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ABSTRACT

Mangrove ecosystems are found along tropical and subtropical coastlines, providing
essential environmental, social, and economic services, including shoreline protection, biodiversity
conservation, and carbon storage. Despite their importance, mangroves are increasingly threatened
by urban expansion, industrial development, and pollution, particularly in the Baixada Santista
Metropolitan Region (Sao Paulo, Brazil), which hosts some of the state’s most extensive mangrove
forests. We used a spatial planning tool, Marxan, to identify priority areas for mangrove
conservation and restoration based on the provision of key ecosystem services. Two target-based
scenarios were evaluated: (1) a 30% conservation target applied across all three ecosystem services
simultaneously (carbon stocks, coastal protection, and fisheries), and (2) a 30% target applied
individually to each ecosystem service. Priority areas were identified using spatial data on carbon
stocks, artisanal fishing activity, and coastal protection. Our results revealed clear spatial
differences between conservation and restoration priorities. While restoration priorities were
concentrated in a relatively small and consistent set of areas, conservation priorities were more
spatially distributed, indicating that conservation targets can be achieved through multiple
alternative spatial configurations across the region. In addition, no single municipality
simultaneously maximized priorities for all three ecosystem services, reinforcing the need for
multi-objective spatial planning rather than a single-service focus. These findings provide a robust
basis for mangrove management by aligning conservation and restoration efforts with climate

mitigation, biodiversity conservation, and coastal management objectives.

Keywords: mangrove; strategic prioritization; ecosystem services; Marxan; coastal wetlands.

Note: This dissertation includes results presented in the manuscript Mapping priority areas for
mangrove conservation and restoration through ecosystem service-based spatial planning, which
has been submitted to the Journal of Environmental Management and is currently under peer review

(Manuscript Number: JEMA-D-26-07071).
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1. INTRODUCTION

Mangroves are vital ecosystems widely acknowledged for their capacity to deliver a wide
range of environmental, social, and economic benefits (Dahdouh-Guebas et al., 2021). Distributed
along tropical and subtropical coastlines, these ecosystems play a crucial role in coastal protection
by acting as natural barriers against erosion and by improving water quality (Asari ef al., 2021;
Sultana et al., 2023). Their importance has become increasingly evident in the context of sea-level
rise and the intensification of extreme weather events (Hiilsen et al., 2025; Menéndez et al., 2020).
In addition, mangroves support rich biodiversity, providing refuge and breeding grounds for
numerous species and sustaining global fish populations, which makes them essential for
biodiversity conservation and local fisheries (Friess et al., 2020).

Mangrove forests also show remarkable potential for climate change mitigation. They are
among the most efficient ecosystems for carbon storage, holding up to 40 times more carbon per
hectare than many terrestrial forests, and thus play a key role in reducing greenhouse gas emissions
(Macreadie et al., 2021; McLeod et al., 2011). Despite their importance, mangroves are
increasingly threatened by human activities, including urban expansion, industrial development,
and pollution (Hagger ef al., 2022; Moschetto et al., 2021).

In Brazil, mangroves are legally protected as Permanent Preservation Areas (Brazil, 2012),
and recent years have seen growing integration of conservation policies with restoration and
incentive-based mechanisms, including Payment for Ecosystem Services schemes (Brazil, 2021).
These initiatives reflect a transition toward more proactive and multifunctional coastal
management approaches. However, ensuring the effectiveness of these policies requires spatially
explicit information to guide where conservation and restoration actions can deliver the greatest
combined ecological and socio-economic benefits.

Coastal regions are critical priorities for conservation because they are subject to multiple
and overlapping pressures, including industrial-scale fishing, climate change, and cumulative
impacts from land-based activities (Magris et al., 2021). In this context, well-designed Payment
for Ecosystem Services programs can play a key role in promoting conservation and restoration,
particularly when they prioritize biodiversity, support the delivery of multiple ecosystem services,
and account for the needs of diverse stakeholders (Bullock ef al., 2011). The ongoing degradation
of ecosystem services, including those provided by mangroves, highlights the urgent need to invest

