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1. Introduction

In 2015, the UN member States identified 17 Sustainable Develop-
ment Goals (SDGs) for our societies’ prosperity and the planet’s pro-
tection to the Horizon 2030. One of these goals, SDG 14 “Life below
water”, focuses on the conservation and sustainable management of the
ocean. Beyond SDG 14, marine management can also contribute to other
SDGs (Gissi et al., 2022) and to several IUCN societal challenges
addressed through ecosystem-based approaches (Cohen-Shacham et al.,
2016). The approach elaborated by the IUCN to cope with these chal-
lenges places nature at the core of the equation. Ecological processes and
functions arise from biotic and abiotic interactions within ecosystems.
These processes generate ecosystem services that people can benefit
from, use, and value to contribute to human well-being. The materiali-
zation of ecosystem services produces societal benefits (Liquete et al.,
2013; Rey et al., 2015), though their type, number, and intensity vary
greatly depending on the presence and status of an ecosystem
(Nicholson et al., 2021; Pérez et al., 2024).

Nature-based Solutions (NBS) is an umbrella term encompassing
protection, restoration, and other sustainable management measures
that address societal challenges while benefiting biodiversity
(Cohen-Shacham et al., 2016; IUCN, 2020; SEEA, 2021; UNEP, 2022).
With the need for climate change adaptation and mitigation, our soci-
eties require a panel of solutions. Marine and coastal (Blue) carbon
ecosystems, such as seagrass, kelp forests, mangrove, and seaweeds,
offer powerful opportunities to address societal challenges (O’Leary
et al., 2023; Pérez et al., 2024; World Bank, 2023). However, NBS in
marine ecosystems, or Blue-NBS, have been much less widely imple-
mented than on land. This is partly due to a lack of information and
understanding of marine biodiversity and the ecosystem services
delivered in the field (O’Leary et al., 2023; Pérez et al., 2024). The
systematic review (Martinez-Harms et al., 2015) reveals that only 14 %

of the literature based on decision making for managing ecosystem
services applied in marine systems, highlighting a gap that needs to be
filled.

Considerable methods have been developed to assess the environ-
mental suitability, from GIS-based approaches, such as multi-criteria
decision analysis (MCDA) (Bakirman and Gumusay, 2020; Syahid
et al.,, 2020) to machine learning techniques (e.g., random forest)
(Catucci and Scardi, 2020). Among these, GIS-based approaches inte-
grating expert and stakeholder opinions enable multi-dimensional ana-
lyses and help address data gaps in biotic and abiotic components
(O’Leary et al., 2023). The combination of GIS and MCDA provides a
structured framework for the complex decision-making process of NBS
design involving multiple dimensions and related variables (Greene
et al., 2011). Most suitability assessments of MCEs primarily focus on
defining growth and survival (i.e., comfort zone/safe operating space)
(Green et al., 2017; Scheffer et al., 2015), considering mainly environ-
mental enablers. By integrating diverse criteria, GIS-based MCDA can
identify habitat suitability while also supporting ecosystem-based
management of marine natural capital and ecosystem services
(Buonocore et al., 2020; Palumbi et al., 2009).

The Mediterranean Sea is considered one of the world’s biodiversity
hotspots, but also vulnerable to climate change impacts, considering its
unique characteristics as the largest enclosed sea (2.5 million km?) (e.g.,
limited water exchange with oceans) (Coll et al., 2010, 2012) and its
endangered MCE:s in both shallow and deep-water (e.g., seagrass beds,
coralligenous assemblages, and maérl beds) (Coll et al., 2012; EC, 2006;
MedECC et al., 2020; Zenetos et al., 2002). Additionally, terrestrial and
maritime human activities (e.g., wastewater treatment, trawling,
dredging, shipping activities) produce severe cumulative impacts (e.g.,
physical damages, invasive species) (Furlan et al., 2019; Simeoni et al.,
2023). These impacts accelerate water quality degradation (e.g., an in-
crease in turbidity) (Aslan et al.,, 2022; UNEP/MAP, 2012) with
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cascading effects on MCEs, such as degrading the density and complexity
of species’ assemblages (Pergent-Martini et al., 2016). The Mediterra-
nean basin shore is home to 150 million inhabitants who benefit from its
ecosystem services. Because resilience and service delivery are driven by
processes at the basin scale, yet implementation must align with local
socio-economic contexts (IUCN, 2020; Nicholson et al., 2021; Seddon
etal., 2020; SEEA, 2021), NBS planning requires mapping tools that link
ecological and socio-economic dimensions.

Among the ecosystems contributing to Blue-NBS potential in the
Mediterranean Sea, the most common is the Posidonia K.D. Koenig
meadow. Endemic to the Mediterranean Sea, Posidonia oceanica (L.)
Delile is a foundational species that forms a key habitat for many or-
ganisms. Their slow-growing, long-persisting (some aged up to 100,000
years) meadow ecosystem (Escandell-Westcott et al., 2023) provides a
wide range of ecosystem services addressing six societal challenges: food
security, economic and social development, disaster risk reduction,
climate change adaptation, human health, and support to biodiversity.
Globally, seagrasses have the capacity to store up to twice as much
carbon per hectare as terrestrial forests (Fourqurean et al., 2012; World
Bank, 2023). These underwater plants sequester carbon, most of which
is retained in soils reaching depths of up to 4 m. Thus, seagrasses serve as
a substantial carbon sink within the global carbon cycle, playing a
crucial role in efforts to mitigate climate change. Although there are
numerous studies on P. oceanica mapping (Catucci and Scardi, 2020;
Houngnandan et al., 2020) the information is unevenly distributed and
is rarely presented at the basin level scale (Telesca et al., 2015). Recent
efforts have started to address this gap, such as the suitability mapping
of P. oceanica in the Mediterranean basin developed in Ozkiper et al.
(2024) under a baseline scenario. In addition, the relation between the
presence of P. oceanica and the ecosystem services is largely assessed
(Campagne et al., 2014; Nordlund et al., 2016; Zrelli et al., 2023) despite
only local or regional information being available from mapping
(Buonocore et al., 2020; Scanu et al., 2022; Vassallo et al., 2013).

