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One of the significant challenges to using information and ideas generated through
ecosystem models and analyses for ecosystem-based fisheries management is the
disconnect between modeling and management needs. Here we present a case
study from the U.S. West Coast, the stakeholder review of NOAA’s annual ecosystem
status report for the California Current Ecosystem established by the Pacific Fisheries
Management Council’s Fisheries Ecosystem Plan, showcasing a process to identify
management priorities that require information from ecosystem models and analyses.
We then assess potential ecosystem models and analyses that could help address
the identified policy concerns. We screened stakeholder comments and found 17
comments highlighting the need for ecosystem-level synthesis. Policy needs for
ecosystem science included: (1) assessment of how the environment affects productivity
of target species to improve forecasts of biomass and reference points required for
setting harvest limits, (2) assessment of shifts in the spatial distribution of target
stocks and protected species to anticipate changes in availability and the potential
for interactions between target and protected species, (3) identification of trophic
interactions to better assess tradeoffs in the management of forage species between
the diet needs of dependent predators, the resilience of fishing communities, and
maintenance of the forage species themselves, and (4) synthesis of how the environment
affects efficiency and profitability in fishing communities, either directly via extreme
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events (e.g., storms) or indirectly via climate-driven changes in target species availability.
We conclude by exemplifying an existing management process established on the
U.S. West Coast that could be used to enable the structured, iterative, and interactive
communication between managers, stakeholders, and modelers that is key to refining
existing ecosystem models and analyses for management use.

Keywords: ecosystem-based fisheries management, ecosystem modeling, fisheries science, fisheries
management, natural resource management

INTRODUCTION

Fish stocks do not live isolated from, but exist as part of
an ecosystem, and their dynamics are intrinsically related to
those of their habitat, prey, and predators, from environmental
conditions to humans. In recognition of the need to assess the
cumulative of effects and trade-offs of fisheries management
actions considering these ecological interactions there has been
a longstanding worldwide push for ecosystem-based fisheries
management (EBFM, May et al., 1979; Pikitch et al., 2004;
Link, 2010; Fogarty, 2014; Holsman et al., 2017; Skern-
Mauritzen et al., 2018; Fulton, 2021). In the United States,
scientists have been exploring and coordinating the use of
ecosystem models to address ocean ecosystem science and
management questions for over a decade (Townsend et al.,
2008, 2014, 2017; Link et al., 2010). The National Oceanic
and Atmospheric Administration (NOAA), the U.S. federal
agency responsible for marine ecosystem science and ecosystem-
based fisheries management in Federal waters, has prioritized
ecosystem modeling as necessary to better assess the trade-offs
we make to maintain resilient and productive ecosystems, and
to respond to climate, habitat, and ecological change (National
Marine Fisheries Service, 2016a,b). Nevertheless, progress, in the
United States and elsewhere, in using ecosystem models and
analysis to guide fishery decision-making has been slow (Skern-
Mauritzen et al., 2016; Townsend et al., 2019).

One of the significant challenges to using information and
ideas generated through ecosystem modeling is a lack of
connection between modeling and management priorities (Link
et al., 2012). Ecosystem modelers are not necessarily asking
the same questions of their models as those asked by legal
mandates or by managers implementing those mandates. This
disconnect between scientific interest and management needs
may contribute to the perceived slow pace in the uptake
and implementation of ecosystem-based management (Hilborn,
2011; Cowan et al., 2012; Marshall et al., 2018). Townsend
et al. (2019) suggests that scientists can better understand and
tune models to address management priorities by working
more closely with managers, within existing processes to
implement legal mandates.

Indeed, establishment of an effective scientists-decision
makers knowledge exchange has been recognized as a major
challenge to successful science-based management of complex
socio-ecological systems (Cvitanovic et al., 2015). Frameworks
for facilitating the uptake of scientific research in natural
resources management, such as the System Approach Framework
(SAF, Hopkins et al., 2011), structured decision making

approaches (Gregory et al., 2012), and integrative assessments
(see review by Mach and Field, 2017) stress that ongoing two-
way exchange of information between scientists and decision
makers and participatory communication methods are key
to facilitate uptake of scientific analysis for management of
complex systems (Lidström and Johnson, 2020). Use of scientific
knowledge in support of decision-making is dependent on
such knowledge being perceived as salient to the decision-
makers (Cvitanovic et al., 2015; Mach and Field, 2017). Iterative
dialogue between scientists, managers and stakeholders can
ensure scientific analysis and models are relevant to the decision-
making process (Hopkins et al., 2011; Cvitanovic et al., 2015;
Mach and Field, 2017).

There are also technical issues that can limit use of ecosystem
models in decision making. These have been widely discussed
elsewhere (Skern-Mauritzen et al., 2016, 2018; Holsman et al.,
2017; Schuwirth et al., 2019), but we synthesize them here.
There needs to be sufficient data to develop a basic mechanistic
understanding of the system (Skern-Mauritzen et al., 2016;
Schuwirth et al., 2019) and few research programs exist to
empirically quantify processes at this level of complexity (Wells
et al., 2020). Such data requirements become more difficult
to meet with increasing complexity of the approach being
considered (Holsman et al., 2017; Skern-Mauritzen et al., 2018),
which in turn comes at the cost of greater estimation uncertainty
(Link et al., 2011). This uncertainty needs to be quantifiable
and factored into management decisions (Holsman et al., 2017;
Skern-Mauritzen et al., 2018; Schuwirth et al., 2019). For tactical
management applications, predictive performance of ecosystem
models also needs to be sufficient for the model to be useful
(Skern-Mauritzen et al., 2018; Schuwirth et al., 2019). Thus,
increases in estimation uncertainty need to be balanced by
reductions in process uncertainty to maintain adequate predictive
performance (Link et al., 2011). Model output also needs to
be at an appropriate temporal and spatial resolution to inform
management (Schuwirth et al., 2019). These issues, however,
should not prevent the use of ecosystem-based approaches to
improve the status quo and meet the needs of decision-makers for
scientific information that considers feedback and interactions
between multiple ecosystem components (Patrick and Link, 2015;
Skern-Mauritzen et al., 2018). The most appropriate ecosystem
model will necessarily vary in complexity depending on the policy
issue and data availability, and guidelines exist to inform choice of
analytical tool (e.g., Weijerman et al., 2015; Holsman et al., 2017).

In this paper, we demonstrate a practical process, based within
the framework of national laws and on the practices identified
by Townsend et al. (2019), to better connect ecosystem models
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and analyses with fisheries management (Figure 1). We define
ecosystem models and analyses as a broad suite of analytical
tools which incorporate interactions between physical, biological,
and/or human components of the ecosystem, ranging from
empirical approaches to end-to-end ecosystem models. Fisheries
in the exclusive economic zone off the U.S. West Coast are
managed under the advice of the Pacific Fishery Management
Council (PFMC). The PFMC established a regular process
through which new ecosystem initiatives are co-developed to
address ideas and issues that affect multiple species and fisheries
(Pacific Fishery Management Council (PFMC), 2013). In doing
so, this process provided an avenue for managers, stakeholders,
and scientists to work together to find solutions to policy issues,
the type of forum identified as necessary by Townsend et al.
(2019). Here, we use the second PFMC ecosystem initiative, the
PFMC’s stakeholder review of ecosystem status indicators, to
identify emerging fisheries policy issues in the U.S. West Coast
that require ecosystem information. This process echoes the Issue
Identification step in the SAF framework, in which a policy
issue is identified in collaboration with stakeholders so that the
analytical tool can be developed for the specific decision context
defined with stakeholders (Dinesen et al., 2019). We then connect
the management questions to existing ecosystem models by
specifying how their output could address some of the concerns
raised by stakeholders and decision-makers about future trade-
offs expected for living marine resource management in the
California Current Ecosystem (CCE).

MATERIALS AND METHODS

California Current Ecosystem Status
Reports
California Current ESRs are developed annually by the NOAA
California Current Integrated Ecosystem Assessment (CCIEA)

team. These reports focus on biophysical, economic and
social indicators related to attributes such as abundance and
population condition of key species, community composition
and energy/material flows, extent and condition of habitat,
and fisheries engagement and social vulnerability in coastal
communities. In 2017, the PFMC formalized a process for
technical review of individual indicators and analyses (Box 1) so
that new topics for in-depth technical assessment are identified
annually in March and then reviewed in detail in September
(Pacific Fishery Management Council (PFMC), 2017b; Box 1).

PFMC Initiative to Review Indicators
While technical reviews of the statistical analyses and models
are useful, they do not provide incentives for broad stakeholder
and manager participation in ESR development and refinement.
In 2015, the PFMC addressed this shortcoming by proposing a
new ecosystem initiative, the “Coordinated Ecosystem Indicator
Review” (Figure 2). This initiative outlined a stakeholder review
process (Box 1) to address four questions (Pacific Fishery
Management Council (PFMC), 2017a): (1) What can the PFMC
reasonably expect to learn from, or monitor with, the existing
indicators in the ESR? (2) How well do the existing indicators
accomplish their intent, and are any redundant? (3) Are there
alternate indicators, information, or analyses that may perform
better in context? and (4) Are there additional ecosystem
indicators that could help inform PFMC decision-making?

