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REVIEW

A Review of Applications Evaluating Fisheries Management Scenarios
through Marine Ecosystem Models

H. A. Perryman , C. Hansen, D. Howell, and E. Olsen

Institute of Marine Research, Nordnes, Bergen, Norway

ABSTRACT
Management Strategy Evaluation (MSE) is a framework to explore the tradeoffs amongst
fishing strategies and assess the consequences for achieving management goals provided
sources of uncertainty by means of simulation models (referred to as operating models).
Single-species stock assessment often implements simulations for MSE, but the operating
models often omit the dynamics of key biological interactions. This could be a disadvantage
for the evaluation of tradeoffs as species interactions could have an impact on the perform-
ance of harvesting strategies. Tools for conducting ecosystem-based fisheries management
(EBFM), such as integrated ecosystem assessments, include executing MSEs with ecosystem
models, many of which explicitly include biological interactions. Although the support for
EBFM has grown over the years, the amount of information provided by MSEs based on
ecosystem models appears to be limited. A clear summary of such efforts would provide
beneficial information for future efforts for EBFM. Herein, an inventory of applications simu-
lating MSEs with ecosystem models that explicitly include biological interactions was devel-
oped based on findings from a literature review. First, the methodologies and foci across all
identified applications are analyzed. Next, summaries of each application are provided.
Lastly, general observations are provided along with recommendations for future
applications.
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1. Introduction

It is imperative to promote the health and productiv-
ity of marine ecosystems as they provide resources
and support to societies across the globe, as captured
in the UN Sustainable development goal 14 “Life
Below Water” (United Nations 2015). Fisheries man-
agement strategies are methods to define harvesting
regulations based on the estimated condition of a
resource, which is determined by data collection pro-
grams and stock assessments. Often, multiple candi-
date management strategies are in question to be put
into operation, each of which is configured differently
according to the values and objectives of managers
and stakeholders. The success of candidate manage-
ment strategies is not intuitive due to the complexity
and stochasticity of marine ecosystems, and this is
even more so with the unknown feature of marine
systems in response to climate change. Management
strategy evaluation (MSE), sometimes referred to as

the management procedure framework, is a system for
using simulations to evaluate the tradeoffs in perform-
ance among candidate management strategies (Smith
1994; Butterworth et al. 1997; Butterworth and Punt
1999, 2003; Smith et al. 1999; Sainsbury et al. 2000;
Rademeyer et al. 2007; Holland 2010; Punt et al.
2016a). It is especially useful for exploring the impacts
of uncertainty, the incomplete knowledge about a sys-
tem and/or process (FAO 1996), on the resulting rec-
ommendations. Best practice guidelines for MSE, as
described by Punt et al. (2016a), include: (i) selection
of objectives and performance metrics, (ii) selection of
uncertainties, (iii) identification of candidate manage-
ment strategies, (iv) simulation of the application of
the management strategy, and (v) presentation of
results and selection of a management strategy.

Simulating the application of the management pro-
cedure is a pivotal step for MSE as this obtains the
results to present to decision-makers. Performance
metrics are computed for the evaluation of candidate
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management procedures by means of simulating the
connection between the resource and fisheries man-
agement (Figure 1A). Simulations for MSE consist of
a routine for simulating the dynamics of the resource
ecology and fisheries, called an operating model
(OM), and a routine for simulating the process of
determining management actions, called the

management procedure (MP). At some point during
the OM simulation the MP is activated, at which a
subroutine, often called the monitoring model, collects
data from the OM that represents information ascer-
tained from monitoring efforts (i.e., fisheries-inde-
pendent and/or fisheries-dependent data). This
monitoring data is, then, processed by an assessment
model (a.k.a., an estimation method) to estimate the
status of the resource (e.g., estimated spawning stock
biomass). Next, the estimated status of the resource is
processed by a decision rule to determine a manage-
ment action. Typically, the decision rule consists of a
harvest control rule (HCR; Figure 1B)—a function
relating the status of the resource (e.g., spawning
stock biomass) to a level of fishing pressure (e.g., fish-
ing mortality rate). Lastly, the resulting management
action is implemented back into the OM before the
simulation resumes. This feedback-loop between the
OM and MP continues throughout the course of the
simulation. When the simulation ends, performance
metrics are computed for the evaluation of the candi-
date management procedure. When multiple candi-
date management procedures are in question, the
simulation testing is conducted for each one
individually.

A number of organizations routinely conduct MSE
simulations to support single-species stock assessment,
such as the International Whaling Commission (IWC
1993, 1994), the Commission for the Conservation of
Antarctic Marine Living Resources (de la Mare 1996),
and the International Council for the Exploration of
the Seas (ICES 2019). Under a single-species context,
the OM lacks explicit representation of the biological
interactions relating to the stock (i.e., predator-prey
interactions and competition). This can be a disadvan-
tage as biological interactions can have meaningful
influences on the productivity of a stock. To account
for such influences, some have approximated the bio-
logical interactions. For instance, Punt et al. (2001)
ran MSE simulations to evaluate management strat-
egies for species in the South East Fishery of
Australia, and broadly represented biological interac-
tions with an error term applied on the natural mor-
tality within the population dynamics component of
the OM. While such methods are advantageous to
extend MSE simulations under a single-species con-
text, using OMs that explicitly handle the biological
interactions of the resource allows for more informed
assessments of the direct and indirect effects between
the resource, fishery and ecosystem (Mackinson et al.
2018). Because of this, conducting MSE simulations
with more complex models is considered an essential

Figure 1. General structure for the Management Strategy
Evaluation (MSE) modeling process (A; image adapted from
Punt et al. 2016a). An operating model (OM) simulates the
ecological and fisheries dynamics. Data pertaining to the man-
aged resource is collected (monitoring data) and passed to the
management procedure (MP). This data could be sent to an
assessment model (dashed box) to determine the stock status
to provide to the decision rule, or directly to the decision rule.
The decision rule determines the management regulation to
impose on the fisheries dynamics within the OM. This feed-
back process continues until it is turned off or the simulation
ends. Example of a decision rule (B). The broken-stick harvest
control rule, shown here, is a commonly used decision rule
defined by the reference points: biomass limit (Blim), biomass
target (Btar), minimum fishing mortality rate (Fmin), and limit
fishing mortality rate (Flim).
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practice for ecosystem-based fisheries management
(EBFM) (Smith et al. 2007; Levin et al. 2008, 2009;
Fogarty 2014).

Models that explicitly simulate biological interac-
tions can range vastly in complexity, from simple
multispecies models to end-to-end, biogeochemical
models. Herein, these models are generally referred to
as “ecosystem models.” While there has been signifi-
cant effort over the years to develop ecosystem models
for EBFM (Collie et al. 2016), the progress toward
conducting MSE simulations with ecosystem models
as OMs appears to be limited (Sainsbury et al. 2000;
Schnute et al. 2007; Smith et al. 2007; Punt et al.
2016a). One challenge is model uncertainty. The more
complex a model, the more model parameters and,
thus, the greater the model uncertainty, especially
when including species with limited available data.
This has led to the concern regarding, as Plag�anyi
et al. (2007) put it, how “scientifically defensible and
practically useful” the model results could be.
Management strategy evaluation, however, is an
advantageous process to address the impacts of uncer-
tainty on recommendations resulting from simula-
tions—including model uncertainty. This entails
executing MSE simulations across several alternative
OMs with different functional structures and/or
parameterizations (Sainsbury et al. 2000). This is spe-
cifically useful for providing fisheries managers with
strategic advice (Collie et al. 2016; Benson and
Stephenson 2018). Nicely summarized by Link et al.
(2012), “Having ecosystem models embedded as oper-
ating models in a management strategy evaluation
context frees them from the onus of extensive preci-
sion constraints, and instead enables them to be
applied to more strategic uses of ecosystem models.”
Another challenge is computational constraints, which
can become an even greater issue when running vari-
ous simulations for MSE (Sainsbury et al. 2000; Punt
et al. 2016a). Fortunately, these constraints may soon
be less of an obstacle with the assistance of computa-
tional tools like statistical emulators (Morzaria-Luna
et al. 2018).

The progression of the ecosystem approach in mar-
ine management relies on using ecosystem models for
the evaluation of fisheries management strategies
(Smith et al. 2007; FAO 2008; Levin et al. 2009; Link
2010b), so it is likely that as challenges become less of
an obstacle the number of applications running MSE
simulations with ecosystem models would quickly
increase (Punt et al. 2016a). To assist the progression
of using ecosystem models for the evaluation of fish-
eries management strategies, the present paper aims

to assemble and analyze the efforts made so far.
While there are summaries of MSE approaches devel-
oped to incorporate ecosystem considerations (e.g.,
Plag�anyi 2016), a review of applications evaluating
fisheries management scenarios through marine eco-
system models is lacking in the literature and would
provide beneficial information for future MSE simula-
tion applications. Herein, there are three main objec-
tives: (1) making an inventory of applications
conducting MSE simulations with OMs explicitly
accounting for biological interactions; (2) analyzing
the methods undertaken amongst identified applica-
tions; and (3) make recommendations for future
applications. First, an overview of the methods used
herein for conducting the literature review is pro-
vided, including (i) the criteria for the modeling
frameworks, (ii) the criteria for the MSE simulation
process, and (iii) the execution of the literature
review. Next, an overview of the identified applica-
tions is provided with respect to the modeling frame-
works used for the OMs, general foci of the
applications, the structures of the MSE simulation
frameworks, and the addressed uncertainties and
errors. Then, the identified applications are summar-
ized, individually. Lastly, general observations are pro-
vided along with recommendations for future
applications. A list of the abbreviations used herein is
provided in Table 1.

2. Overview of the methods for conducting
the literature review

2.1. Food web modeling frameworks

Food web modeling frameworks for the marine eco-
system are diverse in structure and complexity. To
identify the modeling frameworks capable of explicitly
representing biological interactions, the ecosystem
model reviews presented by Plag�anyi (2007),
Espinoza-Tenorio et al. (2012), and O’Farrell et al.
(2017) were considered. Current terminologies classify
marine ecosystem models into six categories (O’Farrell
et al. 2017):

1. conceptual and qualitative models,
2. extensions of single-species models,
3. dynamic multispecies models,
4. aggregated (or whole ecosystem) models,
5. biogeochemical-based end-to-end models,
6. coupled and hybrid model platforms.

Models that fall into categories (1) or (2) are not
applicable for this review. Conceptual and qualitative
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models lack temporal simulation capabilities, making
these models unsuitable for MSE, and extended sin-
gle-species models by definition explicitly simulate
one focal species, ignoring biological interactions.
Thus, only modeling frameworks falling into catego-
ries (3)–(6) were considered for this review.

Dynamic multispecies models (category 3) simulate
a limited number of species that are ecologically sig-
nificant with respect to the focal species. Examples
include the Globally applicable Area Disaggregated
General Ecosystem Toolbox (Gadget) (Begley and
Howell 2004) and Models of Intermediate
Complexity for Ecosystem Assessment (MICE)
(Plag�anyi et al. 2014). Aggregated (or whole ecosys-
tem) models (category 4) attempt to study energy
flows among ecosystem components by simulating a
relatively large number of species that span across all
trophic levels. Examples include Ecopath with Ecosim
(EwE) (Pauly et al. 2000; Christensen and Walters
2004; Steenbeek et al. 2016) and Comprehensive
Aquatic System Models (CASM) (DeAngelis et al.
1989; Bartell et al. 1999). Biogeochemical-based end-
to-end models (category 5) simulate nutrients and
planktonic organisms in addition to fish and other
top predators—allowing both bottom-up and top-
down interactions. Examples include Atlantis (Fulton
et al. 2004a, 2004b; Audzijonyte et al. 2019) and the

North Pacific Ecosystem Model for Understanding
Regional Oceanography (NEMURO) (Kishi et al.
2011). Lastly, coupled and hybrid model platforms
(category 6) combine different modeling platforms to
allow the consideration of bottom-up and top-down
interactions. Examples include the Object-oriented
Simulator of Marine ecOSystems Exploration
(OSMOSE) (Shin and Cury 2001) and InVitro (Gray
et al. 2006).

2.2. MSE simulation process

The MSE simulation process has four main
components (Figure 1A): (i) the monitoring model,
(ii) the assessment model, (iii) the decision rule, and
(iv) the implementation of the management decision.
The monitoring model and the assessment model are
not essential components for MSE simulations. For
instance, Rademeyer et al. (2007) defined MSE simula-
tions with an explicit assessment model as “model-
based,” and those lacking an explicit assessment model
as “empirical” (a.k.a., “model-free,” “data-based”). The
components that are often considered essential for
simulating an MSE are the decision rule, for deter-
mining the level of management based on the status
of the resource, and the implementation routing, for
implementing the determined level of management

Table 1. Abbreviations used throughout this review.
Abbreviation Full name/Description

CASM Comprehensive Aquatic System Models
CCAMLR Conservation of Antarctic Marine Living Resources
CLSs Closed-Loop Simulations
EBFM Ecosystem-Based Fisheries Management
EBRPs Ecosystem-based Biological Reference Points
EwE Ecopath with Ecosim
FAO Food and Agriculture Organization
FCMSY Fishing Community Maximum Sustainable Yield
Gadget Globally applicable Area Disaggregated General Ecosystem Toolbox
HCR Harvest Control Rule
ICES International Council of the Exploration of the Seas
InVitro InVitro
IWC International Whaling Commission
MICE Models of Intermediate Complexity for Ecosystem Assessment
MP Management Procedure
MSE Management Strategy Evaluation
NAFO Northwest Atlantic Fisheries Organization
NEMURO North Pacific Ecosystem Model for Understanding Regional Oceanography
NMSJEMS North West Shelf Joint Environmental Management Study
NSMAP North Sea Multi-Annual Management Plan
OLSs Open-Loop Simulations
OM Operating Model
OSMOSE Object-oriented Simulator of Marine ecOSystems Exploration
PNCIMA Pacific North Coast Integrated Management Area
Proxy Approximated with error
RMP Revised Management Procedure
SESSF Southern and Eastern Scalefish and Shark Fishery
SPF Small Pelagics Fishery
SSMUs Small-Scale Management Units
STECF Scientific, Technical and Economic Committee for Fisheries
TAC Total Allowable Catch
VEBMA Value- and Ecosystem-Based Management Approach
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into the OM simulations. Herein, this process is
referred to as a “harvest feedback mechanism.”
Current best practice guidelines for MSE encourage
the inclusion of a harvest feedback mechanism into
the simulation process in order to explicitly take into
account management reacting to stock status (Punt
et al. 2016a). Therefore, this review focused on MSE
simulation applications that included a harvest feed-
back mechanism.

