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The impacts of fisheries on ocean resources are no longer considered in isolation
but should account for broader ecosystem effects. However, ongoing ecosystem-wide
changes added to the inherent dynamics of marine ecosystems, create challenges
for fisheries and fisheries management by affecting our ability to ensure future fishing
opportunities and sustainable use of the seas. By reviewing a corpus of fisheries science
literature, we contribute to informing managers and policymakers with considerations
of the various threats to fisheries and the marine ecosystems that support them.
We identify and describe 25 ecosystem challenges and 7 prominent families of
management options to address them. We capture the challenges acting within three
broad categories: (i) fishing impacts on the marine environments and future fishing
opportunities, (ii) effects of environmental conditions on fish and fishing opportunities,
and (iii) effects of context in terms of socioeconomics, fisheries management, and
institutional set-up on fisheries. Our review shows that, while most EU fisheries are facing
a similar array of challenges, some of them are specific to regions or individual fisheries.
This is reflected in selected regional cases taking different perspectives to exemplify the
challenges along with fishery-specific cases. These cases include the dramatic situation
of the Baltic Sea cod, facing an array of cumulative pressures, the multiple and moving
ecosystem interactions that rely on the North Sea forage fish facing climate change, the
interaction of fishing and fish stocks in a fluctuating mixed fishery in the Celtic Sea, the
bycatch of marine mammals and seabirds and habitat degradation in the Bay of Biscay,
and finally the under capacity and lack of fundamental knowledge on some features of
the EU Outermost Regions. In addition to these ecoregion specific findings, we discuss
the outcomes of our review across the whole of European waters and we conclude by
recognizing that there are knowledge gaps regarding the direction of causality, nonlinear
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responses, and confounding effects. All of the challenges we identify and characterize
may guide further data collection and research coordination to improve our fundamental
understanding of the system and to monitor real changes within it, both of which
are required to inform an Ecosystem Approach to Fisheries Management (EAFM). An
European EAFM could build upon an array of management measures currently tailored
for fisheries management only, including promoting funding interdisciplinary research
and ecosystem monitoring. Such integrative management should reduce uncertainties
in environmental, social and economic trends, and lower the risk for disruptive events
or ecosystem effects with far-reaching consequences, including a shift toward less
productive marine ecosystems.

Keywords: cumulative impacts, fishing opportunities, integrative management, marine policy, Atlantic Europe,
EU Outermost Regions, Baltic Sea, lack of knowledge

INTRODUCTION

The Ecosystem Approach to Fisheries Management (EAFM) can
be defined as a systematic approach to fisheries management in
a geographically specified area that contributes to the resilience
and sustainability of the marine ecosystem (Long et al., 2015).
This recognizes the ecological, economic, and social dimensions
of sustainability affecting all fishery-related components of the
ecosystem, including humans, and seeks to balance benefits
among a diverse set of societal goals (e.g., Cowan et al., 2012;
O’Hagan et al., 2020). One of those goals is to maintain
ecosystems in healthy, productive, and resilient conditions so that
they can support sustainable use in an equitable way, for example,
employment opportunities or fish for human consumption,
as well as providing habitats as supportive ecosystem services
that will maintain long-term fishing opportunities and increase
system biodiversity. Hence, EAFM is an integrated approach that
recognizes the full array of interactions within an ecosystem,
rather than considering single issues, species, or ecosystem
services in isolation (see for example, the numerous integrated
ecosystem assessment working groups in place in ICES1).

The overarching aim of the European Commission’s revised
Common Fisheries Policy (CFP; EC, 2013) is to ensure that
fishing is environmentally, economically, and socially sustainable
throughout European waters and that an EAFM should be
implemented to achieve this through a reduction of the
environmental impacts of fishing activities. Thus, an EAFM
should aim to supply the same level of provisioning services
and their socio-economic benefits while reducing environmental
impacts. The CFP requires an integrated approach to managing
fisheries within ecologically meaningful boundaries; taking
account of fishing and other human activities, while preserving
both the biological wealth and the ecological processes necessary
to safeguard the composition, structure, and functioning of
the habitats within affected ecosystems. This requires fisheries
scientists to utilize knowledge of, and to account for, uncertainties
in biotic, abiotic, and human components of ecosystems
(EU CFP Art 4.9).

1www.ices.dk

In this study we reviewed the ecosystem challenges that
might impede an EAFM’s goal of achieving sustainability
across the ecological, social, and economic dimensions. An
“ecosystem challenge” can then be defined in an EAFM
context as causing some degree of impact on the ecological,
social, and economic sustainability of a given ecosystem.
We aim to identify and categorize all relevant ecosystem
challenges that arise when addressing EAFM principles. These
can come from scientific and gray literature or be identified
as knowledge gaps. In order to systematically break down
ecosystem challenges as expressions combining an action
(some aspect of fishing), an ecosystem component potentially
under threat, and a target (e.g., Good Environmental Status,
Maximum Sustainable Yields). This should include all ecosystem
components subject to environmental policy goals (e.g., Marine
Strategy Framework Directive-MSFD) and that may be directly
affected by specific fisheries and their management. It should
also include indirect, or second order effects on the exploited
stocks and possible effects of routine fisheries management. In
addition, the stocks and fisheries may also be affected by wider
environmental changes (e.g., climate). When considering the
linkages between management, fisheries and the environment
which work differently, we distinguish between an ecosystem
effect, an ecosystem impact and an ecosystem challenge.
An ecosystem effect is the potential that a change in one
part of the link affects another. An ecosystem impact is
an actual change in state of an ecosystem component (i.e.,
receptor) caused by one or more pressures (i.e., stressors).
These may, or may not, be subject to management aimed at
mitigating these impacts. An ecosystem challenge represents a
specific suite of ecosystem effects that are expected to cause
a significant ecosystem impact and result from a specific
suite of changes in one or more of the pressures. The
significance of the impact is determined by the magnitude
of the pressure or the degree of change it causes on the
ecosystem components.

The aim of this review of ecosystem challenges is to categorize
the many possible impacts of fishing on the wider ecosystem,
and the governance required by an EAFM to mitigate them.
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Fisheries operate in a full marine ecosystem context, which
implies that we should take account of any mechanism through
which fisheries impact any aspect of the ecosystem and vice
versa. This would include both target and non-target species,
but also habitats and food web functioning. We aim to capture
this complexity through a simple conceptual model that splits
the overall review into three sub-reviews: (i) fishing impacts
on marine ecosystems including fishing opportunities, (ii)
environmental impacts on habitats, marine resource and fishing
opportunities, and (iii) framing conditions in socioeconomic
drivers, fisheries management and institutional factors which
impact upon fisheries, and then potentially modulate fishery
impacts on the ecosystem.

The conceptual model forms the basis for subsequent work to
link identified ecosystem challenges to specific fisheries and the
possible management measures to address them. Because EAFM
recognizes that fisheries are part of a social-ecological system and
that exploited fish and shellfish stocks are not isolated entities,
we consider all biological, environmental, economic, social, and
institutional factors and interactions likely to influence fishery
impacts on ecosystem integrity. More specifically, we expect these
factors and interactions to influence the short and long-term
stock productivity of the commercial stocks with fishing levels
safeguarding reproductive capacity while maximizing yield.

METHODS

The review methodology for this study followed a three-
step approach, the first being record identification,
the second screening and the third data extraction.
Scientific article identification was based on three
different sets of database search terms (Supplementary

Appendix A); each of which corresponded to links
in our conceptual model of the relationships between
the environment, fisheries, and society at large, as
described in the introduction. The search was undertaken
using the Scopus literature database for scientific peer-
reviewed literature on the 15th of February, 2020 and
returned 462 results.

We undertook two levels of screening, coarse and fine. Initial
coarse screening removed records that were duplicated within
each review (i.e., 1, 2 and 3) but not those duplicated across the
different reviews. This allowed individual articles to contribute
to each of the relevant links in the conceptual model (Figure 1).
Four of the identified articles were not retrievable or not
accessible due to language barriers. Initial screening removed 96
articles out the geographic scope of this study; namely, European
waters excluding the Mediterranean Sea and the Black Sea.

Data extraction was carried out in parallel to the fine level
screening. The largest cause for article rejection was “Mismatched
Review and Article Topics” (158), which was only detectable
during the fine-scale screening when the detail in the article was
being examined. The reasons for these mismatches were diverse
but were often due to articles using terminology like our search
terms but in a different context. We also experienced a substantial
number of articles where relationships between ecosystem
components were discussed but were neither qualitatively nor
quantitatively described (46).

Of the 245 retained articles, data extractions were undertaken
for 116, 60, and 69 for review one, two, and three, respectively.
Data extractions were made against a fixed set of criteria (in
Supplementary Material) covering the setting and scale of the
study, the methodological approach, the ecosystem components
considered, the magnitude and direction of any detected effects,
as well as any remaining challenges, management suggestions,

FIGURE 1 | The fate of peer-reviewed articles identified from the defined search terms. Blue represents the pathway toward data extraction, dark green are the
articles retained for extraction broken down by component review, red, pink, and light green represent the different reasons for article rejection at each of the course
and fine screening (disconnected ecosystem components, mismatched topics, and studies outside the geographical scope, respectively), and dark purple
represents all rejections across the whole process.
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or links to advice that were discussed. These extractions were
undertaken by one author per component review to ensure
continuity within each review.

To supplement the three primary literature reviews, we
also conducted reviews of recent gray-literature reports and
surveyed a network of European based fisheries researchers.
The supplementary gray literature came from the International
Council for Exploration of the Seas (ICES), Scientific Technical
and Economic Committee for Fisheries (STECF), and European
Parliament Committee on Fisheries (PECH). We selected the
latest (2019-20) reports from 17 ICES working groups that
provide a scientific basis for advice. Likewise, seven of the
most recent PECH reports (in 2019), twelve STECF (2017-20)
plenary reports and one STECF expert working group report were
selected. The survey of fisheries researchers (Supplementary
Material Annex 1) was a simple spreadsheet survey, emailed
directly to, and undertaken independently by, 13 partners from
a pre-organized consortium of researchers, all of whom had
project funding to contribute to this task. The purpose in asking
individual institutions was to collect case specific information
and obtain an up-to-date list of ecosystem challenges the local
fisheries in Europe are facing. Using our ad hoc network of
experts was our best source of expert knowledge to inform local
issues beyond the usually more generic ones found in peer-
reviewed literature.