In early 2016, the PFMC hosted a series of webinars to
present the ESR indicators and discuss the four questions detailed
above. Webinars were open to the public and were widely
advertised by the PFMC in advance during their meetings,
on their website, through their ∼1500 address email list, and
through notice in participating government publications. The
PFMC compiled all comments and recommendations raised
during the discussion portions of the webinars. From March
to September 2016, the PFMC also directly solicited feedback

FIGURE 1 | Overview of the process to facilitate integration of ecosystem models and analyses into fisheries management proposed by Townsend et al. (2019) on
left and adaptation of that process to address multiple issues as presented in this paper on right.
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BOX 1 | Glossary of terms and acronyms related to the United States West
Coast approach to Ecosystem Based Fisheries Management.
Pacific Fishery Management Council (PFMC, or Council) – Management
entity established under the Magnuson-Stevens Fishery Conservation
and Management Act (MSA) responsible for advising the federal
government on managing fisheries within the exclusive economic zone (EEZ)
off the United States West Coast. Develops fishery management plans
(FMPs) and fishery regulations to implement the FMPs. Advised by
stakeholders (U.S. states and tribes, commercial and recreational fisheries
participants, environmental and other non-governmental organizations, and
the public) through Advisory Subpanels (https://www.pcouncil.org/
documents/2019/09/cop-2.pdf/), assisted with monitoring and analyses by
Technical/Management Teams (https://www.pcouncil.org/documents/
2019/09/cop-3.pdf/) and Workgroups (https://www.pcouncil.org/documents/
2019/09/cop-8.pdf/) (including the Ecosystem Workgroup, EWG), and
provided scientific advice by the Scientific and Statistical Committee (SSC)
(https://www.pcouncil.org/documents/2019/09/cop-4.pdf/.

Fishery Ecosystem Plan (FEP) (https://www.pcouncil.org/documents/
2013/07/fep_final.pdf/) – PFMC’s formalized approach to Ecosystem Based
Fisheries Management (EBFM). Includes a process through which the
PFMC takes up ecosystem initiatives to address ideas and issues that affect
multiple species and fisheries.

California Current Ecosystem Status Report
(ESR) (E.g., https://www.pcouncil.org/documents/2020/02/g-1-a-iea-team-
report-1.pdf/) – Annual report to the PFMC providing an ecosystem overview
outside of focal resource stocks and populations, considering how outside
factors influence focal resources, identifying linkages between different
ecosystem components. Prepared by the NOAA California Current
Integrated Ecosystem Assessment (CCIEA) (https://www.
integratedecosystemassessment.noaa.gov/regions/california-current-region/
index.html).

Stakeholder review – Review of policy, regulatory, or scientific product by
stakeholders and members of the public. Process followed under the second
ecosystem initiative (https://www.pcouncil.org/actions/initiative-2-
coordinated-ecosystem-indicator-review/) to review the reliability and utility of
existing ESR indicators, and identify desirable additions. Involved Council, its
advisory bodies, the SSC, and public comment.

Technical review – Review of scientific or analytic product by the SSC or its
subcommittees. For the ESR, technical review involves an annual process of
topic selection by the Council in conjunction with its advisory bodies and the
CCIEA, followed by reviews by the SSC’s Ecosystem Based Management
Subcommittee.

Methodology review – In-depth technical reviews of methods that are held
periodically and as needed. Reviewers include members of the SSC and often
outside experts, and reviews follow specific Terms of Reference (TOR)
(E.g., https://www.pcouncil.org/documents/2018/06/terms-of-reference-for-
the-methodology-review-process-for-groundfish-and-coastal-pelagic-species-
for-2019-2020-june-2018.pdf/) that may also reflect established Council
Operating Procedures (COP) (https://www.pcouncil.org/documents/
2019/09/cop-15.pdf/). Required for changes to assessment methods or
forecasts, and used for other complex topics as warranted.

Management Strategy Evaluation (MSE) – A process and modeling
framework used to assess performance of management strategies given
uncertainty relative to a set of predefined management objectives.

on the initiative’s four focal questions from its scientific and
technical advisors and stakeholders. Between the live webinars
and the solicitation to review the recordings of the webinars,
the PFMC received 88 comments and recommendations from
stakeholders and the public.

Using Public Process Results to Refine
Ecosystem Modeling Planning
In this paper, we consider how the ideas generated in
the initiative’s public review process might be used in
ecosystem modeling planning. From the 88 comments and
recommendations (Pacific Fishery Management Council
(PFMC), 2016a,b) we selected only those that emphasize the
need for ecosystem-level understanding, which acknowledges
that ESRs should include not only status and trends of different
indicators, but also a synthesis of how indicators interact
and affect one another. Comments were characterized as
belonging to the ecosystem-level understanding theme if they
related to interactions between ecosystem components. The
interactions considered were (1) interactions between species,
(2) interactions between fishers and species, (3) impacts of
abiotic components on species, and (4) impacts of abiotic
components on fisheries. The authors found 17 comments that
matched these criteria and thus were salient to the ecosystem-
level understanding theme and could be addressed through
greater inclusion of ecosystem model outputs in the ESR or
in other reports to or conversations with the PFMC. These
are reported in Table 1. Per Townsend et al. (2019), for each
comment, we identified the relevant policy issue, management
objectives, and the existing management process that would
be used to address the problem (Table 1). In the Results and
Discussion section, we describe in more detail the ecosystem-
information needs highlighted in the 17 comments and assess
which EBFM modeling activities could contribute to resolving
the management concerns. We connect the policy issues
highlighted in the stakeholder comments to specific models and
analyses in Table 2. In Table 2 we present existing modeling
products, but also highlight the additional modeling needs
required to improve management utility. Here, EBFM modeling
activities are defined broadly as those models and analyses
used to assess interactions between physical, biological, and/or
human components of the ecosystem. These tools include a
variety of empirical approaches, species distribution models,
biophysical models, climate-informed population dynamic
models, multispecies models, food web models, and end-to-end
ecosystem models.

RESULTS

Environmental Drivers of Biological
Productivity
The first set of ecosystem-level understanding comments
(Table 1, Comments 1–8) highlighted the need for improved
scientific advice on how climate, physical oceanography and
biogeochemistry indicators are related to biological productivity
(i.e., recruitment, mortality, or growth of target and protected
species). Comments 2 to 5 emphasized the requirement for
improved quantification of how oceanographic processes, and
in particular upwelling, affect species of management concern,
such as salmon or groundfish. Comment 6 suggested, given the
cumulative and potentially synergistic impacts of a variety of

Frontiers in Marine Science | www.frontiersin.org 4 June 2021 | Volume 8 | Article 624161

https://www.pcouncil.org/documents/2019/09/cop-2.pdf/
https://www.pcouncil.org/documents/2019/09/cop-2.pdf/
https://www.pcouncil.org/documents/2019/09/cop-3.pdf/
https://www.pcouncil.org/documents/2019/09/cop-3.pdf/
https://www.pcouncil.org/documents/2019/09/cop-8.pdf/
https://www.pcouncil.org/documents/2019/09/cop-8.pdf/
https://www.pcouncil.org/documents/2019/09/cop-4.pdf/
https://www.pcouncil.org/documents/2013/07/fep_final.pdf/
https://www.pcouncil.org/documents/2013/07/fep_final.pdf/
https://www.pcouncil.org/documents/2020/02/g-1-a-iea-team-report-1.pdf/
https://www.pcouncil.org/documents/2020/02/g-1-a-iea-team-report-1.pdf/
https://www.integratedecosystemassessment.noaa.gov/regions/california-current-region/index.html
https://www.integratedecosystemassessment.noaa.gov/regions/california-current-region/index.html
https://www.integratedecosystemassessment.noaa.gov/regions/california-current-region/index.html
https://www.pcouncil.org/actions/initiative-2-coordinated-ecosystem-indicator-review/
https://www.pcouncil.org/actions/initiative-2-coordinated-ecosystem-indicator-review/
https://www.pcouncil.org/documents/2018/06/terms-of-reference-for-the-methodology-review-process-for-groundfish-and-coastal-pelagic-species-for-2019-2020-june-2018.pdf/
https://www.pcouncil.org/documents/2018/06/terms-of-reference-for-the-methodology-review-process-for-groundfish-and-coastal-pelagic-species-for-2019-2020-june-2018.pdf/
https://www.pcouncil.org/documents/2018/06/terms-of-reference-for-the-methodology-review-process-for-groundfish-and-coastal-pelagic-species-for-2019-2020-june-2018.pdf/
https://www.pcouncil.org/documents/2019/09/cop-15.pdf/
https://www.pcouncil.org/documents/2019/09/cop-15.pdf/
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-08-624161 June 24, 2021 Time: 22:20 # 5

Tommasi et al. Connecting Management With Models

FIGURE 2 | Overview of opportunities for stakeholder feedback (orange boxes) on ESR indicators and ecosystem models and analyses in the PFMC management
process.

climate drivers on a species’ productivity, a need for a more
in-depth synthesis of how environmental conditions interact
to affect biological components. Comments 7 and 8 stress
the need to also assess the utility of seabirds as indicators
of forage or salmon productivity. Ultimately, as reflected in
Comment 1, stakeholders are interested in anticipating the risk
of an undesirable outcome and minimizing its impact, and thus
need relevant indicators for forecasting and risk assessment.

This topic was associated with the highest number of
comments (Table 1), perhaps because productivity indicators can
inform the setting of species-specific harvest levels, one of the
main management measures used by PMFC. Harvest levels are
often dependent on a forecast of stock biomass and on reference
points (fishing intensity or biomass thresholds that should not be
crossed or targets to be achieved) derived from stock assessments.
Use of climate-linked natural mortality in stock assessment can
generate less variable reference points on which to base catch
advice (O’Leary et al., 2019). If predictive skill is sufficient,
the integration of environmental indicators of recruitment can

also improve estimates of reference points (Basson, 1999). In
addition, short-term recruitment forecasts can enable managers
to alert fishing communities of potential changes in harvest levels,
allowing for development of potential remediation strategies
(Tommasi et al., 2017b). However, the added benefit of including
environmental indicators into the estimation of stock-status
depends on the species’ life-history type (Haltuch et al., 2019b).
Environmentally informed short-term recruitment forecasts are
particularly important for semelparous species like salmon, as
there is no direct carryover of spawning biomass across years, or
for forage species whose fishable biomass consists in large part of
young age classes (Tommasi et al., 2017c). Catch advice for long-
lived stocks may instead be more responsive to changes in natural
mortality (Bax, 1998).