2.3. Literature review

A literature review was conducted to identify applica-
tions that (i) used an OM that explicitly represents
biological interactions, and (ii) included a harvest
feedback mechanism. The utilized search engines
include ISI Web of ScienceTM, Google Scholar and
Google. In addition to applications published through
peer-reviewed journals, applications published through
gray literature (e.g., technical reports) were also con-
sidered as these sources are often overlooked but can
be influential (Cordes 2004). The search was supple-
mented through discussions with fisheries scientists
and ecosystem modelers. Data processing and visual-
ization were carried out through the statistical soft-
ware R (R Core Team 2017) with the packages ggplot2
(Wickham 2016), rgdal (Bivand et al. 2019), raster
(Hijmans 2019), scatterpie (Yu 2019), and fmsb
(Nakazawa 2019). Geospatial data were provided by
https://github.com/valentinitnelav/RandomScripts/
blob/master/NaturalEarth.RData?raw=true.

3. Overview of identified applications carrying
out the MSE simulation procedure through
food web models

A total of 56 references that satisfied the specified cri-
teria were identified. To support readability, docu-
ments with nearly identical OMs and similar research
foci were grouped and are referred to herein as an
application. A total of 40 applications were identified,
which are overviewed in Table 2. Almost half of the
applications (45%, n¼ 40) used aggregated models as
OMs. Dynamic multispecies models were the second
most common OM model-type used across the appli-
cations (32.5%), while biogeochemical-based end-to-
end models and coupled and hybrid model platforms
were the least common OM model-types used (15%
and 7.5%, respectively). All of the identified applica-
tions applying aggregated models (n¼ 18) used EwE
models, one of which included Ecospace. Most of the
identified applications applying dynamic multispecies

models (9 of 13) used general population dynamics
models, and few used specific frameworks (two used
Gadget, and two used MICE models). All six of the
identified applications applying biogeochemical-based
end-to-end models used Atlantis models. Two out of
the three identified applications applying coupled and
hybrid model platforms used OSMOSE models while
one application used an InVitro model.

Aggregated models were more common across the
identified applications due to a workshop report from
Pitcher and Cochrane (2002) that presents case studies
exploring the policy optimization (open-loop simu-
lations; OLSs) and evaluation (closed-loop simula-
tions; CLSs) routines in EwE. Under these routines,
users define management strategies with multi-crite-
ria objective functions that specify weights between
ecological stability value, social employment value,
net economic value, and mandated rebuilding value.
Under OLSs a temporal fishing pattern that would
optimize the objective function is determined, while
under CLSs a fishing pattern with specified errors
is simulated while maintaining the target fishing
rates in accordance with biomass trends (Pitcher
and Cochrane 2002; Walters et al. 2002;
Christensen and Walters 2004). For the purpose of
this review, only case studies within this report that
discussed CLSs (i.e., the MSE component of the
routines) were included. In doing so, the applica-
tions presented in this single report give a weighted
interpretation on the use of EwE as an OM for
MSE simulations. For instance, if the case studies
from this report were excluded from the identified
applications, then dynamic multispecies models
would be the most common OM model-type (42%,
n¼ 31), followed by aggregated models (29%), bio-
geochemical-based models (19%), and hybrid model
platforms (10%).

A general focal point was determined for all of the
identified applications (Table 2). For analysis, focal
points were categorized into one of five groups:

i. species, a single focal species;
ii. functional group, a small group of similar species;
iii. food web, a small predator-prey food web;
iv. fisheries, one or more fisheries within a sys-

tem; and
v. other, miscellaneous foci (e.g., exploring the util-

ity of a model tool).

Details of the categorization are presented in Table
A.1 (see Online Appendix). To dissect any trends,
focal categories are displayed by OM model-type
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Table 2. Identified applications simulating MSEs through marine ecosystem models with a harvest feedback mechanism.

Focal ecosystem(s) Reference(s)
Focal

fisheries/ topic OM(s)
Monitoring
model

Assessment
model Decision rule(s)

Africa, Lake Malawi Nsiku 2002 Fish resources of
Lake Malawi.

4; EwE. Limitation of the annual
fishing efforts to maintain
the target fishing rates of
the different fleets in
accordance with the
annual observations, with
specified errors, on the
status of the stock.

Africa, SW region Punt and
Butterworth
1995

Cape fur seal
(Arctocephalus
pusillus pusillus)
and Cape hake
(Merluccius
capensis and
M. paradoxus).

3; multispecies
models.

Yes Yes Computing TAC using the
f0,n harvesting strategy
(i.e., fixing future effort at
the level which the slope
of the yield versus
exploitation rate curve is
0.n of that at the origin;
Punt and Smith 1999.

Antarctic, CCAMLR
Statistical
Reporting
Area 48

Thomson
et al. 2000

Antarctic krill
(Euphausia
superba).

3; multispecies
model.

Yes Annual fishing mortality is
adjusted until the mass of
krill caught in a particular
year matches the annual
catch based on the
survey index.

Antarctic, CCAMLR
Statistical
Reporting Area
48.1-48.3

Hill and
Cannon 2013

Antarctic krill
(E. superba).

3; area-specific,
multispecies
model
(Constable
2001).

Proxy Proxy Quadratic programming to
compute the optimal
control law (i.e., sequence
of area-specific
catch limits).

Antarctic, SSMUs in
the Scotia Sea

Plag�anyi and
Butterworth
2006b, 2007

Antarctic krill
(E. superba).

3; spatial,
multispecies
population
dynamics model
(Plag�anyi and
Butterworth
2006a; Plag�anyi
and
Butterworth
2007).

Yes SSMU-specific krill catch
limits; a function
accounting for survey
indices of krill and
krill predators.

Asia, Bali Strait Buchary
et al. 2002

The lemuru
(Sardinella
lemuru) fishery.

4; EwE. Limitation of the annual
fishing efforts to maintain
the target fishing rates of
the different fleets in
accordance with the
annual observations, with
specified errors, on the
status of the stock.

Asia, Gulf of Tonkin
(a.k.a.,
Beibu Gulf)

Chen et al. 2008 Investigate
optimal policies
of fleet sectors.

4; EwE (Chen
et al. 2006).

Proxy Limitation of the annual
fishing efforts to maintain
the target fishing rates of
the different fleets in
accordance with the
annual observations, with
specified errors, on the
status of the stock.

Australia, Gulf of
Carpentaria

Bustamante et al.
2011; Dichmont
et al. 2013

Northern
Prawn Fishery.

4; EwE and
Ecospace
(Bustamante
et al. 2011).

� Yes Spatial closures based on
indicators from the effects
of trawling sub-model
(Ellis et al. 2008).

Australia, NW Shelf Sainsbury,1991;
Sainsbury
et al. 1997

Lethrinus spp.,
Lutjanus spp.,
Nemipterus
spp., and
Saurida spp.

3; multispecies
models.

Yes Yes Assumed risk neutral
management, thus the
fishing regime that
maximizes the ’apparent
value’ will be chosen.

Australia, NW Shelf Little et al. 2006;
Fulton et al.
2006; Hatfield
et al. 2006;
McDonald et al.
2006, 2008

Sectors: oil and
gas,
conservation,
fisheries, and
coastal
development.

6; InVitro (Gray
et al. 2006).

Yes Yes The location and magnitude
of the activities in
the sectors.

Australia, Port
Phillip Bay

Fulton and
Smith 2002

4; EwE. Limitation of the annual
fishing efforts to maintain

(Continued)

REVIEWS IN FISHERIES SCIENCE & AQUACULTURE 805



Table 2. Continued.

Focal ecosystem(s) Reference(s)
Focal

fisheries/ topic OM(s)
Monitoring
model

Assessment
model Decision rule(s)

Policy
exploration
exercise.

the target fishing rates of
the different fleets in
accordance with the
annual observations, with
specified errors, on the
status of the stock.

Australia, SE region Fulton et al.
2007, 2014

SESSF. 5; Atlantis. Yes�� Proxy HCR to set quota.

Australia, SE region Fulton et al. 2016;
Dichmont
et al. 2017

SESSF. 5; Atlantis. Yes Yes HCR to set recommended
biological catch.

Australia, SE region Fulton et al. 2019 SESSF. 5; Atlantis (Fulton
et al. 2014,
2016; Dichmont
et al. 2017).

Yes Yes HCR to set recommended
biological catch.

Australia, SE region Smith et al. 2015a Small Pelagics
Fishery (SPF).

5; Atlantis (Fulton
et al. 2007).

Yes HCR to set recommended
biological catch.

Europe, Barents Sea Hagen et al. 1998 Atlantic cod (G.
morhua),
capelin
(Mallotus
villosus), and
Atlantic herring
(Clupea
harengus).

3; multispecies,
age- and length-
distributed
population
dynamics model.

Yes Yes Computing fishing mortality
to set quota.

Europe, Barents Sea Howell and
Bogstad 2010

Atlantic cod (G.
morhua),
capelin (M.
villosus),
Atlantic herring
(C. harengus),
and
minke whales
(Balaenoptera
acutorostrata).

3; Gadget
(Lindstrøm et al.
2009); FLR (Kell
et al. 2007).

Yes Yes HCRs to set annual quota for
cod, capelin, herring,
and whales.

Europe, Barents Sea
and parts of the
Norwegian Sea

Schweder et al.
1998, 2000

minke whale (B.
acutorostrata),
Atlantic cod (G.
morhua),
capelin (M.
villosus), and
Atlantic herring
(C. harengus).

3; spatial, bio-
dynamic
multispecies
model.

Yes Yes Decision rules to set quotas,
including the RMP for
minke whaling.

Europe, The
Faroe Islands

Zeller and
Freire 2002

Fisheries operating
within the
waters of the
Faroe Islands.

4; EwE. Proxy Limitation of the annual
fishing efforts to maintain
the target fishing rates of
the different fleets in
accordance with the
annual observations, with
specified errors, on the
status of the stock.

Europe, North Sea Mackinson 2002 Evaluate utility of
Ecosim policy
simulation
routine.

4; EwE
(Mackinson
2000).

Proxy Limitation of the annual
fishing efforts to maintain
the target fishing rates of
the different fleets in
accordance with the
annual observations, with
specified errors, on the
status of the stock.

Europe, North Sea STECF 2015;
Mackinson
et al. 2018

Demersal and
pelagic species
affected by the
NSMAP of the
European
Commission.

4; EwE (ICES 2011;
Mackinson 2014;
ICES 2016c).

Proxy Yes HCRs to set quota.

Europe, North Sea Thorpe and De
Oliveira 2019

North Sea
fish community.

3; size-based,
multispecies
population
dynamics

Proxy HCRs to set fishing mortality.

(Continued)
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Table 2. Continued.

Focal ecosystem(s) Reference(s)
Focal

fisheries/ topic OM(s)
Monitoring
model

Assessment
model Decision rule(s)

models (Thorpe
et al. 2017).

North America,
California
Current

Punt et al. 2016b Sardine (Sardinops
sajax), brown
pelican
(Pelecanus
occidentalis),
and sea lion
(Zalophus
californianus).

3; MICE. Proxy Yes National HCRs for Mexico,
US, and Canada.

North America,
Flemish Cap

P�erez-Rodr�ıguez
et al. 2019

Atlantic cod (G.
morhua),
redfish
(Sebastes spp.),
and Northern
shrimp
(Pandalus
borealis).

3; Gadget (P�erez-
Rodr�ıguez
et al. 2016).

Proxy HCRs to set annual quota.

North America,
northern
British Columbia

Surma et al. 2018;
Surma 2019

Pacific herring
(Clupea pallasii).

4; EwE (Kumar
et al. 2016).

Yes HCRs to set quota.

North America,
northern
British Columbia

Lam et al. 2019 Pacific herring
(C. pallasii).

4; EwE (Kumar
et al. 2016).

Yes HCRs to set quota.

North America, The
Newfoundland-
Labrador Shelf

Vasconcellos
et al. 2002

Policies for the
Newfoundland
Shelf.

4; EwE (Bundy
et al. 2000).

Proxy Limitation of the annual
fishing efforts to maintain
the target fishing rates of
the different fleets in
accordance with the
annual observations, with
specified errors, on the
status of the stock.

North America,
PNCIMA

Guo et al.
2019, 2020

Pacific herring (C.
pallasii), Pacific
cod (Gadus
macrocephalus),
and lingcod
(Ophiodon
elongatus).

6; OSMOSE (Fu
et al. 2017).

HCRs to set fishing
mortality rates.

North America, The
Strait of Georgia

Martell et al. 2002 The individual
fisheries for
ground fish,
salmon, herring,
seal-culling,
hake, and
Euphausiids.

4; EwE. Proxy Limitation of the annual
fishing efforts to maintain
the target fishing rates of
the different fleets in
accordance with the
annual observations, with
specified errors, on the
status of the stock.

North America, Gulf
of Alaska

A’mar et al. 2010 Walleye pollock
(Theragra
chalcogramma).

3; multispecies
population
dynamics model.

Yes Yes HCRs to set fishing mortality.

