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Débora Gutierrez , Miriam von Thenen

Received: 7 April 2025 / Revised: 18 August 2025 / Accepted: 21 October 2025

� The Author(s), under exclusive licence to Royal Swedish Academy of Sciences 2025

Abstract Ecosystem service assessments (ESA) are

widely used to support marine management, yet their

application varies across regions due to differences in

governance frameworks, data availability, and

methodological approaches. This study systematically

reviews ESA methods and tools applied in offshore areas

of the Baltic Sea, South Atlantic Ocean, and Western

Mediterranean Sea, evaluating their effectiveness in

supporting sustainable marine management with a

specific focus on offshore wind farms, marine protected

areas, and fishing activities. The findings reveal

geographical variations in ESA implementation,

highlighting strengths and limitations in their ability to

inform policy and decision-making. While methodological

diversity enhances ESA’s capacity to capture complex

socio-ecological interactions, inconsistencies in application

reduce its effectiveness. Addressing these gaps requires

refining methodological approaches, strengthening

interdisciplinary collaboration, and improving the link

between ESA and marine governance. This research

provides insights into the current state of ESA

applications and offers recommendations for enhancing

their role in ecosystem-based marine planning and policy

integration.
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INTRODUCTION

Ecosystem services assessments (ESA) play a critical role

in environmental management by identifying and evaluat-

ing the benefits that ecosystems provide to society.

Increasing human activities place growing pressure on

marine environments, altering ecosystem functions and

reducing their capacity to provide essential ecosystem

services (ES) (Costanza et al. 1997; Steffen et al. 2015).

Assessing the capacity of ecosystems to supply specific

services requires the use of diverse methods and tools. To

effectively evaluate ecosystem condition, service provision,

and the resulting implications for human well-being, inte-

grated approaches are essential. These assessments enable

decision-makers to identify and prioritize the most valued

services, thereby supporting more sustainable management

strategies (Alcamo et al. 2003). A wide array of methods has

been employed in ESA, differing in levels of complexity,

data needs, and spatial and temporal resolution. These

methods range from quantitative techniques (such as bio-

physical modeling and economic valuation, which support

standardized and replicable assessments) to qualitative

methods like participatory mapping and expert-based eval-

uations, which capture social and perceptual dimensions of

ES (de Groot et al. 2010; Liquete et al. 2013).

ESAhasbecomeparticularly relevant inmarinegovernance,

supporting marine spatial planning (MSP), marine protected

areas (MPAs), and fisheries management (Böhnke-Henrichs

et al. 2013; Lester et al. 2013). By providing a structured

approach to balancing conservation and resource use, ESA

supports decision-making processes that integrate ecological,

economic, and social considerations (Barbier 2017). Sustain-

able marine management depends on aligning conservation

objectiveswith socioeconomic activities, requiring robust ESA
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methods and tools that can capture ecological functions, human

dependencies, and respond to varying governance and socio-

institutional contexts. MSP, in particular, could benefit from

ESA by integrating spatial and temporal dynamics, which help

mitigate conflicts among competing activities and support

sustainablemarine use.However, regional differences in policy

frameworks, resource availability, and institutional capacities

influence ESA applications, shaping how ESs are valued and

managed (Sun et al. 2018).

Effectiveness in the context of ESA refers to their

capacity to inform and support real-world decision-making

through comprehensive, context-relevant, and imple-

mentable analyses. As emphasized by Kukkala and

Moilanen (2013), effectiveness extends beyond efficiency:

it must be assessed relative to specific goals and must

reflect the adequacy, applicability, and long-term viability

of solutions. In marine management, this includes the

ability of ESAs to integrate ecological, social, and eco-

nomic dimensions, address spatial and temporal trade-offs,

and engage relevant stakeholders. Effectiveness is also

shaped by enabling conditions such as human, social, and

financial capital (Knight et al. 2011), influencing how

assessment outcomes are translated into action.

ESA effectiveness is particularly relevant in the context

of marine activities such as fisheries, offshore wind farms

(OWFs), and MPAs, where management decisions depend

on spatial prioritization, legitimacy, and policy relevance

(Corrales et al. 2020). Enhancing ESA effectiveness

requires balancing methodological consistency (essential

for cross-case comparability) with the flexibility needed to

reflect the socio-ecological specificities of each region and

activity. Additionally, given the growing complexity of

marine governance, refining ESA methods is essential to

maintaining their relevance for decision-making under

changing ecological and socioeconomic conditions

(Koundouri et al. 2023).

The aim of this paper is to assess the effectiveness of

different ESA methods and tools in supporting sustainable

marine management. The following research questions

were posed:

• What are the geographical differences and similarities

in ESA applications, and how do they vary across

activities?

• What are the main challenges, strengths, policy impli-

cations, and trade-offs identified in the ESA studies and

the applied methods and tools?

• What is the effectiveness of different ESA methods and

tools in supporting sustainable management?

To address these research questions, a systematic review

was conducted to identify case studies with ESA methods

and tools applied in the Baltic Sea (BS), South Atlantic

Ocean (SAO), and Western Mediterranean Sea (WMS) that

enabled the analysis of regional and sectoral patterns, fol-

lowed by an evaluation of their ESA effectiveness. This

paper builds on existing approaches to develop an analyt-

ical methodology for evaluating ESA, applying it as the

main lens to assess how current ESA support MSP and

marine management across diverse socio-ecological con-

texts. The methodology provides a structured and trans-

ferable approach that can synthesize diverse ESA methods

and tools, and enable systematic comparison across cases.

The analysis focuses on three key maritime activities

(fishing, MPAs, and OWFs) that are central to current

marine governance debates, MSP requirements, gover-

nance challenges and represent diverse ES demands by

society (White et al. 2012; Inácio et al. 2024; Zaucha et al.

2025).

The methodology is detailed in ‘‘Materials and meth-

ods’’ section. ‘‘Geographical areas and activities under

study’’ section describes the selected regions and activities,

and the reasoning behind their choice. ‘‘Systematic litera-

ture review process’’ and ‘‘Data extraction and catego-

rization’’ sections describe how case studies were selected,

how information was extracted, and how data were ana-

lyzed to respond to the first two research questions.

‘‘Evaluation of ESA methods and tools’’ section outlines

the evaluative methodology developed to assess ESA

effectiveness across studies. Results are presented in

‘‘Results’’ section, where each research question is

addressed in a dedicated subsection. Finally, ‘‘Discussion’’

section provides a critical discussion of the main findings,

highlighting their implications for improving ESA methods

and tools, and their integration into marine management

and planning processes.

MATERIALS AND METHODS

Geographical areas and activities under study

This study examines the application of ESA methods and

tools in three contrasting marine regions: the BS, WMS,

and SAO.

