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Environmental conservation is currently one of the main objectives of marine
management. It is agreed that effective management requires evaluating the tradeoffs
between protection and economic costs for negatively impacted maritime activities.
For these reasons, integrated approaches combining ecological and socio-economic
aspects are needed to achieve nature conservation and sustainability targets. Here,
we present an approach to identify cost-effective priority marine areas for protection
through a Systematic Conservation Planning method, adopting the Basque Country
as case study (SE Bay of Biscay). Eight protection scenarios were defined, targeting
a combination of protection features: benthic habitats, biological value of cetaceans,
birds, macroalgae, and macroinvertebrates, potential provision of ecosystem services,
and habitat sensitivity to human activities. In turn, the total fishing pressure produced
by artisanal fisheries was adopted as a measure of the socio-economic costs of
protection (assuming, for this research, that fishing would be banned in the protected
areas). The results indicated that existing marine protected areas (MPAs) were very
close to achieving prescribed protection targets, while these targets could be achieved
by increasing the size of the existing MPAs. Higher costs were associated with
the declaration of areas that were targeting a larger number of protection features.
Nevertheless, cost/effectiveness was higher in these cases, with the environmental
benefits outweighing a comparatively smaller increase in cost. However, the most cost-
effective scenarios were those that included the extension of already existing MPAs.
The method implemented can assist managers and decision makers in identifying
conservation gaps and ecosystem components that require special attention. In
addition, the approach can be used to develop management strategies that may be
adopted under different protection scenarios. Thus, the approach proposed here could
be used to inform ecosystem-based marine spatial planning.

Keywords: marine spatial planning, Marxan, marine conservation, ecosystem services, spatial management,
human activities
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INTRODUCTION

Anthropogenic activities and associated pressures seriously
threaten ocean health (Halpern et al., 2008; Dailianis et al., 2018).
Subsequently, protection of marine habitats and biodiversity
is one of the most important objectives of environmental
management (Laurila-Pant et al., 2015; Mazaris et al., 2019).
However, effective management requires ecological and socio-
economic aspects to be considered in order to achieve nature
protection and maritime sector sustainability targets (Pouso
et al., 2020). Evaluating the tradeoffs of alternative management
strategies requires quantitative estimates of the costs and benefits
of their outcomes, including the value of biodiversity, either
actual or lost (Laurila-Pant et al., 2015). In addition, healthy
marine ecosystems provide important benefits for humans,
including health (Borja et al., 2020). Thus, marine protection
is also of strategic interest for humans, as marine and coastal
ecosystems are among the most productive environments in
the world, and their natural capital offer a bundle of vital
ecosystem services (Costanza et al., 1997; Costanza et al., 2014;
Vassallo et al., 2017).

Amongst the range of possible protection measures, the utility
of Marine Protected Areas (MPAs) has been demonstrated in
numerous cases (Diz et al., 2018; Cheng et al., 2019). MPAs
are specific areas of the sea which are reserved to protect the
natural or cultural features (Kelleher and Kenchington, 1992).
In addition, MPAs are an important tool for maintaining marine
ecosystem functionality and health, ensuring the continued flow
of ecosystem services that support human well-being (Rees et al.,
2015; Rasheed, 2020). Marine Protected Areas, by protecting
biodiversity, make a significant contribution to achieving
healthy and functional marine ecosystems and, consequently, to
providing ecosystem services that humans benefit from Borja
et al. (2015), Geange et al. (2019), Hummel et al. (2019).
Unfortunately, there is currently no widely accepted approach in
protection planning and conservation (Katsanevakis et al., 2020).

Protecting biodiversity is a global challenge. Many Sustainable
Development Goals (SDGs) cannot be met without achieving
SDG 14 for ocean conservation and sustainable use. The UN’s
10% target appears insufficient to protect biodiversity, preserve
ecosystem services, and achieve socio-economic priorities
(O’Leary et al., 2016). In particular, the EU Biodiversity Strategy
for 2030 (European Commission [EC], 2020) requires the legal
protection of a minimum of 30% of the EU’s marine area,
of which 10% should be strictly protected. Moreover, it is
acknowledged that meeting the conservation targets requires
adopting an area-based management for further development of
ecological corridors, the consideration of all sectors and activities
at sea (including the environmental risks that they might pose),
and the consideration of MPAs within marine spatial planning
(MSP) (Katsanevakis et al., 2020). Currently, when the majority
of protected area designations are made opportunistically
instead of systematically (Baldi et al., 2017), vague objectives
often emerge from hasty planning processes (Agardy, 2017).
Moreover, management measures should be adopted in a way
that minimizes the potential incompatibilities between economic
growth and the conservation objectives (Geange et al., 2017).

