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The increasing intensification of anthropogenic pressures on remote sites such
as oceanic islands highlights the need for integrated approaches to marine
management and conservation. Here, we applied an Integrated Ecosystem
Assessment (IEA) using Options for Delivering Ecosystem-Based Marine
Management (ODEMM) framework to identify and quantify ecological risks
associated with five socioeconomic sectors (fishing, military activities, shipping,
tourism, and research), at Trindade and Martin Vaz Islands (Southwestern
Atlantic). Through a structured expert elicitation process involving stakeholders,
we constructed a matrix of linkages between sectors, pressures, and ecological
components. Each impact chain (sector — pressure — ecological component)
was scored based on spatial overlap, frequency, and degree of impact and
combined multiplicatively to estimate Impact Risk (IR). We identified 515 impact
chains, with fishing emerging as the dominant risk vector, particularly affecting
pelagic fish, shallow reefs, and sedimentary habitats. Network-level proportional
connectance analysis revealed high connectivity for military and shipping sectors,
though with lower overall risk intensity. Although the creation of marine
protected areas (MPAs) has been a step forward, our results reveal that the
absence of management and enforcement plans limits their effectiveness. We
recommend strengthening fisheries enforcement, expanding MPAs to include
critical habitats, and adopting continuous ecological risk assessments as a basis
for adaptive management strategies. Our findings demonstrate the applicability
of IEA-ODEMM in data-limited, remote systems and provide a transparent,
replicable framework to prioritize management actions and strengthen adaptive
governance in oceanic island ecosystems facing cumulative human pressures.
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anthropogenic impacts, ecosystem-based management, Island, marine ecosystems,
marine pollution

01 frontiersin.org


https://www.frontiersin.org/journals/ocean-sustainability
https://www.frontiersin.org/journals/ocean-sustainability#editorial-board
https://www.frontiersin.org/journals/ocean-sustainability#editorial-board
https://www.frontiersin.org/journals/ocean-sustainability#editorial-board
https://www.frontiersin.org/journals/ocean-sustainability#editorial-board
https://doi.org/10.3389/focsu.2026.1721755
http://crossmark.crossref.org/dialog/?doi=10.3389/focsu.2026.1721755&domain=pdf&date_stamp=2026-04-24
mailto:anaclarasuhett@gmail.com
https://doi.org/10.3389/focsu.2026.1721755
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/focsu.2026.1721755/full
https://www.frontiersin.org/journals/ocean-sustainability
https://www.frontiersin.org

Suhett et al.

1 Introduction

1.1 Background: cumulative impacts

Human activities have driven widespread degradation in
marine ecosystems, leading to alarming worldwide biodiversity
loss (McCauley et al., 2015; Halpern et al., 2020). Unsustainable
economic activities are a major factor in this decline, with
global change, overfishing, sedimentation, and chemical pollution
further accelerating habitat destruction (Manes et al., 2021). Loss of
biodiversity means decreased levels of redundancy and increasing
reliance on a few key species to fulfill crucial roles to maintain
ecosystem services functionally (Villasante et al., 2016). However,
a current challenge has been to elucidate the complex trade-offs
between economic development and environmental sustainability,
particularly the role of economic activities as stressors contributing
to biodiversity decline. As human uses of the oceans continue
to expand and diversify, it becomes increasingly challenging for
managers and policymakers to monitor anthropogenic impacts.
Establishing sustainable standards to promote more effective
coastal management remains challenging (Blasiak etal., 2014;
Halpern et al., 2020).

Socio-ecological assessment methods are inherently complex
and require significant expertise. Tools such as the Ocean Health
Index and the UN Sustainable Development Goals (SDGs) offer
guidelines for evaluating sustainability at a global scale; however,
a clear method for translating these broad criteria into smaller
contexts, such as specific coastal areas, smaller nations, or even
insular environments, is still lacking. This process, referred to as
“localization,” remains a critical challenge (Delgado-Serrano et al.,
2015).

