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Fisheries are complex systems. Food web models are increasingly being used to
study the ecological consequences of fisheries policies and environmental
change on such systems around the world. Nonetheless, these consequences
extend well into the social, economic, cultural, and political domains of such
systems. The main goal of this contribution is to characterize how food web
models are being used to study the socioeconomic consequences of
management actions and environmental change. We conducted a systematic
literature review covering research published between January 2010 and July
2023. Only 47 papers (out of an initial pool of 506 publications) met our research
criteria. Based on this, it is evident that the body of literature has been increasing
slowly and at a constant rate — a condition not shared with other emerging
research fields. Modeled systems were mostly marine (87%), covering the waters
of 38 countries across 19 Large Marine Ecosystems; albeit mostly in the Global
North. The ecological components of the reviewed models (e.g., functional
groups) were represented at a much finer scale than their socioeconomic
counterparts. Most models were developed using Ecopath with Ecosim (68%)
or Atlantis (21%) modeling software suites. Four key research foci were identified
across the selected literature. These shaped the methodological approaches
followed, as well as the models’ capabilities, the simulation drivers, the way food
webs were integrated with bioeconomic models, and the performance metrics
they used and reported. Nonetheless, less than half captured social concerns,
only one-third addressed trade-offs among management objectives, and only a
handful explicitly addressed uncertainty. The implications of these findings are
discussed in detail with respect to resource managers needs for ecosystem-
based fisheries management and ecosystem-based management. Our collective
understanding of the interlinkages between the biophysical and socioeconomic

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fmars.2024.1489984/full
https://www.frontiersin.org/articles/10.3389/fmars.2024.1489984/full
https://www.frontiersin.org/articles/10.3389/fmars.2024.1489984/full
https://www.frontiersin.org/articles/10.3389/fmars.2024.1489984/full
https://www.frontiersin.org/articles/10.3389/fmars.2024.1489984/full
https://www.frontiersin.org/articles/10.3389/fmars.2024.1489984/full
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fmars.2024.1489984&domain=pdf&date_stamp=2024-12-20
mailto:diya.chakravorty@niva.no
https://doi.org/10.3389/fmars.2024.1489984
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/marine-science#editorial-board
https://www.frontiersin.org/marine-science#editorial-board
https://doi.org/10.3389/fmars.2024.1489984
https://www.frontiersin.org/journals/marine-science

Chakravorty et al.

10.3389/fmars.2024.1489984

components of aquatic systems is still limited. We hope this review is seen as a
call for action and that the food web modeling community rises to the challenge
of embracing interdisciplinarity to bridge existing knowledge silos and improve
our ability to model aquatic systems across all their domains and components.

KEYWORDS

food web models, fisheries bioeconomic models, integrated ecological-economic
fisheries models, comparative model evaluation, trade-off analyses, model uncertainty

Introduction

Fisheries are complex systems that extend beyond fish
populations and those who harvest them. Whether situated in
freshwater habitats or the deep sea, fisheries function as intricate
networks tied to aquatic ecosystems, global economies, and the
societies in which they are situated (Garcia and Charles, 2008).
Natural resource sustainability and economic viability is often the
overall objective when managing fisheries. This begins from a
human-based communication process involving various
stakeholders, such as communities reliant on fishing-related
livelihoods, scientists studying the human impact on marine
ecosystems, and regulatory bodies responsible for sustainable
management (Dybas, 2002; Armada et al., 2018; Bentley et al., 2019b).

Incorporating the social and economic components of fisheries
is key for developing management strategies and fostering informed
policy decisions (Costello et al., 2016; Stephenson et al.,, 2017;
Bennett et al., 2021; Ouréns et al., 2022). Thus, explicitly
addressing ecological, economic, and social trade-offs is necessary
when drafting fisheries regulations, or when assessing their
performance. This need is based on the interconnectedness of
humans and the environment. On one hand, the fisheries sector
is the main source of income for approximately 8% of the global
population (Cheung and Sumaila, 2015). Seafood consumption is
projected to increase to 182 million tons by 2030 (FAO, 2022).
Hence, the increased pressure over these renewable resources and
their effects on people’s livelihoods must be properly accounted for
policies to be successful at protecting nature, the economy and
global food security. On the other hand, fishers respond to
economic and behavioral drivers (Russo et al., 2015; Wang et al,,
2024). These, however, are dependent on how target stocks: (i)
respond to harvesting, or (ii) are influenced by external drivers,
such as environmental change or economic shocks, or (iii) react to
altered food webs (Heymans et al., 2011; Kaplan and Leonard, 2012;
Blenckner et al., 2015; Hodgson et al., 2018; Weijerman et al., 2018;
Agnetta et al., 2022; Dowd et al., 2022).

The adoption of a systems, or holistic, approach to managing
fisheries is now part of global legislation (Ramirez-Monsalve et al.,
2016; Marshall et al., 2018; Haugen et al., 2024). Yet, the breadth of
the system differs. In some cases, it is composed of a single target
stock and its immediate environment (i.e., ecosystem approach to
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fisheries, EAF), while others include additional elements, such as
multiple target stocks, trophic dynamics, species interactions (i.e.,
ecosystem-based fisheries management, EBFM), and others even
include additional human activities affecting and being affected by
fisheries (i.e., ecosystem-based management, EBM) (Patrick and
Link, 2015). However, all frameworks recognize the need to
comprehensively include socio-economic factors to inform
decision-making processes (Stephenson et al., 2017; Marshall
et al,, 2018; Craig and Link, 2023).

Food web models are key tools for assessing the consequences of
environmental and policy changes on fisheries systems (Craig and
Link, 2023). They are representations of the complex network of
feeding relationships and energy flows among species in an ecological
community (Pimm et al, 1991; Plaganyi, 2007). Models can be
further categorized depending on the level of complexity that is
explicitly addressed. End-to-end models aim to simulate the entire
ecosystem, from primary producers to top predators, to provide
comprehensive insights into ecosystem dynamics and the effects of
fisheries management scenarios. These include Ecopath with Ecosim
(EwE) (Christensen and Walters, 2004), Atlantis (Fulton et al., 2011;
Audzijonyte et al,, 2019), Object-oriented Simulator of Marine
ecOSystem Exploitation (OSMOSE), Integrated Generic Bay
Ecosystem Model (IGBEM), Dynamic Multi-Species Models or
Minimum Realistic Models (Plaganyi, 2007). Simple trophic
models, on the other hand, focus on specific segments of the food
web, analyzing only a few predator-prey relationships or trophic
levels of interest - such as Models of Intermediate Complexity for
Ecosystem assessments (MICE) (Thorson et al., 2019).

