I c E S International Council for
ICES Journal of Marine Science, 2026, Vol. 83, Issue 5, fsag077 the Exploration of the Sea
https://doi.org/10.1093/icesjms/fsag077 O X F O R D

Review Article

A guide to navigating the complexities of quantitative
trade-off analysis

Olivier Thébaud “'*-", Sean Pascoe "2, Geret DePiper?, Jorge Holzer*, Sveinn Agnarsson®,

David Castilla-Espino®, Richard Curtin”, Sophie Gourguet !, Katell G. Hamon?®, Alan Haynie ',

Melina Kourantidou?, Claire Macher!, Arantza Murillas 1%, Rasmus Nielsen'!, Johannes A.E. van
Oostenbrugge®, Claudio Pirrone'?, Lisa Pfeiffer 3, Renato Rosa'#, Jose-Luis Santiago'®, Staffan Waldo "¢,
Xiurou Wul’

!fremer, Univ Brest, CNRS, IRD, UMR 6308, AMURE, F-29280 Plouzané, France

2CSIRO Environment, Queensland Biosciences Precinct, St Lucia, QLD 4067, Australia

3Texas A&M University Corpus Christi, Harte Research Institute, Texas, TX 78412, United States

“Department of Agricultural and Resource Economics, University of Maryland, College Park, MD 20742, United States
SUniversity of Iceland,Reykjavik, IS 102, Iceland

SUniversidad de Huelva, Huelva, Andalucia, ES 21071, Spain

"Bord lascaigh Mhara, Dublin A96 A621, Ireland

8Wageningen Social and Economic Research, Wageningen 4460 AW, The Netherlands

%International Council for the Exploration of the Sea (ICES) Secretariat, 1553 Copenhagen V, Denmark

OAZTI, Marine Research, Basque Research and Technology Alliance (BRTA), 48395 Sukarrieta, Spain

HUniversity of Copenhagen, 1958 Frederiksberg C, Denmark

2National Biodiversity Future Centre, 90128 Palermo, Italia

I3NOAA Fisheries, Northwest Fisheries Science Center, Seattle WA 98112, United States

Univ Coimbra, CeBER, Faculty of Economics, Av Dias da Silva 165, 3004-512 Coimbra, Portugal

>Centro Tecnoldgico del Mar - Fundacién CETMAR, Vigo 36208, Galicia, ES, Spain

Swedish University of Agricultural Sciences (SLU), Scheelevdgen 15D, 22007 Lund, Sweden

University of Hawai’i at Manoa, Honolulu HI 96822, United States

*Corresponding author. Ifremer, Univ Brest, CNRS, IRD, UMR 6308, AMURE, F-29280 Plouzané, France. E-mail:olivier.thebaud@ifremer.fr

Abstract

Trade-offs are fundamental in natural resource management, being either implicit or explicit in every decision relating to
human activity undertaken. Managing for sustainable use of resources typically involves the need to account for three inter-
connected dimensions: the state of ecosystems, economic productivity, and social infrastructure. Alternative management
strategies often result in different combinations of outcomes in each of these three dimensions and hence are likely to involve
trade-offs which must be evaluated to determine the most appropriate overall strategy from a broad societal perspective. If the
different dimensions are considered separately, or if certain dimensions are neglected in assessing the outcomes of different
courses of action, there is arisk that at least some of the sustainable development objectives may not be achieved. Conceptual
frameworks have been developed to address the integrated evaluation of ecological, economic, and social/cultural aspects of
ecosystem-based management, and a diverse set of quantitative methods have been proposed to support their implementa-
tion, across a range of disciplinary fields. The aim of this paper is to propose a decision map to help researchers and decision-
makers choose appropriate methods according to the context of the assessment. We identify the different methods that can
be used, starting from standard cost-benefit analysis, and expanding to alternative approaches, and provide illustrations of
how the methods can be implemented, highlighting their advantages and limitations.

Keywords trade-off analysis, marine social-ecological systems, decision support, cost-benefit analysis, multi-criteria analysis, coviability analysis,
goal programming

Introduction actual implementation of sustainable development policies is

not without controversy, as balancing the protection of ecosys-
The concept of sustainable development has been adopted by  tems with improving economic performance and social well-being
many nations as a guiding principle for natural resource and  presents many practical challenges (Link et al. 2017). In addi-
conservation management (United Nations 2015). However, the  tion, voices are being raised calling for a reassessment of the very
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Figure 1 Comparing alternative courses of action integrating
environmental, economic, and social dimensions. (a) Scenario where one
option (A) dominates the other (B) across all dimensions; (b) scenario
where no option dominates across all dimensions.

concept of sustainability (Priddat and Schlaudt 2025). Nonethe-
less, sustainable development remains a framework that aims
to enhance three interconnected components, namely natural
ecosystems, economic growth, and social infrastructure, often col-
lectively known as the triple bottom line (TBL; Elkington 1994).
In addition, the importance of the institutional dimensions of
sustainable development has also been increasingly emphasized
(Stephenson et al. 2017, 2018), as they provide the frameworks
and mechanisms required for effective governance, policy imple-
mentation, and stakeholder collaboration.

Trade-offs are fundamental in natural resource management,
being either implicit or explicit in every human activity under-
taken. Alternative management strategies often result in differ-
ent combinations of outcomes for each of the three TBL compo-
nents and hence involve trade-offs which must be evaluated to
determine the most appropriate overall strategy from the broader
societal perspective. For example, in Fig. 1a, option A clearly
dominates option B in all aspects so choosing between them
is straightforward. However, in Fig. 1b, no single option domi-
nates outcomes in all three domains, so some form of overall as-
sessment that captures the relative importance of the different
domains is required to determine which option managers could
choose according to their preferences and those of the impacted
stakeholders.

Historically, the three dimensions of trade-off analysis have
mainly been assessed in isolation. This is unsurprising, given the
highly segmented structure of knowledge production, and the
high level of skills required for such assessments. For example,
environmental impact assessment has a long-standing tradition
in assessing development proposals under the assumption that
economic outcomes are the concern of the developer rather than
the decision maker. More recently, social impact assessment has
been included to assess the impacts of different alternatives of
natural resource management (Murphy et al. 2022, Dawson and
Suich 2025). Economic analyses have also been commonly under-
taken, in some cases including environmental costs but often ig-
noring social issues such as distributional outcomes of alternative
proposals.

Asillustrated in Fig. 2, if the different dimensions are considered
separately, if certain dimensions are neglected in assessments,
and/or if methods for integrated assessments highlighting inher-
ent trade-offs are not identified, it is very likely that some of the
sustainable development objectives will not be achieved. In par-
ticular, overlooking important social, economic, or institutional is-
sues may lead to low acceptability of management measures and
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low compliance (Jagers et al. 2012). In addition, any assessment
relies on at least implicit assumptions about the relative impor-
tance of these dimensions, and about how such dimensions are
linked. Hence, in any evaluation attempting to integrate multiple
dimensions, there is a need to explicitly define the processes by
which these dimensions are being combined or aggregated (ICES
2023). This applies equally to the assessment of trade-offs across
each of the three components of the TBL (see e.g. Thébaud et al.
2014).

In the context of sustainable development, there is thus a need
for approaches that look at trade-offs in an integrated manner; i.e.
that cover the full values of ecological, economic, social/cultural,
and institutional aspects. While a growing number of studies have
proposed conceptual frameworks for integrated assessments (see
e.g. Stephenson et al. 2017, 2018 or Kempf et al. 2016 with refer-
ence to fisheries policy and management), there is a need to re-
view the different quantitative methods available to carry out such
analyses across a range of disciplinary fields. This is because the
question of which method to use is far from trivial, and there is no
single best method available. Depending on the context, the data
available and the objectives, different methods will be more ap-
propriate. The question is particularly relevant in the marine do-
main, as was highlighted by the ICES working group on economics
(Thébaud et al. 2023).

The aim of this paper is to identify the different quantitative
methods that can be used for trade-off analysis for the assess-
ment of alternative policies applying to marine social-ecological
systems, starting from the traditional perspective of cost-benefit
analysis (CBA) and expanding to discuss alternative approaches
that can be used, and to highlight their advantages and lim-
itations. We propose a decision map to help researchers and
decision-makers choose appropriate methods according to the
context of their assessments. We use a stylized example to illus-
trate the different situations the researcher may be in, and the
approach to selecting the methods. We complement this with a
set of references to real-life case studies, for the reader to refer
to for illustration of the practical implementation of the method
discussed. In addition, within the discussion of each approach we
provide citations to detailed manuals that analysts can use to de-
velop trade-off analyses tailored to the particular use case at hand.