1.2 Integrated ecosystem assessment and
risk tools

(IEA)
management tool that comprehensively evaluates ecosystems.

Integrated Ecosystem Assessment is a practical
It utilizes the Ecosystem-Based Management (EBM) approach,
incorporates biological and socioeconomic factors, and involves
stakeholder participation in the evaluation process. IEA enables
assessment of the ecosystem’s current condition (Hill et al., 2020).
The IEA includes toolkits that can be applied to different target
assessments (Levin et al., 2009). Due to its ability to integrate
socioeconomic and biological factors, risk assessment is the
most frequently demanded strategy while utilizing the IEA
(Battista et al., 2017).

This study applies the ODEMM (Options for Delivering
Ecosystem-Based Marine Management) framework, which is an
IEA tool specifically designed for marine ecosystem risk assessment
(Robinson et al., 2014). The ODEMM framework provides a
structured approach to evaluate the relationships between human
activities (sectors), the pressures they generate, and the ecological
components they affect. Risk assessments are a tool for identifying,
evaluating, and conveying the potential harm that human activities
may pose to the marine environment. It should be noted that
different risk assessment methods exist and do not all follow the
same framework. The present method semi-quantifies cumulative
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pressures rather than explicitly modeling interactions among
ecosystem components. The process consists of three steps: (i)
defining key components for the assessment based on the study
area; (ii) developing linkage matrices that link identified sectors,
pressures, and ecological components; and (iii) quantifying risk in
each impact chain. Assessments and interactions with stakeholders
are crucial components of the IEA process. The IEA can be used to
assess the probability and effects of a destructive event occurring
in sequence, as well as how human activities affect sustainable
development objectives (Borja et al., 2016). In the marine realm,
IEA has been successfully applied in many environments, mainly
those severely impacted, encompassing open-ocean deep-sea
biomes (Rodrigues et al., 2023) and shallow waters (Scherer et al.,
2024). However, few studies have used remote sites like oceanic
islands as research models employing the IEA (Rodrigues et al.,
2023; Gomes et al., 2025).

1.3 Oceanic islands under the integrated
ecosystem assessment (IEA) framework

Due to their isolation, reefs at oceanic islands generally have
a high biomass of meso- and top predators, such as sharks and
groupers, compared to coastal areas where human impacts act
synergistically (Morais et al., 2017; Pinheiro et al., 2011). However,
in the current scenario, even isolated oceanic islands are not safe
from overfishing and pollution (Halpern et al., 2015). Due to their
high endemism and relatively low species richness and functional
redundancy, these reef systems are more vulnerable to short-term
impacts than coastal reefs (Morais et al., 2017; Pinheiro et al., 2011;
Gasparini and Floeter, 2001). The IEA offers flexibility to address
management challenges at various scales, from local coastal areas
to global ecosystem evaluations, making it versatile across diverse
contexts. It aligns seamlessly with global sustainability initiatives,
such as the UN Sustainable Development Goals, facilitating
the integration of local and regional policies with overarching
global objectives. Moreover, the IEA encourages collaborative
governance by involving stakeholders, fostering inclusive decision-
making processes that account for ecological, social, and economic
dimensions. The objective of this study was to identify and quantify
the main anthropogenic pressures affecting the marine ecosystem
of Trindade Island using the IEA-ODEMM framework, evaluate
their relative risk, and provide management-relevant insights for
conservation planning on remote oceanic islands.

2 Materials and methods
2.1 Study area

Trindade Island is a small volcanic island with an area of
~10.4 km?. Tt is situated ~1,200 km off the southeastern mainland
region of Brazil (Figure 1). The island is part of the Trindade and
Martin Vaz Archipelago and represents one of the most isolated
oceanic environments under Brazilian jurisdiction. Trindade Island
hosts one of the major nesting grounds for the green sea turtle
(Chelonia mydas) (Almeida et al., 2011), harbors the highest global
diversity of calcareous algae (Sissini et al., 2017), and exhibits a high
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FIGURE 1

the island: the Trindade Monument and the Parcel das Tartarugas.

o
MPA - Environmental Protection Area of the Trindade and Martin Vaz S

/ No-take. Natural Monument of the Trindade and Martin Vaz Islands and L———1———|

Source: State boundaries: IBGE. Protected areas of the Trindade, Martin Vaz Archipelago and Columbia Seamount: ICMBio
(2025). Basemap: ESRI Satellite. SIRGAS 2000. EPSG 4674. Prepared by ICMBio Grandes Unidades Oceanicas(2025).

