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SUMMARY

The growing environmental risks induced by interacting climate-related and human-induced
pressures threaten the survival and growth of different terrestrial and marine coastal
ecosystems (MCEs). Climate adaptation and mitigation measures are required against this
complex interplay to cope with resulting impacts jeopardizing the health and resilience of
ecosystems and the services they provide. Nature-based solutions (NbS), consisting of
ecosystem-based approaches, have gained increased attention as a tool for climate adaptation
and mitigation that can increase biodiversity and benefit people. Even though there is broader
knowledge of NbS in the terrestrial environment in the state-of-the-art, experience in their
design and implementation in MCEs is limited. In the specific context of the marine coastal
environment, restoration measures and transplantation of MCEs, such as seagrass meadows
and mangroves, are the most applied NbS. They contribute to climate regulation by
sequestering carbon while improving water quality thanks to their denitrification and sediment
trapping potential and contributing to disaster risk reduction by providing services such as

coastal protection and flood control.

Identifying suitable environmental conditions for implementing NbS in marine coastal areas is
a key priority to drive more robust and cost-effective nature-based adaptation pathways.
Drawing on this need, this thesis aims to develop a GIS-based NbS suitability model to
identify proper areas for NbS mainstreaming, with a specific focus on seagrass meadows in
the Mediterranean Sea. Analytic Hierarchy Process (AHP), a widely used multi-criteria
decision analysis (MCDA) method, is applied for data integration and variable prioritization.
Different environmental variables are combined, including geomorphological (e.g.,
bathymetry, substrate type), water quality (e.g., salinity, nutrient concentration), and climatic
(e.q., sea surface temperature, thermal stress) ones. Moreover, suitability classes are identified
for the selected environmental indicators based on an in-depth statistical approach leveraging
multiple open-source web-data portals available for the Mediterranean basin (e.g., Copernicus
Marine Environment Monitoring Service). By using weights derived from pairwise
comparison matrices based on expert judgement, suitability maps, and related statistics, for
geomorphology, water quality, and climate are obtained for the Mediterranean shallow

waters.

In terms of geomorphology, western Liguria and eastern Cote d'Azur, western Corsica, and
southwestern Mediterranean (i.e., Morocco and Algeria) show small and patchy suitable

surfaces due to deeper water and relatively steep slope. Moreover, a large less suitable area
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was identified in the northern Adriatic Sea as a consequence of a reduced water quality score.
On the other hand, the coasts of Egypt and southeastern Tunisia reported lower scores

regarding climate suitability.

This thesis represents the first attempt to evaluate eco-regional scale NbS suitability for
seagrasses in the Mediterranean Sea, using geomorphologic, water quality, and climate
parameters. Socio-economic and governance-related indicators should be integrated as well
within the obtained environmental suitability, thus paving the way for a more complex multi-

tier and multi-scale approach supporting detailed analysis and targeted interventions in MCEs.



MOTIVATION AND OBJECTIVES

Marine and coastal areas are one of the most vulnerable regions to climate change (CC)
impacts and anthropogenic activities (IPCC 2022), requiring protection and restoration
actions, as well as the transplantation of marine coastal ecosystems (MCESs), such as seagrass
meadows, mangroves, and salt marshes, to adapt and mitigate CC. Indeed, climate-related
impacts and human-made pressures (e.g., rising sea surface temperature, sea level rise, light
attenuation, etc.) reduce the ability of ecosystems to survive, grow and provide their services
both in the terrestrial and marine coastal environment (IPBES, 2019; IPCC, 2019). However,
MCEs are crucial as they can provide many ecosystem services and functions, such as
reducing water quality degradation and absorbing carbon (E. Cohen-Shacham et al., 20164a;
EEA, 2021; UNEP-WCMC, 2011). Nature-based Solutions (NbS), including ecosystem-based
approaches, are innovative, integrated, and sustainable solutions that protect and manage
nature while providing wide societal benefits. However, although NbS implementations have
been performed in different contexts (e.g., mangrove restoration) for a while, the integration
of this concept to larger scale interventions (i.e., upscaling processes) has been on the rise in
the last two decades (E. Cohen-Shacham et al. 2019).

According to the International Union for Conservation of Nature (IUCN), the implementation
of NbS must respond to the societal challenges identified in: i) climate change adaptation and
mitigation (CCAM), ii) disaster risk reduction (DRR), iii) socio-economic development, iv)
food security, v-) water security, vi) human health, and vii) environmental degradation and
biodiversity loss (E. Cohen-Shacham et al., 2016b). NbS can improve environmental
resilience and mitigate environmental degradation with many co-benefits by delivering
multifaceted ecosystem services (Gomez Martin et al., 2020). They represent more flexible
and adaptive solutions to changing environmental conditions compared to traditional/grey
infrastructures, able to face the aforementioned societal challenges (EC, 2015; EEA, 2021).
Nevertheless, there is still limited knowledge on NbS suitability, especially in marine coastal
environments. NbS suitability analysis is essential for identifying the proper and effective
solutions to implement, considering environmental, socio-economic, and governmental
conditions at different scales and locations. To this aim, the first step is understanding the
areas presenting suitable environmental conditions for NbS design and implementation and, in
particular, identifying the optimum and threshold values of environmental variables

supporting the survival and growth of different ecosystems, considering their spatio-temporal



changes. Subsequently, a complete analysis can be performed to integrate the effects of socio-

economic and governmental settings supporting proper implementation at local scale.

With the main aim of filling this gap, this Thesis aims to develop a Geographic Information
System (GIS) based methodology, integrating Multi-criteria Decision Analysis (MCDA) and
Analytic Hierarchy Process (AHP) to identify proper areas for NbS implementation, with a
specific case study focus on seagrass meadows in the Mediterranean eco-region. From an
operative perspective, this bold objective breaks down into 4 consecutive steps underpinning

the analytical process and research of this Thesis.

1) Review of the state-of-the-art literature concerning NbS suitability mapping in MCEs, with

a specific focus on the integration of water quality variables into modeling processes;

2) Characterization of the case study area (Mediterranean eco-region), as well as collection
and pre-processing of GIS-based environmental data (e.g., sea surface temperature and

nutrient concentrations);

3) Design of the MCDA-based methodology, allowing the scoring and weighting of the
selected environmental variables to evaluate the environmental NbS suitability (i.e.,

Posidonia oceanica in this Thesis) in the investigated area;

4) Development of GIS-based suitability maps and final suitability metrics supporting the

design of NbS implementation using ecosystem-based approaches at the case study level.

This thesis was carried out in the frame of the H2020 MaCoBioS project (https://macobios.eu)

in collaboration with the Euro-Mediterranean Center on Climate Change (www.cmcc.it). The
project aims to propose cost-effective NbSs for mitigation and adaptation to deal with the

effects of climate change on biodiversity and ecosystem services in MCEs.


https://macobios.eu/
http://www.cmcc.it/

THESIS STRUCTURE

This thesis consists of three main sections: Section A provides the theoretical background on
the NbS concept with a specific focus on water quality and suitability assessments in marine
coastal environments; Section B describes the data and methodology underpinning the NbS
suitability model; Section C presents the results obtained after the application of the

developed model for Posidonia oceanica to the Mediterranean eco-region case study area.
In more detail:

Section A briefly introduces the NbS concept and NbS types, reviews the connection between
NbS measures and water quality degradation, and finally presents the state-of-the-art NbS
suitability assessment models/approaches already applied by the research community in

marine coastal areas.

Section B describes the selected study area, the Mediterranean eco-region, and produces a
framework for NbS suitability assessment by focusing on significant environmental indicators
for the survival and growth of MCEs (i.e., Posidonia oceanica in this Thesis). Moreover, this
section presents the data collection and pre-processing, as well as the steps developed for the

model application to the case study area.

Section C presents and critically analyses the results obtained from the application of the
developed model for P. oceanica in the Mediterranean eco-region in terms of NbS suitability
maps and statistics for different sub-indices (i.e., geomorphological, water quality, and
climate). The results should drive decision-makers in implementing NbS and developing

future ecosystem-based management strategies in marine-coastal areas.

The conclusion section summarizes the methodology applied and the main findings obtained,

highlighting its strengths and limitations with some recommendations for future investigation.



SECTION A: THEORETICAL BACKGROUND

1. Review of NbS Concept, Mitigating Water Quality Degradation, and NbS Suitability
1.1. NbS Concept and Classification

The definitional framework of NbS evolves since it is an emergent concept in scientific
literature. Three different definitions of NbS can be identified in the literature. The first of
these was proposed by the ITUCN as “Actions to protect, sustainably manage and restore
natural or modified ecosystems that address social challenges effectively and adaptively,
simultaneously providing human well-being and biodiversity benefits” (E. Cohen-Shacham et
al., 2016b). A further definition is provided by the European Commission (EC) as “Solutions
inspired by, supported by or copied from nature and which aim to help societies address a
variety of environmental, social and economic challenges in sustainable ways” (EC, 2015).
The most recent definition is made by the United Nations Environment Programme (UNEP),
which states “Actions to protect, conserve, restore, sustainably use and manage natural or
modified terrestrial, freshwater, coastal and marine ecosystems, which address social,
economic and environmental challenges effectively and adaptively, while simultaneously
providing human well-being, ecosystem services, and resilience and biodiversity benefits”
(UNEP, 2022).

In previous studies to define and classify NbS, Eggermont et al. (2015) characterized NbS
along two gradients which are "level and type of engineering of biodiversity/ecosystems" and
"targeted number of services/stakeholder groups”. Eggermont et al. (2015) categorized the
typology of NbS interventions into three main classes according to the level of ecosystem
services delivery and the level of engineering applied. Type 1 class includes the protection of
ecosystems by applying minimal intervention to ecosystems, such as the creation of marine
protected areas (MPAs). Type 2 class includes ecosystem management and restoration
activities to improve species resilience. Finally, Type 3 class categorizes concepts such as
blue-green infrastructure that support the creation of new ecosystems (Eggermont et al. 2015;
Cohen-Shacham et al. 2016; Think Nature 2019).

Within the TUCN framework, NbS can be considered an umbrella concept that includes
different ecosystem-based approaches (also known as ecosystem approaches) that contribute
to increasing human well-being and protecting biodiversity (E. Cohen-Shacham et al., 2016a;
EEA, 2021). More specifically, the NbS approaches have been classified in five broad
categories by the IUCN, which are; ecosystem restoration approaches (e.g., ecological

restoration), ecosystem protection approaches (e.g., area-based conservation approaches
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including protected area management), issue-specific ecosystem-related approaches (e.g.,
ecosystem-based adaptation, ecosystem-based mitigation, and ecosystem-based disaster risk
reduction), ecosystem-based management approaches (e.g., integrated coastal zone
management (ICZM), MPAs) and infrastructure-related approaches (e.g., green infrastructure
(GI) including hybrid solutions with hard infrastructure) (E. Cohen-Shacham et al., 2016a).
Common management strategies for the conservation of MCEs, such as seagrass meadows,
mangroves, and coral reefs, are MPAs, ICZM, and marine spatial planning (MSP). While
these strategies conserve the ecosystems and ensure their sustainability for ecosystem
services, they provide an opportunity for coastal development. On the other hand, when
ecosystem degradation is prevalent, traditional ecosystem conservation measures may not be
sufficient, and restoration and transplantation activities are considered in areas with highly
degraded MCEs (Lester et al., 2020; Wilson & Forsyth, 2018). In order to implement
successful MCE restoration projects, site-specific conditions such as abiotic factors (e.g.,
temperature, salinity) and threats (e.g., pollution) need to be analyzed, and a suitable site
selection should be made for the proper ecosystem. In addition, the selection of specific
species to transplant or restore is important as well. For instance, Cymodocea nodosa and
Zostera marina may be more suitable for transplanting thanks to their high growth rate
(Marba et al. 1996; 2004; Lester et al. 2020; Wilson and Forsyth 2018). Since the outcomes of
the various management and restoration actions on specific types of MCEs will be different,
implementing the suitable ecosystem approach for the appropriate species according to the
targeted ecosystem services can be useful in deciding the optimum NbS alternative (Lester et
al., 2020).

