepare for the breeding season.

Upwelling phenology is a critical driver of California Current
Ecosystem structure and function including associated
stratification, nutrient input, and later productivity in the summer
(Bograd et al., 2009). This work, in consideration of previous
salmon models presented above, was expanded by Wells et al.
(2017) to demonstrate that increased late-winter upwelling
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(Figure 2, Box 2), increased spring freshwater flow, and increased
alternative prey available to foraging seabirds provides greater
survival of emigrating Chinook salmon smolts. Specifically, cool,
productive conditions couched in an appropriate conceptual model
allowed us to diagnose the spatiotemporal role of the environment
on local forage availability, seabird foraging behavior and the
potential predation pressure on emigrating Chinook salmon
(Figure 2 ‘Trophic structure’). This work was critical in
demonstrating that the collapse of the 2005 Chinook salmon
cohort was, in significant part, due to predation on salmon when
alternative dispersed prey was unavailable and replaced with adult
Northern anchovy which were inshore overlaying the distribution
of emigrating salmon. Similarly, warming conditions in the North
Pacific Ocean and reduced upwelling efficacy, lead to habitat
compression of cool thermal habitat in coastal areas (Figure 2,
Box 11), that relate to reduced widely dispersed prey (i.e., juvenile
rockfishes) in favor of concentrations of Northern anchovy
shoreward that overlap with commercial crab fishing areas
(Figure 2 ‘Trophic structure’). As a result of these dynamics and
reduced productivity of krill, whale entanglements in fixed gears
during spring and summer is more likely when habitat compression
is persistent and upwelling conditions are poor going into spring
(Santora et al., 2020; Schroeder et al., 2022).

Develop an integrated survey plan
that can document spatiotemporal
variability of trophic levels and
their interactions

Surveys are critical to evaluate the spatiotemporal dynamics of
the ecosystem (Figure 1C). For illustrative purposes we can consider
three types of surveys: stock assessment, environmentally-coupled,
and integrative. Stock assessment surveys typically support
estimation of abundance, demographic structure and distribution
of individual or a suite of managed taxa. Such surveys can also
provide guidance on population dynamics including distribution,
growth, maturation, age-structure and diet. These surveys are
generally designed to match the management-relevant spatial
organization (e.g., management regions) and range of the taxa of
interest which may not be the scale at which the ecosystem
processes of interest are occurring (e.g., mesoscale). Coupled
surveys, often arise from a modest alteration of a single-taxon
survey in an attempt to address a specific question or concern (e.g.,
include environmental data collected synoptically with taxa of
interest). Such a pairing allows researchers to explore bivariate
functional responses of population dynamics and the proximate
environment as well as provide physical indicators relevant to the
taxa of biological interest as covariates in statistical or assessment
models (e.g., species distribution models) (Figures 1A, B)
(Schroeder et al., 2019; Malick et al., 2020; Muhling et al. 2020).

A more integrative, synthetic, spatiotemporally-appropriate
survey design is required to examine the bottom-up, top-down,
and middle-out aspects of the ecosystem and switches between the
relative importance of processes (Figure 3). The California Current
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Ecosystem is one of the best surveyed systems worldwide with a
number of large-scale, regional-scale, and small-scale surveys
collecting predator data (e.g., distribution, diet), fishery data (e.g.,
distribution of Pacific hake (Merluccius productus), coastal pelagic
species), as well as oceanographic data (McClatchie, 2016,
Figures 3A, B). We rely a great deal on two surveys along the
California Current Ecosystem that sample the ecosystem as a
sample unit: Rockfish Recruitment and Ecosystem Assessment
Survey (RREAS) in coastal California (Sakuma et al.,, 2016;
Santora et al., 2021a), and the Pre-recruit survey in Oregon and
Washington (Auth et al., 2017; Field et al., 2021)(Figures 3A, B).
The combination of these surveys allows diagnosis of coastwide and
meso-scale processes related to recruitment variability of
groundfish and other epipelagic micronekton (Friedman et al,
2018; Field et al,, 2021). The survey effort occurs in late spring,
when the key coastal surface mixed layer properties (e.g., nutrients,
stratification, temperature and salinity) and lower trophic levels
(e.g., phytoplankton, zooplankton, larval forage fish) have
developed in response to winter time physical forcing
(Figures 3A-C). Acoustics are used to monitor forage distribution
and visual surveys of seabird and marine mammal abundance and
distribution are enumerated synoptically at the meso- and
coastwide scales (Santora et al.,, 2012; Santora et al., 2021a;
Santora et al., 2021b). The survey design allows for a full
coastwide evaluation of typical and rare community states, such
as geographic expansions of salps, pyrosomes, and Humboldt squid
(Dosidicus gigas) (Wells et al., 2013, Field et al., 2013; Miller et al.,
2019; Stewart et al. 2014).