Location of Trindade Island and the Vitéria-Trindade Chain region (area delimited by the red rectangle). ES — Southeastern Brazilian state. Offshore
dotted lines indicate the delimitation of the Exclusive Economic Zone and the study site. The area in green corresponds to the two no-take areas on

)
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level of fish endemism (Pinheiro et al., 2015, 2018). The Trindade
Island Oceanographic Post (POIT) was established in 1950 by the
Brazilian Navy and has since then provided critical oceanographic
information to navigators. Currently, only military personnel and
researchers are authorized to stay on the islands, where there
is a permanent presence of these two groups. Approximately
200 people per year—military and researchers—visit the island.
Trindade Island and surrounding waters are protected through
two marine protected areas (MPAs) (Figure 1). The MPAs include
the no-take natural monument of the Trindade and Martin Vaz
Islands and Columbia Seamount (IUCN Category III) and the
partially protected MPA Environmental Protection Area of the
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Trindade and Martin Vaz Archipelago (IUCN Category V). The
area considered for the application of the IEA extends from the
coastline to 370 km offshore, corresponding to the limits of the
Exclusive Economic Zone (Figure 1).

2.2 Key concepts
2.2.1 Terminology

To ensure conceptual consistency throughout the manuscript
and avoid ambiguity among commonly used terms in ecosystem
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risk assessments, key concepts adopted in this study are
defined below according to the IEA-ODEMM framework
in Table 1.

TABLE 1 Glossary of key concepts and terminology applied in the [IEA-ODEMM assessment.

Sector A human activity or socio-economic domain capable of
generating pressures on the marine environment (e.g.,
fishing, navigation/shipping, military activities, tourism,

research).

Pressure A mechanism through which a sector exerts stress on
ecological components, including physical pressure,

extraction, pollution, or noise.

Ecological A biological group, habitat, or ecosystem element

component potentially affected by pressures (e.g., pelagic fish, seabirds,

reef habitats, marine mammals).

Impact chain A complete causal pathway linking a sector to a pressure
and an ecological component (sector — pressure —

ecological component).

Impact matrix A structured representation of all potential
sector-pressure-component relationships considered in

the assessment.

Impact risk (IR) A semi-quantitative score representing the magnitude of
potential impact, calculated as the product of spatial
overlaps, frequency of occurrence, and degree of impact
following the IEA-ODEMM methodology.

Proportional A network-level metric describing the density of realized

connectance (PC) impact chains relative to the number of all possible

linkages within the assessment framework.

These definitions are included to standardize terminology, avoid ambiguity, and facilitate
interpretation of the sector-pressure-ecological component relationships analyzed in
this study.

TABLE 2 Criteria for pressure assessment, their respective scores, and definitions.