The selected regions reflect highly diverse socio-eco-

logical systems and governance frameworks, offering a

basis for comparing ESA applications under varying con-

ditions of data availability, institutional capacity, and sec-

toral development. The rationale for selecting these areas is

not solely based on data richness, but also on their differing

policy contexts, ecological pressures, and levels of ESA

integration. Importantly, the study focuses on offshore

areas (up to 200 nautical miles), thereby excluding coastal

studies to ensure a consistent analytical scope and enhance

comparability across regions.
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A summary of ecological, institutional, and policy dif-

ferences among regions is provided in Table 1, which

outlines key characteristics from the different geographical

region. The elements summarized were selected based on

recurrent factors identified in the ESA and marine gover-

nance literature as key drivers of assessment design and

implementation. These contrasts support the selection of

case study areas and frame the comparative analysis of

ESA practices aimed at supporting sustainable marine

management across diverse governance and socio-ecolog-

ical contexts.

Fisheries represent long-established, extractive uses and

are often among the most socioeconomically important

activities for coastal communities (Inácio et al. 2024). They

directly depend on fish stocks and numerous ecosystem

functions (e.g., healthy spawning and nursery habitats,

feeding grounds, and refuge and shelter) sustaining these

stocks (Inácio et al. 2024). Wild-caught fish provide food

and other resources, may carry cultural heritage value, and

contribute to regulating services such as pest and disease

regulation (Murphy et al. 2021). However, exploitation has

put many stocks at risk of collapse, prompting management

efforts to promote more sustainable fisheries (Murphy et al.

2021).

MPAs reflect conservation-oriented governance approa-

ches (Grorud-Colvert et al. 2021). Areas for protection are

designated tomaintain a well-functioning ecosystem and the

supply of ES, e.g., providing carbon sequestration, spawning

and nursery habitats for other species, an environment for

recreation and tourism (Inácio et al. 2024) and achieve

increasing biodiversity protection goals, e.g., the Kunming-

Montreal Global Biodiversity Framework (Convention on

Biological Diversity 2022). MPAs restrict some activities

and access to certain in-demand ES to protect habitats from

pressures (Grorud-Colvert et al. 2021). However, the eco-

logical benefits, such as spillover of juvenile and adult fish,

support the recovery and the supply of others, e.g., fish for

food (Pita et al. 2024).

OWFs symbolize emerging, spatially demanding

developments, often seen steering the marine planning and

management process and a dialogue for multi-use (White

et al. 2012). Although OWFs are not currently operational

in the SAO, this region was retained to evaluate ESA

practices in existing maritime sectors and to assess pre-

paredness for future offshore energy expansion, as pro-

jected by the World Bank Group (2025).

Systematic literature review process

A systematic review framework guided by the Preferred

Reporting Items for Systematic Reviews (PRISMA) pro-

tocol (Haddaway et al. 2022) was employed to ensure a

rigorous and transparent synthesis of existing knowledge.

The aim of the systematic review was to identify, classify,

and critically analyze case studies applying ESA across the

three selected marine regions (BS, WMS, and SAO)

focusing on three relevant activities: fisheries, MPAs, and

OWFs. This review was designed to address the overar-

ching objective of the study: to assess the effectiveness of

Table 1 Key characteristics of the BS, WMS, and SAO relevant to the study. The table summarizes regional differences in governance

structures, data availability, management challenges, policy relevance, and presence of target activities (fisheries, MPAs, OWF). These contrasts

illustrate the socio-ecological diversity of the selected areas and support their inclusion as case study regions to explore ESA methods variation

and effectiveness. Data compiled from UNESCO-IOC (2021) for the WMS, CEPAL (2025) for SAO, and HELCOM (2025) for the BS.

Additional data points applicable to all three regions were obtained from the World Bank Group (2025)

Element Baltic Sea (BS) Western Mediterranean Sea (WMS) South Atlantic Ocean (SAO)

Institutional

integration

Regional coordination (e.g.,

HELCOM)

Fragmented governance, multiple

overlapping jurisdictions

Low integration, governance varies widely

across countries

Data availability High—long-term monitoring

programs, transboundary datasets

Moderate—uneven data by country Low—data gaps in offshore systems,

especially for ES

Dominant

management

challenges

Eutrophication, overfishing, spatial

conflicts (e.g., OWFs vs MPAs)

High biodiversity pressure, tourism,

fishing conflicts

Emerging marine uses, fisheries

overexploitation, lack of MPA networks

Development of

ESA practices

Advanced—ES integrated into some

policy tools

Moderate—growing interest, still

limited integration in practice

Emerging—ESA mostly academic or

exploratory

Presence of target

activities

All three: well-established fisheries,

MPAs, and expanding OWFs

All three: MPAs widespread, coastal

fishing, some OWFs

Fisheries dominant; MPAs limited; OWFs

not yet operational, but projected

Relevance for MSP High—region actively engages in

marine spatial planning

Growing—EU MSP Directive in

implementation

Emerging—MSP under development in

some countries

Socioeconomic

diversity

Mostly EU countries with coordinated

policies

EU countries, varied development

levels

High—diverse socioeconomic and

institutional contexts
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ESA in supporting sustainable marine management across

diverse socio-ecological contexts.

To streamline the review process and increase consis-

tency during article screening and selection, the PICO

Portal software was used, integrating artificial intelligence

(AI) and machine learning functionalities. The AI com-

ponent facilitated the identification of key concepts and

terminology aligned with the project’s predefined inclusion

and exclusion criteria by highlighting corresponding words

in the title, abstract, and keywords, which speed up the

screening process. The AI also supported the data extrac-

tion phase by highlighting relevant sections of the text and

organizing them for review (for details, see ‘‘Data extrac-

tion and categorization’’ section). A summary of the key

elements necessary for a systematic review according to

PRISMA standards is in the Supplementary Information

(SI)—Annex A.

Literature search strategy

Searches were conducted across Web of Science, Scopus,

and SciELO. The search strings targeted ESA methods

and tools, ESs, and the geographical regions and activities

described above. Articles in English, Spanish, and Por-

tuguese were included to ensure comprehensive regional

representation, based on the authors’ experience and

confirmed by regional databases (e.g., SciELO). In this

latter source, relevant studies from SAO are often written

in Spanish or Portuguese. Conversely, European marine

research is usually published in English, particularly in

the context of EU-funded projects and academic institu-

tions. The specific search string and the number of articles

per browser can be found in SI—Annex B. From an

initial pool of 4078 articles (196 from SciELO, 300 from

Scopus, and 3582 from Web of Science), a deduplication

process using PICO Portal (2024) resulted in 3925 unique

articles.