The extracted data from all three sources (the three primary
literature reviews, the gray literature review, and the survey) were
summarized by combining the individual works’ descriptions of
explicit challenges into challenge categories; first, according to the
original literature searches (fishing impacts, environment, and
societal context), and eventually into sub-categories.

RESULTS

We present the findings of our investigation on ecosystem
challenges in an overview conceptual figure (Figure 2), and we
list the reference to each challenge in Table 1. The references that
support each ecosystem challenge we identified are stored in this
table therefore not repeated in the below text.

Ecosystem Challenges
Fish Extraction Alters Exploited Stocks’ Resilience
Fishing is an economic activity that is intrinsically dependent
on the productivity of the exploited stocks. Altered stock
size or size composition from selective fishing (challenge 1.1.1
Exploited stocks resilience) may have far-reaching consequences
by altering the resilience of the exploited populations with
long-term stock productivity at stake. By selectively extracting
fish over a certain size threshold, many fisheries targeting
long-lived species reduce the relative biomass of larger, more
fecund fish, reducing the population’s ability to renew itself.
Fishing changes stock structure, body size condition and stock
abundance, sometimes to the point that the stock ceases to be a
viable fishing resource. Besides this, poorly or incorrectly defined
stock identities put the stocks at risk when fishing activity is
sanctioned to remove fish according to their catch allowance but

disproportionately from the component sub-stocks (challenge
1.1.2 Stock effect displacement).

Over a long period of exploitation, size-selective extraction
can lead to a change in vital rates (challenge 1.1.3 Vital rates
affected) and adaptations, such as the earlier onset of maturation,
smaller maximum size and lower growth rates. All of these
can reduce the resilience of a population to internal-stochastic
pressures (e.g., lower population-level reproductive output) and
external, natural pressures (e.g., higher predation pressure on
smaller sizes). Truncating the size structure of a population,
fisheries can reduce both the geographical range and accessibility
of different habitats available to the population, reducing its
access to refugia and resilience to localized perturbations. The
productivity of a population with a higher proportion of its
biomass in smaller, younger individuals is also more sensitive to
inter-annual environmental fluctuations.

Fishing Results in Loss of Biodiversity (Bycatch and
Habitat Degradation)
Fisheries exploitation does not only affect target species
populations. It also affects the fish community structure and
diversity of non-target species through bycatch, i.e., the incidental
catch of undersized classes of the target species and other non-
target species or unwanted low-priced fish, changing the total
biomass and species composition of the ecosystems (challenge
1.2.1 Incidental bycatch). There are some indications that the
composition of fish communities in any given area have changed
over long time periods, leading to long-lasting impacts on
marine ecosystems. Demersal trawling causes disturbance to
the seabed, altering benthic communities’ structure as well as
the habitats’ physical structure, both of which impact upon
ecosystem functioning, including the habitat suitability for the
fish community being targeted (challenge 1.2.2 Seabed habitats
disturbance). The impact mainly depends on the fishing gear
used, the type of habitat and the fishing intensity. These impacts
also depend on the level of natural disturbance and the degree
of species sensitivity (see environmental context challenges). In
the long run, bottom trawling may affect the recovery time of
production or biomass of benthic habitat.

Concerning the protection of vulnerable species, there is
an inherent challenge in raising the effects of observed fishery
effects to the population level. This is because knowledge
of how by-catch affects the by-caught species’ ecology and
population size is difficult to attain. Reliable bycatch data
are only available from sparse fisheries observer reports and
are rarely found in fishers’ logbooks. Population size is also
difficult to obtain, and usually comes from sight surveys
that also involve many assumptions in raising. The lack of
reference points (i.e., for numbers or removals) for many by-
catch species is a direct consequence of these knowledge gaps
and represent a fundamental problem in managing impacts
on vulnerable species. Hence, currently, there are typically no
guidelines defining bycatch limits for elasmobranchs, marine
mammals, or marine seabirds for mortality levels that could be
deemed as sustainable.

On the seafloor, the direction of causality is sometimes
ambiguous, several explanatory factors may be confounded, and
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FIGURE 2 | Conceptual model of fisheries as a component of an ecosystem that both affects, and is affected by, other components. These other components are
categorized under societal benefits and imposition, as well as environmental components, which encompass natural variation as well as changes brought about
indirectly by human activity. Reviews indicate the different sets of search terms used at the review’s identification stage. Each review covers a single direction of
action; fisheries effects on society was not a part of this review.
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TABLE 1 | Ecosystem challenges addressed by an EAFM identified by the literature review.

Challenges id Specific ecosystem challenges Supporting references

Fisheries impacts on the structure and functioning of marine ecosystems

Fishing alters exploited stocks’ resilience

1.1.1 Altered stock size or stock size
composition from selective fishing
might have far-reaching consequences
in altering resilience of the exploited
populations

Ter Hofstede and Rijnsdorp, 2011; Vinther and Eero, 2013; Dickey-Collas et al., 2014; Lindegren
et al., 2014; Ravard et al., 2014; STECF, 2018a,c; Aranda et al., 2019

1.1.2 Time and space translocation of the
effects

Blanchard and Boucher, 2001; Ferro et al., 2008; Harma et al., 2012; Isomaa et al., 2013;
Lindegren et al., 2014; Bell et al., 2015; Hüssy et al., 2016; Bastardie et al., 2017; STECF, 2018a;
Estrella-Martínez et al., 2019

1.1.3 Long-term change in species vital rates Andersen and Brander, 2009; Isomaa et al., 2013; Lindegren and Eero, 2013; Hidalgo et al., 2014;
Östman et al., 2014; Moritz et al., 2015; 2018a; 2019a; Estrella-Martínez et al., 2019; Kokkonen
et al., 2019

Fishing results in bycatch or habitat degradation

1.2.1 Degrading ecosystem components with
bycatch or incidental catch induced by
the exploitation of commercial species,
possibly up to the extinction point

Milessi and Defeo, 2002; Torres-Irineo et al., 2014; Lucena Frédou et al., 2016; Ramírez-Monsalve
et al., 2016; STECF, 2017b, 2020a; Maes et al., 2018

1.2.2 Disturbance of exploited marine seabed
habitats

Bradshaw et al., 2001; Duplisea et al., 2002; Dinmore et al., 2003; Hermsen et al., 2003; Nilsson
and Rosenberg, 2003; Trimmer et al., 2005; Hiddink et al., 2006b, 2007; Allen and Clarke, 2007;
Duineveld et al., 2007; Kenchington et al., 2007; Varisco and Vinuesa, 2007; Asch and Collie, 2008;
Robinson and Frid, 2008; Ward and Larcombe, 2008; Greenstreet et al., 2009; Reiss et al., 2009;
Ramos et al., 2011; Diesing et al., 2013; EP, 2014; van Denderen et al., 2014, 2015a; Coates et al.,
2016; Oberle et al., 2016; Szostek et al., 2016; Mendez et al., 2017; Asci et al., 2018; Hélias et al.,
2018; Josefson et al., 2018; Mérillet et al., 2018; Ramalho et al., 2018; van der Reijden et al., 2018;
Tulp et al., 2020

Fishing alters food-web interactions

1.3.1 Ramification effects or cumulated
pressure effects on seabed habitats
vulnerable habitats, and essential fish
habitats

Frid et al., 2001; Jennings et al., 2001a,b; Kaiser and Spence, 2002; Schratzberger and Jennings,
2002; Nilsson and Rosenberg, 2003; Hawkins and Roberts, 2004; Jenkins et al., 2004; Hiddink
et al., 2006a,b; Simpson and Watling, 2006; Tillin et al., 2006; Vergnon and Blanchard, 2006; Allen
and Clarke, 2007; Callaway et al., 2007; Duineveld et al., 2007; Bailey et al., 2009; Hourigan, 2009;
Shephard et al., 2012a; Fock, 2011; Mellett et al., 2011; Godbold et al., 2013; Wienberg et al.,
2013; van der Molen et al., 2013; Dannheim et al., 2014; EP, 2014; Johnson et al., 2015; Bennecke
and Metaxas, 2017; Hinz et al., 2017; Daly et al., 2018; Kraufvelin et al., 2018; Sköld et al., 2018;
ICES, 2019a; STECF, 2019a

1.3.2 Changing trophic interactions in the
bentho-pelagic system with possible
far-reaching indirect changes

Blanchard and Boucher, 2001; Jennings et al., 2001b, 2002; Link and Garrison, 2002; Blanchard
et al., 2004; Sánchez and Olaso, 2004; Daan et al., 2005; Shin et al., 2005; Vergnon and
Blanchard, 2006; Myers et al., 2007; Engelhard et al., 2008, 2014; Tomczak et al., 2009; Shephard
et al., 2012a; Daewel et al., 2011; MacKenzie et al., 2011; Ter Hofstede and Rijnsdorp, 2011;
Harma et al., 2012; Hiddink and Coleby, 2012; Martins et al., 2012; Meier et al., 2012; Niiranen
et al., 2012; Dickey-Collas et al., 2014; Hidalgo et al., 2014; Ravard et al., 2014; Smith et al., 2014;
Datta and Blanchard, 2016; Hiddink et al., 2016; Sguotti et al., 2016; González-Irusta and Wright,
2017; Lynam et al., 2017; Bell et al., 2018; Boyd et al., 2018; Kraufvelin et al., 2018; Perkins et al.,
2018; Ramalho et al., 2018; Costalago et al., 2019; Erauskin-Extramiana et al., 2019

Ecosystem effects on fisheries’ resources opportunities

Inherent ecosystem variability and ecosystem component attributes interact with fishing impacts to affect fishing opportunities

2.1.1 Fishing combines with environmental
conditions on seabed habitats

Frid et al., 2001; Callaway et al., 2002; Trimmer et al., 2005; Kirby et al., 2007; Lindley and Kirby,
2010; Drabble, 2012; Hiddink and Coleby, 2012; van der Molen et al., 2013; Oberle et al., 2016;
Pecuchet et al., 2016; Szostek et al., 2016; Rijnsdorp et al., 2018

2.1.2 Fishing combines with natural variability
to impact resource availability /
productivity

Blanchard and Boucher, 2001; Frederiksen et al., 2004; Planque et al., 2010; Rochet et al., 2010;
Olsen et al., 2011; Ter Hofstede and Rijnsdorp, 2011; Embling et al., 2012; Gasche et al., 2013;
Rochet et al., 2013; Rouyer et al., 2014; Wright et al., 2014; Goñi et al., 2015; Trifonova et al.,
2015; Vilela and Bellido, 2015; Wikström et al., 2016; Dos Santos Schmidt et al., 2017; Hawkins
et al., 2017; Bell et al., 2018; Estrella-Martínez et al., 2019; Voss et al., 2019; Zimmermann et al.,
2019; Hernvann and Gascuel, 2020