Criteria

10.3389/focsu.2026.1721755

2.3 IEA-ODEMM framework
2.3.1 The scoping phase

The Driver-Pressure-State-Impact-Response (DPSIR) method,
which systematically arranges the linkages between the three
components of the assessment, served as the foundation for
this system (Piet etal., 2015; Robinson etal., 2014). The scope
phase involved organizing information about Trindade Island
by building a comprehensive list of pressures, sectors, and
ecological components. To accomplish this, a committee was
formed, consisting of nine experts who have in-depth knowledge
of the studied system and experts in the IEA approach. Linkage
scores were assigned through a structured expert elicitation
process. A panel of nine experts, selected at the beginning of
the study, evaluated all sector-pressure-ecological component
linkages using the predefined criteria described in Table 2
(spatial overlaps, frequency, and degree of impact). Scores
were initially attributed individually and subsequently discussed
during a validation workshop. When differences occurred, experts
clarified their reasoning, and scores were adjusted through
moderated discussion to reach a consensual value consistent
with the assessment criteria. Expert bias was mitigated through
the use of standardized scoring criteria and the separation
between stakeholders providing contextual information and
experts responsible for score attribution. The selection of pressures,
sectors, and ecological components was adapted from previous
studies and is presented in Table 3 (e.g., Rodrigues etal., 2023;
Scherer et al., 2024).

2.3.2 Scoring phase and impact risk

To identify impact pathways, we developed an impact
matrix representing the relationships among economic sectors,

Scores and definitions

(I) Spatial overlaps
Spatial extent of overlaps between
a pressure and an ecological

component

No (score = 0): No overlaps

between sector-pressure-ecochar

Site (0.03):
Sector overlaps an
ecological component, but

less than 5%

Local (0.37):
Sector overlaps an ecological
component by more than 5%

but less than 50%

Widespread (1.00):
Sector overlaps an
ecological component by

50% or more

(II) Frequency

Timing of the interaction
measured in months per year (i.e.,
between a given sector, pressure,

characteristic pathway)

Rare (0.08):
Pressure introduced via sector up

to 1 month a year

Occasional (0.33):
Pressure introduced via

sector up to 4 months a year

Common (0.67):
Pressure introduced via sector

up to 8 months a year

Persistent (1.00):
Pressure introduced via
sectors throughout an entire

year

(III) Degree of impact
The severity of an ecological
characteristic to a pressure —

regardless of extent or frequency

Low (0.01):

Never causes high levels of
mortality or habitat loss/never
causes a noticeable effect for the
ecosystem component of interest

in the area of interaction

Chronic (0.13):

Impact could have
detrimental consequences if
it occurs often enough/ at

high enough levels

Acute (1.00):

Severe impact over a short
duration. An interaction that
kills a large proportion of
individuals and causes an
immediate change in the

ecological component

Frontiers in Ocean Sustainability

All criteria were applied for each impact chain. Data adapted from Robinson et al. (2014).
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TABLE 3 Sectors, pressures, and ecological components identified within the study area.

Sectors  Pressures Ecological components
Fishing Litter Shallow rock & reef
Military Species extraction Shelf rock & reef
Shipping Bycatch Pelagic fish
Research Contaminants Shelf sediment
Tourism Noise Littoral sediment
Invasive species Littoral rock & reef
Organic matter/NP Coastal pelagic
Incidental loss Shelf pelagic

Siltation/Smothering Demersal pelagic

pH changes Shallow sediment

Wave exposure Oceanic pelagic

Abrasion Slope rock & slope sediment
Electromagnetic Deep sea & demersal
(EMF) Elasmobranchs
Light pollution Pelagic elasmo
Sealing Seabirds
Cephalopods
Reptiles

Deep-sea fish

Marine mammals

Deep sea rock & reef

Deep sea sediment

human activities, the pressures they generate, and the ecological
components affected. Each cell of the matrix corresponds to
a sector—pressure—ecological component linkage, defined as an
impact chain (Scherer etal., 2024). For example, the shipping
sector may generate the pressure noise, potentially affecting
marine mammals.

During the pressure assessment phase, each connection was
evaluated to estimate the magnitude of its potential effect and
the risks associated with different sector-pressure-ecological
component combinations (Robinson et al., 2014). Impact Risk (IR)
was calculated using the scores assigned during this assessment,
based on the product of Overlaps Score, Frequency Score, and
Degree of Impact (Dol). IR represents the probability of a negative
environmental effect resulting from a given sector or pressure.

Linkage scores were assigned through a structured expert
elicitation process following the IEA-ODEMM framework. Each
expert independently evaluated all sector-pressure—ecological
component combinations using predefined criteria (spatial overlap,
frequency, and degree of impact), ensuring consistency with the
scoring scales described in Table 2.