Usefulness of stock productivity indicators to management
decisions is also dependent on their availability relative to
the timing of council decision making. Some environmentally
based forecasts of salmon returns are dependent on ocean
conditions during first ocean entry 2 or 3 years prior (e.g.,
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TABLE 1 | Comments from the stakeholder review of ESR Indicators that could be informed by ecosystem models and analyses with relevant policy issues,
management objectives, and existing management processes to address them.

Comment
#

Comment Policy Issue Management
Objective

Existing Management
Process to Address
Issue

1 Indicators are potentially valuable from a forecasting or
risk-assessment perspective. HC encourages further
efforts to define key indicators that can be used for
forecasting.

Predict changes in fisheries
productivity to ensure stability of
catch.
Better understand the effects of
oceanographic processes on
primary productivity and on the
recruitment of managed stocks to
the fisheries.
Improved estimates of stock
status, short-term biomass
forecasts, and projections for
catch advice.
Forecasts of salmon returns to set
harvest schedule and allocation.

Prevent overfishing.
Promote efficiency and
profitability of the
fisheries.

Harvest levels and
management settings.
Salmon returns
forecasts
Stock assessment
development (e.g., Sea
Level
Height-recruitment
relationship in sablefish
assessment)
Pacific sardine
management use of
Sea Surface
Temperature-
Emsy(Emsy = exploitation
rate that produces the
maximum sustainable
yield) relationship in
harvest control rule.

2 Report makes a strong case that the extreme
environmental conditions over the past few years are
likely to have near-term adverse effects on salmon runs,
but report did not quantify magnitude of these effects.
Impacts of recent environmental conditions on
groundfish stocks are less clear and may be mixed, but
most likely impact is lower recruitment during event.
Lower recruitment will only impact the fishery when the
impacted year classes begin recruiting to the fishery in
3–5 years. Groundfish populations typically include many
year classes, so a few years of lower recruitment should
have a relatively small effect on overall biomass trends.

3 We suggest developing an indicator of upwelling quality
by season and coastal zones and relate this indicator to
productivity.

4 Suggest more specific information in report on potential
effects of upwelling on the biological environment.

5 We recommend that IEA scientists focus on improving
and/or expanding those indicators that have shown
promise in regards to correlations with fisheries
productivity.

6 Illustrate the cumulative effects of multiple environmental
indicators on biological components.

7 Seabird data might provide indicators of the abundance
and availability of forage species (e.g., brown pelican
nesting success an indicator for forage in the southern
CCE).

8 We would like to see an index of seabird species
diversity and density for the northern CCE and any
relationships of that information to abundance and
condition of salmon populations.

Forecasts of salmon returns to set
harvest schedule and allocation.
Tradeoffs between protected and
target on endangered salmon
populations.

Protect endangered
salmon runs.

Salmon returns
forecasts.

9 Want more info on latitudinal shifts in target species and
protected species within the ecosystem so that
managers and fishermen can anticipate where target
stocks will be available and potential for interactions with
protected species.

Anticipate increased risk of
bycatch events.
Alert communities of changes in
target species availability.

Minimize bycatch and
encourage full
utilization of retained
catch.
Promote efficiency and
profitability of the
fisheries.

Setting of time and area
closures, modifying
fishing gear
configurations, or other
bycatch mitigation
measures.

10 Centers might also look at predator-prey links between
HMS and CCE prey, and/or information on their
co-occurrence with protected species.

Alert communities of changes in
target species availability.
Predict effect of management
action on forage and environment
on HMS target species and their
availability.

Promote efficiency and
profitability of the
fisheries.
Encourage cooperative
international
management of HMS
species.

Manage HMS fishing
seasons and time/area
closures
or other bycatch
mitigation measures.

11 Are there any links that could be made between forage
species’ range and availability, and the abundance and
migratory patterns of higher trophic order target species
within particular geographic areas?

Effects of lower forage species’
shifting ranges on the range shifts
of fisheries target species that
prey upon those forage species.
Predict target species’ ranges and
locations to improve catch per unit
effort and to minimize bycatch of
non-target species.

Promote efficiency and
profitability of the
fisheries.
Minimize bycatch.

Investigate future need
for shifts in allowable
fishing times, locations,
and harvest levels.

(Continued)
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TABLE 1 | Continued

Comment
#

Comment Policy Issue Management
Objective

Existing Management
Process to Address
Issue

12 The tradeoffs between protection of dependent
predators and resilient fishing communities should
be examined in more depth.

Trade-offs among protected species
and fisheries. If policies protect
species with more abundant
populations, does that change how
we react to those species’
interactions with fisheries?

Prevent overfishing.
Sustain communities.
Provide adequate
forage for dependent
species.

CPS harvest
levels/allocation.

13 Shell-forming organisms should be monitored, as an
indicator of ocean acidification. We also
support continued tracking of factors related to
short-term and long-term climate change, and the
potential effects on PFMC-managed species.

Better understand the effects of
climate variability and change on
stock productivity.

Acquire biological
information and develop
long-term research.

Re-assess and update
ESR to include
indicators of ocean
acidification.

14 How does distribution of target species catch by
port change over time? and, potentially, in the future
(Are there shifts in species distribution in response
to climate change and potential effects on coastal
communities?).

Alert communities of potential
changes in target species availability.
Better understand the effects of
oceanographic processes on fishing
communities and on fisheries
profitability.

Promote efficiency and
profitability of fisheries.

Assess potential effects
of shifting stock
distributions on coastal
communities, assess
need for revisions to
fisheries allocations.

15 If there are coastal communities vulnerable to the
physical effects of climate change (flooding, sea
level rise) are those same communities vulnerable to
shifts in available fisheries harvest levels?

16 Look at the effects of extreme weather events on
fisheries safety and coastal communities’
economies.

Alert communities of increased risk of
hazardous sea conditions.

Promote the safety of
human life at sea.

Setting fisheries season
durations, openings and
closures.

17 For longer-term analysis, we are interested in the
effects of shifting levels of phytoplankton blooms,
domoic acid, and paralytic shellfish poisoning on
fisheries – are these phenomena affecting fisheries
participation? Are they identifiable at a localized
scale?

Alert communities of potential
changes in target species availability
and fishing season opening/closure.

Promote efficiency and
profitability of fisheries.

Setting of fishing
season
opening/closure.

Rupp et al., 2012; Burke et al., 2013), and thus rely on
past, observed environmental covariates. This has facilitated
their inclusion in some management-relevant salmon forecasts
(Burke et al., 2013; Litz and Hughes, 2020). However, for
other species and salmon stocks (e.g., Satterthwaite et al.,
2020) key indicators may need to be forecasted months to a
year in advance to improve catch advice or even longer to
inform stock status projections (e.g., for groundfish). Thanks
to recent advancements in global climate prediction systems,
forecasts of biologically relevant variables in coastal regions
months to years in advance can be skillful in some regions
(Stock et al., 2015; Tommasi et al., 2017a,b; Hervieux et al.,
2019; Jacox et al., 2019a; Park et al., 2019; Jacox et al., 2020).
Integration of such forecasts with environmentally informed
single species population dynamics models can enable managers
to set more effective catch limits, but their utility will be
dependent on how well management needs align with the regions
and times with adequate forecast skill. For example, sea surface
temperature (SST) forecast skill in the CCE is variable in space
(with highest skill in more northern latitudes) and time (with
highest skill for late winter and early spring forecasts) (Jacox
et al., 2019a). In an evaluation of management performance
for sardine, ecological and economic metrics were improved by
SST forecasts only up to 4 months in advance, as forecast skill
degraded at longer lead times (Tommasi et al., 2017c). This 4-
month lead time may not be sufficient for inclusion of such

approaches into current CPS management timelines (Tommasi
et al., 2017c), but other applications may be able to leverage
greater predictability for different seasons, lead times, regions, or
environmental variables.

Use of environmental indicators of stock productivity
to inform tactical decisions (e.g., catch advice) require
adequate process understanding of the environment-
species response, long time series of both biological and
environmental variables at appropriate spatial and temporal
scales, a strong effect of the environmental covariate on stock
dynamics, and the ability to monitor and skillfully forecast
the indicator (Skern-Mauritzen et al., 2018; Haltuch et al.,
2019b). Improvements of management performance with the
use of climate-enhanced stock assessments and environmental
covariate-based harvest control rules (HCRs, e.g., Howell et al.,
2021) as compared to other methods needs to be carefully
evaluated with management strategy evaluation (Haltuch et al.,
2019b). In some cases, application of survey-derived recruitment
indicators may be more appropriate (Walters and Collie, 1988).
Nevertheless, since the stakeholder review of ESR indicators,
some analyses and models that speak to the needs highlighted in
Comments 1–8 have been developed and used to inform PFMC
management decisions (Table 2). We highlight those examples
below and then discuss future research avenues.

For salmon, in 2017, the Council’s advisory bodies expressed
concern about increasing variability in salmon escapements and
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TABLE 2 | Overview of existing or potential modeling products that could be developed to address the specified comments from managers and stakeholders.

Product Comment
#

Modeling Platform Implemented in management? Additional modeling needs? Management
time-frame

Environmentally
informed
short-term
salmon forecasts

1, 3–6, 8 Correlative approaches linking
past oceanographic conditions
(usually at time juveniles
entered the ocean) to strength
of incoming adult salmon
returns.