2.1.3 Fishing combines with varying species
susceptibility, vulnerability, or
responsiveness

Stallings, 2009; EP, 2014; Elliott et al., 2018; Pecuchet et al., 2018; Ramalho et al., 2018; von
Nordheim et al., 2018; Beukhof et al., 2019; McLean et al., 2019; Pennino et al., 2019; Bastardie
et al., 2020

(Continued)
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TABLE 1 | Continued

Challenges id Specific ecosystem challenges Supporting references

Anthropogenic and environmental changes interact with fishing opportunities individually and cumulatively

2.2.1 Fishing combines with climate change
to impact fisheries via changes in
ecosystem-wide productivity and
changes in resource distribution

Jennings et al., 2001a; Furness, 2002; Tillin et al., 2006; Kirby et al., 2007; Hedd et al., 2009;
Shephard et al., 2012a; Daewel et al., 2011; Hiddink and Coleby, 2012; Holmgren et al., 2012;
Meier et al., 2012; Pitois et al., 2012; Goikoetxea and Irigoien, 2013; Tomczak et al., 2013;
Voerman et al., 2013; Bartolino et al., 2014; Engelhard et al., 2014; EP, 2014; Jansen, 2014;
Lindegren et al., 2014; Mackinson, 2014; Rouyer et al., 2014; Auber et al., 2015; Svedäng and
Hornborg, 2015; Thøgersen et al., 2015; Selim et al., 2016; Sguotti et al., 2016; Hawkins et al.,
2017; Trifonova et al., 2017; Gatti et al., 2018; Le Bris et al., 2018; Sguotti et al., 2018; STECF,
2018a; Aranda et al., 2019; Church et al., 2019; Gacutan et al., 2019; Kadin et al., 2019; Voss
et al., 2019; Mérillet et al., 2020; Murillo et al., 2020; Véron et al., 2020

2.2.2 Fishing combines with eutrophication to
impact fisheries via a change in
ecosystem-wide productivity

Fock, 2011; González-Irusta et al., 2014; Bossier et al., 2018; Bergström et al., 2019

2.2.3 Fishing combines with combinations of
other pressures to impact the
productivity of a subset of ecosystem
components

Furness, 2002; Kabat et al., 2012; Anderson et al., 2014; Burthe et al., 2014; Engelhard et al.,
2014; Christensen et al., 2015; Fujii, 2015; Königson et al., 2015; Faulks and Östman, 2016;
Hawkins et al., 2017; Pita et al., 2017; Aas et al., 2018; Kaplan et al., 2018; Maes et al., 2018;
Costalago et al., 2019; STECF, 2020a

Influence of social, economic and governance aspects on fishing opportunities

Social and governance constraints on fishing opportunities

3.1.1 Fisheries and fisheries management
embarked in short-term profit leading to
suboptimal fishing from overfishing or
underfishing

Furness, 2002; Hiddink et al., 2006b; Ferro et al., 2008; Mellett et al., 2011; O’Higgins and Roth,
2011; Torres et al., 2013; Dickey-Collas et al., 2014; EP, 2014; Fock et al., 2014; Ziegler and
Hornborg, 2014; Svedäng and Hornborg, 2015; Thøgersen et al., 2015; EEA, 2016; Mullon et al.,
2016; Pita et al., 2017; Rindorf et al., 2017; STECF, 2017b,c, 2018a; Borges, 2018; Goti-Aralucea
et al., 2018; ICES, 2018a,b, 2020b; Aranda et al., 2019

3.1.2 A market demand influencing what
species assemblages to target

Ferro et al., 2008; Floc′h et al., 2008; Rochet et al., 2013; EP, 2014; Papaioannou et al., 2014;
Voss et al., 2014; Morgan, 2016; Mullon et al., 2016; Seara et al., 2017; Graziano et al., 2018;
STECF, 2018a, 2020a; Aranda et al., 2019

3.1.3 A competition with market places
overruling fair competition

Floc′h et al., 2008; EEA, 2016; Mullon et al., 2016; Morgan, 2016; Goti-Aralucea et al., 2018;
Aranda et al., 2019

3.1.4 Competition for a limited marine space Sánchez and Olaso, 2004; Mackenzie et al., 2013; EP, 2014; Hatchard and Gray, 2014; Jentoft
and Knol, 2014; Papaioannou et al., 2014; Christensen et al., 2015; Girardin et al., 2015; Raoux
et al., 2018; STECF, 2018a; ORFISH, 2019

3.1.5 Changing opportunities from stock
spatial distribution shift

Bjørndal and Ekerhovd, 2014; Jansen, 2014; Tidd et al., 2015; Henriques et al., 2016; Morgan,
2016; Ramírez-Monsalve et al., 2016; Bastardie et al., 2017; STECF, 2017c, 2019a, 2020a; Bossier
et al., 2018; Brown et al., 2018; Graziano et al., 2018; Leitão et al., 2018; Aranda et al., 2019;
Costalago et al., 2019; Gacutan et al., 2019; Pennino et al., 2019; Rubio et al., 2020

Conflicting, inconsistent or ill-informed policy goals across industries and stakeholders

3.2.1 Policy targets for EAFM not defined, or
loosely defined

Frederiksen et al., 2004; Beare et al., 2013; Gröger et al., 2014; Soma et al., 2014; EEA, 2016;
Ramírez-Monsalve et al., 2016; Rijnsdorp et al., 2016; Cheung et al., 2018; Goti-Aralucea et al.,
2018; Ojaveer et al., 2018; STECF, 2018a,c; von Schuckmann et al., 2019; ICES, 2020a

3.2.2 Risk of mismanagement from unfit
biological reference points

Brunel and Boucher, 2007; Froese et al., 2008; Casini et al., 2011; Kempf et al., 2013;
Dickey-Collas et al., 2014; Luzeñczyk, 2017; Goti-Aralucea et al., 2018; Mackinson et al., 2018;
Aranda et al., 2019

3.2.3 Management options or policy goals
not addressing conservation issues, or
possible incompatible policy goals
among the economic, social, and
environmental dimensions

Reiss et al., 2010; Casini et al., 2011; Meek et al., 2011; Mellett et al., 2011; O’Higgins and Roth,
2011; Eero et al., 2012; Crilly and Esteban, 2013; Voss et al., 2014; Ziegler and Hornborg, 2014;
Alzorriz et al., 2016; EEA, 2016; ICES, 2016; Ramírez-Monsalve et al., 2016; STECF, 2017c, 2018a,
2019a,b,c, 2020a; Bellanger et al., 2018; Borges, 2018; Burgess et al., 2018; Goti-Aralucea et al.,
2018; Kraufvelin et al., 2018; Mackinson et al., 2018; Aranda et al., 2019; Bastardie et al., 2020

3.2.4 Mismanagement from unforeseen and
unintended socio-economic
consequences

Sangil et al., 2012; Beare et al., 2013; Dickey-Collas et al., 2014; Girardin et al., 2015; Alzorriz et al.,
2016; Krag et al., 2016; Morgan, 2016; Ramírez-Monsalve et al., 2016; STECF, 2017a,b,c,
2018a,b, 2019a,b,c, 2020a; Batsleer et al., 2018; Bellanger et al., 2018; Graziano et al., 2018;
Mackinson et al., 2018; Aranda et al., 2019; Chagaris et al., 2019; Goti-Aralucea, 2019; Kokkonen
et al., 2019; Villasante et al., 2019

3.2.5 Unintended effects from time lags,
spatial ecology, and spatial fishing effort
displacement

Bradshaw et al., 2001; Duplisea et al., 2002; Dinmore et al., 2003; Hiddink et al., 2006b; Simpson
and Watling, 2006; Froese et al., 2008; Robinson and Frid, 2008; Greenstreet et al., 2009, 2011;
Reiss et al., 2009; Heikinheimo, 2011; Mellett et al., 2011; Hiddink and Coleby, 2012; Holmgren
et al., 2012; Kabat et al., 2012; Niiranen et al., 2012; Sangil et al., 2012; Beare et al., 2013;
Mackenzie et al., 2013; Bartolino et al., 2014; Burthe et al., 2014; Dickey-Collas et al., 2014; EP,
2014; Lindegren et al., 2014; Tidd et al., 2015; van Denderen et al., 2015b; ICES, 2016;

(Continued)
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TABLE 1 | Continued

Challenges id Specific ecosystem challenges Supporting references

Szostek et al., 2016; Hinz et al., 2017; Batsleer et al., 2018; Frelat et al., 2018; Goti-Aralucea et al.,
2018; Hélias et al., 2018; Aranda et al., 2019; Bigné et al., 2019; Costalago et al., 2019;
Erauskin-Extramiana et al., 2019; Goti-Aralucea, 2019; Bastardie et al., 2020

3.2.6 Stakeholders disagreement, low level of
co-management and inefficient
translation of science

Milessi and Defeo, 2002; Haapasaari et al., 2007; Froese et al., 2008; Mellett et al., 2011; Beare
et al., 2013; Floor et al., 2013; Hatchard and Gray, 2014; Krag et al., 2016; Morgan, 2016;
Ramírez-Monsalve et al., 2016; Christou et al., 2017; STECF, 2017c, 2018a, 2019a,b, 2020a; Aas
et al., 2018; Borges, 2018; Goti-Aralucea et al., 2018; Maya Jariego et al., 2018; Ojaveer et al.,
2018; Soma et al., 2018; Aranda et al., 2019; Varela-Lafuente et al., 2019; Verschueren et al., 2019

3.2.7 Perfectible science, control, and
monitoring: a demanding data
collection, monitoring, surveillance,
control, and enforcement