Individual scoring was conducted prior to group discussion
to minimize social bias and anchoring effects. Subsequently, a
facilitated workshop was held to review discrepancies and clarify
interpretations of the criteria. Discussions were moderated by the
lead author to ensure equal participation and adherence to the
methodological protocol.
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When consensus was achieved, the agreed value was recorded
as the final score. When disagreement persisted after discussion,
the final score was determined as the median of the individual
scores. The median was selected because it is robust to extreme
values and appropriate for semi-quantitative ordinal scales, thereby
maintaining coherence with the defined scoring system. This
procedure ensured that all linkage scores were derived using a
single, consistent rule. No weighting was applied to individual
experts, and all participants contributed equally to the final scores.

IR = Overlaps Score x Frequency Score x Degree of Impact Score

The connectance values were determined by dividing the
total linkages in the ecosystem region by the number of
linkages associated with each sector, pressure type, and ecological
component and expressed as a percentage (Pedreschi et al., 2019).
This indicator looks at the connectance of the evaluated connection
chains rather than the intensity or potential key pathways
(Pedreschi et al., 2019).

Each impact chain was evaluated through a confidence
classification based on the type and robustness of the information
supporting the relationship between pressures and ecological
components. Links supported by consistent or long-term regional
monitoring data were assigned higher confidence levels, as these
sources provide stronger empirical evidence and reduce uncertainty
regarding the ecological response to the associated pressure. In
contrast, lower confidence levels were attributed to relationships
supported by limited information, particularly when available
studies did not clearly demonstrate causal effects.

The four-level confidence framework adopted in this study
serves as a descriptive indicator of the strength of the evidence
underlying each impact chain. Its purpose is to qualitatively
characterize the reliability of the available information rather than
to provide a quantitative measure. Therefore, these confidence
levels were not incorporated into uncertainty propagation, as they
represent the quality and type of supporting evidence rather than
statistical variability in the analysis.

2.3.3 Stakeholder and expert elicitation process

A workshop with stakeholders was conducted to support
the impact and risk scoring process. Nine experts participated,

representing three main stakeholder categories: academic
researchers with expertise in marine ecology and ecosystem
services (n = 5), environmental managers (n = 2), and

operational stakeholders associated with on-island activities,
including the Brazilian Navy (n = 2). Participants were
selected based on their professional experience, long-term
engagement with Trindade Island, and familiarity with local
Individual
pressure—ecosystem component linkages were first assigned
IEA-ODEMM

influence and subsequently discussed

socio-ecological dynamics. scores for sector—

independently  following the framework
to minimize group
collectively to clarify assumptions and resolve discrepancies.
Final scores were derived using a consensus-based approach,
adopting the sum of individual scores when disagreement

persisted. Potential conflicts of interest related to the military
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presence on the island were managed through balanced
stakeholder
prior to group discussion, and moderation by the research

representation, anonymous individual scoring
team; military participants contributed operational knowledge
but did not influence final scoring decisions. Formal ethical
approval was not required, as no personal data were collected,
participation was voluntary, and all inputs were aggregated and
anonymized in accordance with best research practices and data
protection standards.

The analyses were adapted from Pedreschi et al. (2019) and are
available on https://github.com/gandrat/ODEMM.git. To improve
the visualization between the links of the impact chain, a
Sankey diagram was created using the R packages Igraph
(Csardi and Nepusz, 2006) and Ggplot2 (Wickham, 2016). Maps
were created using the software QGIS (QGIS Development Team,

2025).

3 Results

3.1 Network size and composition

We identified a total of 515 potential impact chains connecting
five sectors (fishing, military, research, tourism, and shipping),
15 pressures, and 23 ecological components (Figure2 and
Supplementary Table S1).