This study proposes a GIS-based Multi-criteria Approach for Suit-
ability of NBS (MAS-NBS) to indicate the environmental suitability of
coastal areas in the Mediterranean eco-region for NBS implementation
through P. oceanica seagrass meadows under different climate change
(CC) scenarios. Building upon our previous baseline analysis of
P. oceanica environmental suitability in the region (Ozkiper et al., 2024),
this future scenario analysis aids in developing adaptive strategies by
considering potential changes in the suitability of Blue-NBS over the
long term under different scenarios (i.e., different RCPs). MAS-NBS is
performed using the Analytic Hierarchy Process (AHP), a widely used
MCDA technique in ecological and spatial decision-making contexts.
Compared with alternative MCDA methods (e.g., TOPSIS, fuzzy logic),
AHP allows explicit pairwise comparisons and integrates expert judg-
ment transparently. The analysis builds upon the consideration of op-
timum and threshold values, as well as the prioritization of various
environmental variables crucial for the survival and growth of seagrass
meadows. The synergistic effect of AHP and GIS in the developed
approach enhances the assessment of suitability for P. oceanica meadows
and supports decision-makers in designing marine and coastal NBS.
While previous assessments focused on local scales or baseline condi-
tions, this study provides the first basin-scale Blue-NBS suitability
analysis for the Mediterranean under climate scenarios, explicitly
incorporating expert knowledge for forward-looking spatial planning.
Ultimately, the proposed MAS-NBS model requires fewer input data and
technical prerequisites compared to alternative machine learning
methodologies and ecological niche models, while providing sufficient
information for decision-makers in NBS spatial planning.

2. Case study area: The Mediterranean eco-region
The suitability assessment in this study was performed for P. oceanica

meadows, a vulnerable-listed, endemic species (EU, 2016) in the Med-
iterranean Sea, which is one of the world’s 25 biodiversity hotspot areas
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encompassing more than 17,000 marine species. Among seven seagrass
species in the eco-region, P. oceanica populations have the largest and
longest records, with a total area of 12,247 km? and a length of 11,907
km along the Mediterranean coastline. This is despite the lack of pre-
sence/absence data for 21,471 km—nearly half of the total coastline
(~46,000 km) (Telesca et al., 2015). It is estimated that P. oceanica has
experienced a reduction of about 13-50 % in extent since 1960 (Marba
et al., 2014) due to climate change impacts and human pressures in the
Mediterranean Sea.

The Mediterranean Sea basin’s physicochemical characteristics show
a well-oxygenated and oligotrophic oceanic system, with some excep-
tional coastal areas affected by river discharges, vertical mixing, and
upwelling (e.g., Northern Adriatic, the Gulf of Lion) (Zenetos et al.,
2002). Salinity increases eastward (i.e., average 37.5-39.5 Practical
Salinity Unit (PSU)) (Coll et al., 2010) due to higher evaporation and
reduced river runoff on the eastern side. The average annual sea surface
temperature (SST) also shows spatial variability between 15 and 21 °C,
with a higher trend in the eastern and southern parts. Moreover, it in-
dicates significant seasonal variability, which may result in marine
heatwaves during summer. Heatwaves in the Mediterranean Sea have an
average duration of 15 days with a mean intensity of 0.6 °C, which can
cause thermal stress on MCEs (Darmaraki et al., 2019). The Mediterra-
nean seabed is primarily dominated by sand and muddy sand substrate
with a gentle slope (Levin et al., 2014). Although the Mediterranean is
the deepest enclosed sea (average 1460 m, maximum 5267 m) (Coll
et al., 2010, 2012), the suitability maps were generated with a depth
range between 0 and 60 m in this study (Fig. 1), reflecting the
light-limitation threshold for seagrass growth, as meadows rarely extend
beyond 50 m (Tursi et al., 2022).

3. Materials and methods: multi-criteria Approach for
Suitability of NBS

The MAS-NBS model was developed for the assessment of environ-
mentally suitable areas for P. oceanica growth. It is built on the GIS-
based AHP approach, which aims to obtain a final aggregated score by
combining individual weights and scores of different elements to assist
decision-making processes (Chandio et al., 2013). The operational
workflow and the key steps of the MAS-NBS model are summarized in
Fig. 2.

3.1. Evaluation criteria and data collection

In this study, ten key environmental criteria for P. oceanica growth
and survival representing environmental conditions in the Mediterra-
nean coastal areas were selected. These criteria were then clustered into
three thematic groups (TGs) where similar criteria were placed together:
the climate thematic group (CTG), geomorphology thematic group (GTG),
and water quality thematic group (WQTG).

The CTG represents the suitability of P. oceanica growth based on
temperature values and their abrupt changes, such as marine heatwaves
due to climate change. Thus, the evaluation criteria include average
summer SST (i.e., June-July - August), thermal stress (TS) duration, and
TS intensity. P. oceanica demonstrates tolerance to a broad range of SST
(10-29 °C). Nevertheless, prolonged exposure to temperatures higher
than 28.4 °C initiates TS conditions for meadows, inhibiting their
growth and increasing shoot mortality (Chefaoui et al., 2017; Marba and
Duarte, 2010).

The GTG represents the NBS suitability for P. oceanica through the
seabed characteristics. The criteria—depth, seabed slope, and substrate
type—serve as essential proxies for natural coastal processes (i.e., hy-
drodynamic effects), light penetration, root attachment, and nutrient
availability. Shallow waters (i.e., mostly 1-30 m) with soft substrates (e.
g., sand) provide favorable conditions for the growth of seagrass
meadows (Maida et al., 2013; Tursi et al., 2022) even if they can survive
and adapt to deep water (up to 45-50 m) and other substrate types (e.g.,
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Fig. 1. Study area showing bathymetry (0-60m) with overlayed Posidonia oceanica records from 2016 to 2018. Specific case study areas are denoted as follows: A:
Spain coasts; B: Italian coasts; C: Algeria coasts; D: Corsica island; E: Greece coasts. Adapted from Ozkiper et al. (2024).
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Fig. 2. Simple representation of the MAS-NBS model based on GIS-based MCDA for P. oceanica meadows. Adapted from Furlan et al. (2024).
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rock). They prefer a gentle seabed slope as a proxy for reduced hydro-
dynamic effects (e.g., subtidal currents, wave forces), facilitating their
regular and continuous expansion/distribution. Additionally, seagrass
growth is favored by lower wave energy and stable sediment with high
matte accumulation (Infantes et al., 2009).