Screening and selection process

Using PICO Portal’s AI-enhanced tools, articles were

screened in two stages: abstract review and full-text

review. During the first stage, dual reviewer agreement was

required for inclusion, with a third reviewer resolving

conflicts. Exclusion criteria included the absence of ES

references, lack of focus on the specified geographical

areas or activities, and studies focused solely on terrestrial

ecosystems. A PRISMA flow diagram (Fig. 1) summarizes

the selection process. Following screening, 59 articles were

shortlisted, and 35 case studies were selected for final data

extraction (SI—Annex C).

Data extraction and categorization

Extraction process

The data extraction process encompassed 23 categories,

detailed in SI—Annex D. PICO Portal facilitated this

process by structuring extraction around categories prede-

fined by the author team, including general information

(e.g., title, publication year, study aim); geographical

region (BS, WMS, SAO); activity (fishing, MPAs, OWFs);

ESA methods and tools; ES analyzed; and key analytical

aspects such as trade-offs, policy implications, and

challenges.

To enhance accuracy and consistency, each extraction

category was paired with a set of keywords, proxies, and

guiding questions, which were input into the AI-assisted

interface of the software. These elements helped train the

software to recognize relevant content in the full texts and

highlight sections where potential answers were located.

After this, the AI would automatically suggest responses to

each category based on its detection of relevant textual

cues. These suggestions were compiled into an

exportable Excel file, which facilitated structured data

handling.

Validation was conducted through a double-blind

review of 20 papers, which revealed inconsistencies in the

answers of six categories. These issues were addressed by

refining the keyword and proxy criteria and manually re-

evaluating the affected entries to ensure reliability across

the dataset.

Categorization of ESA information

The 23 categories extracted through PICO Portal included

both open-ended responses and predefined multiple-choice

selections. Open-ended responses (e.g., main aim of the

paper) were categorized thematically, while structured

fields (e.g., geographical region or activity) followed pre-

defined classification options (e.g., BS, SAO, WMS). The

objective of this categorization was twofold: to provide a

systematic and comprehensive characterization of the

selected case studies and to support the analytical frame-

work needed to answer the first two research questions

(related to regional and sectoral differences) and their

relation to ESA challenges, strengths, policy implications,

and trade-offs.

Themes for open-ended responses were derived through

an inductive process, based on the content extracted from

each study. For each category, the research team reviewed

all responses suggested by the AI and clustered them

according to semantic similarity and analytical relevance.

For instance, for the ‘‘study aim’’ field, two levels of
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classification were developed: one based on methodologi-

cal orientation (e.g., ES assessment, ecosystem-based

management, etc.), and another capturing the thematic

focus (e.g., MSP, biodiversity conservation, or socio-eco-

logical interactions, among others). This approach ensured

internal consistency and transparency, enabling future

replicability. The categorization criteria and group

definitions were established iteratively and recorded in

detail in SI—Annex E—Definitions.

The resulting categorization was not only essential for

describing the sample of reviewed studies, but also served

as a foundation for evaluating ESA effectiveness (‘‘Eval-

uation of ESA methods and tools’’ section), by highlighting

contextual and methodological focus, relevant to

Fig. 1 Flow diagram of the methodology and selection processes used in this systematic review. It follows the rules and templates of PRISMA

(Haddaway et al. 2022)
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interpreting performance. The outputs of this classification

process are fully presented in SI—Annex E—Analysis.

Data analysis

The data analysis aimed to synthesize and compare patterns

emerging from the selected case studies across geograph-

ical regions and sectors, serving as the empirical basis for

subsequent evaluation of ESA methods and tools. This

phase built upon the outputs of the extraction and catego-

rization process (see ‘‘Extraction process’’ and ‘‘Catego-

rization of ESA information’’ sections), enabling a

structured characterization of the evidence base in relation

to the first and second research questions.

Analyses were conducted using RStudio. The dataset

was filtered by geographical region and by activity to

identify and interpret contextual differences in ESA

approaches. Descriptive statistics and frequency analyses

were used to summarize the data.

This analytical approach contributed directly to

answering Research Questions 1 and 2, allowing for a

nuanced characterization of the reviewed cases and laying

the groundwork for evaluating ESA effectiveness in

diverse governance and ecological contexts.

Evaluation of ESA methods and tools

A methodology for evaluating effectiveness

In this study, effectiveness refers to their capacity to inform

and support real-world decision-making through compre-

hensive, context-relevant, and implementable analyses.

The definition and the methodology for structuring the

evaluation of tools and methods draw from established

literature examining the links between ESA and decision-

making processes, namely Everard and Waters (2013),

Ervin et al. (2014) and Gee et al. (2019).

Ervin et al. (2014) developed ten principles to guide

assessments of ES values arising from the need to assess

the social, ecological, and economic benefits of ecosystems

and biodiversity. Their principles aimed to ensure com-

prehensive, credible, and consistent assessments capable of

informing decision-making and promote long-term

sustainability.

Everard and Waters (2013) highlighted the role of ESA

as a decision-support tool, capable of identifying unin-

tended consequences and optimize benefits. The level of

detail required in an assessment was context-dependent,

and the application of ESA facilitated risk assessment,

impact evaluations, and stakeholder engagement. Their

work highlighted the necessity of integrating ES assess-

ments into broader policy and management frameworks.

Gee et al. (2019) proposed a problem–question-based

structure for tool evaluation in the context of MSP. Their

methodology assessed the potential benefits of tool use

against four common integration challenges in MSP (multi-

level and transboundary, policy and sector, stakeholder,

and knowledge integration). Specific endpoints were

defined for each challenge, including general desired out-

comes of integrated MSP processes, to serve as a template

for assessment.

While Ervin et al. (2014) provided a normative set of

principles, Everard and Waters (2013) highlight the func-

tional and contextual considerations for effective ESA, and

Gee et al. (2019) introduced a diagnostic, question-led

approach. Combining these perspectives enables a

methodological evaluation that safeguards that assessments

are systematically structured while remaining adaptable to

diverse contexts.

Adapting the methodology to the ESA context

The Ervin et al. (2014) guiding principles were used as a

foundation for the evaluation of ESA effectiveness, but

required adaptation, as their original focus was on the

evaluation of ES. Building on the lessons learned from

Everard and Waters (2013), these principles were refined.

For instance, Ervin et al. (2014) stated in their guiding

principle 3: Identify and engage all interested and affected

stakeholders in a transparent, inclusive manner. Similarly,

Everard and Waters (2013) argue that a systems approach

recognizes all stakeholders in decision-making, as all

ecosystem services represent the interests and value sys-

tems of different sectors of society. The convergence of

these perspectives reinforced the inclusion of Stakeholder

Engagement as one of the effectiveness principles, high-

lighting the need for representation from all relevant actors

and for transparent, inclusive decision-making processes.