North America, Gulf
of Maine

Deroba et al. 2019 Atlantic herring
(C. harengus).

3; MICE. Proxy HCRs to set quota.

North America, Gulf
of Mexico

Masi et al. 2018;
Masi 2016

Reef fish species. 5; Atlantis
(Ainsworth et al.
2015, Tarnecki
et al. 2016).

HCRs to set fishing mortality.

North America,
Prince
William Sound

Okey 2002; Okey
and
Wright 2004

Tradeoffs amongst
conflicting
objectives with
some focus on
harbor seals
(Phoca
vitulina
richardsi).

4; EwE (Okey and
Pauly
1999a,1999b).

Proxy Limitation of the annual
fishing efforts to maintain
the target fishing rates of
the different fleets in
accordance with the
annual observations, with
specified errors, on the
status of the stock.

North America,
West
Florida Shelf

Gr€uss et al. 2016b Red grouper
(Epinephelus
morio).

6; OSMOSE (Gr€uss
et al.
2015, 2016a).

Proxy HCR to determine
overfishing limit, and ’P�
approach’ to
determine TAC.

South America,
Huizache-

Zetina-Rej�on
et al. 2001

The shrimp (e.g.,
Litopenaeus

4; EwE (Zetina-
Rej�on 2000).

Proxy Limitation of the annual
fishing efforts to maintain

(Continued)
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(Figure 2A). Applications using dynamic multispe-
cies models tend to focus on specific food webs
(46%, n¼ 13). Applications using aggregated models
tend to focus on fisheries and other miscellaneous
foci (39% and 44%, respectively, n¼ 18). This is
observed even after the applications presented in
the workshop report from Pitcher and Cochrane
(2002) were removed (33% and 33%, respectively,
n¼ 9; Figure A.1A, see Online Appendix). Most of
the applications using biogeochemical-based models
focused more on fisheries (four of the six), and the
three applications using hybrid model platforms
were evenly split between species, food web, and
fisheries foci.

Various structures of the MSE simulation frame-
work were observed based on the handling of the
monitoring model and the assessment model. To
analyze this, the structure of the MSE simulation
framework was categorized into one of eight groups
based on the inclusion of an explicit model (Yes;
Y), the exclusion of an explicit model (None; N),
or the use of error to approximate a model
(Proxy; P):

i. no explicit monitoring or assessment mod-
els (N:N);

ii. a monitoring model with no assessment
model (Y:N);

Table 2. Continued.

Focal ecosystem(s) Reference(s)
Focal

fisheries/ topic OM(s)
Monitoring
model

Assessment
model Decision rule(s)

Caimanero
lagoon

vannamei)
fishery.

the target fishing rates of
the different fleets in
accordance with the
annual observations, with
specified errors, on the
status of the stock.

South America,
Gulf of
Salamanca

Duarte and
Garc�ıa 2002

Sustainability and
economic
importance of
the local
fisheries.

4; EwE. Proxy Limitation of the annual
fishing efforts to maintain
the target fishing rates of
the different fleets in
accordance with the
annual observations, with
specified errors, on the
status of the stock.

South America,
central Gulf
of California

Arregu�ın-S�anchez
and Calder�on-
Aguilera 2002

Exploration of
management
strategies.

4; EwE (Arregu�ın-
S�anchez 2000).

Proxy Limitation of the annual
fishing efforts to maintain
the target fishing rates of
the different fleets in
accordance with the
annual observations, with
specified errors, on the
status of the stock.

South America,
Campeche
continental shelf

Arregu�ın-S�anchez
2002; Arregu�ın-
S�anchez
et al. 2004

The shrimp (e.g.,
Farfantepenaeus
duorarum)
fishery.

4; EwE
(Manickchand-
Heileman
et al. 1998).

Proxy Limitation of the annual
fishing efforts to maintain
the target fishing rates of
the different fleets in
accordance with the
annual observations, with
specified errors, on the
status of the stock.

Multi-system Pikitch et al. 2012 Forage fish stocks. 4; EwE; ten
marine
systems.���

Proxy Yes HCRs to set fishing mortality.

Multi-system Kaplan et al. 2020 Pacific hake
(Merluccius
productus) and
mackerel
(Scomber
scombrus).

5; Atlantis; two
marine
systems.����

HCRs to set fishing mortality
with productivity.

Operating models were categorized following O’Farrell et al. (2017).
See Table 1 for abbreviation descriptions.�A monitoring model was explicitly represented in the large-scale (single-species) component, but not the fine-scale (ecosystem) component.��Fulton et al. (2014) incorporated a monitoring model.���Aleutian Islands (Gu�enette et al. 2006), Baltic Sea (Hansson et al. 2007), Barents Sea (Blanchard et al. 2002), Chesapeake Bay (Christensen et al. 2009),
Gulf of Mexico (Walters et al. 2006), Humboldt Current (Taylor et al. 2008), Northern California Current (Field et al. 2006), North Sea (Mackinson and
Daskalov 2007), SE Alaska (Gu�enette et al. 2006), and Western English Channel (Ara�ujo et al. 2005).����California Current (Kaplan et al. 2017), and Norwegian and Barents Seas (Hansen et al. 2016, 2019).
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iii. an approximate monitoring model with no
assessment model, or no monitoring model
with an approximate assessment model (N:P/
P:N; these two structures are identical as both
incorporate error to the model data before
being processed by the decision rule);

iv. an approximate monitoring model with an
approximate assessment model (P:P);

v. a monitoring model with an approximate
assessment model (Y:P);

vi. no monitoring model but an assessment
model (N:Y);

vii. an approximate monitoring model with an
assessment model (P:Y); or

viii. a monitoring model and an assessment
model (Y:Y).

Details of the categorization are presented in Table
A.1 (see Online Appendix). To dissect any trends,
MSE simulation structure is displayed by OM model-
type (Figure 2B). Most of the applications using
dynamic multispecies models structured the MSE
simulation to include an explicit monitoring model
and assessment model (46%, n¼ 13). Over half of the
applications using aggregated models structured the
MSE simulation without a monitoring model or an
assessment model, but applied error to stock status
prior to being processed by the decision rule (56%,
n¼ 18). This is observed even after the applications
presented in the workshop report from Pitcher and
Cochrane (2002) were removed (44%, n¼ 9; Figure
A.1B, see Online Appendix). Applications using bio-
geochemical-based models tend to either lack both a
monitoring model and an assessment model (two of
the six) or have both a monitoring model and an
assessment model (two of the six). Lastly, applications
using hybrid model platforms were evenly split
between three different structures (Figure 2B). Such
structural differences in the applications impact the
uncertainties evaluated across the identified
applications.

All of the selected documents addressed uncertainty
or error in some way, many of which addressed mul-
tiple forms of uncertainty or error. To analyze this,
each form of uncertainty and error were categorized
into one of five groups based on how uncertainties
and errors were discussed in the applications, and the
categories discussed by Francis and Shotton (1997):

i. process uncertainty, underlying stochasticity in
ecological dynamics (e.g., recruitment variability);

Figure 2. Breakdown of the percentages of the identified
applications in relation to general focus (A), simulated MSE
structure (B), and addressed uncertainty or error (C). Lines
reflect percentages for all of the identified applications (black),
all applications using dynamic multispecies models (C3; pur-
ple), all applications using aggregated (or whole ecosystem)
models (C4; blue), all applications using biogeochemical-based
end-to-end models (C5; green), and all applications using
coupled and hybrid model platforms (C6; yellow). Simulated
MSE structures were categorized into one of eight groups
based on the handling of the monitoring model and the
assessment model: the inclusion of an explicit model (Yes; Y),
the exclusion of an explicit model (None; N), or the use of
error to approximate a model (Proxy; P). N:N - no explicit mon-
itoring or assessment models. Y:N - a monitoring model and
no assessment model. N:P/P:N - an approximate monitoring
model and no assessment model, or no monitoring model and
an approximate assessment model. P:P - an approximate moni-
toring model and an approximate assessment model. Y:P - a
monitoring model and an approximate assessment model. N:Y
- no monitoring model and an assessment model. P:Y - an
approximate monitoring model and an assessment model. Y:Y
- a monitoring model and an assessment model.
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ii. observation error, errors in the process of sam-
pling the population;

iii. assessment error, errors in the process of assess-
ing stock status;

iv. model error, errors in the models used to describ-
ing dynamics—either functional form or param-
eterization; and

v. implementation error, error in the implementa-
tion of a management policy.

Details of the categorization are presented in Table
A.1 (see Online Appendix). To dissect any trends,
explored uncertainties and errors are displayed by
OM model-type (Figure 2C). Process uncertainty and
assessment error (categories i and iii) were most com-
monly addressed throughout all of the identified
applications (60% and 45%, respectively, n¼ 40).
Process uncertainty (category i) was commonly
addressed across applications using dynamic multispe-
cies models (92%, n¼ 13), followed by observation
error and model error (77% and 69%, respectively).
Assessment error and implementation error (catego-
ries iii and v) were commonly addressed across appli-
cations using aggregated models (67% and 61%,
respectively, n¼ 18). This was true even if the applica-
tions presented in the workshop report by Pitcher and
Cochrane (2002) are removed (78% and 67%, respect-
ively, n¼ 9; Figure A.1C, see Online Appendix).
Process uncertainty, observation error, and model
error (categories i, ii, and iv, respectively) were most
commonly addressed across the six applications using
biogeochemical-based models (Figure 2C). All three of
the applications using hybrid model platforms
addressed at least process uncertainty.

The identified applications associate with a variety
of regions all over the globe (Figure 3). Most applica-
tions relate to waters around North America (30%;
n¼ 40), Europe (20%), and Australia (18%), and few
relate to waters around South America (10%),
Antarctica (8%), Africa (5%), and Asia (5%). Two of
the applications (5%, n¼ 40) do not relate to any one
aquatic ecosystem but are rather multi-system com-
parisons (Figure 3). Aggregating applications by asso-
ciated continents, applications using either dynamic
multispecies models or aggregated models comprise
all of the continents to varying degrees (Figure 4).
Applications using aggregated models tend to be more
common (Figure 4), but this is influenced by the
applications presented in the workshop report from
Pitcher and Cochrane (2002). When these applications
are excluded then applications using multispecies
models are more common, especially around Europe

and North America (Figure A.2, see Online
Appendix). Applications associated to regions around
North America or Australia comprise all four model-
ing categories, which is understandable given that
these areas also have more applications (Figure 4).
Continents with the most applications (i.e., North
America, Australia, and Europe), however, are not as
diverse in general focus (Figure 5). For instance,
almost half of the identified applications around
North America generally focus on a single species
(42%, n¼ 13). When the case studies from the Pitcher
and Cochrane (2002) workshop report are excluded,
this percentage is even larger (50%, n¼ 10; Figure
A.3, see Online Appendix).

4. Summaries of identified applications

The identified applications are summarized below.
The summaries provided here focus on the modeling
of the MP, but some of the documents cover extensive
research projects. To aid the reader, applications are
organized by content and geographic region.

4.1. Africa

Two applications around Africa were identified: one
of the waters off the Southwest coast (Punt and
Butterworth 1995), and one of Lake Malawi
(Nsiku 2002).

Punt and Butterworth (1995) assessed the effects of
the culling of Cape fur seals (A. pusillus pusillus) on
catches and catch rates of the bottom-trawl Cape hake
fishery off the Southwest African coast. The OM, pre-
sented by the authors, was a minimally realistic multi-
species model with (i) an age-structured population
dynamics model for hake—including both hake spe-
cies (M. capensis and M. paradoxus), cannibalism, and
interspecific predation, (ii) an age- and sex-specific
deterministic population dynamics model for seals,
and (iii) an age-specific model for a general group of
other predatory fish. The MSE approach outlined by
the Benguela Ecology Programme Workshop on Seal-
Fishery Biological Interactions (Butterworth and
Harwood 1991) was used. The simulated MSE frame-
work included a monitoring model, which collected
catch rate and biomass data from the OM, and an
assessment model, which reflected the existing hake
assessment model at the time. Simulated scenarios
included variations in the OMs assumptions and
parameterizations. Results showed that the potential
effects of seal culls on the South African bottom-trawl
Cape hake fishery were small but could be
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detrimental. This result was, however, sensitive to the
prey-preference of fur seals for Cape hake.

Nsiku (2002) aimed to identify ideal policies for
the exploitation and conservation of fish stocks in
Lake Malawi. The OM, presented by the authors, was
an EwE model of Lake Malawi. The application was
carried out with the policy optimization (OLSs) and
evaluation (CLSs) routines in EwE (Pitcher and
Cochrane 2002). Under these routines, management
strategies are defined with multi-criteria objective
functions that specify weights between ecological sta-
bility value, social employment value, net economic
value, and mandated rebuilding value. Nsiku (2002)
considered five strategies (four maximizing each cri-
terion individually and one maximizing all four crite-
ria evenly) with various functional group vulnerability
factors. First, the optimal fishing patterns were deter-
mined for each strategy by carrying out OLSs, then
these optimal fishing patterns were evaluated by carry-
ing out CLSs. Although the policy evaluation routine
in EwE lacks explicit monitoring and assessment sub-
models, it is possible to add error to information pre-
sented to the decision rule, however, it was not clear
if/how the authors used error. Simulated management
resulted in reduced performance, especially when con-
sidering economic and social performance indicators.
Moreover, higher vulnerabilities had a tendency to
reduce the performance of the strategies. Nsiku (2002)
concludes that strategies reducing effort from the cur-
rent levels ultimately optimize both exploitation and
conservation goals for Lake Malawi.

4.2. Antarctica

Three MSE applications around Antarctica were iden-
tified: two within statistical reporting area 48 of the
Commission for the Conservation of Antarctic Marine
Living Resources (CCAMLR) (Thomson et al. 2000;
Hill and Cannon 2013), and one of the small-scale
management units (SSMUs) of the Scotia Sea
(Plag�anyi and Butterworth 2006b, 2007).