The WQTG investigates the influence of water column characteristics
on the growth and survival of P. oceanica meadows using the criteria
diffuse attenuation coefficient (K4), nitrate (NOs) concentration,
salinity, and dissolved oxygen (DO). Transparent, oligotrophic, and
oxygenated waters provide ideal growth conditions for P. oceanica,
whereas light limitation and extreme salinity (>40 PSU) negatively
affect growth (Effrosynidis et al., 2018). It should be highlighted that the
positive feedback between seagrass and WQ is an essential relationship
(Ruiz and Romero, 2003). Poor water quality weakens seagrass health
and limits their ability to improve it, whereas good water quality pro-
motes both seagrass growth and the enhancement of physical, chemical,
and biological conditions in the water column.

Baseline data (i.e., 2016-2018 timeframe) of the abovementioned
criteria and seagrass distribution were retrieved from EMODnet data
portals and the Copernicus Marine Environment Monitoring Service
(CMEMS). For 2050 and 2100, SST (including derived TS duration/in-
tensity) and salinity projections were retrieved from the CMCC Med-
CORDEX RESM under RCP4.5/8.5 (Gualdi et al., 2013a, 2013b), vali-
dated within Med-CORDEX against ERA-Interim, satellite, and in-situ
data. Consistency checks showed comparable spatial gradients and
magnitudes between the Med-CORDEX historical period (2016-2018)
and the CMEMS baseline. Future NO3 and DO were sourced from POL-
COMS-ERSEM (Copernicus Climate Data Store), which the Copernicus
Marine Service has validated against long-term in-situ and satellite ob-
servations (Kay, 2020). The metadata of all datasets and further tech-
nical information are reported in Table S1 (SM1) and SM2.

To ensure methodological consistency, data collected from Med-
CORDEX-CMCC were processed for integration into Copernicus data-
sets for future scenarios, given that the latter dataset was used under the
baseline. For instance, in the case of RCP4.5 in 2050, the anomaly was
computed by subtracting the values of Med-CORDEX-CMCC in 2017
from the corresponding values projected for 2050 under RCP4.5. Sub-
sequently, these calculated anomalies were added to the CMEMS base-
line data (Fig. S1 in SM2). Further technical information regarding data
pre-processing is available in SM1 and SM2.

3.2. Descriptive statistics and classification

All the selected variables were normalized to obtain the final suit-
ability scores and overlay maps for each TG in MAS-NBS. For this task,
the descriptive statistics were developed by examining locality, spread,
and skewness of evaluation criteria for the baseline (2016-2018),
together with available knowledge of the ecosystem’s comfort zone and
tipping points from literature and national standards. This analysis was
performed for the areas where P. oceanica populations are present in the
Mediterranean Sea and provided a basis for expert discussions to define
favorable environmental conditions for P. oceanica.

As shown in Table 1, a scale ranging from 1 to 10 was adapted from
Ozkiper et al. (2024) and assigned to suitability classes. A score of 10
denotes the maximum score for the very suitable class. Scores of 8 and 6
were used to represent suitable and moderately suitable classes, respec-
tively. As evaluation criteria approach the upper or lower limits of a
species’ ecological tolerance, the species’ response (i.e., existence and
growth in this study) is expected to become more abrupt. To address
this, in alignment with seagrass expert opinions, a score of 3 was
assigned to the less suitable class, deviating from a linear decrease in the
score range (Scheffer et al., 2001). Lastly, due to the complexity of
setting universal thresholds owing to seagrass meadows’ adaptability to
changing and unfavorable conditions, 1 was assigned for the least suit-
able class.

Depending on the nature of each criterion, the median (e.g., for
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Table 1
Suitability classes defined for each selected evaluation criteria under the
climate, geomorphology, and water quality thematic groups, respectively.

Thematic Criteria Intervals Suitability Scores
group Class
Climate
Summer SST (°C) <25.3 Very suitable 10
25.3-26.8 Suitable 8
26.8-28 Moderately 6
suitable
28-28.4 Less suitable
>28.4 Least suitable 1
TS duration (days) <5 Very suitable 10
5-7 Suitable 8
7-21 Moderately 6
suitable
21-45 Less suitable
>45 Least suitable 1
TS intensity (°C) 0 Very suitable 10
0-0.4 Suitable 8
0.4-0.9 Moderately 6
suitable
0.9-1.6 Less suitable
>1.6 Least suitable 1
Geomorphology
Depth (m) 0-1 Less suitable 3
1-9 Suitable 8
9-23 Very suitable 10
23-30 Suitable 8
30-40 Moderately 6
suitable
40-50 Less suitable
>50 Least suitable 1
Seabed slope ( %) 0-1 Very suitable 10
1-5 Suitable 8
5-10 Moderately 6
suitable
10-15 Less suitable
>15 Least suitable 1
Substrate type Sand and Very suitable 10
Dead Matte
Muddy sand Suitable 8
Rock/hard Moderately 6
and coarse suitable
Sandy mud Less suitable 3
and mixed
Others (e.g., Least suitable 1
fine mud)

Water Quality

Diffuse attenuation <0.06 Very suitable 10

coefficient (m™1) 0.06-0.1 Suitable 8
0.1-0.18 Moderately 6
suitable
0.18-0.27 Less suitable
>0.27 Least suitable 1
Dissolved oxygen >6.5 Very suitable 10
(mg/L) 6-6.5 Suitable 8
4.6-6 Moderately 6
suitable
<4.6 Least suitable 1
Salinity (PSU) <33 Least suitable 1
33-36.8 Moderately 6
suitable
36.8-38 Suitable 8
38-38.8 Very suitable 10
38.8-40 Suitable 8
40-40.5 Less suitable 3
>40.5 Least suitable 1
Nitrate concentration <2.8 Very suitable 10
(pmol/L) 2.8-5 Suitable 8
5-15 Moderately 6
suitable
15-35 Less suitable 3
>35 Least suitable 1
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salinity) or the lowest/highest values (e.g., for summer SST and DO)
were used to define the optimum conditions (i.e., very suitable class). For
the threshold (i.e., less suitable class), the maximum or minimum values
of the criteria from the descriptive statistics were discussed with sea-
grass experts, considering the knowledge from existing studies and re-
ports (e.g., Marine Strategy Framework Directive) (Poikane et al., 2019;
Salas et al., 2022). Figure S2 and Figure S3 in SM3 illustrate descriptive
statistics of summer SST, salinity and TS variables according to the
distribution of P. oceanica populations in the Mediterranean.

