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The South Mid Atlantic Ridge comprises three main oceanic islands in the
equatorial and tropical portions of the Atlantic Ocean. These islands are
isolated from each other and equidistant from both the continental margins of
South America and Africa, sharing common patterns but with different types of
human use and pressures. Moreover, the areas beyond national jurisdiction
between those islands are visited and exploited by distant fishing fleets and
include large areas of shipping activity for commodities. Here, a pioneering
integrated ecosystem assessment (IEA) process is constructed for the region
among Saint Peter and Saint Paul's Archipelago (Brazil), Saint Helena Island and
Ascension Island (UK overseas territories). For that, we used a qualitative
assessment of risks arising from anthropogenic activities, representing a novel
contribution to the field. The Options for Delivering Ecosystem-Based Marine
Management (ODEMM) approach was applied to trace sector—pressure—
component pathways. A ‘linkage framework’ was outlined including pressures
affecting each ecosystem component, and supported a process of knowledge
attributions that scored the impact risks. All results were validated with regional
stakeholders through workshops, including local and international management
bodies, non-governmental organizations (NGOs) and scientists. The approach
focused on a significant area among encompassing the open ocean, shallow and
deep-sea biomes, analyzing the main sectors and pressures affecting the
ecological components. Our results identified 14 sectors and 16 key pressures
associated with 23 ecosystem components, totaling 780 impact chains. Fishing,
shipping, wastewater, and tourism/recreation appeared as the top impacting
sectors. Fishing and shipping were the most connected with ecosystem
components links. Litter, species extraction, contaminants, and bycatch were
the pressures that had the highest risk of impact values. Lastly, demersal and
pelagic fish and pelagic and demersal elasmobranchs were the groups with the
highest risk related to overall impacts, which were supported by local and
regional evidence from long term monitoring programs and local studies. Our
study demonstrated that these seemingly pristine islands and oceanic waters are
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already experiencing human impacts that should be addressed by local both
conservation measures and international agreements. We also highlight the
pressures that should be prioritized for better monitoring and policy, as well as
those linkage components that have been less investigated.

KEYWORDS

integrated assessment, ecosystem indicators, multiple stressors, tropical islands, high
seas, anthropogenic activities, impact risk

1 Introduction

Anthropogenic activities in the oceans are intricately linked
with the state of the ecological systems and the ecosystem services
they provide. Understanding these links presents an immense
challenge for management and conservation initiatives, and
requires a multidisciplinary approach. This challenge is even
greater in areas beyond national jurisdiction (ABNJ), where users
often may be in different jurisdictions regulated by different political
systems, and with different value arrangements and socio-economic
interests (Rogers et al., 2014; Popova et al., 2019).

Ecosystem-based management (EBM) is widely supported as a
holistic approach for improved environmental management,
because it recognizes the ecological components and socio-
economic systems and their interrelationships (Piet et al., 2015;
Cormier et al., 2017; Piet et al., 2020). EBM considers humans as a
part of the ecosystem, and the interaction among ecosystem
components and management sectors is prioritized (Levin et al.,
2009; AORA, 2019; O’Higgins et al., 2020). Although the EBM
concept and approach are quite well defined, its effective application
is not, particularly when there is a lack of scientific knowledge and
data (Mollmann et al., 2014; ICES, 2021). The principle of EBM is
that all individual ecosystem components are linked to other
components within a coupled socio-ecological system that should
be described as a first step. Thus, an Integrated Ecosystem
Assessment (IEA) takes into account the fundamental principles
of EBM, however, for practical effectiveness, the IEA requires a
comprehensive risk analysis and is implemented collaboratively,
involving scientists, managers, and stakeholders, with the aim of
balancing trade-offs and determining what is more likely to achieve
regarding their goals. This iterative approach with stakeholders
provides a stronger foundation for supporting ecosystem-
based management.

In this sense, an IEA offers a holistic perspective combining
socio-economic and biological aspects that maintain ecosystem
dynamics (Levin et al., 2014). Studies based on integrated
ecosystem approaches are necessary for a more connected
understanding of the whole ecosystem. In fact, to make EBM
easier to be implemented by management authorities, Levin et al.
(2009) proposed the IEAs, that is set as “a framework for organizing
science to inform decisions in marine EBM at multiple scales and
across sectors to achieve multiple simultaneous ecosystem
objectives”. This framework outlines a five-step process: scoping,
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indicator development, risk analysis, management strategy
evaluation and ecosystem assessment (Levin et al., 2009; Levin
et al., 2014; Samhouri et al., 2014).

The IEA approach is flexible to use different tools and can be
adapted to regional needs. A key component of an IEA is the
evaluation of potential risks of human activities and natural
perturbations on ecosystems (Levin et al, 2009; Hobday et al,
2011; Levin et al., 2014; Mollmann et al., 2014; Pedreschi et al,,
2019). Those risk assessments may use quantitative data (e.g.,
Fletcher, 2005), qualitative data (e.g., Options for Delivering
Ecosystem-based Marine Management-ODEMM, Fletcher et al.,
20105 Breen et al., 2012; Robinson et al., 2014) which support broad
assessments best applied and interpreted as a screening tool
(Knights et al., 2015), or a combination of the two (e.g., Samhouri
and Levin, 2012; Fletcher et al., 2014). In this study, we used the
ODEMM (Options for Delivering Ecosystem-based Marine
Management) approach (Robinson et al, 2014) to identify the
greatest impact risks on marine ecosystem components. This tool
was chosen because it is based on a clear structure that can be
replicable and used for comparative analyses, and can be applied in
data-poor situations (Robinson et al, 2014) which was the case
here. ODEMM is a method that advises the scoping phase of an
IEA, also providing a scoring schedule.