3.2 Proportional connectance and linkages

The sectors with the most pronounced overlapping effects were
fishing and shipping (Supplementary Figure S1). Litter, species
extraction, and bycatch are all common pressures associated with
fishing, whether it is for recreational or industrial purposes.
Additionally, at the site and local level, activities from the military
and research sectors were stronger. The degree of impact was
low in most of the analyzed impact chains. The fishing, shipping,
and military sectors presented two impact classifications: low and
chronic. Shipping, however, had fewer linkages with the bulk of
ecological components, with a critical influence on litter production
(Supplementary Figure S2). The fisheries sector had the highest
number of ecological components exposed to persistent pressures
(Supplementary Figure S3).

3.3 Impact risk (IR)
Fishing posed the highest risk (IR total - 4.42—
Supplementary Table S2). Despite this score, the sectors with
the largest proportional connectivity, both with 29.1%, were the
military and shipping (Figure 3). When compared to fishing, the
risk effect for the military and shipping was comparatively lower.
Military and shipping sectors had similar scores regarding the
overall number of linkages, the number of impacted ecological
components, and pressures (Figure 3). Pelagic fish, shallow rock
and reef, littoral sediment, and shelf sediment were the ecological
components with the highest risk based on impact risk.
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10.3389/focsu.2026.1721755

3.4 Confidence level

The majority of impacts had a moderate degree of confidence,
i.e,, supported by the literature (Figure4). The results were
consistent with expert expectations expressed during the validation
workshop of the analyzed impact chains. Neritic areas, among all,
were in the top ranking of the discussions. Among the impact
risk chain, fishing was considered the most significant. Bycatch
has an important effect on seabirds (Bugoni et al., 2008), sharks
(Pinheiro et al., 2010). The analysis indicated the need for further
research specifically addressing fishing practices.

4 Discussion

4.1 Key risk drivers

This study employed an integrated ecosystem approach to
evaluate the impact risk associated with five predefined sectors
contributing to cumulative impacts on Trindade Island: fishing,
shipping, military activities, tourism, and scientific research. The
combination of the Integrated Ecosystem Assessment (IEA) and
Options for Delivering Ecosystem-Based Marine Management
(ODEMM) frameworks proved effective for comparing sectoral
impacts, offering flexibility and adaptability to data-scarce, remote
environments. Holistic identification and semi-quantitative risk
assessment highlighted fishing as the dominant sector in terms
of environmental impact. The high risk was attributed to both
small-scale (hook-and-line and spearfishing along rocky reefs) and
industrial fishing activities (longline fishing near the island, Martin
Vaz reefs, and across the Vitéria-Trindade Chain). The lack of
fisheries monitoring exacerbates these impacts. Similar findings
have been reported in other oceanic contexts, such as the Celtic
Sea (Pedreschi et al., 2019), Southern Africa (Skein etal., 2022),
and Ascension Island (Ferrarietal.,, 2023), where recreational
fishing contributed to biodiversity declines (Guabiroba et al., 2020;
Hardman et al., 2022; Ferrari et al., 2024).

Military activities represent a relevant proportion of pressure
linkages in the impact network in Trindade Island, particularly
due to their persistent presence and overlaps with ecological
components. The regular transit of military personnel contributes
to pressures such as noise pollution, trampling of coastal habitats,
and infrastructure development. Although the impact risk score of
military activities was lower than fishing, the widespread nature
of their interactions with ecological components suggests the
potential for cumulative or synergistic impacts. These findings
highlight the importance of integrating military personnel as key
stakeholders into management processes and developing guidelines
that minimize ecological pressure.

Shipping activities, including vessel traffic and maritime
transport, emerged as a highly connected sector, with influence
on pressures such as marine litter and underwater noise. The
accumulation of plastics and other debris on Trindade Island
beaches (Andrades etal.,, 2018) and reefs (Pinheiro et al., 2023)
is likely intensified by maritime operations, which contribute
through waste discharge. Given the intensification of shipping
traffic globally (Deng and Mi, 2023), it is essential that management
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FIGURE 2

overlaps, frequency, and degree of impact.