3.3. Weight derivation and aggregation

The weight derivation applied in this study follows the Analytical
Hierarchy Process (AHP) methodology previously used in our baseline
study (Ozkiper et al., 2024). This method utilizes expert-based pairwise
comparisons, with scores assigned according to Saaty’s standard scale
(Tables S2-S6 in SM4) (Saaty, 1987). Seven experts specializing in
seagrass ecology and NBS applications in marine environments partici-
pated in the weighting process.

The final weights were derived using normalized priority vectors
calculated from the pairwise comparison matrices, as described in our
baseline study (Ozkiper et al., 2024). Consistency ratios (CR) were
calculated for each expert and TG to verify robustness, with CR values
below the threshold of 0.1 considered acceptable, indicating a consistent
and reliable weighting process. The weight calculations and consistency
checks were performed for each thematic group (TG) separately. Once
all the scores and final weights for each evaluation criterion were
defined, a weighted sum approach was applied to generate thematic
maps for each TG with aggregated suitability scores. The ranges for
aggregated suitability scores of TGs were categorised into five classes as
detailed in Table 2. Notably, a narrower range was applied to define the
very suitable class, ensuring a representation of ideal suitability condi-
tions. Details of the weight derivation and aggregation process are
provided in Ozkiper et al. (2024).

3.4. Scenario and overlay analysis

Since the projection of geomorphology is not available, the scenario
analysis was applied for CTG and WQTG by using future datasets of SST,
salinity, NOs, and DO. Since thermal stress variables were also derived
from the SST values, only one output for each RCP scenario and year was
computed by combining the future values of SST, TS duration, and TS
intensity. SST values were projected daily, and both the average summer
temperature and TS duration and TS intensity values for 2050 and 2100
were computed. This analysis was performed by keeping the threshold
value constant for the TS event (i.e., 28.4 °C) as in the baseline scenario.

Since variables are not directly dependent on each other in the
WQTG, an iterative analysis was followed for the future scenarios.
Initially, only one variable was replaced using the future dataset, while
keeping the other three as in the baseline, to assess its impact on the WQ
suitability. This process was repeated for all the WQ variables one by
one. Subsequently, various combinations of two (e.g., NOs + Salinity)
and three criteria (i.e., NO3 + Salinity + DO) were examined to assess
their future effects on WQ suitability. Diffuse attenuation coefficient and
all criteria weights were assumed to be constant (i.e., baseline values) in
the scenario analysis. Then, suitability maps for CTG and WQTG were

Table 2

Suitability classes defined by their respective range.
Suitability Class Range
Very suitable >90
Suitable 70-90
Moderately suitable 50-70
Less suitable 30-50

Least suitable <30
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obtained for each scenario by applying the same weights in the baseline
scenario.

Final suitability maps were created by overlapping the TGs for each
RCP and timeframe separately. In this analysis, a WQ scenario with a
combination of three criteria was used. Suitable and very suitable areas
from all TGs were extracted and intersected, as shown below.

Suitable & Very suitable = Suitable and very suitable areas
(GTGNWQTG N CTG)

Lastly, the obtained intersected maps were overlaid with the current
distributions of P. oceanica to pinpoint and explore the changes in
suitable areas. All maps were created using weighted sum approach with
reclassification as in Table 2 within 0.001° x 0.001° grids for 2050 and
2100 under RCP4.5 and RCP8.5.

4. Results
4.1. Thematic maps under baseline and future scenarios

4.1.1. Geomorphology thematic group

Under the Geomorphology Thematic Group (GTG), depth was the
most influential factor, with a weight of 0.54, emphasizing its critical
role in Posidonia oceanica growth, as shallow areas are generally more
suitable. Seabed slope and substrate type followed with weights of 0.20
and 0.26, respectively. It should be noted that no future scenarios were
available for the GTG, as geomorphological characteristics are assumed
to be constant. The baseline GTG suitability analysis is provided in
Supplementary Information for reference (Fig. S2). Based on the base-
line GTG suitability scores, approximately half of the study area was
reported as suitable (35.6 %) or very suitable (14.6 %). The moderately
suitable class, characterized by relatively higher depth values compared
to suitable and very suitable areas, constituted a significant portion of the
study area, encompassing more than a quarter (29.6 %). In contrast, the
less and least suitable categories together accounted for less than a
quarter (20.3 %) of the study area. Details for the suitability of specific
regions for the GTG can be found in Ozkiper et al. (2024).

4.1.2. Water quality thematic group

In the Water Quality Thematic Group (WQTG), the diffuse attenua-
tion coefficient, indicating the water clarity) was assigned the highest
weight at 0.51, highlighting its critical influence on light availability for
photosynthesis. Salinity showed the second-highest relative importance
in WQTG with a weight of 0.24. Nitrate concentration and dissolved
oxygen were weighted at 0.16 and 0.10, respectively. The distribution of
WQTG suitability classes for the baseline scenario in the case study was
previously detailed in our baseline study (Ozkiper et al., 2024) and
presented in SM5 (Fig. S4). Future maps of WQTG were derived by
integrating projected changes in salinity, NO3, and DO concentrations
under RCP4.5 and RCP8.5 scenarios in both 2050 and 2100 timeframes,
respectively. Taken together, very suitable and suitable classes covered an
extensive area across the Mediterranean in both the future and baseline
scenarios, encompassing 90.4 % in the baseline and 89.7 % under
RCP8.5 in 2100 with the combined projections of salinity, NOs, and DO.
Conversely, less suitable and moderately suitable areas were predomi-
nantly found in the Northern Adriatic and southern/southeastern Med-
iterranean regions (i.e., Egypt and Tunisia). WQ suitability scores under
future scenarios exhibited only minor differences when compared to the
baseline distribution. The most pronounced changes in WQTG suit-
ability scores occurred under the RCP8.5 scenario in 2100 (Fig. 3),
where still very slight shifts were observed in the distribution of suit-
ability classes compared to the baseline. Future maps for other scenarios
displaying the distribution of suitability classes were provided in SM5
(Fig. S4).