The equatorial and tropical region of the South Mid Atlantic
Ridge features three oceanic islands and their respective Exclusive
Economic Zones (EEZ): Saint Peter and Saint Paul’s Archipelago (St
Paul’s Rocks), Ascension and St Helena Islands (Figure 1). The
island’s EEZs and the ABNJ between them support populations of
late-maturing and long-lived species (Shackeroff et al., 2009); they
are critical habitats for species with long migratory pathways such
as sharks, sea turtles and whales (Edwards, 1990; Burns et al., 2020;
TUCN, 2022). These regions host a diversity of uses, including
navigation, fishing, and scientific research, with energy resources
and mineral extraction being considered as emerging issues (IUCN,
2022). Due to the need for a huge range of data and/or expert
knowledge, data-limited locations, such as the southern Mid-
Atlantic Ridge area, are rarely assessed through an integrated
approach. Fortunately, there are two recent studies that provide
potential approaches that can be applied in such data-limited
situations. Mynott et al. (2021) proposed a standardized approach
to risk assessment for sand extraction being adapted to isolated sites
with limited data, as the case for Saint Helena Island. Similarly,
Hardman et al. (2022) provide an example of a study of integrated
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South Mid-Atlantic Ridge study area (yellow polygon). Circles indicate the EEZ of St Paul's Rocks, Ascension Islands and St Helena.

marine management in small islands, focusing on a balance
between conservation and socioeconomic priorities.

This study undertakes ODEMM approach in a large area from
the Saint Peter and Saint Paul’s Archipelago to Saint Helena Island,
including Ascension Island encompassing open ocean, shallow and
deep-sea biomes. Here, we build on (i) a linkage framework (the
impacts chains) to identify potential pressures between multiple
sectors in the marine environment, and (i) an Impact Risk (IR)
score framework to rank the principal sectors, pressures and
ecological components with high potential risk to the ecosystems.
Lastly, we highlight components and research gaps which should be

priorities for future management and conservation efforts.

2 Materials and methods
2.1 Description of study area

Our study area includes the three isolated oceanic islands
including the South Mid-Atlantic Ridge islands, St Paul’s Rocks
(i.e., St. Peter and St. Paul Archipelago - SPSPA), Ascension and St
Helena, located in the tropical and equatorial bands of the South
Atlantic Ocean (Figure 1). These islands are topographic
manifestations of the Mid-Atlantic Ridge that extends in the
meridional direction in the Mid-Atlantic basin. The three islands
have many aspects in common, including that they are small, very
isolated, equidistant from South America and Africa, and located
within an area of relatively warm and oligotrophic oceanic waters
(Edwards and Lubbock, 1983a; Edwards and Lubbock, 1983b;
Edwards, 1990). They share many species, including some
endemics and sister-species that are exclusive to the three islands
(Edwards and Lubbock, 1983a; Joyeux et al., 2001; Floeter et al.,
2008; Wirtz et al., 2014; Brown et al., 2019; Pinheiro et al., 2020).
Marine Protected Areas (MPAs) in Saint Helena and Ascension
were designated in 2016 and 2019, respectively, covering 100% of
both EEZs (Saint Helena Government, 2016; Ascension Island
Government, 2021). This initiative makes possible to protect
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different habitats and the natural processes that support them, as
well as respecting the cultural significance of the ocean to people living
on such islands. St Helena’s MPA is considered a protected area of
sustainable use of natural resources. For example, some fishing
methods are prohibited within St Helena’s MPA such as purse
seining, longlining and greensticking, but handlines, pole-and-line,
pots, and spear guns are permitted on some local rocky shores. St
Helena, however, still lacks no-take areas in the shallow waters around
the island (St Helena Government, 2022). Around Ascension Island,
despite a local MPA covering the EEZ, no-take areas are also absent.
The MPA that comprises the SPSPA EEZ includes two categories of
protected areas, a multiple-use area, and a smaller no-take area (Giglio
etal., 2018). Human populations living on the islands range from four
people inhabiting SPSPA to around 4,500 in St Helena.

Thus, the study area of this IEA covers the three islands’ EEZs
(economic exclusive zones of both Brazil and UK) and the ABN]J
between the islands, which concentrate high intensity. Both the
distribution of pelagic fish and its fisheries have important hotspots
close to the boundaries of the islands EEZs (Global Fishing Watch,
2021; ICCAT, 2022), that does not necessarily follow the Mid-
Atlantic Ridge. For example, the region south of SPSPA and west of
Ascension Island is especially targeted by the international tuna
fishing industry (Muench et al., 2022). Hence, for these resources,
the ridge seems to be less important than other oceanographic
factors, e.g. currents or zones of higher primary productivity. For
this reason, the study area is not only focusing on the ridge, but also
includes the regions between the islands. The oceanographic
characteristics, biogeographical species connectivity among the
three islands, and the spatial distribution of the fishing fleets
justifies the need of an ecosystem assessment of this particular
region of the South Atlantic Ocean.

Pelagic fishing in the study region are has been taking place
since 1956 and is carried out by boats under different flags, such as
Japan, Taiwan, Korea, Spain, China, Portugal, among others
(Global Fishing Watch, 2021). The high seas bottom fisheries of
the southeast Atlantic are recent and still underdeveloped. A variety
of species have been exploited on slopes and also around the island
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EEZs of the British Overseas Territory (FAO, 2020). The study area
includes areas of moderate and high shipping intensity. The highest
intensity is concentrated in the northern part of the region around
Saint Peter and Saint Paul Archipelago'.

A large-scale circulation feature in this basin is the subtropical
gyre, with the Brazil Current at its western boundary, the South
Atlantic Current at the southern limit, and the Benguela Current and
the South Equatorial Currents (SEC) at the eastern and the northern
limit of the gyre (Stramma and England, 1999). SPSPA is located in
the equatorial region under the influence of a complex system of
zonal currents (the Northern (NSEC), the Equatorial (ESEC), the
Central (CSEC) and the Southern (SSEC) branches of the Equatorial
Currents) and undercurrents (Equatorial (EUC) and the South
Equatorial Undercurrents (SEUC) (Talley et al., 2011; Luko et al.,
2021). Ascension and St Helena Islands lay along the influence of the
northward extension of the Benguela Current and the South
Equatorial Current that flows south-westward. The South Atlantic
Ocean has a unique role in the global meridional heat fluxes as it is
the only basin transporting heat equatorward. The tropical and
subtropical regions of the South Atlantic cover the path of the
return flow of the global scale circulation known as the Atlantic
Meridional Overturning Circulation (AMOC). It has been suggested
that the influence of AMOC variations impact Atlantic sea surface
temperatures (SST) (Duchez et al., 2016), and the important changes
that are taking place in the evolving upper ocean circulation of the
South Atlantic Ocean are likely to have consequent impacts on
weather and the global climate (Marcello et al., 2018). The regions
of high pelagic fishing intensity (the region south of SPSPA and west
of Ascension Island) are under influence of the South Equatorial
Countercurrent and the CSEC and exhibit relatively high primary
production rates between July and September.