Survey designs need to accommodate various approaches and
integrate with resources that provide greater spatiotemporal
coverage than at-sea surveys alone can provide such as remote
sensing, numerical models and an extensive uncrewed network
beyond and deeper within the bounds of the ecosystem of direct
interest. The RREAS and Pre-recruit efforts occur at a particularly
important period in the evolution of the ecosystem, when a synoptic
survey is critical (Figure 3C). To explore the evolution of the
ecosystem we rely on other platforms collecting data on
ecosystem components that are critical to the evolution of the
California Current leading up to the spring and following it (e.g.,
satellite observations, moorings and data-assimilative ocean
models)(Figure 3C). Autonomous vehicles (e.g., gliders) have
provided context for the spatiotemporal oceanography within and
without the boundaries of our ecosystem surveys. It is also
important to consider means to include collection of data, when
possible, on trophic levels that are underrepresented. For example,
the inclusion of predator observers, diet data, acoustics and eDNA
are simple cost-effective additions to surveys that provide greater
context to the data collected from the individual survey and aids in
filling spatiotemporal gaps in observations currently existing
between surveys (Closek et al., 2019; Santora et al, 2021b). We
have also partnered with California sea lion (Zalophus
californianus) scat collections, seabird colony demography and
diet, salmon weir counts, and remote sensing to contextualize the
effects of the seascape observations on top-predators and their prey
(e.g., environmental- and forage-dependent drivers of a California
sea lion unusual mortality event in 2013; Wells et al., 2013;
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FIGURE 3

(A) A non-exhaustive accounting of the spatial scale of surveys and geographic prominences along the California Current Ecosystem. In addition to
the surveys shown are the spatially-adaptive coastal pelagic survey (CPS) and Pacific hake acoustic surveys that encompass nearly the full California
Current. As well, a number of uncrewed and mooring systems are implemented along the California Current. RREAS is Rockfish Recruitment and
Ecosystem Assessment Survey, JSOES is Juvenile Salmon Ocean and Ecosystem Survey, CalCOFI is the California Cooperative Oceanic Fisheries
Investigations Survey, NHL and THL are the Newport and Trinidad Hydrographic Lines. ROMS is Regional Ocean Modeling System. (B) Approximation
of the spatiotemporal coverage of these data series. (C) An example of the spatiotemporal (e.g., phenological) dynamics of a subset of the
ecosystem. This is, ultimately, a component of the general conceptual model (Figure 2) paired with data streams to demonstrate the importance of
integration across surveys to address ecosystem-level questions and goals. NPH is the North Pacific High pressure system: modulates coastal
upwelling. (D) An example of the development of select ecological surprises overlaying the survey and data streams available informing the sea-state
and risk of these ecological outcomes. UME is Unusual Mortality Events of seabirds and mammals. Altered emigration dynamics can include timing,
size, or condition of the salmon. Whale entanglements can occur at any time of the crab fishery (November — July) but we focus here on spring.

McClatchie et al., 2015; Warzybok et al., 2018; Figures 3C, D). Such
an overarching effort includes collaboration with a number of
academic, nongovernmental, and governmental groups dedicated
to specific areas of research. Critical to the success of a multi-survey
analytical approach is well-executed data sharing and a
transdisciplinary approach to generation of hypotheses.