1.2. Mitigating Water Quality Degradation

Water quality (WQ) degradation is one of the key challenges of the 21% century affecting both
ecosystem sustainability and functioning and socioeconomic systems (EEA, 2019; Zhou,
2019). Therefore, understanding the processes underpinning WQ can benefit integrated water
resource management and human activities while protecting ecosystems, as required by
Agenda 2030 and the EU 2030 Biodiversity Strategy.

Although the reduction of physical impacts of climate change (e.g., floods, erosion) is
considered the primary benefit of NbS measures in marine coastal areas, improvement of WQ,
degraded by human pressures and climate change impacts, is a very valuable co-benefit of
NbS implementation (CNRD & UNEP, 2019). For instance, mangroves provide a barrier to

physical events such as storm surges and tsunamis and support sediment stabilization thanks
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to the complex root system and improve WQ by depositing suspended solids due to runoffs
and by filtering chemical compounds (e.g., heavy metals, nutrients). Mangroves can also
regulate the sediment's chemical properties, such as acidity and redox potential, and improve

WQ by contributing to heavy metal accumulation in sediments (Wang et al., 2019).

Overall, MCEs contribute to WQ through two main ecosystem services: uptaking nutrients
(i.e., nitrogen and phosphorus compounds) as supporting services and sediment trapping and
carbon sequestration as regulating services. Indeed, nutrients in the water column and
sediments can accumulate in tissues of marine ecosystems, such as seagrass meadows, both in
leaves and roots (Terrados & Williams, 1997), contributing to reducing excessive nutrient
concentrations in the water column. Different ecosystems and plant organs differ in the uptake
rate of nutrients. For example, the accumulation of ammonium and nitrate by adsorption and
absorption in the leaves of seagrasses has a higher uptake rate than in roots. However, if the
nutrient concentration in the sediment is relatively higher than in the water column, nitrogen
and phosphorus uptake by seagrass roots can be the major source of seagrass growth but

decrease their contribution to water purification (Koch et al., 2010; Short & Mcroy, 1984).

Marine ecosystems also contribute to trapping suspended particulate matter (SPM) in both
above-ground biomass (e.g., leaves) and at the sediment bottom in below-ground biomass
(e.g., rhizomes and roots) (de los Santos et al., 2020; Gamble et al., 2021). Since sediment
load is directly related to turbidity and light attenuation, some studies (Ruiz & Romero, 2003;
Vermaat et al., 1997) analyze data on turbidity and/or irradiance parameters instead of SPM.
The increased SPM concentration in seawater increases the turbidity and negatively affects

the rate of photosynthetic activities as it reduces the sunlight that can penetrate deep water.

Moreover, increasing acidification resulting from the absorption of approximately 33-50% of
atmospheric CO2 emissions by the oceans harms especially shell-forming species such as
oysters and corals. Plant communities in marine ecosystems with high photosynthesis
capacity increase the organic carbon sink concentration in the sediments thanks to the carbon
sequestration service. In this way, they improve the quality of marine life by moderating
seawater's pH (Camp et al., 2016). Furthermore, there is a correlation between pH and
dissolved oxygen (DO) and chlorophyll-a (Chl-a) as they depend on primary production. DO
concentration and pH increase with the photosynthetic activity, while Chl-a, representing the

concentration of algae in the water body, decreases.



Additionally, combining different MCEs can effectively improve WQ and provide co-benefits
to the ecosystems. For example, seagrass meadows sink organic carbon in sediments,
regulating the seawater pH and hence facilitating the calcification of reef systems, such as
corals and oysters, which, in turn, increase their resilience. On the other hand, reefs can
provide sheltered conditions for seagrass meadows, as the reefs have a high capacity to
mitigate hydrodynamic effects such as high-energy waves that can damage seagrass
meadows. In this way, they help ecosystem services such as the blue carbon sink provided by
seagrass meadows to become more efficient (Guerra-Vargas et al., 2020; Unsworth et al.,
2012).

Although MCEs in good health status can improve WQ, ecosystems already in poor WQ
conditions are not expected to grow healthy and contribute to improving WQ and providing
ecosystem services. In addition, the environmental conditions that each MCE can grow and
tolerate are different. For example, mangroves grow better in warm and humid environments,
while saltmarshes are more resistant to colder conditions and can grow in tide and wave-
dominated areas. On the other hand, seagrasses are adapted to warm, temperate, and cold
climate conditions; however, they are sensitive to high nutrient concentrations and turbidity
since they highly depend on light availability. Therefore, MCEs need good environmental
conditions to grow and positively affect the WQ (Moffett et al., 2015; Simpson et al., 2021).
This requires evaluating the status of baseline WQ conditions and identifying the multiple
stressors for setting up effective management and restoration strategies in marine coastal

areas.

1.3. NbS Suitability Modelling

The state-of-the-art methodological approaches for suitability assessment of the ecosystem-
based strategies, already applied by the research community, were summarized in this section
to develop a proper model for NbS suitability mapping in the Mediterranean eco-region.

NDbS suitability assessment is necessary for the decision-making of NbS measures according
to the spatial and temporal characteristics with various dimensions (i.e., environmental, socio-
economic, and governmental) to contribute to sustainable development. However, suitability
is a gradual concept without a universal definition, thus evolving into a complex decision-
making process. Beyond the large-scale spatial characteristics, local conditions should also be
evaluated for the necessary NbS implementation (e.g., management and restoration) to obtain

more robust results.



The suitability assessments have been developed mainly in the terrestrial environment, while
it still lacks a comprehensive assessment and a clear definition of the concept in marine
coastal areas. In the terrestrial environment, ecosystem-based solutions proposed for climate
change and human-related pressures are more complex with the contributions of landscape
modifications. For example, while solutions with wide networks such as urban GI are in NbS
measures in the terrestrial environment (Bellamy et al., 2017), NbS in marine and coastal
environments are ecosystems (e.g., seagrasses, corals, mangroves, oysters, and algae).
Therefore, suitability analysis in the terrestrial environment provides social benefits by
identifying areas requiring rehabilitation and restoration actions, understanding species'
habitat requirements, modeling the impacts such as climate change, and planning urban land
use. Furthermore, the suitability analysis is performed at local scale in urban and rural areas,
considering the relationship between human and nature with environmental, socio-economic,
and governance dimensions (Antognelli & Vizzari, 2021; Bellamy et al., 2017; Saha & Paul,
2021). On the other hand, most studies on MCEs consider only environmental criteria, while
socio-economic and governance indicators are rarely assessed due to the complexity of

interactions and lack of knowledge.

In marine coastal areas, the concept of suitability is used mainly to evaluate the status of a
specific ecosystem. Values of selected indicators should be within the limited ranges defined
for each parameter and as close to the optimum value as possible. However, it is a complex
task to determine the optimum range and thresholds of the parameters necessary for each
species's growth and survival because the species can adapt to different conditions.
Accordingly, it is not sufficient to evaluate stressors independently because of synergetic
effects. This issue coincides with the 'safe operating space (SOS)' concept mentioned by
Rockstrom et al. (2009), related to anthropogenic impacts on ecosystems. It proposes not
exceeding the limits of nine planetary boundaries to provide life-support systems for
sustainable human development. Therefore, Earth systems should process at a safe distance
by avoiding tipping points. Identifying and quantifying the threshold of each boundary is
necessary for the systems to remain resilient, but the uncertainty in nature complicates this.
The concept of creating an SOS for ecosystems has been studied by Scheffer et al. (2015) to
investigate the responses and adaptive capacity of ecosystems to changing environmental
conditions. While most ecosystems do not show a high response to environmental changes
until the tipping point is reached, they show a sudden break after exceeding the threshold (i.e.,

non-linear response). While adapting the SOS concept to wetlands, the idea is based on local
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stressor management, but the effect of climate change on undesirable states is also included.
For example, by reducing local stressors such as water extraction and nutrient loading for
wetlands, it can be ensured that wetlands remain in an SOS despite the pressure of climate
change. The high level of local stressors reduces the resilience against climate change. It
limits the range of variables where the ecosystem can survive and grow safely, i.e., a
significant decrease in tolerance (Green et al., 2017). However, defining stressors' thresholds
is difficult due to uncertainty, including non-linear responses, interactions, and feedback
(Rockstrom et al. 2009; Scheffer et al. 2015; Green et al. 2017). As an example of
interactions, the cyanobacterial dominance resulting from 1 °C increase can be balanced by a
33% decrease in nitrogen concentration. As a synergetic effect, water extraction increases the
concentration of nutrients and contaminants in the water, which affects the suitability of
MCEs (Green et al., 2017; Scheffer et al., 2015).

More specifically, four publications representing the most updated and relevant research for
NDbS suitability mapping in marine coastal areas are selected as "key papers". The publications
are summarized in Table 1.1., detailing the objectives, approaches, study area, NbS measures,

and indicators used for suitability modeling.
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Table 1.1. Summary of the key papers

o ) NbS (MCE or physical
Reference Objective Study Area Methodology Indicators ) )
intervention)
Developing a habitat suitability model AHP method to weight different
) based on environmental variables and criteria to build up habitat | Depth, slope, sediment vyield,
Bakirman and ) Gulluk Bay, o ) - ) Seagrasses (P.
expert judgements for  seagrass suitability model for seagrasses | topographic position index, ]
Gumusay, 2020 | o ) Turkey ) Oceanica)
distribution. Identification of suitable by applying GIS-MCDA and | sheltered area of water
habitats for seagrasses remote sensing techniques
GIS-based AHP method with i )
] ) ) Elevation, slope, tidal
Assessing the amount of suitable land | Coastal areas | remote sensing, model, and | ) )
] ) ) ) o i inundation, air temperature,
Syahid et al. for mangrove restoration today and in in statistical data is used for the o
) ) o ) precipitation, land  cover, Mangroves
2020 the future, according to the different | Southeastern | suitability analysis of mangroves ) )
) ] ) ] ) ) | population, gross domestic
climate change scenarios Asia by integrating scenario analysis ) )
product (GDP), night light
for 2050 and 2070
) Assessing  the  vulnerability  of Random Forest to estimate the | 35 environmental variables
Catucci and o ) ) ) ) o ) ) ) Seagrasses (P.
] Posidonia Oceanica using Machine Italian Sea occurrence of P. Oceanica, i.e., | (Table 1 in Catucci and Scardi ]
Scardi, 2020 ] Oceanica)
Learning presence and absence (2020)
Developing a methodology and tool GIS-MCA approach to ] ) - Floodplain restoration,
) S ) ) Slope, soil type/class, distance ) )
Mubeen et al. | for the spatial suitability assessment of | Tamnava river | developing a toolbox for - Detention basins,
] ) ) o ) ) ] from the stream, land use ]
2021 NbS for river basins using a GIS | basinin Serbia | selection and allocation of large- - Retention ponds,

approach

scale NbS

type/zone, and road buffer

- River widening
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The suitability concept in marine coastal areas has been defined by the four authors in
different ways: Bakirman and Gumusay (2020) developed a suitability model to investigate
the ideal habitat of seagrass species (i.e., Posidonia oceanica), for their restoration and
transplantation. They considered environmental (i.e., geomorphological) indicators and
developed a suitability model using GIS-MCDA and remote sensing techniques to determine
the reference habitat conditions required for the growth of P. oceanica in Gulluk Bay in the
southeast Mediterranean region of Turkey. The model includes five criteria: depth, slope,
sediment yield, topographic position index (TPI), and sheltered area. According to expert
surveys, variables were clustered and normalized with scores between 0-100. Their weights
were decided using the AHP, a common method for various suitability assessments (e.g., land
suitability). Pairwise comparisons scored by seagrass experts are used to integrate the relative
importance of environmental indicators. Finally, normalized scores were multiplied by their
weights obtained from AHP to obtain the final scores, and mapping was done as in Figure 1.1.
Overall, it has been a novel approach for P. Oceanica to integrate spatial environmental data
and expert judgement with GIS-MCDA techniques while assessing habitat suitability.

s
.....

Final AHP & \ ; e
I oty Sutatie (0.75 - 1.00) )
B sutave (065-075)
[[] Moderately sutabie (0.55 - 0.65)
(] Marginany Sutable (0.45 - 0.55)
[ Marginatly Not Sutabie (0.35 - 0.45)
[ Mot Sutablo (0.00-035)

P oceanica Lowor Dopth Limit (34.9m)
------ P ocoanica Uppor Dopth Limit (5.8 m)

Figure 1.1. Final suitability mapping in Bakirman and Gumusay (2020).