Fig. 3 also illustrates the percentage changes in surface area distri-
bution of suitability classes under different combinations of variables in



O. Ogkiper et al.

Least suitable [10-30)

Ocean and Coastal Management 273 (2026) 108032

Very suitable [90-100)

| Water Quality -

Suitability Classes
(2100 - RCP8.5)
W Least suitable [10, 30]
Less suitable (30, 50]
Moderately suitable (50, 70]
I Suitable (70, 90]
I Very Suitable (90, 100]
0 B0 S0 70 100km
—— m—

Legend

Less suitable [30-50)

Moderately suitable [50-70)

— 2050
2100

Suitable [70-90) o Baseline

Fig. 3. Water quality thematic group map in 2100 under the RCP8.5 scenario displaying water quality suitability classes for P. oceanica (A: western Mediterranean; B:
Northern Adriatic; C: Gulf of Gabes, Tunisia; D: Corsica, France; E: Egyptian coasts). Spider charts for the suitability classes under scenario analysis (RCP 4.5 and RCP
8.5) comparing baseline and future projections (2050 and 2100) with different combinations of salinity (SAL), dissolved oxygen (DO), and nitrate (NO3). Unit of

measurement: percentage ( %).

scenario analysis comparing the baseline and future (2050 and 2100)
scenarios. In general, the percentages of the least suitable class are
relatively small and account for less than 1 % in both baseline and future
scenarios. The highest surface area increase in the least suitable class
compared to the baseline was observed for the combination of salinity
and DO under RCP8.5 in 2100. For the less and moderately suitable
classes, surface percentages varied very slightly, at around 1 % and 9 %,
respectively. Overall, percentages for the least, less, and moderately
suitable classes generally showed a slight increase for nearly all variable
combinations, especially under the 2100 timeframe. Furthermore, the
surface area of the suitable class typically showed a minor increase (e.g.,
3 % increase from 31.3 % to 34.3 % in 2100 under RCP8.5 with all
parameter combinations). Conversely, the surface area of the very suit-
able class decreased in each scenario (e.g., 3.8 % decrease from 59.2 % to
55.4 % in 2100 under RCP8.5 with all parameter combinations), except
for the combination of salinity and NO3 under the RCP8.5 scenario in
2050.

Fig. 4 presents boxplots for the single criteria of salinity and DO in
Egypt to understand the drivers of changes in the specific hotspot. For
salinity (Fig. 4a), three future scenarios (i.e., RCP4.5 in 2050, RCP4.5 in
2100, and RCP8.5 in 2050) have similar ranges to the baseline (i.e.,
quartiles usually placed on 39-39.3 PSU). However, the RCP8.5 scenario
in 2100 showed an elevation up to 39.8 PSU (with quartiles on 39.4 and
39.6 PSU). The DO values in Egypt show a broader range in future
scenarios compared to the baseline (6-6.8 mg/L), with a noticeable
expansion towards lower values (Fig. 4b). The most extensive range is
observed in the 2100 scenario under RCP8.5, with DO values decreasing
to as low as 5.6 mg/L. Boxplots for all WQ criteria in additional hotspot
areas (i.e., Northern Adriatic and Tunisia) are detailed in SM5

Figs. S5-S7.

4.1.3. Climate thematic group

The Climate Thematic Group (CTG) incorporated three criteria:
Summer SST, TS duration, and TS intensity, weighted as 0.15, 0.57, and
0.28, respectively. TS duration was the most influential factor, as pro-
longed thermal stress significantly impacts P. oceanica’s physiological
performance. Baseline CTG suitability scores indicated favorable con-
ditions for P. oceanica growth, reaching a value of 53.8 % of the area
classified as very suitable. However, the southern and eastern Mediter-
ranean Sea, as well as the Northern Adriatic, included significant pro-
portions of the moderately suitable (28.7 %), less suitable (5.7 %), and least
suitable (4.5 %) classes under the baseline scenario (Fig. 5). Future maps
were obtained by considering SST projections under RCP4.5 and RCP8.5
scenarios in 2050 and 2100. Fig. 5 reports both the climate suitability
map under the RCP8.5 scenario in 2050 and 2100, representing the
worst-case climate scenario, and the percentage of surfaces of suitability
classes under each scenario. Moreover, Fig. S8 in SM5 reports the dis-
tribution of suitability classes as maps for baseline and RCP4.5 scenarios
in 2050 and 2100. Overall, while very suitable and suitable areas showed
a sharp decrease in surface percentages in the whole Mediterranean, less
and least suitable areas expanded significantly, especially under the
RCP8.5 scenario in 2100 (Fig. 5). For instance, the surface percentages
of the least suitable class increased from 4.5 % to 10.1 % and to 51.6 %
under the RCP8.5 scenario in 2050 and 2100, respectively. Furthermore,
under RCP8.5 in 2100, very suitable and suitable classes accounted for
only 13.8 % and 7.3 % of the area, respectively. Despite an overall
decline in climatic suitability across the Mediterranean, hotspot areas
exhibited varying trends under different scenarios. For instance, under
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a) Distribution of salinity between the baseline and future scenarios — Egypt
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Fig. 4. Boxplots comparing a) Salinity and b) Dissolved oxygen across baseline and future scenarios (2050 RCP 4.5, 2050 RCP 8.5, 2100 RCP4.5, and 2100 RCP 8.5)

in Egypt.

RCP8.5 in 2050, the moderately, less, and least suitable classes increased
in the southern Mediterranean regions such as Tunisia and Egypt.
However, the Northern Adriatic region observed an increase in the
percentage of very suitable class surfaces under the same scenario.

In Fig. 6, the distribution of average SST and the cumulative number
of thermal stress events (defined as temperature exceeding 28.4 °C for at
least five consecutive days) within the Northern Adriatic hotspot were
presented for all scenarios. While the average SST is projected to in-
crease in 2050 compared to the baseline, the number of thermal stress
events under both RCP4.5 and RCP8.5 in 2050 is lower than the baseline
for the Northern Adriatic. On the contrary, both the average SST and the
sum of the number of thermal stress events showed a substantial in-
crease in 2100, especially under the RCP8.5 scenario.

