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Preface

The Rest-Coast Project (Large scale RESToration of COASTal ecosystems through rivers to sea connectivity) is
an EU Horizon 2020 research project (Grant agreement No. 101037097) whose overall goal is to address with
effective and innovative tools the key challenges faced by coastal ecosystem restoration across Europe. The
approach chosen for this project will deliver a highly interdisciplinary contribution, with the demonstration
of improved practices and techniques for hands-on ecosystem restoration across several pilot sites,
supported by the co-design of innovative governance and financial arrangements, as well as an effective
strategy for the dissemination of results.
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Summary

Within this portfolio of restoration interventions, we present a range of model-based projections assessing
the impact of large-scale Nature-based Solutions (NbS) on enhancing Eco System Services (ESS) in various
coastal systems. This deliverable applies these models to detail how these systems respond to climate change
and nature-based interventions intended to mitigate climate change impacts under different Sea Level Rise
(SLR) scenarios. The models range from hydro-morphological simulations of future conditions to a machine-
learning approach, all aimed at demonstrating the ESS provided by restoration in the future.

The most widely applied restoration strategy is seagrass restoration, which involves the replanting and
protection of seagrass beds to enhance marine biodiversity, improve water quality, and stabilize sediments.
Modelling suggests the sea grass can reduce the bed shear stress and limit erosion (ch. 4, ch. 10), reduce
turbidity and maintenance dredging (ch. 8), and contribute to mitigating flooding (ch. 10).

The second most widely applied restoration strategy is sediment management. This approach focuses on the
strategic placement and stabilization of sediments to combat erosion, support coastal resilience, and
maintain healthy ecosystems. Nourishing sediment underwater or on land as dunes can alleviate historical
sediment deficits while reducing coastal erosion and flood risk (ch. 2 and 3). On the other hand, strategically
removing sediment from a hyper-turbid system (e.g. by extracting dredge spoil from harbours) is possible to
limit increasing turbidity, but the effect is highly conditional on the sediment supply trends of the region and
may negatively influence ESS like flood risk reduction and carbon sequestration (ch.6).

Salt marsh restoration was investigated across the Wadden Sea and Venice Lagoon pilot sites. This strategy
involves promoting the growth of salt marshes, which are vital for flood protection, water filtration, and
providing habitat for a variety of wildlife. Salt marshes stabilize the bed (ch. 5) and locally reduce flood risk
(ch. 5, 6), and act as a potential nutrient sink to prevent hypoxia (ch. 7).

Restoring hydraulic connectivity was investigated for the Rhone and Venice pilots. This strategy seeks to re-
establish the natural flow of water between rivers, wetlands, and coastal areas, with the aim to improve
water quality, support fish migration, and enhance the resilience of these areas to climate change. The
removal of (dyke) infrastructure restores the variations in salinity and improve water quality favourably for
fish populations (ch. 7, 12), but may result in short term erosion and greater dynamics along the coastline
(ch. 12).

Various pilots have explored how the shifts in local ecotopes, units representing homogeneity in hydro- and
morphological conditions such that similar types of biota can be expected, affect the provisioning of
ecosystem services (ch. 4, 6, 9, 10). The Vistula Lagoon pilot has demonstrated how targeted habitat can be
created using engineering and hydrodynamic insights (ch. 11). These insights give an indication for future
biodiversity trends as well as estimate effects of ESS that can be expected from the gain/loss of ecotopes.
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1. Introducing the portfolio of interventions

1.1. Approach

REST_COAST / WP2 has developed suites of numerical models to quantify the impact of climate change and
Nature-based Solutions (NbS) on EcoSystem Services (ESS). Earlier deliverables provided details on the
developed models including ecosystem services (D2.1) and parameterizations of climate change (D2.2). The
current deliverable provides an application of these models, detailing how the various systems respond to
climate change and to nature-based interventions aimed at mitigating the impact of climate change. The
aim is to demonstrate to what extent restoration reduces coastal risks as a function of restoration
interventions and to prepare a portfolio of restoration interventions suited to future climates (business-as-
usual SSP2-RCP4.5 and pessimistic SSP5-RCP8.5) and horizons (up to 2100). Pilots may deviate from these
scenarios when data for a projection is not available (e.g. the Ebro Delta in ch. 2), or comply with
stakeholder requirements and compatibility with previous administration plans (Rhone Delta in ch. 12).

In this contribution we aim to demonstrate the role of numerical models in predicting the effect of various
NbS on ESS in the context of climate change. In order to generate an accessible portfolio, we focus within
this report on the most relevant outcome of the various pilots. We deliberately restrained from
synthesizing all model results, believing that such a product dilutes our main message (focusing on which
NbS work and which not, and how NbS may serve in mitigating adverse effects of climate change). Through
this framework, we also facilitate the conversion of this product into a set of papers to be published in a
scientific journal.

1.2. The pilots: tools, NbS and ESS
Each pilot site in REST_COAST is exploring various types of Nature-based Solutions (NbS) to address coastal
hazards under the commonly agreed climate scenarios and Pilot restoration scenarios (M2.3). NbS address

11. Vistula L
5. Wadden Sea, Ley Bay istula Lagoon

6. Wadden Sea, Ems Estuary 4. Wadden Sea, Jade Bay

8. Arcachon Bay 7.Venice Lagoon

®

® 10. Foros Bay
2, 3. Ebro DeIta@ 12. Rhone Delta

9. Sicily Lagoon
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Figure 1-1 Overview of pilot sites in this deliverable
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coastal challenges by the provisioning of ecosystem services (ESS) while improving the local biodiversity
(BDV). Within the REST_COAST project five ESS are defined: Reduction Flood Risk (RFR), Reduction Coastal
Erosion (RCE), Water Purification (WP), Climate Change Regulation (CCR), and Food Provisioning (FP).
Depending on the specific challenges at each pilot site (Figure 1-1), a different portfolio of NbS is considered
to enhance the necessary ESS. As shown in Table 1-1, a wide range of NbS restoration interventions is
explored across pilots, covering all five ESS in REST_COAST. While the same NbS may be considered at various
sites, each pilot site offers its own ESS evaluation based on the needs of local stakeholders. For example, sea
grass restoration is considered at various pilot sites like in the Wadden Sea, and at Archachon Bay. The
Wadden Sea pilot offers an estuary-scale exploration of large-scale sea grass restoration on coastal erosion,
while the Arcachon pilots offers a local perspective on effects on channels, flats, and water quality within a
bay.

To arrive at ESS assessments per pilot per NbS measure each pilot has employed various types of models.
Models vary per pilot depending on the stakeholder needs, but may also build on validated models accepted
by the stakeholder of the pilot site. =~ The models in this “tool box” have been described in D2.1 and D2.2
and are refined further for the ESS assessment of the NbS portfolio in this deliverable. The main tools used
across pilots are hydro-morphological models (e.g. SCHISM, Delft3D, XBeach, SWAN) simulating flows and/or
waves that erode or expand the coastal zone. Recent additions to the toolbox for D2.3 are the Machine
Learning application to predict hypoxia in the Venice Lagoon, and the application of ecological rules to assess
biotopes with DEco-Impact (Wadden Sea pilot and Foros Bay). Each of the tools produces a range of
indicators (e.g. renewal time, carbon sequestration rate, wave height reduction) describing the performance
of their portfolio of NbS measure under future conditions. From these indicators, each pilot demonstrates
the effectiveness of their portfolio of restoration interventions.
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Table 1-1 Overview of chapters as a portfolio of restoration measure(s), ecosystem services, and type of modelling used

Pilot Chapter(s) NbS portfolio ESS and /or BDV  Type of
demonstrated* model(s)
used**
Ebro Delta 2,3 River flow management  RFR, H, M
Dune restoration RCE
Wadden Sea 4,5,6 Sea grass restoration RFR, H,M, E
Salt marsh restoration RCE,
Wetland creation WP,
Sediment management  CCR,
BDV
Venice lagoon 7 Riparian buffers WP H, ML
Transplantation of
seagrasses
Saltmarsh restoration
Restoration hydraulic
connectivity
Arcachon Bay 8 Sea grass restoration H, M, E
Sicily Lagoon 9 Seagrass restoration H, M
Dune revegetation
Beach nourishment
Foros Bay 10 Sea grass restoration RFR, H, M, E
RCE,
BDV
Vistula lagoon 11 Bird island KK H, M
Rhone Delta 12 Restoration hydraulic FP, H, M
connectivity RFR,
RCE
Nahal Dalia Not in WP2

* RFR = Reduction Flood Risk, RCE = Reduction Coastal Erosion, WP= Water Purification,
CCR = Climate Change Regulation, FP = Food provisioning

** H = Hydrological, M = Morphological, E = Ecological, ML = Machine Learning

*** This pilot is not linked directly to ESS, but instead demonstrates the feasibility of constructing the NbS

measure
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2. Estimation of the current and future potential sediment transport

capacity of the Ebro River
Garrote, L.}, Santillan, D.! & Iglesias, A.?

1 Department of Civil Engineering: Hydraulics, Energy and Environment, Universidad Politécnica de Madrid
2 IDepartment of Agricultural Economics, Statistics and Business Managment, Universidad Politécnica de Madrid

ABSTRACT: The natural flow of sediment in the Ebro River has been altered by a variety of factors, which
have impacted the geomorphic and ecological balance of the Delta. Ongoing restoration efforts in the
Delta would benefit if the flow of sediments in the river could be increased. Understanding the
dynamics of sediment flow in the Ebro River is an important component to devise effective
management strategies for the Ebro Delta. This study estimates the sediment transport potential of
the Ebro River under current and future conditions through numerical simulation. Historical data from
the late 19th century indicates that the river once transported up to 28.1 million tons of sediment per
year. However, due to water abstractions and flow regulations, current sediment transport is limited
to 9 million tons annually—a 67% reduction. Future projections suggest further decreases in flow and
sediment transport potential, with reductions of up to 30% by 2060 and 50% by 2100, depending on
climate conditions and water management practices. The findings underscore the need for integrated
management strategies to mitigate the impacts of reduced sediment flow, emphasizing the
importance of restoring sediment transport as a crucial component of the Delta restoration efforts.

2.1. Introduction

The Ebro Basin is in the NE of the Iberian Peninsula and occupies a total area of 85,534 km?, where
approximately 3.2 million inhabitants live. In addition to supplying the population with freshwater, the Ebro's
water resources support numerous socioeconomic activities: industry, irrigation, livestock, hydroelectricity,
refrigeration, aquaculture, navigation, and other recreational uses. Today, the Lower Ebro River is regulated
by a complex of three reservoirs. The Mequinenza Reservoir, with a storage capacity of 1500 hm?3, regulates
the Ebro flow. The Ribarroja Reservoir, of 210 hm?3, regulates the flow of the Cinca and Segre rivers. The
relatively smaller Flix reservoir, 11 hm3, is located downstream of the previous one and about 100 km
upstream of the Ebro Delta (Figure 2-1).

During recent decades, anthropogenic activities, such as dam construction, channelization, and land use
changes, have altered natural sediment flow in the Ebro River, triggering cascading effects on the ecological
and geomorphic equilibrium of the Ebro River and Delta systems. The consequences of these alterations are
multiple, impacting ecosystem health, reducing sediment delivery to the Delta, and increasing the
vulnerability of the coastal area to erosion and sea level rise. Against this backdrop, understanding the
intricate dynamics of sediment flow in the Ebro River becomes imperative for devising informed
management strategies aimed at restoring sediment flow in the Ebro River.

The work of the Ebro pilot case is focused on analysing the options for mobilising the sediment accumulated
in the three reservoirs of the lower Ebro. The increase in the flow of sediment in the river, however small,
has been identified as a critical aspect to facilitate the environmental restoration tasks of the Ebro Delta,
which are described in a separate chapter. The alteration of the hydrological regime and the movement of
sediments is a consequence of all water uses of the Ebro Basin, but the three lower Ebro reservoirs are the
closest to the Delta and offer the best options for sediment mobilisation. This section presents the analyses
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Ebro Delta

Figure 2-1 Lower Ebro River and Delta

performed to estimate the potential for increasing sediment flow in the lower Ebro as a critical component
in the restoration efforts.

2.1.1. Description of problems
This section presents two main problems: the loss of sediment flow in the Ebro River and the accumulation
of sediment in the reservoirs.

The reduction of sediment flow in the Lower Ebro River

Sediment transport in the Lower Ebro River has been extensively studied in the literature and is well
characterized. One of the main drivers of sediment flow alteration in the Ebro River is the construction of
reservoirs. Reservoir construction occurred mainly in the twentieth century, when more than 7000 hm? of
reservoir storage was developed. More than 4000 hm? entered operation in the decade between 1955 and
1965 alone, including the Mequinenza Reservoir, the largest reservoir in the basin with more than 1500 hm3
of storage capacity. Data on sediment transport before the construction of reservoirs in the basin are scarce.
The mean annual sediment transport before reservoir construction was estimated by Ibafiez et al. (1996) at
28.1 Mton/yr, based on data compiled by Gorria in 1877. The figure reported by Catalan (1969), between 2
Mton/yr and 3 Mton/yr, is taken from direct intermittent measurements, but it corresponds to a period
(1962-63) when there was already a significant reservoir capacity. Several researchers recently conducted
field campaigns specifically designed to measure sedimentary transit, either through direct measurements
(Vericat and Batalla,2006; Batalla and Vericat, 2011; Batalla et al., 2014) or through estimates from turbidity
(Tena et al., 2011, Tena et al., 2012). These campaigns are the most reliable, due to their methodological
approach, their spatial representativeness, and their duration. From them, it can be estimated that the
sediment flow upstream of the Mequinenza reservoir ranges between 0.6 Mton/yr and 1.6 Mton/yr. The
estimate after Ribarroja has been decreasing over time, from the 0.4 Mton/yr estimated in the campaigns of
the late twentieth century to figures lower than 0.1 Mton/yr deducted in the most recent campaigns. This
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figure is increasing downstream (Figure 2-2). Researchers agree that a significant part of the sediment
transport to the mouth comes from the riverbed material itself and is carried out as bedload transport.

The release of water from reservoirs with very low sediment load also alters the morphology of the river. It
leads to incision of the river channel and alters the channel morphology with bank erosion. The remaining
sediment on the riverbed is being flushed out by high flows, leading to degradation and armoring of the
riverbed. Vericat et al. (2006) described the process of breaking and re-establishing the armor layer of the
bed observed during floods in the Lower Ebro in the period 2002-2004. Sediment from the riverbed was
sampled on several exposed bars with sparse vegetation. Samples of the bedload were also taken during high
flows. An alternation was observed between the armoring layer of the bed with low flow rates and high flow
situations, where the armoring broke and the material was dragged, causing an incision.

Sediment accumulation in reservoirs

Sediment transport can also be estimated from sediment accumulation in reservoirs, although this estimate
is highly uncertain because of the difficulty of matching the true datum of different surveys. Several
bathymetric surveys are available for Mequinenza (1961, 1982 and 2012) and Ribarroja (1967, 1982 and
2007). A screening of sediment accumulation in Spanish reservoirs carried out by CEDEX (Avendafio et al,
1997), includes an estimate of capacity loss of 92.8 hm?® for Mequinenza in 1982, 16 years after the
commissioning of the dam. This corresponds to an average of 5.8 hm3/yr. The estimation of capacity loss in
Ribarroja was 12.24 hm3 in 1982, 13 years after dam construction, leading to an accumulation rate of 0.94
hm3/yr. The Ebro River Basin Authority (Confederacién Hidrografica del Ebro) carried out several studies to
estimate the sediment accumulation in the reservoirs. The sediment accumulation in Mequinenza was
analyzed in three studies carried out in 2011-2012. During this period, the water level in Mequinenza was
the lowest in the record, thus facilitating accurate field surveys. In these studies, field visits were made and
the reservoir basin, described by the original cartography developed for the construction of the dam, was
compared with cross-sectional profiles taken in the emergent zone and the bathymetric reconstruction of
the submerged zone. The first study carried out was limited to the last 35 km of the tail of the reservoir,
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where a sediment accumulation of 4.91 hm3? was estimated. The two studies carried out in the entire
reservoir in the period 2011-2012 estimated sediment accumulation volumes of 133 hm? in 2008 and 76.9
hm? in 2011. Garrote (2018) compared the three studies, analyzing their discrepancies, and obtained a
combined estimate between 75 hm3 and 100 hm?, which implies an average annual retention between 1.5
hm?3/yr and 2 hm3/yr in the 48 years that had elapsed since the Mequinenza reservoir was put into operation.
In Ribarroja, two studies were carried out by the Flumen group (Dolz et al. 2009; Dolz et al. 2010), which
analyzed data from the period 1997-1999 and performed a bathymetric survey of the reservoir. The
sedimentation accumulated in Ribarroja in 2007 was estimated at 13.1 hm?3, which corresponds to an average
rate of 0.34 hm?3/yr since its inception in 1968. Lépez Gomez et al. (2022) analyzed available bathymetric
surveys compared to flow rate and obtained an estimate of the time evolution of sediment transport
upstream of the reservoirs. During the 1960s and 1970s of the twentieth century, the average sediment
transport upstream of the reservoirs was about 8 Mton/yr. Due to changes in land use and climate change
over the last three decades, this contribution would have been reduced to about 5 Mton/yr. The sediment
trapping efficiency of Mequinenza is close to 100%, due to its large storage volume and its length, which
exceeds 100 km. The trapping efficiency of Ribarroja Reservoir was estimated at 40% from direct
measurements (Dolz et al., 2009). These figures are consistent with an estimated sediment accumulation of
320 Mt in Mequinenza and 64 Mt in Ribarroja.

2.1.2. Description of restoration efforts

The current restoration efforts in the lower course of the Ebro River focus on two main lines of action: the
mobilisation of the sediments accumulated in the reservoirs and the actions to facilitate the transit of
sediments along the river.

Feasible technical options for reservoir bypass

There is a wide range of techniques for sediment management in reservoirs. They can be classified into three
broad groups (Kondolf 2018): protective measures, which reduce sediment entry into the reservoir,
evacuation measures, which conduct sediments through or around the reservoir, and recovery measures,
which remove sediment from the reservoir. Garrote (2018) analyzed the options for sediment mobilization
in the Mequinenza-Ribarroja-Flix system and concluded that the only real possibilities for sediment
mobilization are hydrodynamic removal by flushing or sluicing and mechanical removal by excavation or
dredging. He analyzed the flushing by applying the Tsinghua model, which is an empirical procedure that
allows one to estimate the result of the flushing operation based on the geometric characteristics of the
reservoir. The method is based on the compilation of a set of experiences in China where washing had been
practiced successfully (Atkinson 1996). The conditions of the Mequinenza reservoir are not favorable to
flushing, because the basin is very long and the capacity of the bottom outlets (160 m3/s) is very limited.
Although the Tsinghua method provides acceptable rates of sediment mobilization, the reservoir levels that
can be reached to enable the flushing flows mean that a large amount of water would still remain impounded
in the reservoir during the flushing operation, from 100 hm3 to 200 hm3. The sediment mobilized at the tail
of the reservoir would have to travel distances between 35 and 40 km to reach the bottom outlet. A large
fraction of the mobilized sediment would be deposited in the reservoir before being evacuated through the
bottom outlet. Consequently, it can be concluded that flushing is not technically feasible in the Mequinenza
reservoir. The empirical formulas of the Tsinghua method give better results for the case of Ribarroja and
Flix. For example, with a washing flow rate of 200 m3/s in Ribarroja, a sediment concentration of about 60
kg/m3 could be expected, which would allow 1 Mton to be evacuated in one day. As a result of the analysis
carried out, it can be concluded that, in principle, the flushing operation is technically possible in both
reservoirs. However, there are concerns about the environmental, economic, and social impacts of the
flushing operation. The flushing operation requires practically total emptying of the reservoir, followed by a
period of sediment evacuation and a period in which the initial reservoir volume is recovered. These three
processes can produce significant environmental effects in the reservoir and downstream. The water
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released during the emptying of the reservoir comes from the lower layers, which are usually of less quality
than the surface water. It is also common that the material settled at the bottom of the reservoir is active
from a biochemical point of view, so the water in the lower layers is exposed to the resuspension of this
material. The emptying of the reservoir also has negative effects. The reduction in stored volume and flooded
area produces substantial changes in biological communities. The flushing process evacuates water with a
very high concentration of sediment into the river. This would undoubtedly produce environmental effects
of great importance. From an economic point of view, the main effect corresponds to hydroelectric
production. Important social impacts can also be identified since there are many interests related to the
management of the lower Ebro reservoirs. The uses of downstream water would be altered by the high
concentration of suspended solids and by the possible mobilization of toxic substances accumulated in the
reservoir sludge. The water supply intakes of the Lower Ebro, recreational uses, or the cooling of the Ascé
nuclear power plant are the most obvious problems. In summary, there are a wide variety of environmental,
economic, and social impacts that must be considered when planning flushing operations.

Mechanical removal procedures are always technically feasible, and their only limitation is cost. Data
collected from world experiences, which can be assumed to correspond to favorable situations where the
procedure has been put into practice, show relatively high costs, but hydraulic dredging seems to be the only
feasible alternative for bulk sediment removal from the reservoirs.

Planned activities for sediment mobilization

The Ebro Basin Management Plan for the period 2021-2027 includes a wide range of initiatives to characterize
sediment transport in the Lower Ebro and explore alternatives for sediment mobilization. The global
objective for this period is to study the current situation of sediment transport in the lower course of the
river and to analyze the most appropriate corrective measures to increase sediment delivery to the Delta.
The first step was to conduct new bathymetric surveys of the Mequinenza and Ribarroja reservoirs and to
develop field campaigns to characterize their sediments. A detailed bathymetry of the lower course of the
Ebro River from the reservoirs to the outlet was also obtained. Sediment samples confirmed the high degree
of armoring of the lower course between Flix and Tortosa, where more than 80% of the sampled material
was coarse-grained gravel. Sand only appears in significant amounts after Tortosa. The information obtained
in these studies is essential to develop a correct numerical model of sediment transport in the Ebro River
that can provide support to evaluate the effectiveness of the alternative measures proposed.

The strategy contemplated in the River Basin Management Plan also enables funds to carry out, in
coordination with all affected stakeholders, a series of pilot tests for the mobilization of retained sediment,
with the necessary safeguards for the environment, security, and economy of the population. Pilot tests are
planned to be carried out in the regatta area of the town of Mequinenza, at the tail end of the Ribarroja
reservoir. Sediment mobilization techniques will be analyzed by mechanical means and by hydraulic
dredging. The planned operation consists of lowering the water level of the Ribarroja reservoir in coincidence
with flood flows in the Segre River to enhance the hydraulic gradient in the tail of the reservoir and facilitate
erosion of the deposited material. Another test will analyze the viability of extracting sediments that the
Matarraia River deposits when it joins the Ebro River in the Ribarroja reservoir. This test aims to analyze the
technical feasibility and profitability of a system that allows the material deposited at the bottom of the
reservoir to be sucked and transported by pumping, through floating pipes, to the downstream face of the
Ribarroja dam. The plan also considers the possibility of sediment flushing in the Ribarroja reservoir by
partially lowering the water level in the reservoir during high flows. It is also planned to produce direct
sediment that feeds the Ebro River with material taken from the mouth of the Ciurana River. During recent
Storm Gloria, a significant volume of material accumulated near the confluence with the Ebro River and is
currently limiting the conveyance of the bridges across the Ciurana River. It is planned to deposit this material
on the Ebro riverbed, monitoring sediment particles through isotopic tracers or electromagnetic transmitters
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to track their movement and obtain useful data for the calibration of numerical models. Numerical analyses
proved that, to facilitate sediment drag, it is more efficient to deposit the material forming a transverse dike
thanin a longitudinal arrangement. Other alternative tests are being considered, such as mobilizing sediment
retained in the Xerta Dam. These tests will provide valuable information for evaluating the effectiveness of
alternative actions proposed in the future.

2.2. Methods

The methodological approach of the work is presented in this section. The strategy for restoring sedimentary
flow in the river is based on two components: the mobilization of sediments accumulated in the reservoirs
and their transport to the Delta. The mobilization of sediments in reservoirs is fundamentally an economic
problem that will be solved by carrying out a series of pilot tests that will allow the identification of the best
technology. It is planned to use the transport capacity of the Ebro River itself for the second component.
However, there are doubts about the amount of sediment that can be transported through the river, since
the hydrological regime of the basin has been strongly altered by water abstractions and regulation. The aim
of the analysis is to answer a critical question for the approach to the Delta's restoration efforts: what is the
potential sediment transport capacity of the Ebro River under current and future conditions? To answer this
guestion, the hydrodynamic model of the Ebro River has been used.

The processes of erosion, sediment transport, and sediment deposition in the Ebro River are analyzed
through numerical simulations. River simulations were performed with the Iber code (Cea et al. 2007; Bladé
et al. 2014). lber is a two-dimensional (2-D) freely available code that solves the 2-D hydrodynamic equations
coupled to the sediment transport equations, among others. The hydrodynamic equations and the erosion
model are described in the following section. The model setup is described next, in terms of model
configuration data: topography, hydrodynamic parameters, and boundary conditions. Calibration of the
hydrodynamic numerical model with controlled flood observations is described in the last section.

2.2.1. Description of the hydrodynamic model
Iber solves the 2-D Depth-Integrated Shallow-Water Equations (SWE) using a finite volume scheme. This
scheme can manage unstructured meshes, irregular topographies, friction losses, and wet-dry fronts (Cea et
al. 2007). The 2D SWEs are derived from the Navier-Stokes equations by assuming quasi-hydrostatic flow
and incompressibility of water. The 2D mass conservation equation in a Cartesian coordinate system is given
by:
@ 4 dhUy N ohUy o 1)
ot ox ay
The momentum balance equations in conservative form with source terms in a Cartesian coordinate system
are:
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In the previous equations, h is the water depth, U; is the depth-averaged velocity along the i direction, p is
the density of the water, z, is the channel-bottom elevation, g is the acceleration of gravity, Ty, ; is the bed
friction along the i direction, Ty is the free-water surface friction along the i direction (i.e., wind traction),
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and v; is the turbulent eddy viscosity. Molecular and eddy viscosities, wind traction and Coriolis acceleration
were neglected in the simulations performed.

The bed friction terms, Ty, ;, read:
2172
n“Uj
T = pgh773 =0, (4)
where j =X, y, and n is the Manning’s coefficient.

Iber erosion and sediment transport module solves the non-cohesive sediment transport equations with
uniform granulometries, in a non-stationary regime. The hydrodynamics, sediment transport processes, and
river morphology interplay at mobile-bed simulations. Iber software couples these three processes. lber
simulates sediment transport as bedload and suspended load.

The sediment transport process is simulated through the 2D Exner equation (Anderson 2002; Mudd & Furbish
2004; Paola & Voller 2005). The equation provides the bed elevation evolution in response to the erosion
and sedimentation and is given in the form of bedload and suspended load. It reads:
0zp | 0qpx , Odby
1—-¢)—+ ~+———4+(E—-D) =0, 5
(A=) 50+ 52+ 2+ (E=D) 5)
where ¢ is the porosity, qy ; is the bedload discharge along the i direction, E is the entrainment deposition

term of suspended sediment on the bed, and D is the deposition term of suspended sediment on the bed.

The bedload solid flow rate due to the bedload transport is simulated using the van Rijn equation (van Rijn
1984a), as it provides satisfactory results compared with laboratory experiments (Santillan et al. 2020). The

equation reads:
0053/t 2 )
= (1)
where qj, is the dimensionless bedload solid volumetric flow rate, D* is the dimensionless diameter of solid
particles, T is the dimensionless shear stress acting on the particles, and T¢,; is the dimensionless critical
shear stress. The dimensionless bedload solid volumetric flow rate, qj, reads:
db

q*b = ) 7
JG—Dgp? )
where qy, is the bedload solid volumetric flow rate, s is the ratio between the densities of the particles and

water, s = pg/p, and D is the characteristic diameter of sediments, usually taken as the median diameter
D - D50.

The dimensionless diameter of solid particles is given by:
ANV
D* <D (g(s )) , (8)
V2
being v the kinematic viscosity of water, and the dimensionless shear stress reads:
X b
TvT=—-v---,
p(s —1)gh
being 7, the bed friction shear stress, given by Eq. (4).

(9)

The dimensionless critical shear stress T, is given by the Soulsby-Whitehouse equation (Soulsby &
Whitehouse 1997), based on the experiments of Shields (1936). It is given by:

0.3 .
Terit = m + 0055(1 - e‘O'OZD ) (10)
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Iber simulates the suspended sediment transport with the depth-averaged convection-diffusion equation for
the sediment concentration. The model accounts for the turbulent diffusion and the equilibrium suspended
concentration, and is given by:

hC ohU,C OhU,C 0 vy, 9C\ 0 vy, 9C\ 9D, oDy,
+ + - (r+—)h— o (F+—)ha—y + O TS g op), (1)

at 0x dy ox S./  0x Sc 0x dy

where C is the depth-averaged concentration of suspended solids, I' is the molecular diffusion coefficient for
suspended solids, S.. is the Schmidt number, which relates the moment turbulent diffusion coefficient with
the suspended turbulent diffusion coefficient, and Dgj; is the suspended sediment dispersion along the i
direction due to the non-homogeneous vertical velocity profile and sediment concentration.

The Entrainment/ Deposition term, (E— D), models the bedload grains that become suspended
(entrainment) and deposited from suspended sediments to the bed layer. We simulate the Entrainment/
Deposition term with the Van Rijn formula (van Rijn, 1987), given by:

E—D = aws(C* — C), (12)
where o is a coefficient that relates the mean suspended particle concentration and the river bedload
concentration, wg is the fall velocity of the suspended sediments, C* is the depth-averaged suspended load
concentration at equilibrium conditions, and C is the depth-averaged suspended load concentration.