This refinement process resulted in a final set of ten

effectiveness principles: Scalability and Flexibility, Inte-

gration of Multiple Dimensions, Policy Relevance, Stake-

holder Engagement, Comprehensive Scope, Scientific

Rigor, Transparency and Reproducibility, Practical Fea-

sibility, Dynamic and Adaptive Approach, and Interdisci-

plinary Approach.

Similarly, the five main challenges identified by Gee

et al. (2019) for MSP tool evaluation were adjusted to

apply more broadly to ESA, and to align with the ten

effectiveness principles. Each challenge was reviewed

against the principles, retaining four of Gee et al.’s original

challenges and adding two new ones to ensure compre-

hensive coverage. This process produced six key problems:

Problem 1: Multi-Scale and Multi-Dimensional Integra-

tion; Problem 2: Policy Relevance and Governance Sup-

port; Problem 3: Stakeholder Engagement and Inclusivity;
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Problem 4: Knowledge Integration and Scientific Robust-

ness; Problem 5: Practical Feasibility and Adaptability;

Problem 6: Comprehensive Scope and Ecosystem

Approach.

Following the logic of Gee et al. (2019), each key

problem was specified through a set of evaluation ques-

tions, designed to translate broad challenges into opera-

tional criteria. For example, Problem 1: Multi-Scale and

Multi-Dimensional Integration was linked to: 1.1. Does the

method/tool address multiple geopolitical and/or geo-

graphical scales in its analysis? 1.2. Is the method/tool

adaptable to different scales (local, regional, global)? 1.3.

Does it integrate ecological, social, and economic dimen-

sions effectively?

Each problem was then linked to its evaluation ques-

tions, which in turn were associated with specific effec-

tiveness principles. This structure is summarized in the

Sankey diagram (Fig. 2), which depicts the relationships

between key problems (left), evaluation questions (center;

full list in SI—Annex G), and guiding principles (right).

The resulting methodology (expanded in SI—Annex G)

was designed to enable systematic evaluation of ESA

methods and tools against the defined effectiveness criteria.

This approach not only facilitated the identification of

strengths and weaknesses in ESA applications, but also

provided a transparent basis for recommending targeted

improvements.

Ranking of ESA methods and tools

To compare and rank the ESA methods and tools identified

through the systematic literature review, the evaluation-

question methodology was applied, with scores assigned

accordingly (Fully Accomplished—2 points; Partially

Accomplished—1 point; Not Accomplished—0 points). To

avoid bias, the evaluation was conducted using the case

study number, without identifying the authors of each

study. The total scores were used to rank methods and

tools, providing a comparative analysis of their perfor-

mance (see SI—Annex F).

RESULTS

This results section is structured to address the three

research questions. To answer the first two questions, the

results of the systematic review are described in ‘‘What are

the geographical differences and similarities in ESA

applications, and how do they vary across activities?’’ and

‘‘What are the main challenges, strengths, policy implica-

tions, and trade-offs identified in the ESA studies and the

applied methods and tools?’’ sections. For the third ques-

tion, ‘‘What is the effectiveness of different ESA methods

and tools in supporting sustainable management?’’ section

presented the findings of 35 case study analyses following

the earlier established evaluation methodology.

What are the geographical differences

and similarities in ESA applications,

and how do they vary across activities?

Geographical-specific insights

A geospatial analysis of the reviewed studies revealed

distinct trends in ESA applications, highlighting both

concentrations and gaps in research coverage. Most case

studies were located in the BS (17). The WMS followed

with 10 studies, and the SAO with 9.

The analysis of the general aims of the reviewed studies

indicates that ESA and Human–Nature Interactions were

the most commonly applied methodological approaches

across all three geographical zones (Fig. 3a). ESA was the

most frequently used, particularly in the BS, where it was

applied in 15 studies (e.g., Firth et al. 2016). Human–

Nature Interactions approaches were also widely present,

especially in the BS and SAO, where studies often explored

socioeconomic drivers of fishery resource use, distin-

guishing between ES such as food provision and recreation

(Brun et al. 2024). Technological and Methodological

Development appeared primarily in studies from the BS

and the WMS, with fewer instances in the SAO. Marine

Spatial Planning approaches were relatively distributed

across areas. In contrast, Ecosystem-Based Management

was the least represented overall, although it had a more

prominent role in the SAO, particularly in studies

addressing the integration of ecological and socioeconomic

components.

Thematic orientations of the reviewed studies (Fig. 3b)

were primarily focused on policy and management goals,

regardless of the methodological approach. This trend was

particularly notable in the SAO (e.g., Ellif and Kikuchi

2017). Human–Nature Relationship oriented studies were

most frequent in the WMS, while Conservation-Focused

studies were concentrated in the same area but were

comparatively scarce in the SAO. These studies often

addressed MPAs or explored linkages between fisheries

and biodiversity conservation goals. Economic Develop-

ment oriented studies appeared across all geographical

zones with less regional variation.

The analysis of methodological design, data types, and

spatial–temporal scales showed distinct geographical pat-

terns among the reviewed case studies. A mixed-methods

design was the most frequently applied (22 studies), com-

bining qualitative and quantitative methods. Qualitative

methods alone were used in 7 studies, focusing primarily

on stakeholder engagement and policy evaluation; these
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were distributed across the three geographical zones (3 in

the WMS, 2 in the BS, and 2 in the SAO). Purely quanti-

tative methods, such as statistical modeling or numerical

assessments, were less frequently employed, appearing in

only 6 studies (e.g., Ressurreição et al. 2012).

Model data were the most used (24 studies), crucial for

simulating ecosystem processes when empirical data is

scarce. Expert opinions (19 studies) complemented mod-

eling by addressing data gaps, while literature-based data

and systematic reviews (18 studies) provided further sup-

port. Primary data collection (two studies) and proxy data

(three studies) were rare (Fig. 3c).

Methodological designs varied across geography

regions. In the BS studies, model data, often at

supranational and national scales, integrated expert input

for broad-scale management (e.g., Bastardie and Brown

2020). The WMS studies combined model data with lit-

erature reviews and expert opinions (Scemama et al. 2020),

while the SAO studies relied more on expert opinions and

secondary data (Brun et al. 2024).

Researchwas evenly distributed between local (21 studies)

and supranational (20 studies) levels, with national (18 stud-

ies) and subnational (12 studies) assessments also contribut-

ing. Short- and medium-term scenarios were predominant,

while long-term projections were less frequent, with fewer

studies applying extended temporal horizons.