Thomson et al. (2000) presented an approach to
determine an advisable annual catch limit for
Antarctic krill (E. superba) that considers the dietary
needs of predators. The OM, presented by the
authors, consisted of (i) the single-species age-specific
krill yield model developed by CCAMLR, (ii) an age-
structured population dynamics model of a predator
population, which was based on Antarctic fur seals
(A. gazella) for a case study, and (iii) a function quan-
tifying the effect of krill fishing on the predator popu-
lation size. The simulated MSE framework included a
monitoring model, which included observation error,
but lacked an assessment model. Biomass estimates of
krill were provided to the decision rule to calculate
the annual catch limit. Simulated scenarios included
variations in the OMs parameterization and stochas-
ticity. Although recommended krill fishing levels were
computed, Thomson et al. (2000) concludes that they
would likely lead to greater depletion of the predator
(i.e., seal) population as simulation tests showed these
values to be biased upwards. As a result, the outputs
from this method are much too imprecise for practical
application (Butterworth and Punt 2003).

Figure 3. Global distribution of the identified applications. Most applications focus on a single aquatic ecosystem (polygons), while
other applications focus on multiple aquatic ecosystems for a multi-region comparison (points). Polygon shade indicates the num-
ber of identified documents that pertain to that region (see legend). Points indicate the individual regions included in the multi-
region comparison applications: triangles (Pikitch et al. 2012), and circles (Kaplan et al. 2020).
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Hill and Cannon (2013) explored whether a feed-
back approach could achieve the multiple objectives of
EBFM of Antarctic krill fisheries. The authors used
Model Predictive Control (i.e., a control method cap-
able of refining itself in response to the current state
of the system) to develop an HCR that achieves objec-
tives for the harvested species (i.e., krill), the preda-
tors, and the fishery. The OM, presented by the
authors, consisted of (i) a single-species, area-specific
biomass dynamics model for harvested species, and
(ii) an area-specific biomass dynamics model for pred-
ators that depended on the model for harvested spe-
cies. Although the simulated evaluation framework
did not explicitly model monitoring or assessment,
error was incorporated to state variables in order to
represent observation and assessment errors. For the
decision rule, the optimal control law (i.e., sequence
of area-specific catch limits) was computed using an
optimization method called quadratic programming.
Simulated scenarios included configurations with and
without the Model Predictive Control procedure.
Ultimately, Hill and Cannon (2013) concludes that
the feedback approach for management is both feas-
ible and a more effective way, than fixed catch limits,
to achieve multiple objectives.

Plag�anyi and Butterworth (2006b, 2007) demon-
strated an MSE for advising the subdivision of the
Antarctic krill catch limits among the SSMUs of the
Scotia Sea so that the possible impacts on land-breed-
ing predators were considered. The OM, presented by
the authors, was a spatial, age-structured, multispecies
population dynamics model coded in AD Model
Builder (Fournier et al. 2012). Plag�anyi et al. (2007)

expanded upon the OM used by Plag�anyi and
Butterworth (2006b), including the addition of more
krill-predators. Plag�anyi and Butterworth (2006b)
focused on the krill-predators penguins and seals,
while Plag�anyi et al. (2007) expanded the OM to
include whales and fish. The simulated MSE frame-
work included a monitoring model that gathered data
on krill and predators for each of the SSMUs but
lacked an assessment model (illustrative MSE simula-
tions that included an assessment model were men-
tioned but not discussed in detail). Simulated
scenarios included variations in the fishing manage-
ment scenarios, the OM, and the MSE simulation
structure. Plag�anyi and Butterworth (2006b, 2007)
concludes that the inclusion of a harvest feedback
mechanism resulted in improved performance of
strategies within the SSMUs of the Scotia Sea.
Specifically, the computation of precautionary krill
catch limits resulted in the partial reversal of the
downward abundance trends observed for predators
within each management unit (Plag�anyi and
Butterworth 2006b, 2007). Moreover, Plag�anyi et al.
(2007) points out that the implemented improvements
to the OM reduced the risk of simulated management
decisions responding to noise.

4.3. Asia

Two applications around Southeast Asia were identi-
fied: one of the Bali Strait (Buchary et al. 2002), and
one of the Gulf of Tonkin (a.k.a., Beibu Gulf) (Chen
et al. 2008). Both applications were carried out with
the policy optimization (OLSs) and evaluation (CLSs)
routines in EwE (Pitcher and Cochrane 2002). Under
these routines, management strategies are defined

Figure 4. Global distribution of Operating Model (OM) cat-
egory. The two multi-system comparison applications are not
included in this figure. Pie charts represent the proportions of
the four OM categories overlaid on the continents associated
with the investigated water bodies (Table A.1). Colors on the
pie chart indicate the OM category: dynamic multispecies mod-
els (C3; purple), aggregated (or whole ecosystem) models (C4;
blue), biogeochemical-based end-to-end models (C5; green),
and coupled and hybrid model platforms (C6; yellow). Size of
the pie chart indicates the total number of identified applica-
tions associated with that continent.

Figure 5. Global distribution of general foci. The two multi-
system comparison applications are not included in this figure.
Pie charts represent the proportions of the five general focus
categories overlaid on the continents associated with the
investigated water bodies (Table A.1). Colors on the pie chart
indicate the general focus category (see legend). Size of the
pie chart indicates the total number of identified applications
associated with that continent.
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with multi-criteria objective functions that specify
weights between ecological stability value, social
employment value, net economic value, and mandated
rebuilding value. Both applications considered four
strategies under various functional group vulnerability
factors (three maximizing the ecological, economic,
and social criteria individually and one maximizing
these three criteria evenly). First, the optimal fishing
patterns were determined for each strategy by carrying
out OLSs, then these optimal fishing patterns were
evaluated by carrying out CLSs.

Buchary et al. (2002) aimed to explore multispecies
management strategies of the Bali Strait within an
ecosystem context. The OM, presented by the authors,
was an EwE model of the Bali Strait. The simulated
MSE framework lacked explicit monitoring and
assessment sub-models, and it was not clear if/how
the authors used error to incorporate uncertainty to
data provided to the decision rule. Buchary et al.
(2002) did not make any policy recommendations as
the study was an exercise to test the usefulness of the
presented OM, which the authors conclude could
have a useful role in fisheries management. Buchary
et al. (2002) argues that improvements to the OM are
necessary, specifically the incorporation of the south-
ern oscillation index as it appears to explain some of
the variability in the Lemuru (S. lemuru) fishery—the
ecosystems most dominant fishery.

Chen et al. (2008) evaluated how the Gulf of
Tonkin ecosystem may respond to different fisheries
management scenarios. The OM was an EwE model
of the Gulf of Tonkin (Chen et al. 2006). The simu-
lated MSE framework lacked explicit monitoring and
assessment sub-models, but Chen et al. (2008) used
error to incorporate uncertainty to data provided to
the decision rule—the authors associated this to
assessment error. Chen et al. (2008) found that the
socioeconomic-driven management strategy reduced
ecosystem biodiversity, specifically depleting higher-
trophic-level groups. Results from the ecology-driven
management strategy and combination management
strategy were generally consistent across vulnerability
settings. Chen et al. (2008) concludes that the combin-
ation management strategy would be optimal to bal-
ance conflicting fishery and conservation goals.

4.4. Australia

Eight applications around Australia were identified:
two of the Northwest Shelf (Sainsbury 1991; Sainsbury
et al. 1997; Fulton et al. 2006; Hatfield et al. 2006;
Little et al. 2006; McDonald et al. 2006, 2008), one of

the Gulf of Carpentaria (Bustamante et al. 2011;
Dichmont et al. 2013), one of Port Phillip Bay (Fulton
and Smith 2002), and four of the Southeast region
(Fulton et al. 2007, 2014, 2016, 2019; Smith et al.
2015a; Dichmont et al. 2017).

4.4.1. The Northwest Shelf
Sainsbury (1991) and Sainsbury et al. (1997) illus-
trated MSEs on a tropical fishery off the Northwest
coast of Australia. The OM, a multispecies model
described in greater detail by Sainsbury (1991), con-
sidered the four main fish-stocks, Lethrinus, Lutjanus,
Nemipterus, and Saurida spp. Four structures of the
OM were considered, two of which incorporated
negative, intraspecific impacts between stocks.
Moreover, two parameterizations were considered for
each OM. The simulated MSE framework included a
monitoring model that collected data during a
“learning period,” and an assessment model. The
application examined five monitoring models for col-
lecting data during a learning period, and four long-
term MPs for implementation after the learning
period. The objective of Sainsbury (1991) and
Sainsbury et al. (1997) was novel in that it aimed to
identify the relative potential of different MPs, which
involved closed areas and gear selections, to distin-
guish competing hypotheses and enhance future bene-
fits (Butterworth and Punt 2003). Sainsbury (1991)
and Sainsbury et al. (1997) concludes that the results
suggest an MP including spatial and temporal man-
agement of the trawl fishery has scientific and eco-
nomic merit for resolving key management
uncertainties.

The next application was a product of the North
West Shelf Joint Environmental Management Study
(NWSJEMS) to demonstrate outcomes of management
strategies and develop scenarios. It is described in
detail in three companion reports by Little et al.
(2006), Fulton et al. (2006), and Hatfield et al. (2006),
and illustrated as an example by McDonald et al.
(2006, 2008). The OM was an InVitro model of the
Northwest Australian Shelf (Gray et al. 2006). This
OM considered an area smaller than that considered
by Sainsbury (1991) and Sainsbury et al. (1997), but
simulated key marine biota and sectors (i.e., oil and
gas, fisheries, conservation and coastal development).
The simulated MSE framework included a monitoring
model to compute indicators that were either passed
to an assessment model to compute information to
pass to the decision rules or passed directly to the
decision rules. The assessment models were based on
the assessment models described by the Western
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Australian Department of Fisheries (Gray et al. 2006).
Decision rules were based on the objectives identified
in discussions with stakeholders and management
bodies of Western Australia. Simulated scenarios
included various management strategies and OM
specifications in order to assess effectiveness of man-
agement strategies, as well as uncertainty regarding
the development (i.e., infrastructure, residential and
industrial), productivity, and resilience of the system.
Much was observed from the results (see Little et al.
(2006) for details), and one main observation was that
the integrated management strategy balanced impacts
across a range of sectoral activities.

4.4.2. The Gulf of Carpentaria
Bustamante et al. (2011) and Dichmont et al. (2013)
explored the effectiveness of marine spatial manage-
ment options for the Gulf of Carpentaria while con-
sidering the opposing fisheries and conservation
objectives. The OM, described by the authors, merged
a multiple-single-species population dynamics model
of prawns harvested by the Northern Prawn Fishery
(i.e., Dichmont et al. 2006, 2008) with an EwE with
Ecospace model of the Gulf of Carpentaria
(Bustamante et al. 2011). The MSE framework con-
sisted of a single OM with two separate MPs: one for
large-scale fleet dynamics (which informed the
Northern Prawn Fishery model), and one for small-
scale fleet dynamics (which informed the Gulf of
Carpentaria ecosystem model). This review focused on
the MSE framework around the ecosystem model (i.e.,
the small-scale fleet dynamics). The simulated MSE
framework lacked a monitoring model but included
an assessment model. The assessment model consisted
of a trawling effects model (Ellis et al. 2008), which
provided ecosystem indicators that were used to
inform decisions regarding the opening of marine clo-
sures within the Gulf of Carpentaria. Simulated scen-
arios included variations in spatial closure scenarios
that aimed to modify the spatial distribution of trawl-
ing impacts on benthos within the Gulf of
Carpentaria while maintaining the fisheries stock and
economics targets. Dichmont et al. (2013) concludes
that this exercise illustrates the possibility of linking
existing tools together into effective MSE frameworks,
and that a suite of management tools is necessary as
no single management tool satisfies all objectives.

4.4.3. The Port Phillip Bay
Fulton and Smith (2002) aimed to explore the impacts
of different fisheries management strategies on the
Port Phillip Bay ecosystem. The OM, described by the

authors, was an EwE model of Port Phillip Bay. The
application was carried out with the policy optimiza-
tion (OLSs) and evaluation (CLSs) routines in EwE
(Pitcher and Cochrane 2002). Under these routines,
management strategies are defined with multi-criteria
objective functions that specify weights between eco-
logical stability value, social employment value, net
economic value, and mandated rebuilding value.
Fulton and Smith (2002) considered eight strategies
under different settings of functional group vulner-
ability. Six of the strategies were defined by multi-cri-
teria objective functions (different weights on the
ecological, economic, and social criteria), and two of
the strategies were “sketched” using the simulation
interface in Ecosim (users can sketch-out fishing rates
by fleet/gear or functional group over time using
Ecosim in “gaming” mode; Christensen and Walters
2004). First, OLSs were carried out to determine the
optimal fishing patterns for the six strategies defined
by objective functions, then these optimal fishing pat-
terns were evaluated by carrying out CLSs. For the
two “sketched” strategies, they were immediately eval-
uated with CLSs after being sketched (i.e., they were
not optimized with OLSs). Although the policy evalu-
ation routine in EwE lacks explicit monitoring and
assessment sub-models, it is possible to add error to
information presented to the decision rule, however, it
was not clear if/how the authors used error. Fulton
and Smith (2002) concludes that careful consideration
is required when selecting criteria to define manage-
ment strategies, and that all groups must have some
level of importance to achieve an ecologically
robust system.

4.4.4. The Southeast region
The applications associated with the marine ecosystem
off Southeast Australia all stem from a series of
Atlantis models developed for the evaluation of man-
agement strategies of the Southeastern fisheries, spe-
cifically: the Australian Southern and Eastern Scalefish
and Shark Fishery (SESSF), and the Small Pelagics
Fishery (SPF).