4.2. Final suitability maps with P. oceanica distribution

In the last phase of the MAS-NBS model, final suitability maps were
obtained by overlaying the suitable and very suitable areas of all three
thematic groups (geomorphological, climatic, and water quality) and
merging them with the current distribution of P. oceanica meadows. The
intersection of the three TGs is performed to illustrate changes in the
areas with the highest environmental quality for P. oceanica growth
across the whole Mediterranean coastline in future scenarios. Fig. 7
indicates the intersected final suitability map in 2100 under RCP8.5
with the current P. oceanica distribution as well as the areal changes of
this intersection under all scenarios. Maps of baseline and other future
scenarios were reported in Fig. SO in SM5. In the baseline scenario, the

overall intersected suitable areas for seagrass growth covered 3910 km?.
This area slightly decreased to 3810 km? under the RCP8.5 scenario in
2050 and experienced a sharp decline to 1163 km? under the RCP8.5
scenario in 2100 (Fig. 7, bottom panel). When comparing across the-
matic groups, geomorphological suitability provided a relatively stable
baseline, and water quality changes led only to minor shifts in suitable
areas. In contrast, climate-driven factors were the dominant contribu-
tors to the sharp reduction of suitable habitat by 2100, which highlights
climate change as the primary long-term threat to the persistence of
P. oceanica meadows in the Mediterranean.

5. Discussion

5.1. Thematic suitability groups and their implications for ecosystem
services of P. oceanica

5.1.1. Geomorphology thematic group

Geomorphological factors are critical for both the vertical and hor-
izontal extension of these communities, influencing seabed stability and,
consequently, seagrass anchorage and growth. The suitability of these
areas for P. oceanica meadows directly impacts their ability to provide
essential physical ecosystem services, such as coastal protection and
habitat provision, which are particularly effective in shallow coastal
zones where a stable seabed ensures robust seagrass anchorage, which in
turn creates a buffer zone that protects coastal areas from erosion and
storm surges (Heide et al., 2007). Blue-NBS actions such as seagrass
restoration can further enhance these ecosystem services by dissipating
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wave energy and slowing currents, allowing suspended particulate
matter to settle on the seabed and reducing sediment resuspension
(CNRD& UNEP, 2019; Hynes et al., 2021; SEEA, 2021; Terrados and
Williams, 1997).

In regions with steep slopes and abrupt depth increases, we observed
more fragmented and narrower suitable zones for P. oceanica. These
areas present challenges for seagrass expansion, limiting the effective-
ness of meadows in stabilizing the coastline and protecting coastal
communities, even if restoration efforts are implemented (Ondiviela
etal., 2014). Steep slopes often lead to thinner seagrass coverage despite
the long shoreline, as seen in regions like western Liguria, eastern Cote
d’Azur, and parts of Algeria and Morocco’s coasts. Substrate type also
plays a critical role in successful anchorage and the expansion of sea-
grass meadows. The presence of dead matte offers favorable conditions
for seagrass restoration (Escandell-Westcott et al., 2023), although
transplanting efforts face challenges such as self-shading and uncertain
long-term success (Terrados et al., 2013).

Geomorphological variables were assumed static through time, as
coastal geomorphology typically changes very slowly from decades to
centuries (even longer in rocky coastal areas) (Aucelli et al., 2018).
Nevertheless, localized processes such as erosion, sediment transport,
and sea-level rise may alter seabed conditions and affect future suit-
ability. Future work should integrate dynamic coastal or sediment
models to capture these changes better.

5.1.2. Water quality thematic group

Water quality suitability evaluation strengthens the analysis by
focusing not only on physical features, discussed in the geomorphology
thematic group, but also on chemical and biological characteristics of
the water column. Seagrass health and water quality are mutually
reinforcing—poor water quality suppresses meadow health, while
favorable conditions support meadow expansion and water-column
improvement (Heide et al., 2007; Orth et al., 2020). In regions with
high water quality, P. oceanica meadows serve as natural biofilters,

trapping sediments, reducing turbidity, and improving water clarity.
This filtration process regulates marine life and supports denitrification,
which manages phytoplankton levels and further mitigates stormwater
runoff and improves water clarity, ultimately contributing to healthier
marine ecosystems and cleaner coastal waters, which enhance human
well-being and recreational opportunities (Ondiviela et al., 2014; Xu
et al., 2021). Addressing water quality issues through Blue-NBS actions
is therefore critical to maintaining and enhancing the ecosystem services
provided by these meadows, ensuring they continue to play their role in
sustaining healthy and productive marine environments (Connolly et al.,
2016).

Even if regions with extensive shallow areas, such as lagoons, have
high geomorphological suitability, other factors, such as WQ variables,
can govern suitability for seagrass meadows there (Boscutti et al., 2015).
As an example, a significant amount of coastal area from the Northern
Adriatic is not included in the final suitability map due to WQ results.
Although WQ suitability scores are relatively low in the areas closest to
the coasts of Northern Adriatic, Egypt, and Tunisia, they increase as one
moves away from the coasts with a decreasing trend in geomorpholog-
ical suitability. Moreover, in Egypt, under RCP8.5 in 2100 (Fig. 4), even
slight increases in salinity (~40 PSU) and decreases in dissolved oxygen
(~5.5 mg/L) substantially reduced suitable areas as these criteria
approached ecological thresholds. In particular, salinity levels around
40 PSU pose a serious risk of increased mortality for P. oceanica
meadows (Sanchez-Lizaso et al., 2008).

The predominance of very suitable and suitable classes in both the
future and baseline scenarios (90.1 % under the baseline) reflects
generally favorable water quality of the Mediterranean, which is largely
well oxygenated and oligotrophic with transparent water quality char-
acteristics. The surface area of the suitable class showed slight increases
with different variable combinations under future scenarios, but mainly
due to the reduction of the very suitable areas, which stimulates a future
need for Blue-NBS actions on WQ. In addition, the absence of future
projections for diffuse attenuation coefficient, holding the highest
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a) Distribution of sea surface temperature between the baseline and future scenarios — Northern Adriatic Sea
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weight among the WQ criteria, potentially underestimates light-
limitation risks in some areas.