Callaway et al., 2002; Frederiksen et al., 2004; Jennings and Blanchard, 2004; Nicholson and
Jennings, 2004; Hiddink et al., 2006a; Vergnon and Blanchard, 2006; Haapasaari et al., 2007;
Reiss et al., 2009, 2010; Greenstreet et al., 2011; Embling et al., 2012; Shephard et al., 2012a;
Diesing et al., 2013; Gerritsen et al., 2013; Torres et al., 2013; Bartolino et al., 2014; Dickey-Collas
et al., 2014; van Denderen et al., 2014; Johnson et al., 2015; Svedäng and Hornborg, 2015; Tidd
et al., 2015; Marshall et al., 2016; Pecuchet et al., 2016; Rijnsdorp et al., 2016; Szostek et al.,
2016; González-Irusta and Wright, 2017; Luzeñczyk, 2017; STECF, 2017c, 2018a, 2019a,b,
2020a; Elliott et al., 2018; McLean et al., 2018; van der Reijden et al., 2018; Sköld et al., 2018;
Aranda et al., 2019; Chagaris et al., 2019; Christensen-Dalsgaard et al., 2019; von Schuckmann
et al., 2019; Goti-Aralucea, 2019; von Schuckmann et al., 2019; ORFISH, 2019; Varela-Lafuente
et al., 2019; McLaverty et al., 2020

Within each of the three key literature reviews (fishing impacts, environmental context, society context), we sub-categorized articles and reports based on the type of
challenge (a combination of pressure and ecosystem component), to give a three-character “challenge ID” (see also Figure 2). The first character of the ID represents
one of the three links in the conceptual model, the second character represents our categorization of challenges into general types, and the third character is unique to
the ecosystem challenge, which has been illustrated in one or more of the documents reviewed.

while correlations may be observed between environmental
factors and trends in relative abundance, establishing
causal relationships in such data sets is problematic.
The impact of trawling on benthic habitats is nonlinear.
Some habitats are affected much more strongly than
other habitats equal trawling intensities. The practice of
studying fishing disturbance spatially, does not provide
adequate knowledge to overcome this challenge because a
common problem is the lack of proper control sites with
which chronically disturbed areas of the seabed can be
compared. Equally, a baseline shift in benthic communities
due to chronic fishing disturbance has probably already
occurred in some areas.

Fishing Alters Food-Web Interactions
Fishing can provoke a change in trophic interactions among
predators and prey in benthic, demersal and pelagic systems –
changing the balance between predator and prey abundance,
or leading to prey switching. These changes can also interact
with multiple other pressure effects to drive change in the
abundance and density of not just the targeted living marine
resources but also, the associated communities. This includes
the diversity of responses to fishing perturbations from different
communities due to the inherent biological variation in resilience
and vulnerabilities. A well-documented example of such a
perturbation is the impact of fishing activities upon benthos
communities and their habitats (challenge 1.3.1 Ramified effects
on seabed habitats), which can create unexpected outcomes, for
example, the release of predation on r-selected species, the loss
of functional redundancy that contribute to the resilience of the
benthic habitats, etc. Such changes can result from direct impacts
of extraction and habitat modifications or indirect impacts such
as modified predation pressure.

While fishing has well-known direct effects on the size-
structure of targeted fish populations, by contrast, the indirect
effect of changing predator-prey balance ratios is documented
to a lesser degree. At the same time, it may induce a diverse set
of responses including indirectly reducing primary production,
the energy transferred to fish and hence, the carrying capacity
or the maximal possible productivity of the impacted ecosystem
(challenge 1.3.2 Ramified effects on bentho-pelagic food webs).
Hence, fishing can change trophic interactions with possible
far-reaching indirect changes. By selective removal of species
(targeted or by-catch), fishing can cause trophic cascades and
change the species composition of the marine ecosystem. Under
such circumstances, some ecosystems are likely to switch to
an alternative stable state dominated by small pelagics and
marine mammals with unanticipated consequences on other
commercially and/or ecologically important species.

Some species can be very sensitive to fishing while being
the keystone species, i.e., low abundance species which have a
high disproportional impact in directing foodweb and ecosystem
functioning. Key ecosystem species also include large biomass
pelagic stocks typically in upwelling systems with a critical role
in both structure and function of the ecosystems. Depleting
these species poses an ecosystem challenge by causing substantial
changes compared to unexploited ecosystem functioning. These
effects of fishing on keystone species and important habitats
occur in both coastal and offshore fisheries, nor are they limited to
just benthic habitats, as they impact upon ecosystem functioning
in the pelagic realm too.

The importance of benthic versus pelagic pathways is also
poorly studied. However, a change in the strength of these
pathways would lead to change in the relative biomass of stocks
and therefore, the long-term sustainable yields of the fisheries
they support. In some areas, the ramification effect through
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trophic cascades and multiple pressure interactions is proven
to be weak and change in the ecosystem likely reflects selective
removals and thus a direct effect of fishing. There are challenges
in identifying the direction of the causality and disentangling
these confounding effects. At the same time, there are signs of
non-linearity and sometimes evidence that fishing pressure is
not the main effect causing impacts on the measured ecosystem
components. Most time series of data began long after the
development of fisheries and, therefore, do not integrate long
periods of overfishing. The lack of contrast due to the relative
shortness of time-series likely impairs the detection of ecosystems
effects. Using historical data as a reference state might not be
sufficient to reveal effects when the lasting impact keeps the
system in an altered state.

Inherent Ecosystem Variability and Ecosystem
Component Attributes Interact With Fishing Impacts
Affecting Fishing Opportunities
Changes in the biophysical environment can occur naturally,
at fine and large spatial and temporal scales – from days
to geological time scales. Any such change in environmental
conditions can affect the abundance, density or vital rates
of exploited marine living resources, and hence, affect their
accessibility or productivity for exploitation in fisheries. In
seabed habitats, fishing and environmental conditions can
combine to indirectly contribute to reducing the abundance of
benthic food for commercial fish in a wide range of habitats
and hence lowering the carrying capacity of the habitats for
exploited benthivorous species (challenge 2.1.1 Environmental
conditions on seabeds).

The effect of environmental changes on exploited species is
difficult to discern because fishing pressure is so ubiquitous
that partitioning off these effects must be done without an
unexploited population as a control. Almost all articles under the
environmental context to fisheries review used fishing pressure
as a covariate in their analyses or included strong caveats in
their discussion regarding the unavoidable effects of fishing on
their results. In some circumstances, the fishing disturbance
may have minimal effect compared to natural disturbance (e.g.,
Baltic Sea), while in others fishing may cause long-lasting
or irreversible changes to marine ecosystems (e.g., Vulnerable
Marine Ecosystems; VMEs). Similarly, changing environmental
conditions may mitigate some effects of fishing pressure through
so-called counteracting or compensatory effects (challenge 2.1.2
Natural resource variability), or these changing conditions may
exacerbate the effect of fishing pressure through synergistic or
cumulative impacts. There are, however, examples where the
direction of the effect is not ambiguous. Fish stock-recruitment
is sometimes heavily influenced by environmental drivers, where
changes in primary productivity affect recruitment success.

There are many specific knowledge gaps regarding individual
species’ vulnerability to exploitation. Intra-specific variation in
life-history traits or strategies can have different effects on the
vulnerability across stocks. In particular, slow-growing species
can be more challenging to obtain appropriate data with which
to estimate stock size, while they are at the same time likely to be
more vulnerable to exploitation (challenge 2.1.3 Varying species

vulnerability). The interactive effect of fishing and environmental
change is poorly understood, partly because of the lack of non-
exploited stocks or areas to consider the effect of environmental
changes in the absence of fishing pressure.

Anthropogenic and Environmental Changes Interact
With Fishing Opportunities Individually and
Collectively
Large-scale changes, such as those caused by climate change
(challenge 2.2.1 Climate change impact), can act directly or
indirectly on exploited species. Direct effects of increasing
temperature include changes in growth rate, the timing of
biological processes, or forcing poleward or deeper water shifts in
distribution, reduced ranges due to other geographic boundaries
limiting distribution shifts, as well as changes in local assemblage
structure and the productivity of different species in those
assemblages. Indirect effects arise when climate change affects the
prey availability and quality for exploited species, which also may
influence their spatial distribution and productivity. Generally,
current changes caused by the global warming benefits southern
warm-water species against northern cold-water species.

In some cases, the overall trend may not be a directional
change in the mean conditions, but an increasing inter-annual
or seasonal variability. Phenomena such as marine heat-waves,
or periodic fluxes in regional hydrology can exclude keystone
species from an otherwise productive area, reduce primary
productivity in areas of upwelling or mixing, or even prevent
populations from completing their life cycle.

Where species and communities may have a high tolerance
and/or low exposure to these environmental changes, the additive
or synergistic effect of fishing may nevertheless increase their
vulnerability and force a shift in the ecosystem structure past
some tipping point, which prevents a return to the previous state
even after the total cumulative pressure is reduced or removed.

Eutrophication and fishing pressure combine to alter
the dynamic of the marine ecosystems (challenge 2.2.2
Eutrophication impact) via changed oxygen conditions on the
seabed with changed biological interactions between functional
groups. Eutrophication encourages phytoplankton blooms and
promotes the growth of other ephemeral algae that die, sink and
decompose, consuming the oxygen of bottom-waters. This is
especially pronounced during summertime in coastal habitats.
Areas of low-oxygen reduce the habitat available to many species
by directly excluding them or by causing reduced benthic
productivity or die-off of prey species. The loss of potential
habitat also reduces the access to potential refugia from fishing.

Fishing is not the only disturbance factor for exploited species.
As defined specifically for climate change and eutrophication
above, fishing interacts with other pressures, both natural
and anthropogenic, to form complex mediating, additive or
synergistic effects on different exploited species (challenge 2.2.3,
Other pressures impact). A diverse array of pressures affects
the ecosystem, including interactions with land use, coastal
development and pollution of coastal waters with chemicals,
pesticides, noise pollution, marine litter, and micro-plastics.
European seas are now subject to massive development of
marine infrastructure including energy facilities, e.g., offshore
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wind farms, exploitation of wave energy, and development
and implementation of marine aquaculture. Pathogens can be
introduced via aquaculture sites. Invasive species in some parts
of the world can appear to restructure the benthic invertebrate
community with a more substantial effect than bottom trawling.
The stocking and transfer of non-native species may have many
unintended effects. They may threaten native aquatic biodiversity
at all levels including genes, populations, species, and ecosystems,
with subsequent loss of yield and the reduction or even extinction
of native species or populations.