in natural capital and to integrate ecosystem values into economic and spatial planning. Both the
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conservation of existing ecosystems and the restoration of degraded areas are essential to halt
biodiversity loss and ensure the long-term provision of ecosystem services (Barbosa et al., 2019).
Although ecosystem restoration can be critical in areas where degradation has already occurred,
recovery processes are often slow and sometimes incomplete. Recent economic valuation studies
suggest that, in many cases, the financial benefits of restoration may exceed its costs, particularly
when we account for multiple ecosystem services (Bullock ef al., 2011), but this is not always the
case. Returns can vary substantially depending on ecosystem type, restoration strategy, and socio-
ecological context. Spatial mismatches between restoration sites and benefit areas, ecological
uncertainties, and delayed service recovery may limit the realization of expected outcomes (Costa
etal.,2024; Rowland et al., 2024). In some cases, especially when ecosystem services take decades
to recover or when restoration fails to re-establish key ecological functions, the return on
investment may be lower than anticipated or even negative. These limitations reinforce the need to
prioritize the protection of remaining intact ecosystems, while focusing on long-term monitoring,
and carefully targeting restoration investments to maximize their effectiveness and cost-efficiency.
Considering the critical role mangroves play in delivering ecosystem services, there is an

urgent need for targeted efforts to conserve and restore these ecosystems. Spatial conservation
planning has emerged globally as the main approach for strategically allocating conservation and
restoration actions based on the distribution of targets and the costs of those actions (Kukkala &
Moilanen, 2013). While Brazilian environmental management has historically relied on regulatory
instruments and protected areas to support biodiversity conservation, recent initiatives, including
Payment for Ecosystem Services, have expanded opportunities for more proactive conservation
planning. However, there remains considerable potential to strengthen these efforts through spatial
prioritization frameworks that help allocate limited resources more efficiently across conservation
and restoration actions. Previous studies have collectively shown that spatial trade-offs exist across
ecosystem services (Adame et al., 2015; Atkinson ef al., 2016; Araya-Lopez et al., 2025), supply
and demand of ecosystem services matter (Lin et al., 2022), and that feasibility and cost must be
accounted for (Adame et al., 2015). However, few studies have applied spatially explicit, multi-
objective frameworks at sub-national scales that compare how different service-based targets
influence spatial priorities. Our study addresses this gap by developing and applying a service-
oriented spatial prioritization framework for mangrove ecosystems in Southeastern Brazil,

contrasting unified and service-specific objectives for both conservation and restoration. In doing
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s0, it provides critical insights for embedding ecosystem services delivery into local and regional
planning systems, where management goals must be balanced with limited resources and
implementation constraints.

In this study, we identify priority areas for mangrove conservation and restoration under
two distinct target-based scenarios. In the first scenario, we applied a 30% target guided by the
combined contribution of the three ecosystem services assessed in this study. In the second
scenario, we applied the same 30% target separately to each ecosystem service (i.e., carbon stock,
coastal protection, and fisheries support. This dual-scenario approach offers strategic insights for

designing cost-effective and service-oriented conservation strategies.

2. MATERIALS AND METHODS
2.1 STUDY REGION

The study region is focused on the Baixada Santista Metropolitan Region (Sao Paulo,
Brazil; Figure 1), which hosts the second-largest concentration of mangroves along Sao Paulo’s
coastline (Projeto MapBiomas, 2024). This coastal area comprises nine municipalities: Sao
Vicente, Santos, Guaruja, Cubatdo, Peruibe, Bertioga, Praia Grande, Mongagud, and Itanhaém.
Although mangroves occupy only 0.1% of the total area of the state of Sdo Paulo (Nalon et al.,
2022), their ecological importance underscores the need to identify priority areas for their
conservation and restoration. These ecosystems are increasingly threatened by human pressures,
including the operations of the Port of Santos, nearby industrial activities, and the expansion of
informal settlements, many built on stilts ('palafitas’) in ecologically sensitive areas (Moschetto et
al., 2021; Schaffer-Novelli et al., 2003).

This tropical coastal region, where mangroves intersect with remnants of the Atlantic
Forest, faces particularly acute pressures in the municipalities of Santos and Sao Vicente. Together,
these two municipalities account for approximately 31% of Sao Paulo’s total mangrove cover and
59% of the mangroves in the Baixada Santista (Sampaio, 2011). Rapid and often unregulated urban
expansion has resulted in the establishment of informal settlements, where more than 75% of the
resident population lives within the estuarine watershed, many in precarious housing conditions

(Sampaio et al., 2016).



Although 68% of the state’s mangroves fall within Permanent Preservation Areas (Nalon
et al., 2022), the concentration of human activities and infrastructure continues to drive
fragmentation and habitat degradation. Particularly significant is the pressure from expanding port
operations, land filling, and informal occupation, as seen in the Dique da Vila Gilda, which is the
largest stilt housing complex in Brazil and located within the mangrove fringes of Santos
(Moschetto et al., 2021). These dynamics highlight the complex interplay between social
vulnerability and ecological risk, reinforcing the need for spatial planning approaches that address

both environmental conservation and socio-economic realities in the region.
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Figure 1. Map of the study area with the mangrove areas in the region (A) and stilt houses (=
palafitas) associated with mangroves (B, C). Sources of spatial data: mangrove distribution
(MapBiomas Project, 2024), stilt houses and port area (IBGE, 2022). Photos source: Débora
Martins de Freitas.