The fall velocity of the suspended sediments for sand particles is computed using van Rijn (1984b)
recommendations. For particles smaller than about 0.1 mm, wg is given by:

_ (s — 1)gD3,

for suspended sand particles in the range 0.1 to 1 mm, the fall velocity is:
0.5
v 0.01(s — 1)gD3,
wWg = 10D—50{(1 + 2 -1, (14)
and for particles larger than 1 mm, the following equation is used:
ws = 1.1[(s — 1)gDs0]°". (15)
The depth-averaged suspended load concentration at equilibrium conditions, C*, reads (van Rijn 1984b):
1 T'>
C* ==0.005—37, (16)
a D**

where T is the transport stage parameter given by:
o (U2 - (U502
= . N2 ’ (17)
(Ucrit)

in which Uz, is the critical bed-shear velocity, that according to Shields (1936) reads:

*

T

* -t
Ucric = (;‘1 , (18)
and bed-shear velocity, U*, reads (van Rijn 1984b):
U= gﬁ, (19)

in which C" = 18log (12R},/3Dgy) is the Chézy-coefficient related to grains, Ry, is the hydraulic
radius related to the bed according to Vanoni-Brooks (1957), and U is the mean flow velocity.
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Flix reservoir (28

Figure 2-3 Domain of the numerical simulations in the Ebro River

The system of Partial Differential Equations is solved using a first-order finite volume scheme based on the
Monotonic Upwind Scheme for Conservation Laws (van Leer 1979).

2.2.2. Model setup

The domain of the numerical simulations to model the sediment transport to the Ebro Delta includes the
river reach between the reservoir system and the Delta. The modelling objectives are: (1) to study the
alternatives to restore, at least in part, the sediment flow, (2) to estimate the quantity of sediments that can
be mobilized, (3) to determine how long the sediments would take to reach the Delta site, and (4) to know
how the sediment would be delivered to the Delta system.

The topography of the simulated reach is shown in Figure 2-3. Fluid flow and sediment transport are
simulated from the Flix reservoir, located in Tarragona province at 41.1 meters above sea level, down to the
Delta site, located in the river mouth at 0 meters above mean sea level. The Flix dam is the last sediment
barrier on the Ebro River and is located about 100 km from the river mouth. The domain topography was
obtained from a high-resolution Digital Terrain Model (DTM) with a 0.5 m resolution of the Ebro River that
includes river bathymetry. A Triangulated Irregular Network (TIN) model of the river was built using this DTM,
with 0.1-meter tolerance, maximum side of 2000 meters, and minimum side of 12 m. The model includes
about 100 km of the Ebro River topography and it is composed of approximately 4,923,448 triangles. An
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Figure 2-4 Observed and simulated flow rate in Tortosa.

unstructured computational mesh was generated from the TIN, composed of about 2,489,643 triangles; each
triangle of the TIN model is one finite volume in the numerical model, i.e. the TIN model is coincident with
the computational mesh. The picture on the left in Figure 2-3 depicts the coverage of the TIN model of the
Ebro topography in blue. Two detailed snapshots of the computational mesh are shown on the right.

2.2.3. Model calibration

The riverbed roughness, given by Manning coefficient, was calibrated with the observed flood event on May
5th, 2022. This event also allowed testing the performance of the hydrodynamic model. The Ebro Automatic
Hydrological Information System (SAIH) provided 30-minute flow rate observations at two points of the river:
Asco and Tortosa (see Figure 2-2). A set of numerical simulations with several values of Manning coefficient
was run. The best agreement between the simulated and the observed flow rate in Tortosa were obtained
with Manning coefficient equal to 0.03. The results are shown in Figure 2-4. The model can capture the flood-
wave propagation along the river in terms of time and flood peak downstream of the inlet.

2.3. Results and discussion

This section describes the results of the analysis carried out. First, a rating curve of sediment transport in the
river was obtained from the available information on sediment transport under natural conditions. The rating
curve was used to calculate the potential transport capacity under natural conditions and with the current
flow regime. Finally, it was analyzed how it is expected that the transport capacity will evolve in the future,
taking into account climate projections and the possible evolution of water use in the basin.

2.3.1. Rating curve for sediment transport

A rating curve for sediment transport was built in the Lower Ebro River with the aid of the numerical model
described above. The sediment transport part was calibrated using data compiled by Ibafiez et al. (1996).
They provided estimates of the annual transport of suspended sediments for several flow ranges in the Ebro.
Data were obtained from Gorria’s experiments, conducted in 1877, well before the dam construction period.
They identified two representative regimes: normal flow, between 300 m3/s and 1500 m3/s, with an
estimated mean flow of 710 m3/s and a duration of 256 days and an average sediment concentration of 0.9
g/L, and annual flood, for discharge larger than 1500 m3/s, with a mean flow of 1764 m3/s, a mean duration
of 11 days and an estimated sediment concentration of 7.2 g/L. Sediment transport was estimated to be 14.1
Mton/yr for normal flow and 12.1 Mton/yr for annual flood. They added a contribution to the mean sediment
transport of 1.7 Mton/yr from exceptional floods. The remaining 0.2 Mton/yr correspond to flows of less
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Figure 2-5 Suspended sediment concentration or the normal flow regime of the Ebro River after 1,5 days. Water flow is 710
m3/s and the sediment concentration at the inlet is 0.9 g/L. Plot (a) shows sediment concentration for D50 equal to 0.005
mm. Plot (b) shows sediment concentration for D50 equal to 0.0005 mm, ten times smaller.

&

than 300 m3/s. These values imply a total annual volume of 17.38 km3/yr and sediment transport of 28.1
Mton/yr.

Numerical simulations were run for the two identified flow regimes, estimating sediment transport
parameters to fit the observed data until good agreement was obtained. In the numerical experiments, the
suspended sediment concentration corresponding to the flow regimes was specified at the upstream
boundary condition. The numerical simulations are aimed at analyzing whether the Ebro River can transport
those sediment concentrations down to the Ebro. The analysis focused on the size of the suspended particles,
characterized in the model with the median diameter, D50. The parameter D50 was estimated with a
calibration process for the two representative regimes. A set of simulations was run varying the value of D50,
checking for the evolution of suspended sediment concentration along the river. The adopted value for for
D50 was the maximum diameter that does not produce substantial sedimentation in the river and is able to
carry the suspened load to the Delta. The following features were adopted for the sediment: relative density
is 2.65, friction angle is 30 degrees, suspended sediment dispersion coefficient is 0.001 m?/s, and the Schmidt
number is 1.1. The best performance was obtained for a D50-value equal to 0.0005 mm, clay.

A sample of the results obtained in simulations run during the calibration process is presented in Figure 2-5.

The figure shows two contour plots of the suspended sediment concentration for two D50-values: 0.005 mm
—silt—, and 0.0005 mm —clay— after 1,5 days of simulation. The flow is 710 m3/s in both cases. The flow cannot
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Figure 2-6 Evolution of annual flow and potential sediment transport in the Lower Ebro River under natural and altered
conditions. Left: annual flow. Right: sediment transport

convey the silt suspended load, and sedimentation occurs during the transport process. The silt
concentration decreases down to about 0.5 g/L in the Delta, as depicted in Figure 2-5a. However, the flow
can convey the clay suspended load with the given concentration, 0.9 g/L, down to the Delta without
sedimentation, as shown in Figure 2-5b. The model was then used to simulate other flows to build a sediment
rating curve for the lower Ebro River.

2.3.2. Current potential sediment delivery under natural and altered conditions.

The low transport rate currently observed in the Lower Ebro River is due to the lack of availability of
sediments. The potential sediment transport that would be available was estimated based on observed flow
data and on the sediment transport rating curve derived from numerical simulations. Flow data under actual
conditions is obtained from the Tortosa gauging station. Data are available from 1913, but there are several
small gaps and a larger one from 1936 to 1951. The period when data are continuously available spans from
the hydrological year 1953-34 to 2019-20. Potential sediment transport was estimated for that period by
applying the sediment transport rating curve to daily flows measured in the Tortosa station. The average
potential sediment transport is 11.11 Mton/yr, much larger than the currently observed sediment flow.

This figure can be compared to the potential sediment transport under natural hydrologic regime, without
flow alteration produced by regulation and water abstractions. Flow data under natural conditions are
obtained from the results of the SIMPA model, Spanish acronym for Integrated System for Precipitation-
Runoff Modelling. SIMPA is a conceptual distributed hydrological model that simulates the average monthly
flows in the natural regime at any point of the hydrographic network of Spain. The available simulated period
is between the hydrological year 1940-41 and the year 2019-20. Monthly time series of the flow
corresponding to the entire Ebro basin were obtained. The values of naturalized and observed flows begin
to diverge in the 1960s decade, when reservoir constructions in the Ebro basin allowed the development of
irrigation and the corresponding water extraction. Although some irrigation is still being developed in the
basin, the large irrigation districts were finished in the 1980s. The average flow measured in Tortosa in the
last 40 years with data is 9.09 km3/yr, while the estimate under natural conditions from the SIMPA model is
15.13 km3/yr. The difference, 6.04 km?3/yr, can be mainly attributed to irrigation abstractions. The Ebro River
Basin Management Plan for the cycle 2021-2027 considers 924,400 ha of irrigated land with an annual
demand of 8.141 km3/yr. The difference between natural and measured flow would correspond to a net loss
of water to evapotranspiration of 75% of the bulk abstraction, which is a reasonable figure.

The results obtained under natural and altered conditions are summarized in Figure 2-6, which shows the

evolution of annual flow and potential sediment transport in the Lower Ebro River under the two situations.
The impact of water abstractions on potential sediment transport is much greater than that of annual flow.
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Potential sediment transport was estimated by applying the sediment transport rating curve to monthly
flows. The average value in the last 40 years is 22.39 Mton/yr under natural conditions and 6.93 Mton/yr
under actual altered conditions, a 70% reduction versus 42% for annual flow. It should be noted that the
application of the rating curve produces different results for daily and for monthly flows due to its
nonlinearity. The rating curve shows that sediment transport requires a minimum flow of approximately 575
m3/s. This threshold was exceeded in 146 months in the last 40 years under natural conditions (30% of the
time) and only 59 months under altered conditions (12% of the time).

2.3.3. Potential sediment transport under climate projections.

This section studies how the transport capacity of the Ebro River is expected to evolve in the future using
climate projections. First, the source of climate projections used in the analysis is described. Below are the
results under natural conditions. Finally, the results are shown under altered conditions under the hypothesis
of maximum water use in the basin.

Climate projections

Estimates of potential sediment transport for future scenarios can be obtained using climate projections. The
climate projections were taken from a report produced in the AgWaMed project, where climate projections
were analyzed for all Mediterranean basins (Garrote et al. 2023). The scenarios considered were taken from
IPCC AR6: SSP1-2.6, SSP3-7.0 and SSP5-8.5 scenarios. The required data was obtained from the ISIMIP
repository. The ISIMIP (Inter-Sectoral Impact Model Intercomparison Project) initiative is a collaborative
research effort that aims to assess the impacts of climate change on various sectors of society and the
environment. The hydrological regime of the Ebro basin was taken from the results of global hydrological
models HO8 and CWatM, available in the ISIMIP repository. Two sets of climate scenarios were used:
historical scenarios, for past times and future scenarios, for future times. Selected historical scenarios from
ISIMIP are of two types: obsclim and historical. The denomination obsclim corresponds to impact models
forced with observed climate in the actual time sequence. They are based on reanalysis data. This option was
selected to validate the runoff obtained with the two global climate models against the results of the SIMPA
model in the historical period. The denomination historical corresponds to impact models forced with results
from climate models. This option was selected as a control reference to estimate changes of potential
sediment transport in the future. Future scenarios correspond to the three emission scenarios of AR6
selected: SSP1-2.6, SSP3-7.0 and SSP5-8.5. In these options, climate models were forced with the emission
patterns expected in each emission scenario. The simulations for future time periods start in 2015 and end
in 2100. The hydrological models were forced with climate drivers in the corresponding scenarios. There are
two types of climate drivers: based on observations and based on climate models. The climate driver based
on observations is gswp3 and is used in the obsclim scenario. The climate drivers based on models are gfdl-
esm4, mri-esm2, ipsl-cm6a-1r, mpi-esm1-2hr and ukesm1-0-11. They are used in the historical and future
scenarios.

Sediment transport under natural conditions

The results produced by SIMPA model and ISIMIP hydrologic models for mean annual flow in all scenarios
analyzed are presented in Table 2-1. The values correspond to averages taken over 40-year periods. The time
period for SIMPA and the obsclim scenario spans from 1979-80 to 2018-19. The time series of the historical
scenario only cover up to year 2014, so the time period selected for this scenario is 1974-75 to 2013-2014.
Two time periods were selected for the climate projections: 2020-21 to 2059-60 and 2060-61 to 2099-2100.
The table presents the values of mean annual flow obtained for the SIMPA and the average values obtained
with all climate drivers in each ISIMIP model and scenario.

The results show a significant difference between the mean annual flow estimated with the two global
hydrologic models. For the obsclim scenario, HO8 provides a mean annual flow for the Ebro River of 12.63
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Table 2-1 Mean annual flow obtained under the hypothesis of maximum use of water resources in the Ebro basin, in km3/yr

Scenario obsclim obsclim historical ssp126 ssp370 ssp585 sspl26 ssp370 ssp585
80-19 75-14 75-14 20-59  20-59 20-59 60-99 60-99 60-99

SIMPA 14.97 15.19

Mean HO8 12.63 13.19 13.49 11.59 10.46 10.86 11.68 9.24 8.57

Mean CWatM 15.17 15.63 15.62 14.80 13.93 14.11 14.98 13.03 12.11

Table 2-2 Mean annual flow obtained in the simulations of the scenarios for the Ebro basin, in km3/yr

Scenario obsclim obsclim historical ssp126 ssp370 ssp585 sspl26 ssp370 ssp585
80-19 75-14 75-14 20-59  20-59 20-59 60-99 60-99 60-99

Observed in 8.91 11.26

Tortosa

SIMPA 6.26 6.01

Mean HO8 2.58 4.28 5.97 4.21 3.21 5.37 4.66 2.68 2.13

Mean CWatM 6.63 7.28 8.98 9.19 7.16 9.39 10.18 7.37 6.86

km3/yr, while the estimate of CWatM is 15.17 km3/yr. The estimate of the SIMPA model, 14.97 km3/yr, is
almost coincident with that of the CWatM model. The values for the average over the five climate drivers of
the historical scenario are 13.49 km?3/yr for the HO8 model and 15.62 km3/yr for the CWatM model. The
corresponding values of the obsclim scenario for the historical period, 1974-75 to 2013-2014, are 13.19
km?3/yr for the HO8 model and 15.63 km3/yr for the CWatM model, which means that there is an excellent
agreement between the obsclim and the average of the results obtained with the five climate drivers used
in the historical scenario. The projections for future scenarios show some sensitivity to the climate drivers
used, but they provide a consistent picture of the expected evolution of mean annual flow in the Ebro basin.
Mean annual flow is expected to decrease in the Ebro basin for most scenarios.

The time series produced by SIMPA model and ISIMIP hydrologic models in all scenarios analyzed were
processed using the sediment transport rating curve to obtain projections of potential sediment transport in
natural conditions. The analysis was performed on the bias-corrected series. The results are presented in
Table 2-2. The values correspond to the same periods shown in Table 2-1. Table 2-2 presents the values of
mean annual potential sediment transport obtained for the SIMPA and the average values obtained with all
climate drivers in each ISIMIP model and scenario.

The results show a significant difference between the mean potential sediment transport estimated with the
SIMPA model and those estimated with the two global hydrologic models, despite the bias correction. For
the obsclim scenario, the estimate of the SIMPA model is 22.68 Mton/yr. HO8 provides a mean sediment
transport for the Ebro River of 15.61 Mton/yr (31% less than SIMPA), while the estimate of CWatM is 31.01
Mton/yr (36% more than SIMPA). These estimations are, therefore, highly uncertain. The values for the
average over the five climate drivers of the historical scenario are 23.24 Mton/yr for the HO8 model and
38.11 Mton/yr for the CWatM model. The corresponding values of the obsclim scenario for the historical
period, 1974-75 to 2013-2014, are 19.06 Mton/yr for the HO8 model and 34.48 Mton/yr for the CWatM
model. The projections for future scenarios show more variability than in the case of annual flows. The
potential for sediment transport under natural conditions is expected to decrease dramatically in some
scenarios.

Figure 2-7 shows a summary of projected changes of mean annual flow and sediment transport under normal
conditions. The projected reductions in mean annual flow will dramatically reduce the sediment transport
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Figure 2-7 Projected changes of mean annual flow and potential sediment transport in the Ebro River under ISIMIP climate
scenarios. Left: Changes of mean annual flow. Right: Changes of potential sediment transport

capacity of the Ebro River under natural conditions, due to the nonlinearity of the sediment transport rating
curve. Although the HO8 and CWatM models produce different absolute figures, the relative projected
evolution is similar in both models. In the most likely scenario, SSP37.0, the expected reduction in the first
time period, 2020-2059, ranges between 10% and 22% for mean annual flow and between 23% and 57% for
sediment transport.

Sediment transport under altered conditions

The impact of projected reductions on the potential sediment transport capacity of the Ebro River under
altered conditions will depend on how the Ebro River is managed in the future. Under the current
management strategy, roughly 6 km3/yr are abstracted from the 15 km3/yr of natural flow, leaving 9 km3/yr
in Tortosa. This reduces the potential sediment transport capacity from 22 Mton/yr under natural conditions
to 7 Mton/yr, but this figure is still enough to convey the sediment required by the Delta. The projected
reductions suggest a future mean annual flow between 12 km3/yr and 13.5 km3/yr. The potential sediment
transport capacity for the natural regime is expected to be reduced to between 10 Mton/yr and 17 Mton/yr.
If the potential sediment transport under altered conditions was similarly reduced, it would fall to a range
between 3.5 km3/yr and 5 km3/yr and some carrying capacity would still remain in the river. However, if
current abstractions of 6 km3/yr were maintained in the future, available flow would be reduced to a range
between 6 km3/yr and 7.5 km3/yr, which represents a larger reduction than that of natural flow. Therefore,
it is very likely that the potential for sediment transport under altered conditions will be reduced more than
that under natural conditions.

It is possible to obtain an estimate of the expected future flow of water in the Ebro River under altered
conditions by taking the results of the AgWaMed project (Garrote et al. 2023). In this project, the potential
availability of water in the Ebro basin was evaluated in the different climate scenarios. To this end, a
simulation model of the management of water resources in the basin was built, in which the maximum
demand that could potentially be met at each point was considered. The flow of water circulating through
the lower Ebro in this hypothesis allows us to estimate a lower level of the river's transport capacity, since it
assumes the maximum use of the water resources available in each climate scenario.

The results produced by the AgWaMed project for mean annual flow under the hypothesis of maximum use
of water resources under each climate scenario are presented in Table 2-3. It should be noted that the water
demand is different in each of the scenarios, since it has been assumed that the water resources
corresponding to each scenario are used to the maximum.
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Table 2-3 Mean annual flow obtained under the hypothesis of maximum use of water resources in the Ebro basin, in km3/yr

Scenario obsclim obsclim historical sspl26 ssp370 ssp585 sspl26 ssp370 ssp585
80-19 75-14 75-14 20-59 20-59 20-59 60-99 60-99 60-99

Observed in 8.96 9.66

Tortosa

SIMPA 6.57 6.75

Mean HO8 6.21 6.72 6.95 5.84 5.98 6.92 5.85 4.90 4.83

Mean CWatM 8.91 9.35 9.15 8.88 8.48 9.49 8.99 7.64 7.64

Table 2-4 Mean potential sediment transport obtained under the hypothesis of maximum use of water resources in the Ebro
basin, in Mton/yr

Scenario obsclim obsclim historical ssp126 ssp370 ssp585 sspl26 ssp370 ssp585
80-19 75-14 75-14 20-59 20-59 20-59 60-99 60-99 60-99

Observed in 8.91 11.26

Tortosa

SIMPA 6.26 6.01

Mean HO8 2.58 4.28 5.97 4.21 3.21 5.37 4.66 2.68 2.13

Mean CWatM 6.63 7.28 8.98 9.19 7.16 9.39 10.18 7.37 6.86

The results show that the estimate of CWatM model fits the observed flow in Tortosa better than that of the
HO8 model, but HO8 is closer to the results provided by the SIMPA model. For the obsclim scenario, HO8
provides a mean annual flow for the Ebro River of 6.21 km3/yr, while the estimate of CWatM is 8.91 km3/yr.
The estimate of the SIMPA model, 6.57 km3/yr, is similar to that of the HO8 model, while the observed flow
in Tortosa, 8.96 km3/yr is almost coincident with that of the CWatM model. The values for the average over
the five climate drivers of the historical scenario are 6.72 km3/yr for the HO8 model and 9.35 km3/yr for the
CWatM model.

The time series produced by the water resources simulation model in all scenarios analyzed were processed
using the sediment transport rating curve to obtain projections of potential sediment transport in altered
conditions. The results are shown in Table 2-4, which presents the values of mean annual potential sediment
transport obtained for each scenario.

The results show a significant difference between the mean potential sediment transport estimated with the
results of the water resources model under the hypotheisis of maximum water use and those estimated with

Ebro: Projected Changes of Mean Altered Flow Ebro: Projected Changes of Altered Sediment Transport
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Figure 2-8 Projected changes of mean annual flow and potential sediment transport in the Ebro River under altered
conditions in future climate scenarios. Left: Changes of mean annual flow. Right: Changes of potential sediment transport
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Figure 2-9 Relationship between mean annual flow and potential sediment transport for all scenarios examined

the observed flow in Tortosa. The differences are due to uncertainty in modelling and also to the fact that
current water use in the Ebro basin is not maximum.

The results obtained in the analysis of altered flow in future projections are summarized in Figure 2-8. The
effects are similar to those shown in Figure 2-7, but with larger spread between hydrologic models and
climate scenarios. In the most likely scenario, SSP37.0, the expected reductions projected by HO8 model for
the first time period, 2020-2059, are 13.9% for mean annual flow and 46.3% for sediment transport. The
reductions projected by the CWatM model are 7.9% for mean annual flow and 20.3% for sediment transport

2.3.4. Relationship between annual flow and sediment transport

The analyses carried out in this study allow us to characterize the relationship between average annual flow
and potential sediment transport capacity. Figure 2-9 shows the overall result of all the analyses carried out,
representing the value of the potential sediment transport capacity as a function of the value of the average
annual flow for each of the scenarios and models examined. The figure clearly shows that each of the two
global hydrological models has a distintct behavior. The CWatM model provides a higher sediment transport
capacity than the HO8 model. This is due to the different monthly distribution of the flow. In the CWatM
model, the flow is concentrated in a few months of the year, while in the HO8 model it is more evenly
distributed throughout the year. Since sediment transport occurs in the months of greatest flow, the net
result is that the potential sediment transport capacity is greater for the CWatM model than for the HO8
model, although both have similar average annual flows.

The most reliable data are those corresponding to the flow observed in Tortosa and the results obtained with
the natural and altered flows computed with the SIMPA model. These three points seem to be better aligned
with the results of the HO8 model, which is also more conservative. It is therefore appropriate to base the
analyses on the results of the latter model.

2.4. Conclusion
The analysis carried out has made it possible to estimate the effect of the hydrological regime of the Ebro
River on the potential capacity of sediment transport. It was based on the historical reference of the late
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nineteenth century, in which an average annual flow of 17.38 km3/yr and an annual sediment transport
capacity of 28.1 Mton/yr were estimated. This reference was used to estimate a rating curve for potential
sediment trasport that was applied to the current and future flow regimes under natural and altered
conditions. The current observed flow in the lower Ebro River would be able to transport up to 9 Mton/yr of
sediment to the Delta. This is a strong reduction compared to the estimated potential capacity of 27 Mton/yr
under natural conditions. Currently, water abstractions and flow regulation in the Ebro basin have reduced
mean annual flow by 40% and this has translated in a reduction of the potential sediment transport capacity
of 67%.

Future projections show a highly uncertain scenario. The main sources of uncertainty of the analysis carried
out are the variations between the emission scenarios and between the climate models, the limitations of
the hydrological models to capture the real hydrology of the basin and the non-linearity of the relationship
between flow and sediment transport capacity. For the first time window, between 2020 and 2060, natural
flow is projected to decrase between 10% and 15%. This would imply a reduction of the potential sediment
transport capacity between 15% and 30%. If the Ebro basin is managed to maximize water supply, the current
altered flow would be reduced up to an additional 10%, which would imply a reduction of sediment transport
potential under altered condition of up to 30%. Reductions are larger in the secont time window, 2060-2100:
between 10% and 30% for natural flow, between 15% and 50% for sediment transport potential, between
10% and 40% for altered flow and up to 40% for sediment transport potential under altered conditions.
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ABSTRACT: Barrier beaches, such as the Trabucador beach in the Ebro Delta, Spain, play a critical role in
coastal protection but are increasingly vulnerable to the impacts of climate change, particularly sea
level rise. This study examines the morphodynamic evolution of the Trabucador barrier beach (NW
Mediterranean Sea) under varying sea level rise scenarios, considering the effectiveness of nature-
based solutions strategies in form of embryonic alternating dunes and comparing it against classical
nourishment. Using a calibrated XBeach model, the study simulates the impact of three significant
storms - Gloria, Filomena, and Isaak - under SLR projections for 2050 (+0.27 m), 2075 (+0.57 m), and
2100 (+0.75 m). Results demonstrate that while classical nourishment and embryonic alternating
dunes provide considerable protection against storm-induced breaching at lower SLR levels (+0.27 m),
their effectiveness diminishes significantly at higher SLR conditions. Under the most severe scenarios
(+0.57 m and +0.75 m), widespread breaching occurs across all management strategies, indicating a
critical threshold where these approaches fail to withstand storm impacts. The findings suggest an
urgent need for adaptive, scalable coastal management solutions to mitigate the increasing risk of
erosion, flooding, and breaching due to climate change. This study contributes to the knowledge on
barrier beach management by emphasizing the limitations of current protective measures under
future climate conditions and highlighting the necessity for ongoing research and innovation in coastal
defence strategies.

3.1. Introduction

Barrier beaches, in the form of barrier islands or spits, are coastal landforms that play a crucial role in
protecting the coastline from the direct impact of ocean waves and storms (Stéphan et al. 2024). These
elongated, narrow landforms are typically formed by the accumulation of sand and sediment transported by
littoral processes. Acting as natural barriers, they shield the inland areas from storm surges and high-energy
wave action, thereby reducing coastal erosion and flooding. The dynamic nature of barrier beaches is
characterized by continuous changes due to natural processes like tides, waves, and sediment transport.
These landforms are also highly sensitive to changes in sea level and weather patterns, making them
particularly vulnerable to the impacts of climate change (Hoagland et al. 2024, Moore and Murray 2018).
Human activities such as the construction of dams and coastal development further exacerbate these
vulnerabilities by disrupting natural sediment supply and altering hydrodynamic conditions. The barrier
beaches are found in various regions across the globe, each exhibiting unique environmental conditions and
management challenges (Cueto Fonseca et al. 2021). Examples include the Outer Banks in the USA, Fraser
Island in Australia, the Wadden Sea in Europe, Rio Formosa in Portugal, Dniester in Ukraine, Kakinada and
Pentha barrier beaches in India and the barrier islands of the Chesapeake Bay. These sites highlight the
diverse nature of barrier beaches and the common challenges they face in terms of erosion, habitat loss, and
the need for sustainable management practices.

Sea level rise (SLR) will become one of the main problems for barrier beaches in future (Passeri et al. 2018)

due to several reasons. Firstly, higher sea levels can lead to more frequent and severe flooding, especially
during storm events. This increased inundation can cause significant erosion, overwash, and even permanent
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loss of parts of the barrier beach. Secondly, SLR can alter the sediment dynamics of these coastal systems.
For instance, the increased water depth can reduce the effectiveness of wave energy dissipation over the
beach, leading to greater erosion. Moreover, SLR can submerge the back-barrier marshes and wetlands,
which are crucial for the stability and resilience of barrier beaches. While long-term evolution of barrier beach
itself is a complex phenomenon driven by complex processes, rising sea levels will exacerbate the potential
problems, enhancing sediment transport and deposition, potentially causing beach retreat (Mariotti and
Hein 2022). This will also increase the frequency and intensity of overwash events, destabilizing the coastal
features. Morphodynamic responses include landward migration and alterations in beach profiles, with
subsidence further increasing vulnerability. Besides, climate change will not only affect SLR, but alter the
storminess. For Mediterranean Sea in general, it is predicted that climate change will lead to increased storm
intensities and frequencies with increased storm surges. The Catalan part of Mediterranean coast will likely
experience reduction in storm intensities though frequency will be increasing, while level of storm surges
also is expected to increase up to 7% by the end of the century.

Case studies from Nova Scotia and the UK’s Chesil Beach and Hurst Spit highlight the delicate balance
between natural processes and adaptive management strategies, such as beach nourishment and dune
restoration, emphasizing the need for continuous monitoring to effectively preserve these dynamic coastal
systems. In order to complement the information gathered from monitoring, many studies have been
focused on describing the storm impacts on the barrier beaches using numerical modelling for different sea
level rise scenarios by increasing total water level. These studies have described that this increased water
level led to enhanced erosion and breaching events. Therefore, there are no major studies focused on the
potential role of additional protection measures like nature-based solutions in resultant morphodynamics
due to the increased water levels.

In this study, we analyse the morphodynamic behaviour of the Trabucador barrier beach under various SLR
scenarios, focusing on the effectiveness of embryonic alternating dunes as nature-based solution and
comparing it to classical nourishment in mitigating storm impacts. The suitability of these interventions to
enhance the resilience of the beach during extreme events is evaluated using the calibrated XBeach model
(Roelvink et al., 2009), with simulations for historical storms such as Gloria, Filomena, and Isaak. These
scenarios are compared against a baseline condition with no protective measures. To further assess the
efficiency of the proposed strategies, their performance is tested under future SLR projections for the years
2050, 2075, and 2100, revealing critical thresholds where traditional mitigation efforts become less effective.
This study is the continuation of Sanchez-Artus et al (2024), focused predominantly on the effectiveness of
the proposed mitigation action for present conditions, and the validation of the XBeach model in the study
area.