A similar study was performed by Syahid et al. (2020) that identified suitable locations for
mangrove planting in Southeast Asia. Suitability concept is defined in a more complex way
by including both temporal dimension (i.e., future scenarios) and socio-economic conditions
linked to human-based pressures (e.g., land cover). As in Bakirman and Gumusay (2020),
potential land suitability for mangroves is evaluated using the AHP method with expert
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judgement for the weighting of parameters by forming a pairwise comparison matrix. The
novelty of this study is the inclusion of both environmental criteria, including climate,
hydrodynamic, and geomorphological indicators with sub-parameters, such as tidal
inundation, elevation, and average air temperature, and socio-economic indicators related to
human pressures such as GDP per capita and population. Moreover, the climatic parameters
(e.g., average air temperature and precipitation) were considered both for baseline analysis
and future scenarios using representative concentration pathways (RCP 2.6, 4.5, and 8.5).
Future scenario analysis is essential in NbS design for selecting the proper intervention in
suitable areas. Priority areas for intervention (e.g., restoration and management) can be
identified by analyzing potential vulnerable or suitable areas in the future and by comparing

them with the current situation.

This study analyzed mangrove land suitability in five different ways, as illustrated in Figure
1.2: 1) using AHP without considering human pressures; ii) using AHP and considering
human pressures; iii) without considering AHP (equal importance for each parameter) and
human pressures; iv) without using AHP but considering human pressures; v) using AHP and
considering human pressures for 2050 and 2070 with data from two models (CNRM-CM5.1
and MIROCS). While the first four scenarios are for baseline land suitability, the fifth is
applied for future land suitability of mangroves. In addition, while the influence of human
pressure parameters can be investigated by comparing the scenarios in which they are
included and those that are not (e.g., i and ii), the accuracy of the weights given are tested by

comparing the scenarios with and without AHP (e.g., ii and iv).
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Figure 1.2. Data processing scheme in Syahid et al. (2020).

After identifying and classifying the indicators based on a literature review, scoring was
completed in the 0-4 range. Finally, mapping was performed for five scenarios illustrated in
Figure 1.2. According to the results, a significant reduction in suitable mangrove land area
was obtained with human pressure indicators. On the other hand, when weighting is not
considered, very suitable and suitable areas for mangrove planting are smaller. The inclusion
of human pressure factors and the relative importance of the parameters influence the
selection of potentially suitable land for mangroves. Interestingly, scenario analysis for 2050
and 2070, including climate model projections, show an increase in suitable areas for
mangroves in the future as increasing greenhouse gas (GHG) concentration (i.e., from RCP2.6
to RCP8.5).

Catucci and Scardi (2020) defined the suitability concept with spatial distribution (i.e., linked
to presence-absence of P. oceanica) and conditions of meadows (i.e., living, regressed, or
mixed conditions) by assessing the vulnerability of P. Oceanica meadows as outputs with
reproducible distributions. Catucci and Scardi (2020) developed a habitat suitability model for
P. oceanica in the Italian seas by using Random Forest (RF), a Machine Learning (ML)
technique, as a classification tool rather than a predictive tool. ML methods have become

more frequently used tools because they can effectively model complex relationships between
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species and environmental parameters with non-linear and high-order interactions. The
novelty of Catucci and Scardi (2020) is performing the vulnerability assessment of P.
Oceanica using 35 environmental variables based on in situ measurements, such as depth and
salinity, as well as modeled anthropogenic variables, such as population and human impact on
marine ecosystems, by considering a temporal dimension using historical and current

occurrence data.

Relative importance is evaluated for environmental variables by normalizing the results based
on the largest relative importance criteria using permutation measure. Moreover, while depth
shows the largest relative importance as 1, the other predictors have relative importance only
between 0.02-0.33, which is much lower than the importance of depth. However, Catucci and
Scardi (2020) stated that the relative importance of other indicators is not fully reflected, as
the RF technique yields results by looking at correlations between predictors rather than
complex causal relationships. The RF provides presence predictions in the [0, 1] interval, and
the optimal threshold for a predicted presence was obtained using Receiver Operating
Characteristic (ROC) curve. Since low RF value also means low predicted habitat suitability,
vulnerability and the potential regression risk are higher in such areas. Potential regression-
risk areas should be identified to contribute to the environmental impact assessment and to
prioritize the seagrass populations for interventions. Accordingly, conservation actions are
necessary to control the regression risk of highly vulnerable meadows. On the other hand,
mitigation measures and monitoring programs can be adequate for less vulnerable ones to

maintain their present level of habitat suitability.

Mubeen et al. (2021) is the only key paper that used the term ‘NbS suitability mapping’ and
focuses on NbS other MCEs. Suitability mapping was carried out to assist in selecting and
allocating four NbS interventions (i.e., floodplain restoration, detention basins, retention
ponds, and river widening) that could face increased flood risk with climate projections.
Although it is relevant to the urban and rural context as performed for the Tamnava River
basin, the authors conduct a comprehensive NbS suitability assessment that supports
suitability models in marine coastal environments. The GIS-MCA approach (with ESRI
ArcMap) is used to develop toolboxes for the spatial allocation of large-scale NbS,
considering local contexts and both environmental and socio-economic parameters. For the
spatial suitability assessment of NbS, Mubeen et al. (2021) formed a conceptual model as in
Figure 1.3 involving the most used criteria in the previous tools (i.e., slope, soil type/class,

distance from the stream, land use type/zone, and road buffer) to avoid using similar input
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data/criteria. Thanks to the flood maps and suitability maps, the amount of floodwater that
needs to be stored can be decided. This study is a decision-support tool that facilitates the
selection of suitable NbS with enough potential for storage and its allocation by estimating the

volume of floodwater and available storage capacity of NbS.

BASE DERIVED

MAPS MAPS TRANSFORM COMBINE

o
DEM Slope Slope condition

= — ——

Stream Distance from Condition for

stream distance
—
Road Buffer Buffer condition General Suitability
Map
Soil Map Soil Class Soil Condition

-l —

Land use Reclassified land
use

Figure 1.3. The conceptual model for mapping for NbS in Mubeen et al. (2021).
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SECTION B: METHODOLOGICAL DEVELOPMENT

2. Description and characterization of the case study area

2.1. The MaCoBioS Project

The H2020 MaCoBioS (Marine Coastal Ecosystems Biodiversity and Services in a Changing
World)! is an EU-funded project aiming to provide efficient and integrated management and
conservation strategies for MCEs (e.g., seagrass meadows, coral reefs, mangroves,
saltmarshes, kelp forests, maerl beds) in Europe to face the impacts of climate change
considering the inter-relations between climate change, biodiversity, and ecosystem services.
For this purpose, it contributes to climate change mitigation and adaptation actions by
improving knowledge of the spatio-temporal dynamics of MCEs in the context of NbS and by
proposing suitable creation, conservation, restoration, and management strategies involving

multidisciplinary approaches.

In this direction, the potential ecosystem services and benefits MCEs can provide for societal
challenges depend on their biological and ecological conditions. Changes in environmental
conditions and degradation or disturbance of ecosystems due to climate change impacts and
anthropogenic factors reduce the quantity and quality of ecosystem services and biodiversity.
Ecosystems vulnerable to environmental drivers or anthropogenic stressors become unable to
provide services such as nutrient uptake, and the vulnerability of the socio-ecological system
increases subsequently. However, the evaluation of the complex relationship between MCE
degradation and ecosystem services, as well as a comprehensive analysis for
implementation/transplantation or protection of ecosystems with ecosystem-based approaches
in a robust manner, remain limited due to knowledge gaps such as insufficient data.
MaCoBioS leads to filling the knowledge gap for implementing effective and integrated NbS
measures by establishing a bridge between climate change and MCE using multiple indicators
and providing guidance for decision-makers. For this purpose, MaCoBioS pursues four main
targets based on scientific work packages (WPs) and activities, as follows: i) Providing
empirical models for the relationship between climate change, biodiversity, functions and
services of MCEs (WP1), ii) Assessing the vulnerability of marine socio-ecological systems
to climate conditions under multiple ‘what-if” scenarios (WP2), iii) Evaluation of the
effectiveness and suitability of NbS measures by improving the resilience capacity of MCEs
(WP3), iv) Developing evidence-based guidance for marine policy and innovative research
(WP4).

1 https://macobios.eu/
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This thesis was developed in collaboration with the Euro-Mediterranean Center on Climate
Change (CMCC)? and contributes to Task 3.3 of WP3 on ‘Nature-based solutions suitability
mapping’ by supporting information on the optimum environmental conditions for
appropriate  NbS implementations considering the main environmental drivers of the
suitability of seagrass meadows in marine and coastal areas of the Mediterranean Sea and

using MCDA techniques.

2.2.Mediterranean Eco-region

The Mediterranean Sea, which is the largest (2.5 million km?) and deepest (average 1460 m,
maximum 5267 m) enclosed sea (Coll et al. 2010, 2012), is located between 30° 15° — 45° 47°
N and 6° 1’ W — 36° 13 E (IHO, 1953) and connects to the Atlantic Ocean in the west, to the
Red Sea in the southeast and to the Sea of Marmara and the Black Sea in the northeast. The
Mediterranean Sea is surrounded by 22 countries from Western and Southern Europe,
Anatolia, North Africa, and the Levant, with a total coastline length of 46,000 km (Giorgi,
2006). The Mediterranean Sea is divided into four sub-regions according to its biogeographic
and oceanographic features, namely the Adriatic Sea, the Western Mediterranean, the lonian
and Central Mediterranean, and the Aegean-Levantine region (Figure 2.1). Since the
characteristics of these sub-regions are slightly different, their ecosystem tolerance and

exposed pressures can be evaluated by considering site-specific conditions.

stern Mediterranean ;
' ntral Mediterranean
e : LA e e

Figure 2.1. Sub-regions of the Mediterranean Sea.

2 Www.cmcc.it
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Regarding the physicochemical characteristics of the water, the Mediterranean Sea is one of
the most oligotrophic oceanic systems, with some exceptions in coastal areas where high river
discharges, vertical mixing, and upwelling phenomena occur (e.g., Gulf of Lion). A large part
of the Mediterranean is deep sea, having unusual features such as temperature variations from
12.8-13.5°C in the western basin to 13.5-15.5°C in the eastern basin. Moreover, there is an
eastward increase in salinity (average 37.5-39.5 PSU) and a decrease in sea surface height due
to higher evaporation and less runoff on the east side. In contrast to temperature and salinity,
biological productivity increases from east to west and from south to north (UNEP/MAP
2017; Piroddi et al. 2015). In terms of climate conditions, precipitation in the Mediterranean,
which has hot, dry summers and mild, windy, humid winters, has an increasing gradient from
south to north. While the annual precipitation does not exceed 250 mm on the North African
coasts, the northern Mediterranean countries receive annual precipitation up to 2500 mm, with

a maximum in mountainous coastal areas (UNEP/MAP, 2017).

The Mediterranean, which covers only 0.82% of the global ocean surface, has high oceanic
productivity and hosts more than 17,000 different marine species (7% of global marine
biodiversity and 18% of the global macroscopic marine biodiversity) (Bianchi & Morri, 2000)
and about 25% of the global marine primary production (Coll et al., 2010). Given its richness,
the Mediterranean is considered one of the world’s 25 hotspot areas for biodiversity loss since
it contains valuable and endangered key shallow (e.g., seagrasses) and deep-water ecosystems
(e.g., submarine canyons and deep-sea structures), which increase from southeast to northwest
(EEA, 1999). The Atlantic Ocean is the primary source of marine biodiversity in the
Mediterranean. New species were introduced to the Mediterranean Sea from the Red Sea
through the Suez Canal and the Atlantic Ocean due to the intensification of anthropogenic

activities (e.g., shipping activities) (Coll et al., 2010).

Different direct drivers (e.g., climate change, degradation of habitats, invasive alien species
(1AS)) and indirect drivers (e.g., demographic, economic, and social) affect MCEs and
ecosystem processes in the Mediterranean Sea. Specifically, the Mediterranean Experts on
Climate and Environmental Change network (MedECC) classified the direct drivers of change
into four macro-categories: i) climate change, ii) pollution, iii) land and sea use changes, and

IV) non-native species.