Thus, accounting for the value of an area to resource users
is a critical component of spatial management planning, when
attempting to devise measures that will allow both biodiversity
protection and sustainable resource exploitation (Pomeroy and
Douvere, 2008). In this context, the achievement of conservation
goals requires spatial planning strategies, which, in turn, requires
tools to identify areas devoted to socio-economic development
and conservation, while supporting their management in a cost-
effective way (Margules and Pressey, 2000). An effective approach
is the so-called systematic conservation planning (SCP) (Álvarez-
Romero et al., 2018a; Kirkman et al., 2019), which avoids being
overly prescriptive but has two basic principles (Smith et al.,
2009). First, numerical conservation targets have to be established
for each important biodiversity element that should be protected
(Stratoudakis et al., 2019), setting explicit protection targets,
contributing to a more transparent planning process, and giving
options for consultation with stakeholders (Cowling et al., 2003).
Second, it can be used for selecting new areas to be conserved,
or as a complementarity-based method for selecting sites, based
on how much they would add to a single existing MPA network
(Margules and Pressey, 2000).

In this context, we present an approach to identify priority
areas for protection using a SCP method, looking for the
most cost-effective protection scenario. The SCP method was
implemented by considering a combination of publicly available
environmental information on benthic habitats, biological value,
ecosystem services provision and habitat sensitivity to human
activities, which taken together are considered as the benefits
of protection. In turn, the total fishing pressure, produced by
artisanal fisheries, is considered a measure of the socio-economic
costs of the protection (assuming, for this research, that fishing
would be banned in the protected areas) (Schmiing et al., 2014;
Adame et al., 2015; Baker-Médard et al., 2019). The identification
of priority areas for protection was achieved by (i) defining the
protection target scenarios, (ii) identifying areas to be conserved,
according to predefined scenarios, and by comparison with
existing protected areas, and (iii) identifying the most robust
result, in terms of cost-effectiveness.

This study contributes to current management needs
in relation to the adoption of spatial protection measures
under ecosystem-based MSP, by implementing a working
framework to integrate the existing environmental and human
activity data, and analyzing the consequences of different
management options.

MATERIALS AND METHODS

Case Study
The geographical area in which the approach was implemented
is located in the southeast of the Bay of Biscay, in the
Basque continental shelf (Figure 1). Water depth angels from
coastline up to 200 m depth, with a total area of 2,500 km2

(Figure 1). The area supports high diversity and intensity of
maritime activities (i.e., fishing, renewable energy, shipping,
recreation, aquaculture). The management of activities is based
on a combination of specific international, national and local
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FIGURE 1 | Geographical location of the Basque Country within the Bay of Biscay in the northeastern Atlantic Ocean. Spatial distribution of the main marine uses is
shown (i.e., subsoil gas storage rig and pipeline, marine renewable energy production testing site, longline aquaculture production site, port service area for vessel
waiting zone, and in background, the spatial distribution of total fishing pressure of artisanal fishery). Protected areas are divided into special protection area for birds
and areas declared for benthic habitats protection.

laws that regulate the uses and environmental status (Pınarbaşı
et al., 2020). MSP Directive (Directive 2014/89/EU and Boletín
Oficial del Estado [BOE] (2017)) is in development stage. MPAs
are still scarce, needing to be planned and made compatible
with other uses.

Systematic Conservation Planning
A SCP algorithm, Marxan (Ball and Possingham, 2000; Ball
et al., 2009), was used to identify candidate marine areas for
protection. Marxan is a conservation site selection software
that builds upon an optimization algorithm that incorporates
key principles of SCP (Margules and Pressey, 2000), which
include comprehensiveness (i.e., reaching multiple targets), cost-
effectiveness (i.e., finding solutions at the least possible cost), and
compactness [which implies a low edge to area ratio (Wilson et al.,
2010)]. Marxan works with a heuristic optimization algorithm
with the help of simulated annealing (Ball et al., 2009). The
software aims to minimize an objective function containing the
sum of opportunity costs of protection, represented by the costs
of selected Planning Units (PUs), and the boundary length of the
protected areas system (Schröter and Remme, 2016). Cost can be
defined in economic terms or by another proxy that represents
the effect of the closure of the area to an activity that used
to carried out there. The objective function contains penalties
for not meeting protection targets as well as for breaching a
given cost threshold (Game and Grantham, 2008). Protection
targets are set as a proportion of the total amount of each
feature in a study area. Marxan highlights the areas to be
conserved, determined by the location, the size or the shape
of the areas. Thus, SCP aims to achieve a set of protection
objectives whilst attempting to minimize the total cost and impact
on social and economic activities (McDonnell et al., 2002). The

method was selected because it enables the integration of large
and diverse datasets of ecological relevance, which are used
to establish the protection targets, and to be able to perform
the analysis under multiple scenarios (Makino et al., 2013;
Carvalho et al., 2016).