2.2 Summary semi-quantitative
assessment approach

The first step consisted of identifying, in the study area context,
the sectors (Table 1) and their pressures (Table 2) that affect each
ecological component (EcoCom) to build a ‘linkage framework’
matrix (Robinson and Culhane, 2020). EcoCom consists of species
groups or habitats, where habitat types are loosely based on the
European Nature Information System (EUNIS) (Figure 2). The
selection of matrix elements was adapted from previous studies,
such as Pedreschi et al. (2019) and Robinson et al. (2014).
Adaptations consisted, for example, on the removal of some
sectors that were not representative within the area, such as land-
based industry, agriculture, and aquaculture. Using the linkage
matrix it was possible to establish the connections (impact-chain)
between the elements, then to extract all sectors/pressures
combinations that can interact with any one ecological
component (Robinson et al., 2013): for example, Fishery [sector]
- Litter [pressure produced by Fisheries] - Seabirds [ecological
component which was impacted by Litter from Fishery sector]. This

1 from www.marinetraffic.com
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exercise was carried out within an expert team, including scientific
institutions and Ascension and St Helena state agencies, with
support of institutionally-held data, and from their knowledge.
The methodology applied considers only the current and direct
effects of the sector-pressures on ecological components, although
we recognize that indirect interactions can also play important roles
in the ecological processes.

As a second step, successive meetings of a multi-disciplinary
team of experts (expert judgment), such as specialists in coral reef
and marine ecology, fisheries, oceanography, biogeography,
ecotoxicology, and bioenergetic, were carried out to assign scores
to each impact-chain, set in the linkage framework matrix. An
extensive review on peer-reviewed and gray literature (reports,
thesis, and conference abstracts) outlined in detail in the
Supplementary Material 1 was used to elucidate connections and
scores. For those connections with no bibliographic support, expert
judgment was considered. Firstly, three criteria were used to assess
qualitatively each impact chain (Table 3). These criteria are: (1)
Spatial extent (overlap), and (2) Frequency of occurrence
(temporal) to describe the exposure of the ecological component
to a sector—pressure combination; and (3) Degree of impact (Dol)
to describe the severity of interactions (Robinson et al., 2013 and
Robinson et al., 2014). Although the ODEMM approach considers
Resilience (recovery time) and Persistence criteria, neither were as
yet assessed in this study, and will be considered as next steps. Then,
each qualitative assessment criteria was converted into numerical
criteria scores (Table 3) and were combined to produce the ‘Impact
Risk’ score (Knights et al., 2015), following equation:

IR =Se x Fo x Dol

where: IR is the Impact Risk, Se is the Spatial extent, Fo is the
Frequency of occurrence and Dol is the Degree of impact.

The IR scores, indicating the associated risk, were log
transformed for better visual comparison between results, in
which the greater the IR score, the greater the threat component.
IR scores from multiple impact chains can be aggregated using
different methods (Piet et al., 2017). Here, impact chains firstly were
aggregated in three different groups: sectors, pressures and
ecological components. Thereafter, the “top risk” (IR ranks) was
determined by the sum and the average of impact risk scores of all
impact chains separately by group. Both the sum and the average
were used in the ranking process. Both descriptive statistics (sum
and average) are influenced by the number of impact chains present
and were used in the ranking process to avoid the methodological
influence and bias, although ‘summation’ is less sensitive to such
fluctuations (Piet et al., 2017; Pedreschi et al., 2019).

Another indicator used was ‘Proportional Connectance’ values,
which is calculated as the number of impact chains (links)
associated with each sector/pressure type/ecological components
divided by the total number of impact chains in the ecosystem area
expressed as a percentage. This indicator does not provide any
indication of intensity, nor indication of which pathways may be the
most critical, but how the assessed impact chains are connected
(Pedreschi et al., 2019). Moreover, the Proportional Connectance is
an additional index which provides a better view of the number of
pressures that act on the greatest number of ecological
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TABLE 1 Individual Sectors definition.

Sector Definition

Aggregates Inorganic mine and particulate waste, maerl, rock/minerals (coastal quarrying), sand/gravel (aggregates).
Coastal Beach replenishment, dock/port facilities, infrastructure found on the coast rather in the marine environment, urban dwellings (i.e., housing and
Infrastructure other buildings).
Desalination Operational (effluent discharge, abstraction of water).
Fishing Harvest of marine resources for commercial purposes.
Harvesting/
. 8 Hand collecting of living marine resources (e.g., seaweed and shellfish).
Collecting
Military Activities to supply, maintain or enhance any aspect of the military.
Navigational . . X . X X
Dredging Capital dredging, maintenance dredging, removal of substrate, spoil dumping.

Non-renewables

Nuclear Energy

Renewable Energy

Oil and gas power stations, thermal discharge (cooling water), water resources (abstraction).

Power stations (land-based) - construction (jetties and intake wells - habitat change, sealing, increased turbidity, noise), abstraction of water,
thermal discharge of cooling water, contamination, etc.

Renewable (tide/wave/wind) power stations.

Research Activities undertaken as part of marine research (e.g., survey cruises, grab sampling, trawls).

Shipping Domestic and global trade via transportation of commodities and products.

Telecommunications = Communication cables.

Tourism/Recreation Boating/yachting, diving/dive site, public beach, tourist resort, water sports, Recreational fishing, cruise ship.
}[‘Aizzi:g:r Sewage discharge, thermal discharge.

characteristics (Pedreschi et al., 2019). Analyses were adapted from
Pedreschi et al. (2019) for this study’s purposes and are available at
https://github.com/gandrat/ ODEMM.git.