Fulton et al. (2014, 2007) carried out a series of
simulations for MSE to reassess the management of
the SESSF. The motivation stemmed from the project
“Evaluation of alternative strategies for management
of Commonwealth fisheries in south eastern
Australia.” In the first stage of this project (Smith
et al. 2004), an MSE analysis of SESSF management
scenarios was carried out with a qualitative method.
In the second stage of this project (Fulton et al. 2007),
an ecosystem modeling approach was used to carry
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out a quantitative MSE analysis of SESSF management
scenarios. Fulton et al. (2007) first presented the OM,
an Atlantis of the marine ecosystem off Southeast
Australia. This model is referred to as “Atlantis-SE,”
but it has also been called “Atlantis-AMS” (Fulton
et al. 2019). Next, Fulton et al. (2007) used Atlantis-
SE to simulate SESSF management scenarios resulting
from the first stage of the project, as well as additional
scenarios arising from stakeholder meetings.
Preliminary simulations carried out by Fulton et al.
(2007) included a monitoring model and assessment
model, but this proved to be computationally unrea-
sonable at the time. Thus, the simulated MSE frame-
work used by Fulton et al. (2007) lacked a monitoring
model but approximated an assessment model with
error. Fulton et al. (2014) expanded upon Fulton et al.
(2007), testing updated scenarios developed and
approved by a stakeholder steering committee. This
included expanding the simulated MSE framework to
include a monitoring model to collect fishery-depend-
ent data for the MP (the assessment model was still
approximated with error). The MP within Atlantis-SE
was quite sophisticated in that it included several
management controls, and the dynamic setting of
quota and spatial management were most frequently
used across scenarios (Fulton et al. 2007). Both appli-
cations found that no single strategy proved to opti-
mally perform across the system, but those integrating
a variety of measures performed the best (Fulton et al.
2007, 2014).

Fulton et al. (2016) and Dichmont et al. (2017)
continued exploring the development of SESSF man-
agement strategies, but with respect to data availability
(i.e., data-rich vs data-limited). The OM was a revised
version of the Atlantis-SE model used by Fulton et al.
(2014), referred to as “Atlantis-RCC.” The key differ-
ence between Atlantis-SE and Atlantis-RCC is that
Atlantis-RCC allows for variation in size-at-age within
a cohort at each location (Fulton et al. 2016;
Dichmont et al. 2017). The simulations included a
monitoring model to collect fishery-dependent data
for the MP. The sophistication of the monitoring
model depended on the simulated management strat-
egy. Strategies corresponding to data-rich situations
received a variety of data from the monitoring model
(e.g., catch length- and age-compositions), while strat-
egies corresponding to data-limited situations received
minimal data (e.g., catch). The simulations also
included an assessment model, which was a Stock
Synthesis model (Methot and Wetzel 2013). Although
Fulton et al. (2016) and Dichmont et al. (2017) used
similar OMs and simulated management scenarios for

the same 14 species, the simulated management strat-
egies for the SESSF varied. Simulated management
strategies set the total allowable catch (TAC) for the
SESSF based on (i) the recommended catch from the
HCR, (ii) a meta-rule (an additional constraint to pre-
vent the TAC from changing more than a specified
percentage from year to year), and (iii) a risk equiva-
lency buffer (a factor attempting to achieve risk
equivalency between data-poor strategies and data-
rich strategies). Fulton et al. (2016) explored strategies
based on three HCRs under two variations for deter-
mining the buffer. Dichmont et al. (2017) explored
strategies based on eight HCRs, the three explored by
Fulton et al. (2016) in addition to updated versions
that had been applied in other Australian federally
managed fisheries, under two variations for the meta-
rule. While the simulated HCRs were able to shift the
biomass of focal stocks to more ideal ranges (Fulton
et al. 2016), scenarios dependent on more data from
the OM resulted in improved management (Dichmont
et al. 2017).

Fulton et al. (2019) continued exploring SESSF
management strategies to evaluate how the level of
management (i.e., single-species to EBM) and manage-
ment challenges (i.e., jurisdiction) impact ecosystem
performance. Both Atlantis-SE (Fulton et al. 2014)
and Atlantis-RCC (Fulton et al. 2016; Dichmont et al.
2017) were utilized for this study. At the time, mul-
tiple parameterizations of Atlantis-SE were available
while just one parameterization of Atlantis-RCC was
available. Simulations with the Atlantis-SE OMs were
used to explore the implications of managing only
one part of an ecosystem (i.e., differential manage-
ment across jurisdictions), while simulations with
Atlantis-RCC were used to explore the implications of
managing the broader ecosystem (i.e., tiered harvest
strategies applied to individual species or species-com-
binations). The simulated MSE framework differed
according to the scenario but, generally, a monitoring
model and assessment model were included.
Simulated scenarios included variations in single-spe-
cies, multispecies, and EBFM management scenarios
for the SESSF, some of which were based on simu-
lated scenarios from previous applications (Fulton
et al. 2014, 2016; Dichmont et al. 2017). Some of the
key take-aways found by Fulton et al. (2019) include
(i) ecosystem- and multispecies-based management
scenarios outperform single-species management scen-
arios, and (ii) multispecies yield-oriented scenarios
can result in higher total catches without a notable
decline in overall system performance, albeit resulting
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in a system structure different to that obtained with
other forms of EBFM.

Smith et al. (2015a) aimed to use the ecosystem
modeling approach to provide advice on the reference
points and exploitation rates for the four main target
species of the Commonwealth Small Pelagics Fishery
(SPF). The OM was a revised version of Atlantis-SE
used by Fulton et al. (2007), called “Atlantis-SPF.”
One of the key differences in Atlantis-SPF is the refin-
ing of the functional groups to improve the represen-
tation of prey and predator species associated with the
SPF target species. The simulations included a moni-
toring model but lacked an assessment model.
Simulated scenarios included variations in harvesting
rules and survey structures. Results suggest that the
target reference points for the four main target species
of the SPF should be set at 50% of the unfished bio-
mass while the limit references points set at 20% of
the unfished biomass. Moreover, results suggest that
the target exploitation rates for SPF target species
should be species-specific (possibly stock-specific).

4.5. Europe

Seven applications around Europe were identified: one
of the Faroe Islands (Zeller and Freire 2002); three
within the Norwegian and Barents Seas (Hagen et al.
1998; Schweder et al. 1998, 2000; Howell and Bogstad
2010), and three of the North Sea (Mackinson 2002;
Scientific, Technical and Economic Committee for
Fisheries (STECF) 2015; Mackinson et al. 2018;
Thorpe and De Oliveira 2019).

4.5.1. The Faroe Islands
Zeller and Freire (2002) aimed to test the policy opti-
mization (OLSs) and evaluation (CLSs) routines in
EwE (Pitcher and Cochrane 2002). The OM, pre-
sented by the authors, was an EwE model of the
Faroe Islands. Under these policy routines, manage-
ment strategies are defined with multi-criteria object-
ive functions that specify weights between ecological
stability value, social employment value, net economic
value, and mandated rebuilding value. Zeller and
Freire (2002) considered four strategies (three maxi-
mizing the ecological, economic, and social criteria
individually and one maximizing these three criteria
evenly). First, the optimal fishing patterns were deter-
mined for each strategy by carrying out OLSs, then
these optimal fishing patterns were evaluated by carry-
ing out CLSs. The simulated MSE framework (CLSs)
lacked explicit monitoring and assessment sub-models,
but Zeller and Freire (2002) used error to incorporate

uncertainty to data provided to the decision rule—the
authors associated this to assessment error. Zeller and
Freire (2002) stresses that the exercise was preliminary
and concludes that the OM was in need of further
development, strategies in need of fine-tuning, and
the policy routines in EwE may need further develop-
ment (as the routines were test versions at the time).

4.5.2. The Norwegian and Barents Seas
Applications of the Barents Sea focused on the underly-
ing food web between the main fisheries (for cod,
Gadus morhua, capelin Mallotus villosus, and
Norwegian Spring spawning herring, Clupea harengus)
and whaling (minke whales, Balaenoptera acutorostrata)
because of the strong interactions amongst the species.

Hagen et al. (1998) aimed to evaluate fisheries
management regimes in the Barents Sea. The OM,
described by the authors, was a multispecies model
consisting of (i) age- and length-distributed popula-
tion dynamics models for cod, capelin, and herring,
and (ii) a model for cod predation on capelin, herring,
and young cod. Moreover, proxy variables were added
to some aspects of the population dynamics models to
account for process uncertainty. The simulated MSE
framework included a monitoring model, which
implements acoustic stock estimates for herring and
capelin as well as tuning indices for cod, and assess-
ment models. The assessment models for cod and her-
ring were VPA-based, and the assessment model for
capelin was based on CapTool (Bogstad et al. 1992).
Simulated scenarios included probing scenarios, for
exploring the impacts of varied natural mortality and
fishing mortality, and uncertainty scenarios, for
exploring variations in recruitment, factors related to
the human dimension, and management strategies.
This application allowed Hagen et al. (1998) to weigh
the tradeoffs between the three fisheries. For instance,
the results suggested that a mixture of strategies with
higher fishing mortality on cod and higher spawning
stock target for capelin is ideal for both the capelin
and cod fisheries as higher fishing pressure on cod
releases capelin from predation pressure, but this
comes with the risk that the cod stock could crash fol-
lowing a poor recruitment event.

Schweder et al. (1998, 2000) illustrated how MSEs
could provide information regarding the impacts regu-
lated whaling may have on fisheries of the Northeast
Atlantic. Butterworth and Punt (2003) noted that the
Schweder et al. (1998) analysis was similar to that from
Punt and Butterworth (1995; see the Africa subsection).
The OM, described by the authors, was a spatial multi-
species model consisting of (i) an age- and length-
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specific model simulating the individual dynamics of
cod, capelin, and herring (Hagen et al. 1998), (ii) the
age- and sex-specific population dynamics model of
minke whales specified by the Scientific Committee of
the IWC for implementing trials of the Revised
Management Procedure (RMP; IWC 1993, 1994), and
(iii) a predation model linking the whale model to the
fish model. The simulated MSE framework included a
monitoring model, and assessment models. The assess-
ment model for whales was based on the RMP method
(IWC 1993), the assessment models for cod and herring
were VPA-based, similar to Hagen et al. (1998), and the
assessment model for capelin was based on CapTool
(Tjelmeland and Bogstad 1998). Simulated scenarios
were a combination of parameterizations for whale
productivity, cod recruitment, herring recruitment, the
predation model, whale observer bias, fixed fishing mor-
tality rates for cod and herring, and the RMP. Schweder
et al. (1998) concludes that a clear outcome for the
study was that larger whale stocks lead to smaller long-
term catches of cod and herring due to the increased
predation pressure from whales. Thus, although unclear
for herring, the cod fishery benefited from increased
whaling. The impacts of model uncertainty were dis-
cussed by both publications. Schweder et al. (2000) notes
that identifying a “good and realistic model” of the
studied system would be a large undertaking.

Howell and Bogstad (2010) presented a tool for mod-
eling key stocks, their interactions, and the assessment
process in order to evaluate HCRs and predict potential
impacts from environmental changes. The OM, an
extension of the Lindstrøm et al. (2009) model, consisted
of an age-length structured, multispecies Gadget model
that represented minke whales, cod, herring, and capelin,
as well as krill and three “other food” groups. The simu-
lated MSE framework included a monitoring model and
assessment models for cod and capelin. The assessment
models were consistent with the standard stock assess-
ments done by ICES (2009) and programmed using
fisheries libraries in R (FLR package; Kell et al. 2007).
Simulated scenarios included variations in the cod HCR,
herring recruitment, and cod recruitment. Howell and
Bogstad (2010) found the current management rules to
be robust to the explored scenarios, but they highlight
that further development in incorporating greater bio-
logical realism into the OM and random variations
would result in a tool suitable for full multispecies MSE.

4.5.3. The North Sea
Mackinson (2002) aimed to test the policy optimization
(OLSs) and evaluation (CLSs) routines in EwE (Pitcher
and Cochrane 2002). The OM was an EwE model of the

North Sea (Mackinson 2000). Under these policy rou-
tines, management strategies are defined with multi-cri-
teria objective functions that specify weights between
ecological stability value, social employment value, net
economic value, and mandated rebuilding value.
Mackinson (2002) considered four strategies (three max-
imizing the ecological, economic, and social criteria indi-
vidually and one maximizing these three criteria evenly).
First, the optimal fishing patterns were determined for
each strategy by carrying out OLSs. Then, CLSs were
carried out for the optimal strategy, which was the strat-
egy maximizing the individual criteria evenly, under dif-
ferent methods for estimating F, variations in assessment
error, and variations in catchability. The simulated MSE
framework (CLSs) lacked explicit monitoring and assess-
ment sub-models, but Mackinson (2002) used error to
incorporate uncertainty to data provided to the decision
rule—the author associated this to assessment error.
Mackinson (2002) concludes that the policy routines in
EwE offer a significant contribution to the EwE software,
and that users should refrain from providing advice
based on criteria scores as they allow the ranking of pol-
icies and do not offer clear management direction.