Yes, for some stocks (see text). Development and testing of more
integrative indicators developed using
ecosystem models of juvenile survival
as well as maturation and mortality of
subadults.
Comparison of alternative approaches
and ensemble forecasting

Annual

Environmentally
informed estimate
of productivity for
CPS

5, 6 Correlative approaches linking
ecosystem indicators to CPS
productivity. Ecosystem
indicators may be derived from
observations, regional ocean
models, or ecosystem models
and then integrated into
climate-informed stock
assessment.

Yes. The sardine fishing mortality reference
point in the HCR is updated yearly given
average sea surface temperature over the
previous 3 years. However, the correlative
recruitment-environment model is not
routinely updated.

Further development and testing of
more integrative indicators of
productivity for different CPS species
developed using ecosystem models
informed by regional ocean models.
Skillful short-term forecasts of
oceanographic conditions relevant to
CPS productivity indicators.

Annual

Environmentally
informed
short-term CPS
biomass
forecasts for
catch advice

1 Climate-informed stock
assessment models where
correlative approaches link
ecosystem indicators to fish
productivity. Ecosystem
indicators may be derived from
observations, regional ocean
models, or ecosystem models.

No. Environmental indicators inform the
sardine fishing mortality reference point in
the HCR, but not forecasts of future
biomass.

Skillful short-term forecasts of
oceanographic conditions relevant to
CPS productivity indicators.
Further development and testing of
more integrative indicators of
productivity for different CPS species
developed using ecosystem models
informed by regional ocean models.

Annual

Environmentally
informed
estimates of
groundfish
productivity

2–6 Correlative approaches linking
ecosystem indicators to
groundfish productivity.
Ecosystem indicators may be
derived from observations,
regional ocean models, or
ecosystem models and then
integrated into climate-informed
stock assessment.

Yes. A sea-level indicator is routinely
integrated in the current sablefish
assessment and informs hindcasts of
recruitment estimates, including updates
covering years elapsed since the last
assessment with observed sea level height
values but no direct data on recruitment.

Further development and testing of
indicators of groundfish productivity
developed using ecosystem models
informed by regional ocean models.

Annual/Biennial

Environmentally
informed
groundfish
biomass
projections

1–6 Climate informed stock
assessment models where
correlative approaches link
ecosystem indicators to
groundfish productivity.
Ecosystem indicators may be
derived from observations,
regional ocean models, or
ecosystem models.

No. While a sea-level indicator is routinely
integrated in the current sablefish
assessment and informs hindcasts of
recruitment estimates, it does not inform
biomass projections.

Skillful forecasts of oceanographic
conditions relevant to groundfish
productivity indicators.
Assessment of relative contribution to
forecast skill of biological persistence
(aging of current age classes) and
environmental information.
Further development and testing of
indicators of groundfish productivity.

Annual/Biennial

Ecocast
(Tool to assess
risk of spatial
interactions
between
swordfish and
protected
species)
J-SCOPE
(seasonal ocean
forecasts,
including habitat
for sardine and
hake)

9–11 Correlative SDMs (Generalized
Additive Models, Boosted
Regression Trees, VAST).

Ecocast provides daily operational
nowcasts
(https://coastwatch.pfeg.noaa.gov/
ecocast/)
In terms of implementation, it is being
consulted by fishers and being tested in
exempted fishing permits.
J-SCOPE provides operational
twice-annual forecasts:
(http://www.nanoos.org/products/j-scope/)
Hake spatial forecasts have been presented
to United States–Canada management
body, and are primarily aimed at survey
planning.

Ecocast: Expand approach to include
other species (including overlap
between HMS and prey species)
Ecocast and J-SCOPE: Better
representation of physiological
processes, movement, species
interactions.

In season

WhaleWatch 9,10 Correlative SDMs (GAM and
BRT) at monthly scales and
daily predictions served on
CoastWatch.

Yes: WhaleWatch is being used by NOAA
West Coast regional office to assess
current risk to ship strikes. A higher
resolution version based on regional ocean
model output (WhaleWatch 2.0) is also
being integrated into broader shipstrike risk
tools led by the Benioff Ocean Initiative.

Potential to expand models to broader
CCS and other shipping lanes.

Year-round

(Continued)
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TABLE 2 | Continued

Product Comment
#

Modeling Platform Implemented in management? Additional modeling needs? Management
time-frame

FishViz
(Tool to generate
historical time
series of biomass
index, area
occupied, and
center of
distribution for
species of
interest from
survey data)

9–11 VAST models of species
abundance.

https://james-thorson.shinyapps.io/FishViz/
While FishViz output is not directly
implemented in management, the
spatiotemporal models used have been
applied to develop biomass indices for
stock assessments.

Additional analysis and data integration
required to update time period
(currently historical analyses for many
regions globally).

Annual/Biennial
for use in stock
assessment or
In season for
spatial
management

Tool to assess
the effect of
management
actions on forage
on dependent
predators and
fisheries, and the
tradeoffs
between
conservation,
economic, and
social objectives

7, 10, 11,
12, 14

End-to-end and intermediate
complexity
ecosystem/foodweb-models
(e.g., Atlantis, MICE, EwE).

Partially. These models have been applied
as strategic research tools for specific
questions (see text). They are updated
periodically, but not automatically.

More realistic fishing scenarios based
on current harvest rules
Improved bio-economic models to
assess economic and social impacts
More realistic responses to
environmental variability, particularly
with regards to changes in species
distribution.

Long-term

Tool to assess
impacts of
multiple
environmental
drivers on
species of
management
interest.
Identification of
robust indicators
to multi-stressor
scenarios.

3, 4, 6, 13 End-to-end and intermediate
complexity
ecosystem/foodweb-models
(e.g., Atlantis, MICE).

Partially. These models have been applied
as strategic research tools for specific
questions (see text). They are updated
periodically, but not automatically.

Improved quantification of organismal
impacts of processes beyond fishing
(e.g., temperature, pH).
Performance testing of indicators –
identifying ecological and fishery
mechanisms that drive indicator
performance.

Long-term

Tool to assess
impact of shifts in
species
distribution and
fisheries harvest
to fishing
communities
(alongside
cumulative
coastal stressors)

14,15 Correlative SDMs or spatially
explicit population dynamics
models linked to fishing effort
and economic models (e.g.,
POSEIDON model, Bailey et al.,
2019).

Partially. Estimates of petrale sole and
sablefish availability to port included in 2019
ESR, but models are not updated regularly.

Platform for linking spatially explicit
species models (like SDMs) with
models of port-level fishery behavior
and economics and social vulnerability
indices; potentially including additional
coastal stressors (e.g., sea level rise).

Long-term

Tool to assess
impact of past or
projected
extreme weather
events (i.e.,
storms) on
fisheries safety
and economies

16 Statistical models that
incorporate fishers’ flexibility in
terms of target stock, timing,
fishing location, and delivery
timing to assess if the ability of
fishers to avoid extreme
weather events will be
impacted in the future.

No. Projections of future storm paths,
severities, and potential coastal
impacts; understanding of if or how
storms affect catchability.

Long-term

Tool to assess
impact of past or
projected harmful
algal blooms
(HABs) on fishing
communities

17 HAB Index model linked to
C-HARM model to assess
communities most at risk of
upcoming HABs events.

Partially. The HAB Index model has
assessed impacts of past HABs on West
Coast fishing communities, but it is not
regularly updated nor used to assess future
risk.

Link HAB Index model to HABs
forecasting systems
Expand C-HARM or similar models to
regions outside of California and longer
timescales.

Long-term

Modeling platform refers to existing ecosystem models and analyses that could be tailored to develop the proposed modeling product. Implemented in management
implies that the modeling product exists and is currently being used to inform management decisions. The management timeframe refers to the frequency of when the
management measures being informed by the specified product are (or would be) set. Operational refers to the modeling product being already existing and routinely
updated (i.e., self-contained workflows that run automatically at a prescribed temporal frequency).
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worsening performance of forecasts (Pacific Fishery Management
Council (PFMC), 2017c). This, along with earlier calls to
investigate potential threshold values in indicators reported in
the ESR (Pacific Fishery Management Council (PFMC), 2015b),
prompted Satterthwaite et al. (2020) to investigate non-
linear relationships between environmental covariates and
forecast performance for Chinook salmon stocks of particular
management concern. While mechanistic drivers of salmon
demographic rates need to be investigated further before
direct inclusion into pre-season forecast models, the work
demonstrates that environmental indicators could be used
indirectly to alert managers that forecast performance may be
poor and that a precautionary approach may be warranted
(Satterthwaite et al., 2020).

Similar correlative approaches also inform the PFMC’s
environmentally driven exploitation rates in the HCR for Pacific
sardine (Sardinops sagax, Pacific Fishery Management Council
(PFMC), 2020), based on the recognition that the spawner-recruit
relationship barely extended above the replacement line during
cool periods, while indicating substantial compensation (surplus
production) during warm periods (Jacobson and MacCall,
1995). In this case, rather than the environmental indicator
being included directly in the stock assessment to inform
a short-term forecast of fishable biomass, an age-structured
population dynamics model with an environment-recruitment
link was first used to determine how the fishing mortality
reference point depends on a temperature indicator, and then
a management strategy evaluation (MSE) was employed to
compare performance of different types of harvest control rules
and potential environmental indicators (Hurtado-Ferro and
Punt, 2014). Temperature-dependent fishing mortality target
reference points are also utilized for tactical management of
cod (Gadus morhua) and whiting (Merlangius merlangus) in the
Celtic Sea (Howell et al., 2021).