This work is organised as follows: Section 3.2 presents the study area, the model used, and the different
coastal mitigation strategies and scenarios proposed. Section 3.3 shows the results for all the studied cases.
Finally, Section 3.4 shows the discussion of the work and Section 3.5 the final conclusions.

3.2. Methods

3.2.1. Studyarea

The Ebro Delta, situated in the north-western Mediterranean Sea about 200 km south of Barcelona, spans
an area of around 320 km?, including a 7,802 hectares Natural Park, and boasts a 50 km coastline (Figure
3-1). The region is ecologically rich, with a variety of habitats such as freshwater bodies, lagoons, and salt
marshes that support a wide diversity of species. This biodiversity not only enhances the ecological value of
the area but also supports key economic activities such as tourism, hunting, fishing, aquaculture, and rice
cultivation (Valdemoro et al. 2007, Rovira et al. 2007). However, the construction of dams along the Ebro
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Figure 3-1 Study Area. Close-up from Spain to Ebro Delta, with red rectangles showing Barcelona, Ebro Delta and Trabucador
barrier beach respectively. Bottom image shows an elevation map of the studied region.

River has significantly reduced the river's sediment discharge, leading to notable issues of erosion and
subsidence in the region. The delta features two prominent spits: Fangar to the northwest and Banya to the
southwest, with the latter connected to the mainland by the Trabucador barrier beach.

This barrier, the focal point of this study, lies between the Mediterranean Sea and the semi-enclosed Alfacs
Bay (Grifoll et al. 2019). The beach is approximately 5.5 km long, 100 to 150 m wide, and reaches a maximum
elevation of 1.5 m. Despite its environmental significance, the beach is highly vulnerable to breaching,
particularly during winter storms, as seen with the severe impacts of Storm Gloria in 2020 and Storm
Filomenain 2021, both of which caused substantial damage that took nearly a year to repair. The Trabucador
beach, formed only four centuries ago through littoral transport, is now threatened by the very processes
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that created it. A sediment deficit, exacerbated by these upstream dams, has accelerated beach depletion
and retreat. Historically, the barrier beach has played a crucial role in protecting Alfacs Bay’s vulnerable
ecosystem, which species such as Pinna nobilis and seagrasses. The beach also supports the local economy
by providing access to a salt mine located on Banya Spit.

3.2.2. Numerical model

XBeach model (version 1.23) is employed in this study to simulate the coastal response of the Trabucador
barrier beach. XBeach is a 2DH (depth-averaged) model widely used for modelling wave energy, flow
dynamics, infragravity wave propagation, and sediment transport, including processes like dune avalanching
(Roelvink et al. 2009, McCall et al, 2010). Its robust numerical framework effectively captures flooding events,
such as overwash and breaching on sandy beaches. Previous studies have demonstrated XBeach'’s capability
to accurately represent the behaviour of deltaic and barrier beaches (Grases et al. 2020., Elsayed and
Oumeraci 2016, Harter and Figlus 2017, Schambach et al. 2018). Specifically, Garcia et. al (2013) explored the
breaching of the storm events from the years 2001, 2003 and 2009 in the Ebro Delta. Sdnchez-Artus et al.
(2024) focused on calibrate the model for the Trabucador barrier beach, and also assessed the impact of
storm Gloria, Filomena and lsaak in the barrier beach. Further, it also assesses the role of protection
measures like continuous dune system, alternating dune system and shoreface nourishment on mitigating
these breaching processes.

For this research, XBeach is operated in its two-dimensional hydrostatic surfbeat mode, which accounts for
temporal variations in wave height, crucial for modelling long-wave motions that influence swash waves
impacting or overflowing the front beach. This feature enables the model to predict beach response
according to Sallenger's storm impact regimes (Sallenger Jr., 2000). The model has been also used in studying
storm impacts on barrier beaches specific to SLR but some of these past studies are made in an uncalibrated
state given the difficulty to obtain post storm information. The current model setup used for this study have
been deeply calibrated using a novel Goodness of fit approach utilizing post storm images of breaching shape
(Sanchez-Artus et al., 2024).

3.2.3. Mitigation strategy approaches

In response to these growing threats, an embryonic alternating dune system was implemented as a Nature-
based Solution (NbS) in 2022 to mitigate flooding and breaching hazards. This intervention is part of broader
efforts to manage the Trabucador barrier, which has been continuously studied and restored following major
storm events. It involves the placement of dunes at strategic intervals along the coast, potentially enhancing
the resilience of certain areas while allowing natural processes to occur in others. Previous research has
documented storm impacts, including long-term evolution and critical thresholds for beach survival under
sea-level rise, emphasizing the need for both immediate and sustainable protective measures (Cooper et al.
2020, Lepesant 2024). To complement the results obtained from this novel approach, a digital generation of
classical nourishment approach was done. This strategy refers to periodic addition of sediment to the beach
system to maintain its width and height, counteracting the effects of erosion. Finally, a final state of the
barrier beach representing a baseline or control scenario where no defensive measures are taken against
coastal processes is considered and named as no protection. More details about the final meshes containing
the mitigation strategies and the no protection can be found at Sanchez-Artus et al. (2024).

3.2.4. Storm and scenarios description

For the study, three different SLR scenarios were studied representing the conditions for the years 2050,
2075 and 2100. Following IPCC (Parmesan et al. 2022) and NASA Sea Level Projection tool predictions, the
simulated levels were +0.27 m, +0.57 m and +0.75 m respectively. While IPCC provides different confidence
of projections and different scenarios, for the above years the water level coinciding with multiple scenarios
is chosen instead of particular RCP or SSP scenarios.
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These scenarios are tested for three storms of the past in order to see differences with current sea level
conditions. First, Gloria was tested as the biggest storm ever registered on Catalonia, in January 2020. This
storm persisted for 204 hours and reached a maximum wave height of 7.8 m with an associated peak period
of 11s. Then, in January 2021 the storm Filomena hit the coast for nearly 140 h, with a maximum wave height
of 5.15 m and a peak period of 11 s. Finally, in February 2023, storm Isaak affected the Trabucador beach
while the embryonic alternating dune system was placed. The storm remained during 56 hours reaching a
wave height of 4.67 m and a peak period of 12.11 s.

The simulations shown in this study are done for each of the three different beach states under the presented
storms and for each of the sea level rise scenarios, leading to a complete analysis of the possible problems
associated with both storms and SLR if no interventions are done.

3.3. Results

The section will be organized showing the storm effects in terms of breaching (Appendix A) and long-shore
profile changes for each of the SLR scenarios. Then, a subsection specifically presenting the breaching
volumes and areas for all the scenarios will be included. The described results about present conditions and
current sea levels are described in Sdnchez-Artus et al. (2024).

3.3.1. SLR projection for 2050 (+0.27 m)

For this scenario, during storm Filomena, more severe impacts than those at current sea levels were
observed. The degree of breaching was comparable to that caused by storm Gloria under conditions without
sea level rise. Each of the three scenarios—no protection, alternating dunes, and classical nourishment—
experienced widespread breaching, particularly in the central section of Trabucador beach, indicating a high
vulnerability in this area. Despite the overall breaching, the alternating dunes in the southern part of
Trabucador beach remained intact, and the formation of a swash zone bar was also evident, suggesting some
localized resilience in this configuration (Appendices Figure A-1).

During storm Gloria, the barrier was completely breached in all three management scenarios, demonstrating
a similar pattern to the extensive breach observed in the middle part of the beach over a span of more than
two kilometers. Smaller breaches were also noted in the southern part of the beach, while a wide breach
occurred in the northern part. This indicates that none of the protection measures could withstand the
increased water levels brought by storm Gloria, leading to significant overwash across the rest of the beach
(Appendices Figure A-2). Finally, storm Isaak caused breaching with patterns entirely similar to those of storm
Filomena at current water levels. In the no protection scenario, the storm resulted in the formation of six
distinct crescentic islands along with a shore-parallel swash-zone bar, a feature also seen under current
conditions with storm Filomena. In the scenario with alternating dunes, there were multiple smaller breaches
along the barrier beach, including between the alternating dunes in the southern part of Trabucador, again
mimicking the impact patterns observed with storm Filomena under present sea levels. The classical
nourishment scenario produced smaller breaches primarily in the middle part of Trabucador and overwash
depositions along the length of the beach (Appendices Figure A-3).

In terms of long-shore profile changes, storm Gloria caused significant breaches ranging from 1 mto 1.5 m
deep, while storm Filomena resulted in a 0.5 m deep breach without protection but negligible effects under
classical nourishment, highlighting its effectiveness in mitigating erosion. Interestingly, the breach depths
during storm Filomena were greater in the southern part of Trabucador beach than those during storm
Gloria, indicating localized variability in storm impact and the effectiveness of protective measures. This
illustrates the importance of considering both generalized and specific responses of coastal defences to
different storm intensities under elevated sea level conditions (Figure 3-2).
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Figure 3-2 Cross-shore variations of beach profiles along the Trabucador barrier beach for each of the mitigation strategies
and with the +0.27 m SLR scenario

3.3.2. SLR projection for 2075 (+0.57 m)

Under a 0.57 m rise in water levels, storm Filomena managed to entirely breach the barrier system, with two
notable islands emerging within a four-kilometer stretch of the coast. This significant breaching manifested
similarly across all management scenarios—no protection, alternating dunes, and classical nourishment—
highlighting a major vulnerability in the central part of the Trabucador beach, along with smaller breaches to
the north and south. The protective measures in place proved ineffective at this increased water level, as
erosion extended over the beach and nearshore areas, while sedimentation occurred on the bay side.
Notably, the formation of a swash zone bar was less apparent compared to previous conditions (Appendices
Figure A-4). For Storm Gloria, the landscape changed drastically from previous scenarios, with the destruction
of previously observed crescentic islands in the middle part of the beach. Breaching was comprehensive and
similar across all topo-bathymetric conditions. A singular crescentic island was observed in the southern part
of Trabucador. The entire beach shifted towards the bay, with almost no formation of swash zone bars,
indicating a profound reshaping of the coastal landscape. This suggests that the coastal barrier system is
reaching a critical threshold under such elevated SLR conditions (Appendices Figure A-5). In contrast to the
lesser impacts observed in the +0.27 m SLR scenario, storm Isaak with +0.57 m SLR induced significant
breaches across all management scenarios. In the no-protection case, major breaches were noted
particularly in the middle of Trabucador, with a crescentic island positioned between them. The alternating
dunes scenario showed wider breaches in the middle and small breaches between the dunes in the southern
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Figure 3-3 Cross-shore variations of beach profiles along the Trabucador barrier beach for each of the mitigation strategies
and with the +0.57 m SLR scenario

part, while the classical nourishment scenario experienced multiple breaches along the entire beach. The
presence of strong overwash throughout the beach and notable formation of a swash zone bar in the
southern part further demonstrated the intensified geomorphological changes (Appendices Figure A-6).

Long-shore profile changes showed that during storm Gloria, breaching depths reached up to 1.5 m across
all scenarios, indicating a severe uniformity in the degradation of the beach profile. The lack of variability in
long-shore changes among different scenarios underscores a tipping point in the resilience of the coastal
system. For storm Filomena, breaching depths increased significantly compared to the +0.27 m SLR condition,
while for Storm lsaak, the largest breaches were observed in the no protection case, though parts of the

alternating dunes remained intact, highlighting some residual effectiveness of this management strategy
(Figure 3-3).

3.3.3. SLR projection for 2100 (+0.75 m)

With a 0.75 m SLR, storm Filomena led to complete breaching of the Trabucador beach across all
management scenarios, essentially washing away the beach along its entire length, with only negligible
patches remaining above the increased water level. The results depict a beach landscape that has reached a
tipping point under these conditions, with significant erosion across the beach and sediment displacement
into the bay area. The formation of swash-zone bars, previously noted, was largely absent under these severe
conditions, indicating a substantial morphological transformation of the coastal zone (Appendices Figure
A-7). Similarly, storm Gloria replicated the severe impacts seen with Filomena under the same SLR conditions,
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Figure 3-4 Cross-shore variations of beach profiles along the Trabucador barrier beach for each of the mitigation strategies
and with the +0.75 m SLR scenario

confirming the beach's vulnerability at this elevated sea level. The entire beach experienced a complete
breach, with minor patches marginally above the current water level. The absence of swash-zone shore
parallel bars, which are indicative of sediment redistribution processes, points to a drastic displacement of
the beach into the bay, emphasizing the failure of protection measures to mitigate such extreme impacts
(Appendices Figure A-9). Storm Isaak, while causing widespread breaching across all management scenarios,
did not completely breach the barrier beach as seen in the other storms. The no protection scenario showed
complete breaching in the middle with significant overwash extending to the northern and southern
stretches. In the alternating dunes scenario, a wider breach occurred in the middle with smaller breaches at
the southern and northern ends, marking the first time these structures have failed under such conditions.
The classical nourishment scenario also experienced strong breaching, particularly in the southern and
middle sections of the beach.

The long-shore profile changes during storms Gloria and Filomena showed a near-uniform depth of breaches
across all scenarios, reaching depths just above 1.5 m for Gloria and about 1 m for Filomena, similar to the
breaches in previous SLR conditions. Despite widespread breaching during Storm Isaak, the depth of these
breaches was relatively shallow compared to other storms, indicating varied impacts based on storm
characteristics and perhaps some residual effects of the coastal defences, although the alternating dunes
were notably destroyed (Figure 3-4).
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3.3.4. Breaching volume and area

In the context of varying SLR scenarios, a detailed examination of breaching volumes and areas highlights the
increasing vulnerability of coastal defences under escalating sea levels. The collected data delineates how
breaching dynamics evolve across different management strategies and storm conditions. At the current sea
level, the no protection scenario records the highest breaching volumes, with Gloria leading at 121,881 m?,
followed by Filomena at 41,252 m?3, and Isaak at 13,574 m3. Alternating dunes and classical nourishment
show significantly reduced volumes, emphasizing their initial effectiveness. Under a +0.27 m SLR, there is a
marked increase in breaching volumes. For instance, under no protection, Gloria's breaching volume
escalates to 311,506 m3. Despite the application of protective measures, similar increases are noted, with
classical nourishment and alternating dunes reaching 300,902 m® and 317,149 m? respectively for Gloria,
underscoring the limited scalability of these defences against rising sea levels. At a+0.57 m SLR, the breaching
volumes continue to rise, with no protection reaching 500,599 m3 for Gloria and classical nourishment
peaking at 595,621 m3, indicating a reduced protective benefit at this higher SLR. With a +0.75 m SLR, the
volumes under no protection for Gloria are at 583,575 m3, with classical nourishment reaching an even higher
732,359 m?3 (Figure 3-5). This illustrates a further decline in defence effectiveness, as even the most robust
measures fail to significantly mitigate breaching impacts.

Regarding breaching areas, the trend also indicates increasing susceptibility, where at current sea levels, the
areas affected are relatively modest, with no protection yielding 0.20 km? for Gloria and 0.22 km? for
Filomena. With a +0.27 m SLR, these areas expand, reaching 0.45 km? for Gloria under no protection, and
classical nourishment results in an area of 0.51 km2. At +0.57 m SLR scenario, the area for Gloria under no
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protection increases to 0.49 km?, and under classical nourishment, it reaches 0.67 km?2. Finally, under +0.75m
SLR, the breaching area for Gloria extends to 0.56 km? under no protection and to 0.75 km? under classical
nourishment, marking the highest recorded area (Figure 3-6).

3.4. Discussion

The results show that while the proposed protective measures may reduce breaching volumes and areas at
scenarios with low SLR, their efficacy diminishes as SLR increases, reaching a point where traditional coastal
defences are overwhelmed (Cooper et al. 2020), suggesting the need for more advanced or adaptive
strategies in coastal management to handle the impacts of higher sea levels and more severe storm
scenarios, in concordance with Lepesant (2024). The analysis of coastal protection measures efficiency under
varying Sea Level Rise (SLR) scenarios shows a clear trend of diminishing effectiveness as sea levels increase.
The performance of classical nourishment and embryonic alternating dune system is evaluated against the
benchmark of no protection under different storm and water level conditions. At the current water level,
both protection measures are highly effective. For Storm Isaak, the measures completely prevent breaching.
In the case of Storm Filomena, breaching is reduced by 80%, and for Storm Gloria, classical nourishment
reduces breaching by 65 % while alternating dunes achieve a 30% reduction, as seen in Figure 3-7. Under a
+0.27 m SLR, the protection measures still function effectively for milder storms like Isaak and Filomena, with
classical nourishment providing more substantial reductions in breaching compared to embryonic alternating
dunes. However, for Storm Gloria, both protection strategies only reduce breaching by about 10 %, indicating
a significant decrease in their effectiveness. With +0.57 m SLR, the reduction in breaching efficiency becomes
more pronounced. Classical nourishment results in a 40 % reduction for Storm lIsaak, significantly less
effective than at lower sea levels, and alternating dunes only reduce breaching by 15 %. For Storm Filomena,
both strategies reduce breaching by just 9 %, and for Storm Gloria, the measures fail almost completely, with
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alternating dunes providing a mere 2.7 % reduction, and classical nourishment actually resulting in a 10 %
increase in breaching compared to no protection. In the scenario of a +0.75 m SLR, the protection measures
struggle to prevent breaching effectively. Classical nourishment reduces breaching by 17.5 % for Storm Isaak,
while alternating dunes manage only a 10 % reduction. For storms Gloria and Filomena, the measures are
almost ineffective, with breaching volumes similar to scenarios without any protection, indicating a near-
total failure of the coastal defences (Figure 3-7).

As commented previously, with +0.27 m SLR, both classical nourishment and embryonic alternating dunes
demonstrate a considerable capacity to reduce the impacts of storm-induced breaching. This SLR level
represents conditions likely to be encountered around mid-century, based on current climate projections. In
these scenarios, the protection measures are able to mitigate not just the frequency of breaching but also
maintain more controlled breach characteristics, such as location and morphology. The effectiveness of these
measures under a +0.27 m SLR is not uniform across the entire beach but is more pronounced in certain areas
by targeted breaching especially in alternative dune condition. This indicates that the strategic placement
and design of protection measures can enhance their overall effectiveness, particularly in guarding critical or
vulnerable sections of the coastline. The success of these protective measures at +0.27 m SLR suggests that
they are sustainable options for managing coastal risks associated with moderate increases in sea levels. This
is significant for coastal planning and management, as it provides a viable timeframe during which these
measures can be expected to perform effectively, allowing for planning and adaptation before conditions
worsen.

As SLR increases beyond +0.27 m, the effectiveness of both classical nourishment and alternating dunes

rapidly declines. This was particularly evident in scenarios simulating SLRs of +0.57 m and +0.75 m, where
these measures failed to significantly mitigate the effects of storm-induced breaching. This threshold
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behaviour highlights a critical limit in the current design and implementation of such measures. The failure
of traditional protection measures at higher SLRs underscores the necessity for developing scalable and
adaptable coastal defences strategies. As SLR projections for later this century exceed the +0.27 m mark, it
becomes imperative to explore more innovative, flexible, and robust solutions that can accommodate more
severe changes in sea level and associated storm dynamics. The analysis from the Trabucador beach case
study starkly illustrates the significant role that beach level and width play in determining the impact of
storms under different SLR scenarios compared to current conditions. The beach's inherent characteristics,
particularly its width and elevation, are pivotal in moderating storm-driven morphodynamical changes.
Under current conditions, the beach's configuration, especially width, is a critical factor in mitigating storm
impacts. For instance, in the no protection scenario, the beach width is notably narrower in the middle
sections (ranging from 35 m to 60 m), making these areas more susceptible to breaching. The classical
nourishment strategy, which increases the beach width to 120 m and stabilizes the crest level at 0.7 m, shows
a substantial reduction in breaching, as it enhances the beach's capacity to absorb and dissipate storm energy
more effectively. However, as SLR scenarios intensify, the dynamics shift considerably. The observations
indicate that while beach width and initial elevation are significant in current conditions, their importance is
overshadowed by the elevation factor as SLR increases. With higher SLRs, the waves begin to break directly
over the barrier beach, effectively negating the benefits of increased width. This behaviour was also observed
by Anarde et al. (2024a, 2024b). The protective measures fail to prevent significant breaching, highlighting a
need for adaptive strategies that consider not just width but also the elevation and resilience of the beach
profile in response to rising sea levels and more potent storm surges, as discussed by Bongarts et al. (2021).
The near uniformity of storm impacts across different management scenarios at higher SLRs underscores the
pressing challenge of developing coastal defences that can withstand the effects of climate change-driven
sea level increases.

3.5. Conclusions

The study of Trabucador barrier beach and the Ebro Delta under various SLR scenarios reveals the critical
need for adaptive and innovative coastal defence strategies, particularly emphasizing the effectiveness of
NbS such as embryonic alternating dunes at moderate SLR levels (+0.27 m). These measures are shown to
significantly reduce breaching impacts and maintain beach resilience, highlighting their potential applicability
to similar coastal systems facing moderate SLR. However, the effectiveness of these NbS and other classical
approaches declines sharply at higher SLR levels (+0.57 m and +0.75 m), suggesting that while they provide
substantial protection in the near term, additional or enhanced measures will be needed for long-term
sustainability. The long-term evolution of barrier beach systems, including Trabucador, is highly debated with
considerable uncertainties, and the projected SLR impacts might not precisely represent future conditions
but offer valuable insights into potential responses to higher water levels. The study also indirectly addresses
the influence of additional storm surges on storm impacts by examining different increased water levels
aligned with SLR scenarios. Climate change projections indicate a potential minor increase in storm
intensities and surge levels in the Mediterranean, underscoring the urgency for innovative, adaptable NbS to
protect coastal areas. These findings suggest that while current NbS are effective for moderate SLR, ongoing
research, monitoring, and adaptive management will be essential for addressing the complex and evolving
challenges posed by climate change to coastal systems like the Trabucador barrier beach and similar
environments globally.
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4. Seagrass as a Nature-Based-Solution (NbS) for coastal protection under

future climate projections
Villa Castrillon, L.}, Jacob, B., Pein, J.1, Chen, W.'& Staneva, J.1

! Institute of Coastal Systems - Analysis and Modeling, Helmholtz-Zentrum Hereon, Geesthacht, Germany

ABSTRACT: The Wadden Sea is a coastal region of significant ecological and economic importance.
Climate change-driven sea level rise (SLR) and intensified storms heighten the risks of coastal flooding
and erosion, necessitating the integration of nature-based solutions into management practices for
long-term sustainability. This study examines the role of seagrass in reducing coastal risks in the
German Bight, focusing on Jade Bay located in the southern Wadden Sea. Historical and end-of-century
SLR scenarios were simulated using the SCHISM model, which couples hydrodynamics, waves,
sediments, and a seagrass module. Simulations with and without seagrass were analyzed to assess
habitat and ecosystem service changes due to SLR, based on the EUNIS habitat classification system
using the D-ECO impact tool. Ecosystem services (ESS) evaluated included provisioning, carbon
sequestration, water quality regulation, natural hazard regulation, and coastal erosion prevention. The
findings indicate that seagrass meadows reduce current velocities and wave heights by approximately
45%, leading to a 45% reduction in bottom shear stress and an 80% decrease in erosion flux. Although
seagrass remains effective at reducing erosion under elevated sea levels, its efficiency slightly declines
compared to current conditions. Future climate scenarios suggest a potential expansion of sublittoral
habitats and a 30-50% reduction in salt marshes, which provide among the highest ecological value in
terms of ESS score. This shift could result in a 30% decrease in erosion protection and a 3% decline in
carbon sequestration capacity.

4.1. Introduction

4.1.1. Coastal vulnerability

Coastal areas are among the most dynamic and vulnerable environments on Earth, subject to the influences
of natural processes and human activities. These regions are of critical importance for their ecological value,
economic importance, and social significance. However, these areas are also facing significant challenges
because of climate change, which is expected to exacerbate existing issues such as erosion, flooding, and
habitat loss. To ensure the effective management and protection of coastal zones, it is imperative to gain an
understanding of how these areas respond to varying climatic conditions and anthropogenic pressures
(UNEP, 2017).

Climate change scenarios, as delineated by the Intergovernmental Panel on Climate Change (IPCC), provide
a framework for projecting future conditions. The Representative Concentration Pathways (RCPs) present a
range of potential trajectories for greenhouse gas concentrations and their associated impacts on the global
climate. This study concentrates on the high-emission RCP8.5 scenario, which represents a future
characterized by sustained high levels of greenhouse gas emissions and minimal mitigation efforts. Global
temperatures could rise by 3.2 to 5.4°C by the end of the century under RCP8.5, leading to significant
increases in sea levels, more extreme weather events, and profound impacts on coastal systems. By
examining the 5th, 50th, and 95th percentiles within this scenario, it is possible to gain insight into a range
of potential environmental conditions, from moderate to extreme (Masson-Delmotte, et al., 2021).
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The Wadden Sea, located in the southeastern region of the North Sea, is becoming increasingly exposed to
flooding and coastal erosion due to the rising frequency and intensity of extreme weather events driven by
global climate change. These threats endanger the coastal communities and ecosystems of the region,
underscoring the need to develop alternative mitigation strategies. As a UNESCO World Heritage Site, the
Wadden Sea faces the distinctive challenge of balancing the preservation of its ecological integrity with the
necessity for adaptive measures. Consequently, conventional hard engineering solutions, such as dams and
breakwaters, are less favored. This has led to an increased focus on innovative nature-based solutions (NbS)
in recent years.

4.1.2. Restoration efforts

As part of the REST-COAST project, Hereon explores the theoretical benefits of seagrass restoration in the
German Wadden Sea. While we are not involved in hands-on restoration activities and no active seagrass
restoration projects are currently permitted in our study area, we focus on modelling potential outcomes.
Our "What-if" scenarios for the East Frisian Wadden Sea are motivated by two factors: the observed recovery
of seagrass in the North Frisian Wadden Sea, attributed to improved water quality from reduced
eutrophication via rivers, and the growing body of scientific evidence supporting seagrass as an effective
nature-based solution with multiple ecological benefits: Seagrass restoration as a NbS and coastal protection
measure offers significant benefits, including the attenuation of wave energy, reduction of near-shore
currents, and stabilization of the seabed. Recent studies have documented a positive trend in the natural
recovery of seagrass meadows in the Wadden Sea area over the past two decades (van Katwijk, et al., 2024).

Recognizing the crucial role of coastal vegetation, particularly seagrass, in modulating coastal dynamics, we
incorporate what-if scenarios into our modeling efforts to evaluate and assess the impact of seagrass under
historical (1999-2003) and future (2090-2093) climate conditions. Moreover, the impact of seagrass on the
hydrodynamic forces and sediment transport processes will be evaluated to gain insights into its role as a
natural adaptation strategy. Therefore, within D 2.3 we expand further upon the works initialized within D2.2
addressing future climate projections and integrate the habitat and ESS approach illustrated in D 4.1.

4.2. Methods

The future risk projections are based on the RCP8.5 scenario, which assumes a continuous rise in greenhouse
gas emissions throughout the 21st century. Despite ongoing debates about the likelihood of this emissions
pathway (Hausfather, & Peters, 2020), the RCP8.5 scenario is of significant scientific importance due to its
high signal-to-noise ratio. This characteristic makes it particularly effective for identifying emerging climate
change signals. Under this scenario, the global mean sea level is expected to increase by approximately 40
cm, with regional rises potentially reaching up to 1 meter in the German Wadden Sea by 2100 (Pein et al.,
2023).

4.2.1. Downscaling: initialization and forcing

The boundary forcing is derived from downscaled regional projections of mean sea level (MSL) and outputs
from coupled Remo climate scenario simulations (Pein et al.,2023). The principal dynamic factors under
consideration in our study are changes in the global mean sea level and coupled ocean-atmosphere
variability. The increase in global mean sea level is attributable to several factors, including thermosteric
expansion, the melting of polar ice caps and glaciers, and gravitational responses resulting from the
conversion of ice masses to liquid (Church et al., 2013; Golledge, 2020). Regional variations in global MSL rise
may be influenced by vertical land movements, including postglacial isostatic rebound. Probabilistic
estimates for MSL rise under the RCP8.5 scenario from the UKCP18 project are used to prescribe these
changes (Palmer et al.,2018 & Palmer et al.,2020).
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Ems model

Figure 4-1 Model domains for Hereon and NLWKN and Seagrass implementation (Left) and seagrass scenario for Jade Bay
experiments (right)

The regionalized simulations from the Max Planck Institute Earth System Model Low Resolution (MPI-ESM-
LR) ensemble, conducted under the RCP8.5 scenario, were employed to analyze the coupled ocean-
atmosphere dynamics. The global climate ensemble was downscaled using a regionally coupled climate
system model with a nominal resolution of 5 km in the Southern North Sea (MPI-OM, as described by (Mayer
et al., 2022; Mikolajewicz et al.,2005; Mathis, & Mikolajewicz 2020). The REMO atmospheric module, with a
resolution of approximately 7 km, not only includes atmospheric variables but also predicts daily surface
runoff, which contributes to river input. The ensemble simulation dataset captures the variations in ocean
density and currents, as well as the meteorological conditions, including atmospheric water transport, which
are driven by the increased radiative forcing due to climate change.