Social and Governance Constraints on Fishing
Opportunities
Suboptimal fishing (challenge 3.1.1 Short-term profit leading to
suboptimal fishing), arise where higher yield or revenue might
be obtained with a different level of fishing pressure. This
often arises from mismanagement, sometimes originating from
unforeseen and unintended socioeconomic consequences in a
situation where a tradeoff exists between resource productivity
and fleets’ immediate demands. Suboptimal fishing arises from
imbalanced fleet capacity when there is a mismatch between
the scale of the resource exploited and the scale of the fleets
involved in a single stock fishery which can then lead to higher
TACs to support these overlarge fleets. In many cases, suboptimal
fishing can occur due to quotas being set higher than scientifically
advised, because of the social pressure to keep fishing vessels
in business. Suboptimal fishing also arises in multispecies and
multi-gear fisheries, whenever different nations or fishing métiers
can interact to the detriment of each other, the target species
of one activity being the bycatch of another. Fisheries are often
focused on immediate short-term profit that can overwhelm
any longer-term consideration and by-product. Hence, even
when seeking the maximum sustainable yield based on assumed
stable past conditions, setting the catch allowances for the year
to come may largely ignore potential long-term effects that
would reduce the chances of meeting the CFP objectives. The
decisions on TACs are often made based on perceived short-
term socioeconomic impacts to the detriment of long-term
sustainability goals, primarily for TACs outside an adopted long-
term management plan. The search for immediate profit, or
merely economic sustainability, and securing jobs may lead
to an escalation in fishing power or the maintenance of an
oversized fleet that has possible far-reaching consequences on
both the ecosystem and the economy of the fishing sector (e.g.,
overcapitalization).

The market demand especially for non-regulated fish species
partly influences which species assemblage fishers choose to
target and what might be considered optimum yields, and
with which fishing methods, with possible far-reaching effects
on marine foodwebs and a changing exploitation pattern and
footprint on marine habitats (challenge 3.1.2 Market demand).
There are several factors that individual fishers have limited
or no control over, such as, among others, stock size and fish
movement, fisheries management including quota allocation or
other regulations, weather, operating costs, fish prices, and labor.
Inshore fleets are particularly challenged when average prices

of the harvest might not increase in line with operating costs,
leading to decreased profitability.

In a globalization context, there are market forces such
as differential competitiveness, market vertical integration,
consolidation, and product substitution that pose a challenge
to some fisheries (challenge 3.1.3 Unfair market competition).
Market substitution may also occur as a side effect of
implementing “best practices” for EU fleets, leading potentially
to an inevitable loss in competitiveness when all fishing activities
do not operate under strictly similar social conditions that would
push for lowering labor costs and social standards. This is
especially the case between small-scale and large-scale vessels
targeting the same stock or species where larger vessels usually
fish with lower net costs.

Fisheries may experience competition for limited marine
space (challenge 3.1.4 Limited marine space), including
competition among different fishing practices (passive versus
active gears), with recreational fisheries, or with different users
at sea beyond the fishing sector (offshore windmill farms,
aquaculture, etc.). Fishers are also challenged to be part of
the “problem-solving process” that aims for coexistence with
other marine users. The governance challenge is expanded from
optimum yield to optimum combination of ecosystem services.
Displacing fishing activities protecting areas or reserving to
other marine sectors may lead to increasingly congested areas,
as open space is getting increasingly scarce. Congested areas are
the ground for conflicts and can further induce safety concerns,
whenever mutually exclusive activities conflict for occupying the
same marine space. Spatial displacement of fisheries may also
induce costs when vessels need to spend more time steaming
to reach a productive fishing ground. Displacement may also
result in damage to previously unfished grounds with unknown
ecological impacts.

Shared or straddling stocks (such as widely distributed
pelagic stocks) are of particular concern, as they can change
in distribution or productivity and rapidly encourage conflict
between states and destabilize international agreements when
moving in or out of territorial waters of multiple nations or even
neighboring communities with a state due to changes in species
distributions caused by climate change (challenge 3.1.5 Spatial
distribution shift of resource). The “Brexit” challenge is another
good illustration of uncertainties regarding the way shared stocks
may be managed in the future outside EU waters, with possibly
contradicting policy goals across borders.

Conflicting, Inconsistent or Ill-Informed Policy Goals
Across Industries and Stakeholders
Fisheries or ecosystem policy targets are not always defined at
the operational level (challenge 3.2.1 Unclear policy targets),
which leads to different interpretations. One example is the
lack of threshold levels for pressure and impact indicators that
relate to the GES of seafloor integrity to be derived. Another
example arises when fishing one species may indirectly affect
other species and ecosystem components. In such a situation,
the EU CFP further lack of agreed guidance on priority to be
given to objectives when tradeoffs have to be made between the
return from fishing and the acceptable environmental impact.
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In particular, social objectives tend to be simplified or are
downplayed within fisheries management. There might also be
some balance, but that might be more in terms of acceptable
environmental impact (which has a social dimension) than
social objectives.

Fisheries management is generally based on the assessment of
the fishing impact on a single stock but achieving MSY for an
individual stock can hamper the achievement of MSY for other
stocks (challenge 3.2.2 Unclear biological reference points). In
addition to species interactions, the biological reference points
should not ignore environmental determinants.

There is a risk for fisheries management or fisheries
policy goals to ignore conservation issues or other ecosystem
considerations besides the targeted stocks, or otherwise
account for some but only partially mitigating the fishing
impacts. A fishery policy not addressing conservation issues
will contribute to degrading ecosystem components without
commercial fishery interest through, e.g., bycatch or habitat
degradation (challenge 3.2.3 Incompatible policy goals).
Objectives prioritizations is a way forward; however, sometimes,
tradeoffs are inevitable. This is because “saving fish or habitat”
can be a reward in the long-term but costly for the fisheries
exploiting them in the short-term, or to the society at large
that has to bear the costs for conservation. To rationalize these
tradeoffs, the focus should be on the design of institutions
to deliver knowledge to both environmental and fisheries
policies integrated.

Mismanagement with technical measures (gear modifications
or closed areas to fishing) can arise both on the measures failing to
reach its goals for protecting the ecosystem, and on the measures
affecting the fishing opportunities and economy adversely
(challenge 3.2.4 Unintended socioeconomic consequences).
Some fisheries management such as the landing obligation could
have a limited effect for ensuring future fishing opportunities,
given the reluctance of fishers to take actions, e.g., for improving
selectivity in responding to regulation. However, the decision
to include a lot of possible exemptions in CFP Art. 15 of the
basic regulation made it easy for the fishing sector to lobby for
prolonging the status quo.

A challenge is posed by time lag for changes to occur or
effects to be measured given the ecosystem inertia, possibly
creating misunderstanding or mismanagement (challenge 3.2.5
Unintended time lag and spatial effects). On the other hand,
rapid changes in the ecosystems can create a rapid mismatch
between the component to protect and the protection, making the
management irrelevant. The time required to translate knowledge
to policy is also contributing to the delay.

There are conflicting opinions among stakeholders inducing
lack of social acceptance with/non-compliance to the rules
or a possible cause for management failure (challenge 3.2.6
Stakeholders disagreement). Finding the compromises needed to
build common ground is a challenging exercise. For lowering
the level of distrust and fears of patronization, the challenge is
to leave some room for regional divergence while maintaining
some fundamental CFP principles and objectives applicable
to all fisheries. Unfortunately, regional groups are facing a
lack of scientific expertise. However, it appears that social
acceptance of the rules is critical to management success if the

performance of management is affected by the social, economic,
and institutional dimensions. For example, the successful use of
technical measures appears to depend mainly on their acceptance
by industry. Some rules, such as closed areas or seasons, are
particularly prone to low acceptance.

All these ecosystem challenges require a reporting system to
collect data on an array of aspects (biological, environmental,
socioeconomics, and human behavior data) and a routine basis
to acquire new knowledge and understanding of the ecosystems
but also to monitor the change (challenge 3.2.7 Monitoring,
surveillance, control, and enforcement). Monitoring fishing
impacts suppose developing fisheries-oriented indicators for
measuring the fishing impacts and indicators for measuring
the performance of the management measures taken to oppose
the fishing impacts. There is equally a need for indicators that
would reflect the fish and fish communities dynamics, and the
oceanographic changes. Sustainably managing natural resources
requires a greater understanding of community dynamics
and ecosystem functioning under changing environmental
conditions. A changing environment would suggest studying the
ecosystem dynamics at the right time and scale resolution.

Management Measures for an EAFM
There are numerous management measures in place to manage
European fisheries (e.g., the Technical Measures EC Reg
2019/1241). Among them, there are measures as part of an EAFM
aimed at resolving the ecosystem challenges we have identified
(Figure 3). Additionally, there are other European environmental
policies (Habitat Directive, Water Framework Directive, Marine
Strategy Framework Directive) which an EAFM should consider
to bridge the historical divide between conservation and socio-
economic goals. Below we list proposals put forward by studies
we reviewed:

Promoting integrative management. An EAFM should
set the desired exploitation level acknowledging potential
conflicts between fisheries (e.g., one fishing on a species
that serves as prey to other fisheries) or other maritime
sectors, and synergies with the environmental protection
(Kraufvelin et al., 2018). In addition to this, the harvest control
rules should be responsive to, and account for, changing
environmental conditions. Mitigation measures should be
strategically implemented to preventing adverse effects on
critical habitats of fish, and any vulnerable or protected marine
species (Christensen et al., 2015; Costalago et al., 2019).
Different options should be presented to stakeholders, and
policymakers prioritize in regard to these tradeoffs (Lynam
et al., 2017; Chagaris et al., 2019) (for selecting different
closed areas, etc.).

Ensuring habitat protection of essential and productive fish
habitats, seabeds, and sensitive habitats. Protected areas should
be developed together with specific spatial management plans
(allowance for certain fishing practices, etc.) and identify priority
areas for management (Mérillet et al., 2018). In addition to such
spatial (and/or temporal) closures, other conservation measures
such as gear substitution or shifting to low seabed impact
gear, should be further developed (e.g., replacement of bottom
contacting trawl doors with pelagic trawl doors, Krag et al.,
2016). Utilizing knowledge on the distribution of Vulnerable
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FIGURE 3 | The links between the impacting pressures, the impacted ecosystem components, the ecosystem challenges identified from the review that arise from
the combination of pressures, and the suggested management actions to oppose the challenges. The width of the links represents the frequencies of occurrences
cited in the screened studies.

Marine Ecosystems (VMEs) in setting spatial restrictions will
aid in maximizing biodiversity preservation by restricting any
future fishing to the historic footprint. It could also be important
to prioritize the protection of areas that have been found so
far unsuitable for trawling and hence, keep them untrawled
before new gears could develop to exploit them. Finally, areas
identified as lightly fished are often those with high recovery
potential (especially of the benthic community) and could be
protected with both minimal harms to current fishing activities
but the maximum effect for ecosystem function. For ensuring an
acceptable tradeoff with the economic return, some management
plans should aim at displacing the fishing effort from marginal
(typically low catch rates) fishing grounds to core fishing grounds
(high catch rate areas) (Bastardie et al., 2020).