The IPCC 6™ assessment report estimated that the current conditions in the world will
exacerbate the threats to both nature and human well-being by considering the most impactful
climate drivers, such as temperature increases. Specifically, the key pressures affecting the
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Mediterranean Sea are sea surface temperature, sea level rise, precipitation, ocean
acidification, salinity change, and extreme events, such as marine heatwaves, storm surges,
and flood events. It has been reported that the species at risk of extinction will be 5%, and
16% at 2°C, and 4.3°C warmings, respectively (UNEP/MAP, 2017). The Mediterranean is
more sensitive to climate change impacts than other seas due to its characteristics, such as
being enclosed (i.e., limited water exchange with oceans) and having sensitive ecosystems
(Coll et al., 2012). Additionally, human-induced pressures, such as fishing and shipping,

accelerate the adverse impacts on this eco-region.

On the other hand, water pollution includes marine litter introduced by maritime activities
(e.g., dredging) and chemical compounds discharged from land (e.g., nutrients, persistent
organic pollutants, heavy metals, and oxygen-depleting substances). These factors degrade
WQ by changing water's chemical and biological properties and disturbing the growing
conditions of ecosystems (UNEP/MAP, 2009).

The changes in land and sea use, especially after the second half of the 20" century, have
caused habitat degradation and biodiversity loss by both increasing pollution and
overexploitation of natural resources through coastal development, agriculture, aquaculture,

mining, and energy production (IPBES, 2019).

Finally, non-indigenous species (NIS) enter the eastern side of the Mediterranean through the
Suez Canal (more than 50%) through the ballast waters of the ships and can drastically alter
the Mediterranean biota by damaging native species (UNEP/ MAP and Plan Bleu, 2020).
Increasing trade networks accelerate the pressure of NIS in the Mediterranean Sea. In
addition, non-native species introduced from the south can survive northward expansion by
the temperature rise in seawater, i.e., meridionalisation, and can be seen in different parts of
the Mediterranean (Tsiamis et al., 2018).

Overall, the direct drivers create cumulative pressure on MCEs with the support of indirect
impacts by disrupting the environmental conditions of ecosystems and causing severe
reductions in ecosystem services flow. Among photosynthetic MCEs, endemic seagrasses will
deserve special attention within this thesis. In the following sections, distribution trends of
seagrass species in the Mediterranean, the pressures on them, and the required environmental
conditions to grow healthy and to provide ecosystem services will be described, with a

particular focus on Posidonia oceanica.
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2.2.1. Seagrass meadows

Seven seagrass species characterize the Mediterranean Sea, of which Posidonia oceanica is
the most frequent and endemic species and covers the largest area (12,247 km? despite the
lack of data). Specifically, P. oceanica extends for 11,907 km along the Mediterranean
coastline, while no information is available for 21,471 km for P. oceanica presence/absence
(Telesca et al., 2015). Therefore, it is estimated that P. oceanica covers approximately
25,000-50,000 km? in the Mediterranean Sea (Pasqualini et al., 1998). In addition, other
seagrass species, such as Cymodocea nodosa, Zostera marina, and Zostera noltii, are
widespread native species in temperate coastal areas of the Mediterranean, while Ruppia
maritima prefers salt marshes and brackish water environments. Finally, Halophila stipulacea
and Halophila decipiens are invasive seagrass species introduced through the Suez Canal and

ballast water (Boudouresque et al., 2021).

The distribution of seagrass species depends on multiple environmental features which vary
over time. According to the analysis of seagrass area gains and losses between 1869 and 2016,
an overall 21% decline was reported for the seagrass coverage on the Mediterranean coasts.
More specifically, available estimations indicated that P. oceanica had lost 13-50% of its
extent after 1960 (Marba et al., 2014). Nevertheless, some seagrass species have gained area
in some Mediterranean sites during the 2000s (de los Santos et al., 2019). For instance, the
areal extent of C. nodosa meadows are increasing with seawater warming and replacing the

decreasing P. oceanica (Boudouresque et al., 2021).

Increased coastal development activities, such as land reclamation, dredging and
constructions, runoffs, anchoring, and trawling, are the main pressures on seagrass meadows
(Otero, M.M and Pergent-Martini 2016; Pergent-Martini, Otero, and Numa 2016). These
threats may cause direct mechanical damage to seagrasses, pollution, eutrophication, and
turbidity in seawater. Moreover, introducing invasive species, such as marine green seaweed
Caulerpa taxifolia and epiphytic Lophocladia lamellandii, may reduce seagrass coverage
since they can invade seagrasses by affecting the density and complexity of meadow
assemblages (Otero, M.M and Pergent-Martini 2016; Pergent-Martini, Otero, and Numa
2016).

According to the European Red List of Habitat assessment, P. oceanica is considered as
"Vulnerable" status in the Mediterranean since there has been a significant decline in the
extent of this habitat. Moreover, other seagrass species are categorized as "Least Concern”
since the trend in quantity is not very well known, and their habitat is widely distributed and
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relatively undegraded (Micu et al., 2016). For the conservation and management of seagrass
meadows in the Mediterranean, P. oceanica is protected by EU legislation (1992) and the
Bern (1996) and Barcelona (1976) conventions, while Zostera species and C. nodosa are

protected by Barcelona conventions and some national legislations and MPAs.

2.2.2. Posidonia Oceanica

This thesis focuses on analyzing environmental conditions suitable for P. oceanica growth.
Thus, a pioneering methodology for suitability analysis will be developed for P. oceanica and
to be applied to other species and ecosystems in the future. This section summarizes the
environmental characteristics necessary for the survival and growth of P. oceanica scanned in

the literature.

P. oceanica meadows prefer transparent, oligotrophic, and oxygenated waters to live, grow,
and manage photosynthetic activity. The most important factor affecting the growth rate of P.
oceanica meadows is temperature. It can grow well between 10-28 °C while sudden high
temperatures and prolonged marine heatwaves reduce shoot growth and increase shoot
mortality (Marba & Duarte, 2010). The threshold value of this change is about 28-29 °C (Lee
et al., 2007; Olsen et al., 2012). Another feature affecting the growth of P. oceanica is water
depth, which is linked to light availability. Meadow density is highest in shallow waters (more
than 1000 shoots m), while shoot density decreases exponentially as depth increases (70-80
shoots m at 30 m depth). It has been stated that the maximum depth for P. oceanica survival
is around 40 meters (Hemminga, M., & Duarte, 2000). Furthermore, seagrasses grow more
efficiently on protected and gently sloping marine coastal areas. However, the rising sea-level
may have a regression effect on the lower limit of P. oceanica meadows grown on very gentle

slopes (Pergent et al., 2015).

Considering light availability, the minimum threshold required for P. oceanica growth is 0.1-
2.8 mol PAR (i.e., photosynthetically active radiation) photons day*m? (Hemminga, M., &
Duarte, 2000), but different factors that contribute to turbidity, such as suspended particulate
matter (SPM), colored dissolved organic matter (CDOM) and phytoplankton pigment
(chlorophyll), can reduce sunlight penetration in the water column (Abdelrhman, 2017b).
SPM contains both inorganic and organic materials (e.g., particulate organic carbon and
particulate organic nitrogen) (Fitzsimons et al. 2012) and is a significant anthropogenic
pressure that originates from both land-based transportation activities, and direct interventions
to the sedimentary structure (e.g., bottom trawling) that determine the resuspension of
particulate matter.
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Regarding the living condition related to the seabed type, P. oceanica prefers soft bottom
substrates such as sand. It can also grow on rocky and other hard substrate types. However, on
substrates with high mud content, P. oceanica may not sufficiently attach to the ground,
requiring a higher irradiance due to the turbidity from mud. On the other hand, the dead matte
of P. oceanica meadows is considered a very effective substrate type, especially for
transplantation and regeneration (Alagna et al., 2015; Calvo et al., 2021). Moreover, the
threshold of sediment accumulation rate for P. oceanica is 4-5 cm yr! since it is sensitive to
very high sedimentation rates (i.e., erosion) that can cover and suffocate the rhizomes.
However, some dynamic sediments and water systems can positively affect meadow
development instead of a very low sedimentation rate (D’Angelo & Fiorentino, 2012;
Manzanera et al., 2011).

A further environmental feature affecting P. oceanica growth is salinity. According to the
literature, the optimum salinity range is between 33 and 39 PSU, while higher values increase
the mortality trends. P. oceanica is more sensitive to salinity increment while having more
tolerance for salinity reductions. This feature may be due to the terrestrial origin of seagrass

ecosystems (Fernandez-Torquemada & Sanchez-Lizaso, 2005).

In addition, the increased concentration of organic matter loaded into the sediment increases
the oxygen consumption rate due to microbial activities through increased sulfate reduction
rates in the sediment. Hence, hydrogen sulfide can increase mortality by reacting with oxygen

while penetrating P. oceanica tissues (Pérez et al., 2007).

2.3. Data Sources and Collection for the Case Study Area

The implementation of multi-criteria approaches for suitability mapping requires integrating a
huge amount of heterogeneous data from different fields. Therefore, various environmental,
climatic, geomorphological, and water quality data were retrieved to spatially characterize the
main drivers contributing to the suitability of P. oceanica. The environmental data were
collected as GIS-based and NetCDF datasets to understand the suitable conditions in which
seagrasses live in the Mediterranean eco-region, trying to achieve homogeneous coverage by
paying attention to spatial resolutions. Publicly available data portals were used to obtain
these datasets. Specifically, Copernicus Marine Environment Monitoring Service (CMEMS)?
portal was used to retrieve climate (e.g., sea surface temperature) and hydrologic (e.g.,

dissolved oxygen, light attenuation coefficient) variables for the historical period (1987-

3 http://marine.copernicus.eu/
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2018). Geomorphological variables, such as bathymetry and substrate type, and seagrass

distribution data in the Mediterranean were collected from EMODnet data portals (EMODnet
seabed habitats®, EMODnet bathymetry®, and EMODnet geology®). Table 2.1 reports the

metadata of the data collected for the suitability assessment of P. oceanica in the

Mediterranean eco-region. Specifically, the metadata includes i) spatial domain, ii) unit of

measure, iii) spatial resolution and time frame, iv) data format and data sources/web-

reference.

Table 2.1. Metadata of the data collected and calculated for the implementation of NbS
suitability mapping in the Mediterranean eco-region

Data type Spatle_ll Unit of Spatrc_ll Time- Data Reference
Domain measure resolution frame format
Environmental Parameters
Climate
CMEMS
e
Tenegg%ture Mediterranean [Kelvin] 0.05° x 0.05 2008-2022 | NetCDF detail/SST MED SST L4
NRT_OBSERVATIONS 01
0 004/INFORMATION)
Thermal
Stress Mediterranean [Day] 0.05° x 0.05° 2008-2022 | NetCDF | (Calculated from sea surface
Duration temperature data)
Thermal
Stress Mediterranean [Kelvin] 0.05° x 0.05° 2008-2022 | NetCDF | (Calculated from sea surface
Intensity temperature data)
Geomorphology
Raster EMODnet bathymetry
Bathymetry Global [m] 0.001° x 0.001° / file (https:// www.emodnet -
bathymetry.eu/)
Seabed Global [%] 0.001° X 0.001° / Ra_ster (Calculated from bathymetry
Slope file data)
EMODnet geology
Substrate Europe / / / Shapefile (https://www.emodnet-
Type geology.eu/data-
products/seabed-substrates/)
Hydrologic
CMEMS
(https://resources.marine.cop
Nutrients . 3 o o ernicus.eu/product-
(NO) Mediterranean | [mmol m~] | 0.042° x 0.042° | 1999-2022 | NetCDF detaill/MEDSEA MULTIVE

AR_BGC_006_008/INFOR
MATION)

4 https://www.emodnet-seabedhabitats.eu/

5 https://www.emodnet-geology.eu/

6 https://www.emodnet-bathymetry.eu/
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https://www.emodnet-geology.eu/data-products/seabed-substrates/
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Table 2.1. Metadata of the data collected for the implementation of NbS suitability mapping
in the Mediterranean eco-region case study (cont’d)