The ensemble was generated by initializing the global model with various historical states from the years
1950-1959, based on three previous simulations using the same model system (Mathis, & Mikolajewicz
2020). The 6-hourly outputs from these global simulations were employed to drive the MPI-OM-REMO
regional climate modeling framework, which subsequently provided boundary forcing for the Semi-implicit
Cross-scale Hydroscience Integrated System Model (SCHISM) simulations for the Southern North Sea setup
analyzed in Pein et al.,2023. Subsequently, the initial forcing for the German Bight and Jade Bay setups (Figure
4-1) was downscaled from the southern North Sea setup. The ensemble approach permits the examination
of the internal variability of the climate system by varying the initial states across the 30 ensemble members.
However, it does not account for MSL rise, which is therefore incorporated here using probabilistic estimates
along with the forcing data (Palmer et al., 2018 & Palmer et al., 2020).

4.2.2. SCHISM model and sub-modules

The hydrodynamic impact of seagrass then is evaluated through numerical simulations using SCHISM (Zhang
etal., 2016; Zhang et al., 2020). This model employs the Reynolds-averaged Navier-Stokes equations, utilizing
unstructured grids, with the hydrostatic and Boussinesq approximations. The Eulerian-Lagrangian Method
(ELM) facilitates enhanced momentum advection, while the salinity and heat transfer equations are solved
with a second-order total variation diminishing (TVD) approach.

The SCHISM model was integrated with the wind wave model WWMIII (Roland et al., 2012) and the sediment

transport model SED3D. SED3D is an adaptation of the Community Sediment Transport Model (Warner et
al., 2008), which has been further documented by Pinto et al., 2012. The turbulence model accounts for
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sediment-induced stratification, which is essential for accurately simulating hydrodynamics and sediment
dynamics in highly turbid environments. The sediments are divided into classes, each of which is defined by
specific parameters, including grain size, density, settling velocity, erosion rate, and critical shear stress for
erosion. The model differentiates between cohesive and non-cohesive sediments and calculates erosion,
deposition, bedload transport, and suspended sediment transport across eight sediment classes with median
grain sizes (d50) ranging from 0.06 mm to 2.0 mm.

In addition to the wave and sediment model, the study also incorporated vegetation in some experiments.
The impact of seagrass is accounted for by introducing an additional drag term in the Reynolds-averaged
Navier-Stokes equations, along with an extra source term for turbulent kinetic energy and mixing length, as
detailed by Zhang et al., 2020. (See Jacob et al., 2023 for more information).

4.2.3. Experiments

The study comprises a series of simulations conducted for both historical (1999-2002) and future (2090-2092)
periods, focusing on different forcings (r212-median, r217-lower, and r219-upper) with respect to the
variability of atmospheric forcing under the RCP8.5 scenario median of regionalised global MSL rise (Table
4-1). Each period includes two sets: one with vegetation and one as a reference without vegetation. This
setup allows for a comprehensive assessment of how different forcing conditions and the presence of
seagrass influence hydrodynamic and sediment transport. The experiments aim to provide insights into the
role of seagrass as a natural adaptation strategy across varying climatic conditions.

Due to the high computational costs and limitations of running the German Bight setup for multiple years,
the experiment was limited to a comparison between historic and future conditions in 2090, based on the
ensemble median RCP scenario (r212) presented in D 2.2 (adding further analysis within 2.3). In contrast, the
Jade Bay setup includes multi-annual, multi-ensemble member simulations, as outlined in Table 4-1. For the
German Bight the seagrass restoration is realized as a maximally upscaled seagrass restoration filling the
entire inter-tidal area within the Wadden Sea, while for the Jade Bay vegetation is introduced in the intertidal
Jade Bay for the area highlighted in Figure 4-2(right): The location of the seagrass in this restoration scenario
was based on observations, and previous measurements campaigns, where we identified potential areas
where seagrass had previously grown and simulated different scenarios, placing the seagrass in various
locations, to assess its potential as a NbS (see Dolch, et al., 2017).

Table 4-1 Simulation overview for Historical (1999-2002) and Future (2090-2092) periods for the different scenarios, with the
reference scenario without seagrass (ref) and the vegetation one with seagrass (veg)

Period Forcing Scenario
212-median historical-median-ref/veg
Historical 217-lower historical-lower-ref/veg
219-upper historical-lower-ref/veg
212-median future-median-ref/veg
Future 217-lower future-low-ref/veg
219-upper future-upper-ref/veg

4.2.4. Habitat Postprocessing via the D-Eco Impact tool

The model simulations are classified using the European Nature Information System (EUNIS), which
categorizes habitats based on species composition, abiotic conditions, and geographic location utilizing
habitat codes (Olenin et al.,2006; Baptist et al.,2019, see also Deliverable 4.1 Table 5). The methodology was
detailed in Deliverable 4.1, that further introduced a scoring system for ecosystem services and biodiversity
indicators, assigning each habitat an ESS score for functions like Food Provisioning (FP), Carbon Sequestration
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Table 4-2 Overview of ESS measures quantified from model output

ESS Model parameter Indicator system specific
Reduction coastal Erosion volumes Annual mean erosion volume (flux) / bottom stress for
erosion a user-defined area

Vegetation/biotope cover on Area (in m2) per EUNIS ecotope in a user-defined area

foreshore at the end of a time horizon
Reduction flood Water levels during mean during storm
risk extreme/storm conditions
Waves during extreme/storm  mean during storm
conditions

(CCR), Water Quality Regulation (WP), Natural Hazard Regulation (RFR), and Coastal Erosion Prevention
(RCE).

The EUNIS classification is applied to the SCHISM model output through D-Eco Impact, an impact assessment
tool that supports the creation of resilient, healthy water systems for both people and nature (Weeber et al.,
2024). This tool enables scenario analysis, habitat suitability studies, and explores the relationship between
abiotic conditions and species composition. It operates using user-defined knowledge rules, such as EUNIS-
defined abiotic ranges, specified in YAML configuration files.

4.2.5. Direct Quantification of ESS

-For the present deliverable report D.2.3, the focus is on risk reduction related to flooding and erosion. As
part of the risk projection strategy, the evaluated measures for NbS are explored under the aforementioned
(2.3) environmental and climatic conditions quantifying the ESS FP and RCE based on statistical measures for
the model output according to Table 4-2.

4.3. Results

4.3.1. Validation

In D 2.2, the German Bight model was shown to be an effective means of replicating the observed water and
wave levels. Likewise, the Jade Bay model here shows close agreement with the observations, for the tide
gauges located in the model domain, giving a mean standard deviation about 1.03 a mean correlation of 0.9,
and a relatively low mean RMSE of 0.3 m meaning there is a good consistency between simulated tidal
maximums and minimums and the observed ones (Figure 4-2).
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Figure 4-2 Taylor diagram with map of the 3 TG stations used for the validation (Left) and Time series comparison for the
stations Bremen and Wilhelmshaven (right)
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Figure 4-3 Change in multi annual average of Left side: bed Stress; Right side: significant wave height (Hs)
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4.3.2. Effect of Sea level rise

-To assess the impact of future sea level rise on the hydrodynamics of the region, a series of numerical
simulations were conducted, comparing the projected future period (2090-2093) against the historical
baseline (1999-2003) for the various forcing scenarios. Figure 4-3 indicates that regions depicted in red will
be at an elevated risk of erosion due to rising sea levels. The enhanced currents and elevated bed stress in
these regions will likely mobilize a greater volume of sediment, potentially resulting in coastal retreat and
alterations in seabed morphology. The r212 scenario indicates that moderate future changes are likely to
occur, with localized increases in velocity, bed stress, and significant wave height (Hs). These interrelated
factors suggest that while some areas will experience stronger currents, more energetic waves, and increased
erosion, other areas may stabilize or accumulate sediment as a result of reduced bed stress and lower
velocities.

In contrast, the r219 scenario highlights the most extreme future changes, with extensive areas of increased
velocity, bed stress, and significant wave height. The significant future increases in these areas underscore
their increased vulnerability to erosion and other dynamic coastal processes. The stronger currents,
combined with higher bed stress and more intense wave conditions, suggest that sediment mobilization and
coastal erosion will be particularly severe under this scenario, resulting in significant shoreline reshaping.

4.3.3. Effect of restoration in combination with sea-level rise

Initial exploration on the effect of SLR was started in D.2.2 utilizing the GB model, for end of the century
simulations (2.2), exploring the ensemble median SLR for the 2090 ensemble projection under the ensemble
median atmospheric variability. This overall demonstrated that for the same seagrass restoration scenarios,
the overall efficiency of kinematic reduction is reduced and in particular the extended effect of how the flats
affect the adjacent channels is reduced. Nevertheless, it remains an effective solution, especially in terms of
reducing bottom stress and sediment mobilization.

The different percentiles of atmospheric variability affecting the future climate model were explored via the
Jade Bay model. The following analysis examines the impact of sea level rise and the potential role of seagrass
restoration in mitigating its effects on coastal dynamics. It considers bed stress, erosion flux, significant wave
height, and depth-averaged velocity under the r212-median scenario (Figure 4-4).

2 i B
(a) Bed stress (b) Erosion Flux

(c) Significant wave height (d) Depth averaged velocity
Figure 4-4 Restoration for 212-median scenario; (a) Bed Stress; (b) Erosion Flux; (c) Significant Wave Height; (d) Depth-
Averaged Velocity
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The analysis illustrates that seagrass restoration represents a key strategy for mitigating the adverse impacts
of sea level rise on coastal dynamics. By reducing bed stress by 45%, erosion flux by 80%, significant wave
height by 50%, and depth-averaged velocity by 20%, seagrass provides a natural buffer that helps to protect
the coastline from the increased risks posed by rising sea levels. Seagrass plays an instrumental role in
stabilizing sediments, reducing the energy of waves and currents, and mitigating the forces that contribute
to erosion. This stabilizing effect is of great consequence in the preservation of coastal integrity, particularly
in light of the rising sea levels and the concomitant increase in the frequency and intensity of storm events.

4.3.4. Risk Analysis

To provide a comprehensive spatial assessment of seagrass effectiveness under storm-induced stress
conditions, erosion risk maps were generated for the two periods, the preceding and during the storm. These
maps categorize erosion risk from No-risk (green) to High-risk (red), allowing for a visual comparison of
erosion risk before and during the storm (Figure 4-5). The storm, which occurred from September 17-22,
2090 (days 263-265), was identified within the future climate projections by analyzing the wind speed in the
region. The period before the storm occurred from September 15-17, 2090 (days 260-263).

The erosion risk is quantified by comparing the bottom shear stress to the critical shear stress necessary for
sediment mobilization. Initially, a spatially distributed mean critical shear stress is computed for each node
in the model domain, considering the characteristics of the sediment types present at those nodes. This mean
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Figure 4-5 Erosion risk maps from No-risk (green) to High-risk (red) for two different periods: before the storm for (a) and (c)
and during the storm for (b) and (d); (a) and (b) represent the maps without Nature based Solutions (NbS); (c) and (d) include
the NbS
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value represents the average stress required to mobilize the sediments at each node, based on their
composition.

This approach allows the model to assess erosion risk accurately by incorporating the specific sediment
characteristics at each location. We calculate an exceeding factor to quantify the erosion risk by dividing the
modeled bottom shear stress by the mean critical shear stress. A value greater than 1 in this ratio indicates
that the actual shear stress is sufficient to cause erosion potentially. This exceeding factor is computed for
scenarios with and without vegetation, allowing for comparing erosion risks and illustrating the protective
effects of vegetation cover. The frequency of exceeding events is then statistically analyzed by calculating
the proportion of time steps where the critical shear stress is exceeded. This provides a measure to assess
and visually compare erosion risk across the model domain.

Figure 4-5a and Figure 4-5b show the erosion risk maps without the restoration. The risk maps before the
storm indicate the existence of extensive Increased-risk to High-risk areas along the coastlines, thereby
suggesting an elevated level of vulnerability. During the storm, these Increased-risk zones intensified to High-
risk zones.

--For the maps with the restoration, a notable reduction in Increased-risk to High-risk zones is observed
before the storm, particularly in the central and southern sections close to the bay (see Figure 4-5c). This
reduction suggests that the seagrass plays a role in stabilizing sediment, which may result in less sediment
mobilization in the absence of a storm. During the storm, however, the Increased-risk to High-risk areas
expanded (see Figure 4-5d). This indicates that while the seagrass helps distribute the stress more evenly
across the region, its protective effect is challenged by the storm's intensity. Nevertheless, the seagrass
within the bay continues to serve as an effective buffer and dissipater of storm energy, thereby providing
localized protection.

4.3.5. Ecotope maps

Ecotope maps had been created applying D-Eco Impact to the scenario simulations conducted with the
German Bight and Jade Bay models, identifying habitats according to Table 4-3. The potential salt marsh area
is displayed in the green tones, while the infra and circalittoral areas are colour coded in blue, and the mud
areas in reddish-brown colours (Figure 4-6 and Figure 4-8).

The habitat maps produced by the model generally exhibit a good correspondence with the observation- and
survey-based maps provided in D 4.1. Sub-littoral and coastal salt marsh areas, such as those in Jade Bay,
align reasonably well with D 4.1 Fig. 8. Muddy littoral habitats (MA6) are also present in the SCHISM D-Eco
Impact post-processed output, though they appear slightly reduced in extent and are shifted towards a more
saline environment. The interpolated background maps of grain sizes in the model seem too coarse, resulting
in a shift toward a coarser sediment classification resulting in MA32 where the sandy MA52 was expected
based on observations.

Projections of future sea level scenarios suggest an expansion of infralittoral and circalittoral zones,
extending from the tidal channel network and transitioning to deeper littoral types (Figure 4-6 and Figure
4-8). In the nearshore zone, there is a projected loss of valuable potential salt marsh areas (Table 4-3) as
these zones are pushed back by an expanding littoral area and the associated increase in flooding frequency.
Introducing small seagrass meadow areas does not much alter the outcome of the habitat maps, thus they
are omitted in the Jade Bay experiments. Applying the ESS scoring approach (4.2.3, Table 4-3) initially
developed under D.41 for the different habitats, it becomes evident that the SLR-induced habitat shift results
in a decrease across all ESS (Figure 4-7 d, Figure 4-8f), except for food provisioning which enhances as the
increasing littoral areas provide suitable fish grounds and benthic habitats, and the expanded infra- and circa-
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littoral sand areas score higher for this particular ESS compared to the lost littoral mud areas. The Carbon
Sequestration score remains relatively unchanged, with a minor increase (Jade Bay) or decrease (Waden Sea)
depending on the total area considered. The largest relative change occurred with respect to the Natural
Hazard Regulation (12-14 %) and Coastal Erosion Prevention (~ 30 %) scores, which is a direct consequence
of the marsh land loss, which is the top provider of these ESS and the reason why we apply coastal vegetation
as NbS (in our case seagrass).
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Table 4-3 EUNIS habitat overview and ESS scores applying the Ems Dollart scale (D4.4) for the Wadden Sea. Habitat scores
are indicated for Food provisioning (FP), Carbon Sequestration (CCR), Water Quality Regulation (WP), Natural Hazard

Regulation (RFR), and Coastal Erosion Prevention (RCE). The table was enhanced by the MA32 entry.

Code

EUNIS Name

SumMm

MA22

MA222

MA223

MA224

MA225

MA52

MA523

MA525

MA621

MA622

MB12

MB52

MC52

MA32

Atlantic littoral biogenic habitat
High marsh

Brackish marsh

Atlantic mid-low saltmarshes
Atlantic pioneer saltmarshes
Atlantic littoral sand

Barren or amphipod-dominated Atlantic
littoral sand

Polychaete/bivalve-dominated Atlantic
littoral muddy sand

Faunal communities of full salinity
Atlantic littoral mud

Faunal communities of variable salinity
Atlantic littoral mud

Atlantic infralittoral rock
Atlantic infralittoral sand
Atlantic circalittoral sand
Dikes

Atlantic littoral coarse sediment

10

14

14

14

11

10

10

10

4.4. Discussion
We explored the potential of seagrass for mitigating flooding and erosion under both historical and end-of-
century climate projections. In response to sea level rise (SLR), significant changes were observed in bed
stress and significant wave height (Hs). The increased water column height reduces friction, diminishing wave
attenuation and breaking in the back-barrier Wadden Sea and Bays. Consequently, the average wave height
increases across the area, contributing to an elevated risk of flooding and overtopping, compounded by the
higher sea levels.

The increased water volume alters the tidal prism and reduces friction, potentially strengthening tidal
currents and affecting the entire amphidromic system. Leading to enhanced bottom shear stresses, especially
in shallow areas and the Jade Channel. However, the Weser River and channel experience reduced bottom
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friction, likely contributed by decreased river discharge in the future projection and, more importantly, due
to complex changes in tidal resonance and river volume, which need further study.

Statistical analysis of physical fields and erosion risk during storms under SLR conditions confirmed our earlier
findings: seagrass effectively dissipates local ocean energy, but its impact is spatially limited. Restoration
primarily protects the directly restored areas and, to some extent, adjacent coastal zones shielded by larger
seagrass meadows. Even under elevated sea levels, seagrass maintained its capacity to attenuate coastal
erosion, reducing local erosion rates by up to 80%. However, its overall efficiency is reduced compared to
present-day conditions.

The habitat maps for the present day, generated from the model output, largely align with observation-based
maps. Deviations, such as a shift towards more saline mud areas, suggest limitations related to model
sensitivities, like river runoff. Part of the Wadden Sea area being attributed with more coarse sediment
compared to the survey-based habitat might denote a need for higher-resolution grain size distribution data.
For the overlapping scenario the German Bight and Jade Bay models resulted in comparable habitat maps.
Future climate scenario maps plausibly indicate an expansion of sublittoral habitats and a narrowing of salt
marshes, as rising sea levels and amplified tides increase littoral areas. As a result, habitats with the highest
overall ecological scores (Table 4-3), particularly those with strong erosion protection and Natural Hazard
Regulation capacities (i.e. the saltmarshes), are diminished.

Based on this background, seagrass restoration scenarios, which demonstrated effective erosion protection
in direct simulation assessments, could help compensate for some lost salt marsh functions in these areas.
Additionally, seagrass restoration may indirectly support Wadden Sea growth by accumulating sediment,
potentially reducing salt marsh loss. However, our calculations are based on morphostatic time slices, of
reduced temporal extent (1-3 years) each in the present and in the future, rather than a continuous
simulation until the end of the century. Simulating long-term bathymetric changes would be computationally
too expensive and likely inaccurate. Thus, we only model without sediment changes for these limited
intervals. Therefore, while we have an implicit indication of positive impacts of seagrass NbS on salt marsh
conservation, further research is needed to obtain numerically quantifiable results.
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5. Potential application of saltmarsh as a Nature-Based Solution (NbS) for

coastal protection
Dissanayake, P.}, Oberrecht, D.! & Wurpts, A.?

1 State of Lower Saxony Agency of Water Management, Coastal Defence and Nature Conservation, Jahnstrasse 1, 26506 Norden, Germany.

ABSTRACT: The Wadden Sea area has a rich biodiversity and a high socio-economic value, providing numerous
benefits for the local communities. These functionalities however mainly depend on the interaction between
the Wadden Sea and the marine forcing, which is expected to aggravate in the future. Nature-Based-
Solutions (NbS) are increasingly adapted for the sustainable use of this system. Application of saltmarsh as
NbS for coastal protection was investigated using numerical experiments (Delft3D/SWAN) based on the Ley
Bay in the east Frisian Wadden Sea. The focused ecosystem-services (ESS) are expected to improve by
mitigating hydrodynamics and increasing sedimentation. The constant sea level rise (SLR) scenarios indicated
that there is a non-linearity in how water level, wave height and velocity in the Ley Bay area are affected,
with the highest SLR (MSL+0.78 m) showing the largest impacts. In the SLR from 2090 to 2100, the NbS
application caused sedimentation indicating that the saltmarsh decreases the risk of erosion and enhances
ESS. Implementing wave dissipation by saltmarsh in the Delft3D-WAVE resulted in about two order of
magnitudes higher dissipation by vegetation than bottom friction and breaking and decrease the
susceptibility of the wave attack at the dyke front. Mitigation of wave heights and velocities are about 60%
and 80% respectively in the saltmarsh area. Water quality improves due to a significant decrease in sediment
concentration. Almost no erosion occurred with the NbS and sediment import into the saltmarsh area was
achieved. Therefore, the selected NbS can be used as an effective tool for coastal protection in response to
SLR by mitigating adverse impacts and enhancing ESS.

5.1. Introduction

5.1.1. Coastal vulnerability

The Wadden Sea area has a rich biodiversity and a high socio-economic value, and therefore is a unique
dynamic environment providing numerous benefits for the local communities. Due to these functionalities,
this area has been declared a UNESCO World Heritage site and embedded in a number of EU Directives
(www.waddensea-worldheritage.org). The Wadden Sea is however continuously shaped by the marine
forcing exerted in different spatiotemporal scales (Dissanayake et al., 2012).

The existence of this system and its functionalities mainly depend on the dynamics resulting from the
interaction among the marine forcing, land drain and the exposure of the bed topography. The marine
forcing, like wave climate, nowadays occurs in clustered-pattern (Dissanayake et al., 2015) and also with high
severity (e.g., storm Xaver with a return level of 125 years, see previous report D 2.2) causing strong velocities
resulting into significant physical impacts of the system (e.g., erosion at the supratidal area, hinterland
flooding). These forcing are expected to be aggravated due to future sea level rise (SLR) and climate change
scenarios, which will certainly worsen the impacts. The land drain is expected to increase during events (i.e.,
intensity and duration) in the future, though the total precipitation decreases (Trenberth, 2011). The
exposure of the bed topography (e.g., availability of saltmarsh, seagrass, and mussel beds) has a large
contribution to damping incoming waves, and thus velocities mitigating the coastal vulnerability and
enhancing the systems behaviour (Bouteiller and Venditti, 2015; De Oude, 2010).
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For example, the tidal basin between Borkum and Juist barrier islands (East-Frisian Wadden Sea — Germany)
indicates the importance of the salt marsh existence in damping velocities (Figure 5-1). Saltmarsh is
populated at (A) in the Ley Bay area, whereas (B) has a bare bottom. Our sensitivity analyses using different
wind approaches always resulted in higher velocities at (B) than (A). Within the REST-COAST project, NLWKN
investigates to understand these situations quantitatively, which can support the coastal managers to restore
or implement saltmarsh areas to decrease the coastal vulnerability and increase coastal protection.

5.1.2. Restoration efforts

Under the framework of REST-COAST, NLWKN has no direct engagement in any application of restoration
efforts. We perform numerical experiments under different scenarios to quantitatively understand the
system response to the saltmarsh presence. Such information is very relevant to identify preferable
conditions and suitable areas for the saltmarsh restoration/implementation, and the importance of
saltmarsh in the context of coastal protection.

5.1.3. Scenarios

Sea Level Rise (SLR) is selected as the same scenario as Hereon (Chapter 4) to compare hydrodynamics,
sediment transport and morphodynamics between WT — NbS (No Saltmarsh) and NbS (with Saltmarsh)
experiments. Application of SLR is twofold: a constant increase of mean sea level by 0.07 m, 0.12 m, 0.26 m
and 0.78 m referring to the 50" percentile of the years 2020, 2030, 2050, and 2100 respectively, and the
forecasted increase of mean sea level from 2090 to 2100 (Pein et al., 2023). Both these are based on RCP 8.5
(Garner et al., 2021). Each scenario was simulated with WT- NbS and NbS to compare and contrast the
saltmarsh effects on the hydrodynamics and the morphological evolution.

5.1.4. Objectives

The main objective of our numerical experiments is to investigate the potential use of saltmarsh as a nature-
based-solution (NbS) for coastal protection. The focused Ecosystem Services (ESS) are enhanced by
controlling two physical processes, 1) Decrease of hydrodynamics (i.e., wave heights and flow velocities) —
decrease turbidity and increase water quality, and 2) Increase of sedimentation (or decrease of erosion) —
minimise vulnerability to the biotic and abiotic systems. Preliminary results were presented in D 2.2, which
covers the results of saltmarsh simulations during extreme events, namely Herwert and Xaver from October
2017 and December 2013 respectively.

Our scientific objective is to quantify the response of hydrodynamics and morphological evolution under the
presence of saltmarsh for different rates of SLR in the Ley Bay area. Our hypothesis is that the effectiveness
of saltmarsh decreases as the rate of SLR increases.

Figure 5-1 Example of Saltmarsh population in the Ley Bay area located behind Borkum and Juist barrier islands; Area with
scattered saltmarhses (A) and a bare area without saltmarshes (B). The middle figure indicates the respective locations on
the OEMS domain use
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(b).
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25

Figure 5-2 EMS-grid (a), OEMS-grid (b) and OEMS-bathymetry (c). For clarity, only every other gird is shown. The orange-line
indicates the land boundary, and the investigation area is Ley Bay. Colour bar indicates water dephts with respect to NHN
(Normalhdhennull: equivalent to Mean Sea Level - MSL). The OEMS has 5 open boundaries: 2 at Wadden Sea, East (WD-E)
and West (WD-W), and 3 at North Sea, East (NS-E), North (NS-N) and West (NS-W).

5.2. Approach

5.2.1. Model setup

Ley Bay is located at the landward end of the tidal basin between Borkum and Juist barrier islands and spans
an area of about 5 km x 5 km. A high resolution grid (OEMS: Figure 5-2b) and bathymetry (Figure 5-2c) were
developed within the present project to investigate the potential effect of NbS on hydrodynamics and
morphological evolution (ESS). The OEMS domain consists of parts from both the North Sea and the Wadden
Sea to provide good interactions between the physical processes therein. The calibration and validation of
this model are referred to in the D 2.2 report.

Bed sediment composition was implemented using spatial varying six sediment fractions based on the
NLWKN measured data covering littoral and eulittoral areas (e.g., grab sampling, sediment cores) (Mascioli
etal., 2021). Initially, a quasi-equilibrium sediment distribution of each fraction was established by simulating
the model for the sediment distribution without bed level change following the approach of Dissanayake and
Wurpts (2013). These sediment maps were then used as the initial bed sediment composition of the model
to simulate the scenarios.

The models were simulated in the 2DH-mode (depth-averaged). Therefore, the presence of saltmarsh was
implemented using a Trachytope approach (Delft3D, 2023), which has been developed following the
formulas by Baptist (2005) to estimate the drag force exerted by submerged and non-submerged plants.

SLR driven boundary conditions for the Ley Bay model (OEMS) were developed using a model consisting of
three nested domains. These experiments were separately carried out applying five scenarios of constant
increase of mean sea level (0 m, 0.07 m, 0.12 m, 0.26 m and 0.78 m, see section 5.1.3). First, a North Sea
scale model (Hartsuiker, 2008), which has astronomical boundary forcing, was simulated by applying SLR as
a correction to the mean value of each tidal constituents and forcing with spatiotemporal wind fields from
German Weather Service (DWD, 2023). Using the predicted water levels, the EMS-Dollard model (EMS:
Oberrecht and Wurpts, 2023) was next simulated to extract the water level and current boundary forcing for
the OEMS model (see report D 2.2 for the boundary setup). This approach provides the effect of SLR on the
tidal wave propagation in the North Sea, and thus the accurate forcing for the OEMS model, rather constant
increase of the mean water level at the boundaries of the OEMS model itself. The simulation period of the
OEMS model is two years in which noticeable effects of SLR on hydrodynamics, sediment transport and
morphology are expected. For the simulation from 2090 to 2100, the boundary forcing for the EMS model
was obtained from the project partner HEREON.
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The standard Delft3D modelling suite does not include the effect of saltmarsh on the wave energy dissipation.
Therefore, while investigating the scenarios, the Delft3D-WAVE code was extended and tested for the wave
dissipation due to saltmarsh. Some investigations presented in D 2.2 were repeated to explore the
improvements of the Delft3D-WAVE code.

5.2.2. Schematisation of wave and wind climate
The state-of-the-art long-term morphodynamic simulations are based on morphological acceleration
(Roelvink et al., 2006), in which schematisation of forcing is a pre-requisite. Both wave and wind are herein
schematised using the long-term measured data.

Long-term wave and wind data are available at the Fino 1 research platform (Location of FINO1), which is
located about 20 km North of the EMS-Model domain seaward boundary. These data from 2015 to 2021
were obtained from the Federal Agency for Hydrography and Navigation (www.bsh.de; Fachhochschule Kiel
GmbH). All parameters were separately binned in 18 wave directional sectors from 0° to 360° and 10 wave
height classes from 0 to 9 following the approach of Dissanayake and Wurpts (2013). As the Fino 1 is located
about 20 km away from the EMS domain, these schematised conditions were first transformed up to the
EMS-Model seaward boundary using Delft3D-WAVE. Then, each wave condition was separately simulated
for a period of 1.5 days and the resulting erosion and sedimentation pattern within the last 24 hours was
used for a statistical analysis, which determines the contribution of each wave condition for the
morphodynamics. Using the respective probability and bed evolution of each wave condition, the overall bed
level change was first estimated. An iterative process was then adopted, in which the wave condition with
the least contribution to the overall bed level change was removed each iteration. This enables to select a
few numbers of conditions based on the statistical values and decreases the computational cost.

To investigate the future forcing effects on the selected NbS and the respective ESSs, the period from 2090
to 2100 was selected based on the predicted wind fields from the ensemble, which demonstrates the fairly
similar sea level rise as of the averaged of 3 considered ensemble scenarios (Pein et al., 2023). For the
numerical experiments, a representative one-year period was therein selected analysing the forecasted wind
data at the OEMS domain (see the approach in Dissanayake et al., 2024) and simulated with a morphological
acceleration factor (mf) of 10 to generalise the evolution within the 2090 — 2100 period.