Input Data
The main criterion for the selection of the information layers
was that they had already been published in scientific papers.
Vectorial layers were the ones related to benthic habitats,
biological value, sensitivity of benthic habitats to human
activities, and ecosystem service provision capacity, which were
used to define the protection targets. Artisanal fishing activity
data was a 500 m raster layer, which was used as the cost to
identify the areas to be protected. All the information layers were
formatted and edited using ArcGIS (10.3.1) and QGIS (2.18.2)
and resampled to a 1 km resolution reference grid.

The spatial distribution of benthic habitats was adopted
from Galparsoro et al. (2015). The map was based on EUNIS
habitat types (Davies et al., 2004), determined according to
depth (biological zone), exposure to wave energy and seafloor
type. In total, information regarding the spatial distribution
of 12 benthic habitat types was considered (Supplementary
Figure 1). In addition, biological value maps were obtained
from Pascual et al. (2011). Biological value maps provide an
integrated view of nature’s intrinsic non-anthropogenic value,
and how this varies within a study area (Derous et al., 2007).
The biological value estimation performed by Pascual et al. (2011)
includes all available biological data (zooplankton, macroalgae,
macrobenthos, demersal fish, seabirds, and cetaceans), from 2003
to 2010. The collated map represents the spatial distribution of
the biological value according to five categories: Very High, High,
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Medium, Low, or Very Low (Supplementary Figure 2), following
the approach by Derous et al. (2007). The same biological
categories as provided by Pascual et al. (2011) were adopted to
define the protection targets used as input in Marxan. A detailed
description of the approach used to assess and map the biological
value can be consulted in Pascual et al. (2011).

Maps of the total capacity of providing ecosystem services
by benthic habitats were obtained from Galparsoro et al. (2014)
(see Supplementary Figure 3 for the spatial distribution). The
collated map represents the provision of potential ecosystem
services according to three major evaluation classes: High, Low,
Negligible/Irrelevant/Unknown (Salomidi et al., 2012). The same
ecosystem service provision capacity classes as provided by
Galparsoro et al. (2014) were adopted to define the protection
targets used as input in Marxan.

In addition, the sensitivity of the benthic habitats to
human activities was obtained from Alkiza et al. (2016)
(Supplementary Figure 4). Sensitivity is the degree to which
certain environmental features (in this case, benthic habitats)
respond to the stress caused by the environmental conditions or
human pressures (Okey et al., 2015). Sensitivity of each benthic
habitat type was represented as: Negligible, Low, Medium, and
High. The same benthic habitats sensitivity classes as provided by
Alkiza et al. (2016) were adopted to define the protection targets
used as input in Marxan.

Spatial distribution of fishing activity was obtained from
Pascual et al. (2013), in which the detailed methodology used
for fishing pressure calculation can be consulted. These authors
calculated the total fishing pressure (measured as area covered
per sampling effort) per métier unit by year (2009 and 2010), and
aggregated, using data collected from 10,185 fishing trip events,
questionnaires and other non-official logbooks. Fishing activity
was selected because it might show greater conflicts with the
declaration of a MPA (Supplementary Figure 5).

Regarding MPAs in place, two protected areas are present:
Deba-Zumaia (on the eastern side with 33 km2) and San
Juan de Gaztelugatxe (on the western side with 17.2 km2).
A total of 50.2 km2 are under protection (2% of the study
area) (Figure 1). MPAs were used to describe the current
extent to which protection objectives are achieved and to be
considered in Marxan runs.

PUs represent the analysis unit, and were defined as a 1-
km sided square (i.e., 1 km2) (Supplementary Figure 6). The
size was decided according to the spatial resolution of the
available information layers, and by using a minimum size that
was meaningful for management purposes. The area of each
protection feature, and the total fishing pressure was calculated
for each PU. Additionally, the number of protection features in
each PU was calculated (Supplementary Figures 7–14).

Definition of the Protection Targets and
Effectiveness of the Protection
Eight scenarios were defined to analyze the tradeoffs of the
different protection options. Note that same weighting was given
to each conservation feature considered in the scenarios. The
definition of each scenario is given below.

• Scenario 1. This is the legally binding scenario. It
targets the protection of Priority Habitats according to
the European Habitats Directive (Directive 92/43/EEC).
According to the Directive definition, reefs could
be understood as any sublittoral hard substratum
and associated benthic communities. According to the
definition, the substratum is not necessarily of biological
origin. In the study area, the “Reefs” (1170) priority
habitat is present. For this scenario, the protection target
to protect 10% of the area occupied by reef habitat.