A decision-map for trade-off
analysis

An initial step in integrated assessment is to identify the objec-
tives, and underlying values, associated with the natural resource
under management. These objectives should identify the resource
dimensions recognized by stakeholders as necessary to assess
the outcomes of alternative management strategies and scenar-
ios. Once these are identified, a diverse toolkit is available to per-
form a trade-off analysis. In some cases, a single method of anal-
ysis will suffice, while others will require mixed approaches, pos-
sibly including a combination of quantitative and deliberative ap-
proaches. The choice of which approach to apply will depend on
the structure of the management objectives, the data available,
the characteristics and knowledge of the decision makers, the ca-
pacity for the different methods to assess performance against the
objectives, etc.
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Lack of systematic integrated
assessments of natural resource
management

Relevant socio-economic &
institutional dimensions often
neglected

Methods for integrated
assessments highlighting inherent
trade-offs often hard to identify

Risk of not achieving SDGs, if
different dimensions considered
separately

® . Risk of low acceptability of
management measures & low
compliance, if socio-economic
dimension missing

Informing natural

resource management

Stakeholders & other actors can now
choose an appropriate method &
carry out integrated assessments,
thus improving assessments
supporting the pursuit of SDGs

Identify methods for integrated
trade-off analyses

Develop decision-tree approach to
identify which method(s) may be
context appropriate

lllustrate with concrete examples

Figure 2 Why quantitative trade-off analysis is required to inform natural resources management in pursuit of the sustainable development goals (SDGs).

Existing approaches for assessing trade-offs range from multi-
ple indicator analyses based on qualitative information (referred
to hereafter as the traffic light approach for convenience) to quan-
titative measures aimed at integrating all impacts into a single
value. In particular, CBA converts all impacts into economic values
(expressed in monetary terms) that may be added to determine
the option that produces the greatest net-benefits (see Measuring
welfare-outcomes through Cost-Benefit Analysis - section 2.2) Be-
tween these extremes are several semi-quantitative multi-criteria
analysis (MCA) approaches that aim to capture the values and pref-
erences of stakeholders in different ways (see e.g. Mendoza & Mar-
tins 2006). These include deliberative multi-criteria evaluation—
a participatory approach aimed at deriving a consensus amongst
multiple stakeholders; MCA that derives preferences from stake-
holders and used to weight outcome measures to rank options;
and cost-effectiveness analysis that combines a monetary mea-
sure of costs with a non-monetary and potentially multi-criteria
measure of outcomes.

Thereis substantial debate between proponents of the different
applied approaches about their relative merits. Some economists
(e.g. Dobes & Bennett 2009) argue that only CBA is appropriate,
as it takes the perspective of society as a whole, whereas multi-
criteria approaches generally rely on groups of self-selected stake-
holders with potentially vested interests, and hence may intro-
duce bias into the analysis. Others (Bebbington et al. 2007, Span-
genberg & Settele 2010) argue that the use of economic values
for environmental assets is questionable as the assumptions un-
derlying the valuation are often unrealistic and the derived val-
ues themselves are often method-dependent, with alternative ap-
proaches providing widely varying values. Global initiatives such
as The Economics of Ecosystems and Biodiversity (TEEB, https:
//www.unep.org/topics/teeb) have aimed to reduce this distrust,

at least with respect to the valuation of ecosystem services. How-
ever, appropriate methods for quantifying and capturing many so-
cial and cultural impacts in economic value terms remain elusive
(Daniel et al. 2012).

The choice of which resource management plan is best is of-
ten not the prerogative of a single decision-maker. In fact, there
is an increasing trend for co-management in natural resource and
conservation management (Armitage et al. 2009). This is because,
in many cases, a large number of individuals and groups inter-
act with the natural resources, and policy needs to influence the
behaviour of these groups if environmental, economic, and so-
cial objectives are to be achieved. Stakeholders generally also
want to have their views recognized explicitly in some form, of-
ten preferring more participatory approaches to decision making,
which can improve the relevance, perceived legitimacy, and en-
forceability of collective decisions being made (e.g. Bellanger et
al. 2020). Co-management brings with it a broader range of know!-
edge at different scales, with the aim to develop better manage-
ment plans that are more likely to be supported by industry partic-
ipants and/or society (Berkes 2009). However, while a strength of
co-management lies in this broad range of expertise, some stake-
holders may have limited understanding of key indicators, or po-
tentially deeply rooted distrust of certain assessment methods.
In addition, co-management approaches may present problems
such asrent-seeking, in which stakeholders look to manipulate the
management system for their own benefit (Jones and Seara 2020,
Bellanger et al. 2021).

Whatever the context for deciding on the methods that will be
used to inform trade-off decisions, transparency in the process by
which such decisions are made, as well as with respect to the ways
in which they are implemented, are likely key to the perceived le-
gitimacy and relevance of the information produced. We propose
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1. Is formal evaluation of trade-offs required?

2. Monetary values
acceptable?

3. For all components|
or for costs only?

6. Requirement to meet multiple
irreducible constraints?

4. s it possible/feasible to value 5. Is it possible/feasible to value]
all benefit and cost components?, all costs?

Include economic values in multi-|
criteria approaches:
Goto6

v

Cost-Benefit Analysis

(Section 2.2) Cost-effectiveness analysis

(Section 2.3)

Coviability analysis & Goal
programming (Section 2.4)

DMCE, participatory

7. Stakeholders want

interactive processes?

8. Relatively few
stakeholder groups?

v

MCA with DMCE for sub-
modelling groups
(Section 2.5) (Section 2.5)

MCA reporting
(Section 2.5)

TBL accounting
(Section 2.1)

Figure 3 Mapping out the questions associated with choosing the most appropriate method. MCA stands for multi-criteria analysis, DMCE for deliberative
multi-criteria evaluation, and TBL for triple bottom line (references in the last row denote the section in the main text in which the node is discussed).

a decision-map to identify appropriate assessment options given
the context of the assessment and the views/objectives of the de-
cision makers as well as identify issues which can affect the choice
of method. Starting from economic welfare assessment as a refer-
ence approach to trade-off assessments, where monetary values
are considered acceptable and are available, we explore the alter-
native assessment options which may be relevant under alterna-
tive circumstances. We take the view that each approach is poten-
tially valid, but some approaches may be found to be more appro-
priate or more acceptable under certain circumstances. All meth-
ods include, at least initially, separate measures for each of the
three main assessment components (social, economic, and eco-
logical). Where they mostly differ is in the way in which they are
measured, as well as how, or if, they are aggregated to capture the
net results given trade-offs among the three dimensions.

The key steps we identify in carrying out a trade-off analysis in-
volve answering the following eight questions (Fig. 3):

1. Is aformal evaluation of trade-offs required?

2. Are monetary values acceptable?

3. Are monetary values acceptable for all components or for costs
only?

4. lIsit possible/feasible to value all components?

5. Isit possible/feasible to value all costs?

6. Is there a requirement to meet multiple, irreducible con-
straints?

7. Do stakeholders want an interactive process?

8. Are there relatively few stakeholder groups?

The first question to ask (step 1 in Fig. 3) is whether a formal,
quantitative assessment of trade-offs is required to make the de-
cision. In some cases, trading off one outcome directly against an-
other explicitly within the analysis is not considered appropriate
oruseful,and decision makers may prefer to make these trade-offs

subjectively rather than be guided by objective weightings. This
may be due to lack of trust in a single aggregated metric (e.g. due
to lack of transparency of the aggregation procedure), or to the
lack of agreement as to how trade-offs should be represented. It
may also result from legal requirements forbidding certain courses
of action, independently of their outcomes.

When a formal trade-off analysis is required, if monetary values
are acceptable (response is ‘yes’ at step 2 in Fig. 3), the approach
will depend on the scope that monetary valuation can encompass.
Monetary values may be deemed unacceptable, however, on legal
or ethical grounds (e.g. as when attempting to place a monetary
value on endangered species or on resources of cultural and spir-
itual significance to indigenous groups). Where monetary values
are considered acceptable for all components (response is ‘yes’ at
step 3 in Fig. 3), the approach will depend on whether it is possi-
ble to derive reliable monetary values for all costs and benefits. If
this is possible (response is ‘yes’ at step 4 in Fig. 3), then CBA will
be the preferred, gold standard, approach in economics (Coglan et
al. 2021).

When it is not possible to derive monetary values for all costs
and benefits (response is ‘no’ at step 4 in Fig. 3), then a mixed
approach incorporating available monetary values into an MCA
framework may be appropriate (step 6 in Fig. 3 and section 3.5).

The actual use of economic values in natural resource manage-
ment isin fact often limited in practice (Marre et al. 2016). This may
be due to a lack of trust in these values (Driml 1997, Laurans et al.
2013). It may also result from the difficulty in establishing these
values empirically (Pendleton et al. 2016) and from the fact that
different types of values (e.g. use value and existence value) are
not viewed as equally legitimate by decision-makers. In some sit-
uations, it may be legally prohibited to use monetary values in as-
sessing trade-offs associated with natural management options.
Forexample, in Committee for Humane Legislation, Inc. v. Richard-
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son (540 F.2d 1141 D.C. Cir. 1976) the Washington DC Court of
Appeals ruled that costs could not be considered in regard to the
prohibition on killing porpoises in the tuna purse-seine fishery.

In many cases, monetary values will actually be considered ac-
ceptable or reliable for costs but not benefits (response is ‘no’ at
step 3 in Fig. 3). Cost information may be readily available (re-
sponse is ‘yes’ at step 5 in Fig. 3) while monetary values for out-
comes may be uncertain or too costly to estimate.