Finally, to validate the semi-quantitative risk assessment, a
workshop was carried out where the preliminary results were
discussed with regional stakeholders representing several
international and local institutions. Regional fisheries management
organizations covering the broad region were invited, as well as local
environmental management representatives from the 3 governments,
international agencies and non-governmental organizations (NGOs)
and regional experts from different academic institutions of Brazil
and UK. A total of 8 marine experts with projects in some of the
islands joined the discussion with 2 representatives of Brazil in the
Intergovernamental Oceanographic Commission (IOC) and
International Studies Association (ISA) (from the Navy), SEAFO,
CECAF/FAO and TUCN-CEM representatives, 2 participants from
industry and consulting groups, 2 participants from ICMBio
(Brazilian Ministry of the Environment), 2 from NGOs, and 2
participants from St Helena and Ascension, in addition to the 8
project team members. Participants were then split into three groups
according to their expertise in two separate rounds, first to discuss
pressures and second to discuss ecological components. The groups
were, round one: 1) litter and noise; 2) organic matter and
contaminants; and 3) bycatch and species extraction. Round two:
1) pelagic resources; 2) sea bottom, coral reef, and demersal fish; and
3) cephalopods, seabirds, reptiles, and marine mammals. Overall,
stakeholders agreed on the main results of the assessment, and
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furthermore shared valuable insights that were considered in the
construction of the final results presented here.

3 Results
3.1 The ecosystem linkage framework

In total, 14 sectors (Table 4) and 16 pressures (Table 5) were
identified as potentially responsible for harmful effects on each of the
23 ecological components (Table 6) across the study ecosystem. Thus,
of 5,152 potential impact chains (i.e., all possible combinations
between sectors, pressures and ecosystem components), the
number of pathways (impact chains) identified in the ecosystem
was 780 (Figure 2).

3.2 Connectance and impact
risks of sectors, pressures and
ecological components

A detailed overview of individual scoring of each combination
of sector-pressure —ecosystem components (assessment results of
‘proportional connectance’, ‘average impact risk’ and ‘sum impact
risk’ by sector, pressure and ecosystem component) is presented in
Tables 4-6. Fishing, shipping, telecommunications, and tourism/
recreation were the sectors with the highest connectance,
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TABLE 2 Individual Pressures definition.

10.3389/fmars.2023.1001676

Pressure Definition

Substrate loss. Sealing by permanent construction (e.g., coastal defences, wind turbines) or change in substrate type due to loss of key characteristic

Sealing features (physical and/or biological). Natural substrate loss and replacement by a different kind of substrate. Loss of roosting/nesting/foraging areas of
bird. Loss of nursery grounds for fish.
Siltation/ Change in the concentration and/or distribution of suspended sediments in the water column from runoff, dredging etc. or smothering by man-made
Smothering structures or disposal of materials to the seafloor.
Abrasi Physical interaction of human activities with the seafloor and with seabed fauna/flora causing physical damage and/or mortality (e.g., from trawling or
rasion
anchoring), excluding death or injury due to collision.
Non-living . . .
R Sand and gravel (aggregates) extraction, or removal of surface substrates for exploration of subsoil.
esources
Noise Underwater sound from anthropogenic sources (e.g., shipping, fishing, geological investigations, harbor operations).
Litt Marine litter originates from numerous sources and consists of different materials including metal, glass, rubber, wood, cloth, and plastics (including
itter

microparticles of plastics and lost or discarded fishing gear).

Thermal regime

Change in temperature (average, range, and variability) more locally due runoff from land-based or point-source discharges.

changes
Salinity regime
hty 8 Change in salinity (average, range, and variability) due to due runoff from land-based or point-source discharges (e.g., wastewater).
changes
Contaminants Introduction of pesticides, antifoulants, pharmaceuticals, heavy metals, and hydrocarbons into marine waters.

Organic Matter/
NP and coastal areas. Include organic discards.

Organic enrichment e.g., from industrial and sewage effluent input and/or fertilizers, and other nitrogen and phosphorous rich substances into rivers

Invasive Species

Introduction of non-indigenous species and translocations of species by the activities of a particular sector (e.g., through shipping).

Speci
pec1§s Targeted extraction of species.
Extraction
Bycatch Unwanted/illegal catch (that ends up in the net/on board)

Incidental Loss

of spp.
pH Changes
anthropogenic carbon dioxide from the atmosphere)
Electromagnetic
field (EMF) underwater cables).

considering the proportion of linkages associated with each sector-
pressure—ecological components. Therefore, fishing, shipping,
wastewater and tourism/recreation demonstrated highest risk,
considering the sum and average of impact risks (Table 4).
Moreover, the sectors posing the greatest risk, indicated many
widespread and frequent impact chains with severe consequences
(Figures S1-S3 in Supplementary Material 2).

Regarding the pressures that have more influence on the study
area, litter, contaminants, species extraction, bycatch and abrasion
were considered the top five highest impact risks, although ranked
differently depending on the sum and average of IR (Table 5).

Finally, concerning ecological components, shallow (<50 m
depth) and littoral habitats (including benthic communities) have
higher proportional connectance but a low score and average impact
risk (Table 6). Contrary to what was observed in the sectors and
pressures, a low level of consistency was found between the top five
ecological components identified using the sum and average IR. The
sum of IR scores indicates only marine organisms as being the groups
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Collateral damage of all species (e.g., collisions with ships/gear). Entanglement in fishing nettings.

Change in pH (average, range, or variability) due to runoff from land-based industry or point-source discharges. Here, pH changes exclude ocean
acidification (i.e., the reduction in pH of the ocean over an extended period, typically decades or longer, caused primarily by the uptake of

Change in the amount and/or distribution and/or periodicity of electromagnetic energy emitted in a marine area (e.g., from electrical sources such as

with the highest impact risks, including demersal and pelagic fish,
pelagic and demersal elasmobranchs, and seabirds (Table 6). On the
other hand, habitat types and deep marine organisms, such as oceanic
pelagic, deep-sea fish, slope rock and reef, slope sediment and deep
sea elasmobranchs, were ranked higher using average IR, indicating
that the choice of descriptive statistic method (sum or average)
does matter.