A relationship between sea level and recruitment has also
been identified and included in the 2019 assessment for sablefish
(Anoplopoma fimbria, Haltuch et al., 2019c). However, inclusion
of the environmental indicator in the stock assessment did not
influence assessment output as it was consistent with survey
length and compositions (Haltuch et al., 2019c). For long-
lived species like groundfish that recruit into the fishery at
older ages and for which recent recruits make up a smaller
fraction of the biomass, a short-term forecast (sub-annual to
annual) of fishable biomass is largely informed by the observed
fishery and survey data. A short-term recruitment forecast may
therefore not substantially improve short-term biomass forecast
skill and derived management measures. For this life history type,
environmentally informed recruitment forecasts may inform
longer-term (2 years onward) projections of stock biomass
or reference points. To date, projections have not considered
environmental conditions; however, it may be beneficial to
do so in cases like sablefish, for which an environment-
recruitment relationship has been established. However, the
environmental covariate would need to be forecasted with
adequate skill.

At PFMC, efforts to improve our understanding of drivers of
species productivity and the performance of biomass forecasts

and projections will continue in the future and are of interest to
managers and stakeholders (Table 1, comments 1–8). There are
numerous avenues by which ecosystem science could contribute,
which are highlighted below and in Table 2. Improvements to
ecosystem indicator development, such as the use of multivariate
statistical techniques that reduce the dimensionality of a large
set of covariates with minimal information loss, could refine
inputs to existing environmentally driven forecasts (e.g., Rupp
et al., 2012; Burke et al., 2013; Muhling et al., 2018). Exploratory
statistical analyses based on improved ecological understanding
of species interactions (e.g., trophic relationships) and employing
a variety of data sources can also inform development of
new productivity indicators (e.g., Tolimieri et al., 2018).
Wells et al. (2017), examining seabird diet and forage survey data,
demonstrated that salmon survival decreases when common
murre (Uria aalge) switch from foraging juvenile rockfish
(Sebastes spp.) offshore to anchovy inshore following changes in
upwelling. Where seabird data exists, such an analysis could be
extended, as suggested by Comment 8, to inform development
of indicators for salmon stocks in the Northern CCE. Similar
statistical models could be used to identify ecosystem indicators,
such as seabird abundance or reproductive success, that relate to
forage fish abundance (Comment 7).

Ecosystem models capturing the mechanistic processes
leading to changes in demographic rates are also a promising tool
to develop indicators to inform forecasts. For instance, processes
occurring during the critical early ocean entry period have long
been thought to be a major driver of overall cohort abundance
for salmon (Pearcy, 1992; Beamish and Mahnken, 2001). Fiechter
et al. (2015) developed a spatially explicit bioenergetics model
of salmon linked to a configuration of the Regional Ocean
Modeling System (ROMS) with biogeochemistry, and an index
of juvenile salmon growth potential derived from this model
was capable of describing a large proportion of variation in
cohort strength (Henderson et al., 2019). The ROMS-informed
bioenergetic model enabled synthesis of how oceanographic
indicators (including krill concentration) affect juvenile growth
potential (Fiechter et al., 2015). Then, a multivariate statistical
technique was used to summarize the spatial variation in
growth across years to inform a regression model of Central
Valley Chinook salmon survival (Henderson et al., 2019).
This model could now provide projections of juvenile survival
informing pre-season forecasts of Central Valley Chinook
returns, and a similar approach could be expanded to other
stocks and species.

It could also be fruitful for ecosystem modelers to turn
their attention to factors operating later in the life cycle that
could influence growth, maturation rates or mortality. For
salmon, improved estimation of maturation rates and mortality
can inform forecasts based on sibling regressions where the
returns of younger age classes in the previous year are used to
forecast returns of older ages from the same cohort in forecast
years (Peterman, 1982), as well as projections of future fishable
biomass. Indeed, integration of an environmentally informed
mortality parameterization in a population dynamics model of
summer flounder (Paralichthys dentatus) in the U.S. East Coast
resulted in improved biomass estimates (O’Leary et al., 2018).
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Development of the Henderson et al., 2019 ecosystem model
and derived salmon productivity indicators were facilitated by
advancements in ocean modeling of the CCE. Assimilation of
observational oceanographic data with ROMS has now enabled
the development of a fine-scale reconstruction of physical
ocean conditions going back to 1980 (Neveu et al., 2016)1.
These capabilities were also essential for the development
of key indicators of rockfish recruitment (Schroeder et al.,
2018), sablefish recruitment (Tolimieri et al., 2018), petrale sole
(Eopsetta jordani) recruitment (Haltuch et al., 2020), and new
indices of upwelling (Jacox et al., 2018) or upwelling habitat
compression (Santora et al., 2020) that may be relevant to target
and protected species.

However, as evidenced by Pacific sardine (McClatchie
et al., 2010; Jacobson and McClatchie, 2013;
Zwolinski and Demer, 2019), correlative relationships can
break down over time (Myers, 1998). Thus, an adaptive process
enabling regular re-evaluation of the relationships between
environmental indicators and fish productivity needs to be
in place if they are to inform management (Skern-Mauritzen
et al., 2016). For salmon, the PFMC has established processes
for annual technical review of proposed changes to forecast
methodology (Pacific Fishery Management Council (PFMC),
2008). The existing ESR indicator technical review process could
enable an annual re-evaluation of the correlative relationships
between stocks and their environment and allow for periodic
refinements to the oceanographic, ecosystem and statistical
models used to estimate species responses to the environment.
Predictions derived from ecosystem-based models (e.g.,
Henderson et al., 2019) might be considered as competing
models of existing approaches, and the ESR process could also
provide a platform where different approaches are discussed,
compared, and potentially integrated in a forecast ensemble, as
is regularly done in weather and climate forecasting (Kirtman
et al., 2014; Bauer et al., 2015).

Species Distributions and Their Overlap
The second set of ecosystem-level understanding comments
(9 and 10), reflects the management need for more spatial
distribution information to minimize the risk of interactions
between fisheries and protected species, thereby increasing
opportunities to fish for the target species (Table 1). This
information need has become particularly critical in recent years,
as populations of protected predators (e.g., sea lions) in the
CCE recover, increasing the potential for overlap with fisheries
(McClatchie et al., 2018). In addition, Comment 10 highlights
the need to assess the links between changes in prey availability
over space and predator distribution (Table 1). Understanding
spatiotemporal overlap between predators and potential prey
species is particularly important for the development of a more
ecosystem-focused approach to fisheries management (Carroll
et al., 2019; Link et al., 2020). A number of negative ecological
and economic events occurring within the CCE in recent years,
including, but not limited to, unusual mortality events for sea
lions and seabirds (Wells et al., 2013), and unprecedented whale

1http://oceanmodeling.ucsc.edu/

entanglements (Santora et al., 2020), were the result of changes in
predator distribution linked to changes in forage availability and
unprecedented environmental conditions. These incidents served
to highlight the need for spatial tools mapping changes in species
overlap in response to changes in environmental conditions.

Species Distribution Models (SDMs) are a common tool used
to describe the distribution of species, often in relation to their
environment, or in relation to space and time covariates that act
as proxies for unobserved processes. These geostatistical models
allow for the inclusion of multiple predictors and are flexible
enough to capture complex or non-linear relationships between
a species and its environment (Guisan and Zimmermann, 2000;
Elith and Leathwick, 2009; Norberg et al., 2019). SDMs developed
using long observational time series can be used to describe the
typical distributions of species. As such they have the potential
to highlight anomalous changes in species distributions as a
function of environmental change and to examine or anticipate
how environmental conditions cause variability in species
associations (Carroll et al., 2019; Table 2), making them useful
tools to address Comments 9 and 10. Indeed, SDMs have been
applied in various management contexts worldwide although
predominantly in terrestrial systems. SDMs can be used to assess
historical or climatological distributions (Valinia et al., 2014),
dynamic distributions (Stanton et al., 2012), or predict how
species distributions will change over multiple forecast horizons,
from short-term forecasts (Payne et al., 2017) to climate change
projections (Briscoe et al., 2016). A spatiotemporal mixed-
effects model (vector autoregressive spatiotemporal model) has
become an important SDM for fisheries scientists who seek to
develop accurate historical indices of abundance for use in stock
assessment (Thorson, 2019b). SDMs have also been used to
produce climatological prediction maps of marine mammals to
assess risk from sonar operations (Forney et al., 2012; Roberts
et al., 2016; Robinson et al., 2017), to describe temperature-
driven interannual variability in the distribution of Pacific hake
(Merluccius productus) in the context of its joint management by
the United States and Canada (Malick et al., 2020a), for spatial
management planning (e.g., Leathwick et al., 2008; Valavanis
et al., 2008; Esselman and Allan, 2011; Smith et al., 2020), and
climate change impact assessments (e.g., Hazen et al., 2013;
Kleisner et al., 2017). Of particular interest to managers is the
use of SDMs to minimize interactions between fisheries and
protected species or vulnerable life stages (e.g., Hobday et al.,
2011; Howell et al., 2015; Lewison et al., 2015 and references
therein, Druon et al., 2015; Little et al., 2015; Hazen et al., 2018).

Most SDMs have been applied in a historical context, to
describe and understand drivers of past changes in species
distribution and their overlap. An increasing number of studies
are also using SDMs for climate change applications (e.g., Shelton
et al., 2020), but use of SDMs to anticipate short- to medium-term
(days to years) changes in species availability has only recently
begun to receive attention (e.g., Kaplan et al., 2016; Thorson,
2019a) despite the need for such products (Comment 9). Model-
based distribution forecasts have been used to reduce unintended
catch of southern bluefin tuna in the East Australia Current
(Hobday et al., 2010) and to explore reducing seabird interactions
in the North Pacific Transition Zone (Žydelis et al., 2011). Since
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the stakeholder review of ESR indicators, pioneering applications
have also been developed for the CCE that address Comments 9
and 10, as outlined below and in Table 2.