5.2.3. Improving modelling code

The standard Delft3D-WAVE does not include the effect of vegetation on wave propagation and dissipation.
Therefore, the communication between Delft3D-WAVE and SWAN was improved to facilitate the vegetation
effects on waves. For these experiments, an additional high-resolution domain (Grid size ~10 m, VEG) was
developed covering the saltmarsh area (Figure 5-3). Nested wave computation runs in the sequence of
EMS—->OEMS—->VEG.
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Figure 5-3 Additional high-resolution wave domain (VEG) prepared to simulate saltmarsh effects on waves, (a) grid area and
(b) bathymetry covering the saltmarsh area (green-polygon). V1 — V6 indicate monitoring locations in the domain

5.2.4. Numerical experiments

The performed numerical experiments to investigate the effect of NbS and therein ESS are summarised in
Table 5-1. Wave boundary was implemented using a nesting approach EMS=>0OEMS (scenarios 1) and
EMS—>OEMS->VEG (scenario 2 and 3) consisting of the schematised 3 wave conditions (Table 5-2), and the
mean water level was increased according to SLR. Each wave condition is forced during multiple tidal cycles
corresponding to its probability of concurrence to avoid a sediment imbalance from the applied
morphological acceleration (see Dissanayake and Wurpts, 2013). All other model conditions are similar to
the setup explained in the D 2.2 report (e.g., spatially varying bed sediment composition of 6 fractions). Each
scenario simulation is simulated twice; once without the saltmarsh area (WT-NbS) and once after
implementing the saltmarsh area (NbS).

Table 5-1 Model simulations performed with different scenarios to investigate the effect of NBS and therein ESSs

Scenarios Description
MSL was increased by 0, 0.07, 0.12, 0.26 and 0.78 m (Garner et al., 2021), and
1. Synthetic increase simulated for a 2-year period with mf = 20 using measured wind and schematised
of MSL waves for a hydrodynamic period of 36 days starting from 02 Oct 2015.

2. Future forcing from M'odel'predlcted MSL varlat.lon, wind and wave forC|r'1g corresp?ndlng to Ensemble
2090 to 2100 2 in Pein et al. (2023), and simulated the representative year with mf = 10.

Measured forcing during the storm to test the improved wave dissipation due to
3. Stormevent Xaver  yegetation in Delft3D-WAVE with mf=1

5.2.5. Quantification of ESS

The first ESS, the effects on hydrodynamics (1), was quantified by analysing water level, wave height and
currents, while the second ESS, the effects on sedimentation (2), was estimated by sediment transport, and
erosion/sedimentation patterns and volumes.
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5.3. Results

5.3.1. Schematisation of model forcing

The last three wave conditions of the iterative analysis were selected as the representative waves of the
overall wave climate (R? >0.99 and RMSE <0.002). A qualitative comparison of the resulting erosion and
sedimentation pattern from the overall wave climate and the three selected wave conditions show a good
agreement (Figure 5-4). At the North Sea side, a strong pattern is found on the ebb-tidal delta. At the Juist
island, shore-oblique alternative erosion and sedimentation ridges are evident in both applications. At the
Wadden Sea side, erosion and sedimentation are mainly limited in the channels. In summary, the predicted
bed evolution of the selected 3 wave conditions has a good resemble with that of the entire wave climate.
However, it should be noted that the pattern in the overall climate is relatively stronger than that of the
selected 3 waves.

Sea level variations of the 3 ensembles for the period 2090 — 2100 indicate that the mean sea level of the
ensemble 2 has a fairly similar increase as in the averaged of all 3 ensembles (Figure 5-5). Therefore, the
forcing of the ensemble 2 was selected for the numerical experiments.

A representative wind year, which has similar characteristics in wind speed and direction to the overall data,
was selected based on the values of three statistical parameters (Figure 5-6a-c). The optimum values are
found for the wind year 01 October 2093 to 30 September 2094 (u = -0.01, rmsd = 0.47 m/s, skill = 0.78). This
agreement is further supported by the wind roses (d and e), though the representative year has higher
occurrences in some directional sectors than the overall data.

(a). Overall wave climate (b). Schematised 3 wave conditions

| ! P
-0.03 -0.02 -0.01 0 0.01 0.02 0.03
Erosion (blue) and Sedimentation (red) (m)

Figure 5-4 Erosion and Sedimentation pattern resulting from the overall wave climate (a) and from the schematised 3
wave conditions (b).

Table 5-2 Characteristics of the selected 3 wave and wind conditions and the respective wind parameters

WaveID Hs(m) Tp (m) Dir. (°) Probability Wind speed (m/s)  Wind Dir. (°)

48 0.5 2.7 176 0.21 6.2 172
93 0.7 10.7 324 0.57 3.8 172
95 2.4 8.3 321 0.22 8.7 271
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Figure 5-5 Sea level variation from 2090 to 2100 of three ensemble scenarios according to Pein et al. (2023). Blue-line
indicates the linear fit and dash-red-line is the averaged linear fit of all three ensembles.
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Figure 5-6 Statistical analysis to define a representative year: Mean relative difference (a), Root-mean-square-difference (b),
Skill-score (c). Only the starting month of each wind year is indicated. Dash-line shows the occurrence of the representative
year. Wind rose of overall wind data from 2090 to 2099 (d) and Wind rose of the selected representative wind year from 01

October 2093 to 30 September 2094 (e).

5.3.2. Effects of NbS on ESS due to constant increase of mean sea level

Exemplary hydrodynamic pattern

A one-day period during spring-tide (13 October 2015) was selected to demonstrate the impacts of constant
SLR on the hydrodynamics in Ley Bay, during which the monitoring location has a depth of about 1 m. It
should be noted that the saltmarsh area is located at around 1.25 m above NHN, which will be submerged

for a few hours during high water spring.

The water level in Ley Bay does not increase by the exact amount of SLR for the different scenarios (Figure
5-7a). Under No SLR, the monitoring location emerges about 2 hours during low water. This period decreases
as the SLR increases. However, there is no proportionality of this decrease to the amount of SLR. Only under
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the highest SLR, the location remains submerged. It is generally found that the higher the SLR, the higher the
increase of high-water peak than the amount of applied SLR. With respect to No SLR, the average increase of
water level during the entire period accounts for 5.3% for 0.07 m SLR, 9.3% for 0.12 m SLR, 20% for 0.26 m
SLR and 60% for 0.78 m SLR. These indicate that SLR has different influences on the high-water and the low-
water phases.

Wave height variations are sensitive to to water levels as well as wind (Figure 5-7b). The stepwise pattern
occurs due to the larger coupling interval (30 min.) between flow and wave modules than the monitoring
interval (10 min.). The existence of waves depends on the prevailing wind. For example, the highest SLR keeps
the location always submerged, however no waves during the entire low-water period (see around 04 and
17 hour). Over the simulated period, the average wave height of the SLR scenarios increases up to 3.5%,
4.9%, 11.9% and 35.9% with respect to No SLR.

Variations of velocity magnitude indicate not only increase but also phase shift as the SLR increases (Figure
5-7c). As in the water level, the highest SLR resulted in non-zero velocity throughout the period. All scenarios
indicate the lowest velocity at the low-water slack, and the difference between the highest SLR and the others
is considerable at both high- and low-slack waters. The phase difference with respect to No SLR increases as
the SLR increases. During the flood phase, the velocity increase is faster than No SLR, while during the ebb
phase, the velocity decrease is delayed as the SLR increases (i.e., faster-rise and slower-fall due to SLR).
Therefore, the period with significant flow velocity increases with SLR (i.e., area under the curve). The
average increase of velocity for the SLR scenarios is 2.7%, 3.9%, 10.6% and 22.2% respectively during the
entire analysis period. These results indicate that the SLR effects on the hydrodynamics are non-linear
processes, and therefore the influence of a specific SLR scenario on the hydro-morphodynamics needs to be
separately investigated.

02 08 04 05 06 07 08 09 10 11 12 13 14 15 16 17 18 19 20 21 22 23 00 01 02 03
Time (hours in 13-October-2015)

Figure 5-7 Variation of Water level (a), Wave height (b) and Velocity magnitude (c) in Ley Bay for No SLR (blue-), 0.07 m
(2020: RCP 8.5 50% - Garner et al., 2021, red-), 0.12 m (2030: RCP 8.5 50%, black-), 0.26 m (2050: RCP 8.5 50%, magenta-) and
0.78 m (2100: RCP 8.5 50%, orange-line). For clarity, only one-day period during spring-tide is shown.
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Maximum velocity distribution

The moment of maximum velocity in the Ley Bay was estimated by selecting the maximum velocity at each
grid cell during the entire analysis period (Figure 5-8). The green-polygon indicates the extent of the
saltmarsh area.

SLR causes an increase in the velocity as well as the flood extent in the Ley Bay. The spatial patterns of the
first three scenarios (see a, b, and c in WT-NbS) hardly demonstrate any increment as the SLRs are relatively
small (as found previously in Figure 5-7c). However, the patterns of the last two (particularly e) show clear
distinct compared with that of the No SLR (a). Only with the highest SLR scenario (e), the saltmarsh area
(green polygon) experienced high velocities. It should be noted that for the clarity, the colour bar is white
close to zero. Therefore, very small velocities might not be distinguishable. After implementing the saltmarsh
(NbS), the velocity patterns of the first 4 scenarios are fairly similar to that of the WT-NbS. In these scenarios,
the saltmarsh area is not fully submerged due to the low water levels. However, the velocity reduction of the
highest SLR is apparent by comparing WT-NbS and NbS, in which the NbS application decreases the
magnitudes down to about zero.

These velocity patterns imply that the saltmarsh area remains partly exposed depending on the maximum
water level experienced during the analysis period. The NbS application significantly dampens the velocities
in the saltmarsh area. The largest effect on the velocity mitigation is found with the highest SLR, which results
in a complete submergence of the saltmarsh area.

Maximum sediment transport distribution

Similar to the velocity, the maximum sediment transport at each grid cell was estimated for suspended
(colour) and total transport (vectors) separately (Figure 5-9). The resulting patterns indicate that the higher
the amount of SLR, the higher the rate of sediment transport. Differences among a, b and c are not clearly
visible being minor increases. However, in the last two scenarios, both vectors and colours show distinct
patterns compared with the No SLR (a).

These patterns indicate that the difference between the WT-NbS and NbS applications is very marginal for
the scenarios in a, b, c and d. However, noticeable difference is found with the highest SLR (e). For example,

Velocity Magnitude (m/s)
[ ’ 1 ! | ]
0 0.1 02 03 0.4 05 06 07 08 09 1

Figure 5-8 Maximum velocity, magnitude (colour), and magnitude and direction (vectors), in Ley Bay for No SLR (a), 0.07 m
(2020: RCP 8.5 50% - Garner et al., 2021, b), 0.12 m (2030, c), 0.26 m (2050, d) and 0.78 m (2100, e) in the applications of
without the saltmarsh area (WT — NBS) and after implementing the saltmarsh area (NBS). Contours show the bed
topography.
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the vectors and colour close to the saltmarsh edge decreased in the NbS compared with the WT-NbS.
Therefore, the NbS can provide a significant influence on decreasing the sediment transport rate for the high
SLR scenarios.

.\.\.,
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WT - NBS
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Figure 5-9 Maximum suspended sediment transport (colour) and total sediment transport (vectors), in Ley Bay for No SLR
(a), 0.07 m (2020: RCP 8.5 50% - Garner et al., 2021, b), 0.12 m (2030, c), 0.26 m (2050, d) and 0.78 m (2100, e) in the
applications of without the saltmarsh area (WT — NBS) and after implementing the saltmarsh area (NBS). Contours show
the bed topography.

Bed evolution pattern

A qualitative comparison of the bed evolution patterns clearly indicates both erosion and sedimentation
areas gradually increase as the SLR increases (Figure 5-10). All scenarios generally resulted in deepening of
channels (i.e., erosion) and shallowing of the shoal areas (i.e., sedimentation). As found earlier, the
noticeable difference between the WT-NbS and the NbS applications is shown only with the highest SLR (e).
The saltmarsh area in the WT-NbS shows erosion and sedimentation patterns, and these are hardly visible in
the case of the NbS application. Therefore, the results suggest, both erosion and sedimentation processes
are hindered by the effects of the saltmarsh.

The absolute values of the erosion and sedimentation volumes within the saltmarsh area contrast between
the highest SLR scenario and the others, i.e., volumes are two orders of magnitude higher in the highest SLR
than the others (Figure 5-11a, zoom-view). These indicate that the increase of MSL of the latter scenarios is
not adequate to strongly influence the bed evolution within the saltmarsh area. Of the highest SLR, both
erosion and sedimentation volumes are larger in the WT-NbS than in the NbS. Therefore, the saltmarsh
significantly decreases both erosion and sedimentation. This counter-intuitive result suggest the modelling
tool may omit relevant physical processes or SLR changes the system behaviour. Furthermore, the erosion
volume is higher than that of the sedimentation in both applications, in which the eroded sediment from the
saltmarsh area partly escapes seaward.

The relative volumes were separately estimated for erosion and sedimentation with respect to the WT-NbS
application (Figure 5-11b). Positive values indicate higher volumes in the WT-NbS than the NbS, and vice
versa. Volumes of the No SLR show erosion decreased by 100% (i.e., no erosion in NbS) and sedimentation
increased by 100% (i.e., twice of sedimentation in NbS than WT-NbS), which can partly be expected in the
nature. However, this trend changes with the increase of SLR. It is generally found that the percentages of
both erosion and sedimentation positively increase as the SLR increases. For erosion, this means, the higher
the SLR the lower the erosion within the saltmash area. The amount of sedimentation in the NbS is lower
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Figure 5-10 Erosion and sedimentation patterns in Ley Bay for No SLR (a), 0.07 m (2020: RCP 8.5 50% - Garner et al., 2021,
b), 0.12 m (2030, c), 0.26 m (2050, d) and 0.78 m (2100, €) in the applications of without the saltmarsh area (WT — NBS) and
after implementing the saltmarsh area (NBS). Contours show the bed topography.
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Figure 5-11 Change of erosion and sedimentation volume (a) and relative reduction by NBS (([WT - NBS] — [NBS])/[ WT-

NBS]x100%) within the Saltmarsh area for 0 m (No SLR), 0.07 m (2020: RCP 8.5 50% - Garner et al., 2021, b), 0.12 m (2030,

c), 0.26 m (2050, d) and 0.78 m (2100, e) in the applications of without the saltmarsh area (WT — NBS) and after

implementing the saltmarsh area (NBS).
than the WT-NbS in these scenarios (i.e., positive values). This difference increases as the SLR increases. It
should be however noted that the adaptiaion of the system for the applied SLR might not have succeeded
within the simulated 2-year period.

5.3.3. Evolution from 2090 to 2100

For the simulation from 2090 to 2100, the improved Delft3D-WAVE approach was used (see section 5.3.4),
in which the wave computation is performed within three domains, EMS>OEMS—>VEG, and additional wave
energy dissipation occurs by the saltmarsh. Only the first 5 years from the period 2090 to 2100 were able to
simulate due to a technical failure. It should be noted that repeating these runs costs more than one month
due to the nesting of 3 domains with high resolutions (i.e., VEG ~10 m).
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Erosion and sedimentation pattern, and volume change were estimated to explore the effect of saltmarsh
presence on the bed evolution in the phase of SLR from 2090 to 2100. In the WT -NbS application (Figure
5-12a), strong erosion is shown along the edge and inside the saltmarsh area, while the sedimentation mainly
occurred inside. The maximum erosion and sedimentation heights are -0.8 m and 1.2 m respectively. In
contrast, the NbS application (Figure 5-12b) resulted in only sedimentation along the saltmarsh edge
extending landward (maximum ~ 0.1 m). These results are further evident in the sediment volume analysis
within the saltmarsh area (Figure 5-12c). A large volume was eroded only with WT-NbS, while fairly similar
sedimentation occurred in both applications. The relative reduction in volume (Figure 5-12d) has 100% in
erosion (i.e., no erosion in NbS) and 20% reduction of volume in sedimentation. If the simulation is conducted

over a 10-year period (2090 - 2100 more erosion and more sedimentation in WT-NbS might be expected,
while only landward sedimentation is increased in the NbS.

These results indicate that NbS causes sedimentation within the saltmarsh area, and this sediment amount
is imported from the seaward of the saltmarsh area. More than 50% of the eroded sediment in WT-NbS is
escaped from the saltmarsh area causing therein net erosion. Therefore, applying the selected NbS can

support to mitigate the erosion due to future SLR scenarios, and act as a successful coastal protection
measure.
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Figure 5-12 Predicted erosion and sedimentation patterns during the first 5-year of the 2090 — 2100 period for WT - NBS (a)
and NBS (b). Erosion and sedimentation volumes within the saltmarsh area without NBS (WT - NBS) and with NBS (NBS)
applications (c), and the relative reduction of volume in erosion and sedimentation with respect to the WT - NBS
application: (([WT - NBS] — [NBS])/[ WT- NBS]x100%) (d).

5.3.4. NbS effects on ESS with the improved-wave application

The improved Delft3D-WAVE (i.e., including wave energy dissipation by vegetation) was tested for the storm
event Xaver (see D 2.2 report for the classification of this event). Resulting hydrodynamics and bed evolution
between WT-NbS and NbS were compared to explore the enhancement to the ESSs.
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Wave energy dissipation

Wave dissipation in the WT-NbS is driven by bottom friction and breaking (Figure 5-13). However, the
dissipations by these two processes are two orders of magnitude lower in the NbS than in the WT-NbS (note:
not visible according to the colour scale). Therefore, the main dissipation driver in the NbS is vegetation. Both
applications show high dissipation along the dyke. This is dominated by wave breaking in the WT-NbS, and it
is clearly higher than in the NbS scenario. These results indicate that the susceptibility of the wave attack at
the dyke front decreases by implementing the saltmarsh in the foreland. However, the occurrence of high
dissipation along the dyke in the NbS could be related to the plant density (i.e., only 50x50 per m? hereon
tested) and needs further investigations.

WT - NBS

104
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o
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Wave energy dissipation (W/mz)
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10.1

(a). Total Dissipation (b). Bottom Friction (c). Surf Breaking (d). Dissipation by Vegetation
Figure 5-13 Comparison of the maximum wave energy dissipation during the event Xaver in the WT-NBS and the NBS
applications: (a) Total wave energy dissipation, (b). Dissipation by bottom friction, (c). Dissipation by surf breaking and (d).
Dissipation by vegetation

Hydrodynamics and Sediment concentration

Significant wave height (Hs), velocity and sediment concentration at three locations (V2, V4 and V5) within
the saltmarsh area were analysed to demonstrate the effect of NbS on hydrodynamics by comparing the WT-
NbS and NbS applications (Figure 5-14). For clarity, the variations of water level, Hs, velocity and sediment
concentration in the Ley Bay (LB) are shown with the right y-axis. At V2, V4 and V5, the peaks of Hs correspond
to the water level peaks. The NbS causes a strong decrease in Hs depending on the location within the
saltmarsh area and the exposure to the incoming waves (i.e., 64% at V2, 40% at V4 and 65% at V5). This is
further evident by the decrease of velocity at these locations 82%, 71% and 90% respectively, which can be
expected because the wave-driven currents dominate the velocity during a storm event. The sediment
concentration is almost decreased by 100% at all locations by the application of saltmarsh. This is a good
proxy to claim that water quality certainly increases by implementing the NbS.
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Figure 5-14 Comparison of wave height (Hs), Velocity magnitude and Sediment concentration at the selected locations V2,
V4 and V5 (see on Ley Bay bathymetry: insert view), without NBS (WT- NBS) and with NBS (NBS) during the event Xaver.
Respective water level (gray), and Hs/Velocity magnitude/Sediment concentration (cyan) variations at Ley Bay (LB) are
indicated on the right-y axis.

Erosion and sedimentation

The effect of NbS on the bed evolution was investigated by comparing the erosion and sedimentation
between the WT-NbS and NbS applications (Figure 5-15). The saltmarsh area of the WT-NbS shows that
erosion occurs almost everywhere and sedimentation is limited to some locations inside and along the
saltmarsh edge (a). No such erosion areas are found in the NbS, whereas the sedimentation at the edge is
pronounced (b). This is clearly evident with the volume change (c), in which the NbS caused almost no
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Figure 5-15 Predicted erosion and sedimentation patterns for WT - NBS (a) and NBS (b). Erosion and sedimentation volumes
within the saltmarsh area without NBS (WT - NBS) and with NBS (NBS) applications (c), and the relative reduction of volume
in erosion and sedimentation with respect to the WT - NBS application: (([WT - NBS] — [NBS])/[ WT- NBS]x100%) (d).
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erosion, however sedimentation was found within the saltmarsh area (36% in d). These imply, the WT-NbS
loses sediment from the saltmarsh area, while gaining sediment in the NbS application. The focused ESSs are
positively improved by the NbS (i.e., decrease hydrodynamics and increase sedimentation) in the improved
Delft3D-WAVE, which can support to mitigate the adverse effects of marine forcing enhancing the coastal
protection.

5.4. Discussion

5.4.1. Effectiveness of the NbS under the SLR scenarios

Only the highest SLR scenario (0.78 m + MSL) indicated contrasting impacts on the hydro- morphodynamics
due to the implementation of the NbS. The nested models were simulated with an astronomical tide with
increasing MSL according to the SLR scenarios. Therefore, the model forced water levels excluding storm
surges, which can lead to submergence of the saltmarsh area and changes the morphodynamic setup. With
the No SLR scenario, the saltmarsh area is submerged only a few hours during spring-high water with weak
velocities (see Figure 5-7). This period slightly increases as the SLR increases. Under such conditions, no
significant change in the saltmarsh area can be expected even under the WT-NbS. Therefore, the
effectiveness of NbS is only observed under the highest SLR. The velocity pattern indicated strong decrease
with the NbS (Figure 5-8e). However, the corresponding sediment transport (Figure 5-9e) and bed evolution
(Figure 5-10e) are not clearly visible as these are relatively small compared to the rest of Ley Bay.

The erosion and sedimentation volumes within the saltmarsh area appear to be good indicators to
demonstrate the NbS impacts. The absolute volume of NbS is always smaller than WT-NbS (Figure 5-9a). The
higher the SLR the larger the volume changes. A decrease of sedimentation with NbS however suggests some
physical processes may be missing in the model (see Suzuki, 2011). These trends are further supported by
the relative change (Figure 5-9b), in which the impact of NbS on the sedimentation appears to be generally
higher than on the erosion for each scenario. Furthermore, the higher the SLR the higher the NbS impacts.
Therefore, the effectiveness of NbS increases for high SLR during the selected simulation period. This is
plausible as the interaction of hydrodynamics and thus morphodynamics within the saltmarsh area increases
with SLR. Our hypothesis of decreasing effectiveness with SLR deviates for the selected scenarios. However,
the effectiveness decreases after flattening the saltmarsh by exposing to extreme forcing (Moller, 2014). The
gradual increase of SLR from 2090 to 2100 in NbS caused only strong sedimentation along the saltmarsh edge
extending landward. In WT-NbS, strong erosion occurred inside the saltmarsh area. Therefore, the
application of saltmarsh supports to mitigate the risk of SLR induced erosion and potential hinterland
flooding, and acts as an effective tool for coastal protection (see also in Langley et al., 2009).

5.4.2. Wave dissipation by the NbS needs to be considered

With the improved communication between Delft3D-WAVE and SWAN, the saltmarsh contributes to about
100% of the wave energy dissipation (Figure 5-13), while the model is computing sediment transport and bed
evolution. The early numerical studies using SWAN have focused only on hydrodynamics (e.g., Suzuki, 2011;
De Oude, 2010). For example, we found a reduction of Hs of more than 60% with the NbS (Figure 5-14). This
agrees with De Oude (2010); a wave reduction of 60% to 75% was found using SWAN-VEG (no sediment
transport) to simulate the vegetation induced wave dissipation. SWAN-VEG has embedded physical
processes to simulate the vegetation effect on wave attenuation (SWAN, 2023), though the communication
with Delft3D-WAVE lags. Furthermore, Suzuki (2011) investigated the impact of vegetation on wave
dissipation for different laboratory and field cases, and showed about 70% of dissipation. Such a reduction
leads to weak wave driven velocities, and in turn lower sediment transport and slower bed evolution. By the
interaction of the NbS, the erosion volume decreased by almost 100%, while sedimentation increased by
35% during the simulated storm event Xaver, which has a return level of 125 years (see D 2.2 report for the
analysis of return period). In the constant SLR analysis, the NbS caused a decrease in sedimentation without
the wave dissipation by saltmarsh. For the SLR simulation 2090 — 2100, an increase in sedimentation was
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found even without erosion after applying the dissipation by saltmarsh. Therefore, the adopted improvement
of Delft3D-WAVE is of utmost importance in investigating the saltmarsh contribution for coastal protection.

These results indicate that the selected NbS (application of saltmarsh) serves to improve the focused ESS
(decrease the severity of hydrodynamics and increase sedimentation), and therefore is a potential agent for
coastal protection, which enables the resistance against the adverse impacts during the extreme events (i.e.,
SLR, storms). Furthermore, a previous project of NLWKN, A-KUEST (Niemeyer et al., 2014; Kaiser et al., 2010),
revealed that increased sedimentation in the saltmarsh areas of the Ems-Dollard estuary improves the
system adaptation to SLR. Also, the higher the saltmarsh the lower the wave heights during storm surges
resulting to a significant reduction of wave runup and overwash.

5.4.3. Drawbacks and recommendations

Long-period with respective forcing needs to be simulated to investigate the NbS in the phase of SLR

The SLR effects on the morphodynamic changes are simulated focusing on decadal time scales, in which a
more realistic increase of MSL over the time can be implemented (e.g., Dissanayake et al., 2012). In this study,
constant increases of MSL were however adopted representing the 50" percentile of the years 2020, 2030,
2050, and 2100 based on RCP 8.5 (Garner et al., 2021) to simulate over a 2-year period. This selection is
twofold: marginal change of MSL over a 2-year period and to get the first impression on the ESS behaviour
for different SLRs by optimising the available project time. Therefore, a future study should focus on applying
decadal scales (e.g., 2020-2030, 2030-2050) with realistic MSL increases to investigate the NbS effects on the
selected ESS.

Only SLR is not enough to represent the future forcing. Besides SLR, changes in the wind fields as well as
wave climates can be expected due to the future scenarios (Pein et al., 2023; Dreier and Frohle, 2020).
Therefore, applying only SLR provides preliminary insights on the NbS effects, which need to be repeated
with the full-spectrum of forcing enhancement. For the period 2090-2100, we followed a such approach
based on the predictions from Pein et al. (2023).

Configuration of the saltmarsh

The saltmarsh area in the Ley Bay was determined based on the bathymetry measurements, i.e., the area
above 1.25 m + NHN and below 2.20 + NHN, which encompasses the lowest wind setup limit at the
surrounded dyke. Accordingly, the saltmarsh covers about 35% of the Ley Bay area. This classification might
be different to the actual saltmarsh presence due to some zonation effects. Furthermore, the present
approach used uniform plant characteristics (i.e., density, height, diameter and species), and there is no
variation of the vertical plant structure, which are simplifications. Our sensitivity analyses and also previous
studies (e.g., Bouteiller and Venditti, 2015; Suzuki, 2011; De Oude, 2010) show wave attenuation and the
subsequent hydrodynamics depend on the plant configuration. The flexibility of stems was not considered in
this analysis, though the saltmarsh substrate remains stable resisting to erosion even after flattening due to
extreme conditions (Moller, 2014). Furthermore, growth and decay of saltmarshes plays an important role
in the long-time scales, which should be incorporated in the model. Therefore, the configuration of the
saltmarsh needs to be improved as much as possible by comparing with additional field data for more realistic
predictions.

Implementation of vegetation

The discussed model results are based on the 2DH simulations in Delft3D, which has a unform vertical
structure for plants. This implementation uses the Trachytope 154 (Delft3D, 2023) following Baptist (2005),
to estimate the vegetation exerted drag force to the flow. To avoid increasing bed roughness causing
increased bed shear stress and then sediment transport, the bed roughness is split into two components in
Delft3D: background roughness and flow resistance of the vegetation. Only the first component contributes
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to the sediment transport estimation. On the other hand, in a 3D model, the vertical bifurcation of plants can
be implemented. The influence of vegetation on momentum is estimated by the vertical distribution of
friction force, similar to the effect of cylindrical elements in oblique flow (Winterwerp and Uittenbogaard,
1997; Oberez, 2001). The results of our initial 3D tests indicated numerical instabilities demanding further
investigations.

In the SWAN version 41.31, wave damping from vegetation is included by expanding the Mendez and Losada
(2004) approach, which describes the mean rate of wave energy dissipation per unit horizontal area for
irregular waves (Suzuki, 2011). We activated this process by improving the communication between Delft3D-
WAVE and SWAN, which is not available with the standard Delft3D.

The performances of 2DH, 3D and wave attenuation by vegetation in SWAN are required to compare with
the field data to understand the capability of the model physics and the processes need further
improvements.

5.5. Conclusions

The potential application of saltmarsh as a nature-based-solution (NbS) for coastal protection was
investigated using numerical experiments (Delft3D/SWAN) based on the Ley Bay in the east Frisian Wadden
Sea. The ecosystem-services (ESS) are expected to enhance by mitigating hydrodynamics and increasing
sedimentation.

Schematized wave and wind forcing were developed using the measured data, which is a pre-requisite in a
long-term morphological simulation. The SLR scenarios with constant increases in MSL showed that there is
a non-linearity in the effects of water levels, wave height and velocity in the Ley Bay area (Figure 5-8). Only
the highest SLR caused significant mitigation of hydrodynamics and reduction of both erosion and
sedimentation within the saltmarsh area. In the SLR from 2090 to 2100, the NbS application caused only
sedimentation along the saltmarsh edge indicating that the saltmarsh decreases the risk of erosion and
enhances ESS. The improved Delft3D-WAVE (i.e., communication between Delft3D and SWAN) resulted in
about two order of magnitudes higher dissipation by vegetation than bottom friction and breaking, and
decrease the susceptibility of the wave attack at the dyke front. Mitigation of wave heights and velocities are
about 60% and 80% respectively in the saltmarsh area. Water quality increases in the NbS due to significant
decrease of sediment concentration (almost 100%). Furthermore, the NbS enables almost no erosion while
importing sediment into the saltmarsh area. Therefore, the selected NbS can be used as an effective tool for
coastal protection in the phase of sea level rise by mitigating adverse impacts and enhancing the ESS
functionalities.