The most impactful sectors (fishing, shipping, wastewater and
tourism/recreation) (Figure 3), further explain the connectances
and impact risk score, regarding the pressures caused, as well as
species and habitats at risk. These four sectors together contribute
96% to the overall sum IR (Table 4) and were related to 81% of the
pressures identified in the area, which affect the 23 (100%)
ecosystem components assessed. deep-sea species and habitats
were associated with small risks of impact from these sectors.
Fishing and shipping contribute more than 80% to the total IR
(Table 4) and the principal source of pressure found was litter
(Figure 3 and Table 7).
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4 Discussion

The integrated approach applied in this study proved to be a
tool capable of identifying the principal sectors and pressures that
have the greatest cumulative effect on ecosystems of South Mid
Atlantic Ridge, thereby measuring and ranking the possible
prioritizing management actions. Our analysis indicated that the
choice of descriptive statistical method (sum or average) used to
rank the risk factors affected the ranking, thus our prioritization of
impact risk, principally by Ecological Components elements. This is

TABLE 3 Description of methodology used for Scoring stage.

because the number of impact chains of each risk factor (e.g.,
oceanic pelagic, deep sea fish, slope rock & reef) may have had an
influence on the ranking process. A rise in the number of impact
chains may increase risk if the sum method is used but decrease risk
if the average method is applied (Piet et al., 2017). Therefore, when
only the average method is considered in the evaluation, the risk
factor with more chains (links) reduces the IR score obtained (e.g.,
pelagic fish and demersal elasmobranchs, see Table 6), thus
decreasing the probability that this factor will be considered by
management actions.

o o . Numerical
Criteria Definition Categories o
Criteria
Site (>0-5% overlap) 0.03
Spatial extent,
Pa;aer‘;:pen / Spatial overlap between a sector/pressure and an ecological component Local (5-50%) 0.37
Vi
Widespread (>50%) 1.00
Rare - occurs in one month per year 0.08
Occasional —occurs in 4 months per 033
year ’
Frequency of Timing of the interaction measured in months per year (i.e., between a given sector,
occurrence pressure, characteristic pathway) Common ~ occurs in 8 months per 0.67
year '
Persistent — occurs in every month of 100
the year '
Low - severe effect not expected 0.01
Chronic - ffect likely aft
Degree of Impact | Generic sensitivity of an ecological characteristic to a pressure — regardless of extent ro'mc severe eliect kely attet 0.13
multiple occurrences
(Dol) or frequency
Acute - immediate severe effect (e.g.,
1.00
death)
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TABLE 4 Rankings of descriptors identified by the summed and average impact risk (IR) and their proportional connectance (PC), and sum and

average risk scores for Sectors.

ecto Dre o 0Co ota » » » R R3 R R3
0 0 0 % average average

Fishing

Shipping 0.017 1.896

Wastewater 67 8.59 0.012 0.794

Tourism/Recreation 0.007 0.578

Military 0.002 0.152 8

Desalination 4 12 35 4.49 0.002 0.075 7

Telecommunications 0.000 0.040 11 7

Navigational

Dredging 9 23 2.95 0.001 0.026 9 8

Coastal

Infrastructure 54 6.92 0.000 0.025 10 9

Aggregates 5 5 9 115 0.002 0.021 10

Nuclear Energy 1 4 4 0.51 0.004 0.016 11

Research 0.000 0.003 13 12

Harvesting/

Collecting 2 5 7 0.90 0.000 0.001 12 13

Renewable Energy 1 1 1 0.13 0.000 0.000 14 14

EcoCom, Ecological Components. The green color gradation indicates light colors for low values and dark colors for high values. The red color gradation indicates light colors for low impact risk

and dark colors for high impact risk.

The integrated approach applied in this study revealed, for both
sum and average methods and proportional connectance, that
fishing, shipping, wastewater service and tourism/recreation were
the sectors with the highest connectance and impact risk in the
South Mid-Atlantic Ridge islands of St Paul’s Rocks, Ascension and
St Helena, mainly due to the fact that these activities take place
throughout almost the whole area (Halpern et al., 2008; Halpern
et al,, 2012; Taconet et al,, 2019), and have relationships with most
of the ecological components. The area is an important shipping
route, with intense traffic of recreational/tourism boats from ocean
cruise ships to small boats navigating around the islands (Canelas
et al., 2019; Rowlands et al., 2019; Drew et al., 2021).

As fishing displays an important risk to ecosystem components,
it was expected that pressures directly linked to it (e.g., species
extraction and bycatch) would also show relevant impacts in the
study area. However, in our study only 30.2% of the impacts of this
sector were directly related to bycatch and resource extraction, and
56% as a source of litter pressure (Table 7), such as lost or dumped
gear and buoys from longline and trawler fisheries, and other waste
from fishing crew. Even though it is a high-impact activity, most
fishing in the region has been conducted on the high seas, catching
large pelagic fish, such as swordfish and several tuna species
(Arrizabalaga et al., 2019), thus limiting the links to pelagic
ecosystem components only.

Although a large-scale Ascension Island MPA has been
designated, there are only a few prohibited or restricted activities.
Large-scale commercial fishing in any part of the MPA, as well as all
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types of fishing beyond 12 nautical miles of the island, is prohibited.
However, the population of Ascension Island has a strong cultural
and livelihood connection with the sea. Thus, there are some
permitted activities in part of MPA, such as recreational fishing
activities — from the coast or from small boats — and also sport
fishing, due to the economy around tourism (Ascension Island
Government, 2021). Recreational fishing is the unique economically
relevant recreational activity in the island, and there are concerns
about the contribution of recreational fisheries on fish population
changes, as they often target vulnerable species of large bodied
predators as trophy fishes (La Bianca et al., 2018). An integrated
marine management assessment in Ascension Island showed that
marine and recreational fishing were identified as one of the sectors
with potential environmental impacts undermining ecosystem
health (Hardman et al., 2022).