Sankey graphic showing linkages between three principal sectors, pressures, and ecological components. The three sectors were selected because
they exhibited the highest connectivity and impact risk. The bars show how much of a proportional connectance. The impact chains are arranged so
that the bars are ranked in descending order. The line widths in the diagram correspond to the Impact Risk Score, calculated based on the results of

initiatives incorporate strategies to monitor and mitigate shipping-
related impacts, including waste management protocols, speed
regulations, and restrictions in ecologically vulnerable zones.

Risk scores revealed that pelagic fish, shallow rocky reefs,
littoral sediments, and shelf sediments were among the most
impacted ecological components, indicating broad exposure to
multiple persistent pressures. These components have relevant
roles in ecosystem functioning, including nutrient cycling, trophic
relationships, and key habitats (Wolfe etal,, 2021). Despite
their importance, current conservation strategies overlook their
protection, especially in deeper or soft-bottom areas such as
shelf sediments, which are typically excluded from no-take zones.
Management efforts should prioritize these high-risk components
by incorporating habitat-specific measures that address cumulative
threats such as litter deposition, species extraction, and habitat
alteration across both benthic and pelagic realms.

4.2 Management implications

Although the establishment of the Trindade mosaic of
MPAs in 2018 represents an important conservation advance,
its effectiveness remains limited. Critical shallow reef habitats of
Trindade Island were excluded from protection, while vast open-
ocean zones of comparatively lower biodiversity were prioritized
(Giglio et al., 2018). Furthermore, most Brazilian MPAs still lack
comprehensive management plans, enforcement capabilities, and
performance metrics (Patrizzi et al., 2025), raising concerns about
their real conservation outcomes. These findings reinforce that
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the mere creation of MPAs is insufficient to ensure effectiveness
without effective management implementation and long-term
monitoring. The success of MPAs is strongly linked to their
active enforcement and duration of protection (Ferrari et al., 2023;
Tardin etal,, 2025). To strengthen management on Trindade
Island, we recommend the following actions: (1) Developing
participatory management plans involving local stakeholders
(fisheries sector, military personnel, researchers, environmental
managers); (2) Implementing continuous fisheries monitoring
programs, supported by technologies such as drones, satellite
imagery, and programs like PREPS (National Program for Satellite
Tracking of Fishing Vessels); (3) Expanding protected areas
to include critical shallow reef habitats currently left outside
conservation boundaries; and (4) Establishing clear performance
indicators to regularly assess MPA effectiveness. To enhance the
operational relevance of our findings, we explicitly linked the
highest-risk chains and most exposed ecological components to
concrete management actions, their expected mechanisms of risk
reduction, and measurable indicators for evaluation (Table 4).
This mapping illustrates how the cumulative risk assessment
can directly inform enforcement priorities, MPA design, and
monitoring strategies.

The scientific community has increasingly debated the design
of recent MPAs in the region. While open-ocean zones were
prioritized, nearshore habitats hosting higher species richness
and endemism remain unprotected. Moreover, most pressures,
such as those associated with fishing, extend across the entire
Exclusive Economic Zone of Trindade Island. These results
highlight the crucial role of ecological connectivity, particularly
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FIGURE 3
Impact risk index per ecological components, pressures and sectors. (A) Sectors, (B) Pressures, (C) Ecological Components. The black dots are
outliers. Elasmo, elasmobranch. EMF, Electromagnetic fields.
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TABLE 4 Management actions linked to top-ranked risk chains and ecological components identified in the IEA-ODEMM assessment of Trindade Island.