If monetary values are generally not considered acceptable as a
basis to assess trade-offs (response is ‘no’ at step 2 in Fig. 3), the
assessment approach will lean towards the use of MCA methods.
These techniques and tools, varying in complexity, are specifically
designed to explicitly account for multiple objectives and criteria
(or attributes) in decision-making problems (Dean 2020). These
approaches may be most appropriate in many contexts but also
face numerous challenges in implementation.

A key question to ask before selecting an approach is whether
the decision context lends itself to the specification of constraints
that relate to multiple, irreducible dimensions of the system un-
der consideration (situations as the one illustrated in Fig. 1b). If
this is the case (response is ‘yes’ at step 6 in Fig. 3), the covia-
bility approach may provide a suitable alternative, which com-
bines the application of multi-criteria evaluation with the identi-
fication of feasible pathways for management. Although consid-
ered an approach under the MCA umbrella, we discuss coviability
separately here because of the fact that, unlike the majority of MCA
approaches, coviability identifies a set of strategies which concur-
rently satisfy all the system constraints, without a prescribed final
ranking.

If it seems difficult to identify adequate performance metrics
and references or threshold levels allowing implementing covia-
bility analysis (response is ‘no’ at step 6 in Fig. 3), one can turn to
one of the multiple MCA methods. If an interactive process is not
required (response is ‘no’ at step 7 in Fig. 3), standard MCA report-
ing approaches can be used.

If the decision-making process is such that trade-off assess-
ment requires an interactive process (response is ‘yes’ at step 7 in
Fig. 3), the approach will likely depend on the number of stake-
holder groups (step 8 in Fig. 3).

The alternative approaches to
carrying out a trade-off analysis

Following the decision map (Fig. 3), we describe the alternatives
that the analyst may consider in response to the question being
asked at each node. It is important to understand the context in
which a formal trade-off analysis is required as this will shape the
approach to the analysis, and the selection of the methods used.
A range of situations may exist, from decision systems where a
question is placed to the assessment team, which is left to de-
cide on the approach and methods used, to decision-making pro-
cesses where collaborative scientific evaluationis the rule. The lat-
ter situations are likely to involve a number of iterations between
the team in charge of the assessment and the decision-making
body. Whatever the context, the first step will involve scoping the
need for evaluation, including the identification of the evaluation
dimensions that should be considered, and system components
that should be evaluated. This scoping phase in itself requires that

clear objectives are available and will usually only be possible in a
well-defined decision-making setting.

Box 1: A stylized example

For the sake of illustration, assume that a fisheries manage-
ment agency must choose between two mutually exclusive
policy alternatives Xand Y. Alternative X would allow the com-
mercial fishers to harvest an annual quota of 1000 tonnes
but have a detrimental impact on the population of a certain
species of marine mammal, reducing the population by 15%
(50 individuals) due to bycatch mortality. Alternatively, the
manager may decide to implement policy Y (the status quo),
which would keep the harvest unchanged with respect to the
previous year and allow a catch of only 200 tonnes, but would
have no anticipated impacts on the marine mammal popula-
tion.

In this simple example, the trade-off is clear: the benefits
associated with higher landings versus the costs associated
with a reduction in the marine mammal population. How-
ever, as discussed next, even in this simplified world, the de-
termination of these benefits and costs can be challenging
to assess and will typically depend on the criteria adopted
for the analysis. While this is a simple example, alternatives
X and Y could, more generally, reflect the priorities of differ-
ent sectors (not necessarily those of fishery management or
fishers), and the decision as to which alternative should be
implemented should ideally incorporate the broader human
dimensions of the system.

How can trade-off analysis help inform the decision on
what policy to adopt? The first step is to decide which crite-
rion to use to compare the two policy alternatives. Once that
determination is made, the methods associated with each
approach described in Fig. 3 will help identify the data nec-
essary to conduct the analyses.

Applying triple bottom line accounting
(section 2.1)

If there is still a requirement for some quantitative information to
be made available to inform trade-off decisions, the traditional
‘triple bottom line’ accounting (TBL) with separate accounting-
based measures for each component will usually be the default
approach. While each outcome may be represented by a numer-
ical measure, the use of ‘traffic lights’ (i.e. green, amber, and red)
is often used to provide a visual guide to the acceptability (or oth-
erwise) of each particular outcome (Glasson 2008). Savitz (2013)
provides a detailed discussion of TBL.

Anderson et al. (2015) developed a set of indicators to assess
TBL performance of fisheries. These have been applied to a wide
range of fisheries internationally (e.g. Danielsen et al. 2021, Liu et
al. 2021). Asche et al. (2018) compared the TBL outcomes of 121
fisheries worldwide—derived using the performance indicators—
and found that, when effectively managed, all three domains may
be improved simultaneously. Conversely, Brown et al. (2018) esti-
mated TBL outcomes [biomass (environment); profitability (eco-
nomic); and equity (social)] of stock recovery management op-
tions in the presence of fleet heterogeneity using a simulation
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modelling approach. They found that the trade-offs between the
outcomes differed substantially depending on the management
option simulated.

Measuring welfare outcomes through
cost-benefit analysis (section 2.2)

CBA is required to assess policy trade-offs in numerous countries,
including the United States through Executive Order 12866, the
United Kingdom through the Green Book, and through the Euro-
pean Union’s Better Regulations Guidelines. The OECD (2018) pro-
vides a detailed open-access manual for the application of CBA.
Even though such analysis traditionally focuses on aggregate wel-
fare outcomes using monetary measures, an important dimension
may be to consider the distribution of benefits and costs, as the
question of winners and losers (across people, companies, social
groups, regions, and countries) is often a core issue in trade-off
assessment. A standard approach to such an issue in economics
is the use of a so-called ‘Kaldor-Hicks efficiency criterion’. Under
this criterion, a policy change is beneficial if the potential winners
from the change could compensate the losers and still be better
off. Kaldor-Hicks efficiency is used, e.g., to evaluate environmental
policies by the US Environmental Protection Agency (EPA 2024).

Generally, and particularly in the context of ecosystem-based
fisheries management, all the impacts of a policy on the complex
of species and habitats in the ecosystem should (ideally) be identi-
fied and valued. This requires (i) for the science on the ecosystem
linkages to bein placein order to describe the anticipated changes
associated from each policy option, and (ii) economic valuation of
those identified changes. The latter, while difficult, is done using
various techniques that fall into two categories: revealed prefer-
ence approaches (that rely on actual agents’ decisions to infer the
non-market values implicit in those choices), and stated prefer-
ence approaches (that rely on surveys and hypothetical choices).
The main data required, particularly in designing valuation sur-
veys, is a clear description of the changes induced by each policy
option, and demographic information for survey respondents (see
e.g. Champ et al. 2017).

Under this framework, the alternative with the highest net-
benefit would be the alternative that will serve as the reference or
benchmark against which any other choice options will be com-
pared.

Box 2: CBA in our stylized example

The standard economic approach (the gold standard) to deal
with trade-offs is to estimate the monetary value, the so-
called net-benefit or welfare, of alternatives X and Y. The rec-
ommendation from an economic efficiency standpoint is to
then pick the alternative with the highest net-benefit. How
would you proceed to come up with the monetary value for
the net-benefits of the two policies in the example?

Welfare derived from the fishing industry is the ‘value for
consumers and producers’ of an increase in annual landings.
Termed consumer and producer surplus, this is the difference
between the total cost to produce, and the total value society
places on, a good. On the other hand, economists would con-
duct surveys in order to assess the economic value (willing-
ness to pay) society attaches to preserving the marine mam-

ICES Journal of Marine Science, 2026, Volume 83, Issue 5

mal population. A type of stated preference study, surveys
are used to estimate the value of conservation, recreation,
culture, and a host of other important services which can-
not be bought or sold directly in a market. While these non-
market valuation methods present challenges and are not
free from criticism, they allow the costs of losing part of the
marine mammal population to be estimated in monetary-
equivalence. The underlying assumption of these methods is
that for something to have value, somebody must be willing
to pay for it. Monetization (i.e. expressing benefits and costs
in the same unit) allows economists to explicitly account for
the trade-off involved in each policy when computing net-
benefits, since costs are directly subtracted from benefits (for
further details on non-market valuation, see McConnell and
Habb 2002).

In our stylized example, denote the benefits and costs of
each policy, respectively, by B; and C; where the sub-index
refersto the policy,i=X, Y. Then, from an economic efficiency
standpoint, policy X will be preferred to policy Y if and only
if Bx—Cx> By (since policy Y will not hurt the marine mam-
mal population, it follows that its monetized costs are Cy = 0).
The higher the net-benefit from an alternative, the more effi-
cient the use of scarce inputs. Thus, policy X would combine
a larger monetary value in the form of benefits for the fish-
ing industry (and possible consumers) but it would incur a
cost in terms of marine mammal population loss when com-
pared to alternative Y. This cost Cy is directly subtracted from
the benefits to arrive at the net-benefits of the policy, NBy =
Bx—Cx. Only if the net-benefits of policy X exceed those of Y,
NBx—NBy> 0, would the former be preferred from an eco-
nomic efficiency standpoint (see Pearce et al. 2006 for ad-
ditional details on CBA). Importantly, note that if the mone-
tised costs of reducing the marine mammal population were
not specified and were ignored, alternative X would always
be preferred as By> By (as policy X allows significantly more
harvest than policy Y).