We examine spatiotemporal scales relevant to ecosystem
dynamics across the survey efforts to inform the dynamics
underpinning observed ecosystem states. In doing so, we inform
the functional relationships with the over-arching conceptual model
and provide spatiotemporal context for our observations (Figures 3C,
D). A fundamental dynamic modulating ecosystem functioning along
the California Current is the productivity and distribution of krill
availability to foraging seabirds, whales and mesopredators such as
Pacific hake and Chinook salmon. Santora et al. (2012; Santora et al.,
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2018) used data from the RREAS to demonstrate that krill
productivity and distribution is largely determined by bathymetry,
including canyon heads and additional areas where nutrient rich, cool
water is persistently upwelled. Similarly, Friedman et al. (2018)
examined the distribution of forage taxa and assemblages along the
West Coast to demonstrate the mechanistic role and the conceptual
model of environmental drivers of forage. This work was possible due
to the extensive forage time series linked to in situ and remotely-
sensed environmental data. These analyses have informed a
mechanistic understanding of how prey species organize spatially
along the California Current which is used as a starting point for
describing spatiotemporal trophic dynamics. With the inclusion of
visual predator surveys (i.e., at-sea observations), we can examine
how variability in the assemblage and availability of forage leads to
variability in seabird and mammal foraging behavior and distribution
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patterns that may relate to and result in ecological surprises such as
whale entanglements or Chinook salmon cohort collapse
(Figures 3C, D).

Quantify spatiotemporal variability of
trophic interactions and processes

Over the past few decades, researchers and the managers they
inform have focused on indicators of ocean climate state with the
assumption that these metrics (e.g., sea surface temperature, sea level
height) are indicators of ecosystem function (Williams et al., 2021),
but they could also be simply a constellation of values providing
presumed structure but isolated from any interactivity. Beyond a
simple concern of unstable correlations, they can fail to capture the
process and, hence, the bottom-up, middle out- and top-down
consequences within the seascape on spatiotemporal variability in
forage assemblages (Myers, 1998). Such improved understanding of
functional relationships from basin-scale conditions to fine-scale
reactions, as contextualized within ecosystem processes, allows the
estimation of spatiotemporal ecosystem responses to variability of
a3subsets of ecosystem components (Figures 1A, B, 3C, D). Hence,
we promote quantification of functional responses linking
spatiotemporal drivers and ecological impacts for the evaluation
and parameterization of mechanistic ecosystem models. At the core
of this assertion is that a driver of ecosystem state and resulting
trophic structure acts at multiple scales and is not in isolation of
additional drivers. For example, we have quantified the effects of size
and strength of North Pacific High in winter on coastal and
community productivity (Schroeder et al., 2009; Black et al., 20105
Schroeder et al., 2013), the varying functional relationships between
the resulting forage availability, regionally and at fronts, on salmon
diet and growth (e.g., Wells et al, 2012; Sabal et al., 2020), and
quantified the potential for size-selective predation by seabirds on
salmon in response to spatiotemporal variability in forage
(Woodson et al., 2013b; Wells et al., 2017). These results serve to
evaluate in-season risk but importantly parameterize ecosystem-
level numerical models to diagnose past events and, potentially,
explore future conditions (Figures 1A, B, D, 3D)(Henderson
et al,, 2019).

With an increased understanding of the environmental
determinants of species abundance and distribution, including forage
and predators, we explore spatiotemporal variability in trophic
structure (e.g, Figure 2 “Trophic structure’). As forage availability
and assemblages vary dependent on the environment, we have
diagnosed how this covaries with salmon growth and survival,
predator behaviors and human consequences, and we parameterize
biophysical models with this observed environmentally-dependent
variability (e.g., Fiechter et al, 2015; Friedman et al., 2019;
Henderson et al, 2019; Cimino et al, 2020). In our case, salmon
dynamics relative to the ecosystem state have largely been observed by
returning salmon condition and abundance (Wells et al., 2006), coded-
wire-tag recoveries (Henderson et al, 2019), and by condition of
juvenile salmon collected at sea (Woodson et al., 2013b). Variability
in prey assemblages and predator distributions and abundances has
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been quantified by at-sea surveys (Figure 3). Salmon diet has been
examined by gut content analysis (e.g., Sabal et al., 2020: Wells et al.
2023). Observations of diet of returning seabirds on nesting sites has
allowed us to quantify shifts in diet associated with shifts in the
environment and forage availability (Mills et al, 2007; Roth et al,
2007; Wells et al., 2017; Warzybok et al., 2018). We have also led the
development of a California Current Ecosystem Trophic Database with
extensive time series of predator diets throughout the coast in
anticipation of providing tools for others to explore the approaches
we profess (Bizzarro et al, 2023). This database can improve our
understanding and application of trophic structure and guilds to meet
regional fishery science and management needs by improving process-
oriented risk assessment and parameterization of ecosystem models
(Figures 1A, B, D).