Promoting low-impact fishing with adaptive, or precautionary
management. Fishing catch levels should both adapt to changes
in productivity and survival of the exploited stocks (e.g., arising
from background environmental changes) and to the bycatch
levels of unwanted fish. The management should help at
changing the level of catch to balance and adapt to the fishing
opportunities as well as balancing with impact associated with
a given level of catch. Low impact fishing should be promoted
by developing technical measures that include gear modifications
and innovations (Wallace et al., 2008; Žydelis et al., 2009), and
spatial management with demonstrated performance in reducing
bycatch (e.g., sorting grids, benthos release panels, closed areas,
and seasons) for both the commercial and recreational fisheries.
Some actions should be taken to improve the registration of lost
gears and limit ghost fishing (Maes et al., 2018).

Fishing at FMSY. Fishing at FMSY should rebuild the
overexploited stocks (Rindorf et al., 2017). Meanwhile, fishing
at FMSY will limit the effort spent to catch the fish and
therefore limit the adverse effects of repeated disturbance or
the extending of the footprint from searching the fish over
a larger area. If fishing at a balanced level with the fishing
opportunities should contribute to avoiding suboptimal fishing
in mixed fisheries, this could also contribute to reducing
fuel consumption in fisheries along with fuel-efficient gear
innovations or substitutions (Ziegler and Hornborg, 2014).

Funding research and monitoring. Research should help
include multispecies, and ecosystem model approaches in
fisheries management (Chagaris et al., 2019). Exploitation levels
for stocks should be developed in consideration with other stocks.
EAFM requires more mechanistic knowledge, for example, about
how environmental variables relate to climate change and affect
the stocks at all life stages and spatial distribution. Monitoring
is necessary to determine whether management objectives are
achieved, and monitoring, for example, habitat protection,
requires first knowledge acquisition (e.g., mapping conflicts areas
for delineating spatial reservation, impact assessment). Funding
should promote innovation for developing selective gears that
help to avoid unwanted fish. In EAFM, innovative technical
measures could oppose indirect fishing effects on marine food
webs. Social science research should help to identify the social
and cultural significance of commercial fishing for different
coastal regions, including community dependence on fishing, and
climate vulnerability assessment. Support for capacity building
can be essential in some regions (the ORs) to collect the data
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required by a proper stock assessment, and eventually support
indicator-based management (Casini et al., 2011; González-Irusta
et al., 2014). Strategic perspective with science-based evidence
and scenario testing may be able to anticipate some effects
of fishing pressure under background environmental change.
Case studies could be the basis for scaling-up local knowledge
of structure and functioning of the marine ecosystems and
fisheries, combined with a bio-economic modeling approach
at the national or regional level investigating future scenarios,
to illustrate to what extent natural resources could contribute
to society through various possible spatial management plans
and across different social, economic, and governance contexts.
Finally, alternatives should be explored where data-poor or low-
cost EAFM methods would need to be identified to address the
particular (e.g., small-scale fishing) challenges of OR fisheries.

Build mutual trust with a participatory, regional approach.
Results-based management system put the focus on the local
fishers to develop gears that will avoid unwanted catches (Alzorriz
et al., 2016) including, e.g., the development of seal safe fishing
gears. Co-management or participatory approaches could help
for better compliance (Haapasaari et al., 2007; Röckmann et al.,
2012) by increasing the mutual trust between the local fishing
communities and the public administration and prevent the
imposition of issues for conservation only (Ramírez-Monsalve
et al., 2016; Maya Jariego et al., 2018). It should also promote
the involvement of small-scale fishers that are typically poorly
organized. There has recently been more of an emphasis on “co-
design” as an aspect of co-management where challenges and
objectives are agreed, and measures are developed together with
scientists or by fishers and reviewed by scientists.

Develop market instruments. Along with promoting low-
impact fishing, creating a brand or a certification is advised to
maintain and receive a price premium on the catches or at least
keep market access in case, for example, wholesalers demand
only certified fish. Vessels that are members must comply with
several criteria for the catch activity among short trip duration,
the gear to use, the period for fishing, etc., all kind of criteria
that the fisheries and marine science could have demonstrated to
be efficient at ensuring sustainable use of the exploited seas (e.g.,
Floc′h et al., 2008).

DISCUSSION

Our review identified a collection of generic ecosystem challenges
that result from the analysis of a corpus of scientific studies
focusing on ecosystem effects in fisheries science, supported
by advisory reports. The list arises from topics that justified
the scientific investigation in the reviewed articles but also the
remaining issues that the authors mentioned for future work.
In the discussion, we move transversely through the list of
challenges, with illustrations within selected case studies across
EU waters. This approach illustrates some of the different
regional perspectives that a pan-European EAFM should take
into account. We selected the following cases: (i) Baltic cod, from
the single-stock perspective toward working on a fully fledged
EAFM, (ii) the exploitation of forage fish in the North Sea, a

demonstration of close benthopelagic coupling, (iii) the Celtic
Sea mixed fisheries, where suboptimal fishing and conflicting
policy objectives dominate the issue, (iv) Bycatch and habitat
degradation in the Bay of Biscay, and (v) the current under-
capacity and lack of scientific studies in some of the EU
Outermost Regions. To complete the perspective, we provide
Supplementary Material for referring to the described challenges
per fishery obtained by collecting fisheries and marine ecosystem
local expertise.

Case Study: Baltic Sea Cod
In the Baltic Sea, there are two genetically distinct cod stocks
with considerable mixing of stocks (Hüssy et al., 2016). Such
a stock mixing between eastern and western Baltic cod can
jeopardize the reliability of fish stock assessments and the
fishery’s economy by blurring the area-based management of
catch limits (challenge 1.1.2). Ignoring such bio-complexity could
lead to overexploitation of one of the component stocks in any
given management area by setting imbalanced and higher catch
levels, based on the productivity of the stocks in combination,
than the individual component stock would be able to support
(Bastardie et al., 2017). A vicious circle on the exploited
population’s capacity to renew can significantly jeopardize
future fishing opportunities (challenge 1.1.4). Concurrent to
these fisheries derived challenges, environmental conditions can
change radically jumping from a long stable regime to an
alternative transient or steady-state, unpredictably (challenge
2.1.2) changing long-term vital rates (challenge 1.1.2). Eastern
Baltic cod recovery capacity may deteriorate under these new
environmental regimes and predicting the capacity of the
stock to recover via improved recruitment may become more
challenging. A clear example of such a limitation is the effect
of increasing temperature in the Baltic Sea on Baltic cod larvae;
reducing the spatial and temporal window for survival (Voss
et al., 2019). Increasing areas of hypoxia and anoxia (challenge
2.2.2) also directly affect the available suitable habitat sizes
(Voss et al., 2019). Such environmentally induced reductions
of suitable habitat increase exposure to fishing by amplifying
the effect of the environment when the same fishing pressure
is applied to a reduced productive capacity (Isomaa et al.,
2013). One primary source of uncertainty arises from predictions
of environmental change, including but not limited to the
magnitude of future climate change (challenge 2.1.3) and future
water salinity concentration. The uncertainty in the predictions
of future environmental conditions drive uncertainty in Baltic
cod recruits, and hence, future fishing opportunities for cod
(Thøgersen et al., 2015). So far, the water volume with suitable
conditions for cod reproduction has remained relatively constant
from 1993 to 2017 (von Schuckmann et al., 2019). However,
a change in water salinity would perturb the usual patterns
of water stratification and hence, cod reproductive success
through the survival of eggs. Climate and fishing opportunities
projections should account for the significant Baltic inflow events
shaping a suitable environment for cod reproduction (Röckmann
et al., 2007). Projecting future fishing opportunities should also
account for eutrophication effects (challenge 2.2.2), because the
effects of ambient oxygen conditions affecting benthic organisms,
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especially in the coastal zones, will cascade to adversely impact
the growth and development of their predators, including the
Baltic juvenile cod (Bossier et al., 2018).

The Baltic cod population dynamics are determined by
competition and predator-prey interactions, depending on the
spatiotemporal overlap between Baltic cod, herring and sprat
(Lindegren et al., 2014). Because of the relatively low complexity
of trophic interactions in the Baltic Sea, fisheries have possible
far-reaching consequences when extracting single species or
functional groups. A good example of this is the fishery for sprat
in the southern Baltic, which may impact food availability for cod,
thereby limiting its growth and body condition (challenge 1.3.2).
The exploitation of cod now also competes with exploitation from
top-predators such as seals (challenge 2.2.3). The growing gray
seal population leads to dramatic increases in both catch losses
and damage to fishing gear (Königson et al., 2015; Dinesen et al.,
2019). Gray seals affect cod with parasite infestation, affecting
fish body growth, condition, and natural mortality (Horbowy
et al., 2016). Differing views on the environment and the need
for protection (challenge 3.2.6) of, e.g., the gray seals, are a source
of conflicts among stakeholders, including scientists (Meek et al.,
2011). In addition to these cod specific issues, native species must
now compete with the invasive species, round goby (Ojaveer
et al., 2018). The round goby competes for space and food
resources with species of commercial value such as flatfish and
juvenile cod (challenge 2.2.3).

Fisheries management, including catch allowance levels, has
historically not been effective in controlling Baltic cod fishing
mortality (challenge 3.2.6), due to poor enforcement before 2008.
In recent history, the actual catches have been significantly lower
than the allowed limits (Aranda et al., 2019). It is also the result
of a lack of compliance to the rules arising from conflicts between
different groups of fishers who view the measures as more or
less credible and acceptable (challenge 3.2.6). Other sources of
fish removals are at play in the Baltic Sea, and recreational
fishing makes a significant portion of the removals (challenge
2.2.3), as high as 30% of total catches (ICES, 2019b). However,
catches from recreational fishing is challenging the monitoring of
commercial stocks (challenge 3.2.7). Recreational fisheries may
be a significant proportion of the mortality of those fish owing
to their coastal distribution. Surveillance and monitoring from
indicators are tremendously important, and a robust science
should accompany their interpretation (challenge 3.2.7). For
example, if the Baltic cod stock abundance was perceived to
have recovered, there were indications for the cod growth
(as reported by averages of individual body weight) to have
sharply declined in recent years (Svedäng and Hornborg, 2015).
The seemingly positive sign in increased abundance resulted
in the certification of fisheries targeting Eastern Baltic cod by
the Marine Stewardship Council in 2014. It is obvious now
that such as certification was premature regarding the dramatic
2020 Baltic cod status. Biological reference points (challenge
3.2.2) are not adequately defined if not considering the state
of the interlinked cod, sprat, and herring species in the Baltic
ecosystem (Casini et al., 2011). Finally, the relationship between
the recruitment and large-scale climate indices (challenge 2.2.1)
stresses the need to take account of the influence of climate on fish

recruitment to improve the management of fish stocks (challenge
3.2.4). The recent availability of open-source environmental data
provides an opportunity to test a variety of predictors that
may have an influential role in stock-recruitment (Smoliñski,
2019). It is known that an array of pressures in the Baltic Sea
affects fish population dynamics and their essential fish habitats
(Kraufvelin et al., 2018). Fisheries managers must consider the
broader ecosystem and environmental context driving changes
in individual stocks (challenge 3.2.7). While many stock status
reports include such information, managers should explicitly
request this context to give advisory bodies the mandate to
investigate and deliver such information.