SDMs and satellite data or ocean model output are providing
near-real time likelihoods of ship strike risk for blue whales
(Balaenoptera musculus) in the California Current (Hazen et al.,
2017; Abrahms et al., 2019), and the ratio of catch to bycatch
of protected species in the California swordfish fishery (Brodie
et al., 2018; Hazen et al., 2018; Welch et al., 2019; Table 2).
The latter example, termed EcoCast, integrates predictions of
habitat suitability for a target species (swordfish, Xiphias gladius)
and multiple bycatch species (blue sharks, Prionace glauca;
leatherback turtles, Dermochelys coriacea; and California sea
lions, Zalophus californianus) to provide an integrated map of
opportunity and risk. This tool is now fully operational (Welch
et al., 2019), providing daily predictions for use by fishery
managers and fishers when deciding where to fish or adjust
management regulations. (Operational, here, and throughout
the paper is defined as in Welch et al. (2019), “self-contained
workflows that run automatically at a prescribed temporal
frequency”). In the northern CCE, the J-SCOPE project uses
a ROMS model with biogeochemistry and provides twice-
annual seasonal forecasts that have shown skill for physical and
biochemical conditions, including hypoxia, at lead times up to
∼4 months (Siedlecki et al., 2016), and these are being used
to forecast Pacific hake and sardine distributions and migration
(Kaplan et al., 2016; Malick et al., 2020b) and inform the ESR
(Harvey et al., 2019).

Several recent advancements may allow for further
development of SDMs to anticipate changes in species
distributions and their overlap in the CCE at longer lead
times (1–12 months), and thus expand their relevance for
management applications (Comments 9 and 10). Advancements
include improvements in the availability of output from global
climate prediction systems at lead times up to a year, the
configuration of regional ocean models to downscale such
predictions for the CCE, and the implementation of SDMs
that use ocean model fields as input (e.g., Brodie et al., 2018).
Indeed, decision support tools at these longer lead times have
been used to model the distribution of target and bycatch species
in Australian fisheries up to 4 months in advance using output
from global climate prediction systems (Hobday et al., 2011;
Eveson et al., 2015).

Continued development of such products would require
further interactions between PFMC managers, stakeholders,
and scientists to determine species, regions, and timeframes
of interest, and to ensure that physical and ecological forecast
skill aligns with management needs. The ESR technical review
that has created opportunities to begin those discussions may
continue to provide a forum moving forward. Predictions of
extreme events may be of particular interest to managers,
and several steps must be taken to evaluate whether such
predictions can be useful. For example, temperature anomalies
were predictable for some but not all periods of the persistent
2014–2016 CCE heatwave (Jacox et al., 2019b), and the ability
of SDMs to capture species distribution shifts under these novel
conditions, even with perfect environmental data, differs by

SDM model type and species (Becker et al., 2020; Muhling
et al., 2020). Thus, more work is required to assess whether
SDM forecast skill is adequate for management applications, as
skillful forecasting of species distribution changes requires that
both environmental conditions and species responses to those
environmental changes are accurately predicted. This research
will include the determination of which SDM architectures are
best suited to anticipate changes in species distributions over the
timescales most relevant to managers.

Trophic Interactions and Management
Trade-Offs
Comments 11 and 12 highlight the need for ecosystem synthesis
to examine the tradeoffs between protection of dependent
predators, sustainability of fish populations, including both
forage and the higher trophic level target species feeding on
them, and the resilience of fishing communities (Table 1).
It is becoming apparent that trophic cascades resulting from
variability in forage can have substantial and surprising
consequences on coastal communities on the U.S. West Coast
(Wells et al., 2017; Santora et al., 2020). Therefore, in
addressing Comments 11 and 12 (Table 1), modeling frameworks
enabling a broad approach to evaluating tradeoffs should be
considered. Below, we focus on tools well suited to address these
tradeoffs: end-to-end models, management strategy evaluation,
and spatial modeling, and highlight specific examples of their
application in the CCE to inform management issues. These
examples are also reported in Table 2 and avenues for further
research are discussed.

In the CCE, fishery managers must weigh the provision of
adequate forage for dependent species against the importance
of the CPS (sardine, squid, anchovy and mackerel) fishery to
West Coast communities, while also safeguarding the forage
species themselves. This balancing act is not unique to this
region, and tradeoffs between forage fish harvest and predators
have long been the focus of global analyses, modeling, and task
forces (e.g., Cury et al., 2011; Smith et al., 2011; Pikitch et al.,
2012). The need for consideration of trophic interactions in
the management of CCE CPS fisheries was recognized early
on by the PFMC, with the earliest information on trophic
interactions informing management advice being derived from
simple correlative relationships. For example, the first FMP
passed by the PFMC, the 1978 Northern Anchovy FMP, included
a cutoff parameter below which large-scale harvest was not
allowed to provide adequate forage for brown pelicans (Anderson
et al., 1980). Information about similar trophic relationships were
instrumental in the PFMC’s decision in the early 2000s to reduce
the Allowable Biological Catch of shortbelly rockfish, a previously
non-targeted species, based on the significance of pelagic juvenile
shortbelly rockfish to seabirds, salmon and other higher trophic
level predators.

End-to-end ecosystem models like Atlantis (Fulton et al.,
2011) and Ecopath with Ecosim (Christensen and Walters, 2004),
which model the entire food-web from plankton to top predators,
can be used to assess the bottom-up effects of increased removals
of forage fish on piscivorous fish species and protected species,

Frontiers in Marine Science | www.frontiersin.org 12 June 2021 | Volume 8 | Article 624161

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-08-624161 June 24, 2021 Time: 22:20 # 13

Tommasi et al. Connecting Management With Models

such as marine mammals and seabirds, that depend on forage fish
as prey, as well as the top-down impacts of increasing predator
biomass on forage fish (Table 2). Given the long-standing
objective of ensuring adequate forage for predators in the CPS
FMP, and consistent with the 1998 Ecosystem Principles Advisory
Panel (Ecosystem Principles Advisory Panel (EPAP), 1999), end-
to-end ecosystem models became increasingly important to
PFMC CPS management efforts during the early 2000s. For
example, later amendments to the CPS FMP addressing krill
management in the CCE were informed by both empirical data
and insights from mass balance ecosystem models (Field et al.,
2006). Confronting the management needs with the limitations
of both the data and the models was helpful in this effort, as a key
outcome was the recognition that the apparent high consumption
of krill by key predators was often inconsistent with (considerably
greater than) the estimates of krill abundance and productivity
(Pacific Fishery Management Council (PFMC), 2009). Although
the reasons for this inconsistency remain unknown, this
limitation informed the decision to ultimately prohibit a
directed CCE krill fishery in the absence of improved
information for management.

Recognizing that models that include ecosystem processes and
interactions are key to better informing the tradeoffs between
forage needs and fisheries, among other things, the PFMC asked
for a methodology review (Box 1) of the California Current
Atlantis model in June 2014 (Pacific Fishery Management
Council (PFMC), 2014; Kaplan and Marshall, 2016). The
review process served as a platform to provide feedback on
improvements required to increase utility of the model to
management. For instance, the review noted that many of the
management scenarios integrated in the CCE Atlantis model
up to that point in time were not well aligned with specific
PFMC management needs. Following the Atlantis methodology
review and stakeholder review of ESR indicators, end-to-end
ecosystem models for the CCE continue to be refined and have
been used to evaluate long-term trophic impacts of U.S. West
Coast groundfish fisheries (Pacific Fishery Management Council
(PFMC), 2015a) and to assess the impacts of depleted forage
species on predators (Koehn et al., 2016; Kaplan et al., 2017,
2019). The CCE Atlantis model can also be used to simulate
the risks of climate-driven changes in the ocean environment,
such as upwelling (Comments 3 and 4) and ocean acidification
(Comment 13) on the CCE food-web, and it was linked to
downscaled global climate projections to evaluate how the
impacts of ocean acidification on benthic invertebrates may
propagate through the CCE food-web and its fisheries (Marshall
et al., 2017; Table 2). Clearly, end-to-end ecosystem models
including species interactions and environmental drivers can
potentially be further applied to assess tradeoffs between the
ecosystem and economic impacts of management decisions
(Table 2), but continued dialogue between managers and
modelers is required to further tailor ecosystem models to answer
management needs.

MSE has been widely used in fisheries management to
highlight tradeoffs associated with alternative management
actions, and to identify procedures that are robust to uncertainty
(Punt et al., 2016a; ICES, 2021). MSE is therefore also an

important tool to address Comments 11 and 12, related to how
harvest rules for forage species may affect dependent predators,
and vice versa. In simpler “one way” or bottom-up cases, an
ecosystem model can be used to trace impacts of harvest rules
on forage fish populations and fishery yields, and subsequently
on predators. This was done in a recent herring MSE on the U.S.
East Coast (Deroba et al., 2019; Feeney et al., 2019). Complex
“two way” cases trace top-down impacts of predators on forage
fish as well as bottom-up impacts on predators and are of
interest when investigating multispecies harvest control rules or
ecosystem reference points need to be tested. Kaplan et al. (2021)
discuss additional applications of ecosystem models within MSE,
including as operating models, and to simulate monitoring,
assessment, and harvest control rules.

In one MSE example from the CCE, Punt et al. (2016b) applied
a models of intermediate complexity for ecosystem assessments
(MICE, Plagányi et al., 2014) rather than an end-to-end
ecosystem model to assess the impact of CPS harvest rules
on dependent predators. MICE typically simulate prey-predator
interactions, but on a smaller set of ecosystem components.
These simpler multispecies models are useful for answering
targeted management questions relative to a specific policy
concern. Their lower complexity allows, as in stock assessment,
for parameter estimation based on fits to data, and uncertainty
quantification, making them well suited for MSEs, and more
readily understood by management bodies familiar with stock
assessment models. The Punt et al. (2016a) MSE examined the
links between the forage base and higher trophic level species
(Comment 11), specifically the links between the population
dynamics of sardine and anchovy and of two protected predator
species, brown pelican (Pelecanus occidentalis) and California sea
lion. The MSE was able to assess the tradeoffs between fishing
on CPS and protection of predators (Comment 12, Table 2)
by testing performance of current harvest policies for sardine
with respect to both fishery and conservation goals. The MICE
was developed in parallel with the Atlantis and Ecopath models
mentioned above, facilitating model development, comparison
and engagement with managers (Francis et al., 2018; Kaplan
et al., 2019). Unlike the Ecopath or Atlantis applications,
this MICE was able to quantify the performance of realistic
management measures (including reproductive success and
survival of protected species) while considering uncertainty in
environmentally driven recruitment scenarios for sardine and
anchovies as well as structural uncertainty regarding predator
dependence on forage (Punt et al., 2016b).