The starting point for exploring the ecosystem and trophic
structural variability is developing an understanding of the
determinants of distribution, abundance and assemblages of forage
species at regional (~100-1000 km) and mesoscales (~10-100 km).
Along the California Current, variability in forage fish assemblages is
coherent at the scale of bioregions defined by oceanographic
processes dominated by coastal promontories that shape the size
and intensity of upwelling habitats (Gottscho, 2014; Friedman et al.,
2018). Within these regions, forage species availability, biodiversity,
and assemblage are dependent on mesoscale structuring around
upwelling plumes, freshwater plumes, and bathymetry (Kaltenberg
et al., 2010; Woodson et al. 2013a; Litz et al., 2014; Friedman et al.,
2018; Santora et al., 2021a; Suca et al. 2022). The available habitat of
cool nutrient-rich water within each of the primary bioregions varies
relative to the strength of upwelling and transport (Schroeder et al.,
2022). Forage communities are distributed relative to the mesoscale
distributions of available upwelling, shadows, and plume habitats
along the coast, compressing and expanding accordingly. At fine
scales (~1-10km), bathymetric features act to concentrate cool
nutrient-rich waters when there exist appropriate oceanographic
conditions such as upwelling of deep waters and retention. Bakun’s
Triad summarizes this concept well as enrichment, concentration and
retention (Bakun, 1996) and Santora et al. (2017) provide an example
of how this Triad relates to the development of trophic hotspots and
the interactions they offer to human activities such as fishery
extraction patterns and shipping practices. A well-defined research
effort should be developed in consideration of these dynamics and
capable of defining processes that are conflated within.

We develop climatologies of species distribution and develop an
improved understanding of trophic hotspots where, by definition,
trophic interactions are greatest. Quantifying the scale at which
ecosystem processes occur is an important component of this
understanding and management application (Figures 1A, B, D).
Persistence, in a combined spatiotemporal way, indicates areas of
trophic importance based on the recurrence of biophysical
properties influencing species relative abundance patterns and
their interactions. With access to at least 5-10 years of survey
data with repeated coverage, we can determine where mesoscale
trophic hotspots (~10-100 km) are likely to form and persist, which
can better inform ecosystem monitoring and modeling studies
(Santora et al., 2011; Santora et al., 2013; Santora et al., 2017).
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There exist a number of persistent hotspots within the California
Current Ecosystem that, except under the most anomalous
conditions (especially those related to excessive transport and
turbulence), have a consistent supply of nutrient-rich deep and
retained waters and relatively greater concentrations of forage fishes
and krill (Graham and Largier, 1997; Wing et al., 1998; Santora
et al,, 2017; Wernberg et al. 2013). These aggregations are sought
out by resident and migratory predators. While sub-mesoscale
hotspots can be mobile, such as eddy cores and freshwater plume
fronts, stationary hotspots, including seamounts, canyon breaks,
and wind shadows are more prevalent along the West Coast
(Hickey and Banas, 2008; Santora et al., 2011; Santora et al., 2018;
Fiechter et al,, 2020). We explored the role of submarine canyons as
conduits for localized upwelling, retention of nutrients and
enhancing trophic interactions between pelagic and coastal food
webs (Hickey and Banas, 2008; Santora et al., 2018).

The ability for trophic hotspots to persist in the face of increased
climate variability associated with climate change (e.g., stronger and
longer marine heat waves, increased intensity and variability in
upwelling) should be specifically considered. Important to having
defined hotspots is quantifying the processes determining them and
using numerical models to assess their spatiotemporal variability
retrospectively and prospectively (Cimino et al., 2020; Fiechter
et al,, 2020; Messie et al., 2022). Statistical, biophysical and
ecosystem modeling efforts should consider the role of trophic
hotspots as buffers to negative environmental impacts going
forward and management strategies should accommodate any
positive roles (Figures 1A, B, D). They should also be considered
from their functional and ecosystem services standpoint when
management choices are made as they may provide an oasis and
require specific protections from shipping, fishing, and other
human impacts (e.g., resource extraction and renewable energy).