To further understand how studies structured their

analyses of ES, the application of the ES cascade

Fig. 2 Relationships between key problems (left side of the diagram), specific evaluation questions (middle section; full list is available in the

online resource (SI—Annex G), and guiding principles for assessing the effectiveness of ESA methods and tools (right side of the diagram)
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framework was examined across the geographical areas.

The framework includes five components: (1) ecosystem

structures, (2) functions, (3) services, (4) benefits, and (5)

values (Fig. 4). Among these, ecosystem functions and

ecosystem services were the most commonly analyzed

elements (e.g., Thrush and Dayton 2010), emphasizing the

link between ecological processes and human well-being.

The distribution of methods across areas is shown in

Fig. 5. The BS studies relied on expert-based methods,

often complementing modeling or scenario-based

Fig. 3 a Methodological Approach by geographical area. b Thematic Approach by geographical area. c Type of Data by geographical area. The

category Other includes historical data, secondary data (from other studies), gray literature, official data from government institutions, and

socioeconomic data from national sources. The abbreviation Simple Stat refers to Simple Statistical Processes
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assessments (Oinonen et al. 2016). The WMS studies

exhibited strong use of systematic reviews and expert-

based methods, combined with modeling techniques

(Picone et al. 2017). Framework-based approaches were

least prominent in the WMS, unlike the BS (Möllmann and

Diekmann 2012) and SAO studies, where the Drivers-

Activity-Pressures-State of change—Impacts and Respon-

ses (DAPSIR) was the most used framework (or its variant,

DAPSIWR; Socrate et al. 2024).

With respect to tools, the analysis revealed that most

studies relied solely on methods, with tools being utilized

in fewer than 20% of cases. Among the tools applied,

Ecopath with Ecosim (EwE) emerged as the most widely

used across all three areas (e.g., Corrales et al. 2020). The

BS exhibited the greatest variability in tool application, as

evidenced by the presence of multiple distinct tools com-

pared to the WMS and SAO (see SI—Annex E for more

information).

Activity-specific insights

The analysis of ESA applications across different marine

activities revealed distinct patterns, with some studies

assessing multiple activities. Among the reviewed case

studies, fishing was the most frequently analyzed activity

(33 studies), followed by MPAs with 18 studies, and OWFs

with 5. Geographically, the BS accounted for 15 fishing

studies, 4 on OWFs, and 3 on MPAs. The WMS had 10

studies on fishing, 1 on OWFs, and 8 on MPAs. The SAO

presented the lowest number of cases, with 8 focusing on

fishing and 7 on MPAs. No studies on OWFs were recorded

in the SAO, reflecting the absence of this activity in the

area.

Regarding the application of the ES cascade framework

across marine activities (Fig. 4), ecosystem functions and

ecosystem services were the most frequently assessed in

fishing case studies, reflecting their prevalence in the

analyzed literature (e.g., Karydis 2023). In contrast, the

value of ecosystem services was less frequently addressed

in MPA-related studies (Le Cornu et al. 2014), while

studies focused on fisheries and OWFs more commonly

included later components of the cascade, such as benefits

and values (Gasalla et al. 2004). MPA case studies more

often considered the initial components (structures, func-

tions, and services) with fewer references to benefits or

values (Corrales et al. 2020).

When examining the relationship between ESA methods

and marine activities (Fig. 5), expert-based methods and

systematic reviews emerged as prominent across fisheries,

MPAs, and OWFs. In the case of OWFs, the limited

number of studies was associated with a narrower

methodological representation. For MPAs case studies,

integrated and holistic approaches were more frequently

applied (e.g., Flávio et al. 2023), and appeared more often

in relation to ecosystem assessments. Framework-based

approaches were also present in studies addressing both

fishing and OWF activities, supporting structured

Fig. 4 Distribution of the components of the ecosystem services cascade framework across geographical regions and human activities human

activity: fishing, marine protected areas (MPA) and offshore wind farms (OWF). The components include ecosystem structures, functions,

services, benefits, and values
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assessments of trade-offs and management strategies (e.g.,

Vieira Paiva et al. 2023).

As far as tools are concerned, their use was not observed

in OWF studies, indicating a limited presence of techno-

logical applications reported in this sector for the sample

analyzed. Conversely, the fisheries case studies exhibited

considerable diversity in tool use, consistent with the

higher number of studies addressing this activity (Ellif and

Kikuchi 2017). The MPA studies demonstrated a more

selective use of tools, with a primary focus on assessing

ecosystem conditions rather than supporting economic

decision-making (e.g., Maldonado et al. 2022).

Fig. 5 Sunburst chart showing the distribution of ESA methods across the three study areas: BS, WMS, and SAO. The inner ring represents the

proportion of each ESA method used in each zone, while the outer ring illustrates the distribution of those methods by associated human activity:

fishing (Fish.), offshore wind farms (OWF), and marine protected areas (MPA). ESA methods are Systematic Review and Expert-Based
Methodologies; Modeling-Based Approaches; Framework-Based Approaches; Economic Valuation and Decision-Support Approaches;
Scenario-Based and Adaptive Management Approaches; Integrated and Holistic Approaches
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What are the main challenges, strengths, policy

implications, and trade-offs identified in the ESA

studies and the applied methods and tools?

Geographical-specific differences

The analysis of challenges, strengths, policy implications,

and trade-offs revealed geographical-specific patterns across

the case studies. Themost frequently reported challenge was

related to data limitations, particularly data gaps and reli-

ability (e.g., Corrales et al. 2020), followed by the scarcity of

experts and potential bias (Bryhn et al. 2020). In contrast,

economic vs. sustainability tensions were less commonly

noted (Picone et al. 2017).

Commonly cited strengths included Policy Relevance

and Management Insights (Le Cornu et al. 2014), Socio-

Ecological Integration and Ecosystem-Based Approaches

(Firth et al. 2016). The WMS case studies focused on

holistic planning and conflict resolution (Maldonado et al.

2022), while the SAO papers highlighted the importance of

scalable and replicable methods (Topor et al. 2019).

Policy implications most often emphasized Adaptive

and Integrated Management Approaches, including con-

text-specific strategies for climate resilience and ecological

shifts (e.g., Karydis 2023). Conflict Resolution and Inter-

national Cooperation were less frequently addressed (e.g.,

Oinonen et al. 2016).

Trade-offs were dominated by tensions between Eco-

nomicDevelopment andConservation (Hammer et al. 2003),

with geographical differences such as human well-being vs.

exploitation in the SAO case studies (Brun et al. 2024).

Activity-specific differences

Challenges in ESA applications varied across marine

activities within the scope of the reviewed case studies,

highlighting both shared and activity-specific obstacles. In

fisheries-related studies (being the most represented in the

sample), the most frequently reported challenges included

Problems with Data, particularly issues related to data

gaps, collection methods, and reliability. These were fol-

lowed by Limited Number of Experts and Potential for

Expert Bias, as well as Uncertainty and Simplification in

Modeling and Long-Term Projections (e.g., Maldonado

et al. 2022). Economic Interests vs. Sustainability Goals

was the least frequently cited challenge in this group.