Linking changes in the availability of forage species to higher
trophic levels within particular geographic areas, the need
highlighted by Comment 11, requires spatially explicit modeling
for population dynamics of the species of interest. Both the CCE
Atlantis and MICE model described above are spatial and can
address Comment 11. However, the models have so far assumed
a spatial distribution of forage species that remains constant
over time. Considering the evidence for environmentally driven
spatio-temporal variability in forage species (Muhling et al.,
2020), with impacts on predator demographic rates, particularly
for central place foragers such as sea lions (Fiechter et al., 2016),
and on port-level availability to fishers (Smith et al., 2021), a
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valuable goal for future research is the refinement of existing
ecosystem models in the CCE to include environmentally driven
changes in forage distribution, as has been done elsewhere
(e.g., Coll et al., 2019; Moullec et al., 2019). Given their fine-
scale representation of spatial movement processes, individual
based models (IBMs) are also suited to evaluate impacts of
varying prey dynamics on central-place predator distribution
and foraging behavior. For example, a multi-species IBM model
of sardine, anchovy, and sea lions coupled to a regional ocean
model with biogeochemistry was used to examine the impacts of
environmental variability and prey availability on sea lion feeding
success in the central CCE (Fiechter et al., 2016).

Interactions Between the Environment
and Fishing Communities
The final set of comments (14–17) underscores the need for
understanding how changes in climate variability, mediated
via ecosystem processes, affect fishing communities (Table 1).
Climate change is expected to alter fish abundance and
distribution (Cheung et al., 2010; Morley et al., 2018) and
PFMC advisory bodies are interested in evaluating the potential
risk of shifting species availability to coastal communities
(Comments 14–15). Fine scale oceanographic data from
remote sensing and ocean models, in combination with
spatially explicit survey, tagging or logbook data, has enabled
development of SDMs for a variety of PFMC-managed
species (e.g., Thorson et al., 2016; Shelton et al., 2020). When
data on fisher behavior (e.g., trip distance) is available from
logbooks, port-specific fishing grounds can be identified
and target species availability from SDMs over the fishing
grounds can be computed (Rogers et al., 2019). Below,
and in Table 2 we provide CCE-specific examples of how
environmentally informed ecosystem models have been
integrated with economic analyses to address comments 14–17,
and what gaps remain.

With regards to the groundfish fishery in the CCE, indices
of groundfish availability over distinct fishing grounds have
been computed over the historical period (Selden et al.,
2019; Table 2) and integrated into the ESRs (Harvey et al.,
2019). To address comments 14–15, future work could develop
such indices using environmentally informed SDMs to assess
climate-induced shifts in economic opportunity (e.g., Smith
et al., 2020), and project such changes into the future to
assess the vulnerability of coastal communities to risk from
climate change, as has been done for New England and
Mid Atlantic fishing communities (Rogers et al., 2019). When
spatially explicit other ecosystem models can also inform
port-level socio-economic indices. In the CCE, the spatially
explicit structure of the Atlantis model allowed translation
of the results assessing climate impacts on the CCE food-
web and its fisheries (Marshall et al., 2017) to port-based
fishing communities and fleet-level economic effects (Hodgson
et al., 2018). These model results have been presented to the
PFMC’s to inform an ongoing strategic initiative on the effects
of climate variability and change on fish stocks and fishing
communities (Kaplan et al., 2018). By the explicit consideration

of biological processes, end-to-end ecosystem models and
MICE also have high potential to assess the cumulative effects
of multiple environmental drivers (Comment 6, Table 2),
e.g., under long-term climate change (Ainsworth et al., 2011;
Koenigstein et al., 2016).

There is also a need to assess how extreme weather events
directly affect safety of fishers (Comment 16, Table 1). Climate-
change driven shifts in the frequency and strength of extreme
weather events have the potential to directly affect the safety
of commercial, recreational, and subsistence fishers. An active
area of atmospheric research is concerned with how climate
change may drive changes in storminess (Knutson et al., 2010;
Dominguez et al., 2012; Kossin et al., 2016; Mölter et al., 2016;
Ornes, 2018; Swain et al., 2018; Teich et al., 2018). Fishers
and boaters are among the most sophisticated consumers of
weather forecast information (Savelli and Joslyn, 2012; Finnis
et al., 2019; Kuonen et al., 2019). Understanding how fishers
respond to extreme weather events such as storms is essential
to assessing the vulnerability of fishers and fishing communities
to potential changes in storminess (Sainsbury et al., 2018), as
well as consideration of how fishery-specific management and
regulatory incentives affect fishers’ safety by influencing the
level of risk fishers take to catch and land their fish (Pfeiffer
and Gratz, 2016). Indeed, modeling work has shown that catch
shares and other types of management that eliminate a race
for fish and allow flexibility in the timing of trips decrease
the propensity to take trips in hazardous weather (Petursdottir
et al., 2001; Pfeiffer and Gratz, 2016; Petesch and Pfeiffer,
2019; Pfeiffer, 2020). Hidden Markov Models provide a tool
to uncover underlying fisher behavior from vessel tracking
data, such as from vessel monitoring systems or automatic
identification systems. Such models and data sources are being
increasingly used to determine simple behavioral states of fishers,
e.g., ‘fishing’ or ‘searching’ (Joo et al., 2015), as well as to
identify environmental factors that influence their behavior
(Watson et al., 2018). Future work may employ behavioral models
informed by environmental conditions to examine how fisher
behavior changes in response to adverse weather conditions,
produce estimates of fishers’ risk tolerance, and help promote
safety at sea by evaluating the change in risk from fishery policies
and climate change (Table 2).

Integration of environmental indicators with socio-economic
models can also enable quantification of the impact of extreme
events on fishing communities (Comment 17, Table 2). For
instance, the 2014–2016 marine heatwave in the CCE triggered
an unprecedented harmful algal bloom (HAB) (McCabe et al.,
2016; Ryan et al., 2017), leading to considerable economic
losses in fisheries for Dungeness crab (Metacarcinus magister)
(Moore et al., 2019). To better alert communities of potential
fisheries closures during HABs and mitigate their effects via
adaptive actions, advisory bodies requested development of
a HAB index at a localized scale and for a quantification
of the economic impacts of HABs on fisheries participants
(Comment 17). Moore et al. (2019) have developed a localized,
community-specific index of lost fishing opportunity from HABs
by computing the proportion of the Dungeness crab fishing
season lost to HAB closures, which may be of interest to
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managers. In a follow-up study, Moore et al. (2020), using
regression models built from fishers’ survey data, found that
individuals who were exposed to longer fisheries closures,
as measured by the HAB index, suffered greater income
losses. Moore et al. (2020) also identified potential adaptive
actions to reduce the impact of HABs on Dungeness crab
fishery participants. These actions include income diversification
and fishing for alternate species or in alternate areas. In
addition, Anderson et al. (2016) developed a model to provide
nowcasts and 1–3 day forecasts of HABs for the California
coast2 by linking ROMS and satellite output to a statistical
model of the likelihood of a toxic algal bloom. To better
assess Comment 17 and assess the socioeconomic impacts of
future shifts in HAB dynamics, future work could focus on
developing more holistic models linking the socioeconomic
analyses identifying the effects of HAB on fisheries described
above to predictive HAB models.

DISCUSSION

For scientific information and analyses to directly support or
affect public policies and regulations, the policymaking process
should promote opportunities for scientists to engage with
policymakers (Hopkins et al., 2011; Cvitanovic et al., 2015).
Although ecosystem modeling is relatively new to fisheries
management, it has entered a policymaking space where the
ongoing examination of the best scientific information available
to analyze management questions is both expected by fisheries
managers and required by law [16 U.S.C. §1851(a)(2), see also
16 U.S.C. §1362(2), §1386(a), and §1536(a)(2)]. U.S. federal
fisheries management has a 40 + year history of discussing,
debating, and improving fisheries science by bringing that science
into the public arena and testing it through application to
ongoing fisheries. Engaging in the existing policy making space
of the fishery management council process allows ecosystem
modelers to make that needed connection between modeling and
management priorities.

In assessing the responses of managers and stakeholders
to the review of ESR indicators, we demonstrated that policy
needs for ecosystem science go beyond the setting and use of
environmental indicators to improve forecasts of biomass and
reference points required for the setting of harvest limits. Other
uses of ecosystem models and analysis identified included: (1)
assessment of shifts in the spatial distribution of target stocks
and protected species to anticipate changes in availability and the
potential for interactions between fisheries and protected species,
(2) identification of trophic interactions to better assess tradeoffs
between protection of dependent predators and resilience of
fishing communities in the management of forage species and
to holistically assess the impact of climate change on PFMC-
managed species, and (3) synthesis of how the environment
affects fishing communities, either via extreme events such
as HABs or storms or via climate-driven changes in target
species availability, to promote efficiency and profitability of

2https://www.cencoos.org/data/models/habs/forecast

fisheries. The identified policy needs largely reflect the broad
aims of EBFM (National Marine Fisheries Service, 2016a) but
were brought forward directly by managers and stakeholders
operating in the CCE and thus are relevant to their experience
and specific requirements and are more regionally actionable.
By including a stakeholder review of ESR indicators into an
existing policy discussion process, other regions could replicate
our work to ensure that their ecosystem modeling complements
legally mandated avenues for using best available science in
management and for setting research priorities (Box 1, Pacific
Fishery Management Council (PFMC), 2018). Given limited
resources, the process here outlined could then be followed by
an ecosystem risk assessment (Holsman et al., 2017) to prioritize
analyses and model development to focus on initially, as was
done successfully by the U.S. Mid-Atlantic Fishery Management
Council (Gaichas et al., 2018).