Link empirically-determined processes
to biophysical models

A critical link between biophysical modeling, empirical studies,
and management application is to first structure a biophysical
model with the conceptual model and then parameterize its
embedded functional relationships with empirical data
(Figures 1A, B, D, E) (Collie et al, 2016). In doing this, the
conceptual model acts as the wiring diagram for the numerical
model which can then be used for evaluation of management
strategies (Figures 1A, B, D, E). Therefore, the model is founded
in empirically and mechanically quantified relationships.
Fundamental to the ecosystem oceanographic approach is that the
relationships change and can covary with environmental and
fishery dynamics (e.g., effort, catches, fleet dynamics, targeting)
(Cury et al,, 2008). Therefore, rather than static rules underpinning
the numerical model we argue that the wiring of the numerical
model should allow for different structures under different
conditions. The ecosystem oceanographic approach, founded in
sampling and studying the ecosystem as a sample unit synthetically,
provides a path for providing embedded evidence-based process-
oriented variability in the modeled ecosystem structure. This

Frontiers in Marine Science

10

10.3389/fmars.2023.1192052

provides an advance and increased trust when building and
relying on approaches such as Ecosim, Ecopath and individual-
based models; all of which can be parameterized to accommodate
varying ecosystem trophic structure. For example, we have found
that spatiotemporal variability in coastal upwelling conditions can
alter the distribution and makeup of the forage base leading to
changes in distribution, behavior, and the potential impact of
predators. We show this in the inset of Figure 2 as the dominant
prey and predator relationships under cool, upwelling and warm
conditions. With an appropriately quantified model supporting
observed structural shifts we can treat the wiring of the
biophysical model as a switch board, varying appropriately with
the environment; in this effort we have relied largely on individual
based models (Fiechter et al., 2015; Henderson et al., 2019) and life-
cycle models (Friedman et al., 2019) (Figures 1, 2). Hence, this
approach provides the potential for more realistic scenario, risk, and
management strategy evaluation. Biophysical modeling and
empirical studies should be used in a complementary fashion to
address hypotheses, assess ecosystem state, quantify functional
relationships, and provide well-founded management actions
(Figures 1B, D) (Seidl, 2017). Spatially-explicit numerical models
can be used to investigate and manipulate ecosystem processes and
their sensitivities to spatiotemporal variability in the environment
(Cury et al,, 2008). Modeling allows for a broader spatiotemporal
perspective of the system and assessment of the processes
embedded in it. By comparing modeled outcomes to
observational data, we can also help to refine both the model
parameterization and hypotheses pertaining to ecosystem
functionality (Santora et al., 2013; Cimino et al., 2020; Fiechter
et al., 2020; Santora et al., 2021a; Messié et al., 2022).