Food web models, however, are seldom applied to address
environmental, ecological, and socio-economic issues together
(Memmott, 2009; Wang et al., 2016; Bossier et al., 2018; Heijboer
et al., 2018; Nielsen et al., 2018; Bauer et al., 2019). The literature
using EwE, for example, the most widely used food web model in
fisheries research (Plaganyi, 2007; Bentley et al, 2024), has
primarily addressed concerns regarding how ecosystems are
affected by fisheries and vice versa. This has been done by
simulating changes in fisheries policy and environmental drivers
(e.g., sea surface temperature) and estimating their effects on target
stocks, their predators, their prey, and the broader ecological
community (Colléter et al., 2015; Keramidas et al., 2023). For
example, these models have been successful at predicting: the
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consequences of harvesting prey on predators and non-target
groups (Scotti et al., 2022), climate change impacts on fish
biomass and energy transfer across the food web (Hodgson et al.,
2018; Bauer et al,, 2019; Agnetta et al, 2022), and the effects of
implementing Marine Protected Areas (MPAs) on protected species
(Ramirez et al., 2015). While these models conceptualize fisheries as
agents of removal and sources of fishing mortality, a notable gap
exists in the literature, with limited exploration into the
implications of fisheries on human systems, such as how
environmental changes may impact fleet revenue or a nation’s
Gross Domestic Product (GDP). Moreover, as models are
developed to address a particular question, their representation of
the human subsystem is sometimes oversimplified (e.g., using a
single fishing fleet as the source of fishing mortality in areas known
to have multiple fisheries fleets operating simultaneously; Ramirez
et al., 2015). While these models might be addressing important
ecological questions, their usefulness for operationalizing EAF,
EBFM and EBM require paying even more attention to the
interplay between the biophysical and human components of
these systems (Stephenson et al., 2017; Fulton, 2021; Craig and
Link, 2023; Haugen et al., 2024).

The use of food web models to provide tactical advice for fisheries
policy requires broadening the scope of research and how this is
communicated to decision-makers and fisheries sector stakeholders
(Fulton, 2021; Craig and Link, 2023). The end-users of the models are
quite diverse and include government officials, fishers and their direct
representatives, local businesses, seafood processors, distributors,
wholesalers, and retailers, coastal communities, and seafood
consumers — all key stakeholders whose choices and wellbeing are
directly influenced by the information provided by ecological models
(Schwermer et al., 2020). However, these stakeholders seek insights
into the broader consequences of environmental change or fisheries
policies on employment, salaries, fish prices, food security, availability
of culturally significant resources, broader economic considerations,
and gender issues. Addressing these objectives require adopting a
language that resonates with their concerns and ensuring a close
collaboration between policymakers and scientists (Stephenson et al.,
2017; Galland et al., 2018; Craig and Link, 2023; Haugen et al., 2024).

This systematic review focuses on characterizing how food web
models are being used to address the social and economic
consequences of fisheries policies and environmental change. We
first focus on characterizing the development of the field over time.
Next, we focus on the questions addressed by the research and the
methodological approaches undertaken by modelers. Finally, we
discuss our findings within the broader literature, using examples
from the reviewed literature to highlight interesting and novel
approaches, while also drawing attention to topic areas that need
greater consideration in future research.

Methods

The current review followed the PRISMA (Preferred Reporting
Items for Systematic Reviews and Meta-Analyses) methodology (Moher
etal,, 2015). First, we developed a comprehensive research plan to set the
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boundaries of the analysis. Then we developed a multi-layer search string
(Table 1) that was used on both Scopus (www.scopus.com) and Web of
Science (www.webofknowledge.com) databases. A preliminary
search of these databases resulted in very few papers meeting our
criteria before the year 2011. Thus, we decided to focus only on
peer-reviewed literature published since 2010. The search strategy
(i.e., Scopus, Web of Science, and personal archive) resulted in 506
articles after duplicates were removed.

Next, we proceeded to exclude articles based on the information
included in their abstracts. The abstract screening process was
implemented using the web-based systematic review platform
HubMeta (Steel et al, 2023). All abstracts were screened by at
least two researchers. A total of 406 publications were excluded in
this stage (Figure 1). The main reasons for the exclusion of articles
were that they: (i) did not use socio-economic drivers (model
inputs) or indicators (model outputs) (44%), (ii) were not using
food web models (19%), or (iii) were not primary sources of
information (e.g., literature reviews, book chapters, synthesis
reports) (5%). However, almost one third of the excluded articles
were false positives (i.e., abstracts using keywords that matched our
search string but whose content was not relevant for our research).
As some abstracts were not informative, a second level of screening
was required. This screening focused on the papers’ methods and

TABLE 1 Search string by category.

Category Search String

“marine” OR “freshwater” OR “brackish” OR
“sea*™” OR “ocean*” OR “coast*” OR “estuar*”
OR “delta” OR “river*” OR “lagoon*” OR “lake*”
OR “pond*” OR “reef*” OR “upwelling” OR
“arctic” OR “polar” OR “tropic*” OR “shelf” OR
“shelves” AND

Realm

“ecosystem model*” OR “ecological model*” OR
“food web model*” OR “food-web model*” OR
“fisheries model*” OR “multi-species model*” OR
“integrated ecological-economic model*” OR
“integrated ecological economic model*” OR
Model type “inte«srated ecological-fconomic ﬁs.heries x.nodel*”

OR “integrated ecological economic fisheries
model*” OR “integrated ecological-economic
fishery model*” OR “ecopath” OR “ecosim” OR
“ecospace” OR “ewe” OR “atlantis” OR “osmose”
OR “Rpath” OR “integrated ecological economic
fishery model*” AND

“fisher*” OR “fishing*” OR “fisheries

management” OR “ecosystem approach to

fisheries” OR “ecosystem based fisheries
Ecosystem and fisheries management” OR “ecosystem-based fisheries
management” OR “ecosystem based
management” OR “ecosystem-based

management” AND
o

“polic*” or “management*” or “simulat*” or

Application type “optimization” or “optimisation” or “scenario*”

or “strateg*” AND

-

« « o« o
econom*” or “value*” or “revenue*” or
“income*” or “profit*” or “cost*” or “CPUE” or

Socioeconomic indicators “catch per unit effort” or “catch-per-unit-effort”

e

or “soci*” or “wellbeing” or “well-being” or

“job*” or “employment” or “subsid*”
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Flow diagram of the methodology and paper selection process based on the Preferred Reporting Items for Systematic Reviews (PRISMA)

methodology (Moher et al., 2015).

results sections. After which only 47 publications were selected for
data extraction and analysis (Figure 1).

Data was systematically extracted from each paper covering a
series of standardized variables. These included general information
about the articles (e.g., the year of publication, the research
questions it addressed), the study area (e.g., the countries whose
waters were included under the modeled area, the ecosystem type),
the model (e.g., the modeling framework being used, the number of
functional groups, the number of fishing fleets, the type of model
integration procedures), the methodological approach used (e.g., if
the study was simulation-based: what were the drivers used? If they
were policy driven, was this achieved through input controls? Were
fleet-dynamics explicitly addressed by the models? How did they
measure the performance of the simulation outputs)?, and whether
trade-offs and uncertainty were explicitly addressed and how. This
information was the basis for assessing how food web models were
being used to address the social and economic consequences of
fisheries policies and environmental change. Variable descriptions
and the resulting database are available for download
(Supplementary Tables 1, 2).
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Results

Field development

This field of study is relatively new with 47 peer-reviewed
papers published between January 2010 and July 2023 matching
our search criteria. While the literature has increased over time
(Figure 2), the publishing rate has not (on average 3.4 papers yr™).
The research has mostly focused on modeling marine systems
(87%), covering 38 countries across 19 Large Marine Ecosystems
(LMEs) (Figure 3). However, these efforts are unevenly distributed.
Most studies modeled LMEs found in North America (35%; mainly
in the California Current, the Northeast US Continental Shelf and
the Gulf of California), Europe (30%; mainly in the Baltic and
Mediterranean seas) and Asia (15%; mainly in the South China
and Sulu-Celebes seas). Brackish systems, like the Pearl River
estuary in China (n=3), and freshwater systems, like Lake Erie
shared by Canada and USA (n=2) and Lake Victoria shared by
Kenya, Tanzania, and Uganda (n=1), have also been studied

in detail.
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FIGURE 2

Cumulative frequency of publications evaluating the socioeconomic consequences of change on aquatic ecosystems using food web models across

the studied period.