2.2 SPATIAL PRIORITIZATION APPROACH

We used the decision support tool Marxan (v.2.43) to identify spatial solutions for
implementing two different management actions: 1) mangrove conservation and 2) mangrove
restoration in the study region (Figure 2). Marxan uses a simulated annealing algorithm to identify
alternative solutions that meet a set of quantitative targets for minimum cost (Ball ez al., 2009).

To prioritise actions in Marxan we first created planning units for the entire Baixada
Santista metropolitan region, comprising hexagonal units of 8 hectares each, totaling 28,752
planning units. In addition, for each planning unit in both objectives, we calculated the management
cost and the potential ecosystem service provided by mangroves. Each planning unit was also
assigned to a unique identifier, status, and value, indicating areas designated for conservation (i.e.,
existing mangrove locations) and restoration (i.e., former mangrove areas converted to a different
land use, as identified in De Andrade et al., 2025). The municipality of Mongagua was excluded
from the prioritization due to its current lack of mangrove cover (Prefeitura Municipal de
Mongagua, 2016).

For the conservation objective, we aimed to protect existing mangroves, while also
maintaining their ecosystem service provision and resilience to ongoing environmental pressures.
In contrast, the restoration is focused on areas where mangroves have been historically lost due to
land use conversion in order to recover their ecological functions (including carbon stock and
coastal protection). Protection costs were represented by the area of mangroves (in hectares) within
each planning unit. Restoration opportunities were identified using historical land cover data
(Projeto Mapbiomas 2024) and were informed by cost estimates, with an average investment of
USD 3,000 per hectare (Bayraktarov et al., 2016). Although this value provides a useful
benchmark, it may not accurately reflect the costs of mangrove restoration in the Baixada Santista
region. However, the lack of documented large-scale restoration projects locally limits the
development of more precise regional estimates. By incorporating both scenarios, our prioritization
analysis produced spatially explicit priorities that optimize ecological benefits while considering
the economic feasibility of conservation and restoration strategies.

Following the approach of Adame et al. (2015) and Araya-Lopez et al. (2025), we
developed two target-based prioritization scenarios, drawing on the targets established under the
Kunming—Montreal Global Biodiversity Framework. Specifically, the adoption of a 30% target

aligns with Target 2, which calls for the effective restoration of at least 30% of degraded
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ecosystems by 2030, and with the 30%30 conservation goal (Target 3), which aims to ensure that
at least 30% of terrestrial, inland water, coastal, and marine areas are effectively conserved by
2030. Using a 30% target therefore enhances the policy relevance of our prioritization framework
by aligning it with internationally recognized biodiversity commitments. Within the Marxan
framework, this target requires the selection of a set of planning units that collectively represents
at least 30% of the total amount of each conservation feature or ecosystem service while
minimizing the objective function. Consequently, planning units not selected in the optimal
solution represent the remaining proportion of the landscape that is not required to achieve the
specified target under the modeled scenario, rather than areas without ecological value or
management importance. In the first scenario, we applied the same 30% target for all three
ecosystem services (i.e., carbon storage, coastal protection, and fisheries enhancement) to identify
priority areas that maximize the combined delivery of benefits while minimizing the cost of all
actions. This scenario reflects a proportional target relative to the total potential supply of services
across all planning units. In the second scenario, the 30% target was applied independently to each
ecosystem service, with separate Marxan runs conducted for carbon stock, fisheries, and coastal
protection, thereby enabling the identification of service-specific spatial priorities and trade-offs.

For each objective and target-based scenario, we set the parameters according to Marxan
best practice (Ardron et al., 2013). For all scenarios, we set the boundary length modifier (BLM;
parameter that controls the degree of connectivity between planning units) equal to 1. The
parameter species penalty factor, which determines the penalty applied when a given ecosystem
service fails to meet its conservation or restoration target, was set to 1 across all ecosystem services
thus ensuring the targets are met. All scenarios were run with 100 repetitions and 1,000,000
iterations.