Further numerical experiments together with the field data collected in the saltmarsh areas can support the
credibility of the model predictions by improving the modelled physical processes, as well as to optimize the
saltmarsh restoration efforts.
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ABSTRACT: We studied the effectiveness of Nature-based Solutions (NbS) as an adaptation strategy for
the Ems estuary, a turbid estuary within the Wadden Sea at the border between the Netherlands and
Germany. Challenged by both sea-level rise and a high turbidity, we develop and apply a numerical
hydro-morphological model to study how morphological feedbacks influence the effectiveness of
three types of NbS measures for the Ems estuary: 1) converting a polder to wetland, 2) facilitating salt
marsh growth with brushwood groynes, and 3) the dredging of sediment from harbours for re-use in
climate adaptation. The model projects a strong autonomous development towards a higher turbidity
in the Dollard Bay. This trend is amplified by sea-level rise through a combination of factors: an
increase in sediment import, higher availability of weakly consolidated sediment, and a higher
exposure of flats promoting the resuspension and recirculation of sediment within the Dollard Bay.
The predicted increase is probably an overestimate because sediment availability will probably
become more limiting than accounted for in the present model-setup, but it does suggest that (1) the
up-estuary sediment transport capacity will increase as the sea level rises and (2) at a certain moment
large-scale sediment availability becomes a limiting factor. The autonomous trend of increasing up-
estuary sediment transport results in a growth of salt marsh because the increase in turbidity leads to
accretion rates exceeding the rate of sea-level rise. The NbS measures can provide benefits in reducing
turbidity on the short-term and promoting the growth of salt marsh on a local scale but are limited in
effectiveness compared to the long-term trends.

6.1. Introduction

The Ems-Dollard estuary is a heavily engineered system on the Dutch-German border. A major challenge for
the estuary is the increasing turbidity, which is the result of land reclamations and maintenance dredging
(van Maren et al., 2016). This increase of fine particles in the water column has caused a decline in primary
production in the estuary (Brinkman & Jacobs, 2023), the base of the food chain. Climate change induced
sea-level rise increases the risk of flooding and of saltwater intrusion to the surrounding low-lying subsiding
polders.

To overcome these challenges, mitigating measures were developed as part of the so-called EmsDollard2050
programme (ED2050). The objective of the program is to create an ecologically sustainable estuary focusing
on three objectives: 1) reducing turbidity; 2) strengthening natural habitats; and 3) mitigating climate change.
Various pilot measures are explored that are expected to restore natural ecosystems in the region while
enhancing local ecosystem services (e.g. salt marshes attenuating waves). As the abundance of sediment in
the Ems estuary is hindering biodiversity and a resource for climate adaption, the ED2050 concepts have a
large focus on the management of sediment in the estuary and include:

1. Convert polder areas to wetlands to create nature and capture fine sediment

2. Enhancing sedimentation on the estuary’s intertidal areas s and reinforcing nature
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3. Re-using dredge spill from local harbours as a local resource

While ambitions and targets are clear, the effectiveness of these strategies (both short- and long-term) is
unclear. One major uncertainty is the amount of sediment that is available for deposition in the Wadden Sea.
Benninghoff & Winter (2019) concluded there is a sediment surplus in the German Wadden Sea including the
Ems estuary, causing an accumulation of sediment on the intertidal flats equal or higher than the rate of sea-
level rise. However, more recently Colina Alonso et al. (2024) concluded the sediment budget for the Wadden
Sea is already closed, with a sediment deficit already present in the down drift regions, suggesting drowning
of these areas as a result. The Ems estuary itself is a morphologically complex system. An interplay of many
processes contribute and have contributed in shaping the estuary into its turbid state, such as enhanced tidal
asymmetry in relation to dredging of harbours and channels (Winterwerp, 2011), a lack of intertidal area for
deposition of fine material due to land reclamation in the past (van Maren et al., 2016), mud particle
interactions such as hindered settling and flocculation (Dijkstra et al., 2019; van Leusden, 2011), and
biological processes like the role of algal mats in reinforcing mud flats (van Duyl et al., 2000).

Earlier work describing the response of the Ems estuary to different sediment management strategies
covered relatively short time scales (2050 or earlier). A framework for linking interventions, morphology, and
biodiversity has previously been proposed by Spiteri et al. (2011), who suggest an effect chain from
hydrodynamics, to sediment, to water quality, and to ecology. This framework was applied in van Maren et
al. (2015a) and followed-up in 2017 (Van Maren et al., 2017) to explore the effects of interventions on
sediment concentrations including sediment extraction from harbours, facilitating sediment deposition along
marshes, and new wetland. In summary, these studies suggest that the estuary will deepen as a result of sea-
level rise. The intertidal flats are expected to accrete, although not enough to compensate for sea-level rise.
Under autonomous development this deepening is expected to enhance estuarine circulation but also
further increase turbidity. The most effective reduction in turbidity (up to 50%) can be achieved through the
extraction of mud from dredging, while a short-term reduction can be achieved through the construction of
additional accommodation space. Measures to reduce turbidity in the estuary are expected to increase the
primary production by phytoplankton by roughly the same order of magnitude as the reduction in turbidity.
Benthic production is more complex as growth and production on the tidal flats is limited by nutrients. We
are now increasingly realising that the expected acceleration of Sea Level Rise (SLR) further challenges
sediment management. Although we may presently experience a sediment surplus (resulting in maintenance
dredging and increasing turbidity), on the longer timescale (decades to centuries) SLR will likely create a
sediment deficit. As a consequence, sustainable sediment management requires evaluation of restoration
efforts on longer timescales. Therefore, our current understanding of how the ecosystem services in the
estuary are changing on the long term (towards 2100) is limited.

We aim to advance our knowledge on the long-term impact of restoration efforts on ecosystem services by
developing a numerical model that captures the sediment dynamics needed for the assessment on the
effects of proposed NbS, while maintaining feasible computational times for simulations up to 2100. The
main goal of the modelling of the Ems estuary is to predict how the proposed sediment management
strategies in the EmsDollard2050 programme will contribute to biodiversity and ecosystem services in the
estuary on the long-term.

6.2. Methods

6.2.1. Model

General approach

Many estuarine systems are expected to keep pace with sea level rise until a certain critical value after which
they drown. Herin fine sediments deposit on the intertidal flats, which become supratidal marshes when
sedimentation rates are sufficiently high. With our focus on NbS to restore muddy intertidal flats and reduce
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turbidity, we only model muddy sediments. Ignoring the morphological contribution of sand prevents
unpredictable and often erroneous development of sand-dominated tidal channels, hampering our
prediction of the tidal flats. For this study it is assumed that major features governed by sand transport like
tidal channels will not change significantly up to 2100, which is reasonable for a highly regulated estuary like
the Ems.

Typically tides transport fine-grained sediments to the intertidal flats whereas waves occasionally erode
sediments. A tide-only model therefore overpredicts sedimentation on the tidal flats. In order quantify both
the natural balance between erosion and sedimentation, but also the effect of restoration efforts on wave
damping and therefore sedimentation of mud, the hydrodynamics of the model is driven by tides, waves,
and storm setup. Vegetation can establish during the simulation according to simple rules (see section
Vegetation schematization) and influence the flows and wave action on the flats.

Computational domain

A Delft3D — Flexible Mesh model was developed to predict the impact of sediment management strategies
and sea-level rise (small Ems in Figure 6-1). Boundary conditions for this smaller model were extracted from
an intermediate-sized model developed by Schrijvershof et al. (2023) (Ems Large in Figure 6-1) using
procedures described in greater detail hereafter. The hydrodynamic forcing of the large Ems model, i.e. tides
and storm surges, was derived from the Dutch Continental Shelf Model (DCSM) (Zijl, Groenenboom, Laan &
Zijlker, 2022). Wave forcing (i.e. wave height, period, and direction) was derived from a nearby observation
buoy located at ~20 m water depth. The model covers the Ems estuary and includes the Wadden Sea from
the island of Norderney (Germany) to the east to Ameland (Netherlands) to the west (Figure 6-1).

A smaller model is nested inside the estuary, with a seaward boundary at Eemshaven and a landward
boundary at the lock near Herbrum (Germany) (Figure 6-1). This smaller model is forced with the tides and
waves propagating through the Ems estuary mouth with the large model. The smaller model simulates the
morphological response of muddy sediments under different measures (e.g. clay extraction) and sea-level
rise scenarios.

Ems large
Pl L-‘\
Ems small
¢

Figure 6-1 Modelling domans for the Ems model
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Hydrodynamic schematization

Long-term simulations require idealised hydrodynamic forcing that can be repeated until 2100. The first
simplification is to accelerate bed level changes. An efficient way to speed up the computational time of
morphological models is by multiplying the change in bed level with a so-called morphological acceleration
factor. As part of this study, we use a morphological acceleration factor of 24. This morphological acceleration
influences the definition of the model boundaries, as evaluated below.

A synthetic spring-neap tidal cycle was constructed at the boundaries of the large Ems model from the DCSM
model hindcast of the year 2018, following the procedure of Schrijvershof et al. (2023). The wave- wind
climate was schematised into 12 representative wave-wind classes, following the procedure described by
Walstra (2013). For each wave climate class a non-tidal residual is added to the model boundary in the smaller
Ems model by correlating the wave and wind conditions to the observed storm surges in the past 10 years.
Each spring-neap cycle each wave-wind class is applied in a random order to mimic natural variability in storm
events. The discharge time-series of the Ems is compressed to fit within 14 days, to represent the annual
discharge variation within a simulated morphological year. There is an intentional offset between the
compressed discharge time series and the spring-neap cycle to avoid a systematic phase-relationship
between peak discharge and the spring-neap cycle. The large Ems model was validated on the tidal
movement, and the progression of surges and waves from local observation stations (see Schrijvershof, et al.
(2023)).

Vegetation schematization

The effect of vegetation (such as salt marshes) is computed within the hydrodynamic and wave modules.
According to the ecotope delineations in Bouma et al. (2005) areas with a maximum flow speed below 0.8
m/s and 300 or fewer inundations per year are considered low marsh, and less than 150 inundations per year
characterize mid- to upper marshes. Every five morphological years (or five spring neap cycles in the model)
the cells are updated with vegetation based on these rules. To avoid the large variance in estimating
inundation times on a limited time series at low resolution, only mid- to upper marshes are schematised with
vegetation during the morphological simulation. To determine the full ecotope maps that are used for
determining the ESS in 2030, 2050 and 2100 separate hydrodynamic simulations were run to compute the
number of inundations annually. Vegetation is modelled as trachytopes in the hydrodynamic module
according to Baptist et al. (2007) while the interaction between vegetation and waves is schematised by the
method of Mendez & Losada (2004).

Typical vegetation parameters for salt marshes are assumed as: stem density of 250 stems/m?, stem diameter
of 2.5 mm and stem height of 0.5 m. For the computiation of ESS in 2030, 2050, and 2100 where ectope
maps are computded we refined these paremeters to better reflect the ecotopes present These from Vuik
(2017) as measured at the end of the growing season when storms are most likely to occur. The vegetation
parameters used are presented in Table 6-1.
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Table 6-1 Schematisation of vegetation per EUNIS ecotope

EUNIS Representative species Vegetation Stem diameter Stem density
Code height (cm) (mm) (n. of stems /m2)
MA225 Spartina anglica 47 33 232

MA224 Suaeda maritima 57 2.7 274

MA223 & Elymus athericus & repens 50 1.3 405

MA222

Mud transport and morphology

Long-term morphological simulations are executed with the small Ems model (Figure 6-1). Along the model
boundary at the Wadden Sea near Eemshaven a constant sediment concentration is assumed (C;;,) where
mud flows in and out of the model. The mud dynamics are modelled by the approach presented by van Kessel
et. al (2011), which is an extension of the classic Krone-Partheniades approach by simulating two, rather than
a single, bed layers. The top layer (S;) represents the fluffy unconsolidated top-layer of mud, which is easily
resuspended on each tide. Beneath the fluff layer is a buffer layer (S,) of more consolidated mud. Erosion
fluxes of these layers (E;, E;) are modelled by:

T
El = min(Mo, m1M1)< - 1) (61)
Tera
- 1.5
E, = pzMz< - 1) (6.2)
Ter,2

The parameters controlling erosion for layer S; are the mass of mud (m;), the zeroth- and first-order
erosion parameters (M,, M;), the critical bed shear stress (7., 1) and the applied bed shear stress
(7). The parameters controlling erosion for layer S, are the fraction of fines in the layer (p,), the erosion rate
parameter (M,), the critical bed shear stress (7, 5).

The burial flux (B) from the fluff layer (S;) to the buffer layer (S;) is modelled as:
B = min(By, myB;) (6.3)
The mud deposition flux (D) to the fluff layer S; is modelled with the classical approach by Krone as:
D = aw,C (6.4)

Here wg is the sediment settling velocity, C is the sediment concentration, and « is a deposition efficiency
factor. This efficiency factor parameterizes turbulence effects on floc size and therefore settling velocity
which are not computed with a 2D model which does not compute turbulence nor flocculation. It effectively
reduces the sediment settling velocity to account for the break-up of flocs in the shallow intertidal area as
well as the greater importance of turbulence from wave and wind action at the surface when averaged across
the water depth. The deposition is modulated with a sigmoid function from the water depth (h) and
parameters k and hg:

1

a = m (65)
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We used the calibration values of Smolders et al., (2020) developed for the Upper Scheldt (k = 5 and hy =
1.5), a system with comparable tidal dynamics, dimension, and sediments.

Another parameter compensating for processes not directly modelled is the wave stress reduction factor f .
The current model is only limited to a fluff and a buffered layer. However, mud consolidates further over
time resulting in a build-up of strength and greater erosion resistance over depth. During storm events waves
can erode enough mud to reach deeper consolidated mud layers. The effect of an increasing erosion
resistance can be mimicked by reducing the effect of waves on the bed shear stress instead.

6.2.2. NbS measures and sea-level rise scenarios

Sea-level rise scenarios

The sea-level rise scenarios are adopted from the latest IPCC shared social economic pathways (ssp’s) at the
location of Delfzijl up to 2100 (Garner et al., 2021). The selected scenarios are a null sea-level rise scenario
as a reference (ssp000), a moderate sea-level rise scenario (ssp245) representing business as usual, and a
high-end sea-level rise scenario (ssp585) (Table 6-2).

Table 6-2 Median Sea-Level Rise Projections per shared social-economic pathway from Garner et al. (2021) for the
location of Delfzijl, with 2020 as the year of reference and excluding vertical land motion.

Year Sea-level rise scenario

ssp000 ssp245 ssp585
2020 +0.00 m +0.00 m +0.00 m
2030 +0.00 m +0.12 m +0.12 m
2050 +0.00 m +0.24 m +0.26 m
2100 +0.00 m +0.58 m +0.78 m

Implementation of measures

The measures modelled are: 1) the conversion of protected polder (Groote Polder) to 300 ha of intertidal
area, 2) the construction of brushwood groynes to stimulate sediment deposition in the Dollard, and 3) the
extraction of mud dredged from a) Delfzijl or b) the port of Emden and its approach channel (Figure 6-2). In
addition, a reference scenario was modelled where no measures are implemented. Each measure is
discussed in more detail below.
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Table 6-3 Parameters used for simulating the mud dynamics in the DFM model of the Ems estuary.

Parameter Description Sediment fraction
Mud1 Mud2 Mud3
General:
dsana,s, Thickness of sand in layer S, [m] 0.3
fTW Wave shear stress reduction factor [-] 0.4
B, Zeroth order burial rate [kgm2s71] 1.0%10°
B, First order burial rate [s™1] 1.5*107
Mud specific:
Wy Sediment setling velocity [mm/s] 1.5 0.4 0.1
Tera Critical bed shear stress of layer S; [Pa] 0.2 0.2 0.2
Ter2 Critical bed shear stress of layer S, [Pa] 0.6 0.6 0.6
M, Zeroth order erosion parameter of layer S; 3.0*10%  3.0*10°% 3.0*10°3
[kgm™2s71]
M, First order erosion parameter of layer S; [s71] 1.0¥10*  1.0*10*  1.0*10*
M, Erosion parameter of layer S, [kgm™2s71] 7.5%10%  7.5*10*  7.5*10*
Cin Sediment concentration at inflow boundary 5%*10? 5%102 5%102

with Wadden Sea [kg/m?]

Groote Polder:

Groote Polder is 300 ha of polder that is in consideration to be reconnected to the estuary through a culvert
in the existing dike. Plans with different extents of the polder being reconnected at different phases, with
varying levels of tidal exchange, are still being explored. For this study we opted for the variant with the
maximum extent (i.e. 300 ha) connected by the largest culvert considered (80 m wide) to facilitate tidal
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Figure 6-2 The Ems Dollard estuary including the 3 modelled measures: 1) a new intertidal area for inland
sediment capture, 2) promoting local marsh accretion 3) re-use dredged mud from harbours at a) Delfzijl, and
b) from Emden.
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exchange. In doing so, the maximum potential of the measure is explored. To avoid abrupt morphological
changes in the simulation, five years of initial development in Groote polder and the area adjacent to the
culvert were simulated separately with only a sandy bottom to allow channels to form within the area. This
new bathymetry was used in the subsequent long-term morphological simulations.

Brushwood groynes

Brushwood groynes are implemented as a grid of 400 x 400 m long groynes at the western side of the Dollard
following the traditional way these groyne fields have been constructed in the past centuries to reclaim large
parts of the North of the Netherlands (Dijkema et al., 2001). As such, this intervention is expected to promote
expansion of salt marsh. These groynes are assumed to be permiable (no effect on flow), but these do act as
obstacles for incoming waves (similar to the implentation by Siemes et al. (2020)).

Sediment extraction from Delfzijl and Emden

In the reference case sediment that is dredged from Delfzijl harbour is disposed outside of the harbour
entrance. Sediment dredged form the Port of Emden is disposed in the nearby tidal channel (Oost Friesche
gaatje, see Figure 6-2). For the sediment extraction scenarios this sediment is not disposed in the areas above
but removed.

6.2.3. ESS quantification

The effect of each NbS measure is assessed for the short-term (2030), mid-term (2050) and long-term (2100)
using ecosystem service delivery (ESS) metrics (Table 6-4). These metrics are either computed directly from
the morphological model results or obtained from an additional hydrodynamic model simulation, where
historic storm events are modelled concurrently with the risen sea-level per period (2030, 2050, or 2100).

Reduction flood risk

A reduction in flood risk is explored for the Ems-Dollard pilot site as a reduction in wave height during two
sample storms: storm Xaver from December 2013 and storm Herwart from October 2017. Both these storms
were simulated with the morphological changes and higher sea level belonging to the year and sea-level rise
scenario of interest. The change in wave height relative to 2020 near the flood defences is used as the
indicator for changes in flood risk.
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Reduction coastal erosion
The pilot site of the Ems estuary comprises of channels, intertidal flats, and marshes. In such an area, where
many square kilometres can be exposed or inundated depending on the tide, it is not insightful to consider
the position of a single coastline as is customary for sandy beaches. Instead, for this pilot site we explore
coastal erosion by comparing the vertical elevation change of an area to the change in mean sea level. For
this we define four categories:
1. eroding:
there is a net loss of sediment and a decrease in mean elevation,
2. drowning:
there is a net gain of sediment but the increase in mean elevation is smaller than the increase in sea-
level rise,
3. stable:
there is a net gain of sediment and the increase in mean elevation is about equal (£ 5 cm) to the
increase in sea-level rise,
4. accreting:
there is a net gain of sediment and the increase in mean elevation is greater than the increase in sea-
level rise.

Climate change regulation

The carbon sequestration ecosystem service is assessed using an empirical relation between observed
accretion rate and carbon sequestration. The relation, derived with data from Elschot et al. (in prep) is (see
Figure 6-3):

Table 6-4 Overview of ecosystem services assessed in the Ems estuary

Ecosystem service Assessment
Metric Method
Reduction flood risk (RFR) Wave height reduction by NbS Storm simulation of storms Xaver
compared to no NbS [m] (2013) and Herwart (2017)

Reduction coastal erosion Additional deposition with respect Morphological simulation
(RCE) to sea-level rise compared to no
NbS [m]

Climate change regulation Additional sequestered carbon by Morphological simulation + field
(CCR) NbS [kg/m?/y] data (Elschot, Willemsen, van
Wesenbeeck, in prep)

Water purification (WP) Reduction in Morphological simulation
mean suspended sediment
concentration with NbS [mg/L]

79



D2.3 Portfolio of restoration interventions | 6. Role of morphological feedbacks on the effectiveness of
Nature-based Solutions in the Ems Estuary

0.6

y = 0.00e+00 + 3.04e-02x

([ F X N NN

Carbon accretion in kg/m?2/yr

0.0 T T T T T
0.0 25 50 75 10.0 125 15.0 17.5 200

Sediment accretion in kg/m2/yr

Figure 6-3 Relation between average sediment accretion and carbon accretion, including a linear regression used to convert
computed sediment accretion to carbon sequestration.

Scarbon = 3.04 % 1072 * S, (6.6)

where S.pon is the carbon accumulation rate and Sg.4 the sediment deposition rate.

A qualitative assessment of biodiversity was made by classifying the results of the morphological model into
habitats based on the European Nature Information System (EUNIS), as described in Baptist et al. (2024)
using the software D-Eco Impact (Weeber et al., 2024).

Water purification

The ecosystem service water purification has been interpreted as the change in average suspended sediment
concentration at the study site. The measures aim to reduce turbidity by removing sediment from the water
either by promoting natural deposition of sediment out of the water in dedicated areas (measures 1 and 2)
or by active extraction of dredged sediment (measure 3). The sediment concentration is a direct result of the
model. To account for variations and the morphological acceleration (one spring-neap tide represents one
year), sediment concentrations are averaged for a period of five years (or five spring-neap cycles).

6.3. Results

6.3.1. Model calibration

Bed sediment composition

The model was calibrated against observed SSC, bed level changes, residual sediment fluxes and grain size
distribution, with model settings of the calibrated model provided in Table 6-3. The model was run for one
and a half years starting from a bed sediment composition consisting of 30 cm of sand, while mud supplied
at the model boundaries. After about 36 years of morphological simulation, the model had reached a near-
equilibrium between major import and export fluxes and thus the model does no longer produce significant
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changes in areas with high or low mud content. At this point the computed mud distribution shows good
agreement with the observed mud distribution (McLaren et al., 1998) — see Figure 6-4. The model reproduces
areas of high and low mud content reasonably well; on the island of Hond-Paap the north-east to south-west
gradient from sandy to muddy is reproduced, and there is high mud content (40 to 80%) along the edges of
the of the Dollard.

The model does not capture the high mud content near the tidal channels in the centre of the Dollard and at
the Geise dam. These are areas of pronounced resuspension by tides (channel) or waves (Geise Dam). Mud
builds up during calm conditions and is eroded from the tidal flats during events with higher wind speeds and
waves, releasing sediment into the water and contributing to high spikes in turbidity (Ridderinkhof et al.,
2000). As reported by Elias et al. (2022), there is no trend for either erosion or deposition on the flats of the
Dollard with elevation changes varying between erosion and deposition across periods. Owing to the
schematisation of compressing a yearly wave climate within a spring-neap cycle (see Methods), mud
deposited at flats exposed to waves is more regularly eroded and resuspended with limited time for mud to
accumulate. In reality, storminess in the Dollard is seasonal leaving more time in between storms for mud to
consolidate and build up. While the model approximates consolidation through the burial rate of mud from
the weak fluff to the stronger buffer layer underneath, the randomly distributed storms forced each spring-
neap cycle in the model make periods of sustained calm conditions with mud build-up and consolidation
impossible, thereby resulting in no net accumulation of mud. Thus, when starting the model without initial
mud, there is only a limited increase in the mud fraction at wave-exposed areas. Even though the model may
be limited in reproducing the mud fraction on the tidal flats, the alternating build-up and release mud from
the flats with limited net elevation changes matches the behaviour of the system.

Suspended sediment concentration

To validate the suspended sediment concentration (SSC) the (year-representative) concentrations predicted
by the model the results are compared to field observations from Imares (Brinkman et al., 2014) and the
EDoM campaign (van Maren et al., 2023). Suspended sediment observations from Imares consist of water
samples taken at various dates from a vessel that were analysed in in a laboratory. In total samples were
taken during 14 days in summer and 5 days in winter. During the EDoM campaign SSC was measured using
various instruments such as a from a stationary boat, mooring chain, and fixed frames for 13 hours in January
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Figure 6-4 Distribution of the mud fraction, defined as defined as the volume fraction with a grain size smaller than 63 pm,
modelled (left) and observed (McLaren et al., 1998) in the Dollard
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and August. At the locations SB_EFW and SB_EMD SSC was measured during both periods at both the water
surface and the bottom.

After calibration the model is able to reproduce the general pattern in suspended sediment concentration
within the Ems estuary and Dollard (Figure 6-5). From the model boundary near Eemshaven the suspended
sediment concentration is increasing towards lower Ems. The model is nevertheless able to reproduce
average SSC within a range consistent with observations. Large spikes in SSC as observed in winter at SB_EMD
cannot be reproduced within the model as the instantaneous SSC is highly influenced by processes not
implemented in the 2D model such as flocculation, hindered settling, and the formation of a fluid mud layer
near the bottom. A more extensive validation on SSC is not possible due the limited observations available.
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Figure 6-5 Comparison of suspended sediment concentration (SSC) as measured by Imares from 2012 and 2013 (red), the
EDoM campaign from 2018-2019 (blue) in summer and winter, compared to the concentration in the model. The lines
represent the 5% to 95% interval of observations during the days of the summer/winter campaign or values in the model,
and the dots represent the average of the (modelled) period.

Sediment transport fluxes and sinks

Sediment fluxes predicted by the model are generally lower than those reported in literature (Figure 6-6 and
Table 6-5). Most notable is the amount of sediment transported upstream the lower Ems River where the
model predicts 0.1 million tons per year, strongly underestimating the actual up-estuary flux (Vroom et al.
(2021) estimate this flux to be 1.0 to 1.5 million tons annually). However, the up-estuary flux in the lower
Ems River is very difficult to reproduce —also with more complex 3D sediment transport models as developed
by can Maren et al. (2015b). Major sediment pathways such the circulation of suspended sediment across
the Geise dam (arrows 5 and 6 in Figure 6-6) observed in the EDoM campgain (van Maren, 2023) are
reproduced by the model. Sediment accumulation in the marshes is captured remarkably well given the
modelling limitations and the fact that deposition in these regions is primarily event driven. The Bocht van
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Figure 6-6 Net annual sediment fluxes computed by the model

Watum acts as a sediment sink in agreement with observations, although the net deposition is
underestimated similarly to the amount of sediment dredged from the port of Delfzijl.

The general tendency of the model to underpredict fluxes and deposition may be the result of the
schematisation of storms. Year-representative storm events are randomly distributed for each spring-neap
cycle. Because of this, there is no prolonged (summer) period for sediment to accumulate in the
(consolidated) underlayer. This may have also influenced the net fluxes as the seasonal interaction between
net deposition in summer, and net erosion, is influenced by the seasonal river discharge of the Ems.
Furthermore, it is known that net sediment fluxes differ across the water depth, with most of the upstream
sediment transport occurring near the bottom. These vertical transport gradients are not captured in a
depth-averaged model as used in this study. Yet, for morphological models (and especially simplified depth-
averaged models) the modelled fluxes are within the right order of magnitude.
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Table 6-5 Fluxes and sinks computed in the model compared with those reported in literature in million tons per year.

Model Reported Source

Fluxes:

Thalweg 06 1.0 =4.0 van Maren (2023)

Thalweg 07 0.9 =5.0 van Maren (2023)

Groote Gat (a) 14 =6.0 van Maren (2023)

Thalweg 09 0.1 =1.0-1.5 Vroom (2021)
Sinks:

Bocht van Watum 0.38 =0.6-1.0 van Maren (2023)

Dollard marshes (NL) 0.06 =0.02-0.05 Cleveringa (2008)

Dollard marshes (GE) 0.09 =0.004 Cleveringa (2008)
Dredging:

Dredged at Delfzijl 0.3 =0.8 Mulder (2013)

6.3.2. Autonomous development
The model predicts major changes as a result of sea-level rise by 2100 (Figure 6-7). The following major
developments are projected in the absence of any restoration measures:

e The Bocht van Watum west of the island Hond-Paap is projected to fill in, continuing the trend
observed in the past centuries (van Maren et al., 2016; Schrijvershof et al., 2024). This will
eventually connect the southern part of the island to the mainland and facilitate salt marsh
development. In contrast, the northern side of the island Hond-Paap is projected to become
increasingly exposed resulting in net erosion.

e Within the model, at the current low level of sea-level rise, marshes are projected to expand
slightly. However, with increasing SLR the marsh in the Dollard is paradoxically projected to expand
rather than drown. This is related to the next point:

e Turbidity is projected to increase further towards 2100. The computed turbidity is increasing with
sea-level rise, potentially doubling the average sediment concentration within the Dollard (Figure
6-9). This surplus of sediment translates into enhanced deposition within the model and the ability
of marsh to grow in elevation beyond the rate of sea-level rise.

Aside from the second bullet, the autonomous changes reflect trends already observed for the Ems estuary.
Turbidity levels have been steadily increasing during the past decades (van Maren et al.,, 2015b). One
explanation for the rising turbidity has been the continued dredging of the main channels. The current
modelling supports this hypothesis, although the mechanism is sea-level rise driven increase of the water
depth. The larger water depth enhances the incoming flood tide from Eemshaven to Delfzijl, amplifying the
tide and promoting sediment transport into the Dollard. This is further exacerbated by a growing tidal prism,
as the shallow Dollard tidal flats inundate, increasing intertidal storage, necessitating an increased water (and
sediment) exchange at the model boundary near Eemshaven. Within the model, fine sediment deposited on
the flats remains easily erodible until sufficient time has passed for it to be buried and consolidate (modelled
as a burial flux). Furthermore, the comparatively larger water depths on the flats with sea-level rise enable
more wave action on the flats. The combination of these factors (increasing import of fine sediment, greater
availability of fine erodible sediment, increasing wave action on tidal flats) results in a system where an
increasing amount of fine sediment is recirculating within the Dollard as sea-level rise accelerates, thus
increasing the turbidity.