Food web model characteristics

Most publications (89%) used end-to-end models covering the
entire food web, primarily developed using the EWE modeling software
suite (Christensen and Walters, 2004) (n=30) or the Atlantis modeling
framework (Audzijonyte et al, 2019) (n=8) or compared both
modeling approaches (n=2). Alternative end-to-end models were also
used in two studies (Jin et al., 2012; Koehn et al., 2017). Other types of
food web models included MICE and multi-species bioeconomic

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023

models accounting for predator-prey interactions and their
consequences (Wiedenmann et al., 2016; Voss et al., 2022).

Models provided a fine representation of the functional groups (i.e.,
species or groups of species) interacting in the food webs (Figure 4). On
average, they included 35 + 6 functional groups. Yet, their
characterization of the fleets or métiers operating in the modeled
systems had a much lower resolution. On average, models described 9
+ 2 fishing fleets. However, in 13% of the reviewed studies fisheries
were lumped together into a single source of fishing mortality (e.g.,

No. of publications

cowtries 10
1 14
wees NN
1 7
o L
= ==

FIGURE 3

Spatial distribution of studies featuring marine fisheries systems. The map highlights the countries whose waters were modelled, as well as the Large

Marine Ecosystems (LMEs) these belong to.
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FIGURE 4
Functional groups and fishing fleets used by the reviewed models.

Blenckner et al., 2015; Dowd et al.,, 2022). There were no statistically
significant correlations between the year of publication and the number
of functional groups, or fishing fleets, included in the models.

Research foci

Across the reviewed literature, five key research questions were
addressed, with some articles covering more than one. Since these
questions shaped the methodological approaches followed, we
framed this overview around them. The food web models’
capabilities, simulation drivers, integration with bioeconomic
models, and performance metrics discussed in the following
sections are summarized in Figure 5.

Understanding the consequences of
implementing fisheries policies

Most researchers sought to quantify the ecological and socio-
economic consequences of implementing fisheries policies (n=29;
62%). These papers generally involved models capturing temporal
(n=20), or spatial and temporal food web dynamics (n=9), driven by
input controls (Bellido et al., 2020) such as: (i) direct effort reductions
(i.e., introducing restrictions on fishing methods over time; e.g.,
Forrest et al., 2015; Armada et al, 2018; Celic et al., 2018; Fay
et al, 2019; Natugonza et al, 2020; Alms et al., 2022), (ii) the
implementation of no-take zones or MPAs (e.g., Ainsworth et al,
2012; Kaplan et al., 2012; Kaplan and Leonard, 2012; Dichmont et al.,
2013; Morzaria-Luna et al, 2013; Ramirez et al., 2015), or (iii)
seasonal fishing effort restrictions (Ainsworth et al., 2012). In some
cases, effort reductions resulted from broader economic (e.g., limiting
subsidies, Heymans et al., 2011) or health policies (e.g., COVID-19
related restrictions; Coll et al., 2021), rather than fisheries policies.
Most models (n=19) used capabilities already integrated in their
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modeling frameworks to estimate economic indicators. These were
associated with fishing fleet performance (e.g., fleet revenue or profit).
In other cases, the models were linked (unidirectional flow of
information; n=7) to: (a) input-output (I-O) models (Kaplan and
Leonard, 2012; Fay et al, 2019) or (b) social accounting matrices
(SAM; Wang et al., 2015, 2016, 2020), to assess the broader socio-
economic consequences of fisheries policies, or (c) bioeconomic
models used for cost-benefit analysis (e.g., starting a mesopelagic
fishery off California; Dowd et al., 2022). Finally, some food web
models were coupled (allowing for feedback loops; n=3) to
bioeconomic models. These were used: (i) in an equilibrium
analysis evaluating the fleet and fishery system’s socio-economic
consequences of fishing tuna at Maximum Sustainable Yield (MSY)
in the South China Sea (Christensen et al., 2011); (ii) to evaluate the
effects of spatial closures in the Gulf of Carpentaria (Dichmont et al.,
2013); and (iii) to assess the consequences of single species
management actions on fleet effort dynamics in Lake Erie (Lee
et al., 2021).

Understanding the consequences of
environmental change

A portion of the literature (n=4, 9%) sought to quantify the
ecological effects and socio-economic consequences of environmental
change. These covered topics such as ocean acidification in the
California Current LME (Hodgson et al,, 2018), changes in the
extent of eelgrass beds in Puget Sound (Plummer et al, 2013),
species invasions in Lake Erie (Apriesnig et al., 2022), or changes
in predator/prey biomass driven by fish escaping from aquaculture
installations in the Mediterranean Sea (Izquierdo-Gomez et al., 2016).
These works also used models capturing temporal (n=3) or spatial
and temporal food web dynamics (n=1) and relied on integrated
modeling capabilities (n=2), linked bioeconomic models (n=1), and
coupled bioeconomic models (n=1) to provide socio-economic
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Relative importance of selected descriptors used to classify model capabilities across publications addressing the socioeconomic consequences of

fisheries policies and environmental change

indicators for fishing fleets. These indicators were mostly related to
fleet revenue or profitability, with two studies quantifying fishers’
compensations and employment (Hodgson et al., 2018; Apriesnig
et al., 2022).

Understanding the consequences of
implementing fisheries policies under
different climate change scenarios

Several studies (n=10; 21%) investigated the impacts of climate
change alongside alternative fisheries management scenarios. These
studies were prominent in the Baltic Sea (Blenckner et al., 2015;
Bossier et al., 2018; Bauer et al., 2019; Tunca et al., 2019; Hyytiainen
et al, 2021; Uusitalo et al., 2022), the Hawaiian archipelago
(Weijerman et al., 2018, 2021) and the Mediterranean Sea
(Agnetta et al., 2022). Most of these works used models capturing
temporal food web dynamics (n=6), while the rest used spatio-
temporally explicit food web models (n=4). Simulations were driven
by input controls together with progressive changes in abiotic
factors (e.g., water temperature, dissolved oxygen, salinity) or
primary production. Two studies modeled the effect of
environmental change based on explicit alternative societal
development strategies by adjusting the nutrient load (Bossier
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et al,, 2018; Hyytiainen et al., 2021). Most of these papers (n=6)
followed best practices, as recommended by the Fisheries and
Marine Ecosystem Model Intercomparison Project (Fish-MIP;
Tittensor et al., 2021), and directly used the outputs of earth
system models to drive simulations and standardize climate
change scenarios with Representative Concentration Pathways
(e.g., Bauer et al, 2019; Hyytiainen et al., 2021; Agnetta et al,
2022; Uusitalo et al., 2022). This approach enabled projection and
propagation of bottom-up ecosystem changes rather than focusing
solely on specific environmental drivers. Economic indicators were
provided using integrated capabilities of food web modeling
platforms (n=6) or by linking to bioeconomic models (n=4), with
indicators mainly related to fisheries revenue or profit.