To support impact assessments of EU proposals for
a multiannual plan covering the demersal fisheries in
the North Sea, quantitative evaluations were presented
by the Expert Working Group of the STECF (STECF
2015) and Mackinson et al. (2018). The STECF (2015)
considered structurally different OMs, including an
EwE model of the North Sea. The STECF (2015) used
an earlier version of the EwE model (ICES 2011;
Mackinson 2014), and Mackinson et al. (2018) used a
revised version of the EwE model (St€abler et al. 2014,
2016; ICES 2016c). The simulated MSE framework
(Mackinson et al. 2017) included: (i) creating 1000
versions of the base OM using sampling distributions
of the inputs, and (ii) evaluating strategies with all
OMs using the MSE plug-in within Ecosim
(Steenbeek et al. 2016). Because the MSE plug-in did
not have an explicit monitoring sub-model at that
time, a monitoring model was approximated by apply-
ing observational error to the average biomass of each
assessed group predicted by the OM over the previous
twelve months in the simulation. Moreover, it was not
practical to simulate complex assessments for multiple
groups with the MSE plug-in yet, so stock assessments
were modeled by computing a weighted average of
the “survey biomass” (Walters 2004; Mackinson et al.
2018). Scenarios simulated by STECF (2015) included
variations of HCR structural form, low and high F
reference points, and the use of “safeguards” (i.e.,
reduction of fishing pressure if the stock status
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dropped below a threshold-similar to the constant
escapement HCR). Scenarios simulated by Mackinson
et al. (2018) were developed based on the key dimen-
sions specified in the multiannual plan. Using EwE as
an OM allowed the authors to assess how species
interactions may hinder strategies from reaching bio-
mass targets, and how predators of the targeted fish-
species, which includes species of conservation inter-
est, are noticeably impacted by changes in manage-
ment. Moreover, Mackinson et al. (2018) concludes
that this work progressed the application of ecosys-
tem-based MSEs closer to providing support to ICES
integrated advice approach.

Thorpe and De Oliveira (2019) evaluated possible
reference levels of fishing community maximum sus-
tainable yield (FCMSY) in terms of their levels of risk
and reward across the marine community. The OM
was an ensemble of size-based, multispecies popula-
tion dynamics models of the North Sea fish commu-
nity (Thorpe et al. 2017). The simulated MSE
framework applied error to SSBs to approximate a
monitoring model and lacked an assessment model.
Decision rules updated fishing mortalities for 21 spe-
cies-specific groups. Five sets of FCMSYs, each of
which described fishing mortalities for the individual
21 groups, were considered: (i) single-species estimates
(Thorpe et al. 2015), (ii) 21-stock stochastic Nash
equilibrium (Thorpe et al. 2017), and (iii–v) top, mid-
dle, and bottom of the 2017 ICES “pretty good yield”
ranges (Thorpe and De Oliveira 2019). Simulated
scenarios included combinations of HCR functional
form, candidate FCMSYs, and risk threshold.
Moreover, Thorpe and De Oliveira (2019) simulated
some of the scenarios described by Mackinson et al.
(2018), but results were not discussed in detail as
these scenarios made modest impacts. Thorpe et al.
(2017) discussed various findings, such as the highest
yields resulting from FCMSY based on the 21-stock
stochastic Nash equilibrium. One conclusion made by
Thorpe et al. (2017) is that the implementation of an
HCR that reduces fishing as stock status deteriorates
is more important than the precise thresholds.

4.6. North America

Twelve applications around North America were iden-
tified: one of the Prince William Sound (Okey 2002;
Okey and Wright 2004), one of the Gulf of Alaska
(A’mar et al. 2010), one of the Pacific North Coast
Integrated Management Area (PNCIMA; Guo et al.
2019, 2020), two of northern British Columbia (Surma
et al. 2018; Lam et al. 2019), one of the Strait of

Georgia (Martell et al. 2002), one of the California
Current (Punt et al. 2016b), one of the West Florida
Shelf (Gr€uss et al. 2016b), one of the Gulf of Mexico
(Masi et al. 2018), one of the Gulf of Maine (Deroba
et al. 2019), one of the Flemish Cap (P�erez-Rodr�ıguez
et al. 2019), and one of the Newfoundland-Labrador
shelf (Vasconcellos et al. 2002).

4.6.1. The Northeast Pacific Ocean
Okey (2002) and Okey and Wright (2004) explored
the tradeoffs of management strategies for the Prince
William Sound. Some focus was put into constructing
a compromise fishing strategy that would increase the
biomass of harbor seals (P. vitulina richardsi) as a
legal mandate had called for the stabilization of the
stock (Exxon Valdez Oil Spill Trustee Council 2002).
The OM was an EwE model of the Prince William
Sound (Okey and Pauly 1999a, 1999b). The applica-
tion was carried out with the policy optimization
(OLSs) and evaluation (CLSs) routines in EwE
(Pitcher and Cochrane 2002). Under these routines,
management strategies are defined with multi-criteria
objective functions that specify weights between eco-
logical stability value, social employment value, net
economic value, and mandated rebuilding value. Okey
(2002) and Okey and Wright (2004) considered five
strategies (three maximizing the ecological, economic,
and social criteria individually and two defining com-
promises across these three criteria). First, the optimal
fishing patterns were determined for each strategy by
carrying out OLSs, then these optimal fishing patterns
were evaluated by carrying out CLSs. The simulated
MSE framework (CLSs) lacked explicit monitoring
and assessment sub-models, but Okey (2002) and
Okey and Wright (2004) used error to incorporate
uncertainty to data provided to the decision rule—the
authors associated this to assessment error. Okey
(2002) and Okey and Wright (2004) found that man-
agement was more successful when the objective func-
tions favored ecological benefits, and less successful
when the objective functions favored economic bene-
fits. Okey (2002) and Okey and Wright (2004) con-
cludes that a management strategy aimed toward the
conservation of harbor seals was achievable.

A’mar et al. (2010) examined the impacts of time-
dependent predation on the performance of the cur-
rent management strategy for the Gulf of Alaska wall-
eye pollock (T. chalcogramma) fishery. The OM,
described by the authors, was a multispecies popula-
tion dynamics model consisting of (i) an age-struc-
tured model for Gulf of Alaska pollock, and (ii) age-
aggregated production models for each of the three
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main predators: arrowtooth flounder (Atheresthes sto-
mias), Pacific cod (G. macrocephalus), and Pacific
halibut (Hippoglossus stenolepis). The Gulf of Alaska
pollock model was similar to the original stock assess-
ment model but with the addition of time-varying
natural mortality. Annual natural mortality-at-age
caused by the individual predators was computed
based on one of three Hollings predator functional
responses (Holling 1965; A’mar et al. 2010). The
simulated MSE framework included a monitoring
model and assessment model. The assessment model
was consistent with the Gulf of Alaska pollock assess-
ment (A’mar et al. 2010). The decision rule was one
of two broken-stick HCRs: the Dorn rule for deter-
mining the target fishing mortality rate (Dorn et al.
2002), or an overfishing level defined in terms of fish-
ing mortality (A’mar et al. 2010). Simulated scenarios
included variations in the pollock HCR, predator
functional responses, and the method for computing
future levels of constant exploitation for each of the
predators. A’mar et al. (2010) found the current man-
agement strategy to be satisfying the main manage-
ment objective (keeping pollock spawning stock
biomass above the reference level) for all of the inves-
tigated scenarios of predator exploitation rates and
predator functional relationships. A’mar et al. (2010)
notes that this occurred because higher levels of pol-
lock biomass were not detected in the survey indices
of abundance (A’mar et al. 2010).

Guo et al. (2019, 2020) simulated MSEs to support
EBFM of the PNCIMA off western Canada. Guo et al.
(2019) explored the development of ecosystem-based
biological reference points (EBRPs) that account for
multispecies interactions, fishery operations, and cli-
mate change. Guo et al. (2020) evaluated alternative
fisheries management strategies under environmental
changes. For both studies, the OM was an OSMOSE
model of PNCIMA (Fu et al. 2017). The simulated
MSE framework lacked a monitoring model and
assessment model. Guo et al. (2019) placed decision
rules on three of the exploited stocks of PNCIMA:
Pacific herring (Clupea pallasii), Pacific cod (G. mac-
rocephalus), and lingcod (O. elongatus). Simulated
scenarios included variations in plankton productivity
(low, medium, and high), fishery-type (single-species,
multispecies), and HCR-type (none, broken-stick).
Guo et al. (2020) represented environmental changes
on key species with various larval mortality forcing
scenarios and somatic growth forcing scenarios. These
scenarios were first implemented ignoring HCRs, then
again with a set of precautionary HCRs. Guo et al.
(2019) found that management strategies with an

HCR produced more stable catches and system bio-
mass. Moreover, when HCR strategies were combined
with high plankton biomass, the ecosystem could
maintain stable ecosystem production and sustainable
fisheries. Guo et al. (2019) concludes that EBRPs com-
pliment single-species assessments by including key
ecological processes, thus supporting the incorpor-
ation of ecosystem considerations into advice. Guo
et al. (2020) found that the combination of environ-
mental forcing and fishing impacted the PNCIMA
ecosystem and fisheries, and they concluded that
incorporating precautionary HCRs in fisheries man-
agement could help support the ecosystems health
and fisheries.

Surma et al. (2018) explored the ecosystem impacts
of fishing strategies for Pacific herring (C. pallasii).
The OM was an EwE model of the marine ecosystem
around Haida Gwaii (Kumar et al. 2016). Herring
HCRs were simulated via the MSE module in EwE
(Christensen and Walters 2004; Mackinson et al.
2017), which lacked a monitoring model but con-
tained an assessment model for estimating stock bio-
mass. Stochastic assessment error was simulated
within the MSE module by Monte Carlo resampling
(100 runs) of the biomass estimates from assumed
normal distributions. Simulated scenarios included
variations in the functional form of the herring HCR,
and the phytoplankton biomass time series. The latter
allowed for investigations into the performance of
HCRs under climate change/oceanographic regime
shifts. The design of some of the simulated scenarios
was influenced by the results from the Lenfest Forage
Fish Task Force (Pikitch et al. 2012; see the Multi-sys-
tem subsection). Surma et al. (2018) concludes that
Pacific herring are a key prey item in the Northeast
Pacific food web, so stock depletion could have cas-
cading effects on predator populations and food web
structure, but some of the explored HCRs showed
promise for supporting precautionary, EBFM
of herring.

Lam et al. (2019) introduced methodology for a
Value- and Ecosystem-Based Management Approach
(VEBMA) to fisheries, which aims to expose policy
tradeoffs, resolve resource conflicts, and promote eth-
ical governance (Lam et al. 2019). As a case study,
Lam et al. (2019) explored applying VEBMA to the
Pacific herring (C. pallasii) fishery in British
Columbia because of the many conflicts between local
communities, indigenous tribes and fishing industries
over the management of Pacific herring, as well as the
significant ecological, socioeconomic, and cultural
value of the species. To perform the ecosystem-based
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component of VEBMA, the authors simulated MSEs
following the methodology presented by Surma et al.
(2018). The OM was an EwE model of the marine
ecosystem around Haida Gwaii (Kumar et al. 2016).
Herring HCRs were simulated via the MSE module in
EwE (Christensen and Walters 2004; Mackinson et al.
2017), which lacked a monitoring model but con-
tained an assessment model for estimating stock bio-
mass. Stochastic assessment error was simulated
within the MSE module by Monte Carlo resampling
(100 runs) of the biomass estimates from assumed
normal distributions. Some of the simulated scenarios
were influenced by Surma et al. (2018) and Pikitch
et al. (2012; see the Multi-system subsection), but
Lam et al. (2019) developed additional scenarios for
exploring VEBMA. Lam et al. (2019) found results
that were similar to Surma et al. (2018), e.g., fishing
at levels less than maximum sustainably yield (MSY)
did not disrupt the food web structure. The ecological
and socioeconomic impacts and risks simulated by
that application, as well as the stakeholder scenario-
preferences, are synthesized in a deliberation and deci-
sion-support tool the authors called the VEBMA sci-
ence-policy table (Lam et al. 2019).

Martell et al. (2002) evaluated the consequences of
fisheries management strategies of the Strait of
Georgia. The OM, described by the authors, was an
EwE model of the Strait of Georgia. The application
was carried out with the policy optimization (OLSs)
and evaluation (CLSs) routines in EwE (Pitcher and
Cochrane 2002). Under these routines, management
strategies are defined with multi-criteria objective
functions that specify weights between ecological sta-
bility value, social employment value, net economic
value, and mandated rebuilding value. Martell et al.
(2002) considered four strategies (three maximizing
the ecological, economic, and social criteria individu-
ally and one maximizing these three criteria evenly).
First, the optimal fishing patterns were determined for
each strategy by carrying out OLSs, then these optimal
fishing patterns were evaluated by carrying out CLSs.
The policy evaluation routine in EwE lacked explicit
monitoring and assessment sub-models, but Martell
et al. (2002) used error to incorporate uncertainty to
data provided to the decision rule—the authors associ-
ated this to assessment error. Martell et al. (2002)
concludes that the results from this study were biased
as the biomass within the OM was dominated by
groups lacking long-term fisheries.

Punt et al. (2016b) evaluated the implications of
current US and Canadian HCRs for Pacific sardine (S.
sajax) in terms of the management objectives for

coastal pelagic species. The OM, which was presented
by the authors, was a spatially structured MICE model
of the California Current with areas in Mexico, US,
and Canada. It consisted of (i) spatial age-structured
population dynamics models for four prey groups:
sardine, anchovy (Engraulis mordax), “other forage
fish,” and “other prey,” (ii) age-structured population
dynamics models for two predator groups: brown pel-
icans (P. occidentalis) and California sea lions (Z. cali-
fornianus), and (iii) prey-predator relationship
functions describing the influence prey biomass has
on predator reproductive success and/or survival.
Nation-specific fisheries were incorporated (Mexico,
US, and Canada) as sardine fisheries management is
not coordinated across national boundaries in prac-
tice. Sardine HCRs were defined for each of these
fisheries, but the HCR for Mexico was based on a
constant fishing mortality rate (Hill et al. 2015). For
Canada and the US, Punt et al. (2016b) structured the
MSE such that the monitoring model was approxi-
mated by applying observational error to sardine bio-
mass, and the assessment model was that of Hill et al.
(2015). Various simulated scenarios were considered
to examine the implications of alternatives to the
baseline model assumptions, and of eliminating vari-
ous sources of uncertainty. One of the main findings
of this work was that brown pelicans were particularly
vulnerable to declines in sardine and anchovy. Punt
et al. (2016b) discussed this and how diet uncertain-
ties, temporal foraging properties, and climate sensi-
tivities may impact these vulnerabilities. The authors
argued that the sensitivity analysis highlights the need
for continuing monitoring of predator diets and
reproductive success. Punt et al. (2016b) concludes
that the next steps to move this work forward is to
develop alternative models of various levels of com-
plexity, such as an Atlantis model.