In the SPSPA region, fishing became particularly intense within
the area of the multiple-use and the no-take MPA, with 152 active
vessels identified (Magris, 2021). Ascension’s region of high effort
(35,000-47,000 estimated hooks set per month), extends northwest
of the EEZ to ~10°N, 35°W (Rowlands et al., 2019). Commercial
fishing within the Ascension Island EEZ is prohibited since the
publication of the Ascension Island marine management plan
(Ascension Island Government, 2021).

Tourism and recreation in St Helena are also considered the key
drivers for economic development, currently the main growth
sector with high values associated with seasonal wildlife watching
trips (e.g., scuba diving and whale shark watching) which demand
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TABLE 5 Rankings of descriptors identified by the summed and average impact risk (IR) and their proportional connectance (PC), and sum and
average risk scores for Pressures.

Pressures

Litter
Contaminants

Species Extraction

Bycatch

Abrasion

Siltation/
Smothering

PC
(%)

(average)

3]
(sum)

1.365

Organic Matter/

NP 82 10.51 0.002 0.165 9 8
Incidental Loss 56 7.18 0.001 0.037 13 9
Salinity Regime 1 9 9 115 0.004 0.035 10
Sealing 3 11 17 2.18 0.002 0.033 10 11
Invasive Species 3 10 14 1.79 0.002 0.030 8 12
Electromagnetic

field 4 47 6.03 0.000 0.010 16 13
Non-living

Resources 2 3 4 0.51 0.001 0.005 12 14
Thermal Regime 1 9 9 1.15 0.000 0.003 15 15
pH Changes 1 5 5 0.64 0.000 0.002 14 16

EcoCom, Ecological Components. The green color gradation indicates light colors for low values and dark colors for high values. The red color gradation indicates light colors for low impact risk

and dark colors for high impact risk.

to be managed carefully (Rees et al., 2016; Smith et al, 2019).
Ascension Island has potential to offer high-value tourism based
around scuba diving and wildlife watching charismatic animals
such as turtles and whales. Contrastingly, tourism is not permitted
in the St Peter and St Paul archipelago because of their status as a no
take area in most of the emerged portion of the area. Cruise ships
are occasionally observed navigating around the islands because it is
a navigation route from eastern to western Africa.

The high impact of the shipping sector highlighted in the study
area may be related to the known commercial shipping route
passing through both Saint Helena and Ascension waters due to
the supply of the islands (Saint Helena Government, 2016), as well
as routine trading routes, crossing the EEZ of both Brazil and UK
and ABNJ between the islands (from www.marinetraffic.com).
Multiple pressures were assigned to marine transportation; in
general, the environmental effects of shipping include air
pollution, ballast water containing aquatic invasive species, spills
(such as oil, dry bulk cargo, and hazardous substances), garbage
management, sources of plastic debris, underwater noise, collision
with marine fauna, ship groundings or sinkings, and widespread
sediment contamination in ports and harbors (Jatigerbrand et al.,
2019; Walker et al., 2019). Some regulations and treaties have been
adopted and encouraged by different organizations to mitigate these
impacts: for examples, the Convention on the Prevention of Marine
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Pollution by Dumping Wastes and Other Matters (London
Protocol) — which was extended to Saint Helena and Ascension
waters —, the International Maritime Organization (IMO),
Convention for the Prevention of Pollution from Ships
(MARPOL) and the United Nations Convention on the Law of
the Sea (UNCLOS). However, it is recognized that shipping has
unintended impacts on the environment (Walker et al, 2019).
Therefore, the multiple pressures, in addition to several
knowledge gaps regarding the ecological consequences of
shipping impacts (Jatigerbrand et al., 2019) and the increasing
number and size of ships operating (Erbe et al., 2020), make this
sector one of the priorities for management and research.
Wastewater in the studied islands is correlated with human
density as expected. Consequently, SPSPA with four people
continuously inhabiting the local research station generate
comparatively low water discharges, mostly from local, small
sewage. St Helena with more than 4000 residents and Ascension
with 800, have more and different sources of wastewater beyond
sewage, with other sources from local urbanization structure
(Ascension Island Government, 2021). Wastewater, depending on
source and local structure for outflow, can aggregate different
contaminants, becoming more harmful to biodiversity. We have
considered possible impacts from contaminants to affect shallow
habitats more intensely, however, depending on type of
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TABLE 6 Rankings of descriptors identified by the summed and average impact risk (IR) and their proportional connectance (PC), and sum and

average risk scores for Ecological components (EcoCom).

oCo acto Pre = ota P R » R Ra3 R Ra3
0 0 0 % average average

Demersal Fish

Pelagic Fish 0.013 14

Demersal Elasmo

Pelagic Elasmo 34 4.36

Seabirds 33 4.23

Oceanic Pelagic 5 7 17 2.18

Shelf Sediment 7 88 4.23 0.013 0.426

Cephalopods 33 423 0.013 0.421 15

Slope Rock & Reef | 5 23 2.95 0.408

Slope Sediment 5 23 2.95 0.407

Shelf Pelagic 8 8 24 3.08 0.369

Deep Sea Fish 7 8 19 2.44 0.359

Reptiles 0.009 0.341 18

Marine Mammals 9 0.009 0.335 17 14

Deep Sea

Sediment 6 23 2.95 0.014 0.322 15

Deep Sea Rock &

Reef 7 21 2.69 0.319 16

Coastal Pelagic 0.007 0.291 19 17

Littoral Sediment 0.006 0.286 20 18

Shelf Rock & Reef 7 30 3.85 0.009 0.280 16 19

Shallow Sediment 0.005 0.278 23 20

Shallow Rock &

Reef 0.005 0.278 22 21

Littoral Rock &

Reef 0.006 0.274 21 22

Deep Sea Elasmo 7 5 15 1.92 0.233 23

Elasmo, elasmobranchs. The green color gradation indicates light colors for low values and dark colors for high values. The red color gradation indicates light colors for low impact risk and dark

colors for high impact risk.