We assessed our results using two key outputs: the best solution, which represents the set
of planning units that meets the defined targets at the lowest cost, and the selection frequency,
which indicates how often each planning unit was selected amongst 100 good solutions. Together,
these outputs provide a basis for identifying high-priority areas for conservation and restoration,
which were identified by selecting planning units with a selection frequency greater than 70%. All
spatial solutions were evaluated across the study region and the nine municipalities. The spatial

analyses were conducted using QGIS version 3.38.2 under the SIRGAS 2000 coordinate reference



system. All data analyses and graphing, including the Pearson correlation test, were performed

using Microsoft Excel.
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Figure 2. Diagram illustrating the steps involved in the mangrove conservation and restoration

prioritization process implemented in this study.

Table 1. Overview of the main topics addressed in this study and their definitions.
Topic Description
Conservation of existing mangroves in the study area.
Management Actions Restoration of lost mangroves (i.e., locations where
mangroves previously occurred).
Ecosystem services provided by mangroves considered in this
Ecosystem Services study: consisting of carbon stock, fisheries, and coastal

protection.

Scenarios applying a 30% target to all ecosystem services

Scenarios ) _
combined, and a 30% target to each service separately.
Cost of mangrove restoration (USD 3,000 per hectare) and
Management Cost conservation cost (i.e., calculated based on mangrove area in
hectares) were estimated for planning unit.
Best solution and selection frequency of planning units for the
Output

defined targets across 100 MARXAN runs.



Table 2. Marxan workflow used in this study from start to finish.

Step

1

Process

Prepare the base map

Assign a unique PU
ID

Build the Marxan
input tables

Define management
eligibility before
Marxan optimization

Define scenarios for
each run

Marxan optimization

Generate Marxan
outputs

Classify selection
frequency

Produce final outputs

Description

Study area divided into 28,752 hexagonal
Planning Units (PUs).

Each hexagon receives a unique identification
code (PU ID).

Information is organized into four main input
tables: Planning Unit table (PU ID and cost);
Species table (targets defined for each
ecosystem service); PU—Species table
(ecosystem-service values assigned to each
PU); and Boundary table (shared boundaries
between neighboring PUs). The PU ID links
each spatial hexagon to its corresponding
information across the tables.

Conservation run: only conservation-eligible
PUs can be selected. Restoration run: only
restoration-eligible PUs can be selected.
Important: Marxan does not determine
whether a PU is for conservation or
restoration; eligibility is defined beforehand.

Combined-service scenario: 30% target for
Blue carbon + Coastal protection + Fisheries.
Single-service scenarios: 30% target for each

service separately.

Marxan is run separately for each
management action: once for Conservation
and once for Restoration. In each run, Marxan
uses simulated annealing to iteratively search
for an optimal set of eligible PUs. It selects
and modifies PUs, evaluates each solution,
checks ecosystem-service targets, and
considers cost and boundary length. This
process is repeated iteratively to improve the
solution.

Best solution and selection frequency across
runs.

Low — Intermediate — High frequency.

Conservation Priority Maps and Restoration
Priority Maps.



2.3 ESTIMATING ECOSYSTEM SERVICES

Carbon stock was estimated using the IN'VEST Coastal Blue Carbon model. The model was
parameterized for the Baixada Santista Metropolitan Region using aboveground and belowground
carbon stock values reported in the literature for mangrove ecosystems in nearby and ecologically
comparable regions (Rovai ef al., 2021; Rovai et al., 2022). Model outputs included estimates of
carbon sequestration, accumulation, emissions, and total carbon stock over time. For the purposes
of this study, we used the spatial distribution of estimated carbon stock values for the year 2021,
representing the most recent year with observed data available for the region (De Andrade et al.,
2025). These values were then used to estimate the carbon stock for each planning unit.

Spatially explicit estimates of total ecosystem carbon stocks in mangrove areas were obtained
from De Andrade et al. (2025), who mapped the blue carbon dynamics for the Baixada Santista
region. We used this carbon stock layer as a conservative proxy for the climate regulation potential
of mangroves on the basis that they represent the underlying blue carbon asset and the magnitude
of potential emissions that could be avoided through conservation of existing mangroves. We
acknowledge that this choice emphasises avoided emissions from conservation rather than
additional removals from restoration and, as such, may underestimate the full mitigation potential
of restored mangroves. This trade-off could be addressed in future work by re-running the
prioritization using sequestration rates once more robust temporal data become available. We
aggregated the carbon stocks values to the planning-unit level by calculating the mean value within
each unit.