MPA-focused studies reflected similar patterns, with

additional emphasis on Knowledge Gaps and Challenges in

the Applicability of ESA, especially in contexts involving

complex governance structures or the implementation of

emerging conservation tools (e.g., Thrush andDayton 2010).

In contrast, OWF-related studies (fewer in number) reported

a narrower range of challenges, primarily associated with

Multi-Scale Integration and Data Gaps.

Strengths also varied by activity, with the fishing studies

most frequently highlighting Policy Relevance and Man-

agement Insights, Spatial Analysis and Scenario Modeling,

and Holistic Approach and Conflict Resolution, supported

by data foundation (e.g., Sundblad et al. 2020). MPAs case

studies placed greater emphasis on Socio-Ecological Inte-

gration and the Ecosystem-Based Approach (e.g., Le

Cornu et al. 2014). Stakeholder Inclusion appeared least

frequently across all activities, and was absent in OWF

studies.

Policy implications showed consistent patterns across

activities. In the fishing studies, the most frequently cited

implication was the need for Adaptive and Integrated Man-

agement Approaches, which included multisectoral collab-

oration (e.g., Möllmann and Diekmann 2012), integration of

cumulative impacts in planning (e.g.,Muñoz et al. 2018), and

linking ecological and socioeconomic dimensions to support

policy uptake (e.g., Armoskait _e et al. 2020). This was fol-

lowed by calls for Stakeholder Engagement and Socioeco-

nomic Integration, particularly through participatory

methods and expert validation (e.g., Uusitalo et al. 2023).

The MPA studies followed a similar trajectory, with added

emphasis on Conservation and Climate Change Mitigation

(e.g., Thrush and Dayton 2010). The OWF studies shared

many of these elements but lacked references to international

cooperation or regulatory tools.

Trade-offs were most pronounced in the fishing studies,

dominated by tensions between Economic Development vs.

Conservation and Balancing Human and Ecosystem Needs

(Vieira Paiva et al. 2023). The MPAs papers underscored

Conflicts Between Competing Activities, especially within

spatial planning.

Challenges and strengths of the ESA methods and tools

The analysis of ESA methods reveals that each approach

faces distinct challenges and offers specific strengths,

reflecting the varied contexts and objectives in which they

are applied within the reviewed studies (Fig. 6). In terms of

challenges, all methods exhibit a similar distribution,

indicating that the types of difficulties reported tend to

recur regardless of the method applied in the cases

reviewed. A particularly prominent challenge across all six

methods is Problems with Data—Gaps, Collection, and

Reliability, a category that appeared frequently in the

reviewed sample and was common across geographical

areas and activities (e.g., Veidemane et al. 2017).

It is also noteworthy that Lack of Environmental Policy

and Management Involvement was not reported for the

method category related to Scenario-Based and Adaptive

Management Approaches. This absence could reflect the
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emphasis these case studies place on anticipating and

incorporating policy aspects during design and application.

Additionally, the challenge Economic Interests vs. Sus-

tainability Goals was identified only in methods involving

expert-based, modeling, and decision-support approaches

(e.g., Maldonado et al. 2022).

In contrast, the strengths associated with each method

varied depending on the socioeconomic and ecological

contexts of the reviewed case studies. The strength related

to Spatial Analysis and Scenario Modeling was particularly

emphasized in methods that include this type of analytical

component. For instance, long-run projections of integrated

models were used to simulate the effects of alternative

policy pathways on ecosystem pressures over time (Hyy-

tiäinen et al. 2019), or to quantitatively assess management

scenarios (Sundblad et al. 2020).

Regarding ESA tools (Fig. 6), a consistent challenge

across all was Problems with Data—Gaps, Collection, and

Reliability, as reported across most tool applications in the

reviewed literature (Gasalla et al. 2004). The challenge

related to Lack of Environmental Policy and Management

Involvement was not commonly cited. Instead, this element

was more frequently identified as a strength, which in the

context of these case studies, may point to a stronger

integration of policy considerations within tool-based

applications.

What is the effectiveness of different ESA methods

and tools in supporting sustainable management?

The evaluation of the 35 case studies revealed notable vari-

ations in the effectiveness of ESA methods and tools, high-

lighting a range of strengths and limitations across case

studies. Overall, 25 studies scored above 20 points, while 10

studies scored at or below this threshold (see SI—Annex F).

The BS area recorded four cases below 20 points but also

included the highest-scoring studies (e.g., von Thenen et al.

2023). Despite having fewer cases, theWMS registered only

three studies below 20 points, with the top-scoring ones

being Le Cornu et al. (2014) and Kincaid et al. (2017), both

with 24 points. In the SAO case studies, the lowest values

were observed, particularly in the case of Topor et al. (2019).

Fig. 6 Challenges and strengths associated with different ESA methods and tools. Legend for the y-axis = ESA Methods: A. Systematic

Review and Expert-Based Methodologies; B. Modeling-Based Approaches; C. Framework-Based Approaches; D. Economic Valuation and

Decision-Support Approaches; E. Scenario-Based and Adaptive Management Approaches; F. Integrated and Holistic Approaches. ESA Tools:
EwE. Ecopath with Ecosim; InVEST; MAES; MYTILUS; Netica BNS. Netica Bayesian Network software
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However, one study (Firme Herbst et al. 2020) also achieved

a score of 24 points, similar to the highest-scoring cases in the

WMS. In the sample analyzed, cases reporting higher scores

often corresponded to studies with more robust institutional

involvement and greater access to datasets (Inácio et al.

2020), whereas lower scores tended to occur in cases where

such conditions were not reported (FirmeHerbst et al. 2020).

High-ranking studies, such as Kincaid et al. (2017),

performed well by addressing all effectiveness principles,

at least partially. Since all principles were weighted

equally, studies that met multiple evaluation criteria (fully

or partially) achieved higher scores. Case 31 (Armoskait _e

et al. 2023) in the BS received the highest score (29 points)

for comprehensively addressing all ten principles, fully

meeting nine and partially addressing one. Its effectiveness

stemmed from integrating multiple dimensions and scales,

and a scalable, flexible approach.