contaminants and oceanographic conditions, the deep seabed can
also be contaminated (Jamieson et al., 2017). Currently, in
Ascension Island there is a controlled discharge of waste and
effluents, with permission being needed for new discharges inside
the MPA (Ascension Island Government, 2021). Typical impacts
from wastewater, however, include eutrophication, which can
modify local primary producers by selecting a few dominant
species causing bottom-up effects via the food chain (WormLotze,
2006). Many pathogens can be associated with wastewater via
sewage and affect fish and invertebrates (Wear, 2019). The
impacts associated with wastewater are considered chronic (i.e.,
continuous), which means changes in the community to a different
steady state (Tuholske et al., 2021). However, although the spatial
scale of effects is generally local, it will depend on size of outfalls and
oceanographic conditions.
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Litter was one of the main pressures in the study area, and was
considered as main pressure in other sites, such as Ireland’s marine
waters (Pedreschi et al., 2019). Litter was related mainly to fishing and
shipping activities, as such sectors represent important sources of litter
in the global seas (Walker et al,, 1997; Morales-Caselles et al., 2021).
Such activities are intense in our study sites, and litter has been
described as affecting ecological processes (Barnes et al., 2018; Nunes
et al, 2019). Despite initiatives to provide appropriate reception
facilities for garbage from vessels in some ports, shipowners are still
facing serious difficulties to find adequate facilities for reception of
ship-generated litter (Carpenter and Mcgill, 2003; Walker, 2016). The
intense fishing activity around Ascension, St Helena Island and Saint
Peter and Saint Paul’'s Archipelago most probably generate ghost
fishing due to the abandoned, lost, or discarded fishing gear.
Therefore, since plastic contains the longest durability among
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materials, its accumulation on nearby beaches and in the deep sea causes
several consequences to the ecosystems combined with negative socio-
economic effects (Thushari and Senevirathna, 2020). Given that the
present study was evaluated in oceanic islands that host endemic species
and provide important ecosystem services, it is urgent to characterize the
dimension of this pressure to mitigate its negative impacts.

Our analysis indicated that sand extractions (Non-living
Resources) were not being considered a high impact pressure.
Although low significance, it is important to highlight this pressure,
as the sector sand extraction was identified as a potential risk, during
the process of the Marine Management Plan of St Helena Island due to
being data-limited and with no regulation (Hardman et al., 2022). The
lack of information regarding the impacts of sand extraction on the
marine environment in St Helena was filled through an environmental
risk assessment carried out by Mynott et al. (2021). This study
concluded that with current extraction levels, the risk to the marine
environment is low. However, if there is a variation in the amount of
sand extraction or a change in the extraction site, it is necessary to carry
out new studies to observe possible environmental impacts. On
Ascension Island, mineral extraction, which includes mining activity
and extractions of rock and minerals, is prohibited inside MPAs.
Development activities require permission, including building
structures and laying pipes (Ascension Island Government, 2021).

Both the military and electromagnetic field (EMF) sectors as
possible disturbances still lack high confidence information. Data
about the military sector is not easily accessible to scientists and to
the public, as they involve confidential information. EMF are present
everywhere in the oceans, and were considered by the stakeholders as
an emergent topic, with possible impacts in the studied area. Undersea
cables that are used for power transfer are well known sources of EMF,
and they are rapidly increasing in number, capacity, and extent with
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the world exigences for electrical power generation (including wind
energy), SMART grids, interconnector transmission and
telecommunications (Hutchison et al., 2020a). Undersea

TABLE 7 List of the main pressures caused by Fishing and Shipping.

Sector Fishing

Litter (56%)
Species Extraction (17.6%)
Bycatch (12.6%)

Abrasion (6.1%)

Siltation/Smothering (4.8%)

Organic Matter/NP (1.6%)

Noise (1.2%)
Incidental Loss (0.005%)
Sector Shipping

Litter (63%)

Contaminants (30.6%)

Noise (3%)

Invasive Species (1.4%)
Organic Matter/NP (0.9%)
Incidental Loss (0.6%)

Electromagnetic field (0.07%)

Abrasion (0.04%)

Percentage means the degree in which the pressures links to the sector.
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communication cables are widely conspicuous on the seafloor and will
be a near reality in the studied area. In this sense, two submarine cables
were supposed to be constructed in the 2010’s close to Saint Helena
(EQUIANO and SAEx); while the SAEx project was abandoned,
EQUIANO is scheduled to be operational, probably by the end of
2022°. They can generate electric currents and EMF, which could
impact several marine species, mainly elasmobranchs, fishes,
mammals, turtles, mollusks and crustaceans (Tricas and Gill, 2011).
Impacts from submarine cables are considered as minor, if any, or of
short term; however, uncertainty remains, especially related to the
impacts of EMF after long exposures, as even when the cables are
buried and well protected, the sediment layer and the cable wrapping
structures do not prevent EMF from escaping (Taormina et al., 2018).
Electrosensitive and magnetosensitive animals, like elasmobranchs,
some bony fish and some invertebrates have the potential to suffer
more with the influence of cable emissions. They could affect
orientation, migration, communication, predatory behavior and
other physiological processes (Tricas and Gill, 2011). EMF would
cause a higher impact on organisms associated with the bottom, since
EMEF rapidly decrease with distance from the cable (Taormina et al.,
2018). A recent study has shown that EMF from cables can change the
exploratory behavior of the American lobster and the electro-sensitive
little-skate in an enclosure environment (Hutchison et al., 2020a).
Besides submarine cables being the main source of EMF for the marine
environment, shipping and military ships can also generate EMF
(Pawlowski, 2018), but the impact from these sources for the marine
environment is still not evaluated. There is a need for studies on the
ecological consequences of this emerging source of impact to
prevent harm and to take measures to avoid them (Hutchison
et al., 2020D).

When the impact of all sectors and pressures on ecological
components was calculated we identified demersal and pelagic fish,
and pelagic and demersal elasmobranchs as the most impacted.
Considering demersal fish, the main impact risks are associated to
dredging (e.g., abrasion, incidental loss, removal of substrates and
sand), required to maintain access to Ascension’s and Santa Helena’s
piers. Despite occurring rarely and with low spatial overlap, dredging
affect the benthic production processes that are important to
supporting demersal fish communities (Newell et al., 1998).
Pressures linked to fishing, as abrasion (Kaiser et al., 2002), bycatch
(Stobutzki et al., 2001), litter (Bellas et al., 2016; Alberghini et al.,
2022) and species extraction (FAO, 2020; St Helena Government,
2022) also were recognized as drivers of changes in demersal species.
However, if compared to coastal and continental areas, the risk of
impact on demersal fish here was lower and with less intensity.