Areal-world example of an application of CBA to fisheries man-
agement is provided by Holzer and McConnell (2017), which stud-
ied the implementation of a bioeconomic model for use in the
summer flounder, black sea bass, and scup recreational fishery
in the Mid-Atlantic Region of the United States. Relying on data
from a choice experiment survey to estimate anglers’ preferences
on different trip attributes, they integrate those preferences into
a biological model in order to simulate fisheries outcomes such
as number of trips, landings, discards, and welfare under different
policy scenarios. The model is currently used by the Mid-Atlantic
Fishery Management Council to set regulations. Another example
is provided by Lee et al. (2017), who conducted a similar study
in the context of cod and haddock in New England. Their bioeco-
nomic model is currently used by the New England Fishery Man-
agement Council to set regulations for the cod and haddock recre-
ational fishery.

The CBA approach may still be used if constraints exist that the
decision-makers wish to impose on the domain of possible out-
comes (e.g. imposing a minimum biomass level for a harvested
resource, as a precautionary measure). In this case, welfare eval-
uations can still be carried out following the same approach and
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will lead to the identification of options that meet the constraints
imposed, the welfare costs of which can also be determined.

Working with impacts and costs:
cost-effectiveness analysis (section 2.3)

In cases where only impacts and costs are considered but only cost
can be monetized, cost-effectiveness analysis provides a means to
prioritize management strategies on a cost per unit outcome basis,
where the outcome measures are relatively homogeneous, which
is a key assumption of the methodology. In such approaches, the
target impact of the management option is assumed desirable,
and options are compared in terms of their costs to achieve this
impact. Levin and McEwan (2001) present a detailed manual on
the application of CEA.

Box 3: Cost-effectiveness analysis in our stylized
example

In terms of the stylized example, assume the manager has de-
cided to implement policy X and increase annual fishery har-
vest to 1000 tonnes, while limiting the concomitant mortality
of marine mammals to a maximum of 50 individuals. A set of
policies aimed at limiting the level of bycatch of marine mam-
mals could be formulated, and compared according to their
aggregate costs.

Option A (command and control)—this option increases
harvest to 1000 tonnes but uses gear restriction to limit
bycatch. Specifically, to limit bycatch mortality of the ma-
rine mammal population to 50 individuals, all 200 vessels
must install a specified bycatch reduction device at a cost of
Sc/vessel. It is assumed that this enables reducing bycatch
mortality to the maximum 50 individuals, while still harvest-
ing 1000 tonnes of target fish.

Option B (market-based)—this option also increases fish-
ery harvest to 1000 tonnes, but relies on markets to limit by-
catch. Concretely, in order to limit the negative impact on the
marine mammal population to 50 units, the manager allo-
cates 50 units of bycatch quota among vessels (at no cost)
allowing them to trade these ‘bycatch rights’.

Under option B the bycatch quotais expected to be sold (or
rented out) by vessels that are able to reduce bycatch at low
cost (because of configuration of their gear, location of their
fishing grounds, skill, etc.) and bought or leased by captains
for which bycatch avoidance is costly. The market of bycatch
rights allows bycatch reduction to be conducted primarily
by those vessels that are efficient at it, reducing the overall
cost of abatement. Again, it is assumed that such abatement
would still enable catching 1000 tonnes of target fish.

In order to determine the most cost-effective option to
achieve the increase in commercial quota to 1000 tonnes
while limiting the mortality of marine mammals to 50 indi-
viduals, we proceed to compare the cost of option A, given by
the number of vessels times the cost per vessel of installing
the new device, namely C, = 200%$c, with the cost of option
B given by the fleetwide bycatch avoidance costs when by-
catch quota is traded freely; called it Cg. Thus, the relevant
comparison is between C, and Cg, where in the absence of
transaction costs, Cg will be typically be lower than Ca.

There is an abundant literature on the application of cost-
effectiveness analysis in marine resources management. Kron-
bak and Vestergaard (2013) developed an environmental cost-
effectiveness analysis to include intangible benefits in intertem-
poral natural resource issues. Their example was applied to the
Danish mixed trawl fisheries in Kattegat and Skaggerak where the
cod stock was determined to be in a poor state and in need of in-
tervention. Two potential selective gears were assessed upon their
impact on the eventual equilibrium of the focus fish stock allow-
ing the evaluation of a cost per unit of biomass for each selectivity
measure.

Tulloch et al. (2020) utilized return on investment to identify
cost-effective measures to reduce cetacean bycatch in a range of
Australian fisheries. Three measures were assessed, spatial clo-
sures, acoustic deterrents, and gear modifications, in terms of
their cost-effectiveness to achieve two outcomes: (i) to lower the
cost of bycatch reduction in fisheries, and (ii) solely to protect
whale and dolphin species. Spatial and temporal mapping identi-
fied the variations in the location and seasonality of optimal cost-
effective management measures. Sites could then be prioritized
based on the objectives of minimizing costs or maximizing biodi-
versity outcomes.

Holzer and Byler (2019) studied the Deepwater Horizon Oceanic
Fish Restoration Project, developed by the National Oceanic and
Atmospheric Administration to reduce bycatch in the Gulf of Mex-
ico Highly Migratory Species fishery. Part of the restoration efforts
undertaken after the 2010 Deepwater Horizon oil spill, the project
offered vessel owners compensation to voluntarily refrain from us-
ing pelagic longline gear for the first 6 months of the year, and for
adopting alternative fishing gear that results in low bycatch mor-
tality. Cost-effectiveness in the recruitment of participants and ul-
timately on bycatch reduction was achieved by running uniform-
price auctions, a multi-unit auction in which all winning bidders
are paid the same price per unit, the highest losing bid.

If quality information on costs and/or outcomes is not avail-
able (response is ‘no’ at step 5 in Fig. 3), then again, a mixed
approach incorporating available monetary values into MCA ap-
proaches may be appropriate (step 6 in Fig. 3 and Section 3.5).

Meeting multiple irreducible constraints:
the coviability assessment approach and
goal programming (section 2.4)

In some cases, the decision problem may be defined in terms of
identifying the strategies that will maintain a system within a set
of predefined constraints reflecting the different objectives asso-
ciated with the management options (Doyen et al. 2017). De Lara
and Doyen (2008) provide a manual on the history and imple-
mentation of coviability analysis to the management of natural
resources. To illustrate, a biological objective may be to avoid re-
ducing biomass levels of a harvested fish population below a mini-
mum level under which the recovery of this biomass may be com-
promised or to set a maximum level of mortality on a protected
species. A social objective may be to ensure a minimum number
of economically viable participants in an industry or to ensure
that the diversity of fishing fleets operating in a fishery is main-
tained across multiple segments. An economic objective may be
to guarantee that the fishery generates a minimum level of aggre-
gate profits. Coviability analysis identifies a set of strategies that
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are compatible with these constraints by eliminating options that
are incompatible, and is closely associated with the concept of
safe and just operating space (see e.g. Péreau et al. 2012, Raworth
2012). This narrows the range of options for decision makers to
consider without a need for an explicit ranking of these options, al-
though they can be compared by any of the metrics used to assess
the performance of the fishery system (e.g. total fishery profit, ca-
pacity to maintain stocks above biological limit reference points,
capacity to maintain diverse economically viable fleets).

Box 4: Coviability analysis in our stylized example

In ourexample, application of a coviability approach could be
warranted, if it proves easier to bring stakeholders together
to discuss the minimum viable levels that should be met for
ecological, economic, and social impacts of the management
options. This could involve identifying, for instance, three
categories of constraints: (i) on the overall bycatch of the pro-
tected marine mammal, (ii) on the number of economically
viable boats operating in the fleet (taking into account the
differences in economic efficiency and ability to avoid ma-
rine mammal bycatch between different categories of ves-
sels), and (iii) on the minimum stock size of the target fish
species. Alternative management policies could then be ex-
amined, knowing the bioeconomic dynamics of the fishery
and the ensuing impacts on these three dimensions, seeking
to identify management options that enable this set of con-
straints to be met over time (so-called eco-viable manage-
ment strategies).

An example of applying coviability analysis is provided by the
study of Briton et al. (2023) of the trade-offs associated with the
setting of catch possibilities in the Australian Southern and East-
ern Scalefish and Shark Fishery, which aimed to develop an op-
erational approach for comparing trade-offs of not only biolog-
ical and economic objectives, but also social objectives, in this
case for maintaining affordable fish prices for the Australian pub-
lic. Building on a stochastic bioeconomic model of the fishery in-
tegrating interactions between multiple fish stocks and fleets, as
well as key dynamic processes such as fishing effort allocation,
quota trading, and price responses to variation in landings, a set
of viability constraints were defined which reflect the above objec-
tives, building on the available biological and economic informa-
tion. The model developed can be used to analyse the capacity of
alternative policy options relating to the levels of Total Allowable
Catch limitations (used as control variables in the analysis), for tar-
get and bycatch species, to simultaneously meet the set of con-
straints, as well as allowing identifying so-called eco-viable man-
agement strategies which maximize the probability that all con-
straints will be met.