5.1.3. Climate thematic group

Climate suitability showed potential effects of instant (i.e., marine
heatwaves) and long-term (i.e., future scenarios) changes of tempera-
ture on P. oceanica growth and survival. Since thermal stress duration
and intensity were also extracted from the SST dataset, all indicators
under the climate sub-group affect the climate scores of the future
timeframes. For this reason, contrary to WQ scores, future maps show
very different results compared to the climate suitability of the reference
timeframe. Even though P. oceanica is resistant to a wide range of
average SST (10-29 °C), prolonged exposure to temperatures higher
than 28.4 °C impacts their survival and ecosystem services (Chefaoui
et al., 2017; Marba and Duarte, 2010). Especially under the RCP8.5
projection in 2100, sharp decline in suitable areas (e.g., very suitable
class from 54 % at baseline to 14 %) and expansion in least suitable areas
(from 4 % to 52 %) indicates that sea surface temperature (SST) and
thermal stress may become the primary limiting factors for seagrass
growth, surpassing depth and other geomorphological indicators.

Meadows of P. oceanica are highly effective natural systems for
carbon storage in the Mediterranean (Koopmans et al., 2020), seques-
tering significant amounts of CO, and mitigating the impacts of climate
change. However, as climate models predict rising temperatures and
more frequent heatwaves, the suitability of these meadows to thrive
under such conditions is threatened. P. oceanica can shift from being
highly autotrophic to becoming heterotrophic, reducing its ability to
sequester carbon efficiently not only in the winter season (Koopmans

et al.,, 2020) but even in late spring and summer, under prolonged
thermal stress. A decline in meadow health due to such stress would not
only lower their carbon storage capacity but also diminish other critical
ecosystem services, such as local temperature regulation and biodiver-
sity conservation. Protecting these meadows from the adverse effects of
climate change, through adaptive management and targeted Blue-NBS
interventions, is essential to preserve their role in climate regulation
and to ensure that they continue to provide these critical ecosystem
services in the future.

5.2. Implications for Blue-NBS management through P. oceanica

P. oceanica, despite its significant ecological role and potential as
Blue-NBS (do Amaral Camara Lima et al., 2023), is listed as “Vulnerable”
in the Mediterranean Sea (EU, 2016) with a reduction of about 13-50 %
of its extent since 1960 (Marba et al., 2014) with insufficient measures
according to the European Red List of Habitat assessment (EU, 2016). Of
particular interest to this study is the aim to protect and conserve
biodiversity, restore degraded ecosystems, and strengthen governance
structures. Our results indicate that P. oceanica meadows are particularly
vulnerable under future climate scenarios—with marked declines in
suitable and very suitable areas (especially under the RCP8.5 scenario in
2100)—highlighting the need to integrate their conservation into
broader marine protection plans. This projected contraction in suitable
habitat also implies measurable losses in ecosystem services, particu-
larly carbon sequestration and denitrification potential (Simeoni et al.,
2025), threatening the long-term provision of blue-carbon and
food-security benefits that many Mediterranean communities rely on.
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According to the study by Simeoni et al. (2025), a 20 % reduction in
seagrass distribution under the RCP8.5 scenario could result in a
decrease of approximately 3.5 %-6 % in carbon sequestration and up to
20 % in denitrification potential by the year 2100.

The projected loss of suitable habitat for P. oceanica under future
scenarios also raises concerns about triggering a “blue carbon bomb”,
where degradation of these ecosystems could rapidly release stored
carbon, intensifying climate change impacts. Seagrass meadows can act
as either net sources or sinks of greenhouse gases in marine environ-
ments due to various interacting processes (Oreska et al., 2020; Uns-
worth et al., 2022). In healthy meadows, high net photosynthetic
productivity and dense seagrass growth contribute to the rapid trapping
and long-term storage of carbon within sediments. However, as our re-
sults demonstrate, increased thermal stress and eutrophication threaten
the survival of these meadows, potentially leading to carbon remobili-
zation and higher emissions of CH4 and N2O. Furthermore, the impact of
calcification by associated fauna within productive meadows on the
overall carbon balance is still not fully understood. The outcome of this
analysis provides useful information on where to implement the con-
servation and restoration of P. oceanica meadows to enhance their extent
and health and, in turn, improve their capability to offset greenhouse
gases.

At the policy level, the EU Commission’s Biodiversity Strategy for
2030, part of the European Green Deal, aims to legally protect a mini-
mum of 30 % of both terrestrial and marine protected areas within the
EU. Placing our results within the context of the ongoing “30 x 30”
initiative has marked implications for preserving the vulnerable-listed
P. oceanica. Complementing this, the Marine Strategy Framework
Directive (MSFD) treats P. oceanica as key to Good Environmental Sta-
tus, while the Water Framework Directive (WFD) governs ecological
status in coastal waters (eutrophication, transparency). Accordingly, the
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EU Nature Restoration Regulation provides a legislative framework for
large-scale restoration of degraded ecosystems, enhancing their resil-
ience and ecosystem services that have been well documented to date,
from carbon sequestration to habitat provision (Boudouresque et al.,
2016; Campagne et al., 2014). Considering the projected declines in
suitable habitats for P. oceanica, particularly in severely impacted hot-
spots, the outcome of this study serves as a robust tool in designing
management practices that prioritize conservation of extant stands,
which are crucial within various directives and frameworks.

Beyond biophysical stressors, socio-economic pressures such as
coastal development, and unregulated anchoring (Bockel et al., 2024),
further compromise meadow resilience and carbon storage potential.
Sustaining these meadows also secures provisioning services such as
small-scale fisheries and coastal livelihoods that are locally significant
(Amone-Mabuto et al., 2023; Jones et al., 2022). Areas remaining bio-
physically suitable may nonetheless face socio-economic constraints to
NBS, emphasizing the need for participatory governance to accompany
ecological measures (Louarn et al., 2025). Targeted adaptive manage-
ment, such as reducing local stressors (e.g., informed anchoring) and
ensuring regular monitoring and evaluation of meadow conditions, can
help prevent further meadow degradation, in line with the MSFD, WFD,
and Nature Restoration Regulation.