Coastal protection was represented using the number of properties potentially shielded by
mangroves as a proxy for exposure reduction. We first obtained the spatial distribution of mangrove
forests from MapBiomas (Projeto Mapbiomas, 2024), whose land cover products are validated
using a nationwide stratified random sample interpreted through visual inspection of multi-
temporal Landsat imagery by independent analysts. From this layer, we created a 1 km buffer
around all mangrove polygons to approximate the coastal zone where mangroves are likely to
contribute to wave attenuation and shoreline protection. Property location data were then sourced
from the Brazilian Institute of Geography and Statistics (IBGE, 2022) and spatially overlaid with
the buffered mangrove area. For each planning unit, we counted the number of properties within

the buffer and used this count as an index of coastal protection, assuming that a higher number of
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properties within the mangrove protection zone reflects greater potential benefits provided by these
ecosystems.

Fisheries ecosystem services were quantified using artisanal fishing data obtained from
Petrobras’s Monitoring Project for Fishing Activity (PMAP), which provides information on fish
landings at the municipal level for the study area (Petrobras, 2023). We used a multi-year average
from 2017 to 2019 of total artisanal landings, expressed as total landed catch in tonnes, as a proxy
for fisheries provision. In the analyzed fisheries report, landing data were reported either by
municipality or by species, but not as a combined municipality-by-species dataset. Therefore, total
fishery landings by municipality were used as a proxy for the fishery provisioning service provided
by mangrove ecosystems. Although this approach includes species with varying degrees of
ecological association with mangroves, it represents the best available information to characterize
the regional importance of fisheries. Furthermore, because most fisheries in the Baixada Santista
operate within an estuarine—coastal system strongly influenced by mangrove ecosystems,
municipal fishery landings provide a reasonable proxy for the fisheries provisioning service,
despite not all landed species being directly dependent on mangrove habitats. Municipal landing
values were spatially allocated to planning units based on municipal boundaries and adjusted

according to the mangrove area within each municipality.

2.4 SENSITIVITY ANALYSIS

After defining the initial scenarios, we re-ran the Marxan analyses using reduced targets of
10% and 20% for each ecosystem service. For each target level, selection frequency outputs were
generated to evaluate potential shifts in spatial priorities. Reduced targets of 20% and 10% were
selected to represent progressively less ambitious conservation and restoration objectives that may
reflect resource-constrained management contexts. This allowed us to evaluate whether the spatial
priorities identified under the 30% target remained robust when lower implementation targets were
considered. The resulting frequency maps were examined in QGIS to visually assess differences in
priority areas across targets. To quantitatively assess the spatial similarities among targets, we
applied Pearson correlation tests to the selection frequency results using the Pearson formula in
Microsoft Excel. This analysis was conducted separately for the conservation and restoration
management actions, allowing us to compare how spatial priorities are sensitive to changes in the

targets used in this study.
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3. RESULTS

In the scenario where a 30% target was applied across all ecosystem services, we identified
a total of 3,506 ha of mangroves as priority areas for conservation (39% of the total available for
selection) and 5,773 ha as priority areas for restoration (62% of the total available for selection).
Among the municipalities, Santos emerged as the top priority for conservation by area,
encompassing the largest area of selected planning units (1,248 ha). In contrast, Bertioga led in
restoration opportunities by area when all ecosystem services were considered (1,487 ha).

When considering individual ecosystem services, conservation priorities for coastal
protection, were highest in S3o Vicente (97 ha), while restoration priorities were highest in Praia
Grande (316 ha). Sao Vicente also stood out for its importance in the conservation of blue carbon
stocks, with 97 ha identified as priority for conservation, while Santos had the highest restoration
potential for this service (1,231 ha). For fisheries support, the top spatial priorities for conservation
were identified in Santos (1,222 ha), Guaruja (721 ha), and Bertioga (493 ha), while for restoration,
the leading municipalities were Bertioga (1,487 ha), Sao Vicente (993 ha), and Praia Grande (632

ha), highlighting their strategic relevance for sustaining artisanal fishing activities.
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Figure 3. Total area (ha) of planning units selected under each prioritization scenario for each

municipality, separately for the conservation (C) and restoration (R) management actions.

The selection frequency results for the 30% target for all ecosystem services scenario
highlight marked differences between the spatial outcomes for conservation and restoration
(Figure 4). 99% of the selected planning units showed high selection frequency, being chosen in
more than 70% of the 100 Marxan runs, with high-frequency units clustering mainly in Bertioga

(167 PUs) and Sao Vicente (110 PUs). This indicates that a relatively small, spatially concentrated
12



set of areas is consistently required to meet restoration targets. By contrast, for conservation, only
0.3% of planning units were selected in >70% of runs, while 99% fell within intermediate
frequencies (20-50%), with a strong concentration of planning units in Santos (806 PUs) and
Guaruja (233 PUs). These patterns suggest that conservation objectives can be achieved through
many alternative spatial configurations, whereas restoration success depends on a much narrower
set of high-priority sites.