CMEMS
Light (https://resources.marine.cop
attenuation a1 o o i ernicus.eu/product-
coefficient Global [m™] 0.042° x 0.042 1997-2022 | NetCDF detaill OCEANCOLOUR G
(Kq) LO OPTICS L4 REP OBS
ERVATIONS 009 081)
CMEMS
Dissolved T —
H -3 o o _ . -
O(xgg()en Mediterranean | [mmol m>] | 0.042° x 0.042 1999-2022 | NetCDF detail/MEDSEA MULTIVE
AR _BGC 006 008/INFOR
MATION)
CMEMS
(https://resources.marine.cop
. . o o ernicus.eu/product-
Salinity Mediterranean [PSU] 0.042° x 0.042 1987-2022 | NetCDF detail/MEDSEA MULTIVE
AR PHY 006 004/INFOR
MATION)
Nature-based Solutions Distributions
EMODnet Seabed Habitats
Seagrass Europe / / Shapefile (https://ww.emodnet-
meadows seabedhabitats.eu/)

2.4. Data Pre-processing and Analysis

Data preparation and pre-processing were performed to represent and homogenize all input
data for NbS suitability model development. This phase aims to prepare raster layers to be
imported into GIS applications for mapping by homogenizing data with different spatial
resolutions collected from various open-source data platforms. Moreover, this stage supports
the determination of threshold values of environmental variables for P. oceanica survival and
growth by performing a statistical analysis. Since most of the seagrass meadows in the
Mediterranean are recorded and reported in the 2016-2018 timeframe, the suitability model is
trained using environmental data monitored during this reference period. Then, 3-year-based
metrics (i.e., mean, maximum, and minimum) were calculated and mapped, as detailed in the
following paragraphs. As emerged in the literature, seagrass meadows generally live at a
maximum of 45-50 meters depth (Hemminga, M., & Duarte, 2000) with some exceptions in
deeper water with high water clarity (e.g., Malta), the case study area was framed up to 60
meters depth in the bathymetry layer as in Figure 2.2. Then, other environmental parameters
(e.g., SST, salinity) were preprocessed according to this threshold.
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Figure 2.2. Case study area.

Climate and WQ data in the daily-mean temporal resolution were downloaded from the
Copernicus Marine Environment Monitoring Service (CMEMS) using Python's motuclient
library. It was processed with the xarray library, manipulating the raw data in NetCDF
format. Mean, maximum, and minimum values were obtained for 2016-2018 using daily data
grouped according to latitude and longitude. Data frames of environmental variables were
converted to raster using the rioxarray library and then interpolated using the nearest method
in Python, in order to include the values of environmental parameters for each pixel of
seagrass meadows in the analysis.

Since this model was developed specifically for the P. oceanica seagrass species, seagrass
polygons with EUNIS code 'A5.535' were selected and extracted from the seagrass dataset
retrieved from the EMODnet Seabed Habitat data portal (for years 2016, 2017, 2018) using
the GIS-tool. Accordingly, the shapefile for P. oceanica distribution was imported in Python
using the geopandas library to clip environmental variables data according to the locations
(latitude-longitude) where P. oceanica exists. An example of the resulting output from this
process for salinity is displayed in Figure 2.3d. In the statistical graphs (Figure 2.3a-c), the x-
axis represents the range of environmental variable values, while the y-axis represents the
number of P. oceanica pixels (frequency) at those values of environmental variables. This

gave as output three histogram graphs for mean, maximum, and minimum values, and a map
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of P. oceanica in which salinity values overlapped with the mean level of salinity for three

years in the Mediterranean (lower right corner in Figure 2.3).

Posidonia oceanica distribution according to salinity 2016-2018 for Mediterranean
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Figure 2.3. Salinity values for the P. oceanica in Eastern Mediterranean with a) average of
daily mean; b) daily maximum; c) daily minimum values for three years (2016-2018); d) Map
of average daily mean values in graph a.

Furthermore, the annual range of environmental variables (i.e., minimum-maximum values)
in the regions with P. oceanica was analyzed separately for each pixel and plotted as a
percentage according to the number of P. oceanica found. For example, the largest percentage
of P. oceanica in the Mediterranean are exposed to SST between 13-28 °C in the annual range
as graphed in Figure 2.4. The same analysis is performed for SST and WQ parameters.
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Figure 2.4. Minimum and maximum values of SST for P. oceanica in the Mediterranean.

In addition, according to literature and expert judgment, 28 °C is a critical threshold for P.
oceanica mortality (Bennett, Alcoverro, et al., 2022). Thus, an analysis was performed for the
duration and intensity of exposure above 28 °C (i.e., thermal stress on seagrass meadows).
When forming datasets for thermal stress duration and intensity, the number of consecutive
days that each grid was exposed to temperature values higher than 28 °C was counted, and the
maximum exposure period between 2016-2018 was stored using Python. The maximum
temperature value during the selected period was then extracted for each grid. In Figure 2.5,
the histogram on the left represents the maximum duration, while the one on the right

represents the temperature values higher than 28 °C during the maximum duration.
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Posidonia oceanica distribution according to thermal stress 2016-2018 for Med
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Figure 2.5. Thermal stress duration and intensity. a) Maximum consecutive days of exposure
to temperature higher than 28 °C (i.e., duration); b) Maximum temperature value higher than

28 °C during the maximum duration (i.e., intensity).

Geomorphologic data were downloaded from different EMODnet data portals. The substrate
type shapefile retrieved from EMODnet Geology was imported into QGIS, and a new vector
layer representing the overlapping substrate polygons with P. oceanica polygons was created

using GIS geoprocessing tools. Figure 2.6 shows the number of polygons overlapped with the
substrate type.
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Figure 2.6. Substrate types of P. oceanica in the Mediterranean.

The bathymetry data downloaded from EMODnet was converted from the ascii format to tif
and merged with the GIS tools. After importing the raster into Python, it was extracted for the
areas up to 60 meters. Then, it was cropped according to the P. oceanica shapefile using the
rioxarray library, and the statistical analysis of the output is reported in Figure 2.7 using the
rasterio library. In addition, from bathymetry data, the slope layer was calculated with the
GRASS tools in QGIS and imported to Python as new datasets.

Bathymetry of P.oceanica in Western Mediterranean - Bathymetry of Poceanica in Eastern Mediterranean
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Figure 2.7. Bathymetry values of P. oceanica in Western and Eastern Mediterranean.
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3. GIS-based MCDA for NbS suitability mapping

3.1. Conceptual Framework for NbS Suitability

The suitability assessment of NbS alternatives should be performed by considering and
integrating environmental, socio-economic, and governmental parameters to decide on the
most effective and feasible NbS implementation. The suitability assessment can be managed
for different MCEs, such as saltmarshes, mangroves, and coral reefs, considering different
types of parameters since the effects and importance of the parameters are not the same for
the survival, growth, and effectiveness of each MCE. For NbS suitability analysis, a multi-
tiers approach illustrated in Figure 3.1 is proposed. In Tier 1, NbS suitability is analyzed by
considering environmental factors and setting up the SOS of these indicators for the different
MCEs at eco-regional scale. The outputs of the environmental suitability of Tier 1 can be
overlapped with the risk analysis and maps of ecosystems at eco-regional scale (Tier 2).
Finally, NbS suitability assessment can be completed with a local scale analysis using socio-
economic and governmental indicators for the effectiveness analysis of NbS implementation
in Tier 3.

«Effectiveness of NbS
implementation

Tier 3 «Inclusion of socio-economic
and governance indicators

«Local scale analysis

*Overalpping with the risk maps

Tier 2 of NbS
*Eco-regional scale analysis

*NbS suitability analysis using
Tier 1 environmental indicators and
1er 'safe operating space' concept

*Eco-regional scale analysis

Figure 3.1. Multi-tier approach for NbS suitability assessment.

As mentioned above, Tier 1 of the multi-tier approach will be applied to seagrass meadows as
training in this thesis. However, in future studies, the suitability analysis for various
ecosystems with the integration of Tier 2 and Tier 3 may be effective in making a complete

NbS suitability evaluation for the decision-making of the ecosystem-based approach.
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This thesis is framed within Tier 1 of the NbS suitability framework, and the workflow
includes (i) selecting and preparing the variables that are important for the survival and
growth of P. oceanica using as input the environmental data, (ii) classifying and scoring the
variables according to the literature review, expert opinions, and statistical distributions
obtained in data pre-processing, (iii) deriving the overall suitability score for each segment of
the Mediterranean coasts by combining the normalized suitability scores and the weights
obtained using the AHP method performed by expert judgement.

3.2. Multi-Criteria Decision Analysis (MCDA) for NbS Suitability Model Development
on Posidonia Oceanica

The assessment of suitable environmental conditions for P. oceanica growth is evaluated by
developing a suitability model using the GIS-based MCDA method. GIS systems are effective
tools for the analysis of spatial decision problems, and their integration with MCDA
techniques can provide powerful models to frame complex decision-making problems
involving multiple criteria by aggregating different variables into a single index. GIS-MCDA
is a valuable tool for identifying and evaluating criteria and enabling ranking and/or choice
among alternatives. Various MCDA approaches have different requirements, strengths, and
weaknesses, but the steps followed according to the generalized MCDA process are common.
GIS-based MCDA is a multi-step process that involves setting up criteria, weighting,
aggregation, and geoprocessing tasks (Greene et al., 2011). In the MCDA process, the
decision context is first established by structuring the problem and identifying the criteria.
Secondly, the analysis step is applied by making criteria assessment, weighting, and
aggregation. The raw information that shows the effect of each selected parameter is
classified. Then, assigned values are converted to a dimensionless form (i.e., normalization).
Weighting is applied using a proper method (e.g., random weighting, AHP, etc.) to express
the relative importance of criteria on the final scores. Finally, results are obtained by
combining the normalized values and weights via aggregation methods (e.g., weighted linear
combination) (Adem Esmail & Geneletti, 2018).

In this study GIS-based Analytic Hierarchy Process (AHP), one of the most extended MCDA
methods has been applied. Python script language was used to obtain the raster files for each
environmental variable, and GIS tools (e.g., reclassification, mask creation) were used to
calculate the final NbS suitability scores and maps. The workflow used for Tier 1 includes the

selection of the main parameters (i.e., climate, WQ, geomorphology) and the indicators for
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each selected variable (e.g., SST for climate), reclassification, AHP for weighting, and GIS

analysis for mapping, as illustrated in Figure 3.2.

Environmental
Parameters

Resample

Weighting (AHP)

Reclassification

NbS Suitability Calculation Spatial NbS Suitability Values

NbS Suitabillity Map

3.2.1. Selection and Normalization of Environmental Indicators

Mask Creation

Figure 3.2. The workflow of the application.

One of the crucial steps of the GIS-based MCDA approach is the selection of variables to
describe the spatial problem and provide quantifiable results. While the variables were
selected based on literature review and expert opinions, ten environmental indicators were
grouped into three main categories: climate, geomorphology, and WQ (Table 3.1).