With increasing complexity and variability of ecosystem
interactions in the face of climate change, a combined approach of
observational data and models allows us to evaluate out-of-sample
states and build informed, process-oriented conceptual models and
hypotheses (Seidl, 2017; Wells et al., 2020). Given the importance of
examining the spatiotemporal aspects of an ecosystem and the
impossibility of covering it entirely with empirical observations,
numerical models provide a potential avenue for filling in the gaps.
Comparing model output and observational data, where available, we
evaluate models for structural realism of modeled trophic interactions
at the correct spatiotemporal scale (Cury et al., 2008; Santora et al.,
2013). Two specific model comparisons we spearheaded include
evaluations of ROMS-CoSiNE to capture spatiotemporal dynamics
of krill (Chai et al, 2002; Santora et al., 2013) and output from
ROMS-NEMURO to represent the physical environment
determining variability in the coastal forage base (Schroeder et al,
2014). Once realism was confirmed, we also relied on model output to
observe that distribution of modeled krill aggregations and observed
predators are tied to bathymetry and associated oceanographic
features (Santora et al, 2013; Fiechter et al. 2016; Fiechter et al.,
2020). When predator observations, including seabirds and
mammals, are related to the modeled mesoplankton, the
distribution of predators is coherent with observed krill hotpots
(Fiechter et al., 2020; Messié et al., 2022). This is a measurable
success of integrating modeling and observations to describe potential
spatiotemporal structure of trophic interactions.
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As a specific example, we use biophysical models to predict and
measure uncertainty of spatiotemporal variability of Chinook
salmon growth and survival. We applied, with the inclusion of
empirical study results, an individual-based model for Chinook
salmon coupled to a dynamic energy budget model in which
modeled salmon used a restricted search pattern for modeled krill
(Fiechter et al., 2015; Henderson et al., 2019). The results confirmed
aspects of our conceptual model (Figure 2) by demonstrating the
roles preconditioning and krill availability have on Chinook salmon
survival and the dynamics of poor salmon growth described
through empirical analyses. We have current efforts to
parameterize these models for seabird behavior dependent on a
varying trophic structure (Figure 2, sensu Wells et al., 2017) and we
are demonstrating that variability in growth of juvenile Chinook
salmon across years can be substantial enough to leave salmon
susceptible to predation for extended periods (K. Vasbinder, UCSC,
unpublished data). This modeling framework enables a direct
examination of the importance of synchronous recovery of
predators and prey to protect Chinook salmon sustainability and
recovery. Finally, our framework can be used to identify needs for
supporting new and existing models to benefit ecosystem-based
management and novel fishery challenges. For example, using
existing species diet data and trophic databases, we are poised to
develop spatially-explicit trophic models that can predict
trophoscapes (i.e., spatially-explicit predictions of trophic
relationships) to situate us to explore functionally-based
distribution models, novel trophic interactions, and potential
negative consequences of a varying predator behaviors across
varying environmental conditions (e.g., Wells et al., 2017; Santora
et al., 2020).

Example applications

A key objective of this ecosystem oceanography program is to
inform management, reduce conflict with and among invested
stakeholders (Conroy and Peterson, 2013; Townsend et al., 2019;
Santora et al., 2020; Wells et al., 2020), and provide ecosystem-level
context for contemporary and future ecosystem states to inform
actions that might mitigate negative consequences. Specifically,
Figure 1E provides examples of direct applications resulting from
this program, ranging from co-developing risk assessment plans
with stakeholders and fishery managers, efficient and rapid
biodiversity and ecosystem assessments, building capacity to
model and predict salmon growth and survival, to identifying
gaps that can be addressed with new observing and modeling
studies. As the program developed, we were able to provide
disaggregated, but relevant, indicators of the state of ecosystem
components such as forage assemblage characteristics, seabird
reproductive success and water column properties. Based on
previous observations, these indicators provide some
consideration for the state of the ecosystem and are currently
used qualitatively by our regional management council in
consideration of management advice for setting salmon harvest
and also provide inputs for improving rockfish assessment. These
indicators, overtime, were embedded in a conceptual model
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(Figure 2) that provides an improved understanding of how they
relate to one another and their sensitivity to basin and regional scale
perturbations. In our case, the National Marine Sanctuaries and the
Marine Biodiversity Observation Network use this model implicitly
in their presentation of ecosystem state and standardized condition
reports to communicate changes to manager and importantly, the
public through outreach. Using the conceptual model as a
foundation for structural equation modeling provides additional
support for representing the relative importance of variability of any
given indicator in risk assessments for salmon and whale
entanglement, each provided to our regional management council
and to the California Department of Fish and Wildlife, respectively.
Our conceptual models have also been used to provide guidance in
defining research gaps (Wells et al., 2008a; Wells et al., 2008b, Wells
et al., 2020).

With a trusted conceptual model evaluated through extensive
empirical observations and process studies, we have parameterized
coupled ocean-ecosystem and biophysical models, permitting the
exploration of ecosystem processes across multiple trophic levels.
These biophysical models are tools that provide efficiency for
estimation of spatial and temporal structure of the ecosystem that
are now used to inform the productivity and distribution of krill and
the potential of increased predation of salmon at sea. This
information is used by the California Current Integrated
Ecosystem Assessment to provide advice to the regional
management council for risk assessments for survival of salmon
in their first year at sea. Using these biophysical models, within-year
risk assessments of potential whale entanglements are provided and
used by California Department of Fish and Wildlife to develop
spatial and temporal rules for fixed-gear fisheries. Finally, while still
in development, these models are being expanded, with success, to
provide a test bed for evaluating retrospective and prospective
management strategies. Namely, our current objective is to
evaluate the role of freshwater conditions on out-migration
demographics (i.e., carry-over effects; Gosselin et al., 2021) and
resulting survival of salmon in the first year at sea.