• Scenario 2. This adopts the same target as Scenario 1
but it also includes 10% protection of the area of highest
biological value for all ecosystem components.

• Scenario 3. 10% protection of the area of each
benthic habitat type.

• Scenario 4. 10% protection of the area of each benthic
habitat type together with the areas of highest biological
value. This is the scenario targeting highest biodiversity,
and not just the priority habitats cited in the legislation.

• Scenario 5. 10% protection of the area hosting the highest
level of ecosystem service provision capacity.

• Scenario 6. 10% protection of the area with the most
sensitive benthic habitats to human activities.

• Scenario 7. 10% protection of the area with each benthic
habitat type, in combination with 10% of the area with
the highest biological value, the greatest potential of
providing ecosystem services, and benthic habitats with
high sensitivity to human activities.

• Scenario 8. 10% protection of the area with priority
habitats, the highest biological value, the greatest potential
of providing ecosystem services, and 10% of the area of
high sensitivity benthic habitats to human activities.

A synthesis of the combination of protection features
considered in each of the scenarios is given in Table 1.

The result of each scenario was the location, the shape and
the area to be declared to achieve the protection target, as well
as the associated cost either as an extension of existing protected
areas or independently from them. The final area obtained
was weighted to determine the effectiveness of the protection
at each scenario. We established a weighting value of “1” for
the legally binding protection target (i.e., the priority habitats),
and a value of “0.25” for each of the other features considered
(Table 1). This means that Scenario 1, targeting only the legally
binding protection, will not be modified in the final value of
effectiveness. In turn, those scenarios with more features would
be considered as having more effective protection (maximum,
Scenario 7, with a weighting factor of 2), whereas scenarios not
considering legally binding protection targets would be rated as
less effective (minimum, Scenarios 5 and 6, with a weighting
factor of 0.25) (Table 1).

Runs and Calibration
Marxan was run using CLUZ (2016.2.3) (Smith, 2019) add-in
in QGIS. SCP algorithm was run twice for each scenario. First,
to identify new areas of the currently declared MPAs to be
independently protected, and second, to identify areas where the
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TABLE 1 | Conservation features considered in each of the defined scenarios, including the weighting factors.

Benthic habitats Biological value Ecosystem services
provisioning potential

Benthic habitats sensitivity
to human activities

Total weighting factor

Priority habitats All habitats

Scenario 1 X (1) 1.00

Scenario 2 X (1) X (0.25) 1.25

Scenario 3 X (1) X (0.25) 1.25

Scenario 4 X (1) X (0.25) X (0.25) 1.50

Scenario 5 X (0.25) 0.25

Scenario 6 X (0.25) 0.25

Scenario 7 X (1) X (0.25) X (0.25) X (0.25) X (0.25) 2.00

Scenario 8 X (1) X (0.25) X (0.25) X (0.25) 1.75

existing MPAs could be expanded to achieve protection targets.
Each scenario was run with 100 restarts, each with one million
iterations. the number of restarts did not result in significant
improvements in the results, so it was kept at 100 restarts to
improve processing speed.

The PUs overlapping with existing MPAs were “blocked-in”
to force their selection when running Marxan. In this way, the
algorithm calculated the contribution of the existing MPAs to the
protection targets, and added new PUs to achieve the protection
targets. For all scenarios, Marxan was run with and without the
already conserved areas (present scenario). This was performed
(i) to estimate the degree of achievement of protection targets
according to already protected areas, (ii) to analyze the degree
of overlap between the areas highlighted by Marxan with the
existing protected areas, and (iii) to expand the existing protected
areas to achieve the protection targets. In all cases, the cost (i.e.,
fishing pressure) layer was the same. This allowed the analysis of
the tradeoffs between extending the existing protected areas or
declaring new ones.

Marxan was set to select adjacent PUs preferentially, rather
than unconnected units that might be less ecologically viable and
more difficult to manage (Ball and Possingham, 2000). Reducing
fragmentation levels inevitably results in more PUs being added
to the portfolio, so this tradeoff was adjusted by weighting the
importance of minimizing the combined external edge of the
selected patches by setting a boundary-length-modifier (BLM)
value (Ball and Possingham, 2000). The BLM parameter was used
to clump together the PUs, to obtain results with continuous
protection areas. The penalty factor was set at 10 for all protection
features to give the same amount of emphasis to all features in the
final solution. The selected solution was the one with the lowest
BLM and penalty factor values, where protection objectives were
met and costs were minimal (Martín-García et al., 2015).