The expansion of salt marshes in the Dollard is not in agreement with observations -most of the salt marshes

are static. However, the conditions in most of the higher intertidal areas in the Dollard appear to be suitable
for salt marsh colonization. Why the Dollard remains a mudflat rather than being partly converted to salt
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Figure 6-7 Projections of the development of ecotopes in Ems estuary by 2100, for projections without sea-level rise (ssp000),
the middle sea-level rise scenario (ssp245) and the high sea-level rise scenario (ssp585).

marsh is presently not known. The tendency of the model to expand salt marsh area is therefore partly in
line with expectations (though not observed in reality).

The only areas that facilitate deposition are the edges of the Dollard where salt marshes are present, as well
as the infilling Bocht van Watum. The model projects that the marsh accretion facilitated by the increasing
turbidity exceeds the rate of SLR. Therefore, for this particular site sea-level rise is projected to aid salt marsh
development, rather than hinder it. This comes, however, with the caveat that the turbidity, which is already
hampering the marine life at present levels, is increasing even further.
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6.3.3. Reduction coastal erosion (RCE) with NbS measures

We apply categories for coastal erosion (eroding ¢, drowning e, stable ¢, and accreting ¢ to geographic areas
in the Ems estuary with roughly similar characteristics in accretion/erosion rate and cover (tidal flat or marsh)
for the short-term (2030), mid-term (2050) and long-term (2100) developments with and without the
implementation of the four NbS measures considered. These results are presented in Figure 6-8.

Measures that extract sediment from the estuary (measure 1 and 3) result in sediment losses. Without sea-
level rise only the flats in the middle of the Dollard are affected by extraction. With sealevel rise extraction
measures affect the south of Hond-Paap, the flats in the Dollard, and the southern salt marshes in the Dollard,
which switch to a drowning or eroding state on the short and mid-term with sea-level rise. Surprisingly, the
model projects an increase in turbidity on the long-term (with and without measures). The increase in
turbidity compensates the effects of SLR on coastal erosion through an increase in available sediment. In
contrast, extraction from Emden (measure 4) is projected to have no effect on the erosion state, presumably
because too little sediment deposits in (and is therefore dredged from) from the port of Emden.

The measure promoting deposition (measure 2: brushwood groynes along the marshes in the western
Dollard) increases the overall resilience to coastal erosion, specifically in the area where these NbS measured
are applied. The effect is most pronounced on the short-term. As mentioned before, the autonomous
development promotes expansion of salt marsh within the Dollard. Hence, on the mid- and long-term the
benefits of the brushwood groynes become less pronounced.
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Figure 6-8 Effect of measures on coastal erosion for different areas in the Ems estuary, organised per year and climate scenario.
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6.3.4. Water purification (WP) with NbS measures

The model predicts a strong rising turbidity trend, amplified by sea-level rise. A first glance at Figure 6-9
reveals that the magnitude of this process exceeds the capacity of all measures tested to regulate turbidity
on the scale of the estuary. Trends across all measures show an increase in turbidity by 2100. Without sea-
level rise (ssp000) the suspended sediment concentration within the Dollard is expected to increase by 25%,
in scenario ssp585 the sediment concentration could almost double according to the model in 2100.

The NbS measures, however, do influence turbidity. Particularly the extraction of sediment from Delfzijl
results in a decrease of suspended sediment between 10 and 20 km of the plotted transect in Figure 6-9 in
2030 compared to 2020. Similarly, the Groote Polder is a sufficient sediment sink in its initial years to prevent
an increase in sediment concentrations up to 12.5 km of the transect. The other NbS measures (brushwood
groynes in the western Dollard and extraction of sediment dredged at Emden) do not show a noticeable
effect on suspended sediment concentrations.
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Figure 6-9 Along-estuary average suspended sediment concentration without measures, and the relative change in
concentration due to each measure (AC) in 2030, 2050, and 2100 for three sea-level rise scenarios.
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6.3.5. Climate change regulation (CCR) with NbS measures

The amount of carbon sequestration is inversely linked to the coastal erosion indicators (Figure 6-10) as both
depend on bed level changes. However, the analysis of carbon sequestration is confined to the upper tidal
zone where effects appear to be more local. For example, both the new intertidal area (Groote Polder) and
the extraction of sediment at Delfzijl reduce carbon sequestration rates on the mid-term at the area “Delfzijl
& Marconi” but the effect tapers down towards 2100. Similarly, applying brushwood groynes in the western
Dollard enhances carbon sequestration on the short and mid-term across the Dollard, but only has a lasting
positive effect near the brushwood groynes. The only measure with long term effects is sediment extraction
at Delfzijl, resulting in a projected decrease in carbon sequestration within the Dollard of approximately 50

g/m?/year.
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Figure 6-10 Relative change in carbon accretion rates between simulations without and without NbS measure, for
2030, 2050, and 2100 with no sea-level rise (ssp000), mid-sea-level rise (ssp245) and high sea-level rise (ssp585).
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6.3.6. Reduction flood risk (RFR) by NbS measures
For brevity only the predicted flood risk reduction for 2100 during storm Herwart is discussed (shown in
Figure 6-11), because the changes on the long term are most pronounced.

In the absence of sea-level rise (storm) wave heights are projected to decrease up up to 25 cm during storm
Hewart as a result of autonomous morphological changes. These reductions result from the projected
expansion of the salt marsh and the infilling of the Bocht van Watum. With sea-level rise, a consistent trend
emerges across all scenarios. In general, the wave height is projected to increase most near Delfzijl, followed
by the marshes in the south of the Dollard. The wave height decreases near areas with substantial salt marsh
development (the eastern side of the Dollard and near the Bocht van Watum).

In addition to these general trends, several effects are uniquely tied to specific interventions. The new
channel connecting the Groote polder with the Ems greatly increases wave exposure locally. In contrast, the
brushwood groynes in the western Dollard contribute, as expected, to substantial reductions in wave heights
in the western Dollard.
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Figure 6-11 A) Change in wave height in 2100 compared to 2020 during storm Hewart at various sea-level rise scenarios and

B) Change in wave height due to implemented measures in each sea level rise scenario
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6.3.7. Changes in ecotopes with NbS measures

In general, the model predicts an overall steepening of the slopes within the Ems estuary, with expansion of
the marsh and infralittoral zone at the expense of the littoral zone, even without sea-level rise (Figure 6-12).
This trend of steepening becomes even more pronounced with sea-level rise. As expected, the Groote Polder
measure adds new marsh area. More interesting is the fact that the with the brushwood groynes a noticeable
expansion of marsh like in Groote Polder is projected. For the other measures (extraction at Delfzijl and
Emden) no noticeable difference was found between ecotope distribution with and without these measures.
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Figure 6-12 Changes in aggregated ecotopes per sea-level rise scenario and measure

6.4. Discussion

6.4.1. Limitations and uncertainties

The morphological Ems estuary model includes many relevant processes that shape the estuary (tides, waves,
vegetation), but is at the same time constrained by the long duration of the required predictions (preventing
the use of e.g. consolidation models or 3D hydrodynamics and restrict the model domain and numerical grid
cell size). An important limitation herein is the limited model domain. The boundary for the morphological
model is located near Eemshaven and assumes a constant sediment concentration of 150 mg/I. It was further
assumed that this concentration will not change within the modelled period. As a result, there is no limitation
to the amount of sediment that enters the model domain through this boundary. The computed sediment
import increased from roughly 1 Mton / year to 5 Mton / year by 2100 for a scenario with high sea-level rise
(ssp585). This amount is, most likely, (much) more than the Wadden Sea can provide. Around 15 million ton
is estimated to annually deposit in the entire Dutch — German — Danish Wadden Sea (Colina Alonso et al.,
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2024). It is unlikely that 1/3 of the total amount of available mud would deposit in the Ems Estuary. Even
more, as this study suggests that the trapping of mud increases with SLR, the amount of mud depositing on
the updrift tidal areas of the Dutch Wadden Sea may also increase. This could then lead to a reduction in fine
sediment availability. What our model does suggest, is that the up-estuary transport capacity of the model
will strongly increase as sea levels rise. Further study on the sediment fluxes in the Wadden Sea in
conjunction with the effects of sea-level rise is required to corroborate the findings in this study.

Another source of uncertainty are the processes linked to the erosion, consolidation, and suspension of
sediment within the Dollard. These processes determine how much sediment remains in the bed, and how
much is recirculated contributing to the turbidity. In this study, a 2-layer bed-fluff model was implemented
(Van Kessel et al., 2011), with the burial from weak fluff to the underlayer acting as both burial and a form of
consolidation. Scaling of the wave-induced bed shear stress acted as a correction factor for mass-erosion by
waves in deeper consolidated layers versus shallower surface erosion by tides. Ideally a more sophisticated
model should be used to capture the strengthening of the bed by consolidation, thereby fixating sediment in
the bottom, and resuspension by tides and waves. However, such algorithms (e.g. by Winterwerp et al.
(2018)) are computationally intensive for long-term morphodynamic simulations.

6.4.2. Projection of coastal hazards and ecosystem services

The simulated projections of ESS change allow to re-evaluate the hazards faced in the project area. Contrary
to expectations from earlier 1D-modelling studies (Kirwan et al., 2016; Marijnissen et al., 2020; Elschot et al.,
2023), this 2D model projects increasing seaward marsh expansion for scenarios with higher sea-level rise,
rather than degradation or eventual drowning in extreme sea-level rise scenarios. The reason for these
counter-intuitive results is a strong increase in turbidity and sediment availability with sea-level rise projected
by the model, to a degree that was not considered in earlier studies. The strong increase in sediment
availability for marshes in the Dollard arises from a combination of factors: 1) a projected increase in
sediment import arising from (a) the relative deepening of the main channels amplifying tides up to Delfzijl
as well as (b) an increased tidal prism of the Dollard, 2) an enhanced deposition of fine unconsolidated
material on the tidal flats and 3) a lowering of the flats relative to the mean sea-level resulting in more wave
exposure and resuspension of these accumulated fines. Consequently, hazards such as flooding and coastal
erosion are mitigated by the projected increase in deposition leading to increased marsh expansion with sea-
level rise. The downside is a continued trend of deteriorating water quality due to the increase in turbidity.
Previous studies have already found that the turbidity at present levels is limiting the primary production in
the waters of the estuary (Brinkman et al., 2014; Brinkman & Jacobs, 2023). Hence, turbidity may become an
even greater hazard in the future according to the model projections.

6.4.3. Effectiveness of NbS restoration measures

The model projects that the impact of the simulated NbS measures is limited compared to the autonomous
long-term trends, especially in scenarios with sea-level rise. The Dollard is projected to increase in turbidity
even without sea level rise, albeit at a slower rate than with sea-level rise. This result is in line with previous
studies suggesting the system is still adapting to past interventions such as the loss of intertidal flats and the
structural deepening of channels by dredging van (van Maren et al., 2016). The limited effectiveness of the
NbS tested in this study is therefore not necessarily related to the measures themselves but reflect the strong
autonomous morphological trends in the Dollard and Ems Estuary.

Despite the strong autonomous trends, some benefits from the simulated measures can still be observed.
The measure Groote polder, which creates new wetland by reconnecting a polder back to the sea, is the
measure with the most additional biotopes compared to the other simulations. Furthermore, it does reduce
turbidity slightly on the short- and midterm by a couple of percent compared to the situation without the
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measure. The limitation of the measure is that it does not prevent the increased import of sediment, nor
does it prevent sediment from being recirculated within the Dollard, which are the main drivers of the rising
turbidity within the model.

The brushwood groynes measure is highly effective facilitating marsh growth locally. From 2030 to 2050 the
area enclosed by the groynes has been converted to salt marsh, boosting local carbon sequestration and
reducing flood risk. However, the effect of the brushwood groynes on a large scale is relatively small and so
it has a only a limited effect on the long-term trends in the estuary.

The effect of extraction of sediment was found to be highly area specific. Extraction from Delfzijl is effective
in reducing turbidity compared to the autonomous trends, reducing turbidity by upwards of 25%. However,
extraction of sediment dredged near Emden was found to have no substantial effect of turbidity levels.
Presumably less sediment deposits in the harbour of Emden compared to Delfzijl and material currently
dumped outside of the harbour of Delfzijl has a high likelihood of being transported into the Dollard.

6.4.4. Implications for adaptation strategies

The results show ESS are highly dependent on the local context. Many studies on ESS from NbS are available
where different measures (e.g. salt marsh restoration) are quantified for their ecosystem services outside of
the context of drastic long-term morphological shifts, e.g. Barbier et al. (2011); Van Coppenolle et al. (2018);
Vuik et al. (2019). This is important to understand the mechanisms through which NbS measures provide ESS,
such as flood risk reduction. However, when also accounting for sea-level rise in morphologically dynamic
areas such as the Ems estuary, morphological adaptation needs to be included.

The predicted impact of restoration efforts is useful for developing adaptation strategies for areas where
morphological feedbacks are important. A major factor controlling turbidity in the model is the circulation of
mud depositing on the tidal flats during calm conditions, followed by erosion and channel deposition during
more energetic periods wave resuspension. Calm areas where prolonged deposition of this mobile sediment
may settle (e.g. the marshes) are only limitedly present in the Ems estuary. The adaptation measures
considered in this study aim at limiting the suspended sediment concentration through sediment extraction
from harbours or facilitating additional deposition. This study provides quantitative insights into the longevity
of such measures, with Groote polder and brushwood groynes obviously becoming less effective in time as
they fill up with sediments. As such trapping scenarios are effective on the short- and mid-term but require
maintenance on the long term. On the long term, the predicted effect of SLR is a substantial increase of SSC,
to the point that even with sediment extraction strategies the SSC may increase.

Our model results suggest the following adaptation strategies for the Ems Estuary. 1) The Dollard is allowed
to continue its natural trend of rising turbidity, infilling of the remaining calm areas, and salt marsh expansion
with additional ESS in flood risk reduction and carbon sequestration at the expense of water quality. Such a
strategy may be facilitated with brushwood groyne structures. Or, 2) the alternative would be to actively
create new calm areas such as Groote Polder on a larger scale than currently considered.

6.5. Conclusion

We have developed a model to compute the autonomous morphological trends in the Ems Estuary with and
without SLR, and with measures primarily mitigating the high SSC in the estuary. The model projects a
pronounced increase in the turbidity of the Ems estuary, and Dollard in particular, by the year 2100. This
increase results from sea-level rise due to an increasing tidal prism (and therefore sediment import), an
increased availability of readily erodible sediment on the flats, and increased exposure of the flats to waves.
Under these developments water quality may deteriorate. The salt marshes are, however, expected to
benefit from the rise in turbidity, expanding further into the Dollard with higher rates of sea-level rise. A
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weakness of the model herein is that it assumes a larger transport of mud from the Wadden than realistically
available. Therefore, the effect of SLR is that the up-estuary transport capacity will increase, but not
necessarily the actual turbidity (at least not in quantities predicted by the model).

The NbS measures prove useful on the short- to mid-term. Extraction of sediment from the harbour at Delfzijl
limits the increase in turbidity, the brushwood groynes locally enhance the development of salt marshes, and
Groote Polder becomes a new wetland. The predicted long-term effects are small relative to the predicted
autonomous trend, but this autonomous trend is probably flawed by overestimation of sediment availability.
Further study is required into especially the projected future availability of fine-grained sediments and impact
thereof on the effectiveness of restoration efforts.
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ABSTRACT: Coastal and marine ecosystems, such as the Venice Lagoon, face significant threats from
both anthropogenic and natural pressures, further intensified by climate change. While previous
modelling efforts, including SHYFEM for hydrodynamics, have examined erosion and flood risks and
the impact of saltmarsh restoration, the issue of hypoxia remains sparsely studied. Hypoxia, indicative
of adverse water quality, requires more precise predictions and projections to inform adaptation
strategies. This study introduces a hybrid Biogeochemical-Machine Learning (BGC-ML) model to
enhance the accuracy of future hypoxia predictions under the RCP8.5 scenario. Results indicate an
increase in hypoxia events from 3.5% in the reference period to 8.8% in the long term, with significant
rises expected during summer, projecting a 15.3% increase by 2050 and a doubling by 2100. The
hypoxia-prone season is also extending, with more occurrences in June and autumn. In response to
these increases, coastal habitat restoration may mitigate hypoxia through processes such as nutrient
loading reduction, eutrophication control, and oxygenation. Effective interventions include riparian
buffer zones, seagrass transplantation, and saltmarsh restoration. These measures, tested in the
Venice Lagoon, may influence water quality by nutrient retention, oxygen release, and restoring
natural gradients, thereby reducing hypoxia risk. Comprehensive adaptation strategies must therefore
explore synergies between various restoration measures, including NbS upscaling, to maximise
ecosystem service provisioning and cumulative risk reduction.

7.1. Introduction

About 60% of the global marine and coastal environments have been degraded or are unsustainably used
(Buonocore et al. 2021), this degradation can occur through numerous natural and anthropogenic processes
(Nichols et al. 2019). At the same time climate change is exacerbating climate extremes (e.g., floods, heat
waves, droughts), and is breaking long-standing records by large margins (Fisher et al., 2021). Coastal and
marine environments are on the frontline of climate change, sensitive to sea level rise, ocean acidification,
and rising temperatures, thus increasingly experiencing adverse impacts (Mallette et al., 2021). A variety of
modelling activities exploring these extremes have been implemented by the REST-COAST consortium, in
particular focusing on the risk reduction in relation to flooding and erosion during current and future
hydrodynamics and extreme wave conditions. Less widely known but equally impactful and dangerous are
extreme events that undermine water quality in water bodies such as marine heat waves, eutrophication,
and hypoxia (Gruber et al., 2021). Hypoxia, defined by low oxygen availability, is one of the most critical
phenomena in aquatic ecosystems, driven by both climate change and human activities through elevated
temperatures, increasing CO2 levels, heightened nutrient inputs, and shifts in marine species abundance and
distribution (Breitburg et al., 2018). Natural causes commonly attributed to hypoxia include diurnal
oscillations in algal respiration, seasonal flooding, and stratification. Nevertheless, the current seascape
reveals a heightened frequency and intensity of hypoxic events (Sampaio et al., 2021); this trend can be
traced back to diminishing oxygen concentrations since the mid-20th century due to climate change (Baxter,
2019) and is likely to be exacerbated in the future (Du et al., 2018). Dissolved oxygen (DO) is identified as a
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key indicator for assessing progress towards improved water quality in line with EU policy objectives such as
the Water Framework Directive and the Marine Strategy Framework Directive (EEA, 2024; Best et al., 2007);
and relates to the EU Mission Starfish 2030 goals to regenerate marine and coastal ecosystems (European
Commission, Directorate-General for Research and Innovation).

Transitional environments, such as the Venice Lagoon, are particularly at high risk of hypoxia due to their
delicate interface between land and sea. In the last years, the Lagoon has faced several hypoxic crises (Facca
et al.,, 2014; Sfriso & Facca, 2007; Brigolin et al., 2021) that often resulted in mass fish and benthic
invertebrate mortalities (Vaquer-Sunyer & Duarte, 2008). Furthermore, the increasing frequency of summer
heat waves and drought could lead to an increased occurrence and extent of hypoxic events (Brigolin et al.,
2021). Moreover, hypoxia can alter or interrupt ecosystem services like nutrient cycling and biodiversity
(Rabalais et al. 2010). Nutrient cycling is important to maintain because it can affect the rate of marine plant
and algal growth, which are critical to keep in balance (Diaz and Rosenberg 2008). This ecosystem service can
be affected through a positive feedback where low DO concentrations inhibit both nitrification,
denitrification, and phosphorus burial, which in turn promotes benthic recycling of N and P that stimulates
phytoplankton growth and thereby bottom water DO depletion (Zhang et al., 2010). Moreover, biodiversity
is essential to the existence and proper functioning of all ecosystems and provides a variety of ecosystem
services such as maintaining global temperatures, habitat for species, and food supply (NOAA 2007). These
ecosystem services are interconnected, with nutrient cycling and biodiversity jointly contributing to the
health of marine environments, supporting fisheries, carbon sequestration, and coastal protection, thereby
ensuring the resilience and sustainability of both natural and human systems.

Preventing the risk and recovery of coastal and marine ecosystems from hypoxia is possible (Caballero-
Alfonso et al., 2015), but since responses to hypoxia and their subsequent pathways to recovery are nonlinear
(Friedrich et al., 2014; Zhang et al., 2010) there is a need to understand the spatial and temporal variability
of hypoxia events in order to design local and regional adaptation pathways (Low et al, 2021). This is
particularly relevant given that some aspects of the current Venetian climate adaptation strategy for
protecting the Lagoon and the city from sea level rise in this area could exacerbate hypoxia events in the
future (Zanchettin et al., 2021). This in particular regards the construction of the Mo.S.E.r which through its
activation prevents the exchange of sea water with the lagoon at the inlets to avoid flooding. A side effect of
the activation is the interruption of the water circulation (i.e., prolonged residence time), which can influence
the water quality of the entire lagoon. In fact, as the barriers are expected to be continuously closed for long
tidal periods (multiple, and more days) due to sea level rise and extreme storms, very low DO concentrations
and other harmful effects are likely to occur more invasively (Umgiesser, 2020; Canu et al., 2001).

Extending those restorations already present and introducing nature-based solutions (NbS) to address
hypoxia is crucial, especially since future projections indicate an increase in hypoxic events, undermining the
ecological health, biodiversity, and the ecosystem services of the Venice Lagoon, while also enhancing its
resilience and capacity to adapt to changing climate conditions. At the same time, to avoid maladaptation,
there is the need to develop a reliable method able to disentangle emerging patterns from the complex
interactions between hypoxia events, water quality and climate drivers, and to predict their future patterns
in order to obtain robust hypoxia scenarios under future climate change conditions. Yet, most studies focus
on the evaluation of past hypoxia events and their consequences on the ecosystem (Brigolin et al., 2021;
Munari & Mistri, 2011; Solidoro et al., 2010). The few case studies that handle future scenarios of hypoxia in
coastal ecosystems have a common aspect which is the development of the scenarios using deterministic
models, such as physical models rather than biogeochemical or hydro-ecological (e.g. Lehrter et al., 2017;
Meier et al., 2021; Duvall et al., 2022). However, as a deterministic model, it has a limited capability to
capture the entire range of natural variability, reproducing fluctuations and extremes, especially when

1 Mo.S.E. = Modulo Sperimentale Elettromeccanico
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biological dynamics are involved (Kwiatkowski et al., 2020). Furthermore, the model's capability to reproduce
extreme events is reduced by the lack of high variability in the external forcings (i.e., rivers input), which is
filtered off by the (low) frequency of the forcing monitoring systems (Zennaro et al., 2023). For this reason,
in this methodology it was chosen to combine the deterministic model with the emerging Machine Learning
(ML) approach, including various algorithms as well as their ensemble versions. This decision leverages recent
advancements in ML, that has strong predictive capabilities and capitalises on the synergies between these
capabilities and the strengths of deterministic simulations. However, as with all extreme events, detecting
hypoxia in large datasets presents a significant challenge due to its infrequent occurrence.

The present work represents the first attempt to address hypoxia and climate change in the Venice Lagoon,
a transitional system particularly exposed and vulnerable due to its land-to-sea interface. Specifically, the
methodology attempts to improve the evaluation of hypoxia events in the Venice Lagoon over ten years
(2008-2019) and the prediction of potential changes in the mid (2050) and far (2100) future, considering RCP
8.5 scenario (Intergovernmental Panel on Climate Change, 2014). Through this approach, this deliverable will
bring together risk predictions and projections to estimate the spatial risk evolution of water quality through
hypoxia occurrence, while at the same time considering the relation of various restoration interventions from
the Venetian restoration portfolio with the processes influencing the occurrence of hypoxia in the future.

7.2. Data & Methods for the assessment of water quality through hypoxia

Past modelling inquiries within REST-COAST have focused on the evolution and future potential of erosion
and flood risk for the Venice lagoon both with and without restoration interventions, however, water quality
as ecosystem service has not been explored thoroughly. Considering hypoxia a negative expression of water
quality, driven by biological, physical, and meteorological processes, the indicators affecting this process are
remarkably similar to those used to evaluate the water quality purification service including nutrient
availability, dissolved oxygen, and turbidity (STAP, 2011). Through the development of a coupled BGC-ML
model, this work evaluates the water quality purification service of the Venice Lagoon, considering hypoxia
in particular in the present and future as a proxy for water quality. The modelling framework presented in
this deliverable proposes to create future risk profiles including the estimated impacts, and map hypoxia risk

Multiple ML-BGC&Climate model
for extreme hypoxia events scenarios

T T T T T —— 1

irst phase

| |
: Historical A8 I
ML models ~E I
[ g
|| wo, _ RF, AdaBoost, LR, || _
| MEI§P’EO|OgIC6L | Weighted SVM, XG || |Second phase ]I
|| Spatio-temporal Boost and MLP, |1 Climate ch |
|| data Staked Ensemble 11 Imate change |
| |1 RCP 8.5 |
S J_ 11 Scenarios [
! { |
I |
A I, | '
Historical | ML models /2050 2100
Dat : i (. )
[_|__|_ ata _ Hypoxia . ’1[ selection BGC and | Firyesds
|| Methodological phases events | Climate I events
[ ) Models classification [ projections : predictions
Results l data |
\ = a

Figure 7-1 Overall methodology behind hypoxia extreme events analysis and predictions, including various machine learning

(ML) algorithms?:

1 RF = random forest, LR = linear regression, SVM = support vector machine, MLP = multilayer perceptron, BGC =

Biogeochemical-.

101



https://bg.copernicus.org/articles/17/3439/2020/
https://ui.adsabs.harvard.edu/abs/2023EGUGA..25.8409Z/abstract
https://drs.nio.res.in/drs/bitstream/handle/2264/3996/Hypoxia_Nutrient_Reduct_Coast_Zone.pdf?sequence=1&isAllowed=y

D2.3 Portfolio of restoration interventions | 7. Matching restoration interventions with NbS upscaling for
climate adaptation in the Venice lagoon based on hypoxia risk under present and future climate scenarios

hotspots, and support adaptation and restoration actions by evaluating the role of interventions included in
the Venetian restoration portfolio such as riparian buffers, seagrass transplantation, and saltmarsh
restoration to reduce the occurrence and intensity of future hypoxia. This research involves the ML models
fine-tuning using a suite of biogeochemical and meteorological response variables to classify extreme
hypoxia events, and follows two consecutive phases (Figure 7-1), subsequently described in section 7.2.1 and
7.2.2.

7.2.1. Defining the Case Study: The Venice Lagoon, feature selection and climate projections

Venice Lagoon, the largest transitional environment of the Mediterranean sea covering ~550 km?, is located
in the northern part of the Adriatic Sea (Figure 7-2) and is characterised by a tide dominated hydro-dynamic
regime. The tidal sea-water exchange through the three inlets (Lido, Malamocco, and Chioggia) is
approximately 1.46 x 10° m3 at each tidal cycle (12 hours), which is more than half of the entire water loading,
although the water renewal in the inner areas may take ca. 10-20 days (Sfriso et al., 2009). As a result of
hydrodynamic and morphological heterogeneity, accompanied by differences in the proximity of water
bodies to anthropogenic pressures, there is high spatial variability in the water quality (water quality) of the
Lagoon, e.g., salinity gradients (Solidoro et al., 2004), concentration of nutrients and Chl-a (Berti et al., 2022;
Facca, et al., 2014; Micheletti et al., 2011; Solidoro et al., 2004). In addition to the intensive anthropogenic
activities in and around the Lagoon, the prevalence of several climate-related pressures, including variations
in precipitation and consequent river flooding (e.g. Pesce et al., 2018), variations in wind regimes (Solidoro
et al., 2010), storm events (Lionello et al., 2021), as well as drought in the Mediterranean region (Tramblay
et al., 2020) may alter the hydro-morphodynamic processes that determine the water quality and ecological
status of the lagoon. In particular, they can affect the release, transport and redistribution of nutrients and/or
pollutants, and alter water quality parameters such as temperature, salinity, turbidity, pH, and DO, with
consequent effects on primary productivity and higher trophic levels.
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Figure 7-2 Map showing the 10 sarhpling probes sites investigated (red dots) within the Venice Lagoon case study and the 4
meteorological stations (orange triangles).
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Features selections and historical data for ML development

The choice of the input variables for the ML models are connected to the processes driving hypoxia,
description included in Appendix B-l, and accordingly related variables were selected (Table 7-1). The dataset
comprises variables from two sources: 1) water quality data from the ten SAMANET stations located at a
depth of 1 m managed by Provveditorato for the Public Works of Veneto, Trentino Alto Adige, and Friuli
Venezia Giulia (hereafter Provv.00.PP.); 2) Meteorological data from four stations located across the Venice
Lagoon, provided by the Regional Agency for Environmental Prevention and Protection of Veneto (ARPAV).
Since the spatial distribution of meteorological stations does not match all ten water quality stations (refer
to Figure 2), they have been interpolated using the Inverse Distance Weighting (IDW) method. All the features
are aligned as a daily mean, except precipitation, which is presented as daily cumulative precipitation. As the
occurrence of hypoxic events is not an instantaneous process, the indicators representing cumulatively the
previous three days are calculated from daily variables. Particularly since hypoxia events at a given time may
be partially defined by environmental conditions in previous time periods (Lee et al., 2013); as such the
concept of time lag has been previously adopted in ML modelling for predicting DO (Politikos et al., 2021;
Khani and Rajaee, 2017). Accordingly, within the present methodology both the daily variables and their
three-day cumulative indicator for each variable are taken into account, and the more influencing ones are
chosen.