Socio-economic characterizations of
fisheries systems

A fourth body of papers (n=4; 9%) sought to characterize the
fisheries system in socio-economic terms by using the outputs of
static food web models as inputs for linked or coupled bioeconomic
models. This approach allowed users to estimate: (i) the profit per
gear and per fisher, and the total number of fishers operating in
Tanzania’s Chwaka Bay (Rehren et al., 2018), (ii) the direct, indirect
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and induced employment and income effects of alternative oyster
farming scenarios in Narragansett Bay (USA; Byron et al., 2015) or of
the whole New England (USA) coastal economy under alternative
environmental scenarios (Jin et al., 2012), and (iii) the direct and
downstream socio-economic contributions of fisheries along seafood
value chains in Peru (Christensen et al., 2014) and Baia Fomosa
(Northeastern Brazil; Bevilacqua et al., 2019). In the last two cases,
value chain modeling highlighted differences in employment and
income multipliers across fishing fleets and functional groups.
Moreover, sex segregated data in the Peruvian case study allowed
users to emphasize where men and women were employed along the
chain and how different their incomes were (Christensen et al., 2014),
while the modeling work in the Brazilian case study highlighted the
value of subsistence fishing (Bevilacqua et al., 2019).

Searching for policies
through optimizations

A subset of papers on fisheries policies issues (n=9) and on
fisheries policies under climate change (n=4), also sought to identify
fisheries policies that maximize a utility function using optimization
routines. The utility function could be based on a single or multiple
management objectives, being optimized independently or
simultaneously, by modifying fishing effort levels. These papers
addressed how fleet profitability varies when fishing effort is
optimized to maximize system level profits versus ecological stability
(Heymans et al.,, 2011; Wang et al,, 2012; Viet Anh et al., 2014; Bossier
et al,, 2018; Bauer et al., 2019; Hyytiainen et al., 2021; Alms et al., 2022).

All optimization studies had economic objectives, such as
maximizing the long-term system profits, expressed through the
net present value (NPV) of the fishery (n=12), or maximizing the
likelihood of sustaining profits above the multi-species maximum
economic yield (MEY) (Voss et al., 2022). The second most common
objectives were ecological, such as maximizing: (i) ecosystem
maturity, expressed via the longevity-weighted biomass of the
system (n=9), (ii) biodiversity, expressed through a modified
version of Kempton’s Q index (n=4), or (iii) stock rebuilding,
expressed through the likelihood of functional group biomasses
remaining above pre-established thresholds (n=2) (Alms et al,
2022; Voss et al, 2022). Additionally, studies sought to maximize
employment across fishing fleets (i.e., a social objective; n=5) and one
study maximized a fishery objective, expressed through the likelihood
of keeping yields above a multi-species MSY (Voss et al., 2022).

These papers required fleets’ cost-income structures as inputs
for the optimizations and an understanding of how changes in
fishing effort affected fisheries employment. Yet, their outputs also
provided alternative estimates of fleet and system level revenue
and profits.

Food-web-based bioeconomic
model structure

Most researchers (n=23, 49%) used existing bioeconomic
modeling capabilities within core modules of the food web
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models to produce various indicators. These ranged from
estimating the economic consequences of fisheries management
actions (Ainsworth et al., 2012; Celic et al., 2018) to constructing
physical and monetary accounts for Israeli fisheries in the
Mediterranean (Michael-Bitton et al., 2022).

Other researchers developed custom food web models that
integrated economic capabilities (n=5, 11%). For example, Tunca
etal. (2019) developed a food-web-based bioeconomic model to test
whether cooperative fisheries could better mitigate climate change
impacts than non-cooperative ones in the Baltic Sea, while Koehn
et al. (2017) and Sanchirico and Essington (2021) developed food-
web-based bioeconomic models to assess the trade-offs of managing
forage fisheries off California under an ecosystem-based approach.

The remaining researchers incorporated food web models in bio-
economic modeling chains (i.e., ensemble modeling; n=19, 40%). In
these cases, the core capabilities were extended by linking (n=13, 28%)
or coupling (n=6, 13%) them with existing bioeconomic models. In
some cases (n=>5, 11%), the bioeconomic model was developed for the
study. For example, Weijerman et al. (2016) linked the outputs of an
Atlantis model of Guam’s coral reefs with two qualitative behavioral
models for fishers and divers that incorporated economic parameters
(e.g., fuel costs) to test eight different scenarios combining the effects of
MPAs, fisheries management actions and land-based sources of
pollution across various ecological and fisheries indicators. While
Dichmont et al. (2013) coupled an Ecospace model of the Gulf of
Carpentaria with a fisheries’ behavioral model to assess how different
management strategies would affect the fleets’ effort dynamics and
their ecological and economic performance. Yet, most bioeconomic
modeling chains used models which had already been published
(Table 2). For example, four publications linked food web model
outputs with IMPLAN, an I-O model for the US economy (Kaplan
and Leonard, 2012; Byron et al., 2015; Hodgson et al., 2018; Fay et al.,
2019), while others (n=3, 6%) linked EwE outputs with SAMs for the
Pear] River Delta (Wang et al, 2015, 2016, 2020), extending the
capabilities of I-O models in the provision of socio-economic
indicators, or used EwE’s value chain plug-in (n=3, 6%) to estimate
socio-economic indicators as seafood flowed from the sea to the
dinner plate (Christensen et al., 2011, 2014; Bevilacqua et al., 2019).

Performance metrics and trade-
off analyses

All reviewed papers used various performance metrics or
indicators to express model outcomes, classified into four
domains: (1) ecological: used to highlight characteristics of the
food webs or of functional groups not targeted by fisheries, (2)
economic: used to express the economic and financial performance
of the system, (3) fisheries: used to characterize fisheries
performance in non-economic terms, and (4) social: used to
express the systems’ contributions to employment and peoples
livelihoods (Table 3). Indicators for the fisheries and economic
domains were most prevalent, appearing in 94% and 91% of the
selected papers, respectively. Ecological indicators were represented
in 74% of the literature, while social indicators featured in only 40%
of the papers.
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TABLE 2 Externally integrated bioeconomic model types.

Model type

Input-Output (I-O)

Social Accounting
Matrix (SAM)

Description

Quantitative economic model based on the flow of goods and
services between various sectors and industries of economies,
based on statistical information (Proops and Safonov, 2004).

Detailed, all-encompassing database that captures every
transaction between economic entities within a specific economy
over a certain period. It builds upon the traditional Input-Output
model by incorporating the entire income flow within an economy
(Mainar-Causapé et al., 2018).

10.3389/fmars.2024.1489984

Examples of application

An Atlantis model was linked with and I-O model to assess the
socio-economic consequences (measured through employment,
revenue and income multipliers by fleet and port) of ocean
acidification in six coastal regions of the USA’s western coast
(Hodgson et al., 2018).

An EwE model was linked to a SAM to characterize the socio-
economic consequences (measured through economic, ecological,
social, and societal profits) of alternative fisheries policies in the
Pearl River Delta (Wang et al., 2015).

Computable General
Equilibrium (CGE)

Numerical tools that integrate economic theories with actual data
to assess the outcomes of policy changes or economic shocks.
They use economic information to populate a series of equations
reflecting the economy’s structure and the behavioral responses of
various agents, such as households, businesses, and government
(Lofgren et al., 2002).

An EwE model was coupled with a CGE model to assess the socio-
economic consequences (measured through household
consumption of goods and household income) of a potential Asian
Carp invasion in Lake Erie (Apriesnig et al,, 2022).

FISHRENT

Integrative bioeconomic model specifically designed for fishery
purposes. It describes the spatio-temporal interplay of fleet
segments and fish stocks accounting for economic conditions and
management regulations (Simons et al., 2014).