Lower-ranking studies showed fewer positive evaluations

in areas such as Policy Relevance and Governance Support,

Stakeholder Engagement and Inclusivity, and Practical

Feasibility and Adaptability. These aspects were less fre-

quently addressed in certain case studies, which also reported

challenges related to limited flexibility in data-deficient

areas (e.g., Delfante de Padua Cardoso et al. 2020), or dif-

ficulty in addressing dynamic socio-ecological systems (e.g.,

Brun et al. 2024). In the reviewed cases, the diversity of

methods and tools (along with the absence of standardized

methodological frameworks) was associated with variability

in results across areas and activities. As highlighted by

Portman (2013), some studies have been designed to operate

across spatial boundaries, which may support efforts to

manage cumulative impacts in complex ecosystems.

Although some ESA methods demonstrated strengths in

specific case study contexts, gaps were also evident in areas

such as stakeholder engagement (Sundblad et al. 2020),

practical feasibility (Ville d’Avray et al. 2019), and adapt-

ability to changing conditions (Topor et al. 2019). These

aspects were reported as limited in several studies, particu-

larly in complex or interdisciplinary settings (e.g., Karydis

2023). In the context of the reviewed sample, aligning

evaluation criteria more explicitly with core principles of

effectiveness could enhance the capacity of ESA methods

and tools to address diverse management contexts.

The effectiveness of ESA methods varied across marine

activities, as assessed in the evaluation matrix presented in

SI—Annex F. The fisheries-related studies generally

exhibited the highest effectiveness scores (e.g., Inácio et al.

2020), reflecting strong integration of socioeconomic factors

such as stakeholder interests and market conditions within

ecological assessments (e.g., Ville d’Avray et al. 2019).

MPA assessments showed a wider range of effectiveness,

with some studies achieving high scores while others, par-

ticularly those from SAO (e.g., Topor et al. 2019), scored

lower. ESA methods in MPAs case studies were especially

effective in supporting planning efforts focused on conser-

vation priorities and early components of the ES cascade,

such as identifying ecosystem functions (e.g., Thrush and

Dayton 2010). For theOWFs papers, ESAmethods tended to

yield intermediate effectiveness scores; they were often

applied alongside other activities and were successful in

assessing trade-offs between energy development and eco-

logical impacts, although cumulative effects remained

challenging to capture (e.g., Veidemane et al. 2017).

DISCUSSION

Regional and activity-based variations in ESA

applications

The analysis underscores the importance of contextual fac-

tors (both regional and sectoral) in shaping the application

and effectiveness of ESA in marine environments. Differ-

ences across the studied regions reflect variation not only in

ecological and socioeconomic conditions but also in insti-

tutional maturity, data availability, and the historical

development of ESA practices (see Table 1). These con-

textual disparities condition both the feasibility and depth of

ESA implementation. For instance, regions with higher

institutional integration and better data infrastructure (such

as the BS) tend to apply more advanced and model-based

ESA approaches (e.g., Bastardie and Brown 2020). In con-

trast, data-limited regions, like parts of SAO, rely more on

expert-based or descriptive assessments (e.g., Brun et al.

2024). These findings align with broader literature empha-

sizing that ESA implementation is contingent upon local

capacities and governance settings (Uusitalo et al. 2023).

While the findings did not reveal strong regional con-

trasts in reported challenges or policy implications, this

may stem from the limited and uneven distribution of case

studies across regions. Expanding the geographical and

sectoral coverage of ESA applications could further show

how context mediates effectiveness. Nonetheless, the

observed differences in ESA implementation support the

argument that regional and activity-specific characteristics

matter, and that effectiveness is not solely a function of

methodological quality, but also of contextual fit.

Overall, the results suggest that improving ESA effec-

tiveness requires approaches adapted to the governance

realities, sectoral priorities, and data conditions of each

context (Firme Herbst et al. 2020). This means refining

methods for technical robustness while aligning them with

decision-making frameworks and policy cycles (Brun et al.

2024). Strengthening capacities through sustained monitor-

ing, collaborative networks, and open data is essential,

alongside targeted investments in research infrastructure and
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long-term studies. As noted by Vieira Paiva et al. (2023),

increased financial resources for research vessels, advanced

technologies, and logistics are critical in data-limited

regions, where funding gaps restrict study depth. Likewise,

Topor et al. (2019) highlighted the need for expanded sam-

pling to strengthen ESA’s ecological foundations.

One potential reason for differences in ESA design across

activities is the degree to which they are well-established

versus emerging. For instance, long-established uses such as

fisheries (supported by historical data and regulatory

frameworks) have enabled more integrated assessments that

span the full ES cascade (Inácio et al. 2024). This contrasts

with emerging sectors like OWFs case studies, where ESA

applications remain limited and often focused on planning

stages. Learning from sectors with longer ESA histories

could help guide more robust assessments in newer marine

uses. Sector-specific ESA applications thus allow for tai-

lored evaluations, yet gaps persist (particularly in capturing

trade-offs and synergies across coexisting marine activities)

(Braat and de Groot 2012).

Building on these sectoral contrasts, the authors rec-

ommend that ESA methods be selected and further devel-

oped according to the maturity of the activity, the

availability of data, and the nature of the trade-offs

involved. In fisheries, where long-term datasets and regu-

latory frameworks exist, integrated approaches linking

ecological values and socioeconomic outcomes have pro-

ven effective (Picone et al. 2017) and could guide the

design of more robust ESA in data-limited sectors (Brun

et al. 2024). The MPA case studies offer valuable insights

into mapping beneficiaries and ecosystem service flows

(Inácio et al. 2020) that could strengthen spatial planning in

OWFs. Conversely, the socioeconomic emphasis in OWF

assessments could enhance MPA assessments by better

capturing multi-use interactions (Muñoz et al. 2018).

Across all activities, remaining gaps include the integration

of long-term monitoring, and the explicit evaluation of

trade-offs and synergies between coexisting marine uses;

elements essential for advancing ESA as a decision-support

tool in marine governance (Oinonen et al. 2016).

Finally, the insights from the case studies echo long-

standing challenges in operationalizing the ES cascade,

which seeks to represent the complexity of ecological

systems and their interactions with human well-being

(Barbier et al. 2008). Despite progress, capturing nonlinear

ecological dynamics and feedbacks remains methodologi-

cally demanding. While there is a clear call in the literature

for more standardized ESA frameworks to enable compa-

rability and consistency (Martı́n-López et al. 2014), the

results presented here suggest that rigid standardization

risks overlooking context-specific factors critical to effec-

tiveness. ESA frameworks must therefore strike a balance,

ensuring enough methodological consistency to support

cross-case learning, while allowing flexibility to adapt to

regional realities, an insight reinforced by this study’s

comparative analysis across different marine sectors and

governance contexts.