The path to application

Our specific applications are the result of what can be
considered a general approach to applying ecosystem
oceanography to management. Survey observations, lab
experiments, uncrewed systems (e.g., gliders), numerical modeling
output and suites of additional research endeavors are at the
foundation of useful and applicable outcomes (Figures 1C, 3). As
we inform the individual elements in the conceptual model through
survey efforts and retrospective and near-real time biophysical
model output, we provide early, non-integrative indications of
ecosystem state alluded to through the conditions of each
ecosystem component (Figures 1A-C, 2). As more data is
accumulated and the components of the conceptual framework is
fleshed out through the year, individual components and
interactions can be contextualized and provide a system-level
perspective of risk (Figure 3D). Examples of this approach along
the California Current include observations of larval fish
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assemblages in winter to indicate future forage conditions faced by
emigrating juvenile salmon (Daly et al, 2013) and seasonal
observations on the developing basin, coastwide and regional
ecosystem states to estimate risk of whale entanglements (Santora
et al., 2020; Figure 3D). The risk assessment of whale entanglement
and ecosystem conditions synthesized by Santora et al. (2020) was
supported by Ocean Protection Council (https://www.opc.ca.gov/
risk-assessment-and-mitigation-program-ramp/) and was
developed in collaboration with fishers, port processors, federal
resource managers and the California Department of Fish and
Wildlife for monitoring periods of elevated entanglement risk
throughout the Dungeness crab fishery season. This applied
ecosystem oceanography approach has led to more effective
communication and decision making regarding changing ocean-
climate conditions and a decline in whale entanglements in recent
years, however substantial economic challenges remain to mitigate
the effect of fishery closures on coastal communities due to whale
entanglements (Seary et al., 2022).

Ultimately, by understanding the ecosystem’s phenology and
response to climate perturbations (e.g., expected outcomes from El
Nifno), we no longer need to treat each anomalous ecological event
linked to Large Marine Heat Waves, El Nifo, or poor upwelling
conditions as an idiosyncratic outcome. In doing so, we can be
ahead of issues even if the specifics of the issues themselves may be
unique (e.g., dynamic ocean management; Lewison et al.,, 2015;
Becker et al., 2016; Jacox et al., 2022; Stepanuk et al.,, 2022).
Although research is leading to increased capacity to identify,
classify and predict marine heat waves in near real time based on
observed and modeled sea temperature anomalies, there is little
effort to understand ocean processes (other than global warming
trends) that govern dynamics between a heat wave event and
dynamic socio-ecosystem outcomes. We currently do not fully
understand the actual mechanisms driving thermal habitat
compression in upwelling systems, but we do know that there are
certain ecosystem shifts related to forage species and protected
species that coincide with heat waves. We encourage researchers to
not only classify temperature anomalies as heat wave products, but
to link them to actual ecosystem indicators, and our guideposts may
serve as a process for further strengthening our ecosystem modeling
and forecast capacity. Cautiously, just focusing on correlations
among indicators without an understanding of their connectivity
and inter-relationships may lead to breakdowns in supporting
dynamic ocean management initiatives. For example, due to
previous indicator development for predicting rockfish
recruitment strength, based on decades of observations, we were
anticipating significantly lower rockfish recruitment during the
2014-2016 Large Marine Heat wave, when in fact, it was just the
opposite. Specifically, late winter sea level height, which has no
direct connection to rockfish recruitment (i.e., indictor of surface
transport strength), had been used as an indicator for 20 years yet
during the heat wave it failed as an indicator of one of the largest
juvenile rockfish recruitment events in the past 40 years. This was a
negative ecosystem surprise in the sense of prediction, but provided
an exciting opportunity to mend the indicator and make it more
conceptually sound and reflective of conditions adult rockfish
experience in their benthic habitats (i.e., groundfish). In
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retrospect, having revisited the process of juvenile rockfish
recruitment during the heat wave, we found that ocean basin
scale of drivers demonstrated as water mass properties (e.g.
source water variability) entering the coastal region are the actual
determinant of rockfish recruitments and hence more capable at
capturing rockfish recruitment and their biodiversity variability
(Schroeder et al., 2019; Santora et al., 2021a). We learned from
this surprise and increased our preparedness for developing models
involving source waters as drivers of predicting rockfish
recruitment which will ultimately benefit future stock assessments
aimed at forecasting recruitment strength of year classes.