An Atlantis model of the Baltic Sea was linked to FISHRENT to
assess the economic consequences (measured through the net
present value of the fishery) of fisheries policies under different
climate change scenarios (Bossier et al., 2018).

EwE value chain

Tracks the flow of fishery products from the ocean to the
consumer, including revenue and costs. It assesses employment,
income distribution and other social aspects of fisheries
(Christensen et al., 2011).

An EwE model was coupled with EwE’s value chain plug-in to
characterize the socio-economic performance of the fleets and
functional groups across the seafood supply chain of Baia Fomosa
(Bevilacqua et al., 2019).

TABLE 3

Indicator domains

Ecology

Economy

Indicator themes Examples

Food web (network)

Indicators’ domains, themes, and selected examples used to assess the performance of aquatic systems.

Finn’s cycling index (Wang et al., 2016)

Gross efficiency (Viet Anh et al., 2014)

Food web (structure)

Ecosystem maturity (Alms et al., 2022)

Mean trophic level of the biomass (Fay et al., 2019)
Pelagic: Demersal ratio (Forrest et al., 2015).

Food web (vulnerability)

Number of species at risk (Dichmont et al., 2013)

Habitat quality

Coral cover (Weijerman et al., 2018)

Days with cyanobacterial blooms (Hyytidinen et al., 2021)
Habitat integrity (Kaplan et al., 2012)

Non-target group (abundance)
Non-target group (density)
Non-target group (distribution)

Non-target group (removals)

Biomass of non-target groups (Lee et al., 2021)
Density of non-target groups (Dichmont et al., 2013)
Spatial distribution of functional groups (Bossier et al., 2018)

Bycatch of non-target groups (Celic et al., 2018)

Non-target group (stability)

Coefficient of variation (CV) of the biomass of non-target groups (Wiedenmann et al., 2016)

Non-target group (structure)

Average fish weight (Ainsworth et al., 2012)

Size distribution of sharks (Weijerman et al., 2016)

System diversity

Kempton’s Q index (Wang et al., 2012)

Species richness (Bauer et al., 2019)

Costs

Operational costs of fishing per fleet (Izquierdo-Gomez et al., 2016)

Indirect costs (Dowd et al., 2022)

Income effects

GDP contribution per fleet (Christensen et al., 2014)

Value added (Byron et al., 2015)
Total economic output (Wang et al., 2020)

Prices

Marginal change in ex-vessel prices (Koehn et al., 2017)
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TABLE 3 Continued

Indicator domains Indicator themes
Profit (magnitude)

Profit (stability)

10.3389/fmars.2024.1489984

Examples
Fisheries profits (Rehren et al., 2018)

CV of profits (Wiedenmann et al., 2016)

Resource rent

Revenue

Total resource rent (Michael-Bitton et al., 2022)

Fisheries revenue (Natugonza et al., 2020)

Revenue per unit of effort (Coll et al., 2021)

Fisheries Fishing effort (distribution) Available fishing area (Dichmont et al., 2013)
Fishing effort (magnitude) Fleet segregated fishing effort (Heymans et al., 2011)
Fleet size (Bacalso et al., 2016)
Fishing effort (stability) CV of fishing effort (Wiedenmann et al.,, 2016)
Removals (magnitude) Commercial catch (Ainsworth et al., 2012)
Removals (stability) CV of commercial catch (Weijerman et al.,, 2021)
Target stock (abundance) Biomass of functional groups targeted by fisheries (Agnetta et al., 2022)
Target stock (status) Proportion of overfished groups (Fay et al., 2019)
Biomass/Biomass that would produce the maximum sustainable yield (Uusitalo et al., 2022)
Target stock (structure) Age-structure of target species (Bossier et al., 2018)
Social Compensations Average salaries by enterprise type and sector (Bevilacqua et al,, 2019)

Consumer welfare
Costs

Employment

Difference between market prices and willingness to pay for a fish (Blenckner et al., 2015)
Social costs (Wang et al., 2015)

Number of jobs per fleet and port (Hodgson et al., 2018)

Employment effects
Household consumption
Satisfaction

Subsistence

Ecological indicators belonged to eleven themes, primarily
expressing information regarding non-target group abundance (74%;
e.g., biomass of non-target groups or protected species), food web
structure (49%; e.g., mean trophic level of the catch, average longevity,
pelagic-demersal ratios), system diversity (40%; e.g., Kempton’s Q90
index, species richness, evenness), habitat quality (23%; e.g., coral cover,
reef condition), food web network processes (20%; e.g., system
throughput, gross efficiency, Finn’s cycling index) and non-target
group removals (11%; e.g., bycatch). Economic indicators belonged
to seven themes. The most common being: fleet or system level revenue
(53%), fleet or system level profits (51%), income effects (28%; e.g.,
income multipliers by fleet or functional group, total economic output
of the system) and costs (23%; e.g., fishing costs segregated by fleet or
functional group). Indicators for the fisheries domain could be grouped
into eight themes, mostly describing removals (86%; e.g., commercial
catch), target stock abundance (72%; e.g., biomass of target groups or
catches per unit effort), and fishing effort (23%, e.g, fishing days per
year or fleet size). Finally, social indicators, covered eight themes and
mostly focused on employment (80%; e.g., jobs segregated by fleet),
compensations (20%; e.g., salaries segregated by enterprise type and
sector) and employment effects (15%; employment multipliers
segregated by functional group or fleet).

Frontiers in Marine Science

Employment multipliers segregated by functional group and fleet (Christensen et al., 2014)
Household consumption of goods (Apriesnig et al., 2022)
Diving enjoyment (Weijerman et al., 2021)

Subsistence catches (Weijerman et al., 2021)

Over half of the reviewed literature used indicators from three
domains, while only two papers focused exclusively on economic
indicators (Figure 6). Nonetheless, trade-offs among indicators
were not explicitly addressed in 32% of the papers. Most trade-
offs analyses explored consequences of management action and/
or environmental change between fisheries and ecological
indicators (78%; e.g., by simulating the implementation of
gear restrictions around coral reefs in Hawai’i and compering
their effects on catch of target species and the abundance of
apex predators; Weijerman et al., 2021), economic and
ecological indicators (69%; e.g., by simulating the successful
implementation of an illegal fishing ban in the central
Philippines and comparing its effect on the abundance of non-
target groups and the net profits of various fishing fleets; Bacalso
et al., 2016), fisheries and economic indicators (53%; e.g., by
simulating the effects of climate change, nutrient loading and
fisheries policies in the Baltic Sea and comparing their impact on
total yields and profitability; Uusitalo et al., 2022), or among
economic indicators (38%; e.g., by simulating different fisheries
management scenarios in the Pearl River estuary and comparing
impacts on profitability and total income effects of multiple fleets;
Wang et al., 2016).
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FIGURE 6

Most common indicator domain combinations (e.g., ecology vs fisheries) used across the reviewed literature to explore trade-offs among

management objectives.

Uncertainty

Uncertainty is present in all modeling work, including
parameter uncertainty (i.e., from sampling or measurement
errors, or natural variability, affecting input values for used to
parametrize the models), structural uncertainty (i.e., from model
bias or faulty assumptions affecting how model components
interact) or implementation error (i.e., from assumptions of full
compliance while simulating policies) (Walters and Martell, 2004).