The irreplaceability of each site was calculated as the
proportion of solutions where this occurs for each of the scenarios
(Carwardine et al., 2006; Popescu et al., 2013). The frequency
of selection for each PU was averaged across all scenarios, and
the standard deviation was calculated. For the effectiveness of
protection estimation, the area calculated for each scenario, was
multiplied by the weighting factor included in Table 1. The cost
was considered as the total sum of the fishing pressure associated
to each protection scenario. Dividing the cost by the effectiveness,
a ratio of cost/effectiveness for each scenario, was obtained.

The closest to zero, the cost/effectiveness was considered to be
better in terms of protection, since with lower cost, the benefit
(effectiveness) is maximized.

RESULTS

Present Protection Status and
Representativeness
Differences in the degree to which each ecosystem component
is included within the existing MPA network was highlighted.
As the existing MPAs were located adjacent to the coastline,
the infralittoral habitats were the ones that showed the highest
protected area, both in terms of sedimentary and rocky habitats
(see Supplementary Table 1 for detailed information about
the protection level of each ecosystem component). Meanwhile,
circalittoral habitats had a lower percentage of area under
protection. In three out of the four ecosystem components
analyzed, no highest biological value area was under protection,
and only for seabirds did the highest biological value areas show
a good level of protection. The number of high biological value
areas for birds was small, but it was well represented in the already
protected areas. In contrast, cetaceans receive little protection
within their high biological value areas because the protected
areas were located very close to the coastline, and did not include
the offshore zones of their highest biological value.

The number of different benthic habitat types per PU varied
from one to four with highest benthic habitat diversity in
areas shallower than 50 m (Supplementary Figure 7). When
considering the number of benthic habitat types and priority
habitats together with the zones showing high and very high
biological values, the number of features varied from zero to six
per PU (Supplementary Figures 9, 10), with the highest number
of features also located in the shallower zones. In addition, the
number of benthic habitats with capacity to provide medium and
high ecosystem services capacity varied from zero to two habitats
per PU (Supplementary Figure 11), being distributed in shallow
water depth and around 75 m depth. It was observed that habitats
showing medium to high sensitivity to human activities were
mainly distributed in very shallow water depths (Supplementary
Figure 12). Finally, the number of benthic habitats and priority
habitats, together with very high and high biological value,
medium and high capacity to provide ecosystem services, and
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medium and high sensitivity to human pressures, were highest in
shallow water depths up to 50 m. A smaller number was found in
waters up to 100 m water depth (Supplementary Figures 13, 14).

Protection Scenarios
The results for each scenario are presented as Supplementary
Material (Supplementary Figures 16–21), except for Scenario
8. These results are presented here to illustrate the outcomes
obtained (Figure 2).

The differences in protected area size, when considering
existing MPAs or when the algorithm selected for a new area does
not have this condition, are shown in Figure 3A. For Scenario
1, a small difference was found when the priority habitats
were targeted. This means that the existing protected areas
were very close to achieving the target and that the protection
targets could be achieved by increasing the size of the existing
MPAs by 8.7 km2 (i.e., an increase of 6.8% in the extension
of the currently protected area). When the protection of highly
biological value was added to the priority habitats protection,
the existing protected areas should be increased by 4.3 km2,
which was 3% of the currently protected area. This indicated
a spatial coincidence between priority habitats and the highest
biological value areas, and that they were in the surrounding areas
of existing MPAs.

When the target was the protection of areas providing higher
levels of ecosystem services (Scenario 5), the results indicated
that the area to be protected, not considering already protected
areas, would be smaller in comparison with the rest of scenarios
(i.e., 108.6 km2) (Figure 3A). This means that, in the study
area, there were hotspots of ecosystem service provision capacity
and that, with a minimum size of protected area, the protection
objective could be achieved. Nevertheless, when the algorithm
was forced to achieve the same target considering the existing
MPAs, the extension of the protected area increased up to
161.9 km2 (Figure 3A). This indicated that the protected areas
and the surrounding areas were not the ones that provided
the highest levels of ecosystem services, and that to achieving
their protection, a greater surface area should be declared
(almost 50% more should be added to the existing protected
area extension).

Scenarios 7, 4, 3, 8, and 6 were the ones requiring largest
MPAs (i.e., 236; 231; 228; 221, and 212 km2; respectively, when
existing MPAs were not considered, and 298; 289; 302; 262, and
243 km2 when declared MPAs were considered) (Figure 3A). The
results of Scenario 6 indicated an even distribution of benthic
habitats of high sensitivity to human activities. In turn, Scenarios
3 and 4 shared the protection target of protecting all types of
benthic habitats. Thus, both scenarios were defined to protect
the highest diversity of benthic habitats, and consequently that
required larger areas to cover different seafloor types and depth
gradients. It must also be noted that, in Scenario 3, only the
benthic habitats were considered, while in Scenario 4 the target
was the protection of all benthic habitats together with the areas
hosting the highest biological value areas. For both scenarios,
the area to be protected, with or without considering currently
protected areas, were similar (Figure 3A), indicating that the
areas showing higher diversity of benthic habitats also coincided

with the areas presenting higher biological values for other
ecosystem components.