SOS and thresholds were assigned for each variable based on the distribution of
environmental variables in data pre-processing, non-structured discussions with the seagrass
experts, and the literature review. The identified indicators need to be normalized in a
standard scoring system to aggregate them, stating the contribution of each variable to the
suitability. In this study, the 0-100 range was adopted for the scoring, with 100 representing
the very suitable class. 80 and 60 were assigned for suitable and moderately suitable,
respectively. As the values of indicators approach the threshold, small changes may have a
large impact on the ecosystem and the state. Therefore, 30 was assigned for the less suitable
instead of making an equal range. Lastly, since the threshold values are not very precise for
each variable in literature, 10 is given instead of O for the not suitable class.
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Table 3.1. Designation of suitability scores based on the range of values for each input

Variable | Classes | Suitability class | Scores

Climate
<10 Not suitable 10
10-15 Moderately suitable 60
15-19 Suitable 80
Sea Surface Temperature (°C) 19-21.5 Very suitable 100
21.5-25.5 Suitable 80
25.5-28 Moderately suitable 60
>28 Not suitable 10
<5 days Very suitable 100
. 5-10 days Suitable 80
VnEmmEl S(;[ress e 10-35 days Moderately suitable 60
EEE 35-60 days Less suitable 30
>60 days Not suitable 10
0°C Very suitable 100
0-0.5 °C Suitable 80
Thermal Stress intensity (°C) 0.5-1 °C Moderately suitable 60
1-2°C Less suitable 30
>2°C Not suitable 10

Geomorphology
0-0.5 Less suitable 30
0.5-2 Moderately suitable 60
2-10 Suitable 80
10-20 Very suitable 100
Bathymetry (m) 20-25 Suitable 80
25-30 Moderately suitable 60
30-45 Less suitable 30
>45 Not suitable 10
0-0.5 Very suitable 100
0.5-15 Suitable 80
Seabed Slope (%0) 1.5-3 Moderately suitable 60
3-5 Less suitable 30
>5 Not suitable 10
Sand or Dead matte Very suitable 100
Muddy sand Suitable 80
SR NEE Rock and hard substrate | Moderately suitable 60
Others Less suitable 30
Water Quality

<0.07 Very suitable 100
g atenuaton oint [ —— QUL e o
! 0.2-0.3 Less suitable 30
>0.3 Not suitable 10
>220 Very suitable 100
T e
<190 Not suitable 10
<33 Not suitable 10
Salinity 33-36 Less suitable 30
(PSVL) 36-37 Moderately suitable 60
37-37.5 Suitable 80
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Table 3.1. Designation of suitability scores based on the range of values for each input
(cont’d)

37.5-39 Very suitable 100
39-39.5 Suitable 80
39.5-40 Moderately suitable 60
40-40.5 Less suitable 30
>40.5 Not suitable 10
. <0.25 Very suitable 100
MO (gl >0.25 Not suitable 10
3.2.1.1. Geomorphology

Bathymetry, seabed slope, and substrate type were selected as key geomorphological
parameters for P. oceanica growth. Bathymetry plays a crucial role since light penetration
into the seafloor decreases exponentially as depth increases. Most P. oceanica populations in
the Mediterranean Sea are found in the first 20 meters (Infantes et al. 2009). However, the
shallowest parts may not be suitable for P. oceanica growth due to stressors (e.g., waves and
temperature) (Infantes et al. 2009; Bakirman and Gumusay, 2020). High energy waves may
directly disturb shallow P. oceanica populations or cause their burial by resuspending the
sediment. Moreover, shallow populations are affected by sudden temperature elevations and
variations during daytime. Therefore, 0-0.5 meters from the sea surface were assigned as not
suitable. Most seagrass meadows have been found between 10 to 20 meters depth, for which
higher scores and the very suitable class were assigned. Lower scores, hence suitability
classes, were assigned for values above 20 meters depth due to light limitation. Values above
45 meters were considered not suitable because it is unlikely to observe extensive P. oceanica

meadows unless water is very clear (Hemminga and Duarte, 2000).

Seabed slope is the proxy representing past and present hydrodynamic effects since
geomorphology and sediment properties, especially soft sediments, depend on hydrodynamic
effects (e.g., subtidal currents, wave forces) (Folmer et al., 2016). In this study, seabed slope
was derived from the bathymetry layer using the GRASS tool in QGIS and expressed in
percentage. Seagrass meadows require gentle slopes for their regular and continuous
expansion/distribution (Tonielli et al., 2016), hence higher suitability scores were assigned to
this type of slopes (<5%), while values higher than 5% were considered not suitable for P.

oceanica growth in the Mediterranean region.

P. oceanica can grow on different substrate type, which is fundamental for the anchorage of

plants’ roots and the availability of nutrients (e.g., minerals). Substrate type is also relevant to
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turbidity caused by resuspension. Sand and dead matte are the most suitable substrate for P.
oceanica growth thanks to their contribution to anchorage and nutrients (Di Maida et al.,
2013). Muddy sand is considered a suitable substrate for P. oceanica, but sandy mud was
assigned as less suitable, considering that increasing mud content contributes to turbidity
(Diaz-Almela & Duarte, 2008). Moreover, although soft soils are more suitable for the growth
of P. oceanica, rock/hard substrates were considered moderately suitable (even sometimes
higher resilience to hydrodynamic impacts) (Zenone et al. 2022). P. oceanica can grow on
seabed types other than sand and rock substrates (e.g., clay). However, since the growth
performance of P. oceanica decreases, other seabed types were considered less suitable, and

there was no substrate type assigned as not suitable.

3.2.1.2. Water Quality

P. oceanica needs transparent, oligotrophic, and oxygenated water, therefore water quality
parameters have been chosen considering the main factors affecting seagrass survival and
growth, as reported in Section 1.2. Accordingly, salinity, dissolved oxygen (DO), nutrient
concentration (i.e., NO3), and light attenuation coefficient (Kq) were selected as key WQ

parameters.

The light availability is one of the most important parameters affecting growth and the lower
limit of seagrass meadows. Many factors contribute to light attenuation in the water column,
such as total suspended solids (TSS), colored dissolved organic matter (CDOM),
phytoplankton pigment, absorption by pure water, backscattering by TSS and pure water
(Abdelrhman, 2017a). In this study, the light attenuation coefficient (Kq) is considered the
proxy representing turbidity/light availability. P. oceanica grown in turbid waters (K¢>0.2 m
1) have a higher light requirement, while it could grow more easily in very clear waters
(K¢<0.07 m?) (Duarte et al., 2013; Saulquin et al., 2013). Therefore, 0.07 m™* and lower Kgq

values are considered very suitable, while lower scores were assigned for higher Kq values.

Nutrient concentration is linked to water transparency and clearly shows the effect of
wastewater discharges on nitrogen and phosphorus dynamics. Although seagrasses need
nutrients from sediment to grow efficiently, the increased dissolved nutrient concentration in
water column will accelerate the growth of epiphytic algae, which may cause eutrophication
and deteriorate the Posidonia beds. Plants and epiphytes are able to absorb and directly use
nitrogen when in NOs state, which was selected to represent nutrients for P. oceanica
suitability in this study. Indeed, the increase in NOs concentration in the water column may
also cause direct physiological responses in seagrass meadows independent of algal light
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attenuation (Lee et al., 2007; Leoni et al., 2007). Considering the threshold shared by Italy
and Greece, 0.25 mg/L is selected as the threshold for NO3z concentration, which is usually
low in the Mediterranean water column (< 0.25 mg/L), except for high river input areas,

hence lower scores are assigned higher than 0.25 mg/L (Poikane et al., 2019; Lee et al., 2007).

Even though seagrass meadows can regulate dissolved oxygen (DO) concentration, low
oxygen availability significantly affects species' distribution and health status. Compounds
with high carbon content favor higher oxygen consumption rates, deoxygenation, and anoxic
conditions, which in turn reduce biodiversity, degrade the habitat assemblages, and threaten
species that rely on seagrass beds for shelter and food purposes (Altieri et al., 2019; Stramma
& Schmidtko, 2019). In addition, at low oxygen availability, hypoxia can cause sulfide
invasion on seagrasses and affect their growth and photosynthesis, and the oxygen required to

face toxic sulfide may not be supplied due to deoxygenation.

DO saturation is a dependent variable on temperature and salinity, and a minimum value of
80% is required for marine life to be healthy (CWT, 2004). The lower levels of DO
concentration in the water column were set up by considering the minimum levels needed by
marine life in the Mediterranean Sea. The water temperature and salinity of the Mediterranean
Sea were assumed as constant over the reference period, 19 °C and 38.5 PSU, respectively.
The threshold value for DO was assigned at 190 mmol/m?, below which were considered not

suitable, while higher scores were assigned as very suitable as DO concentration increases.

P. oceanica species are sensitive to changes in salinity levels in seawater, and values above
39-40 PSU accelerate its mortality rate. Hence, discharge of brine water with salinity content
higher than 40 PSU threatens the survival of P. oceanica meadows (Ruiz et al., 2009). A
salinity gradient exists between western and eastern Mediterranean Sea, with slightly higher
values in the eastern part of the Mediterranean basin. P. oceanica meadows can have different
salinity tolerance thresholds by adapting to natural conditions of the area where they grow.
(Sanchez-Lizaso et al., 2008). P. oceanica populations in the western Mediterranean are
located in areas with salinity values (38-38.5 PSU) similar to the eastern Mediterranean (e.g.,
Tyrrhenian, Ligurian, and Balearic seas). Thus, in this thesis, an overall suitability
classification was performed for the whole Mediterranean Sea. Since the mortality of P.
oceanica populations increases at salinity values over 40-40.5 PSU, higher suitability scores
were assigned to the values below this threshold (e.g., 37.5-39 PSU as very suitable). On the

other hand, the lower threshold for P. oceanica tolerance is identified as 33 PSU, and lower
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suitability scores were assigned as salinity decreases below 37.5 PSU. (Ruiz et al., 2009;
Sanchez-Lizaso et al., 2008).

3.2.1.3. Climate

Sea surface temperature (SST), thermal stress duration and intensity were selected as key
variables for the climatic group. P. oceanica tolerates a wide range of SST (10-28 °C)
(Chefaoui et al., 2017). Within the tolerance range, the 19-21.5 °C range was classified as
very suitable for P. oceanica growth and photosynthetic activity (Tudela et al. 2010; Bennett,
Vaquer-Sunyer, et al. 2022; Lee, Park, and Kim 2007), while lower scores were assigned for
values above or below the optimal range. SST values higher than 28 °C were considered not
suitable since 28 °C is a threshold. When exceeding this value, P. oceanica is in a thermal
stress condition that inhibits its growth and functioning (Chefaoui et al., 2017; Marba &
Duarte, 2010).

Prolonged thermal stress negatively affects P. oceanica growth, increasing shoot mortality,
especially at temperatures over 28 °C (Bennett, Alcoverro, et al., 2022). Therefore, the
maximum time of exposure to temperature values higher than 28 °C was extracted for each
grid between 2016-2018 to classify the thermal stress duration and intensity. While setting
up suitability classes for the maximum thermal stress duration, five consecutive days were
selected as the threshold according to the marine heatwaves (MHW) definition by Hobday et
al. (2016). Regions exposed to 28 °C for less than five consecutive days were considered as
very suitable for P. oceanica growth. Lower scores were designated as the maximum
exposure duration to temperatures higher than 28 °C increases (i.e., greater than five

consecutive days).

On the other hand, the maximum temperature value during the selected maximum duration is
used for thermal stress intensity. Regions without exposure to temperatures higher than 28 °C
have been assigned as very suitable for the growth of P. oceanica. As the exposed maximum
temperature value increases, lower scores were assigned (i.e., lowest scores at temperatures
higher than 30 °C).

3.2.2. Analytic Hierarchy Process

The method for NbS suitability scores is developed by integrating AHP, which is one of the
most preferred MCDA methods in land suitability analysis to solve complex decision-making
problems. AHP, developed in the 1970s, is one of the widely used weighting methods for
multi-variables using pairwise comparisons (T. L. Saaty, 1980). The relative importance of
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criteria determined according to expert scoring can be derived via AHP to assign the final
weights to variables. It is essential to integrate relative importance when calculating the
suitability scores for more robust decision-making, but final weights should be reliable to

incorporate into the calculations.

Pairwise comparison matrices are used in AHP to decide the relative significance of variables
by comparing all the variables one-to-one. The values are selected for the pairwise
comparison matrices by experts with scores between 1-9, according to the standard scale
introduced by Saaty (1980). The intensity of importance represented by the values is in Table
3.2. Since the rows and columns of pairwise comparison matrices are symmetrical and created
from variables in the same order, all the values in the diagonal part of the matrix have a value
of 1 (i.e., equal importance) because the row and column have the same variable. However, if
the variable A in the row has extreme importance compared to the variable B in the column,
the value 9 is assigned to raw A column B. Accordingly, the reciprocal value of 1/9 is given
when the variable B in the row is compared to the variable A in the column.

Table 3.2. Intensity of importance on an absolute scale (R. W. Saaty, 1987)

Intensity of importance A .
on an absolute scale Definition Explanation
1 Equal importance TV\_/o activities contribute equally to the
objective
3 Moderate importance of one Experience and judgement moderately
over another favor one activity over another
. . Experience and judgement strongly favor
5 Essential or strong importance one activity over another
. Activity is strongly favored, and its
! Very strong importance dominance demonstrated in practice
The evidence favoring one activity over
9 Extreme importance another is of the highest possible order of
affirmation
2,4,6,8 Intermedla_te valu_es between When compromise is needed
the two adjacent judgements

This matrix is normalized to compute the priority vector, which is the normalized eigenvector
of the matrix. Normalization is performed by dividing each value into columns by the total
value of that column. The final weights of variables are obtained by calculating the arithmetic

mean of the normalized values.