Policy implications and governance considerations

The findings highlight critical insights for improving the

policy relevance and practical utility of ESA in sustainable

marine governance. For ESA to effectively inform deci-

sion-making, especially within MSP and sector-specific

regulations, it must be tailored to the real-world priorities,

institutional capacities, and governance in which it oper-

ates. While ESA frameworks have the potential to bridge

ecological knowledge and management actions, their

integration into policy remains limited, often due to a

mismatch between methodological complexity and deci-

sion-making needs (Nahuelhual et al. 2020).

The limited presence of ESA in operational marine

planning (such as the siting of OWF or the zoning of MPA)

reveals a gap between assessment and implementation.

ESA applications that explicitly account for policy trade-

offs, spatial conflicts, and long-term sustainability goals are

more likely to influence governance outcomes. For exam-

ple, OWF-related ESA that incorporate spatial scenario

modeling or cumulative impact assessments could directly

support licensing processes and public engagement strate-

gies (Inácio et al. 2020). Similarly, MPA design benefits

from ESA methods that clarify ecosystem service flows and

distributional effects, informing decisions on zoning and

stakeholder inclusion (Topor et al. 2019).

To enhance ESA’s contribution to sustainable marine

policy, assessments must be problem-oriented and

embedded in planning cycles from the outset. In practice,

strategic objectives vary across countries and do not always

align with global or even national frameworks. For

example, Firme Herbst et al. (2020) integrated subnational

MSP processes and national governance strategies,

strengthened by active stakeholder engagement at the

regional level. Conversely, Vieira Paiva et al., (2023)

illustrates that even when countries subscribe to the Sus-

tainable Development Goals, activities may continue

without effective control or adjustment to meet these tar-

gets. Aligning national objectives with global goals could

provide benefits by enhancing policy coherence, facilitat-

ing access to international funding, and strengthening

mechanisms for monitoring and reporting progress (Vieira

Paiva et al. 2023). Achieving institutional commitment and

policy receptiveness requires embedding ESA within

established planning and coordination structures, fostering

transparent stakeholder dialogue, and ensuring sustained

investments in data systems to reduce uncertainty and

support policy trade-offs.
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Ultimately, improving the policy utility of ESA involves

moving beyond descriptive assessments toward approaches

that generate actionable knowledge. As Ressurreição et al.

(2012) highlighted, scientists must communicate ecosys-

tem service science in accessible formats that helps engage

policymakers and the public by illustrating the ecological

and economic consequences of both action and inaction.

Effective ESA design should be informed by both scientific

robustness and policy relevance, ensuring outputs support

practical decision-making in marine systems characterized

by complexity and change.

Study transferability, methodological reflection,

and future directions

This review offers a structured approach to assess how

effectively ESA are implemented across contrasting marine

governance contexts. Rather than aiming for exhaustive

coverage, it focused on three regions and key marine

activities to identify transferable patterns of strengths and

limitations. The results highlight how contextual factors

(such as data availability, institutional maturity, and sec-

toral priorities) shape ESA design, revealing recurring

challenges (e.g., weak integration in planning) and prac-

tices that enhance effectiveness, including the early and

active inclusion and engagement of stakeholders through-

out the ESA process (Socrate et al. 2024).

The methodological evaluation applied here can be

replicated in other marine contexts to evaluate assessment

quality and applicability. Identifying cross-cutting trends

(e.g., strengths in fisheries-related ESA, tool gaps in OWF)

supports more targeted development of ESA, particularly

for emerging sectors or underrepresented regions. To

achieve this, applying the 10 principles of effectiveness can

guide improvements, particularly by addressing gaps in

stakeholder engagement (Sundblad et al. 2020), practical

feasibility (Ville d’Avray et al. 2019), and adaptability to

changing conditions (Topor et al. 2019). Incorporating

these elements will help create more focused, context-ap-

propriate, and effective ESA.

Complementing these methodological advances, the use

of AI tools in systematic reviews can further enhance

efficiency, consistency, and transparency, particularly

when dealing with large volumes of literature. While

human judgment remains essential, AI-assisted approaches

offer promising avenues to support rigorous and repro-

ducible assessment workflows.

Nevertheless, the limited number of case studies ana-

lyzed constrains the generalizability of the findings and

highlights the need for broader regional and sectoral cov-

erage in future research. Expanding the scope would

strengthen the robustness of insights and contribute to

refining typologies of ESA effectiveness. Additionally,

incorporating new case studies across different regions

could provide valuable understanding of how ESA prac-

tices evolve over time and within diverse governance

contexts, shedding light on factors that influence policy

uptake and the capacity for adaptation.

Ultimately, improving ESA implementation requires

both context-specific adaptation and cross-site learning.

Standardizing key assessment components (while allowing

flexibility for local realities) can enhance comparability

and inform sustainability efforts at different management

scales. The evaluation methodology presented here offers

practical value by guiding the selection of suitable ESA

methods tailored to specific contexts and management

objectives. For example, the evaluation table (SI—Annex

F) enables targeted filtering of case studies by region,

activity, and problems, helping practitioners identify rele-

vant ESA approaches aligned with their goals. A case in

point is the assessment of MPAs in the WMS region pri-

oritizing scalability, flexibility, and interdisciplinary inte-

gration, where Cases 13 (Le Cornu et al. 2014) and 18

(Kincaid et al. 2017) emerge as strong candidates. While

these cases demonstrate strengths in integration, their

limitations in stakeholder engagement and adaptability

underscore the evaluation methodology’s benefit in not

only selecting appropriate methods but also highlighting

critical areas for future improvement. Thus, this method-

ological pathway supports more strategic ESA design

aligned with sustainable marine planning and policy needs.

CONCLUSION

This study highlights how ESA supports sustainable marine

management across different ecological and governance

contexts. The analysis of the BS, WMS, and SAO revealed

geographical variations driven by policy frameworks, data

availability, and institutional capacities. While method-

ological diversity enhancesESA’s ability to capture complex

socio-ecological interactions, inconsistencies in application

and integration limit its effectiveness. Addressing these gaps

is essential to strengthening ESA’s role in sustainablemarine

management.

Moving forward, enhancing ESA effectiveness will

require refining methodological approaches, fostering

interdisciplinary collaboration, and strengthening the link

between scientific assessments and policy implementation.

Ensuring that ESA remains a practical tool for decision-

making depends on its ability to navigate trade-offs, inte-

grate multiple knowledge systems, and adapt to region-

specific governance needs. By providing insights into

current ESA applications and their effectiveness, this study

offers recommendations for future research and practical

advancements in ecosystem-based marine planning.
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ecological feedback links for ecosystem management: A case

study of fisheries in the Central Baltic Sea archipelago. Ocean &
Coastal Management 46: 527–545. https://doi.org/10.1016/

S0964-5691(03)00033-4.

HELCOM. 2025. Annual Report 2024. Baltic Sea Environment

Proceedings No. 201. HELCOM.
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