Scenarios 7 and 8 were defined for the protection of high
biological value, highest ecosystem service provision capacity,
and highest sensitivity to human activities. The difference
between them was that Scenario 8 was targeting priority habitats,
while Scenario 7 was targeting the protection of all habitat types.
According to the outcomes and adopting the results of Scenario 8
as an example, the total area to be protected should be extended
from the 50.2 km2 that is currently protected, up to 262 km2

(Figure 3A). This increases the percentage of total conserved area
from the current 2% to 10.4%.

The costs associated with each of the scenarios are shown in
Figure 3B. The results indicate that in five of the scenarios, the
cost was lower when the algorithm was forced to select areas
surrounding the already declared areas (i.e., Scenarios 1, 2, 4, 7,
and 8). Thus indicating that, in absolute values, the extension of
the existing protected areas would have a lower impact on fishing
activity. The lowest absolute costs were found for Scenarios 5
and 6, when existing MPAs were not considered, and when the
areas with the highest ecosystem services provision capacity and
the highest sensitivity to human activities were targeted (i.e., 37.8
and 39.1 cost units, respectively) (Figure 3B). In contrast, when
the protection target was achieved by extending the currently
declared areas, the costs increased to 120 and 68.1, respectively.
It must be highlighted here that, in Scenario 5, the cost was
practically multiplied by three (Figure 3B), indicating that the
areas surrounding the currently protected areas show the highest
ecosystem services provisioning capacity, coinciding with the
areas with the highest fishing activity.

In Scenario 3, the protection target was the protection of 10%
the surface of all the benthic habitat types present in the study
area. The results indicated that 73.5 km2 should be added to the
currently protected areas (Figure 3A), and the associated cost
in terms of fishing activity, would be 1.82 times higher than for
Scenarios 1 and 2.

The estimation of the irreplaceability of PUs, when all
scenarios were considered, was calculated based on the average
number of times it was selected across all scenarios and the
standard deviation (Figure 4). The largest number of times a PU
was selected means that a larger number of PUs were selected
considering the protection targets defined in each scenario, while
the standard deviation shows the differences in PU selection
across scenarios and protection targets. In both cases (i.e.,
considering the existing MPAs or not), the most frequently
selected PUs did not coincide with the already protected areas.

Cost/Effectiveness
The cost-effectiveness of each scenario, and the weighting or not
with the factors proposed in Table 1, is presented in Figure 5.
In general, the most cost-effective solutions were those including
the existing MPAs, since, for the same scenario, the ratios in those
cases tended to be lower than when the MPAs were not included
(except for Scenarios 3, 5, and 6; Figure 5A). This means that,
for a given cost, the area protected was higher in those scenarios.
When weighting the effectiveness, the ratios were still lower
when including MPAs, but the scenarios can be ordered across
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FIGURE 2 | Frequency of selection of Planning Units (PUs) (A) and best solution (B) when the target is to conserve 10% of priority habitat types, very high biological
value for ecosystem components, most sensitive benthic habitats to human activities, and the areas with the highest potential of delivering provisioning, regulating
and cultural ecosystem services (Scenario 8; see section “Runs and calibration”). Frequency of selection of PUs (C) and best solution (D) for the same conservation
targets but when the analysis is run considering the existing Marine Protected Areas.

a regression line (Figure 5B). In this case, the most effective
for the cost assigned were Scenarios 8, 7 and 3, in that order
and considering both with and without existing MPAs. The least
effective was Scenario 5 (Figure 5B). It is interesting to note that,
despite this cost-effectiveness, Scenarios 8 and 7 were protecting
many more features than Scenario 3, which only included priority
and all habitat types.

DISCUSSION

Selecting appropriate sites for MPAs should ensure that they
cover the key habitats (benthic and/or pelagic) and ecosystem
components without unnecessarily excluding other legitimate
users of the marine environment (Tognelli et al., 2009;

Peckett et al., 2014). In that sense, SCP provides useful
functionalities for identification and provision of advice on
potential areas to be protected (Álvarez-Romero et al., 2018b)
in the framework of MSP. The main strength is that it allows a
spatially explicit delineation of the area to be protected, in terms
of minimum size and shape, while guaranteeing the fulfilment of
the protection targets (including those legally binding) incurring
the minimum cost, and not oversizing the area to be protected.