One of the most significant features of AHP is to measure the consistency of the results from

pairwise matrices (i.e., final weights). This is calculated through the consistency ratio (CR),
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which indicates the likelihood that the comparison matrix judgments were assigned randomly

through Equation 1.

_
" RI
ClI: Consistency index (expressed as Equation 2)

CR Eq.l

RI: Random index (the average of the resulting CI values of comparison matrices with various

matrix sizes using a sample size of 500, expressed in Table 3.3. (R. W. Saaty, 1987))

cf = Mmax — 1 Eq.2
n—1

Amax: the largest principal eigenvalue of the matrix (maximum eigenvalue)

n: the order of matrix (the number of criteria or sub-criteria)

Table 3.3. Random index values according to the size of the matrix (R. W. Saaty, 1987)

n 1 2 3 4 5 6 7 8 9 10

RI 0 0 0.58 0.9 1.12 1.24 1.32 141 1.45 1.49

The magnitude of the CR should have a value of 0.1 or less for the weights derived to provide

a reasonable level of consistency (R. W. Saaty, 1987).

In this study, climate, WQ, and geomorphology will be calculated separately using the simple
weighted sum approach with the following equations as follows:

n
z Climate suitability = = wix; + Woxy + ... . + w,x, Eq.3
1
m
Z Water quality suitability = = wix; + Wyx, + ... .. .. + Wi Xm Eqg.4
1
l
z Geomorphology suitability = = wix; + Wyx, + ... .. + wx; Eqg.5
1

X,y z: climate, WQ, and geomorphology parameters, respectively
n, m, I: Number of indicators in a sub-group for climate, WQ, and geomorphology,
respectively

w: Weighting coefficient factors defined for each indicator
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SECTION C: APPLICATION TO THE CASE STUDY AREA
4. Results and Discussion: Suitability Mapping using GIS-based AHP in the

Mediterranean Eco-region

4.1. Analytic Hierarchy Process

The AHP method was applied to the Mediterranean case study following the process
described in Section 3.2.2. Specifically, the weights of the parameters were derived, and CRs
were calculated using pairwise comparison matrices scored by the expert from MaCoBioS
project. The scores were assigned separately for climate, WQ, and geomorphology sub-
groups. While the CR for geomorphology was 0.047, the weights of bathymetry, seabed
slope, and substrate type parameters were 0.66, 0.21, and 0.13, respectively. The CR for WQ
was 0.036, while the weights of salinity, DO, Kg, and NOgz variables were 0.09, 0.09, 0.54,
and 0.29, respectively. Lastly, the CR for climate was 0, and the weights of SST, thermal
stress duration, and thermal stress intensity variables were obtained as 0.14, 0.43, and 0.43,
respectively. As a result, since the weightings show satisfactory CR values below 0.1, the
weights can be used to calculate the suitability scores. Expert scores and CI, RI, and CR
values for climate, WQ, and geomorphology parameters are in Table 4.1- 4.3.

Table 4.1. Pairwise comparison matrix to determine the weights of the geomorphology
indicators

Parameter Bathymetry Slope Substrate Type
Bathymetry 1 4 4
Seabed Slope 0.25 1 2
Substrate Type 0.25 0.5 1
n =3, A =3.05, CI=0.03, RI=0.58, CR=0.047

Table 4.2. Pairwise comparison matrix to determine the weights of the WQ indicators

Light Nutrients
Parameter attenuation Salinity DO (NO3)
coefficient (Kq) ®
Light attenuation
coefficient (Kg) 1 S S 3
Salinity 0.2 1 1 0.25
Dissolved Oxygen
(DO) 0.2 1 1 0.25
Nutrients (NOs) 0.33 4 4 1
n=4, A=4.10, CI=0.03, RI=0.90, CR=0.036
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Table 4.3. Pairwise comparison matrix to determine the weights of the climate indicators

Thermal Stress Thermal Stress
Parameters SST . .
Duration Intensity
SST 1 0.33 0.33
Thermal _Stress 3 1 1
Duration
Thermal _Stress 3 1 1
Intensity
n =3, A =3, CI=3, RI=0.58, CR=0

4.2. Suitability Scores and Maps for P. oceanica in the Mediterranean Eco-region

Once implemented the methodological steps for the suitability calculation, the resulting
outputs of the suitability assessment for P. oceanica in the case study area have been reported
in this section. After having normalized the variables as reported in Table 3.1, suitability
scores for geomorphology, water quality, and climate were obtained by multiplying the
normalized variables by the derived weights using the simple weighted sum approach (see
Section 3.2.2) for each grid. This allowed to create the suitability maps and to identify the
total area of each suitability class for climate, water quality, and geomorphology.

Final suitability scores were partitioned into five classes between 0-100 according to the
lowest and highest suitability. Values up to 30 were assigned as not suitable because if the
final score is below 30, at least one variable is in the not suitable class. 30-50 was identified
as less suitable, 50-70 as moderately suitable, 70-90 as suitable, and 90-100 as very suitable.
Based on this classification, the suitability of the Mediterranean eco-region for P. oceanica
was ranked using aggregated scores for geomorphology, water quality, and climate, as
reported in sections 4.2.1 — 4.2.3. Suitability maps for each sub-group were obtained in 0.001°
x 0.001° grids. Final map was formed for P. oceanica by intersecting the suitable and very
suitable areas in each sub-group, as reported in section 4.2.4. Maps and statistics developed
through the GIS-based AHP in the case study are presented and discussed in the following

sections.

4.2.1. Geomorphology
The resulting geomorphologic suitability scores and maps are shown in Table 4.4 and Figure

4.1. A great heterogeneity is highlighted in suitability scores and classes from not suitable to
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very suitable, 37.5% of the areas are very suitable and suitable, although 37.8% are defined as
less suitable (Table 4.4.).

Table 4.4. Percentage and total area of geomorphology suitability classes for P. oceanica in
Mediterranean marine coastal areas

Suitability Percentage (%) Area (km?)
Not suitable [0,30) 7.8 14,869
Less suitable [30,50) 37.8 72,009
Moderately suitable [50,70) 16.9 32,216
Suitable [70,90) 23.6 44,951
Very suitable [90,100] 13.9 26,522

Geomorphologic suitability mainly decreases according to bathymetry, which has the highest
weight compared to the seabed slope and substrate type. In this study, marine coastal areas of
the Mediterranean Sea were mapped up to 60 meters depth since seagrass populations (even if
very few) can be found at a depth of around 50-55 meters if conditions of clear seawater and
rare thermal stress events are met. However, areas between 45-60 meters were unsuitable for
efficient growth of seagrasses due to light limitations. In Figure 4.1, a large areal extent for
geomorphologic suitability can be seen in the Northern Adriatic and the southeast of Tunisia
(i.e., Gulf of Gabes) since they have a large shallow water. The Gulf of Lion, the northern part

of Spain and Greece, and the eastern part of Egypt also have significant suitable areas.

In addition to shallow waters, seagrass meadows prefer gentle slope areas in which the
hydrodynamic effects (e.g., waves, currents) are reduced, but rather lower wave energy and
stable sediment with high matte accumulation favorite seagrass growth. Seabed slope usually
has low percentage values on most of the Mediterranean coasts, hence it contributes with high
scores to the geomorphologic suitability for most of the case study area. On the other hand,
relatively steep slopes cause irregular coastlines, limiting the seagrass beds' expansion.
Therefore, geomorphologic suitability is more patchy on the northern Mediterranean coasts of
western Liguria and eastern Cote d’Azur (from Genoa to Nice), western Corsica, and Elba
island due to deep water and relatively steep slope conditions. Similarly, Western Algeria and
Morocco coasts in the southern Mediterranean have small suitable areas due to steeper slopes.
Hence, seagrass undercover would be lower compared to the length of the shoreline in these
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areas. In order to make a more precise evaluation of the hydrodynamic effects on seagrass

meadows, a proper wave model can be integrated.

Considering only the substrate type, the large area of sandy mud and fine mud on the Italian
coastline (from Venice to Apulia) reduces the geomorphological suitability due to the
contribution of the high mud ratio to turbidity. However, since the relative importance of
substrate type is less than bathymetry and seabed slope, the overall geomorphological score is

high on this coastline.

0.10 20 30 km

Mediterranean
Sea

Geomorphology
Suitability Scores -w.
= Not Suitable [0,30)

" Less Suitable [30,50)
[ Moder Mab@, 70)

T

Figure 4.1. Suitability map of P. oceanica for geomorphology (A: western Mediterranean; B:
Northern Adriatic; C: Gulf of Gabes; D: western Corsica; E: Egyptian coasts).

4.2.2. Water Quality

The final scores of WQ show that 84.75% of the total area is very suitable and suitable classes
for P. oceanica. This result is highly relevant to the oxygenated, oligotrophic, and transparent
water characteristics of the Mediterranean Sea. The distribution of the total area for each
suitability class and suitability map for WQ can be seen in Table 4.5 and Figure 4.2. Although
the total area of the not suitable and less suitable classes is very small (i.e., 1.9%), attention
should be paid to moderately suitable areas (i.e., 13.4 %) as the WQ may affect P. oceanica
meadows growth.
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Table 4.5. Percentage and total area of WQ suitability classes for P. oceanica in
Mediterranean marine coastal areas

Suitability Percentage (%) Area (km?)
Not suitable [0,30) 0.14 271
Less suitable [30,50) 1.73 3,290
Moderately suitable [50,70) 13.38 25,472
Suitable [70,90) 15.19 28,922
Very suitable [90,100] 69.56 132,410

The areas of less suitable and moderately suitable regions are primarily located in the
Northern Adriatic and south/southeast Mediterranean (i.e., Egypt, Tunisia). The main reason
for lower WQ scores in the Northern Adriatic (i.e., Veneto region) is the excessively high
NOs concentration compared to the Mediterranean coasts (Figure 4.2, box B), which
registered many pixels with values around 1 mg/L of NOs. Moreover, light attenuation
coefficient values decreased the WQ score in this area. Similarly, the WQ in the area where
the Rhone River flows into the Mediterranean Sea on the coast of France has the lowest
values in the western Mediterranean (Figure 4.2, box A). Even if the values are reported in the
moderately suitable class, WQ may threaten the P. oceanica around the west and east side of
the Rhone River. In addition to the high NOs concentration for Egyptian coasts (Figure 4.2,
box E), high light attenuation coefficient values indicate that light penetration is low in
seawater. In southeastern Tunisia, high turbidity (i.e., light attenuation coefficient) and
salinity values made the WQ moderately suitable in the innermost parts of the Gulf of Gabes
(Figure 4.2, box C). In particular, increases in salinity with increased temperature and

evaporation can significantly affect the suitability of P. oceanica in this region.

While WQ suitability scores increase as moving away from the coasts, geomorphologic
suitability decreases. On the other hand, seagrass meadows can grow in clear seawater even if
the geomorphological characteristics have low suitability. For example, western Corsica
presents moderately suitable geomorphological conditions and high WQ scores which allow

P. oceanica populations to survive (Figure 4.2, box D).
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Figure 4.2. Suitability map of P. oceanica for WQ (A: western Mediterranean; B: Northern
Adriatic; C: Gulf of Gabes; D: western Corsica; E: Egyptian coasts).

Overall, the Mediterranean Sea presents high WQ scores, but the influence of WQ parameters
on suitability can be different in terms of scales and causes. Local-scale analysis can provide
more precise outputs and show the effects of anthropogenic pressures, supporting an
understanding of the specific WQ issue and possible measures. For example, aquaculture
systems and wastewater inlets have a high level of particulate matter, which has a significant
environmental impact at small scale. While high particulate matter concentration can cause
over sedimentation on shallow seagrasses, it limits the light availability of deep seagrass

populations.