Over half of the reviewed articles (55%) did not explicitly consider
uncertainty (Figure 7). The most commonly addressed was parameter
uncertainty in the biophysical components of the food web model
(34%), challenged through sensitivity analyses on model input

Biophysical parameter
uncertainty

Socioeconomic parameter
uncertainty

Structural uncertainty

Implementation error

20 40
Reviewed literature (%)

FIGURE 7

Publications addressing uncertainty as a fraction of the reviewed literature. Stacked bar charts correspond to the different types of uncertainty (e.g.,
biophysical parameter uncertainty). Colors denote if and how uncertainty was addressed.
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Number
of papers

32

24
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parameters (i.e., explicitly addressed, n=10), indirectly addressed by
comparing scenarios (i.e., using different input parameter values, n=3)
or using alternative vulnerability schedules in EWE models (n=3). Only
15% of the literature considered parameter uncertainty in socio-
economic components, addressed explicitly through sensitivity
analyses (n=6), or indirectly through input parameter scenarios (n=1).

Structural uncertainty was considered in 11% of the literature,
mostly indirectly through scenarios (i.e., changing assumptions
about how model components interact, n=3), or explicitly by
comparing effects of model choice on simulation or optimization
outputs (n=2). Only 6% of the literature addressed implementation
error by simulating various levels of implementation and analyzing
their effects on outputs.
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Discussion

Food web models are great tools for integrating information,
scenario testing and trade-off analyses (Fulton, 2021; Craig and
Link, 2023; Rodriguez-Perez et al., 2023). These tools are being
increasingly used for providing strategic and tactical advice to
fisheries managers (Howell et al., 2021; Craig and Link, 2023). In
this systematic review, we have found evidence that they were being
used for characterizing the socio-economic importance of fisheries
systems and simulating the socio-economic consequences of
implementing fisheries policies and/or environmental change
(including climate change) (Figure 5). Although great papers have
been written in this field, food web models in general are not
properly integrating the human dimensions of aquatic ecosystems.

Hundreds, if not thousands, of papers using food web models
were published across the studied period (2010-2023). Yet only in
47 papers, models included socio-economic drivers or expressed
their outputs using socio-economic indicators. This finding is not
entirely surprising, as less than 5% of all ocean science literature
involves social sciences (Partelow et al., 2023). However, the
publication rate remained constant over time. This is a feature
not shared by other emerging fields of study using food web models
(e.g., offshore renewables), which shows that the one which we have
reviewed is somewhat stagnant. As a modeling community it is
important to change this.

The human dimensions of aquatic systems really matter. This is
not something new, and an issue mentioned by both scientists and
decision makers alike (Marshall et al., 2018; Barreto et al., 2020;
Bennett et al., 2021; Ramirez-Monsalve et al., 2021; Tittensor et al.,
2021; Melbourne-Thomas et al.,, 2022; Partelow et al., 2023;
Rodriguez-Perez et al., 2023). Decision makers, resource users
and stakeholders of global aquatic systems want to understand,
and anticipate, the consequences of environmental or policy change
not only on ecosystem functioning, but also on human well-being
(Marshall et al., 2018; Fulton, 2021; Weiskopf et al., 2022; Craig and
Link, 2023; Rodriguez-Perez et al., 2023; Thébaud et al., 2023). This
requires the explicit consideration of the costs, benefits, and trade-
offs over a wide array of ecological, social, economic, cultural, and
political objectives at play. Failure to do so can lead to unsuccessful
policies. For example, management decisions that do not account
for the social and economic costs of their implementation can result
in public dissatisfaction, lack of societal acceptance and reduced
compliance (Stephenson et al., 2017; Weber et al., 2019; Craig and
Link, 2023; Haugen et al., 2024). These consequences further limit
management success while generating mistrust and hampering
future collaboration and data sharing (among stakeholders and
with regulators), as well as diminishing the legitimacy of future
interventions. Moreover, these pathways can lead to pervasive,
albeit resilient, cycles that foster controversial decisions, reduce
policy options, hasten environmental degradation, and perpetuate
social injustices, loss of cultural identity, and human rights abuses
(Barreto et al., 2020; Bennett et al., 2022; Melbourne-Thomas et al.,
2022; Villasante et al., 2022; Craig and Link, 2023; Partelow et al.,
2023; Haugen et al., 2024).

Additionally, given that sustainability is the overarching goal of
management interventions, it is important to remember that it
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operates under a triple bottom line (i.e., environmental, financial,
and social) that permeates across both the biophysical and human
dimensions of aquatic systems (Marshall et al.,, 2018; Rodriguez-
Perez et al., 2023; Thebaud et al,, 2023). If we work under the
assumption that achieving sustainable fisheries will inevitably lead
to social and economic well-being, then we will certainly fail.
Positive socio-economic outcomes are not inevitable features of
sustainable fisheries (Barclay et al,, 2023; Partelow et al., 2023).
Trade-offs between fisheries and ecosystem objectives, and conflict
between resource users, may still occur even when fishing
sustainably (Stephenson et al., 2017; Barclay et al, 2023; Craig
and Link, 2023; Haugen et al., 2024). Nonetheless, only two thirds of
the papers included in this review explicitly addressed trade-offs
among management objectives and outputs.

To better illustrate this point, perhaps we can draw some
examples from the reviewed literature. In Peru, research by
Christensen et al. (2014) highlighted differences in the per ton
contributions of functional group and fishing fleets to the country’s
GDP and total employment. Hence, management measures seeking
to improve stock status such as reductions in the total allowable
catch of resources caught by multiple fleets (e.g., anchoveta or
mackerels caught by both industrial and small-scale purse seiners)
would impact resource users differently. Thus, it is likely that some
stakeholder groups would oppose changes in management targets,
that could be beneficial to them in the medium to long-term, if these
did not include additional short-term assurances, such as socialized
quota allocation among fleets (Walters and Martell, 2004).
Similarly, research by Fay et al. (2019) or showed that effort
reductions on the Northeast US Shelf caused greater change in
employment than in sales, and that the consequences of
management actions for individual sectors may be felt
disproportionally through the region and across sectors. Finally,
research by Celic et al. (2018) showed that the introduction of
landing obligations, to reduce discards, in the Mediterranean Sea
would have negative consequences on the ecosystem biomass, as
well as on the fleets’ marketable landings and revenue. This work
highlights that regulations with “good intentions” need to be
validated and quantitatively assessed before being implemented as
they could lead to unforeseen and unwanted consequences.

More work is required within the modeling community to
frame and connect management actions with strategic goals
related to social and economic objectives (Stephenson et al., 2017;
Barclay et al., 2023; Partelow et al., 2023; Rodriguez-Perez et al.,
2023; Thebaud et al., 2023; Haugen et al.,, 2024). Moreover, model
outputs simulating the consequences of environmental or policy
change also require to be expressed in meaningful socio-economic
indicators for stakeholders and decision makers (e.g., fisher’s
income, employment, access to seafood or recreation; Abedin
et al., 2019; Bennett et al., 2021, 2022; Melbourne-Thomas et al.,
2022; Barclay et al.,, 2023; Partelow et al., 2023; Thébaud et al., 2023;
Haugen et al., 2024). These indicators, although likely sharing many
similarities, should be context-specific (Bennett et al., 2021;
Melbourne-Thomas et al., 2022; Partelow et al., 2023) and
covering more than the most common attributes described in the
reviewed papers (i.e., changes in biomass of target and not-target
species, and changes in the average long-term yields by functional
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group and sector). Increased indicator diversity is needed
particularly for the economic and social domains (Figure 6,
Table 3). Many important, and viable, indicator candidates for
these dimensions are available in the literature and could be linked
to model outputs with relative ease (Barreto et al., 2020; Bennett
etal, 2021, 2022; Barclay et al., 2023; Partelow et al., 2023; Thebaud
et al, 2023). This is a task that requires modelers leaving their
comfort zone and embracing interdisciplinarity (Weber et al., 2019;
Fulton, 2021; Bennett et al., 2022; Weiskopf et al., 2022; Barclay
et al,, 2023; Craig and Link, 2023; Partelow et al., 2023; Rodriguez-
Perez et al., 2023; Haugen et al., 2024).