In this research, we present a framework that considers the
integration of information of different natures and sources;
from ecosystem components characteristics, such as biological
value, benthic habitat distribution and their sensitivity, to
human activities and the ecosystem services they provide; as
well as the spatial intensity of artisanal fishery, which was
previously identified as the maritime activity that would be
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FIGURE 3 | Total area needed to achieve the conservation targets in the eight scenarios analyzed (A); and total cost in terms of artisanal fishing pressure
displacement associated with the achievement of the conservation targets (B). MPA, Marine Protected Area.

impacted by the establishment of a no-take area (Pascual et al.,
2013). Studies focusing on individual ecosystem components
(i.e., benthic habitats or cetaceans) in isolation could be risky
as they can underestimate the levels of biodiversity required
to maintain multifunctional ecosystems (Hector and Bagchi,
2007). In particular, to the authors’ knowledge, few studies have
explicitly included marine ecosystem services in SCP (Adame
et al., 2015), even though there is growing support for considering
ecosystem services in protection management, as they also
contribute to human well-being (Bennett et al., 2015; Borja
et al., 2020; Rasheed, 2020). It is acknowledged that, by explicitly
valuing the costs and benefits associated with services, we may
be able to achieve meaningful biodiversity protection at a lower
cost and with greater co-benefits (Chan et al., 2011). Despite
increasing attention to the human dimension of protection
projects, a rigorous, systematic methodology for planning for
ecosystem services has not been developed (Culhane et al.,
2020; Farella et al., 2020). The reason is in part because flows
of ecosystem services remain poorly characterized at local-to-
regional scales (Wei et al., 2017), and their protection has not
generally been made a priority.

The framework implemented permits an objective estimation
of the achievement of protection targets under different
protection scenarios, considering the present protection status.
The approach can assist managers and decision makers in
identifying protection gaps, and the ecosystem components
which they should pay attention to (i.e., because of an under
representation of such components in protected areas). In general

terms, it is observed that the areas already under protection
are close to the legally binding obligations for benthic habitats.
However, already protected areas are not really covering the
protection of areas of highest biological value, ecosystem services
provision capacity or high sensitive habitats to human activities,
either, which can be considered as useful additional protection
features (Adame et al., 2015).

SCP permits the definition of a different set of protection
targets. According to the ones defined in this research, the least
costly in terms of fishing activity were Scenarios 5 and 6, but
they do not achieve the legally binding targets of protecting
priority habitats (Janßen et al., 2019). In turn, Scenario 3,
which had very good cost-effectiveness, only covers priority and
all benthic habitat types. However, when different ecological
and legally binding targets are attempted, including biological
value, ecosystem services provision and sensitivity of benthic
habitats to human activities, too (as in Scenarios 7 and 8), it is
shown that, as more ecosystem components are considered for
protection, the size, and the cost of the area to be conserved
increase. Both scenarios were quite similar in terms of the
size of the protected areas required to achieve the protection
objectives (Figure 3A). Thus, according to the available data, the
areas showing highest levels of ecosystem service provisioning
levels and biological value, were also the ones showing highest
sensitivity to human pressures. These scenarios also showed
that, when considering the existing MPAs, the size of the
protected area should be increased, indicating again that the
areas already under protection were not reaching the predefined
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FIGURE 4 | Average and standard deviation of the frequency of selection Planning Units for all scenarios without considering existing Marine Protected Areas (A,B)
and considering the existing Marine Protected Areas (C,D).

protection targets. The results indicate the spatial dispersion of
the targeted ecosystem components, thus requiring larger areas
to achieve the protection objectives (Baker-Médard et al., 2019).
In addition, the areas already under protection do not totally
meet the targets defined in the scenarios, and consequently,
the MPAs are not located and do not cover the optimal zones,
in terms of biological value, habitats or ecosystem services.
Hence, according to our results, MPAs should be extended, in
new adjacent sites meet the protection targets defined in the
scenarios. For example, in Scenario 8, although the cost for
fishing activity is higher, and the cost-effectiveness is lower than
in Scenario 3, the protection objective is more ambitious. In
that particular case, it should be highlighted that the targeted
number of features to be protected in Scenario 8 is higher than

in Scenario 3, and consequently, the biodiversity conservation
would be higher if 10.4% of the whole study area were protected.
The highest costs were associated with the declaration of areas
that were targeting a larger number of ecosystem components
(i.e., Scenarios 7, 4, and 8), which in turn were also the ones that
showed greater differences when considering the identification
of new areas or the extension of existing protected ones. For
example, in the case of Scenario 8, the cost, in terms of fishing
effort displacement, was more than the double when a new area
to be protected was identified than when the same protection
target was achieved by extending the existing MPAs. This is
because, within the already declared areas, there is no fishing
activity, and the declaration of new zones would displace higher
fishing pressure.
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FIGURE 5 | Cost/effectiveness ratio for each of the eight scenarios studied, with and without current Marine Protected Areas (MPAs), without correcting (A) and
correcting (B) with the weighting factors proposed in Table 1.