Another example is the study of Gourguet et al. (2016), the pur-
pose of which was to formally assess the trade-offs associated
with balancing biological, economic and non-target species con-
servation objectives, using the Australian Northern Prawn Fishery
(NPF), which is one of the most valuable federally managed com-
mercial fisheries in Australia, as a case study. A similar stochas-
tic coviability assessment of the fishery was developed and used
to show that due to the variability in the interactions between
the fishery and the ecosystem, current effort-based management
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strategies were characterized by biological and economic risks.
Results highlighted the trade-offs between respecting biologi-
cal, economic, and non-target species conservation constraints at
each point in time with a high probability and maximizing the net
present value of the fishery.

The main difference with constrained welfare assessments (see
Section 3.2) lies in the fact that the method will usually not lead to
the identification of a single, best decision schedule, but to a fam-
ily of management options which meet the viability criteria, allow-
ing some bargaining space to remain for stakeholders with respect
to the (subjective) advantages of alternative courses of action.

Arelated approach is goal programming, an optimization mod-
elling approach that can be used to identify optimal levels of vari-
ous types of management levers (or control variables) in a fishery
(e.g. fleet size, structure, and effort allocation) that best achieve
(i.e. minimizes deviations from) a set of pre-defined goals associ-
ated with each objective: for example, target employment level,
profitability, and biomass. As with the coviability approach, min-
imum acceptable levels of each objective outcome can be im-
posed, as well as target levels.

The approach estimates the level of the key control variables
that minimize the weighted sum of deviations from the target lev-
els of the set of objectives. Pascoe and Mardle (2001) developed a
goal-programming bioeconomic model of the multi-species multi-
gear fisheries of the English Channel to assess the optimal UK
and French fleet size and effort distribution that best achieved
profitability, employment, and relative stability objective targets.
Similarly, Kjaersgaard et al. (2007) developed a goal-programming
bioeconomic model of the Danish industrial fishery in the North
Sea to consider implications of different preference structures of
different stakeholder groups with regard to economic, political,
and biological objectives on optimal fleet structure.

Both coviability analysis and goal programming provide differ-
ent information to policy makers. The former is best for determin-
ing the likelihood that a harvest strategy will be able to achieve
each objective, while the latter is best for providing an indication
as to the best ‘end point’ that a harvest strategy should aim to
achieve, taking into account the trade-offs between objectives.

Working with multi-criteria analyses
(section 2.5)

There is a broad range of MCA methodologies, and Dodgson et
al. (2009) provide a manual on their implementation. In a case
study, which parallels our stylized example, Walden and DePiper
(2023) use Data Envelopment Analysis (DEA) to estimate implicit
weights and trade-offs from the historical performance of fishery
revenue, right whale abundance, and recreational fisheries in the
Northeast US to develop a single integrated performance indica-
tor. Their analysis indicates that system performance has not sig-
nificantly improved over time once environmental quality is also
considered, and highlights how historical data can be used to em-
pirically estimate weights across multiple criteria.

Box 5: MCA in our stylized example

In our example, managers may also want to consider the in-
crease in regional jobs associated with a higher annual quota
under alternative X compared with alternative ¥, which leaves
both the number of jobs and the marine mammal population
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unchanged. Regional economic impacts (such as employ-
ment) can be estimated using input-output models, which
capture the multiplier or ripple effect of an additional dol-
lar spent in the region. In our example, increasing annual
harvest from 200 to 1000 tonnes increases the number of
full-time jobs from 1500 to 1900. The comparison between
alternatives X and Y requires the 400 additional jobs to be
weighed against 50 fewer marine mammals, without the help
of a common metric.

The ‘best’ option will depend on the subjective assess-
ment of the relative importance of both variables by the par-
ties making the decisions. As such, the choice of weights
placed on each variable plays a central role in the ranking
of these outcomes. Where explicit weights between different
objectives are used, this may be equivalent to implicitly allo-
cating a monetary value to the different components being
weighted.

Similarly, Pascoe et al. (2023) used DEA to assess management
options for a range of commercial and recreational fisheries with
multiple objectives, while Pascoe et al. (2020) used DEA to com-
pare different harvest strategies against multiple objectives. A key
advantage of DEA as an MCA approach is that it is unit invariant.
That is, it can encompass different variable scales and types (e.g.
profit in Euros, employment in job numbers, bycatch in tonnes)
without the need for normalization.

Other forms of MCA compare relative deviations from cur-
rent conditions, weighting these deviations to provide an over-
all weighted average deviation (either positive or negative) asso-
ciated with each management alternative. Dichmont et al. (2013)
and Pascoe et al. (2019) used this approach to assess management
options for two fisheries in Queensland across a range of envi-
ronmental, economic, and social objectives. Similarly, Rossetto et
al. (2015) used (non-linear) normalized values of income, employ-
ment, fishing mortality, discards, and other outcomes, aggregated
using stakeholder preference weights, to assess different manage-
ment scenarios for Mediterranean demersal fisheries.

Where interactive processes are required, and with only a small
number of stakeholder groups, participatory MCA approaches
such as deliberative MCA may be appropriate, especially if com-
bined with broader MCA approaches (Rauschmayer et al., 2006;
Proctor, 2006). If the number of stakeholder groups is large,
MCA with deliberative multi-criteria evaluation (DMCE) for sub-
groups (Mavrommati et al. 2016) may offer an alternative. MCA ap-
proaches can, in fact, also encompass large sets of stakeholders,
as well as elicit preferences from the general public (Stagl 2006,
Dichmont et al. 2013).

Box 6: Participatory MCA approaches

In our example, we could assume that stakeholders require
a deliberative process for carrying out MCA to inform man-
agement choices. This could, in particular, help to identify
weights used in balancing the outcomes across dimensions
considered in the analysis. If the number of stakeholders
is small, the participatory process could include consensus
building through processes such as mediated modelling or
the ‘consensus conference’; approaches where stakeholders
and scientists collaborate to develop a common understand-

ing of the system under consideration and the key system
components required to answer the management question
at hand. In larger groups with diverse stakeholder interests,
consensus might not be possible. In these situations, hetero-
geneity in the weights and values across stakeholder groups
can be used to not only assess the sensitivity of results to al-
ternate weighting schemes but also scope out alternate sys-
tem states from which to assess the robustness of manage-
ment performance.

Discussion

Increasingly, science in support of natural resource management
and conservation planning is required to contribute to the evalua-
tion of alternative policy options. This has led to a growing field
of work at the science-policy interface, building on methods of
decision theory and economics to develop approaches that pro-
vide the integrated assessments required. While there are many
arguments between proponents of each approach, we take the
view that all of the approaches are variations of a common theme.
There exists a continuum, from standard evaluation of monetary
costs and benefits, through analyses that focus on the costs of
achieving a particular objective, to the use quantitative assess-
ments such as coviability and goal-programming approaches to
address multiple objectives, and to the use multi-criteria assess-
ments with a range of quantitative aggregation methods, or of
deliberative approaches, to identify preferred options. Which ap-
proach is more appropriate depends on the context, scale, and the
availability of existing data and costs of new data collection.

The key role of scoping

With any assessment, it is not feasible to capture all costs and ben-
efits. Which costs and benefits are considered—and how they are
captured—is largely context specific. Multicriteria approaches uti-
lize an explicit set of objectives against which outcomes are mea-
sured, and help refine the information that is required for the as-
sessment. However, a key criticism of MCA is the potential for in-
cluded stakeholders to influence both the objective set and objec-
tive weightings, which, in turn, may bias the outcomes (Dobes &
Bennett 2009). Choice of which costs and benefits to include in the
CBA, as well as scale issues (i.e. considering local, national, or in-
ternational costs and/or benefits) can equally affect the outcome
(Bebbington et al. 2007). Hence, how the methods are undertaken
isasimportant as which method is applied. Any approach thus im-
plies value judgments, and whether these judgements can be per-
ceived as a legitimate basis for decision-making is a key aspect of
selecting the approach to trade-off assessment.

Data requirements

Data requirements will depend on the criterion adopted to con-
duct the analysis. As discussed earlier, welfare analysis (i.e. CBA)
relies on the quantification of all the benefits and the costs asso-
ciated with each policy alternative. In the case of commercial fish-
ing, net-benefits associated with the commercialization of the tar-
get species entails estimating consumer and producer surpluses.
Consumer surplus measures the difference between what con-
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sumers are willing to pay for the catch and what they actually must
pay in the market. Producer surplus, on the other hand, measures
the difference between what the market pays for the catch and the
costs of harvesting the market equilibrium level of output. Compu-
tation of the consumer surplus requires estimation of the demand
for the species of interest (or system of demands in a multispecies
fishery). In turn, demand estimation requires data on quantities
demanded at different prices. Calculation of producer surplus, on
the other hand, relies on estimation of the market supply, which
requires data on quantities supplied at different prices. Supply
and demand functions are typically estimated jointly using market
equilibrium data on prices and quantities, to ensure unbiased esti-
mates of both functions. When a fishery produces only a very small
portion of the total global production of a good, the effect of pol-
icy changes on consumers are often so small that they can be ig-
nored. In these scenarios, economists estimate (when the data are
available) vessel-level profit functions, that is, the relationship be-
tween net revenues per trip (revenues minus trip costs) and prices
of both inputs and outputs for each gear type in the fishery. This
approach requires data on revenues, variable costs (ice, fuel, bait,
quota rental costs, etc.), and prices of all species landed and of in-
puts used at the trip level for all participants in the fishery. When
coupled with information on fixed costs (such as repair costs, in-
surance, etc.) these estimated profit functions allow the manager
to compare participation and total net-benefits for each policy al-
ternative under consideration.