Cubatdo Santos
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§

Bertioga
- Mongagua
/j Grande Guaruja
;\ /. Peruibe
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Figure 4. Area (ha) selected in the best solution for restoration and conservation in each

municipality under the 30% target scenario for all ecosystem services. Results are shown separately
for all planning units in the best solution (all priority sites) and for high-frequency units (high
priority sites), which represent the subset of best solution units selected in more than 70% of

Marxan runs based on selection frequency. The different colors represent each municipality.
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Figure 5. Spatial distribution of priority planning units for conservation under two scenarios: a

30% target for all ecosystem services and separate 30% targets applied to each service individually.

The municipalities with the largest selected areas are highlighted: Santos (A) and Guaruja (B).
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Figure 6. Spatial distribution of priority planning units (PUs) for restoration under two scenarios:
a unified 30% target across all ecosystem services and separate 30% targets applied to each service
individually. The municipalities with the largest selected areas are highlighted: Sdo Vicente (A)
and Bertioga (B).

Overall, spatial congruence between conservation and restoration priorities was moderate,
with ~29% of planning units selected in both management actions for the 30% all services target.
These overlapping areas were mainly concentrated in Sdo Vicente and Bertioga, suggesting that
they may represent particularly strategic locations for integrated management. For conservation,
spatial congruence between the combined-target scenario and service-specific priorities was
generally low. Overlap with the combined solution was 34% for fisheries, 27% for blue carbon,
and 34% for coastal protection. Coastal protection priorities were concentrated in Sdo Vicente, blue
carbon priorities extended into Sdo Vicente and Peruibe, and fisheries priorities were distinct in
Santos. These differences highlight municipalities which can provide cost-effective solutions for
single ecosystem services.

For restoration, the overlap between single-service plan with the combined-service solution

was much higher: 100% for fisheries and coastal protection, and 47% for blue carbon. Spatial
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differences were limited: blue carbon priorities extended into Santos, while coastal protection and
fisheries priorities largely coincided with the combined scenario, indicating that most service-
specific priorities align with the overall optimal restoration solution. No single municipality
simultaneously maximized priorities for all three services, reinforcing the need for multi-objective
planning rather than a single-service focus.

The Pearson correlation analysis of selection frequency across target scenarios (10%, 20%,
and 30%) revealed distinct patterns for conservation and restoration objectives. For conservation,
correlations were consistently high (ranging from 0.846 to 0.955), indicating strong similarity in
spatial priorities across all target levels. This suggests that the planning units selected for
conservation remain largely consistent whether the target is set at 10%, 20%, or 30%. In contrast,
consistency in restoration priorities was more sensitive to changes in target levels. The 10% and
20% targets showed a strong correlation (r = 0.940), but the correlation between 10% and 30%
targets was lower (r = 0.595), and that between 20%—-30% comparison was moderate (r = 0.650).
These results indicate that restoration spatial priorities shift more substantially as targets change,
with higher targets bringing additional areas into the solution that were not consistently selected at
lower targets. Overall, our results show that conservation planning can be relatively robust to the
choice of target, whereas restoration planning is more sensitive to ambition levels and may require

greater flexibility and stakeholder negotiation as targets increase.

4. DISCUSSION

The prioritization of mangrove conservation and restoration using ecosystem service-based
spatial planning offers valuable insights for guiding decision-making in rapidly urbanizing coastal
regions (Mazor et al., 2021). Our results show that areas with extensive mangrove cover and high
ecological functionality tend to be consistently prioritized, particularly where multiple ecosystem
services overlap. In this study, municipalities such as Santos and Bertioga exemplify regions that
simultaneously support artisanal fisheries, coastal protection, and carbon stock (Petrobras, 2023;
De Andrade ef al., 2025). These multifunctional areas are strategically important and represent
low-regret options for integrated conservation planning and align closely with regional climate and
sustainability agendas.

Sites that combine high ecological value with intense human pressure, such as those with

informal settlements, port infrastructure, or rapid land-use change, often emerge as dual priorities
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for both protecting remaining intact mangroves and restoring degraded zones. This dual role
underscores the importance of integrated strategies that address both conservation goals and socio-
environmental vulnerabilities (Moschetto et al., 2021; Sampaio et al., 2016). In such contexts,
spatial prioritization does more than identify ecologically important areas; it also highlights
locations where conservation and restoration can contribute to more equitable climate mitigation
and adaptation policies. Conversely, areas with relatively intact and connected mangrove systems
tended to be consistently prioritized across all ecosystem services, indicating strategic
opportunities for cost-effective and long-term actions. These findings are consistent with broader
international frameworks that emphasize ecosystem integrity and resilience before degradation
becomes critical (Bayraktarov ef al., 2016; Bullock et al., 2011).