Collecting comprehensive socio-economic data is crucial for
developing standardized indicators that enable policymakers to
monitor fishing activities effectively in both ecological and socio-
economic contexts. Standardization can aid informed decision-
making (Stephenson et al., 2017; Bennett et al., 2021), however
reliance on a standardized set of indicators should not constrain the
creativity and flexibility of existing modeling tools. It is important to
mainstream their use while adapting models and indicators to
specific local and stakeholder needs and contexts, ensuring that
they remain relevant to diverse management objectives.

The inclusion of the human dimensions of aquatic systems will
not only allow for more transparent debates and management
advise, but it will also likely increase the uptake and usage of food
web models in decision making processes (Weiskopf et al., 2022;
Partelow et al., 2023; Haugen et al., 2024). Yet, this challenge is not
homogenous across the globe. Greater efforts are required to
increase representation of models for the Global South. Most
publications featured in this review covered North American,
European, and Australian case studies (Figure 3). Although this is
also the case for Atlantis (CSIRO, 2024) and EwE (Ecopath
Research and Development Consortium, 2024) models in general,
the picture is less skewed towards the Global North when no socio-
economic filters are applied. Raising the profile of case studies in the
Global South is key, granted that these areas are already
disproportionally affected by environmental injustices (Bennett
et al., 2023). Moreover, given current needs, limitations, and
trends, it is likely that the negative cumulative environmental,
social, and economic effects of the blue acceleration, climate
change, and local blue growth policies will continue to perpetuate
existing injustices in the Global South (Jouffray et al., 2020;
Melbourne-Thomas et al., 2022; Bennett et al., 2023).

Models that capture socio-economic dimensions provide
policymakers with a more holistic understanding of the potential
outcomes of management actions, allowing them to anticipate and
mitigate negative impacts on communities reliant on fisheries
(Fulton, 2021; Craig and Link, 2023). Trade-offs between ecological
and socio-economic objectives can be assessed, supporting the
development of inclusive policies objectives that strive for both
healthy ecosystems and human communities. Food web modeling
can thus play a pivotal role in providing information to strengthen
local and global decision-making processes in favor of just, profitable,
and sustainable futures (i.e., combating path dependency).

Another issue worth highlighting is the need to enhance the
characterization of economic actors in the food web models. The
food web modeling community has learnt from experience that
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there is no one-size-fits-all solution for representing food webs.
Some questions require more complex models than others (Fulton,
2021; Craig and Link, 2023). Yet, food web models tend to
oversimplify humans within aquatic systems. Our review found
that functional groups were consistently represented at a much finer
resolution than fishing fleets (Figure 4). In many cases fishing fleets
were only seen as sources of fishing mortality, and in the most
extreme situations all types of vessels and fishing operations were
grouped under a single fishing fleet. This is not a serious
representation of fishers or fisheries. Fleets group people whose
decisions affect the system and who are affected by changes in the
system. Thus, they need to be better characterized in the models so
that drivers, trade-offs, and conflicts among them can be better
explored (Ulrich et al., 2012; Weber et al., 2019; Schadeberg et al.,
2021; Thébaud et al., 2023).

Additionally, human processes should be better represented in
food web models - including the feedback between ecosystem
dynamics and peoples’ choices or behavior (Tittensor et al., 2021;
Melbourne-Thomas et al., 2022; Thébaud et al.,, 2023). Fishers’
behavior is not only dependent on regulations or profit (Girardin
etal., 2017; Schadeberg et al., 2021; Thébaud et al., 2023). However,
understanding how changes in profit affect effort dynamics is a key
issue which is often overlooked. Very few of the reviewed papers
accounted for fishing effort dynamics in their models (Figure 5).
Changes in fishing effort drove most models, yet not many
considered how the outcomes of a level of effort on a given time
step (e.g., the profitability of the fleet on year t) influenced fishing
effort (or affected target species selection) in the next time step.
Atlantis models can capture some aspects of fleet dynamics (e.g.,
Ainsworth et al., 2012), yet for food web models developed on EwE,
capturing fleet dynamics seriously relies on ensemble modeling
efforts (e.g., Dichmont et al., 2013; Lee et al., 2021; Apriesnig et al.,
2022; Failler et al.,, 2022). In both cases, this task requires multiple
additional steps for food web modelers, but it adds realism
to predictions.

The ensemble modeling approaches (i.e., modeling chains)
identified in the present review (those assessing fleet dynamics
and beyond) are promising examples of how modeling efforts can
help advance interdisciplinarity. Given that economists generally
use the types of outputs these models generate, albeit with simpler
biophysical model components, their mainstreaming can be a good
path to increasing model development and uptake beyond the food
web modeling community. Another promising example is EwE’s
value chain plugin (Christensen et al., 2011), which is the tool that
provides the most diverse set of socio-economic indicators among
the works reviewed for this study, while also allowing for feedback
between the biophysical and human components of the fisheries
system. More case studies involving ensemble bio-economic
modeling approaches using food web models at their cores are
certainly needed and should be encouraged.