MCA approaches may rely on all the data available to charac-
terize the dimensions that are considered important for ecologi-
cal, economic, and social reasons. In practice, while large sets of
data may be available regarding the ecosystem state, it may often
be the case that social and economic information is less readily
available, at the scales allowing direct inclusion in MCA evalua-
tions devoted to marine resource management problems, leading
to a need to collect ad hoc information.

A key advantage of MCA-based approaches is that they can
be directly integrated into fishery bioeconomic models (such as
coviability analysis and goal programming) and/or use model-
produced outputs to assess different management strategies
across the range of objectives. They can also integrate other
considerations such as regional economic impacts derived from
input-output models, e.g. which may also use the outcomes from
the multi-objective bioeconomic models as inputs.

Regardless of what decision framework is employed, sensitiv-
ity analysis is a best practice used to assess the robustness of
policy rankings in economic trade-off analysis (e.g. Renda et al.
2013, OECD 2018). Sensitivity analysis can address uncertainty
in any metric utilized in the decision criteria employed, includ-
ing those stemming from economic cost and benefit estimates,
weights across alternate objectives, imperfect knowledge of fu-
ture environmental states, and any other source that lends uncer-
tainty to the analysis.

The importance of the decision context

Who makes the decision is also an important consideration. A key
determinant in Figure 2 is the acceptability of monetary values
for all costs and benefits. Despite the long-established history of
CBA, there remains substantial scepticism about the reliability of
non-market values in natural resource and conservation manage-
ment (Driml 1997, Laurans et al. 2013). While there are well estab-
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lished and accepted approaches for deriving environmental non-
market values, assigning monetary value to social outcomes s still
problematic. Indeed, there may be more estimation uncertainty
with non-market values than with market values, and communi-
cating this in a CBA may be challenging. In co-management sys-
tems, there may be no single decision maker, and the consen-
sus decision will be based on stakeholder views as much (if not
more) than external valuation studies. The result of even a well-
conducted CBA may have limited influence in such a situation,
whereas capturing these stakeholder views in the analysis is a sub-
stantial strength of MCA in these circumstances. In some cases,
CBA can in fact be used as a way of capturing and communicat-
ing the economic consequences of a policy, in an orderly manner,
and it is the process of conducting a CBA and the data collected
that may be more important than the final analytical outcome.

The costs of undertaking the different approaches may be sig-
nificantly different, particularly where non-market costs and ben-
efits are key considerations. Valuation studies can be expensive
to conduct (although maybe not compared to many environmen-
tal analyses) and require expertise that precludes involvement of
stakeholders at an operational level. The use of benefit transfer
techniques reduces the costs substantially but introduces sources
of uncertainty into the analysis that is sometimes difficult to quan-
tify (Plummer 2009). With small-scale issues (e.g. management of
a particular fishery), participatory MCA approaches may be both
more cost-effective and also more acceptable than an externally
conducted CBA, although participatory CBA could in principle also
be conducted. For large-scaleissues (e.g. implementing a national
marine policy), the larger number of potential stakeholders may
make participatory MCA impractical if there is too much hetero-
geneity in views, while the costs of undertaking CBA may be less a
deterrent given the scale of the potential benefits and costs being
considered.

Optimally, the approach will be selected first, and the time-
line and other management milestones will be scoped appropri-
ately as a second step to match the needs of the analysis. How-
ever, management actions are often undertaken within prede-
fined timelines that can also impact the choice of approach em-
ployed and constrain the scope of the question/analysis itself.
Gathering new information, including through stakeholder en-
gagement, will extend the timeline for any of the approaches dis-
cussed. From a practical perspective, this means that analysts
should aim for a level of trade-off analysis appropriate for the
question, timeline, and data at hand. Like many other pursuits,
economic analysis can face decreasing marginal returns and it is
often better to engage with imperfect data and tools than to fully
retreat from a policy question of importance (Leman and Nelson
1981). The level of data availability, in conjunction with the time-
line, will also inform the selection of an approach to support trade-
off analysis. Strategic decision-making can also provide an oppor-
tunity for managers to test unfamiliar trade-off methodologies un-
der lower political pressure than would come with providing tacti-
cal advice. In addition, regulatory mandates, executive orders, na-
tional standards, and other governmental policies and guidelines
can play an important role in facilitating the engagement in, and
uptake of, formal trade-off analysis for management purposes. Fi-
nally, it must be stressed that some degree of redundancy, where
different trade-off approaches are implemented to study the same
problem, may prove useful in fostering stakeholders’ trust in the
findings, and in reducing the uncertainty of possible outcomes.
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Concluding remarks

There are a wide range of methods available for assessing fisheries
management options in the light of multiple objectives. Ensuring
the best option identified is implemented will largely depend on
the degree to which stakeholders and managers accept the results
of the analysis. Distrust in a method will result in a distrust of the
selected option, especially if it does not agree with the a priori ex-
pectations around outcomes (i.e. does not produce their preferred
outcome).

We have presented a framework for selecting a method of anal-
ysis based primarily on acceptability of the key assumptions un-
derpinning the method and processes. Foremost of these is trust
in the integration process itself. Reporting only at the TBL level
gives decision makers ultimate responsibility for the implicit ag-
gregation inherent in their final decisions, replacing objectivity
with subjective decision making. Economic-based methods (CBA
and CEA) provide potentially the greatest objectivity, although the
need to derive economic values associated with some outcomes—
particularly social and environmental—may not be acceptable to
all stakeholders. The MCA approaches offer the greatest poten-
tial for stakeholder input through the derivation of importance
weights associated with each outcome (either through participa-
tory processes or through less direct involvement through sur-
veys). Again, this may introduce subjectivity into the decision-
making process, although provided appropriate consultation with
stakeholders is undertaken this may be reduced.

Whichever method is adopted to assess management out-
comes, the move to multi-objective decision-making results in
other benefits. Foremost of these is the greater need to under-
take greater interdisciplinary collaboration, as determining envi-
ronmental, economic, and social outcomes requires input from
natural scientists, as well as from economists and other social sci-
entists, to develop the appropriate models and measures. This
greater interdisciplinary collaboration, combined with greater
stakeholder involvement, is also more likely to lead to improved
management options to be assessed as well as an improved
assessment process, ultimately leading to improved decision-
making processes.

Acknowledgements

The authors are grateful to the ICES secretariat and the chairs of
the ICES working group on Economics (WGECON) for their support
in the organisation of the working sessions which led to the prepa-
ration of this manuscript. We thank Dr Linwood Pendleton for his
feedback on previous versions of this manuscript.

Author contributions

Original conceptualization and writing of original draft: O.T. and
S.P. Adaptation of methodology and illustration: OT., J.H., G.D.,
M.K., and S.G. Review of methods and selection of case studies.
Writing—review and editing: all.

Conflicts of interest

The author(s) declare(s) that there is no conflict of interest.

11

Funding

None declared.

Data availability

No new data were generated or analysed in support of this re-
search.

References

Anderson J.L.,Anderson C.M., Chu J. et al. The fishery performance
indicators: a management tool for triple bottom line outcomes.
PLoS One 2015;10:e0122809. https://doi.org/10.1371/journal.
pone.0122809

Armitage D.R., Plummer R., Berkes F. et al. Adaptive co-
management for social-ecological complexity. Front Ecol
Environ 2009;7:95-102. https://doi.org/10.1890/070089

Asche F., Garlock T.M., Anderson J.L. et al. Three pillars of sustain-
ability in fisheries. Proc Natl Acad Sci 2018;115:11221-5. https:
//doi.org/10.1073/pnas.1807677115

Bebbington J., Brown J., Frame B. Accounting technologies and
sustainability assessment models. Ecol Econ, 2007;61:224-36.
https://doi.org/10.1016/j.ecolecon.2006.10.021

Bellanger M., Fonner R., Holland D.S. et al. Cross-sectoral external-
ities related to natural resources and ecosystem services. Ecol
Econ 2021;184:106990 https://doi.org/10.1016/j.ecolecon.202
1.106990

Bellanger M., Speir C., Blanchard F. et al. Addressing marine and
coastal governance conflicts at the interface of multiple sectors
and jurisdictions. Front Mar Sci 2020;7. https://doi.org/10.338
9/fmars.2020.544440

Berkes F. Evolution of co-management: role of knowledge gen-
eration, bridging organizations and social learning. J Envi-
ron Manage 2009;90:1692-702. https://doi.org/10.1016/].jenv
man.2008.12.001

Briton F., Thébaud 0., Garnder C et al.. Managing biological, eco-
nomic and social trade-offs in the Australian Southern and
Eastern Scalefish and Shark Fishery. Marine & Freshwater Re-
search 2023;74:1355-1369. https://doi.org/10.1071/MF23024

Brown C.J., Althor G., Halpern B.S. et al. Trade-offs in triple-
bottom-line outcomes when recovering fisheries. Fish Fish
2018;19:107-16. https://doi.org/10.1111/faf.12240

Champ P., Boyle K.J., Brown T.C. (eds). A primer in nonmarket valu-
ation. The Economics of Non-Market Goods and Resources (Book
13). Dordrecht, The Netherlands: Springer, 2017.