The analysis also reveals that municipalities or regions with comparatively smaller
mangrove extents can still deliver substantial ecosystem services. These findings reinforce that
mangrove value is not solely determined by spatial coverage, but also by specific ecosystem
services, such as sediment stabilization, wave attenuation, and support for local fisheries (Friess,
2016; Schaeffer-Novelli & Cintron-Molero, 2016; Friess et al., 2020; Costa et al., 2024). Protecting
these concentrated, service-rich zones should therefore be a key element of integrated coastal zone
management, particularly where local communities rely heavily on these benefits. In addition, the
distribution of ecosystem services highlights the strategic importance of carbon-rich mangrove
areas. Mangroves with high blue carbon stocks represent priority opportunities for climate
mitigation, as their protection can contribute to carbon sequestration and emissions avoidance.
Safeguarding these areas can therefore support conservation financing mechanisms, carbon offset
initiatives, and policy frameworks aligned with global climate commitments such as the Paris
Agreement (Beloto ef al., 2023; Santos, 2015; McLeod et al., 2011; Dabala ef al., 2023). These
areas not only serve local environmental goals but also provide measurable contributions to
international nature-based solutions.

The service-specific scenarios usually produced priorities that were very different from the
scenario that included all the services, with differences more pronounced for the action of
conservation than for restoration. For conservation, spatial overlap between the combined solution
and service-specific priorities was low, and selection frequency results showed that most planning
units were selected at intermediate frequencies, indicating the existence of multiple alternative

efficient spatial configurations capable of meeting conservation targets. In contrast, restoration
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priorities showed high congruence across services and were characterized by a set of planning units
consistently selected across Marxan runs, particularly in Bertioga and Sao Vicente. Spatial overlap
between conservation and restoration priorities was limited (~29%), reinforcing that these actions
operate under different spatial logics within the study region and are unlikely to be efficiently
addressed through a single, uniform intervention.

The municipalities most frequently selected as priorities, including Santos and Sdo Vicente,
highlight both feasibility and the need for coordinated action, as conservation and restoration
objectives often span administrative boundaries. In Santos, interventions can be aligned with the
Plano Municipal de Mudangas Climaticas (Prefeitura de Santos, 2022), while in Sdo Vicente, the
recently initiated Co-Planning for Climate Justice (COOP CLIMA) project, in partnership with
universities, the municipal government, and civil society, aims to support the development of a
municipal climate action plan. At the broader policy level, the priorities identified in this study can
also contribute to the objectives of the ProManguezal (National Program for the Conservation and
Sustainable Use of Mangroves), particularly by supporting the spatial identification of areas where
mangrove conservation and restoration may provide important climate, ecological, and socio-
economic benefits (Brazil, 2024). In addition, the identified priorities could inform the design or
implementation of Payment for Environmental Services (PES) initiatives by helping to identify
areas where conservation or restoration actions may generate multiple ecosystem-service benefits
(Sao Paulo, 2022). Together, these initiatives provide existing institutional and policy frameworks
through which Marxan-identified priorities could be integrated with local planning, governance,
financial incentives, and community engagement, facilitating more coordinated implementation
across scales (Secretaria Municipal de Desenvolvimento Urbano, 2016). In this context, the results
can serve as a starting point for dialogue among municipalities, environmental agencies, local
communities, and other stakeholders, supporting the identification of shared priorities and

opportunities for coordinated action across administrative boundaries (Table 3).
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Table 3. Potential contributions of the study’s spatial prioritization results to existing climate,

mangrove conservation, and environmental policy initiatives.

Policy / initiative Scale Potential use of this study's results
The spatial priorities identified by Marxan can contribute specifically to Axis IV —
~ Urban Resilience and Nature-Based Solutions (Prefeitura de Santos, 2022). The
Plano de Ac¢ao . . . . . ;
" .. identification of priority areas for mangrove conservation and restoration can
Climatica de Municipal . o . .
provide complementary spatial information to support nature-based solutions
Santos (PACS) . . o . .
aimed at strengthening coastal resilience, while also considering the ecosystem
services provided by mangroves.
The results can provide a spatial evidence base for participatory climate planning,
COOP CLIMA — .. L . . .
~ < Municipal helping identify areas where mangrove conservation and restoration may generate
Sdo Vicente . . . . .
combined benefits for climate resilience, coastal protection, and fisheries.
ProManguezal — The study provides a regional-scale application that can contribute to the broader
National Program National objectives of ProManguezal, by demonstrating how spatial prioritization can
for the policy with integrate multiple mangrove ecosystem services. The results are not intended to
Conservation and regional represent priorities for Brazil as a whole but may provide a methodological and
Sustainable Use application  regional example with potential relevance to national mangrove conservation and

of Mangroves
State Policy and
Program for
Payment for

State of Sdo

restoration strategies (Brazil, 2024).