We can use the example ecosystem benefits flow diagram
(Figure 1), informed by the conceptual model and empirical results,
to illustrate the path between sampling, research and model
development to provide advice on the risk of ecosystem shifts. This
approach also provides realistic parameterization of ecosystem
conditions for examining management strategies (Figures 1B, D).
We can refine conceptual models and parameterize biophysical
models with a number of years of observations, and use these
models to evaluate the probable success of different management
strategies retrospectively and prospectively. Such an approach
provides potential paths forward to reduce socio-economic impacts
resulting from recognized general ecosystem realizations. A
management scenario evaluation can be in two phases: 1)
retrospective analysis to develop an understanding of past
conditions and processes and the development of strategies that
had the potential of mitigating past ecological surprises and 2) a
prospective analysis and strategy evaluation inclusive of ecosystem
change scenario modeling informed by the results of the retrospective
analysis. Critical to this approach is having as complete as possible
understanding of spatiotemporal ecosystem-level processes. The
inclusion of demonstrable mechanisms, considered in the context
of a variable ecosystem structure, improves the realism of emergent
properties from the future scenarios. However, more complexity in a
modeling approach can reduce bias but uncertainty in output
increases as a result of parameter uncertainty (Collie et al., 2012).
Models attempting to represent an ecosystem realistically can be
more poorly parameterized and unfocused for addressing objectives.
However, models that are too focused may neglect to capture
processes inherent in the ecosystem (Cury et al., 2008).

Conclusion

It has been our goal to provide context, based on California
Current Ecosystem examples, of how to accomplish an ecosystem
oceanography research approach and a programmatic effort that can
provide general solutions and risk assessments for unique ecological
conditions. We recognize that there are complex non-linearities
within an ecosystem that make prediction, especially outside of
observed conditions, imperfect. However, without an approach
built on empirical observations and biophysical models capable of
representing emergent qualities of the ecosystem we would be left in a
considerably worse position when novel conditions arise from any
such undiagnosed non-linearities. Namely, while ecosystem shifts
and novel fishery management challenges themselves may be
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idiosyncratic, they are embedded in a generally understood ecosystem
that can be observed as it evolves to diagnose issues in environmental
and biological conditions from the basin- to meso-scales. It should be
clear that as we developed this program, we did not have a straight-
line path between our goals and the synthetic approach; much of our
perspective was the result of dead ends and missteps and re-
envisioning of conceptual models and hypothesis testing. Our
perspective extends the Cury et al. (2008) framework to a body of
work that has been initiated and will continue to be expanded in the
California Current and hopefully provides a starting point for other
ecosystems by removing some of the realistic and imagined barriers
to its implementation. Key to the success of such an effort is data
sharing, synthesis across research, surveys, and modeling approaches
to capture the processes determining ecosystem state and structure in
the context of its spatiotemporal evolution. Fundamental to this
approach is treating the ecosystem as the sample unit and ecological
surprises as having arisen from an understood process. Importantly,
such ecosystem processes are system dependent but some can be
generalized across disconnected ecosystems (e.g., prediction of
trophic hotspot locations in upwelling systems). To accomplish
this, we provide a few simple directions. 1) Develop a conceptual
model informed by the previous science and human dimensions to
identify gaps in our understanding. 2) Structure a well-designed
survey synthesis that captures the spatiotemporal processes of the
ecosystem of interest including those drivers outside of its bounds. 3)
Use diet data and spatiotemporal variability in trophic interactions to
quantify processes within and forcing of the ecosystem structure. 4)
Tie empirically-determined processes to biophysical models to enable
out-of-sample evaluation of ecosystem structure and functionality
retrospectively and prospectively. We must provide management-
relevant ecosystem products and strategic portfolios including
process-oriented indicators of state and prioritization of
management goals. Ultimately, research and management actions
should be based on consideration of the potential frequency and
likelihood of disruptive events over near and long-term time scales
pertaining to predicted climate trends and ecosystem shifts impacting
fishery socio-economic systems.
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