High-risk sector—

pressure—ecological
component

Management action

Expected mechanism of
risk reduction

Measurable indicator for
evaluation

Fishing - Bycatch - Seabirds (e.g.,

Pterodroma arminjoniana, Fregata ariel)

Temporal restrictions for fishing; and

modification of fishing gears

Reduction of incidental capture
during peak foraging and breeding

periods

Bycatch rate (individuals per fishing

effort); seabird mortality records

Fishing - Bycatch - Sea turtles

(Chelonia mydas, Dermochelys coriacea)

Mandatory bycatch mitigation
measurements; and enhanced fisheries

surveillance

Physical reduction of sea turtle

interactions with fishing gear

Number of sea turtle bycatch events;

strandings associated with fishing

Fishing - Species extraction — Reef fish

(shallow rock and reef habitats)

Strengthening fisheries enforcement

and monitoring programs

Decrease in extraction pressure and

recovery of exploited populations

Fish biomass and size structure;

number of enforcement actions

Navigation / Shipping - Litter — Coastal
and pelagic habitats

Implementation of waste management

protocols and vessel regulation

Reduction of marine debris input

from maritime activities

Beach and reef litter density
(items-m?); plastic composition

surveys

Navigation / Shipping - Noise - Marine

mammals

Regulation of vessel speed and

navigation routes in sensitive areas

Decrease in chronic acoustic pressure

and collision risk

Underwater noise levels (dB); marine
mammal sighting and interaction

records

Military activities — Trampling and

infrastructure - Coastal habitats

Development of environmental
guidelines and training for military

personnel

Reduction of physical pressure and

habitat degradation

Area of disturbed habitat; compliance

with environmental protocols

Multiple sectors - Cumulative pressures

— Pelagic fish

Expansion of MPAs to include critical

pelagic habitats

Spatial reduction of Overlaps

pressures across trophic levels

Pelagic fish abundance and diversity

indices

Multiple sectors - Cumulative pressures

- Littoral and shelf sediments

Inclusion of soft-bottom habitats in

MPAs

Protection of benthic habitats from

chronic pressure

Benthic diversity indices; sediment

condition metrics

MPAs, marine protected areas.
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between Trindade, Martin Vaz, and the Vitdria-Trindade
Chain (Simon et al., 2021). Historical data reveal that Trindade
connectivity with coastal habitats has been shaped by sea-level
fluctuations, with the Vitéria-Trindade Chain functioning as
stepping-stones for marine organisms (Pinheiroetal., 2018;
Macieira et al., 2015). The high endemism and reduced genetic
diversity found in local populations further stress the need
to prioritize management strategies based on maintaining
connectivity and safeguarding evolutionary processes. Although
impact assessments primarily identify current pressures, they also
offer strategic insights for guiding management interventions and
evaluating potential future developments (Copping, 2020).

4.4 Limitations and future work

While this study successfully identified the main pressures
affecting Trindade Island, it is constrained by the absence of
long-term temporal analyses and explicit modeling of cumulative
impacts. Future initiatives should incorporate the spatial modeling
of pressures using geographic information systems and the analysis
of cumulative and synergistic impacts. Such data should be
obtained through remote environmental monitoring programs
to detect real-time changes and trends. We identified key
anthropogenic pressures, the associated pressures they generate,
and the ecological components affected, providing a basis to
evaluate and implement targeted mitigation strategies. Advancing
into the next phases of the ODEMM framework such as
vulnerability assessments and evaluations of ecosystem service
impacts (Levin etal., 2009; Knights etal.,, 2015) will be crucial
for informing adaptive management practices. By applying an
integrated ecosystem assessment approach, this study prioritized
human-induced risks affecting Trindade Island marine ecosystems,
highlighting fishing as the dominant threat, followed by military
activities and maritime transport. Strengthening environmental
governance through effective enforcement, adaptive MPA design,
participatory decision-making, and cross-sectoral integration is
vital for ensuring long-term ecological resilience.

Regional approaches complementing local management efforts
particularly recognizing the importance of connectivity across the
Vitéria-Trindade Chain will be essential to conciliate biodiversity
conservation, ecosystem functionality and human uses of the
island. In a context of increasing anthropogenic pressures and
climate change, embracing integrated, science-based management
frameworks such as IEA-ODEMM is critical for guiding future
public policies and ensuring the sustainable conservation of
Brazilian oceanic islands.
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