Case Study: Ecosystem Interactions
With North Sea Forage Fish
Planktivorous forage fish play a key role in energy transfer
from secondary production to top predators, and care should
be taken to keep these stocks within safe biological limits
(challenge 1.3). The cost of overfishing is twofold; the lower
abundance constrains the energy transfer function described
above, but there is also an internal stock cost given that
forage fish show higher individual survival when abundance
is high (challenge 1.1.3) (Dickey-Collas et al., 2014). Changes
in the impact of fisheries on forage fish may have complex
and unanticipated consequences on other commercially and
ecologically important species (challenge 1.3.2). Forage fish link
bottom-up and top-down processes (challenge 1.3.2) and a
fishery induced reduction in predation pressure on plankton
can cascade up to impact demersal fish and predatory seabirds
(Lynam et al., 2017). The dependence on forage fish for
seabirds, marine mammals, and predatory fish species in the
North Sea makes these species sensitive to variations in forage
fish abundance. Because of their specialized diets and limited
foraging range seabirds are the most sensitive. Among the
fishery exploited forage fish, sandeel is the most “universally
important” as prey (Engelhard et al., 2014). Many forage fish
species are exposed to large-scale industrial fisheries while
simultaneously impacted by climate change. This interaction of
fishing and climate change (challenge 2.2.1) can have profound
effects on prey availability for seabirds and other top predators
(Anderson et al., 2014; Church et al., 2019). The importance
of benthic versus pelagic energy flows to fish pathways is
poorly studied. However, a change in the strength of these
pathways (challenge 1.3.1) would lead to change in the relative
biomass of stocks and the long-term yield that is considered
sustainable (challenge 3.2.2). Weak interactions among species
may tend to stabilize food webs, whereas strong interactions
may destabilize them (challenge 2.1.3). North Sea herring,
anchovy, and sardine are three species that illustrate there
will be winners and losers from projected climatic warming
(challenge 2.2.1). The North Sea is close to the southern boundary
for herring; hence this species will likely be adversely affected
by global warming (Baudron et al., 2020). The North Sea
is the current northern boundary for anchovy and sardine,
and warmer water is likely to affect these stocks positively
(Engelhard et al., 2014).
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The commercial exploitation of forage fish removes large
amounts of fish biomass from ecosystems and the fish
populations. A shortage of sandeel resulting from overfishing
may well change the food chains of the North Sea ecosystem
(challenge 1.3.2). Predatory fish species critical to human
consumption fisheries will target suboptimal prey with a lower
calorific value, or net energy gain, leading to reduced growth
and condition which in turn is likely to impair reproduction and
survival (Engelhard et al., 2008; Dickey-Collas et al., 2014). These
cascading effects may have far-reaching ecosystem consequences,
right up to the economy of the entire fleet of the North Sea region.
A precautionary forage fish exploitation rate might also well be
economically more optimal for the industrial fleet due to the
resulting benefits for the other fleet-segments (challenge 3.1.1).
The higher market value of top predator fish can constrain forage
fish catch allowance when trying to recover the top predator
stocks and increase yields (challenge 3.1.2). Because of bycatch,
it is also not possible to reach FMSY for the North Sea forage
fish without also fishing more on human consumption species
such as mackerel and herring (challenge 1.2.1). While currently
not considered in the management, exploitation of both forage
fish and the top predator species at individually determined MSY
levels is not realistic without accounting for species interactions
(challenge 3.2.2). Strongly interlinked ecosystem interactions
could cause time lag effects (challenge 3.2.5). The fishery induced
decline in top predator fish in the North Sea has likely reduced
pressure on small forage fish, which might impair the recovery
of the predatory species because their juveniles will experience
increased competition with small fish (Greenstreet et al., 2011).

Case Study: Mixed Demersal Fisheries in
the Celtic Sea
Demersal fishing in the Celtic Sea is characterized as a mixed
fishery, where fleets target a range of commercial demersal species
while deploying different gears. This type of fishery introduces a
range of different challenges for management, including initially
challenge 3.1.1. Because the vessels will catch multiple species
in a normal fishing operation the fishing pattern (relative catch
rates of the main species) will not generally map onto the fishing
opportunities, in terms of TAC and quota. These fisheries can
then cause unwanted changes in stock structures and stock levels
(challenge 1.1.1). For example, both cod and whiting in the Celtic
Sea are well below MSYbtrigger , both are fished over FMSY , and
cod has a recommended zero catch. The stocks are all managed
on a single species basis, although with some consideration of
the mixed fishery issue. Implementing single stock MSY can
then lead to compromises in fishing practices (challenge 3.2.2)
and outcomes (Rindorf et al., 2017). This issue is particularly
important where it would lead to the potential of early closure of
the fishery as is the case in the Celtic Sea (Aranda et al., 2019). The
central management issue is that when low or even zero catch is
recommended for one of the species caught in the mixed fishery,
the Landing Obligation (LO) requires the closing of the fishery.
As a result of this, the LO creates a strong risk of large quota
under-utilization (challenge 3.2.3). This could also be considered
as an example of challenge 3.2.4.

The above challenges are all related to mainstream fishery
management issues. However, the mixed fishery in the Celtic
Sea also introduces a number of more ecological challenges.
One challenge (challenge 2.1.3) concerns impacts on vulnerable
or sensitive species. Possibly the most important would be the
impacts on a number of sensitive elasmobranch species of which
there at least ten species found in the Celtic Sea including the
critically endangered Dipturus spp. (Shephard et al., 2012b). The
demersal fishing in the Celtic Sea also has the potential to cause
habitat damage to both sensitive, and less vulnerable habitats
as well as bycatch of non-target species, e.g., crustacean, or age
classes of fish, linking to challenges 1.2.1 and 1.2.2. The Celtic
Sea also lies at the biogeographical border between two faunal
assemblages, i.e., warm-water Lusitanian species and colder-
water boreal species. Climate change has already led to possible
changes in distributions and fishing opportunities (challenge
3.1.5), with Lusitanian species moving into the Celtic Sea, and
potentially Boreal species moving out (Lynam et al., 2010). Boreal
species in the Celtic Sea including cod, haddock and herring are
at the southern limit of their distribution, and there is likely to
be an interaction between climate-induced temperature changes
and fishing pressure (Mérillet et al., 2020) (challenge 2.2.1).

Finally, the Celtic Sea may also show other social-ecological
challenges. The market strongly influences the choice of targeted
species (challenge 3.1.2). Policy targets for EAFM are not
very well defined (challenge 3.2.1), and there is significant
stakeholder disagreement with enacted policies and a relatively
low level of co-management (challenge 3.2.6). It is also arguable
that the science could be improved, particularly in terms of
species interactions, and that better control and monitoring,
and data collection is needed, particularly onboard observers
(challenge 3.2.7).

Case Study: Bycatch, Climate Change,
and Habitat Degradation in the Bay of
Biscay
The fishery management with the landing obligation will
inevitably affect the fishing opportunities in the Bay of Biscay
(challenge 3.2.4), at least in the short-term. Fisheries economy
will be hit if fisheries do not adapt by improving gear selectivity
to avoid unwanted catches of undersized or immature individuals
in the bottom fishing fisheries (Alzorriz et al., 2016). Besides
this, the pelagic purse-seining fisheries are affected by inherent
large fluctuations in pelagic species density and abundance. These
fluctuations arise from background environmental fluctuation
now trending toward new levels. For pelagics, species may
shift their distribution in response to long-term changes in
the environment (challenge 3.1.5). Anchovy egg abundance
in the Bay of Biscay is also expected to increase along with
changing climate (challenge 2.2.1), which could further induce
an expansion of the spawning area (Erauskin-Extramiana et al.,
2019). Mean body length and weight of sardines have been
decreasing since the early 2000s. If these trends continue, they
could severely impact the fishing and seafood industry sector,
even if these trends may have no apparent link with fishing
pressure (Véron et al., 2020), whereas the effects of fishing are
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generally expected to be of equivalent magnitude, and on a more
immediate time scale (Bell et al., 2015).

Future fisheries economy in the Bay of Biscay is hence difficult
to foresee, and the fish market response is uncertain, even more
in a globalized market (challenge 3.1.4). Responses of prices to
variations in volumes landed would likely differ among species
(challenge 3.1.2). In the Bay of Biscay, high priced species such as
seabass may have a price to raise if volume decreases, whereas low
price species such as anchovy or sardines, will be substituted with
import if volume decreases, therefore creating a lost for fisheries
operating on them (Floc′h et al., 2008).

Besides affecting target species, fisheries in the Bay of Biscay
are responsible for incidental catch of birds, notably when
lines are set in coastal and estuarine areas when these species
are migrating, and of bycatch of cetaceans such as common
dolphins (challenge 1.2.1). Fishing contributes to the decline
of marine mammals along with catching anchovy, sardine,
and hake. Fishing also causes major disturbance to benthic
communities (challenge 1.2.2) on deeper bottoms, i.e., >100 m
of the continental shelf and no fragile species are anymore
present in the most exploited areas (Blanchard et al., 2004). This
prevents recolonization from adjacent areas or originates from
a lack of redundant species available locally or in adjacent areas
(Ramalho et al., 2018). These fishing impacts create concerns
for environmentalists, and public opinion may be mobilized
with bad press on certain damaging fishing practices both on
seabed habitats impacted and emblematic species. In South Bay
of Biscay, narrow space of continental shelf increases the risk for
technical interactions and social conflicts (challenge 3.1.4) beside
the safety challenges caused by congested marine areas on the
daily fishing operations.