It is important to note, however, that modelers should be
cautious of whether they are representing fleets (i.e., groups of
vessels of similar characteristics) or metiers (i.e., groups of fishing
operations with similar target species, fishing gears, areas, and
seasonality) in their models. Although, fleets and metiers can be
the same in some situations, the kind of questions that models can
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address, and the validity of the advice provided based on them, will
vary depending on this distinction (Ulrich et al., 2012).
Furthermore, we need to understand how context shapes
fishers’ interactions (among them and with nature) (Partelow
et al, 2023). This requires modelers to be critical and sincere
about which aspects of such contexts are dependent on processes
that cannot be adequately predicted (e.g., changes in seafood
demand and consumer preferences, technological developments,
population growth, future fuel costs, changes in employment across
sectors, or collaboration among governments; Pinnegar et al., 2005;
Melbourne-Thomas et al., 2022; Thebaud et al., 2023). A possible
solution to this challenge can come from co-designing (with
stakeholders and regulators) and operationalizing scenarios for
standardizing model runs (e.g., based on shared socio-economic
pathways; Pinnegar et al., 2005; Kreiss et al., 2020; Hamon et al.,
2021). In these exercises model users can develop an explicit shared
understanding of their assumptions regarding the interplay of
future environmental, social, economic, technological, political,
and cultural conditions. Scenario development of this sort has
been promoted in the European context through projects such as
CERES (2024) and FutureMARES (2024) - the latter directly
applying such scenarios on EwE models. More efforts, and
financial support, is needed for such undertakings across the globe.
Knowledge co-production is increasingly being promoted in the
food web modeling arena given that it leads to better model fits and
increased trust about model predictions (Bevilacqua et al., 20165
Bentley et al., 2019a; Fulton, 2021; Craig and Link, 2023). Yet, we
found very few examples of such model development among the
papers reviewed for this publication (e.g, Armada et al., 2018;
Bevilacqua et al., 2019; Alms et al., 2022). However, we also
champion model co-development as it can lead to additional
benefits when seeking to include socio-economic drivers or
expressing model outputs in socio-economic terms. First, it allows
modelers to integrate the human dimensions of the system early on
the modeling process, potentially reshaping how they represent the
system’s ecological dimensions - so models are better at
highlighting attributes that are important for a broader user base
(Melbourne-Thomas et al., 2022; Barclay et al., 2023). Second, they
improve our collective understanding of the socio-ecological
system, particularly on how (i) different stakeholder groups
operate, (ii) their management objectives, desires, and goals, (iii)
the way they measure the success of management actions, and (iv)
the thresholds for what they find acceptable or desirable, as well as
(v) what information is available and what are the persistent data
needs and data collection priorities (Galland et al., 2018; Weber
et al., 2019; Barreto et al.,, 2020; Bennett et al., 2021; Ramirez-
Monsalve et al., 2021; Bennett et al., 2022; Melbourne-Thomas et al.,
2022; Partelow et al., 2023; Rodriguez-Perez et al., 2023). Third, they
can help modelers, resource users and regulators to communicate
better, over a shared language, (a) reducing chances of
misinterpreting findings or advice (Galland et al., 2018; Weiskopf
et al, 2022), (b) diminishing existing biases about the use of food
web models for guiding management actions (Weijerman et al,
2018; Fulton, 2021; Craig and Link, 2023), and (c) collectively
prioritizing issues that should be at the top of decision makers’
agendas (Galland et al., 2018; Weber et al., 2019; Ramirez-Monsalve
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et al,, 2021; Bennett et al., 2022; Partelow et al., 2023; Rodriguez-
Perez et al.,, 2023; Haugen et al,, 2024). Although this is key for
ecosystem-based fisheries management initiatives, its relevance
might even be greater when using food web models to address
ecosystem-based management pursuits — where fisheries (and
fishers) are just some of many groups being affected and affecting
the system, and where cumulative impact assessments need to be
robust and comprehensive on the social and economic fronts
(Weber et al., 2019; Bennett et al., 2022; Melbourne-Thomas
et al., 2022; Weiskopf et al., 2022; Frazdo Santos et al., 2023;
Partelow et al., 2023; Haugen et al., 2024).

Finally, the elephant in the room: uncertainty. All models rely
on assumptions and are based on incomplete knowledge and
imperfect data. Yet, it is uncommon for integrated ecological-
economic fisheries models (whether they have a food web model
at their core or not) to produce confidence intervals or report
uncertainty (Nielsen et al., 2018). In this review we found that more
than half of the papers did not explicitly address uncertainty in
model parametrization, structure, or outputs (Figure 7).

Not talking about uncertainty is misleading, reduces model
uptake in decision-making processes and creates mistrust about
model outputs across their broader user base (Weiskopf et al., 2022;
Craig and Link, 2023; Rodriguez-Perez et al., 2023; Haugen et al.,
2024). Effectively communicating uncertainty is essential for
informed decision-making. Transparency regarding the sources
and magnitude of uncertainty allows policymakers to assess the
risks associated with different management options (Craig and
Link, 2023; Weiskopf et al, 2022). Utilizing clear visualizations
and explanations can help convey complex information on
uncertainty, improving stakeholders’ confidence in model
predictions and ensuring decisions account for potential
variability in outcomes. We acknowledge that communicating
uncertainty effectively to decision-makers and resource users is
challenging and requires creativity and out-of-the-box thinking
(Galland et al., 2018; Fulton, 2021; Craig and Link, 2023;
Rodriguez-Perez et al., 2023; Haugen et al., 2024). However, the
papers included in this review have a very different target audience.
For academia, being explicit about the sources of uncertainty in our
work should be as common practice as the peer review process
(Schindler and Hilborn, 2015). There are numerous tools available
for addressing parameter uncertainty (e.g., running sensitivity
analysis; Bracis et al., 2020; Rovellini et al., 2024), structural
uncertainty (e.g., promoting model comparisons; Link et al., 2012;
Forrest et al., 2015; Natugonza et al., 2020; Tittensor et al., 2021;
Craig and Link, 2023), and implementation error (e.g., assessing the
outcomes of proposed management interventions under different
implementation success scenarios; Ainsworth et al., 2012; Kaplan
et al., 2012; Natugonza et al., 2020). Yet, their use was limited and
mostly focused on understanding how uncertainty on the
biophysical dimensions of the models (e.g., diets, abundance,
sensitivity to temperature) affected model outputs (e.g., non-target
group biomass, fisheries yields and revenue). Uncertainty on socio-
economic parameters was only addressed explicitly in six papers
(Wang et al,, 2015; Wiedenmann et al., 2016; Bauer et al., 2019;
Sanchirico and Essington, 2021; Apriesnig et al., 2022; Dowd et al.,
2022). The effects of misrepresenting the economic components of
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the models in these works were significant for both ecological and
socio-economic outputs. This can be quite problematic for some
ensemble modeling initiatives that assume static representations (or
stationary parametrizations) of the socio-economic dimensions of
their models. This a challenge faced by researchers working with
food web models coupled or linked to value chains, input-output
models, social accounting matrices or computable general
equilibrium models (Table 2). Their socio-economic components
are dynamic over time and hence require that multiple models be
developed (or that they are updated as new information becomes
available). This is best practice for food web models (Fulton, 2021;
Weiskopf et al., 2022; Craig and Link, 2023; Haugen et al., 2024) and
should also be the case for all components of their ensemble
modeling chain.

We have been quite critical on how food web models are being
used to characterize and simulate the socio-economic consequences
of change in aquatic ecosystems. However, the works reviewed for
this contribution are truly great, denote that progress is taking place,
and that there is room for continued improvement. We hope that
this paper is a call for action. Food web models, and the community
of researchers that develop them, must embrace interdisciplinarity
to better represent aquatic systems and the uncertainty across all
modelled domains and components. Yet, it is important to
recognize that there is no “free lunch” when seeking to seriously
address the human dimensions of aquatic systems in the modelling
arena. Extending data gathering and monitoring programs, training
personnel, co-developing models, and actively engaging in multiple
stakeholder forums and policy workshops is certainly a costly
endeavor. Thus, we are hopeful that this review will also be a call
for action to funders to increase their support for marine social
science and interdisciplinary research. We strongly believe that
interdisciplinarity is the path forward for increasing trust in model
outputs, uptake in decision-making processes, and using our
capacity to move the dial towards more resilient marine
ecosystems and just futures for those who depend on them for
their livelihoods and wellbeing.

Conclusion

Ecocentric fisheries management (and ecosystem-based
management) is crucial for ensuring healthy aquatic ecosystems.
This also includes the humans that depend on the aquatic biota.
Food web models are one of the main tools available for
representing the consequences of environmental and policy
changes on aquatic systems. Although research interest in these
models is on the rise, as is their use in decision-making processes,
models are still overlooking critical aspects of the human
dimensions of systems they are seeking to represent. This
systematic review provides an overview of how food web models
have been used to date to characterize and simulate the socio-
economic consequences of change in aquatic systems. There is a
pressing need to improve our understanding of the interlinkages
between the biophysical and anthropogenic components of aquatic
systems. We hope this review is seen as a call for action and that the
food web modeling community rises to the challenge of embracing
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interdisciplinarity to bridge existing knowledge silos and improve
our ability to model aquatic systems across all their domains
and components.
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