4.6.2. The West Atlantic Ocean
Gr€uss et al. (2016b) evaluated the performance of
TAC strategies for red grouper (E. morio) within the
West Florida Shelf provided episodic events of natural
mortality (e.g., red tides). The OM was an OSMOSE
model of the West Florida Shelf (Gr€uss et al. 2015,
2016a). Gr€uss et al. (2016b) developed an MSE frame-
work for OSMOSE. This framework lacked explicit
monitoring and assessment sub-models but used error
to incorporate uncertainty to data provided to the
decision rule—which was associated with observation
error. Gr€uss et al. (2016b), however, assumed no
observation or implementation error in all of the con-
ducted simulations in order to facilitate the
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comparison of results. Gr€uss et al. (2016b) developed
a decision rule to prescribe to red grouper as no com-
pleted MSE framework within the Gulf of Mexico was
available at the time. This was done following A’mar
et al. (2010) and Dorn et al. (2002). A TAC was set
based on an overfishing limit (determined by the deci-
sion rule) and a buffer between the overfishing limit
and a TAC. The buffer was calculated from the prob-
ability of overfishing considered acceptable (P�) and
the standard error of the log of the distribution of the
overfishing limit. This method is referred to as the
“P� approach” (Caddy and McGarvey 1996; Punt
et al. 2012). Simulated scenarios were a combination
of configurations for the P� approach, the presence/
absence of episodic natural mortality events on red
grouper, and temporal frequencies for updating the
red grouper TAC. Gr€uss et al. (2016b) found that
while episodic events of natural mortality significantly
increased both the probability of red grouper being
overfished and the probability of red grouper under-
going overfishing, increased temporal frequencies of
TAC updates did not have significant impacts on bio-
mass or catch metrics of red grouper.

Masi et al. (2018) explored the impacts biological
interactions may have on the development of adaptive
management strategies and broken-stick HCRs for
reef fish of the Gulf of Mexico. The OM was an
Atlantis model of the Gulf of Mexico (Ainsworth
et al. 2015; Tarnecki et al. 2016). The simulated MSE
framework lacked a monitoring model and assessment
model. Decision rules were applied to all of the func-
tional groups identified in the reef fish complex.
Simulated scenarios included variations of the broken-
stick HCR (i.e., the upper biomass threshold and max-
imum fishing mortality rate). Moreover, Masi et al.
(2018) explored estimation error regarding the OMs
food web by randomly resampling from Dirichlet dis-
tributions fitted to observational diet data described in
Masi et al. (2014) and Tarnecki et al. (2016). Ten
plausible food webs were developed based on ten
independent, random draws, which were simulated
under two of the HCR scenarios to derive the mean
and associated 95% confidence limits for the biomass
and catch (Masi et al. 2018). Masi et al. (2018) found
that the scenarios with lower maximum fishing mor-
tality rates produced ecologically distinct ecosystems
where relatively higher levels of fishing mortality rates
on predators ultimately resulted in an increase in prey
availability, which ultimately led to increased overall
productivity of the ecosystem and higher catch and
biomass of most other reef fish groups. Masi et al.
(2018) concludes that development of ecosystem-based

fisheries management strategies for the Gulf of
Mexico depends on a better understanding of the
interspecific interactions between target reef fish and
their prey.

4.6.3. The Northwest Atlantic Ocean
Deroba et al. (2019) presented a stakeholder driven
MSE to evaluate HCRs for Atlantic herring (C. hare-
ngus) in the Northwest Atlantic, which was requested
by the political body responsible for the federal man-
agement of the stock (the New England Fishery
Management Council; Feeney et al. 2019). This was
the first MSE in the US to use open-invitation, public
workshops to gather input from stakeholders (Feeney
et al. 2019). The OM, described by the authors, was a
MICE model consisting of (i) an age-structured popu-
lation dynamics model for herring modified from
Deroba (2014), (ii) delay difference population
dynamics models within which processes relating to
each of the general predator populations (highly
migratory fish, groundfish, and seabirds) were influ-
enced by some aspect of the herring status (similar to
Plag�anyi and Butterworth 2012), (iii) herring-predator
link functions connecting herring to each of the pred-
ators, and (iv) an economics model converting fish-
eries yield from the herring component into gross
revenues and net operating revenues. The OM was a
result of discussing the scientific information known
about the Northeast US continental shelf food web
with stakeholders. Moreover, from the stakeholder
workshops, eight OMs were developed to address
uncertainties regarding herring productivity, herring
growth, and possible bias in the herring stock assess-
ment. The simulated MSE framework lacked an expli-
cit monitoring model and assessment model, but
Deroba et al. (2019) used error to incorporate uncer-
tainty to data provided to the decision rule—the
authors associated this to assessment error.
Considering each combination of HCR and OM, there
were 43,680 unique scenarios simulated. The results
suggested that some HCRs resulted in stable yields
but at the expense of more frequent low levels of her-
ring biomass and outcomes relatively detrimental to
predators (Deroba et al. 2019; Feeney et al. 2019).
Deroba et al. (2019) concludes that the use of MICE
models was informative for managers and created a
base for future improvements.

P�erez-Rodr�ıguez et al. (2019) presented the devel-
opment of an MSE of fisheries around the Flemish
Cap. This application resulted from the Directorate-
General for Maritime Affairs and Fisheries project of
the European Commission, “A Multispecies Fisheries
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Assessment for NAFO.” Much of the eastern regions
of Canada are under the intergovernmental fisheries
science and management body NAFO (Northwest
Atlantic Fisheries Organization), and this project
aimed to contribute to the NAFO roadmap for a mul-
tispecies assessment and advice approach to fisheries
management (EAF). The OM was a Gadget model of
the Flemish Cap (P�erez-Rodr�ıguez et al. 2017). The
simulated MSE framework was based on the a4a
approach (FLR package; Kell et al. 2007), which was
modified to introduce the developed OM and to allow
several MPs to run in parallel. Although the a4a-MSE
algorithm includes the full simulated MSE framework
(i.e., a monitoring model and assessment model), the
simulated MSE framework used by P�erez-Rodr�ıguez
et al. (2019) lacked explicit monitoring and assessment
sub-models but used error to incorporate uncertainty
to data provided to the decision rule—the authors
associated this to assessment error. Simulated scen-
arios included variations in HCR functional form and
reference point perspective (single species- and multi-
species-based). P�erez-Rodr�ıguez et al. (2019) found
that single species-based HCRs may not be capable of
maintaining the status of multiple stocks above the
biomass limit reference point, and that two stage
HCRs may increase the possible combinations of fish-
ing pressure.

Vasconcellos et al. (2002) aimed to test EwE as a
tool for analyzing the ecological and socioeconomic
impacts of fishing strategies. The OM was an EwE
model of the Newfoundland-Labrador shelf (Bundy
et al. 2000). The application was carried out with the
policy optimization (OLSs) and evaluation (CLSs) rou-
tines in EwE (Pitcher and Cochrane 2002). Under
these routines, management strategies are defined
with multi-criteria objective functions that specify
weights between ecological stability value, social
employment value, net economic value, and mandated
rebuilding value. Vasconcellos et al. (2002) considered
four strategies (three maximizing the ecological, eco-
nomic, and social criteria individually and one maxi-
mizing these three criteria evenly). First, the optimal
fishing patterns were determined for each strategy by
carrying out OLSs. Then, CLSs were carried out for
the optimal strategy, which was the strategy maximiz-
ing the individual criteria evenly, under different coef-
ficients of variation for the observation error. The
simulated MSE framework (CLSs) lacked explicit
monitoring and assessment sub-models, but
Vasconcellos et al. (2002) used error to incorporate
uncertainty to data provided to the decision rule—the
authors associated this to observation error.

Vasconcellos et al. (2002) found with increased obser-
vation error a decrease in performance for economic
and social indicators and a slight increase in ecological
indicator performance. Thus, the variability imposed
by the observation error reduced the impact of fishing
on ecological stability.

4.7. South America

Four applications around South America were identi-
fied: one of the Huizache-Caimanero lagoon (Zetina-
Rej�on et al. 2001), one of the Gulf of Salamanca
(Duarte and Garc�ıa 2002), one of the central Gulf of
California (Arregu�ın-S�anchez and Calder�on-Aguilera
2002), and one of the Campeche continental shelf
(Arregu�ın-S�anchez 2002; Arregu�ın-S�anchez et al.
2004). All of these applications were carried out with
the policy optimization (OLSs) and evaluation (CLSs)
routines in EwE (Pitcher and Cochrane 2002).
Management strategies were defined with multi-crite-
ria objective functions—specify weights between the
ecological, social, and economic criteria. The simu-
lated MSE framework (CLSs) lacked explicit monitor-
ing and assessment sub-models, but all these
applications used error to incorporate uncertainty to
data provided to the decision rule—the authors all
associated this to assessment error.

Zetina-Rej�on et al. (2001) explored how changes in
fisheries effort within the Huizache-Caimanero lagoon
impacts the fisheries and ecosystem. Some focus was
put on the shrimp fishery as the system was character-
ized as having valuable shrimp resources (e.g., L. van-
namei) and less valuable finfish resources. The OM
was an EwE model of the Huizache-Caimanero lagoon
(Zetina-Rej�on 2000). First, Zetina-Rej�on et al. (2001)
determined an optimal management strategy by run-
ning preliminary OLSs varying the weights of the eco-
logical, social, and economic criteria. Then, the
optimal management strategy was evaluated with a
CLS. Zetina-Rej�on et al. (2001) found that the optimal
management strategy was that specifying a small
increase in effort of the finfish fishery in combination
with a small decrease in effort of the shrimp fishery.
Simulations of this strategy increased economic profits
and reduced pressure (natural morality and fishing)
on shrimp—allowing the group to recover.

Duarte and Garc�ıa (2002) investigated the balance
between the sustainability and economic importance
of the Gulf of Salamanca fishery. The OM, described
by the authors, was an EwE model of the Gulf of
Salamanca. Duarte and Garc�ıa (2002) considered four
strategies (three maximizing the ecological, economic,
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and social criteria individually and one maximizing
these three criteria evenly). First, the optimal fishing
patterns were determined for each strategy by carrying
out OLSs, then these optimal fishing patterns were
evaluated by carrying out CLSs. Duarte and Garc�ıa
(2002) found that the strategy maximizing all three
criteria had the best performance.

Arregu�ın-S�anchez and Calder�on-Aguilera (2002)
aimed to generally explore management strategies in
the central Gulf of California under the ecosystem
approach. The OM was an EwE model of the central
Gulf of California (Arregu�ın-S�anchez 2000). First,
Arregu�ın-S�anchez and Calder�on-Aguilera (2002)
determined optimal management strategies by running
preliminary OLSs varying the weights of the criteria
and functional group vulnerabilities. Then, two of the
optimal management strategies were evaluated with
CLSs. These two strategies differed in that one defined
conservation weights for all groups, while the other
emphasized the conservation of marine mammals and
seabirds. Arregu�ın-S�anchez and Calder�on-Aguilera
(2002) concludes that the strategy maximizing ecosys-
tem criteria was the only reasonable strategy because,
otherwise, stocks deplete and sometimes disappear
from the system.

Arregu�ın-S�anchez (2002) and Arregu�ın-S�anchez
et al. (2004) aimed to test and evaluate the impacts of
different management strategies of fisheries of the
Campeche Sound under the ecosystem approach.
Some focus was put on the shrimp fishery due to the
essential role it has in the regional economy. The OM
was an EwE model of the continental shelf off
Campeche (Manickchand-Heileman et al. 1998).
Salinity stress was incorporated into the OM in the
form of a forcing factor because of the significant,
inverse correlation observed between shrimp abun-
dance and salinity. Arregu�ın-S�anchez (2002) consid-
ered eight management strategies defined by different
weights for the ecological, social, and economic crite-
ria. First, the optimal fishing patterns were deter-
mined for each strategy by carrying out OLSs. Then,
CLSs were carried out for the two optimal strategies
under different coefficients of variation, fishery
impacts, and catchability. Arregu�ın-S�anchez et al.
(2004) considered five management strategies defined
by different weights for the ecological, social, and eco-
nomic criteria. First, the optimal fishing patterns were
determined for each strategy by carrying out OLSs.
Then, CLSs were carried out for strategy promoting
shrimp recovery. Arregu�ın-S�anchez (2002) found that
the scenario optimizing ecosystem criteria minimized
the uncertainty in shrimp behavior. Arregu�ın-S�anchez

et al. (2004) found that the shrimp-recovery manage-
ment strategy was able to result in increased shrimp
biomass despite stress inflicted by the forcing fac-
tor (salinity).

4.8. Multi-system

Two applications did not focus on any one specific
marine ecosystem: Pikitch et al. (2012), and Kaplan
et al. (2020).

Pikitch et al. (2012) presented a report from the
Lenfest Forage Fish Task Force, a panel for providing
practical, science-based advice for the management of
forage fish. Part of the report included an investiga-
tion of ecosystem responses to fisheries management
strategies of forage fish. Rather than having a focal
ecosystem, Pikitch et al. used OMs, all of which were
EwE models, from 10 different ecosystems (Table 2;
Figure 3). The HCRs were simulated with the MSE
module in EwE (Christensen and Walters 2004). The
simulated MSE framework lacked an explicit monitor-
ing model but contained an assessment model, which
included recruitment based on the biomass of the pre-
vious year and the stock recruitment curves. A moni-
toring model, however, was approximated with error.
Simulated scenarios included variations in the func-
tional form of HCRs, error, and the configuration for
individual forage fish species/groups. Pikitch et al.
(2012) concludes that no one HCR-function can
effectively promote sustainability when high levels of
fishing are allowed, and that the broken-stick HCRs
may be the optimal strategy when stock size
is uncertain.