On the other hand, the effects of pressures on oceanic pelagic
species in the study area is worrying. The main pressures linked
with pelagic fish and elasmobranchs were litter, species extraction
and contaminants. Threats on high-seas elasmobranchs population
include overfishing, habitat degradation, pollution and
entanglement (ghost fishing), with an elevated extinction risk
(Dulvy et al,, 2014; Queiroz et al., 2019). The whale shark
(Rhincodon typus), for instance, has been threatened across its

2 http://sainthelenaisland.info/communications.ntm
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range leading to a conservation status of “Largely Depleted” on
the IUCN Red List (Pierce et al., 2021). Even with the international
protection and low fishing-induced mortality, Womersley et al.
(2022) suggest that whale sharks deaths may be associated with
hotspots of potential collision risk, due to overlapping cargo and
tanker ships with seasonal sharks movements. The geographical
range of whale sharks includes St. Peter and St. Paul's Rocks,
Ascension, and St. Helena, and previous work reported putative
reproductive behaviors and sexual activity in these oceanic islands
(Hazin et al., 2008; Macena and Hazin, 2016; Perry et al., 2020). In
addition, historical records indicated the ecological extinction of the
Galapagos Shark population in Saint Paul’s Rocks (Luiz and
Edwards, 2011). However, an increase in the number of these
sharks was recently observed at St Paul's Rocks after the
banishment of longline fishing in 2012 (Pimentel et al., 2022), as
well as around Ascension (Burns et al., 2020). Thus, evidence
suggests that the high-seas are particularly important and critical
hotspot for sharks and rays, highlighting the importance of these
regions where mitigation measures could be best focused.

A range of large pelagic fish are targeted by fishers and
recreational fishing in the study area, such as Yellowfin tuna
(Thunnus albacares), bigeye tuna (Thunnus obesus), Albacore
(Thunnus alalunga), Blackfin tuna (Thunnus atlanticus), skipjack
tuna (Katsuwonus pelamis), Frigate tuna (Auxis thazard), wahoo
(Acanthocybium solandri), Swordfish (Xiphias gladius), Blue marlin
(Makaira nigricans), Atlantic sailfish (Istiophorus albicans), Common
dolphinfish (Coryphaena hippurus), among others (Ascension Island
Government, 2021; Global Fishing Watch, 2021; ICCAT, 2022; St
Helena Government, 2022). Conservation measures are in effect for
certain large pelagic species, as bigeye tuna, swordfish and albacores,
and the Regional Fisheries Management Organizations are
responsible to manage some species (Joseph et al., 2019). However,
there are no catch limit control rules for other small tuna species, such
as common dolphinfish, skipjack tuna, wahoo and blackfin tuna,
because there is little information available to determine the stock
structure. Nevertheless, these species have a high socio-economic
relevance for a considerable number of local communities at the
regional level, which depend on landings for their livelihoods
(ICCAT, 2020). Even with the management measures in force, the
stocks of bigeye and yellowfin tuna are currently overfished and
effective mitigation measures were necessary (Burns et al., 2020;
ICCAT, 2022). However, fisheries pressures do not act in isolation
and the potential cumulative effects of other sectors and their pressures,
should also be considered. Some of our top ranked threats in relation to
the pelagic fish group in the region were shipping (contaminants and
litter) and tourism (sport fishing and litter).

Regarding deep sea habitat and species (> 750 m depth), the small
risks of impact described by stakeholders may be related to the poor
knowledge about this environment. There are exist large gaps in
understanding not only human impacts to the Mid-South Atlantic,
but also in basic knowledge of biology, ecology and fundamental life
histories of species (Howell et al., 2020). Globally there is increasing
evidence that mesophotic and deep-sea environments are already
impacted by human activities from local to global levels from
activities such as disposal of waste, litter, fisheries (Chiba et al,
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2018; Rocha et al., 2018; Pinheiro et al.,, 2020), as well as climate
change related impacts (Levin and Le Bris, 2015).

To conclude, it is clear that these seemingly pristine islands and
oceanic waters already have been historically impacted by human
activities (Luiz and Edwards, 2011; Burns et al., 2020), and this should
be addressed by local conservation measures and international
agreements. The potential environmental impacts of tourism and
recreation, highlighted here, need to be monitored to preserve
ecosystem health, mainly in Ascension and St Helena Islands due to
the current growth of this sector. Local impacts of the wastewater sector
and sand extraction industry deserve equal attention, mainly at St
Helena, where one of the main anthropogenic risks to marine water
quality is land-based run-off including untreated sewage (Saint Helena
Government, 2016). For the whole area, this approach also highlights
priorities for regulation and policy measures for fishing and shipping
sectors, mainly for controlled litter disposal at sea, and identifies gaps in
knowledge requiring research effort and policy interventions. Low risks
of impact by electromagnetic fields to deep sea species/environments,
and from the military sector, may be due to poor knowledge, indicating
the need for future research, indicator development and monitoring,

The Integrated Ecosystem Assessment (IEA) presented in this
study is essential to achieve a holistic perspective for identifying and
understanding the complexity of interactions between different
systems (such as coral reefs, islands and high seas) and multiple
sectors, where users often may be in different jurisdictions regulated
by different political systems, and with different values,
arrangements and economic needs. The IEA process was carried
out and validated together with the stakeholders of the study area,
thus, through the results obtained, it is possible for stakeholders and
managers to make use of the data to support the constant and
adaptive process of managing MPAs. In addition, the ODEMM
methodology, which was used to carry out the IEA, is an adaptable
and repeatable methodology, and can be used in new situations, if
necessary. As the risk assessment allows the identification of the
most severe impact chain, it is possible to investigate how the
management of some sectors or pressures can reduce the impact on
the ecosystem. Thus, managers will have the necessary tools and
resources to make fully informed decisions, being able to choose
and evaluate management options based on the principles of
Ecosystem-Based Management (Robinson et al., 2014).
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