While existing ecosystem modeling capabilities in the region
can address many of the policy needs identified by the ESR
comments (Table 2), for some applications, improvements in
ecosystem modeling capabilities are required to further the
utility of ecosystem models and analyses to management needs
(Table 2). Comments 1 and 10 stressed the need to anticipate
future changes in productivity or species interactions. While
ecosystem models and analyses have shown skill for some species
in predicting changes in productivity and distribution over
the historical period using observed data or data assimilative
ocean model output (e.g., Brodie et al., 2018; Tolimieri et al.,
2018) and have in some cases been used to assess impacts
of climate change (Hazen et al., 2013; Haltuch et al., 2019a),
the skill of near term (months to years in advance) ecological
forecasts needs to be tested to assess their utility to the setting
of catch limits, biomass projections, or spatial management
measures at the spatiotemporal scales that are relevant to
managers. Development of forecasting capabilities for fish
productivity or distribution changes would also benefit from
expansion of the use of ecosystem models and analyses linked
to oceanographic models to improve mechanistic understanding
and to develop indicators with high explanatory power in
modeling changes in species responses to environmental
variability (e.g., Brodie et al., 2018; Tolimieri et al., 2018;
Henderson et al., 2019). Utility of such methods should be
assessed relative to current approaches and as part of a
forecasting ensemble.

The ESR comments also show a clear desire on the part
of managers and stakeholders to better assess the broader
ecosystem impacts of management actions, particularly with
regards to the tradeoffs between the forage needs of predators,
fisheries for prey and predator species, and protections for
non-target predator stocks. In light of the stakeholders’ and
managers’ comments, ecosystem models have the potential to
be used more routinely to assess the impact of changes in
forage to dependent predators when linked to stock assessments
(e.g., Drew et al., 2021) or MSE model output (e.g., Deroba
et al., 2019), and to develop multispecies harvest control rules
(HCRs) or ecosystem-level reference points (Link, 2018; Fulton
et al., 2019; Holsman et al., 2020). This is in addition to their
demonstrated utility in addressing specific strategic questions,
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such as the role of krill in the ecosystem (e.g., Pacific Fishery
Management Council (PFMC), 2009) or the impact of climate
change on PFMC-managed species (e.g., Marshall et al., 2017).
However, in some cases, model refinements to include more
realistic fishing scenarios based on current harvest rules or more
realistic responses to environmental variability, particularly with
regards to changes in species distribution, may be required before
implementation (Table 2).

Many comments also acknowledged the need to better
integrate human dimension considerations when assessing
impacts of management policies on port-level socioeconomic
metrics, particularly within the context of climate variability
and change. While case studies for specific regions and
fisheries have shown promising approaches (e.g., Plagányi
et al., 2013; Rogers et al., 2019; Selden et al., 2019), further
development of methods linking spatially explicit biological
models to socioeconomic outcomes, as well as improved
consideration of the diversity of harvesting portfolios (Frawley
et al., 2021), is required. In particular, links to on-shore
community impacts, many of which are qualitative socio-
cultural measures, have been neglected and may require
direct consultation with communities rather than quantitative
modeling (Okamoto et al., 2020). This will necessitate further
communication not only between ecosystem modelers and
managers, but also between ecosystem modelers, managers, and
(non-economic) social scientists. While the findings presented
here can, in collaboration with managers and stakeholders,
help refine ecosystem modeling planning, ecosystem model
development for improved management applicability also needs
to be balanced with research and development innovations to
identify emerging information needs.

As ecosystem modeling insights evolve to more explicitly
inform both tactical and strategic management, the means to
better quantify and present uncertainty in such model outputs
or scenarios will become more critical (Link et al., 2012;
Weijerman et al., 2015; Jacobsen et al., 2016; Haltuch et al.,
2019b). Combining information across approaches via model
averaging or ensembles (Marmion et al., 2009; Ianelli et al.,
2016; Karp et al., 2019), or using Bayesian updating (Staton and
Catalano, 2019) or state-space models (Fleischman et al., 2013)
to formally integrate observations and modeled effects of drivers
from multiple stages of a species life cycle may provide more
reliable model output, and improved characterization of forecast
uncertainty (i.e., model spread) on which to base decisions
(Ianelli et al., 2016). Agreement in the predictions of an ensemble
of structurally different ecosystem models can also increase
stakeholder confidence in the model results (Jacobsen et al.,
2016). MSE frameworks, which assess robustness of alternative
management strategies to a range of uncertainties captured by
a set of diverse operating models (Punt et al., 2016a), may be
useful to both characterize uncertainty and communicate to
stakeholders its impact on management performance.

Despite the growing need for ecosystem information and
existing ecosystem modeling capabilities in the region potentially
useful to the identified policy needs, only a few of these models
or analyses have been implemented in management frameworks
(Table 2). With regards to stock assessment science, there

is a well-established routine review process that has enabled
continued feedback between managers and modelers, and model
refinement aimed at improving utility to management issues.
Indeed, our work demonstrates that most implementations of
ecosystem analysis in the PFMC have been via the development of
indices for single-species climate informed population dynamics
models (i.e., salmon forecasts, sardine HCR, sablefish stock
assessment) aimed at deriving better estimates of biomass and
reference points on which to base harvest decisions. These models
are embedded in the PFMC process: council advisory bodies are
familiar with them, they are regularly used to set catch limits,
and their limitations and potential improvements are routinely
discussed during their review process. This has facilitated
faster uptake of ecosystem consideration in the PFMC via this
type of vetted models. However, examples from other regions
have demonstrated that regular dialogue between ecosystem
modelers and advisory bodies via existing management council
processes can foster, gradually, adoption of new management
approaches (e.g., Holsman et al., 2016, 2019; Ianelli et al., 2019;
Drew et al., 2021).

We suggest that in the PFMC and elsewhere, uses of ecosystem
models and analyses could similarly be vetted and refined
within the existing technical review, methodology review, stock
assessment, and harvest setting process, or addressed in a more
targeted review process such as for the Atlantis model in the CCE
[Kaplan and Marshall, 2016, or as ‘key runs’ in ICES (2021)].
As for stock assessment, such interactions between managers
and ecosystem modelers should be iterative. As highlighted
in Figure 3, we propose that, for the PFMC, the annual
technical review of ESR indicators, coupled with more in-depth
methodology reviews when warranted, could serve as a forum
for routine, iterative dialogue between managers and ecosystem
modelers. This forum would enable discussion of ecosystem
models and analyses showing potential utility but requiring
further discussion on key details (e.g., species, timescales, and
spatial scales of interest) with managers and stakeholders for
implementation (Figure 3 and Table 2). For those analyses
and models that have already been reviewed or implemented,
this forum would provide a platform for periodic review of
model refinements or new applications. The manager-modelers
idea sharing process here presented (Figure 3) could enable
the structured, iterative, and interactive communication between
managers, stakeholders, and modelers that is key to refining
existing ecosystem models and analyses for management use.

This paper explicitly looks at the comments on ESR indicators
that pertained to an ecosystem-level understanding of fish
stocks and fisheries. However, the comments that PFMC
received on ESR indicators also ranged into questions about
spatial management and links between climate variability and
shifting stock distribution, extreme climate events, forecasting
future risk, and about better understanding fishing community
dependence on fishery resources and vulnerability to shifting
stock availability. For natural resource managers, discussions
of these wide-ranging questions and ideas are possible when
working in an open, public process that involves stakeholders
with diverse and sometimes competing goals. For ecosystem
modelers, being open to the ideas that drive management
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FIGURE 3 | Overview of the PFMC forum for routine discussion of ecosystem models and analyses and the management process and policy issues informed by
those models and analyses.

processes and being willing to listen for how management
processes communicate those ideas is key to successful
connections between their models and management needs.

Several key aspects of our case study are present in
other management systems for public trust resources, and
this study may serve as a blueprint for matching models to
management needs in a variety of policy making processes

worldwide. To facilitate adoption of scientific knowledge in
support of management decisions, existing natural resources
management frameworks (e.g., Hopkins et al., 2011; Gregory
et al., 2012; Mach and Field, 2017; Francis et al., 2018)
highlight the need for continued, iterative engagement between
scientists and decision makers. Here we find that both
ecosystem scientists and managers have pre-existing tools in
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place, but nexus points between the science and management
communities need to be present to foster information sharing
and support the development of ecosystem models of interest
and use to resource managers and the public. Development
and use of ecosystem models should be guided by established
best practices for model use (e.g., Collie et al., 2016; Punt
et al., 2016a), forums like ecosystem modeling workshops
that focus on model improvements and information sharing
(e.g., Weijerman et al., 2016; Townsend et al., 2017), and science
integration templates like integrated ecosystem assessment (e.g.,
Levin et al., 2009; Harvey et al., 2020). Resource management
processes that require regular assessments of key resources
(stocks, habitats, protected species) and activities (fishing,
conservation actions) foster the scientific data collection that
supports ecosystem modeling. Management processes, like
fishery management councils, that maintain space in their
processes for discussing ecosystem science and EBFM signal their
openness to considering and using new ecosystem information
as it arises and can serve as forums to facilitate matchmaking
between models and management needs (see Figures 2, 3).
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