Coglan L., Pascoe S., Scheufele G.. Availability of non-market val-
ues to inform decision-making in Australian fisheries and aqua-
culture: an audit and gap analysis. Sustainability 2021;13:920.
https://doi.org/10.3390/su13020920

Daniel T.C., Muhar A., Arnberger A. et al. Contributions of cultural
services to the ecosystem services agenda. Proc Natl Acad Sci
2012;109:8812-9. https://doi.org/10.1073/pnas.1114773109

Danielsen R., Anderson C.M., Agnarsson S. Trawling for triple bot-
tom line results: applying the fishery performance indicators in
the Faroe Islands. Mar Policy 2021;125:104250. https://doi.org/
10.1016/j.marpol.2020.104250

920z 8unf Zo Uo Jasn BAjaNH ap pepisiaAlun Aq Z1Z1698/.200es)/5/cg/a01ue/swlsaol/woo dnooiwapese//:sdiy woll papeojumod


https://doi.org/10.1371/journal.pone.0122809
https://doi.org/10.1890/070089
https://doi.org/10.1073/pnas.1807677115
https://doi.org/10.1016/j.ecolecon.2006.10.021
https://doi.org/10.1016/j.ecolecon.2021.106990
https://doi.org/10.3389/fmars.2020.544440
https://doi.org/10.1016/j.jenvman.2008.12.001
https://doi.org/10.1071/MF23024
https://doi.org/10.1111/faf.12240
https://doi.org/10.3390/su13020920
https://doi.org/10.1073/pnas.1114773109
https://doi.org/10.1016/j.marpol.2020.104250

12

Dawson N.M., Suich H. Advancing social impact assessments
for more effective and equitable conservation. Conserv Biol
2025;39:e14453. https://doi.org/10.1111/cobi.14453

Dean M. Chapter Six-Multi-criteria analysis. In Mouter N. (ed.). Ad-
vanced in Transport Policy and Planning. Vol. 6. Cambridge,
United States: Academic Press, 2020, 165-224.

De Lara M., Doyen L. Sustainable Management of Natural Re-
sources: Mathematical Models and Methods. Heidelberg:
Springer Berlin, 2008, 266, https://doi.org/10.1007/978-3-540-
79074-7

Dichmont C.M., Pascoe S., Jebreen E. et al. Choosing a fish-
ery’s governance structure using data poor methods. Mar Pol-
icy 2013;37:123-31 . https://doi.org/10.1016/j.marpol.2012.02
.018

Dobes L., Bennett J.. Multi-criteria analysis:“ good enough” for
government work?. Agenda, 2009;7-29.

Dodgson J.S., Spackman M., Pearman A. et al. Multi-criteria Analy-
sis: AManual. London: Department for Communities and Local
Government, 2009 .

Doyen L., Béné C., Bertignac M. et al. Ecoviability for ecosystem-
based fisheries management. Fish Fish. 2017;18:1056-72. http
s://doi.org/10.1111/faf.12224

Driml S.M., Bringing ecological economics out of the wilderness.
Ecol Econ 1997;23:145-53. https://doi.org/10.1016/S0921-80
09(97)00050-5

Elkington J. Towards the sustainable corporation: win-win-win
business strategies for sustainable development. Calif Manage
Rev 1994;36:90-100. https://doi.org/10.2307/41165746

U.S. Environmental Protection Agency. Guidelines for Prepar-
ing Economic Analyses. 3rd ed.,EPA-240-R-24-001, Washington
D.C.2024. https://www.epa.gov/sites/default/files/2017-08/do
cuments/ee-0568-50.pdf

Glasson J.,Schmidt M., Glasson J., Emmelin L., Helbron H. (Eds.).
Standards and Thresholds for Impact Assessment (Vol. 3). Berlin,
Heidelberg: Springer Science & Business Media, 2008.

Gourguet S., Thébaud O., Jennings S. et al. The cost of co-viability
in the Australian Northern Prawn Fishery. Environ Model Assess
2016;21:371-89. https://doi.org/10.1007/510666-015-9486-y

Holzer J., Byler K. Deepwater horizon oceanic fish restoration
Project: an application of market mechanisms for conserva-
tion. Mar Policy, 2019;108:1-9. https://doi.org/10.1016/j.marp
0l.2019.103538

Holzer J., McConnell K. Risk preferences and compliance in recre-
ationalfisheries. J Assoc Environ Resour Econ, 2017;4:1-35. http
s://doi.org/10.1086/691976

ICES. 2023 Theme session L—Advancing scientific support for eval-
uating trade-offs in ecosystem-based management. ICES An-
nual Science Conference 2023, Bilbao, Spain. https://doi.org/10
.17895/ices.pub.24305926

Jagers S.C., Berlin D., Jentoft S.. Why comply? Attitudes to-
wards harvest regulations among Swedish fishers. Mar Pol-
icy, 2012;36:969-76. https://doi.org/10.1016/j.marpol.2012.02
.004

Jones K., Seara T.. Integrating stakeholders’ perceptions into
decision-making for ecosystem-based fisheries management.
Coast Manag, 2020;48:275-88. https://doi.org/10.1080/089207
53.2020.1773211

KempfA., Mumford J., Levontin P. et al. The MSY concept in a multi-
objective fisheries environment-lessons from the North Sea.

ICES Journal of Marine Science, 2026, Volume 83, Issue 5

Mar Policy 2016;69:146-58. https://doi.org/10.1016/j.marpol.2
016.04.012

Kjeersgaard J., Andersen J., Mathiesen C.. Multiple objectives and
perceptions of optimal management: the Danish industrial
fishery in the North Sea. Eur Rev Agric Econ, 2007;34:181-208.
https://doi.org/10.1093/erae/jbm010

Kronbak L.G., Vestergaard N.. Environmental cost-effectiveness
analysis in intertemporal natural resource policy: evaluation of
selective fishing gear. J Environ Manage 2013;131:270-9. (http
s://doi.org/10.1016/j.jenvman.2013.09.035)

LauransY., RankovicA., BilléR. et al. Use of ecosystem services eco-
nomic valuation for decision making: questioning a literature
blindspot. J Environ Manage 2013;119:208-19. https://doi.org/
10.1016/j.jenvman.2013.01.008

Lee M.-Y., Steinback S.R., Wallmo K. Applying a bioeconomic model
to recreational fisheries management: groundfish in the north-
east United States. Marine Resour Econ 2017;32:191-216. https:
//doi.org/10.1086/690676

Leman C.K., Nelson R.H. Ten commandments for pol-
icy economists. J. Pol. Anal. Manage 1981;1:97-117.
https://doi.org/10.2307/3324112

Levin H.M. McEwan P.J., Cost-effectiveness Analysis: Methods and
Applications. Vol. 4. Thousand Oaks, California, USA: Sage,
2001.

Link J.S., Thébaud O., Smith D.C. et al. Keeping Humans in the
Ecosystem. ICES J Mar Sci 2017;74:1947-56, https://doi.org/10
.1093/icesjms/fsx130

Liu L., Chu J., Anderson J.L. et al. Sustainability comparisons
in the triple bottom line for Chinese fisheries. Mar Policy
2021;125:104259. https://doi.org/10.1016/j.marpol.2020.1042
59

Marre J.B., Thébaud O., Pascoe S. et al. Is economic valua-
tion of ecosystem services useful to decision-makers? Lessons
learned from Australian coastal and marine management. J En-
viron Manage 2016;178:52-62. https://doi.org/10.1016/j.jenv
man.2016.04.014

Mavrommati G., Borsuk M., Howarth R.B. A novel deliberative mul-
ticriteria evaluation approach to ecosystem service valuation.
Ecol Soc 2016;22:39. https://doi.org/10.5751/ES-09105-22023
9

McConnell K., Habb T.. Valuing Environmental and Natural Re-
sources: The Econometrics of Non-Market Valuation. New Hori-
zons in Environmental Economics. Cheltenham, Glos, UK: Ed-
ward Elgar Publishing, 2002.