Case Study: Undercapacity and Better
Science and Opportunities in Outermost
Regions
The purse-seining for tuna adversely affects other marine
populations including bycatching other tuna fish, sharks, rays,
billfish, and sea turtles (challenge 2.1.1). By-catch species from
tropical tuna purse seine fishery have been affected by fishery
pressure since the last century (Torres-Irineo et al., 2014). In
the ORs, bycatch rates are mostly unknown given the existence
of illegal, unreported, and unregulated (IUU) fisheries in the
southern oceans, and the non-systematic presence of onboard
observers (Thiebot et al., 2016). Because of this, the overall
removals of exploited fish and other species are not known
(challenge 3.2.7). Combat the IUU fishing requires cooperative
efforts amongst the diverse countries. At the meantime, there is a
lack of resource to enforce and control, and the lack of scientific
capacities to collect and analyze data, for both commercial and
well-represented sport fishing. Lack of resource leads to a lack
of suitable data from issues in quality, quantity, and timely data
reporting for target and non-target species to support sound
assessment and management advice, even for the very valuable
and catch-limit regulated tuna fisheries (challenge 3.2.7). The
habitat distribution, the stock identities and spatial connectivity,
and the climate change impacts on these species are also poorly

known (Lezama-Ochoa et al., 2016). Fishing adversely affects
elasmobranch populations with unwanted catches along with
an increasing trend when the habitat suitability area is moving
(challenge 3.1.5) in response to changing climate that provokes
an increased overlap with fishing grounds for tuna (Lezama-
Ochoa et al., 2016) or swordfish that follow a window for
preferred temperature (Schirripa et al., 2017). Longline fishing
could adversely affect a broad range of teleost populations of
different lifestyles, from smaller, fast growth, to larger animals
(Lucena Frédou et al., 2016). The risk for incidental catches was
evaluated to increase along with the increasing fishing power over
time (Milessi and Defeo, 2002).

In ORs, the fishing is very diverse, from numerous small boats
doing mixed fisheries, with many different gears and landing
sites, to a large polyvalent fleet under effort control, to well-
established large seiners fisheries for tuna and swordfish under
quota management. Some public fundings are generally justified
to renew an aging EU fleet (STECF, 2018d) with new vessels
gaining in efficiency and safety, to the extent that the overall
national fleets capacity should keep the same. The efficacy of the
capacity constraint is in practice always questioned (challenge
3.1.1), and strong voices argue against any modernization of
fishing vessels through engine replacement or other capacity
enhancing change given the risk it hides, especially in areas where
catch allowances are not in place for most species, e.g., in the ORs
(e.g., ClientEarth Policy Briefing June 2018).

Concerning the marine habitats, there are knowledge gaps that
jeopardize the management of deep-sea habitats (challenge 1.3.1),
present in the ORs. The environment of isolated deep seamounts
is rather difficult to explore due to their remote position in
combination with a lack of appropriate sampling and observation
tools (challenge 3.2.7). The application of sophisticated video-
supported scientific equipment such as ROVs can obtain in situ
information about the characteristics of a seamount by visual
observation and dedicated sampling (Wienberg et al., 2013).
Mapping vulnerable habitats is an issue and most VMEs locations
are currently based on fisheries-independent data while these
habitats are widespread on a large area. Hence, the actual survey
coverage is so low that it is uncertain how to differentiate between
the absence of VMEs and not sampled areas. Commercial data
only used to estimate the abundance on location, and it is
not advised to use fishery because fishing would be destructive
on these habitats (ICES, 2019a). Hence, we should recognize
that many unsurveyed areas in the ORs may contain important
biogenic habitats (Hourigan, 2009). However, in recent years
the Azores OR was a world pioneer in MPA’s development and
the coastal habitats, seamounts, hydrothermal vents are now
very well studied and protected. The stakeholder’s interaction
and governance pillar of an EAFM can be less problematic
when compared to the mainland, and some very good examples
can also be found.

In the ORs, habitat and environmental factors also impact
fisheries (challenge 2.2.3), such as coastal development and
pollution of coastal waters with chemicals, including pesticides
(such as chlordecone), noise pollution as a repellent of marine
mammals, marine litter, and microplastics. Marine litter presents
a global problem, with increasing quantities documented in
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recent decades (Maes et al., 2018). Massive Sargassum inflows is
also an issue throughout the Caribbean region (STECF, 2020b).
In the EU MSFD, policy targets are not operationally defined,
i.e., are defined qualitatively (i.e., the Good Environmental
Status GES that ecosystem must reach) likely on purpose so
that the policy can ground on future science, but therefore
creating immediate room for interpretation (challenge 3.2.1). For
example, threshold levels for the fishing pressure on the seabed
and impact indicators that relate to the GES of the habitat still
need to be derived.

CONCLUSION

Fisheries can cause changes from natural ecosystem functioning
through to human activities, and conversely, changes in the
marine ecosystem and human activities likely affect fisheries.
This relationship places fisheries at the convergence of human
and natural worlds. Essentially, fisheries represent one of the
last examples in the developed world of an industry based
on a hunter-gatherer strategy, where the human elements
interact so directly with the ecosystem upon which they
depend. The complexity of these systems and the feedback
of different processes within them makes predicting changes
in the whole system very difficult. Acting with imperfect
information, fisheries policymakers and managers must try to
balance tradeoffs of fisheries short-term productivity against
long-term environmental, economic and social sustainability as
well as the provision of cultural services. The drive-in fisheries
science to recognize and reflect these diverse pressures in advice
to managers is the essence of an Ecosystem Approach to
Fisheries Management. This change places heavy demands on
data collection, modeling approaches, and the scientist’s abilities
to integrate a wide diversity of factors, often with only qualitative
data and where data is often found with highly diverse time and
spatial scales, uncertainty, precision and quality. In this review of
primary and gray literature, we have categorized and highlighted
the key challenges to implementing an EAFM. Furthermore,
we have provided regional examples of the complex interplay
between these challenges across European waters and have
described specific management options that have the potential
to overcome them.

Fishing impacts interact with other ecological forcings
(temperature, primary productivity) and other anthropogenic
pressures to increase the susceptibility of marine ecosystems,
habitats, species and exploited stocks to external pressure.
This “cumulative pressure” effect can increase uncertainty in
predictions used to manage these fishery resources. This would
be true whether the “cumulative effects” were additive, synergistic
or antagonistic, or even beneficial. Such cumulative impacts
make it more difficult to accurately predict stock trajectories
needed for management. They also make it far more difficult
to assume that a particular pressure will lead to a particular
outcome. As simple illustration, a certain amount of fishing
mortality that may be sustainable under certain conditions of
stock productivity may become excessive if there is an increase in
natural mortality due to unfavorable environmental conditions,

pollution or the emergence of pathogens, threatening the future
fishing opportunities.

We also found that this complexity of interaction in finding
ecosystem function sustainability also needs to include the
human factors (need for food, income, employment – ecosystem
goods, and services generally). This adds another layer of
complex interactions that challenge prediction. Our initial
purpose was to evaluate if a change in any pressure would
induce a disproportionate impact on the marine ecosystem
and its components posing an ecosystem challenge. The
primary striking outcome of our study is that there is no
unambiguous, quantitative evidence to assess if pressure or
pressures pose a challenge or not. Instead, we found that
changes are often unpredictable in both magnitude and effects,
and also possibly direction. The possibility for compensatory
effects arising from change being absorbed along with effect
propagation in the ecosystem makes any prediction very
challenging. Causal links and the direction of effects are often
not clear, particularly because challenges are bidirectional –
fishing can affect the ecosystem functioning, which in turn can
affect the sustainability of the fishing. A particularly difficult
challenge emerges when an impact (or mix of impacts) is
strong enough to cause a radical change pushing the ecosystem
past some tipping point. This manifests as a regime change
toward a new alternative state equilibrium which is not
easily reversible.

To avoid undesirable ecosystem states or declining trends
in those states, we need to develop advice on strategies, i.e.,
management measures, to address ecosystem challenges. In
particular, developing a precautionary approach is a way in
uncertain situations and where the magnitude of the effects is
poorly known. The obvious first measure would be to prioritize
transdisciplinary research and monitoring programs to fill the
knowledge gaps, also making the bridge to management for
practical implementation (Christie, 2011). This could include
promoting the development of new technologies (e.g., for field
data collection, or data from modeling) that could build up
the scale and detail of our knowledge and understanding
of the marine ecosystem and the fisheries systems. As a
different, complementary approach, we could also aim to
design novel management approaches that were designed for
the purpose (i.e., EAFM), rather than ad hoc modifications
of existing fisheries management. All these challenges would
require us to collect routine monitoring data (ideally) and
to coordinate research on many ecosystem indicators (e.g.,
benthic status, food web interactions, etc.). Ecological Risk
Assessment methodologies (Zhou et al., 2016) can be deployed
to identify and prioritize the main risks, either by their scale,
likelihood or societal importance. Research in oceanography
has advanced well in recent years, while the collection of
biological data with current observation systems is lagging
these physical, geological, and biogeochemical observations (von
Schuckmann et al., 2019). However, we should not expect a
“one size fits all” solution to be appropriate for mitigation of
the status of all degraded ecosystems. In many cases, local
solutions and variants would be best and local governance will
be needed as such as current aim for CFP regionalization.
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Solutions may need to be even more local, depending on the
challenges being considered.

When looking at social-ecological systems and the challenges,
we need to keep a strong focus on the “social” part as well as the
“ecosystem” part. Social sciences have a crucial role to play here
in identifying metrics and thresholds appropriate to community
well-being, beyond the current default of “employment.” They
can also identify how fishing communities interact with the rest
of society, and how to use that relationship to help the fishing
communities understand and accept the EAFM management
measures in place. Again here, there is a trade-off, whether
it is acceptable to degrade social sustainability to improve
ecological sustainability, and to what extent. We also need to
recognize that in many fisheries the level of social capital has
been severely eroded by fisheries management that is considered
heavy-handed and often inappropriate, and that social scientists
may be able to help reverse that pattern. To operationalize an
EAFM, there are also practical implementation challenges to
address. Identifying and prioritizing the challenges and candidate
management measures for an EAFM is a necessary first step. The
following step would be to start collecting practical knowledge on
the best implementation pathway to achieving our policy goals.
This should be addressed in further review and analysis work
targeted at implementing EAFM approaches.
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