Moreover, seagrass meadows can increase their tolerance according to the parameter values in
the environment where they are grown. For example, seagrass meadows in the eastern
Mediterranean can grow efficiently at slightly higher salinities than in the western
Mediterranean. Typically, around 39 PSU appears as a threshold for P. oceanica, while they
can resist up to 40 PSU in the eastern Mediterranean. For that reason, local scale analysis can
give more robust results. In addition to the spatial scale, the temporal scale is essential in WQ

evaluation. Although the case study area shows high WQ values on average, meaning good
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environmental status, prolonged exposure to poor WQ values that exceed the threshold values

affects seagrass meadows’ growth and survival.

4.2.3. Climate

The climate parameters present very suitable and suitable conditions for P. oceanica growth,
reaching an overall score of 72.3%. These results are in line with the favorable conditions of
the Mediterranean Sea, with mild temperatures over the year. However, moderately suitable
and less suitable classes cover substantial areas (Table 4.6).

Table 4.6. Percentage and total area of climate suitability classes for P. oceanica in
Mediterranean marine coastal areas

Suitability Percentage (%) | Area (km?)
Not suitable [0,30) 1.94 3,698
Less suitable [30,50) 8.00 15,254
Moderately suitable [50,70) 17.75 33,827
Suitable [70,90) 22.74 43,326
Very suitable [90,100] 49.57 94,458

Considering the lower climate suitability scores, the Northern Adriatic and the coasts of the
western Calabria are the areas with lower suitability scores for P. oceanica growth, compared
to the rest of the western-northern Mediterranean. As well, the south (i.e., Tunisia and Libya)
and especially east/southeast (i.e., Egypt, Lebanon, south Turkey) Mediterranean are less
suitable for P. oceanica. Although the average SST of the Mediterranean is generally
favorable for P. oceanica, thermal stress duration and intensity have a large impact on the

overall weights that make such areas less suitable to seagrasses.

More specifically, the areas on the eastern coasts of Egypt (Figure 4.3, box E) have
temperature values higher than 30 °C for about 2 months, which reduce the climate suitability
of this area. On the other hand, southeastern Tunisia (Figure 4.3, box C) has long-term
exposure to SST above 28 °C, but the maximum temperature reaches around 28.5-29 °C,
which overlap with increasing salinity values that limit the growth of Posidonia meadows.
Conversely, even though high SST values last only for few days in the Northern Adriatic
(Figure 4.3, box B), temperature can reach 30 °C under thermal stress conditions. Exposure to
thermal stress is higher in the southern Mediterranean, thus triggering a reduction in the shoot

density of meadows.
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Figure 4.3. Suitability map of P. oceanica for climate (A: western Mediterranean; B:
Northern Adriatic; C: Gulf of Gabes; D: western Corsica; E: Egyptian coasts).

The results of this study are obtained based on the thermal stress event having the maximum
duration in 2016-2018 and the maximum SST recorded during the maximum duration.
However, higher number of thermal stress/heatwave events with different intensity can impact
the survival and growth of seagrass meadows over the baseline period. Therefore, integrating

the effects of each thermal stress/heatwave in the analysis can provide a more robust model.

4.2.4. Final Suitability Map and NbS measures

The final suitability map is created by extracting the intersecting/overlapping suitable and
very suitable areas of all sub-groups (i.e., geomorphology, water quality, and climate) to
explore the most suitable areas for the growth of P. oceanica. After selecting suitable and
very suitable areas in the geomorphological assessment (Figure A.1 in Appendix A), WQ
classes were overlaid in the selected areas (Figure A.2 in Appendix A), and suitable and very
suitable WQ areas were extracted. Finally, climate classes were overlaid (Figure A.3 in
Appendix A), and suitable and very suitable areas were extracted to obtain the final suitability
map, as illustrated in Figure 4.4. Climate factors, although crucial for seagrass growth, were

considered the tertiary suitability stage since growing P. oceanica in areas unsuitable in terms
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of geomorphology and WQ can be very challenging independently of climate criteria.
Therefore, step-by-step evaluation may give better results to support the decision-making of
suitable areas and the definition of proper management and restoration actions.
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Figure 4.4. Suitable and very suitable areas overlapped for geomorphology, WQ, and climate
(A: western Mediterranean; B: Northern Adriatic; C: Gulf of Gabes; D: western Corsica; E:
Egyptian coasts).

Overall, a total area of 17,780 km? was obtained as the intersection of suitable and very
suitable areas of geomorphology, WQ, and climate assessment. Western Italian coasts
(Tuscany, Lazio), Apulia, southern Sicily, and Sardinia have large suitable areas. Although
most of the Northern Adriatic is not included due to less suitable WQ scores, northern
Croatian coasts have suitable areas as well (Figure 4.4, box B). Moreover, the coastline of
Spain (from Valencia to Barcelona), Gulf of Lion, and eastern Corsica (Figure 4.4, box A and

D) have a valuable extent of suitable areas in the Western Mediterranean.

The extent of suitable areas for Posidonia is high on the coasts of Libya and Tunisia in the
Southern Mediterranean. However, the inner parts of the Gulf of Gabés are not included in

this map due to the moderate climate (i.e., thermal stress) and WQ scores (i.e., salinity and
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light attenuation), as mentioned in the previous sections. In the Eastern Mediterranean, a large

suitable area for P. oceanica is available on the coasts and islands of Greece.

In the environmentally suitable and very suitable areas represented in Figure 4.4,
transplantation/restoration of P. oceanica can be considered an NbS measure for seagrass
expansion in regions where the current seagrass population is absent or low. Restoration
activities can also be a measure in these areas if the seagrass populations are degraded.
However, transplantation/restoration may need to be applied with conservation and
management measures since P. oceanica is a slower-growing species than other seagrass
species (e.g., Zostera marina, Cymodocea nodosa) (E. Diaz-Almela, 2008; Marba, Duarte, et
al., 1996). Human-induced pressures should not be intense for the planted seagrass shoots to
be colonized and recover in good health status. Construction activities, local impacts (e.g.,
dredging actions), or natural causes of disturbance (e.g., storms, erosion) can reduce the
success of transplantation/restoration activities. Moreover, transplanting projects require
analysis of transplanting techniques (i.e., anchorage), transplanting costs, estimation of P.
oceanica growth rate for the expected colonization, regression reasons (e.g., economic
activities), and investment in reducing pressures (e.g., water treatments) (Diaz-Almela &
Duarte, 2008).

For existing P. oceanica populations outside the suitable layers identified in Figure 4.4,
management and protection actions (e.g., MPAS) can be considered instead of restoration
since the environmental conditions may not support P. oceanica growth efficiently. The first
aim of the management and conservation activities should be to provide proper water and
sediment conditions and prevent siltation and erosion. In order to identify proper protection
levels, seagrass meadows' vulnerability and ecological conditions need to be analyzed at local
scale. Complementary management actions supporting MPAs (e.g., seagrass-friendly
moorings, management of stranded seagrass litter, control of invasive species, and dredging
recovery) can be implemented to integrate coastal zone management and marine spatial plans

and reduce pressures on the land-sea interface.
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CONCLUSION

This thesis provided NbS suitability assessment and mapping in the Mediterranean eco-region
using a GIS-based MCDA method integrating multiple environmental indicators. To this aim,
the state-of-the-art approaches for suitability modeling in marine coastal environments were
analyzed, and GIS-based monitoring data for the investigated region were collected and pre-

processed.

Building on the review, the NbS suitability model was developed for seagrass meadows using
GIS-based AHP, tailoring environmental variables’ classes and scores to the Mediterranean
Sea case study. Suitability scores and maps were obtained against its application for the
baseline scenario (i.e., 2016-2018, the years showing a more complete seagrass record). In
particular, a set of geomorphologic, water quality, and climate parameters were preliminarily
selected based on the performed literature review and expert judgement, as well as by
considering data availability at the Mediterranean scale. Bathymetry, seabed slope, and
substrate type were chosen to fit with the geomorphology group; salinity, DO, NOs
concentration, and Kq were then considered in the WQ group; finally, SST and thermal stress
duration and intensity were integrated into the climate group. GIS-based environmental data
useful to feature these variables were retrieved from open-source data portals (e.g., CMEMS,
EMODnet) for three years (2016-2018).

In addition to the review and expert judgement, the statistical distributions of environmental
variables under the existing seagrass meadows were analyzed to identify the optimum
conditions (safe operating space) and the thresholds for seagrass meadows’ proper growth and
survival. Based on this statistical analysis to allow for heterogeneous data integration, all
variables’ values were categorized into 5 classes, i.e., from not suitable to very suitable class,
and then scored between 0-100 range. Then, AHP was applied for geomorphology, WQ, and
climate sub-groups using pairwise comparison matrices scored by the involved experts, and
the final weights were derived for each variable. Finally, the weighted sum approach was used
by multiplying each variable's normalized score and weight to obtain suitability scores and
maps for each sub-group. A final suitability map was obtained by overlaying suitable and very

suitable areas in geomorphology, WQ, and climate maps.

The resulting suitability maps and metrics showed that while the suitable and very suitable
areal extent in terms of climate and WQ is large in the case study area, the geomorphological
assessment is a more decisive and limiting environmental sub-group for suitable areas.
Bathymetry can be considered the most dominant indicator in the geomorphological seagrass
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suitability evaluation, with a weight of 0.66. Specifically, while the sum of suitable and very
suitable areas in geomorphological assessment for the growth of P. oceanica is 37.5% of the
case study area, it is 84.8% and 72.3% in terms of WQ and climate suitability, respectively.
Large suitable areas under WQ and climate conditions can be expected, considering that P.
oceanica is an endemic species in the Mediterranean. However, the Northern Adriatic and
some parts of the southern Mediterranean coasts show less suitable areas. The main reason for
the Northern Adriatic is the low WQ suitability (especially due to light attenuation coefficient
and NOs concentration, linked to the presence in the area of the Po Delta River), while the
southern Mediterranean regions have lower suitability scores in climate evaluation due to

thermal stress.

The variables chosen and methodology developed for this study are practical and replicable at
different locations and scales. On the one hand, a reliable and feasible model was aimed at
including 10 variables instead of using fewer variables to obtain a simple index. In contrast,
more than 10 variables could be used to make the model more complex, but the number of
parameters representing similar processes would also increase with redundancy (e.g., SPM
and Kg both represent turbidity). On the other hand, one of the method's strengths lies in the
integration of statistical analysis and expert opinion for the identification and classification of
optimum and threshold values representing different suitability classes for the survival and
growth of seagrass meadows. AHP also allowed experts’ qualitative assessments of variables
to be converted into quantitative information by defining their weights in the MCDA. In this
setting, the proposed weighted method provides more consistent outcomes for potentially

suitable areas compared to an unweighted approach.

One of the limitations of the developed method is that the possible interactions/relationships
between the criteria could not be integrated since each parameter is included in the model
individually. Furthermore, considering that ecosystems can adapt to the environmental
conditions of the site they grow (i.e., seagrass populations with different thresholds),
suitability analysis in smaller sub-regions (e.g., Western Mediterranean) may give more
robust results. In addition to the mean values of variables, analysis of the exposure time to the
threshold value of each variable (e.g., as with the thermal stress classification) could improve
the model. However, for this target, it would be necessary to classify the exposure duration
against the identified threshold values for each variable by analyzing the increased mortality

of seagrass populations with respect to time.
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This study attempted to manage the first phase of the proposed multi-tier NbS suitability
framework by including multiple environmental factors for NbS suitability modeling. For a
complete NbS suitability assessment, integration of future climate projections and inclusion of
socio-economic and governance-related parameters (e.g., population, fishing activities) at
local scale is crucial to prioritize the areas for appropriate NbS implementation with more
robust decision-making. Drawing on this, future investigations and widening of this
methodological approach will include the integration of other factors embracing socio-
economic and governance dimension of climate adaptation, also applying more sophisticated
spatio-temporal modeling analysis tools allowing to support marine managers and

policymakers in implementing effective NbS measures.
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APPENDIX A: Intermediate maps obtained while creating the final map
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Figure A.1. Suitable and very suitable areas in geomorphologic assessment.
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Figure A.2. WQ suitability classes in the selected areas (suitable and very suitable
geomorphologic areas in Figure A.1.).
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Figure A.3. Climate suitability classes in the selected areas (suitable and very suitable
geomorphologic and WQ areas in Figure A.2.).
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