Mendoza G.A., Martins H. Multi-criteria decision analysis in natural
resource management: a critical review of methods and new
modelling paradigms. Forest Ecol Manag, 2006;230:1-22. https:
//doi.org/10.1016/j.foreco.2006.03.023

Murphy R.J., Downs M., Wolf N. et al. Guiding principles for inte-
grating stakeholder-based data into marine fisheries decision-
making with a focus on USA fisheries management. Fish Fish
2022;23:1000-8. https://doi.org/10.1111/faf.12656

OECD Cost-Benefit Analysis and the Environment: Further Develop-
ments and Policy Use. Paris: OECD Publishing, 2018. https://do
i.org/10.1787/9789264085169-en

Pascoe S., Cannard T., Dowling N.A. et al. Developing harvest
strategies to achieve ecological, economic and social sustain-
ability in multi-sector fisheries. Sustainability 2019;11:644. ht
tps://doi.org/10.3390/su11030644

920z 8unf Zo Uo Jasn BAjaNH ap pepisiaAlun Aq Z1Z1698/.200es)/5/cg/a01ue/swlsaol/woo dnooiwapese//:sdiy woll papeojumod


https://doi.org/10.1111/cobi.14453
https://doi.org/10.1007/978-3-540-79074-7
https://doi.org/10.1016/j.marpol.2012.02.018
https://doi.org/10.1111/faf.12224
https://doi.org/10.1016/S0921-8009(97)00050-5
https://doi.org/10.2307/41165746
https://www.epa.gov/sites/default/files/2017-08/documents/ee-0568-50.pdf
https://doi.org/10.1007/s10666-015-9486-y
https://doi.org/10.1016/j.marpol.2019.103538
https://doi.org/10.1086/691976
https://doi.org/10.17895/ices.pub.24305926
https://doi.org/10.1016/j.marpol.2012.02.004
https://doi.org/10.1080/08920753.2020.1773211
https://doi.org/10.1016/j.marpol.2016.04.012
https://doi.org/10.1093/erae/jbm010
https://doi.org/10.1016/j.jenvman.2013.09.035
https://doi.org/10.1016/j.jenvman.2013.01.008
https://doi.org/10.1086/690676
https://doi.org/10.2307/3324112
https://doi.org/10.1093/icesjms/fsx130
https://doi.org/10.1016/j.marpol.2020.104259
https://doi.org/10.1016/j.jenvman.2016.04.014
https://doi.org/10.5751/ES-09105-220239
https://doi.org/10.1016/j.foreco.2006.03.023
https://doi.org/10.1111/faf.12656
https://doi.org/10.1787/9789264085169-en
https://doi.org/10.3390/su11030644

ICES Journal of Marine Science, 2026, Volume 83, Issue 5

Pascoe S., Cannard T., Dowling N.A. et al. Use of data en-
velopment analysis (DEA) to assess management alterna-
tives in the presence of multiple objectives. Mar Policy
2023;148:105444. https://doi.org/10.1016/j.marpol.2022.1054
44

Pascoe S., Hutton T., Hoshino E. et al. Effectiveness of harvest
strategies in achieving multiple management objectives in a
multispecies fishery. Aust J Agric Resour Econ 2020;64:700-23.
https://doi.org/10.1111/1467-8489.12369

Pascoe S., Mardle S. Optimal fleet size in the English Channel:
a multi-objective programming approach. Eur Rev Agric Econ
2001;28:161-85. https://doi.org/10.1093/erae/28.2.161

Pearce D., Atkinson G., Mourato S. Cost-Benefit Analysis and the En-
vironment: Recent Development. Paris, France: OECD, 2006.

Pendleton L.H., Thébaud O., Mongruel R.M. et al. Has the value of
global marine and coastal ecosystem services changed? Mar
Policy 2016;64:156-158. https://doi.org/10.1016/j.marpol.201
5.11.018

Péreau J.-C., Doyen L., Little L.R. et al. The triple bottom line: meet-
ing ecological, economic and social goals with individual trans-
ferable quotas. J Environ Econ Manag 2012;63:419-34. https:
//doi.org/10.1016/j.jeem.2012.01.001

Plummer M.L., Assessing benefit transfer for the valuation of
ecosystem services. Front Ecol Environ 2009;7:38-45. https://do
i.org/10.1890/080091

Priddat B., Schlaudt O., Beyond conservation of natural capi-
tal: rethinking sustainability in the Anthropocene. Ecol Econ,
2025;235:108627. https://doi.org/10.1016/j.ecolecon.2025.10
8627

Proctor W., Drechsler M., Deliberative multicriteria evaluation. En-
viron Plan C: Gov Policy 2006;24:169-90 . https://doi.org/10.106
8/c22s

Rauschmayer F., Wittmer H., Evaluating deliberative and analyti-
cal methods for the resolution of environmental conflicts. Land
Use Policy 2006;23:108-22. https://doi.org/10.1016/j.landusep
01.2004.08.011

Raworth K. A safe and just space for humanity: can we live within
the doughnut? Oxfam discussion paper. Cowley, Oxford, UK:
Oxfam GB, 2012.

Renda A., Schrefler L., Luchetta G. et al. Assessing the Costs and
Benefits of Regulation. Brussels: European Commission, 2013.

Received: 10 September 2025. Revised: 12 February 2026. Accepted: 20 April 2026

13

Rossetto M., Bitetto I., Spedicato M.T. et al. Multi-criteria decision-
making for fisheries management: a case study of Mediter-
ranean demersal fisheries. Mar Policy 2015;53:83-93. https://
doi.org/10.1016/j.marpol.2014.11.006

Savitz A., The Triple Bottom Line How Today’s Best-Run Companies
Are Achieving Economic, Social, and Environmental Success—
and How You Can Too. San Francisco, USA: John Wiley & Sons,
2013.

Spangenberg J.H., Settele J. Precisely incorrect? Monetising the
value of ecosystem services. Ecol Complex 2010;7:327-37. http
s://doi.org/10.1016/j.ecocom.2010.04.007

Stagl S., Multicriteria evaluation and public participation: the case
of UK energy policy. Land Use Policy 2006;23:53-62. https://do
i.org/10.1016/j.landusepol.2004.08.007

Stephenson R.L., Benson A.J., Brooks K. et al. Practical steps to-
ward integrating economic, social and institutional elementsin
fisheries policy and management. ICES J Mar Sci2017;74:1981-
9. https://doi.org/10.1093/icesjms/fsx057

StephensonR.L., PaulS., Wiber M. et al. Evaluating and implement-
ing social-ecological systems: a comprehensive approach to
sustainable fisheries. Fish Fish 2018;19:853-73. https://doi.org/
10.1111/faf.12296

Thébaud 0., Ellis N., Little L.R. et al. Viability trade-offs in the eval-
uation of strategies to manage recreational fishing in a marine
park. Ecol Indic 2014;46:59-69.

Thébaud 0., Nielsen J.R., Motova A. et al. Integrating economics
into fisheries science and advice: progress, needs, and future
opportunities. ICES J Mar Sci 2023;80:647-63. https://doi.org/
10.1093/icesjms/fsad005

Tulloch V., Grech A., Jonsen |. et al. Cost-effective mitigation strate-
gies to reduce bycatch threats to cetaceans identified using
return-on investment analysis. Conserv Biol 2020;34:168-79.
https://doi.org/10.1111/cobi.13418

United Nations. 2015. General assembly resolution A/RES/70/1.
Transforming our world, the 2030 agenda for sustainable devel-
opment. https://docs.un.org/en/A/RES/70/1 (15 May 2025, date
last accessed).

Walden J.B. . DePiper G. Benchmarking ecosystem performance
using index numbers: A case study of the northeast large ma-
rine ecosystem. Marine Policy 2023;155:105708. https://doi.or
£/10.1016/j.marpol.2023.105708

Handling editor: Kanae Tokunaga

© The Author(s) 2026. Published by Oxford University Press on behalf of International Council for the Exploration of the Sea. This is an Open Access article distributed under the terms of the
Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original

work is properly cited.

920z 8unf Zo Uo Jasn BAjaNH ap pepisiaAlun Aq Z1Z1698/.200es)/5/cg/a01ue/swlsaol/woo dnooiwapese//:sdiy woll papeojumod


https://doi.org/10.1016/j.marpol.2022.105444
https://doi.org/10.1111/1467-8489.12369
https://doi.org/10.1093/erae/28.2.161
https://doi.org/10.1016/j.marpol.2015.11.018
https://doi.org/10.1016/j.jeem.2012.01.001
https://doi.org/10.1890/080091
https://doi.org/10.1016/j.ecolecon.2025.108627
https://doi.org/10.1068/c22s
https://doi.org/10.1016/j.landusepol.2004.08.011
https://doi.org/10.1016/j.marpol.2014.11.006
https://doi.org/10.1016/j.ecocom.2010.04.007
https://doi.org/10.1016/j.landusepol.2004.08.007
https://doi.org/10.1093/icesjms/fsx057
https://doi.org/10.1111/faf.12296
https://doi.org/10.1093/icesjms/fsad005
https://doi.org/10.1111/cobi.13418
https://docs.un.org/en/A/RES/70/1
https://doi.org/10.1016/j.marpol.2023.105708
https://creativecommons.org/licenses/by/4.0/

	Introduction
	A decision-map for trade-off analysis
	The alternative approaches to carrying out a trade-off analysis
	Discussion
	Concluding remarks
	Acknowledgements
	Author contributions
	Conflicts of interest
	Funding
	Data availability
	References