Kaplan et al. (2020) used simulations for MSE
under an ecosystem modeling context to test HCRs
that explicitly address predator-prey linkages as well
as the foraging needs of predators and fisheries. Two
OMs were used, an Atlantis model of the California
Current (Kaplan et al. 2017) and an Atlantis model of
the Norwegian and Barents Seas (Hansen et al. 2016,
2019), and simulated management was centered
around a prominent pelagic fishery from each system,
the Pacific hake (Merluccius productus) in the
California Current and mackerel (Scomber scombrus)
in the Norwegian Sea. The simulated MSE framework
did not contain a monitoring model or an assessment
model. Three variations of the broken-stick HCR deci-
sion rule (Figure 1A) were tested across both models:
Flim constant at maximum sustainable yield, Flim
decreases when the forage base declines, and Flim
increases when the forage base increases. Simulated
scenarios included variations in prey availability (i.e.,
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zooplankton productivity). Kaplan et al. (2020) found
that the presence of HRCs led to higher stock biomass
for the target species in both ecosystems, which is a
result analogous to similar studies under a single-spe-
cies modeling context, however a major tradeoff was
an increase in catch variability, particularly with
HCRs that adjust fishing pressure according to prey
availability. Another tradeoff was the potential of
strong impacts across other species, which was more
notable in the Norwegian and Barents Seas model.
Kaplan et al. (2020) notes that the regional differences
in results highlight the value in a multi-system com-
parison study.

5. Discussion

This review has developed an inventory of the appli-
cations evaluating fishing management strategies while
explicitly simulating biological interactions. This may
not be a comprehensive inventory as applications may
have gone undetected due to a variety of reasons,
such as changing/differing terminologies, published
languages, and the difficulty of searching gray litera-
ture (Cordes 2004). Applications using either dynamic
multispecies OMs or aggregated OMs are common in
the inventory. Those using dynamic multispecies OMs
often had a somewhat targeted focus (e.g., species or
food web) and partially or fully structured MSE simu-
lations. Those using aggregated OMs often had a
somewhat broader focus (e.g., ecosystem commun-
ities) and partially structured MSE simulations.
Applications using either biogeochemical-based OMs
and hybrid OMs are less common in the inventory
but, nonetheless, these applications showcased a range
of foci and MSE simulation structures. The study
region seems to have some influence on OM model-
type and focus. For instance, most of the applications
using biogeochemical-based OMs pertain to Australia,
which is where the team that developed the most
commonly used biogeochemical-based OM, Atlantis,
is located (https://research.csiro.au/atlantis/).

The applications identified herein encompass a var-
iety of aquatic systems around the world, but there
are many regions that are not covered. This could be
driven by a variety of factors, such as local fisheries
governances lacking the structure for MSE (Grafton
et al. 2007), or local research philosophies being
apprehensive to ecosystem models (Anderson 2010).
One key factor, however, is data availability. Models
require data to be properly parameterized, with more
complex models having greater data needs, so data
availability limits the models that can be developed

for the system (Espinoza-Tenorio et al. 2012; Collie
et al. 2016). For instance, in South Africa it is com-
mon practice to simulate MSEs (i.e., the management
procedure framework; Cochrane et al. 1998;
Geromont et al. 1999; Rademeyer et al. 2008; de Moor
et al. 2015). Single-species OMs are standard as data
limitations have restricted the number of multispecies
models vetted to assist the management of targeted
species, despite the immediate role for more complex
OMs (Butterworth and Plag�anyi 2004; Plag�anyi et al.
2007). Data limitations restricting the development of
complex marine ecosystem models are an obstacle but
do not impede MSEs for EAF. First, for data-poor sit-
uations, there are case examples illustrating the under-
taking of MSEs (Dowling et al. 2015a, 2015b) as well
as a growing list of tools available to assist such
efforts—such as frameworks (Harford et al. 2016),
statistical toolkits (Carruthers and Hordyk 2018), and
ecosystem models for data-poor situations (Okamura
et al. 2018). Second, for situations with enough data
to parameterize single-species OMs, there are case
examples illustrating the expansion of single-species
OMs to implicitly account for ecological interactions
(i.e., expanded single-species models; O’Farrell et al.
2017)—such as cannibalism and inter-species preda-
tion (ICES 2016a, 2016b), approximations of bio-
logical interactions (Punt et al. 2001), and other
ecosystem effects (Plag�anyi et al. 2007).

Herein, applications with a harvest feedback mech-
anism were the focus as current MSE best practice
guidelines assert that it is a necessary feature (Punt
et al. 2016a). Initially, a literature review without this
criterion was attempted as original definitions of MSE
did not require a harvest feedback mechanism (Smith
et al. 1999), but the number of applications resulting
from these searches proved to be too numerous.
Many of these applications evaluate the impacts of
various fishing scenarios on aquatic systems, such as
Kaplan et al. (2012), which used an Atlantis model of
the California Current, and Geers et al. (2016), which
used an EwE model of the Gulf of Mexico, and
Nyamweya et al. (2017), which used an Atlantis model
of Lake Victoria. Other applications evaluate how ele-
ments of model development impact the resulting
advice, such as Gaichas et al. (2012), which used
dynamic multispecies models of hypothetical ecosys-
tems to evaluate how assembly rules for aggregating
species into functional groups affect the estimation of
biological reference points. Some applications relate to
the development and assessment of evaluation metrics
(i.e., indicators) commonly used in fisheries manage-
ment, such as Fulton et al. (2004c, 2005), which used
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Atlantis and EwE models to identify robust indicators
and reference points for EBFM, and Shin et al. (2018),
which used EwE, OSMOSE, and Atlantis models to
test commonly used ecological indicators. Simulating
a harvest feedback mechanism is ideal and should be
handled when it is necessary for the research question
but simulating this mechanism should not be a limit-
ing factor for using ecosystem models to provide stra-
tegic advice as these efforts provide a comparative
evaluation resulting in relevant and illuminating
information.

The inventory suggests two paths for selecting an
OM: (i) selecting an OM to develop from scratch, or
(ii) selecting an OM that has been previously devel-
oped. The former offers the advantage to develop an
OM specific to the research questions and uncertain-
ties. Many of the applications in the inventory pre-
sented the development of the OM, especially those
using aggregated models. Aggregated models are the
simplest of the categories considered herein, so it is
feasible to detail both OM development and the simu-
lation exercise jointly. Applications using more com-
plex OMs, however, were often detailed across
multiple reports and articles (e.g., Fulton et al. 2007,
2014). Model reviews, such as those presented by
Espinoza-Tenorio et al. (2012) and Geary et al. (2020),
are essential tools for determining the modeling
frameworks best suitable as the OM provided the
available data and research goals. Future applications
should not limit OM selection to previously developed
modeling frameworks as newly developed frameworks
may offer new features that could be particularly
advantageous for the study system.

The latter path offers the advantages to expand
upon the uses of a previously developed model, build
upon the knowledge from previous applications, and
allows the exploration of model error via multi-model
evaluation. A number of the applications in the inven-
tory, particularly those using more complex OMs,
used models that were previously developed. This
includes applications using models that were previ-
ously developed for MSE simulations (e.g., Howell
and Bogstad 2010), applications using models with
newly developed features to allow MSE simulations
(e.g., Lam et al. 2019), and applications jointly devel-
oping tools to allow MSE simulations (e.g., Gr€uss
et al. 2016b). The development of ecosystem models,
especially more complex frameworks, requires great
investments into time and resources, so the drive to
use previously developed models as OMs for MSE
simulations is reasonable. It is essential, however, to
ensure that the model is suitable for addressing the

new questions being imposed, which can be done by
following guidelines proposed by Essington and
Plag�anyi (2014) and making alterations to the model
if necessary. An example of this is observed in the
developed inventory following the series of applica-
tions of the Southwest region of Australia, which all
used variations of an Atlantis model. No matter how
the OM is selected, one of the most important fea-
tures to remember moving forward when using com-
plex marine ecosystem models for EBFM is evaluating
the model performance. Fortunately, the research
community is gradually developing methods to pro-
gress the development and evaluation of ecosystem
models, such as diagnostics indicators (Link 2010a),
quality control standards (Kaplan and Marshall 2016),
sensitivity analysis (Christensen and Walters 2004;
Morzaria-Luna et al. 2018; Bracis et al. 2020), skill
assessments (Olsen et al. 2016), and best practices
guidelines (Heymans et al. 2016; Pethybridge
et al. 2019).

The analysis of MSE simulation structures within
the developed inventory focused on the presence,
absence and/or approximation of the monitoring and
assessment sub-models, and many of the applications
incorporated at least one if not both of these sub-
models—satisfying best practice recommendations
(e.g., Punt et al. 2016a). The handling of the monitor-
ing and assessment sub-models ranged from simple
approximations (e.g., STECF 2015; Mackinson et al.
2018) to explicit monitoring models (e.g., Hagen et al.
1998; Fulton et al. 2014) or full assessment models
(e.g., Howell and Bogstad 2010; Fulton et al. 2016;
Dichmont et al. 2017). The modeling tools currently
available (e.g., Atlantis, EwE, OSMOSE, etc.) are flex-
ible in how users can setup simulations, but this var-
iety in MSE simulation structure also stems from the
fact that many of these modeling tools are open-
source programs developed in such a way to allow
users to edit and adapt the code for particular situa-
tions. The inventory showcases examples of users
building and implementing their own MSE modules
(e.g., Gr€uss et al. 2016b). Future applications will need
to weight the tradeoffs between developing simula-
tions for MSE with modeling tools that roughly reflect
the management procedures or investing resources
into programming the modeling tools to reflect the
desired amount of accuracy. This should be consid-
ered for all components of the MSE simulation struc-
ture, including the decision rule, implementation of
the management decision, and MP frequency (i.e.,
how often the fisheries management is updated). For
example, many of the applications in the inventory
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utilized broken-stick HCRs based on spawning stock
biomass, but decision rules can take on a variety of
forms. It is possible to program modeling tools to
consider different forms for the decision rule, which is
showcased in the inventory by Bustamante et al.
(2011) and Dichmont et al. (2013) who used an indi-
cator relating to the effects of trawling to make deci-
sions with respect to area closures. Additionally,
although MP frequency was difficult to discern across
the inventory, it appears that applications generally
assumed it to be annual—which is the assumption in
many of the modeling tools. Gr€uss et al. (2016b) was
one of the only applications identified herein to
explore the impacts of altering MP frequency.
Although Gr€uss et al. (2016b) found that changes in
MP frequency had little impact on the performance
metrics, such an analysis is valuable as stock assess-
ment frequency can have important implications on
resource management.

Future applications must consider how to handle
each of the key components of the MSE simulation pro-
cess as it directly influences the exploration of uncer-
tainty and error. For instance, if an application aims for
a general exploration then a simple MSE structure (e.g.,
truthþmodel-free) may be sufficient, but if an applica-
tion aims to align with current best-practice analytical
stock assessment methods where estimation of errors
and uncertainties are key features, then the MSE simula-
tion must be structured to include those errors and
uncertainties. The one category of error that should not
be overlooked by future MSE simulation with complex
OMs is model error (i.e., error in model structure and/
or parameterization) as it addresses concerns regarding
model uncertainty. All of the applications within the
developed inventory handled/discussed uncertainty and
error, but model error was one of the least explored
uncertainty and error categories—especially amongst
more complex models. The best way forward to address
this is to conduct MSE simulations on a set of OMs that
cover a range of resource dynamics (i.e., robustness tests;
Rademeyer et al. 2007). This could be accomplished
with multiple versions of an OM of the same model-
type, which was observed in the inventory (e.g., Punt
et al. 2016b), or with multiple versions of an OM of
various model-types. The latter is not observed in this
inventory, but there are such applications which lack a
harvest feedback mechanism (e.g., Smith et al. 2015b).

6. Conclusion

When a stock is anticipated to have significant
responses to the ecosystem (e.g., biological

interactions), candidate management strategies should
be contrasted with MSE simulations that include these
responses (Skern-Mauritzen et al. 2016). This review
comes at a rise in exploration of ecosystem-based
MSE. The number of applications identified herein
are sparse up until the 2000s, but over the last few
years the number of applications has suddenly
increased. Although not considered in this review,
extended single-species models offer a means to
immediately integrate ecological considerations into
MSE applications and tactical advice (Plag�anyi et al.
2007; Gr€uss et al. 2017; O’Farrell et al. 2017; Punt
et al. 2020). The integration of ecosystem models into
MSE for informing fisheries management should not
eliminate but rather complement the use of single-
species models (Trites et al. 1999; Espinoza-Tenorio
et al. 2012). The inventory compiled herein showcases
applications that are part of a full MSE to inform fish-
eries management (e.g., Fulton et al. 2007; Deroba
et al. 2019). For regions with established, peer-
reviewed ecosystem models, MSE is a means to allow
ecosystem models to support fisheries management
(Gr€uss et al. 2017). For areas with multiple ecosystem
models, MSE simulations for robustness tests could be
accomplished. Ultimately, ecosystem-based MSE
should consider several OMs of intermediate complex-
ity to fully address model uncertainty (Sainsbury et al.
2000). In addition to the utilization of ecosystem
models as OMs, ecosystem considerations can be inte-
grated into MSE through any of the other compo-
nents—the monitoring model, the assessment model,
and the decision rule (Kaplan et al., in review).

The applications identified herein showcase that,
across a variety of modeled marine ecosystems and
OM-types, biological interactions can have an influ-
ence on the outcomes of strategies explored through
simulated MSE. This study focused predominantly on
the general structure and motivation of the MSE sim-
ulations, but even more can be gained from the inven-
tory developed herein (e.g., if/how simulations
reflected those considered by management, the per-
formance metrics presented and discussed).
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