Conservation presents a more favorable and cost-effective strategy
for maintenance of biodiversity; this is especially true for climate-
sensitive species already listed as vulnerable. Of particular interest to
conservation efforts, P. oceanica meadows help to sustain diverse eco-
systems ranging from epiphytes to organisms using the meadows cover
habitat (Battisti et al., 2021). Furthermore, P. oceanica is slow growing
and highly stress adverse, making restoration from seedlings difficult
and time consuming (Escandell-Westcott et al., 2023). As mentioned by
Castejon-Silvo and Terrados (2021), transplanted seedlings and
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fragments of P. oceanica tested in Majorca showed very poor survival
due to the mechanical damage on the substrate previously
(Castejon-Silvo and Terrados, 2021), showing that the protection of the
dead matte is one of the most critical factors for the successful trans-
plantation and growth (i.e., stability and resilience) of P. oceanica
(Boudouresque et al., 2016). Furthermore, it assumes a static state
where ongoing succession in the ecosystem best suited for P. oceanica
has not already altered states, transitioning to substrates unable to
support stands or water quality that prohibit re-establishment of stands.
Indeed, there are multiple steps to establish if a site is still viable
(Terrados et al., 2013). Water clarity and sea surface temperature
changes are underway in the Mediterranean and while these may be
buffered by extant stands, seedlings and transplants are especially sen-
sitive to these changes and may increase mortality (Escandell-Westcott
etal., 2023; Pansini et al., 2022). Hence, management practices focus on
conserving existing meadows and maintaining suitable areas through
2050, prioritizing regions identified as hotspots (e.g., Egypt, Tunisia and
Northern Adriatic).

5.3. Strengths and limitations of the study

The strength of the developed model hinges on the integration of
statistical analysis of environmental variables, with expert opinions and
information from the most updated literature to identify variables’
thresholds (and comfort zone) for the growth and survival of P. oceanica
in the Mediterranean basin. The AHP approach allowed experts’ quali-
tative assessments to be converted into quantitative information and
provided a structured and transparent weighting of criteria, enabling
prioritization based on relative importance. Multi-criteria NBS suit-
ability through GIS-based AHP represents an effective approach to
identify suitable areas for ecosystem-based management and conserva-
tion actions on P. oceanica and support decision-makers for proper
measures to improve the environmental status of areas before NBS
implementations across the eco-regional scale. Compared with other
MCDA techniques, the MAS-NBS framework provides clear expert
reasoning, while future hybrid or machine-learning approaches could
further enhance its ability to capture non-linear relationships. Impor-
tantly, the suitability analysis was conducted for different sub-groups,
which aids the decision-making process for Blue-NBS by targeting spe-
cific issues.

The individual evaluation of variables based on pairwise compari-
sons is a limitation of AHP since it considers the variables as indepen-
dent. The developed model did not take into account interactions and
relationships between the variables, which may be crucial in decision-
making processes, thus motivating future investigation using decision-
making methods considering complex interactions (e.g., Analytic
Network Process). Future work could also explore complementary ap-
proaches such as machine learning techniques (e.g., Random Forests) to
better capture nonlinearities, or process-based ecological models to
simulate temporal dynamics under climate stressors. Although the
sensitivity and uncertainty analysis were not carried out in this study,
the baseline study (Ozkiper et al., 2024) quantified the relative influence
and non-linearity of the same variables. Geomorphological factors,
especially substrate type, together with water clarity (Kq) and summer
SST, were the most influential variables shaping suitability outcomes
(Ozkiper et al., 2024). In addition, multiple time horizons (2050, 2100)
and climate scenarios (RCP4.5, RCP8.5) provide a scenario-based
exploration of the variability in projections.

Furthermore, ecosystems can adapt to the site-specific environ-
mental conditions and can be resistant to different threshold values for
different variables. Considering this, suitability analysis at the subre-
gional scale (e.g., Western Mediterranean or Adriatic Sea) may provide
more regionally accurate insights. In addition to the mean values of
variables, analysis of the exposure time of ecosystems to the identified
threshold values could improve the model. However, to achieve this,
future analyses should define exposure-duration classes for each
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variable to evaluate how prolonged stress influences seagrass mortality.
A key limitation is the absence of socio-economic variables that
condition the feasibility and uptake of Blue-NBS. The success of seagrass
management measures often depends on local economic activities and
governance capacity. Community perceptions influence management
acceptance; likewise, boating and anchoring pressure can directly un-
dermine restoration feasibility in high-use areas. Accordingly, future
work should integrate socio-economic indicators—such as local liveli-
hoods and governance capacity—to identify socio-ecological conflict
zones and opportunity areas for NBS deployment. As highlighted by
Geukes et al. (2024), embedding these indicators within iterative
monitoring and evaluation frameworks would enhance adaptive man-
agement and ensure more informed, equitable decision-making.

6. Conclusion

This study presents a comprehensive environmental suitability
assessment of Blue-NBS through P. oceanica meadows using a GIS-based
Multi-criteria Approach for Suitability of NBS in the marine coastal areas
of the Mediterranean eco-region under various future scenarios. Suit-
ability analyses under different RCP scenarios enhance the under-
standing of possible effects of climate and water quality parameters on
the suitability of Blue-NBS actions and support decision-makers for long-
term adaptive strategies. The synergistic integration of GIS techniques
and AHP enabled aggregation of different environmental criteria under
separate sub-groups, with classes, scores, and weights tailored through
literature and expert judgment.

The outcome of the analysis revealed substantial declines in suitable
areas, particularly under RCP8.5 in 2100. It emphasizes the increasing
dominance of climatic criteria, especially thermal stress, in driving
suitability reductions. Under the baseline scenario, nearly one-quarter of
the study area was suitable or very suitable, but this sharply decreased
under future scenarios, indicating that seagrass meadows may face
significant degradation and reduced capacity to provide critical
ecosystem services such as water quality regulation and coastal pro-
tection, with direct consequences for coastal communities relying on
these functions. The identification of environmentally suitable areas is
therefore crucial to prioritize the areas for Blue-NBS measures. Future
Blue-NBS suitability assessments should extend this framework with
multi-risk assessment and socio-economic and governance factors that
influence implementation and effectiveness at local scales. This multi-
dimensional approach not only enhances the understanding of
P. oceanica suitability under climate change but also provides actionable
guidance for marine managers and policymakers across various
scenarios.
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