The results also indicate that the current fishing pressure
is distributed away from existing conserved zones, and thus,
increasing their area would impact less than declaring new MPAs.
A conflict could be faced here, because the areas to prioritize in
terms of ecosystem elements considered here, overlap the areas in
which artisanal fishing activity is also high. Thus, the declaration
of a no-take area would represent a negative impact on the
fishing activity, and should encourage the call for reallocation
of marine resource access privileges (Carter, 2003; Coccoli et al.,
2018). The hypothesis is that relationships exist between the
biodiversity and delivery of ecosystem services (Melià et al.,
2020). The protection of ecosystem components will maintain in
good ecological condition, with positive effects on the delivery
of ecosystem services (Potts et al., 2014; Arkema et al., 2015),
from which fishers would be one of the direct beneficiaries. In
that sense, tradeoffs between the direct cost of the closure of
the area and the potential benefits should also be calculated in
future research (Sala et al., 2013); as well as the potential threats
that anthropogenic extractive activities can pose in achieving
conservation and restoration objectives (Vilas et al., 2020).

Management plans should establish structured and evidence-
based instruments to guide managers to make sound decisions
in accordance with the ecological needs and protection of
vulnerable habitat types and species, and the SCP fulfills such
conditions. Moreover, an important point to be highlighted is
that, in this research, we used a spatially explicit protection

planning framework to explore the trade-offs and opportunities
for aligning ecological conservation goals and human activities.
Systematic conservation planning demonstrates how biologically
significant marine areas can be better included in MSP (Dunstan
et al., 2016; Fernandes et al., 2018; Trouillet and Jay, 2021).
Targeting ecosystem services directly could be expected to meet
the multiple ecosystem services and biodiversity goals more
efficiently, but not be a substitute for targeted biodiversity
protection (Chan et al., 2006; Rees et al., 2012; Duarte et al., 2016;
Farella et al., 2020).

An important aspect to be highlighted is that the quality
and representativeness of background data is essential when
implementing SCP algorithm, and when producing results aimed
at being useful to assist in decision-making (Ardron et al.,
2010). Mapping ecosystem components is often a bottleneck
for protection planning, and a common excuse to justify the
lack of conservation actions due to insufficient information
on the distribution, state, functioning, and interactions of
ecological components (Giakoumi et al., 2012). The availability
of information regarding human activities (in terms of economic
and social relevance), is even more difficult to collate (Korpinen
et al., 2019). Fishing activity information is particularly
interesting due to its spatial distribution pattern and the potential
consequences of implementing MPA management measures, in
terms of socio-economic costs (Bastardie et al., 2015; Vaughan,
2017; Teixeira et al., 2018; Rodríguez-Basalo et al., 2019).
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The approach shown here provides different spatially explicit
solutions to achieve different protection targets, not only
according to legal requirements, but also, as a way of integrating
more ecosystem conservation focused targets. Hence, we argue
that this approach supports MSP and the ecosystem approach
(also known as ecosystem-based MSP).

CONCLUSION

The need to increase nature protection measures is clear, but
it needs to be aligned with the socio-economic sustainability of
maritime sectors to be effective. Thus, integrative approaches
combining ecological and socio-economic dimensions are the
ones that could better inform effective management. The SCP
framework offers scope for identifying representative areas for
protection based on a combination of legally binding and
ecological criteria. Apart from including protected habitats and
species, the inclusion of biological value, ecosystem services,
and habitat sensitivity in protection planning provides valuable
information for biodiversity protection.

The SCP approach implemented permitted the quantitative
valuation of the current conservation status against legally
binding obligations and the estimation of the areas for expansion,
to achieve the objectives with minimum cost for artisanal fishing
activity. Moreover, the definition of scenarios based on different
ecosystem components, permitted the estimation of the most
cost-effective measures for protection. We considered not only
priority habitats, but also other ecosystem features that would
contribute to biodiversity protection. The results indicate that
the inclusion of more protection features increases the size of
the area to be protected, but it demonstrates that it could be a
cost-effective measure. The establishment of different protection
criteria and targets highlighted the irreplaceability of areas to be
protected, and the definition of the size and shape of the area to be
declared, minimizing the impact on artisanal fishery. Hence, the
cost-effectiveness in designing conservation and protection areas,
using the SCP, has been demonstrated useful for management
advice. Due to such capabilities, SCP contributes to the emerging
need for integrative and evidence-based approaches to inform
managers in support of the ecosystem-based MSP.
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