The priority maps can support the identification of areas where conservation or
restoration actions may generate multiple ecosystem-service benefits, potentially

Environmental Paulo helping to inform the spatial targeting of PES initiatives, subject to the specific
Services eligibility and implementation criteria of each program (Sdo Paulo, 2022).
(PEPSA/PPSA)

Consistent with Araya-Lopez et al. (2025), we found that different ecosystem services

highlight partially distinct priority areas, reinforcing the importance of multi-service planning.
However, unlike previous studies at larger scales (Araya-Lopez et al., 2025; Fabbrizzi et al., 2023),
our sub-national analysis reveals strong concentration of restoration opportunities in a small
number of municipalities.

This study also has limitations related to the proxies and spatial datasets used to represent
ecosystem services and mangrove dynamics. Coastal protection was approximated by the number
of properties located near mangrove areas, which provides an indication of the potential benefits
of mangroves for protecting human assets but does not explicitly account for structural and
ecological characteristics of mangrove vegetation, such as tree density, species composition,
vegetation structure, and other factors that influence wave attenuation and coastal protection.
Similarly, the restoration scenario considered areas that had experienced mangrove loss over time
as potentially suitable for restoration. However, this approach does not distinguish between areas
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with different levels of actual restoration feasibility or likelihood of natural or assisted recovery in
practice, as these may depend on local hydrological conditions, land use, accessibility, degradation
levels, and other site-specific factors. Blue carbon stocks were estimated using the IN'VEST Coastal
Blue Carbon model and biophysical parameters derived from a regional study conducted in only
part of the mangrove area of the Baixada Santista. Therefore, these values may not fully represent
the spatial variability of carbon stocks across the entire region. Fisheries were represented using
municipal-level artisanal fishery landings that were spatially redistributed among planning units,
which provides a regional proxy but does not capture the precise spatial distribution of fishing
activity or the ecological dependence of individual species on mangrove ecosystems.
Consequently, the Marxan outputs should be interpreted as a strategic, regional-scale prioritization
framework rather than precise site-level prescriptions or direct management recommendations for
individual municipalities. Future studies should incorporate more detailed, municipality-specific
datasets, including field-based measurements of carbon stocks, vegetation structure and species
composition, hydrological and restoration feasibility assessments, and finer-scale fisheries data.
Such improvements would allow for more accurate identification of priority areas and provide a

stronger basis for site-specific conservation and restoration planning.

5. CONCLUSION

This study aimed to identify priority areas for mangrove restoration and conservation in the
metropolitan region of Baixada Santista, using spatial prioritisation based on three ecosystem
services (fisheries, blue carbon, and coastal protection). Our results revealed contrasting patterns
between conservation and restoration priorities: restoration hotspots were spatially concentrated in
a few municipalities such as Bertioga and Sao Vicente, whereas conservation priorities were more
evenly dispersed. Multi-service hotspots were limited, and no single municipality simultaneously
maximized priorities for all services, highlighting strong trade-offs between objectives.
Importantly, our analysis demonstrates that focusing solely on mangrove area would overlook areas
of high functional value; integrating multiple services provides a more nuanced and actionable
understanding of priorities.

Our approach and results have direct relevance for local and regional management,
providing spatially explicit guidance for municipal and state planning efforts. The outputs can

support the implementation of legal and policy instruments, facilitating the identification of sites
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where restoration or conservation investments are likely to yield the greatest benefits. Future efforts
should integrate socio-economic and governance data, as well as local stakeholder knowledge, to
refine priorities and ensure feasibility. Additionally, the framework developed here can be
replicated or scaled to other coastal regions globally, providing a robust approach for multi-service

ecosystem management.
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7. APPENDICES

APPENDIX A - Spatial distribution maps of priority planning units for conservation and
restoration targets of 10% and 20%.
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Figure 7. Spatial distribution of priority planning units (PUs) for conservation under two scenarios:
a unified 10% target across all ecosystem services and separate 10% targets applied to each service
individually.
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