Table 7-1 Variables used as input in the ML models and general statistics of the historical period (2008-2009).

2008 - 2019
Variables Type Temporal resolution Source Range Mean
DO (mmol/m?3) water quality daily mean, 3 days SAMANET 0.00-671.95 263.30

cumulative
water temperature water quality daily mean, 3 days SAMANET -1.55-32.24 16.66
(°C) cumulative

salinity (PSU) water quality daily mean, 3 days SAMANET 1.85-37.62 29.25
cumulative

Chl-a (ug/L) water quality daily mean, 3 days SAMANET 0.02 - 60.93 2.43
cumulative

precipitation (mm) Climate daily mean, 3 days ARPAV 0.00 - 159.82 2.27
cumulative

solar radiation Climate daily mean, 3 days ARPAV 0.00-823.34 160.22

(W/m3) cumulative

relative humidity (%)  Climate daily mean, 3 days ARPAV 12.79-100.00 77.58
cumulative

Future water quality and climate projections derrived from deterministic models

The development of climate change scenarios is based on projections from two models: the SHYFEM-BFM
for water quality variables and the COSMO-CLM for meteorological variables respectively (Table 7-2; model
details included in Appendix B-Il). Both these two deterministic models are forced with the RCP 8.5 and
provide, as output, the projections until the far future (2100). In this study, all future projections are
incorporated into the ML model as values derived from the BGC and climate models, with the exception of
DO due to a bias between model and observation in the historical data. Specifically, the DO min-max range
of the 2019 baseline extends from 190.86 to 342.01 mmol/m3. In contrast, the DO min-max range of the
historical data spans from 0.00 to 671.95 mmol/m3 (see Table 7-1 and Table 7-2). This disparity has
necessitated the recalculation of the DO variable to ensure its alignment with historical trends (Appendix B-

).
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Table 7-2 BGC and climate projections obtained from the deterministic models.*Rescaled DO future projections aligned
with historical values.

2019 2050 2100
Variables Source Range Mean Range Mean Range Mean
DO (m mol/m3) SHYFEM-BFM 190.86 —342.01 258.02 182.33-556.48 265.20 168.71-511.97 243.37
*60.29 —452.32 *246.90 *49.69-410.63 *222.03

water temperature (°C) SHYFEM-BFM 2.38-32.88 16.83 4.06-34.01 19.65 8.83-38.98 22.69
salinity (PSU) SHYFEM-BFM 21.38-36.71 31.38 24.86-37.27 32.85 25.49 -38.47 33.64
Chl-a (pg/L) SHYFEM-BFM  0.30-6.93 1.41  0.09-13.27 1.20 0.05-7.43 1.00
precipitation (mm) COSMO-CLM 0.00-40.30 0.97 0.00-35.42 0.91 0.00—-27.84 1.11
solar radiation (W/m3) COSMO-CLM 2.28—-294.30 132.11 2.16-294.71 132.19 1.78 -290.03 133.46
relative humidity (%) COSMO-CLM 34.72-97.27 72,59 35.13-94.78 72.17 23.69-96.67 68.42

7.2.2. Methodology: ML for modelling hypoxia in the Venice Lagoon

Past deliverables described the deterministic modelling of the risk evolution in relation to the ecosystem
services reduction of flood and erosion risk, while this deliverable works to complement the past knowledge
by considering water quality purification. This expansion of work was deemed necessary in order to inform
future upscaling, since it is necessary to better understand the relation between climate change and hypoxia,
as well as the processes underlying the occurrence of hypoxia so that adaptation can be designed to address
the root issues. This section provides the basis for the modelling of hypoxia through the delineation of
hypoxia extreme events, the ML methodology, and the scenario development.

Defining hypoxia events and threshold

Hypoxia is defined in terms of measurable consequences reflected in the ecosystem, such as the oxygen
concentration at which fisheries collapse (Renaud, 1986) or a particular biological function is impaired (Diaz
and Rosenberg, 1995). Regarding the threshold chosen in this methodology, it is important to consider that
hypoxia thresholds proposed in the literature range from 2 mg0O2/I (Diaz and Rosenberg, 2008) to 4 mg02/I
(Paerletal., 2006). 2 mg0O2/I refers to the oxygen level for fisheries mortality, but there is ample experimental
evidence that 2 mgO2/l may be insufficient to describe the onset of hypoxia for many organisms that
experience hypoxic effects at higher oxygen concentrations, i.e. up to 4 mg02/I (Pezner et al., 2023; Tellier
et al., 2022; Vaquer-Sunyer & Duarte, 2008). Accordingly, 4 mg02/I is the selected threshold within this
methodology, as more representative of the ecosystem depletion. Moreover, consideration of event
duration is extremely relevant in the case study because as defined by Tellier et al. (2022) diel hypoxia is a
natural phenomenon that can develop in highly productive, shallow, aquatic habitats, such the Venice Lagoon
is, during the warmer months. Hypoxia events are here specifically defined as the occurrence wherein the
DO concentration remains below the established limit of 125 mmol/m3 (equivalent to 4 mg02/I) (Paerl et al.,
2006; Politikos et al., 2021) for a duration of at least 8 hours within a single day even if not continuous (e.g.
DO < 125 mmol/m3 from 00:00 to 05:00 am and from 08:00 am to 11:00 am of a given day). Furthermore, in
order to account for situations where data are missing for specific days, a proportion equivalent to 8/24, i.e.
the 33.3%, of the total hours in which the DO concentrations stay within the predefined threshold level is
taken into consideration. This approach aims to compensate for data gaps, without having to remove days
with missing data from the dataset, thus avoiding its reduction. This systematic approach ensures consistent
identification and accurate characterization of hypoxia events, even in scenarios with incomplete data
coverage.

ML models and skill metrics

ML models are well suited to problems with various interactions between inputs and outputs being able to
disentangle complex non-linear relationships between variables. The choice of the present methodology is
related to the considerations of the available water quality and meteorological datasets; characterised by
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high complexity and non-linear distribution and by a short available time frame, i.e. 2008-2019 (historical)
and 2050, 2100 (future). Due to their Al-power, ML models can be an ideal tool for classifying hypoxia events,
but since extreme events are characterised by an unbalanced dataset this method can face some issues. The
unbalanced dataset is a special case of the classification problem, where the distribution between classes is
uneven and it is difficult to classify the data accurately (Zhou et al., 2023). This implies that when a dataset
is biased towards one class, an algorithm trained on the same data will be biased towards the same class.
The outcome could be a scenario where the model assumes that all the data belongs to the majority class.
As a result, the model will appear naive in its predictions, regardless of the high accuracy it achieves.
Accordingly with the complexity of hypoxia events unbalanced dataset ¢3:100 ratio), an ensemble-based
strategy is used to ensure the robustness of the analyses. Among all the response variables involved
(comprehensive of daily mean and time-lagged indicators), the most influential indicators are selected
through ML future importance, by applying permutation importance and the Gini index. According to the
feature importance procedure, the final set of response variables comprehend: daily DO, water temperature,
and precipitation, and 3 cumulative days Chl-a, salinity, solar radiation and humidity.

The MLs task involves the binary classification of the hypoxia event (class 0) versus the normal condition
(class 1) of each day of the historical period. The multiple approach combines the performance and results
of many classifiers to improve the performance of a single classifier and try to achieve the highest possible
prediction accuracy in the final model. The multiple ML modelling is intended here in the training of six
separate well-known ML models: Random Forest (RF) (Liaw and Wiener, 2002), AdaBoost (Freund & Schapire,
1997), Linear Regression (LR) (Bisong 2019), Weighted Support Vector Machine (SVM), XG Boost (Chen &
Guestrin, 2016) and Multi-Layer Perceptron (MLP) (Ahmed et al., 2019). In addition the Staking ensemble
technique is used to test whether multiple learning methods are more effective than a single one. Each
proposed algorithm is fine-tuned in the present methodology using the most suited settings to weight the
classes (e.g. class_weight). In contrast to single algorithms, the design of the Staking ensemble is more
complex. Stacking is an ensemble learning technique to combine multiple classification models via a meta-
classifier.

All the presented algorithms are validated with the cross-validation technique, necessary to assess models'
performance and generalizability (Pedregosa et al., 2011). Finally, to evaluate the predictive performance of
the multiple ML algorithms on the testing set, accuracy and ROC-AUC metrics are reported. Accuracy, the
ratio of correctly predicted instances to the total instances, is easy to interpret but can be misleading with
unbalanced datasets. In such cases, ROC-AUC is a better alternative, quantifying the model's ability to
discriminate between classes at different thresholds. Precision, recall, and F1 score are also calculated for a
detailed performance assessment. Confusion matrices provide insights into true positives, false positives,
true negatives, and false negatives. Additionally, sensitivity analysis, specifically using the Morris method, is
performed to understand the influence of input variations on model predictions, ensuring robustness and
precision in the results.

Future climate change scenarios design

After selecting the suit of ML models that best perform on the test sets, the ML-BGC&Climate model is
implemented. This process implies integrating in the ML models the reference (20° percentile of the historical
period 2008-2019) data and future (2050 and 2100) BGC and climate projections. As presented in the dataset
section, the projections are estimated by SHYFEM-BFM model for water temperature, DO, Chl-a, salinity, and
by COSMO-CLM for solar radiation, humidity, and precipitation variables. The results consist of daily hypoxia
event predictions and relative model uncertainty for the years 2050 and 2100, as well as for the reference
period. In order to present as robust scenarios as possible, the calculation of the number of hypoxia events
is based on the average values obtained from the results of the multiple ML model selection (i.e. the average
of the Adaboost, RF and Staked ensemble predictions). Furthermore, estimated variability of the possible
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min-max prediction of the whole range of selected models is given to express the uncertainty. An in-depth
seasonal analysis (i.e. winter, spring, summer and autumn) is also carried out with a focus on summer (i.e.
June, July and August) temporal variability. Furthermore, a station-based analysis is undertaken, accounting
for the geographical locations of monitoring stations (Figure 7-1), thereby incorporating the spatial
dimension.

7.3. Results

Through the ML model it is possible to establish a risk profile for the Venice Lagoon, displaying the evolution
of hypoxia events both in space and time, thereby elaborating the historical and future risk influencing the
decisions surrounding NbS upscaling of interventions in the Venetian restoration portfolio.

7.3.1. Historical hypoxia events

Hypoxic conditions can frequently occur in lagoon areas subject to reduced water exchange, in the warmer
season, and mainly at night, especially in the layers close to the sediment (Diaz et al., 2008). Here, an in-
depth analysis of historical hypoxia events in the Venice Lagoon for the period 2008 - 2019 is provided to
understand whether past events were natural conditions (diel hypoxia) or dangerous extreme events.
Looking at the events given the threshold defined in Section 7.2.2, it is evidenced that only 16% of hypoxia
events ended before 10:00 am while the remaining 84% continued during the daytime. These results indicate
that the great majority of events are not natural temporary hypoxia but effectively dangerous events.
Considering spatial variability, the stations in which more events occurred (1, 5, 7 and 10) are the landward
stations where the residence time of the water is higher (Cucco & Umgiesser, 2006). A further explanatory
analysis of hypoxia events characteristics shows that, when looking at the DO daily mean, a significant
proportion, 40%, of the recorded events remain within the established threshold of 125 mmol/m? (Figure

DO Daily Mean Hypoxia Events Duration
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DO mean >= 125 mmol/m3 m Event Duration >=12 h

a DO mean < 125 mmol/m3 b Event duration <12 h

DO daily mean vs Duration

Event duration (hours)

c DO daily mean (mmol/m3)

Figure 7-3 General statistics of historical monitored (2008-2019) hypoxia events across the ten Venice Lagoon stations. a)
Percentage of DO daily mean below or above the 125 mmol/m3. b) Percentage of hypoxia events with a duration of less than
or more than 12 hours. c) Relation between the DO daily mean and the duration of the hypoxia event expressed in hours.
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7-3a). This emphasises that there is a high frequency of events that are either more intense, e.g. with very
low hourly DO peaks, or that have a duration of more than 8 hours. Then, looking at the duration of the
events (Figure 7-3b) it is noteworthy that a substantial portion, 45%, of the investigated events display
durations that extend beyond 12 hours in a day. This prolonged temporal extent of events highlights the
persistence of hypoxic conditions below the 125 mmol/m?3 threshold for a time span that can threaten the
wellness and survival of sessile organisms, unable to move toward better-oxygenated water. Finally, the
duration of the events compared with the daily DO mean values (Figure 7-3c) shows that the longer the
events, the lower the DO mean is. When the event lasts more than 16 hours, the daily average is always
below 125 mmol/m3.

7.3.2. ML models performances

The binary classification of hypoxia events or normal conditions are performed by six separate ML models,
i.e., RF, AdaBoost, LR, Weighted SVM, XG Boost, and MLP, and a Staking ensemble model. The models are
trained, validated and tested with daily water quality and meteorological data monitored in the Venice
Lagoon during the period 2008-2019. Their accuracy, ROC-AUC score, precision, recall, and F1 score metrics
calculated on the two classes, are presented in Appendix B-Ill. The results indicate that RF, AdaBoost, MLP,
and the Stacking ensemble models achieve the highest accuracy (0.99). Among them, RF, AdaBoost, and the
Stacking ensemble also demonstrate the highest F1 score for class 0 (i.e. hypoxia event occurrence), while
MLP exhibit a lower F1 score for this class, as indicated by its very high precision (0.94) but lower recall (0.61),
suggesting that it may miss various positive cases. When comparing the AUC-ROC scores, Weighted SVM and
XG Boost score the highest. Nevertheless, their precision and accuracy scores in class 0 are weak (e.g., 0.34
and 0.67 for precision, respectively), indicating that these algorithms are not suitable for describing this
particular problem of an unbalanced dataset (more detailed results are reported in Appendix Blll).

7.3.3. Future hypoxia events

The hypoxia events under the RCP 8.5 climate change scenario are determined by averaging the simulated
events generated by each selected ML model using projections of water quality and climate variables from
deterministic models as input data. Results show a notable upward trend in the annual frequency of hypoxia
events over time (Figure 7-4a), with the days affected by hypoxia increasing from 3.5% of the reference
period (20° percentile of the 2008-2019 timeframe) to 4.1% in the mid-future and 8.8% in the far future,
which corresponds to a relative increase with respect to the reference period of +1.7% and +4.3% for the
mid- and far- future respectively. However, a notable increase in inter-model variability also occurs, causing
a rise in uncertainty to 29 days in the mid-future and 67 days in the far future.

The seasonal analysis (Figure 7-4b) confirms the prevalence of hypoxia events in summer, which is in line
with the natural processes associated with such events. However, a smaller proportion of events also occur
during the autumn season. For both seasons, an increasing trend of events is predicted for 2050 and 2100
compared to the reference period. In summer, the model predicts 136 hypoxia events in 2050 and 265 in
2100, compared to 118 events observed in the reference period (indicating an average increase of 15.3%
between the reference scenario and the mid-future, followed by a further increase of 94.9% from mid to the
far-future). In autumn, 15 events are projected in 2050 and 27 in 2100, an increase of more than two and
four times compared to the 6 events in the reference period. Notably, no events are predicted for winter,
even in the far future. However, the model predicts a small number of events (4) during spring in 2100,
indicating a possible seasonal anticipation of hypoxic events.

Focusing on summertime only, Figure 7-4c shows that in the reference period, the months with the highest
estimated number of hypoxia events are July and August, with 50 events in each month. In future simulations,
there is a notable increase in occurrences, particularly in July (71 events in the mid future and 110 in the far
future), while August experiences a more moderate increase, remaining nearly unchanged in the mid future
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Figure 7-4 Temporal dimension of hypoxia scenarios designed by the ML-BGC&Climate model, across the reference period
and the mid and far future in the ten Venice Lagoon stations. a) Pie charts indicating the count and the relative percentage of
hypoxia events over the entire period. B) Bar plots indicating the number of hypoxia events estimated in each season. c) Bar
plots indicating the number of hypoxia events estimated in each summer month. The error bars represent the predictions
variability given by the whole range of the selected models.

(53 events) and rising to 94 events in the far future. Conversely, estimates for June show a different trend,
with a decrease in events occurring in the mid future (from 15 in the reference period to 11) and a significant
rise in the far future (61 events). Accordingly, the hypoxia event period in the far future is expected to expand
from the historical two-month period to a three-month duration, and to become a larger challenge for
aquatic life.

The maps in Figure 7-5 depict a comparison of hypoxia event percentages across the ten Venice Lagoon
stations during the three analysed periods: the reference, 2050, and 2100. Notably, stations 1, 5, and 7,
located landward, i.e. the area with the longest water residence time (Cucco & Umgiesser, 2006), consistently
exhibit the highest number of hypoxia events in all the three scenarios (Figure 7-5a,b,c) and the largest
increase in the number of hypoxia events over the far future. Specifically, as illustrated in Figure 7-5d, the
number of events rises from 29 in the reference period to 55 in the far future at station 1, 50 to 78 at station
5, and from 32 to 69 at station 7. Looking at stations 8, 9, and 10, where hypoxic events are rare or
nonexistent during the reference period, there is a noticeable increase in events, with a discernible upward
trend extending from the mid to the far future. The slow circulation of water at the landward stations coupled
with the changes in biogeochemical and meteorological conditions (e.g. in the present study, maximum
water temperatures increase from a historical value of 32°C to 39°C by 2100, see Table 7-1 and Table 7-2),
mean that these areas of the Venice Lagoon are expected to be at risk of frequent extreme hypoxia. Stations
2 and 4 similarly display an increasing trend, although the overall number of events at these stations remains
relatively low (maximum of 14 events) even by 2100. Lastly, stations 3 and 6, situated seaward, closest to the
Malamocco inlet and channel (the largest channel of the Lagoon with a depth of 14 metres (Ghezzo et al.,,
2010)), remain in a well-oxygenated state, with no hypoxic events expected for the mid and far future.
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Figure 7-5 Spatial dimension of hypoxia scenarios designed by the ML-BGC&Climate model. Pie charts visualizing the a)
reference, b) mid future and c) far future scenarios across the ten Venice Lagoon stations. d) Bar plots indicating the number
of hypoxia events across the reference period and the mid and far future in the ten Venice Lagoon stations. The error bars
represent the predictions variability given by the whole range of the selected models.

The uncertainty bars in Figure 7-5d, depicting variability in predictions among the selected ML models,
emphasise stations 1,9, and 10 as particularly susceptible to high variability. These bars illustrate a wide min-
max range of potential hypoxia events. For instance, at station 1, events in 2100 could vary from as high as
90 to as low as 36. Despite these ML model-related fluctuations, all the results suggest that the Venice Lagoon
will be more prone to hypoxic events in the mid and especially in the far future, under climatic conditions
induced by the RCP8.5 scenario. Among all the environmental changes considered in climate projections, the
temperature is undoubtedly a key factor driving these changes. Indeed, increasing temperatures contribute
to a reduction in the solubility of oxygen in seawater (Garcia and Gordon, 1992) and stimulate the metabolic
activity of aquatic organisms (Hsieh et al., 2021) leading to heightened oxygen biological demand (Sokolova
and Lannig, 2008).

The estimation of an increased risk of hypoxia can also be aggravated by other factors not included in this
methodology: firstly, it is likely that some areas of the Venice Lagoon could experience hypoxia events in a
more massive way in the deeper waters immediately above the sediments. It should be considered that
shallow coastal lagoons often exhibit a significant decrease in oxygen concentration with depth (Brigolin et
al.,, 2021; Hsieh et al., 2021), coupled with intense dynamics of the daily cycle of oxygen concentration.
Moreover, higher sea surface temperatures also lead to density stratification, which can greatly reduce
vertical mixing and thus restricts the transport of oxygen to deeper layers (Howarth et al., 2011). Secondly,
it's plausible that the Mo.S.E. could potentially heighten the risk of hypoxia by impeding the exchange of
seawater with the Lagoon. With the projected sea level rise in the mid and far future, the Mo.S.E. barriers
might be activated for more extended periods (for example, 4 or 5 consecutive days), leading to a disruption
of seawater inflow. However, more targeted studies are necessary to examine these aspects in detail,
particularly since the Mo.S.E. system has only been operational since 2020 and the available data are not
enough for robust analysis. Thirdly, it is possible that future scenarios of land use change, urbanisation, and
population growth could also negatively affect the occurrence of hypoxia events. Indeed, in a business-as-
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usual scenario, high levels of nutrients discharged into the lagoon during both dry and wet periods can trigger
microbial growth. During dry periods, phytoplankton can produce large amounts of particulate organic
carbon and consume nutrients and oxygen in the water column. Oxygen depletion is more pronounced
during wet periods, when heavy rainfall, which brings turbid water with high concentrations of nitrogenous
nutrients, can stimulate phytoplankton growth, and increase the discharge of particulate organic carbon and
dissolved organic carbon into the lagoon. Indeed, negative correlations between DO and dissolved organic
carbon and DO and particulate organic carbon can be observed in both seasons, suggesting that
heterotrophic bacteria may largely use dissolved oxygen in the water column (Hsieh et al., 2021).

7.4. Discussion

Having understood the risk prediction and risk projection of coastal erosion and flood risk in the Venice
Lagoon, as well as the influence of pilot scale saltmarsh restoration on these particular ecosystem services in
past deliverables (most notably D2.1. and D2.2.), this deliverable has aimed to widen the scope to include
the water quality purification service. The need to develop new tools and models to biogeochemical
dynamics and ecosystem behaviour will improve the confidence in remediation strategies for coastal hypoxia
(Friedrich et al., 2014). The present work introduces a first step towards the exploration of sequenced
restoration and adaptation measures for the Venice Lagoon, highlighting in particular the risks associated
with water quality through the projections for hypoxia occurrence. In particular, it details the spatial and
temporal variability of hypoxia in the Venice lagoon and in the following sections the implications (section
7.4.1), and possible guidance for local adaptation (section 7.4.2).

7.4.1. Hypoxia risk scenario evaluations and implications for the future

Considering the vulnerability of the Venice Lagoon to both natural and anthropogenic pressures, this work
delved deeper into the evaluation of water quality considering in particular the risk of hypoxia. Uncovering
the physical and biogeochemical processes at work to drive the occurrence of hypoxia is a necessary step to
abate its negative effects (Dai et al., 2023). Through the hybrid BGC-ML model it is possible to advance the
accuracy of future predictions, which in turn can help design mitigation and adaptation actions such as
restoration to inform transformative pathways for the Venice Lagoon (Zennaro et al., 2023). The hybrid
model envisages more frequent and longer-lasting hypoxia periods in the RCP8.5 scenario. In particular, the
annual frequency of hypoxia events shows a significant upward trend over time. The events will
predominantly occur in summer, consistent with natural processes, but also some events are expected in
autumn in the future. July and August currently see the most hypoxia events, with future projections
indicating substantial increases, particularly in July. Concerning June, it is expected to see a significant rise in
the far future, so, the hypoxia event period is expected to extend from two months to three months, posing
a greater risk for aquatic life.

Spatially, areas located landward, with the longest water residence time, show the highest number of hypoxia
events and the largest increases over time. This can partially be attributed to the slow water circulation and
the temperature, which is projected to increase from 32°C in the historical period to 39°Cin 2100. Moreover,
in the future there are some emerging hypoxias in previously unaffected areas: Stations 8, 9, and 10 (located
at the landward boundaries of the lagoon), which had few or no hypoxic events during the reference period,
are projected to see a noticeable increase in events by 2100. On the contrary, there are some persistently
well-oxygenated areas, the ones located seaward near the Malamocco inlet and channel, that are expected
to remain well-oxygenated with no hypoxic events in the mid and far future. It should be noted that hypoxia
is not only coupled to the physical and biogeochemical processes, but is also intimately related to human
activities (Dai et al., 2023). Which is supported by the fact that the pattern for hypoxia has also been observed
for other water quality variables in the historical timeframe (e.g., Solidoro et al., 2004, Berti et al., 2022;
Facca, et al., 2014; Micheletti et al., 2011; Solidoro et al., 2004). Facca, et al. (2014) observed a clear gradient
in total nitrogen between the northern and southern Lagoon, with decreasing concentrations seaward and
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higher concentrations of total phosphorus, total carbon, and inorganic carbon in the central basin. Similarly,
Solidoro et al. (2004) reported high nutrient and Chl-a concentrations in the central Lagoon, with less bloom
in areas with greater sea influence. In general, higher concentrations of nutrients and other contaminants
are found in areas close to urban canals (e.g. Venice city centre), industrial canals affected by effluents,
confined areas with limited hydrodynamics (longer residence time) and landward areas affected by tributary
discharges, fish farm outfalls and runoff from the mainland (e.g. Berti et al., 2022). As the landward areas of
the Lagoon receive most of the inputs from the catchment, higher concentrations of pollutants exceeding
the environmental quality standards (DM 23/04/1998, DM 367/2003) were also found there by Micheletti et
al. (2011).

These evaluations run counter to the goals outlined in for instance the EU reference Mission, particularly the
Starfish 2030 initiative titled 'Restore our Ocean and Waters Report of the Mission Board — Healthy Oceans,
Seas, Coastal and Inland Waters'. More specifically, these estimations depict a scenario for the Venice Lagoon
that departs from one of the main goals of Starfish 2030: to attain zero pollution of our oceans and waters
by 2030, which entails, among others, cutting down hypoxia by at least 50%. Moreover, hypoxia causes a
deterioration of a variety of characteristics important to the sustainability of marine and coastal ecosystems
(zhang et al.,, 2010), including an inference with biogeochemical processes. Since the generation of
ecosystem services depends on the physical, chemical, and biological processes that underpin ecosystem
functioning and maintain ecosystem structures (Buonocore et al. 2021) a decrease in those can be expected.
Ecosystem responses to hypoxia and pathways of recovery from hypoxia are typically nonlinear (Caballero-
Alfonso et al., 2015; Friedrich et al., 2014). However, recovery is possible through a combination of measures
tackling the drivers of hypoxia including nutrient loading, oxygen availability and eutrophication.

7.4.2. Portfolio of restoration activities for water quality purification and upscaling potential

Adaptation strategies now focus on nature-based solutions (NbS), such as preserving or restoring ecosystems
like marshes and seagrass beds, which offer crucial coastal protection (Rivadeneyra et al 2024). Introducing
and expanding already present NbS in the Venice Lagoon to address hypoxia is crucial, especially since future
projections indicate an increase in hypoxic events, undermining the ecological health, biodiversity, and the
ecosystem services, while also enhancing its resilience and capacity to adapt to changing climate conditions.
The most commonly used assumption in developing management strategies for hypoxia in estuarine and
semi-enclosed seas has been that decreasing nutrient loads will lead to reduced eutrophication and as such
reduce or eliminate hypoxia (STAP, 2011). By leveraging the natural processes and functions of ecosystems,
such as nutrient filtration and uptake, sediment trapping and water clarity improvement, and enhancement
of oxygen levels, NbS can provide sustainable and cost-effective ways to improve water quality and address
hypoxia. A variety of NbS can be identified, already implemented in the Venice Lagoon by the PROVVV.0O0.PP.
and other stakeholders, that have the possibility to influence water quality, through DO and nutrients,
including: i) riparian buffer zones; ii) seagrass and phragmites transplantation; iii) saltmarsh restoration
and/or creation; and iv) restore hydrology; and might be expanded to address future hypoxia risk by affecting
the processes determining their occurrence.

Riparian buffer along the banks of aquatic systems/rivers to reduce nutrient loading

The most important indicator for stress reduction is the annual load entering the system via riverine inputs
(STAP, 2011). Ecosystems can provide a purification service by retaining or degrading pollutants before they
enter the system. The ability of riparian buffers in retaining nitrogen has been studied since the early 80s,
and depends primarily on the conditions conducive to high denitrification rates as well as the maintenance
of a stable vegetation structure (Gumiero et al., 2009). Appropriately managed riparian areas offer multiple
functions related to improving water quality, biodiversity, and climate adaptation (Stutter et al., 2019). Plants
in these zones can uptake nutrients, but also provide other ecosystem services such as stabilisation of the
soil, reducing erosion and sedimentation. Implementing riparian buffer strips along rivers and streams that
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feed into the lagoon can significantly reduce nutrient loading. These strips, planted with native vegetation,
help filter out nutrients from agricultural runoff before they reach the lagoon. Establishing vegetated buffer
zones along the lagoon’s shoreline can reduce runoff containing nutrients and pollutants from entering the
water. The vegetation can absorb nutrients and pollutants through assimilation by the roots and storing them
in their tissue. The annual absorption capacity per hectare of surface area of the terrestrial macrophytes
assumes typical values of 200 - 10000 kg of N and 30 - 150 kg of P (Borin et al., 2014). The spatial distribution
of riparian buffer zones relative to sources of excess nutrients, like agricultural fields, is likely to affect their
functioning and performance in controlling nitrogen fluxes (Gumiero et al., 2009). Moreover, the efficiency
of the buffer zone is a function of the hydrological length of contact between the riparian zone and the upland
drainage basin (Gumiero et al., 2009). This knowledge can be used to inform possible upscaling of riparian
buffers along the Venice Lagoon, as such this measure would support improvements along the river-to-sea
continuum and could help suppress the possibility of future hypoxia events by reducing the variables related
to hypoxia.

Transplantation of seagrasses for improved water quality

Seagrass beds are crucial for maintaining healthy coastal ecosystems, however they have been experiencing
a global decline. In the Venice Lagoon, a variety of measures were introduced by PROVV.OO.PP. to limit the
negative impacts on meadows, and encourage the establishment of seagrasses, including limiting the
turbidity, loss of sediments and wind waves. Human-mediated seagrass restoration can be employed as a
form of compensatory mitigation by creating new seagrass meadows in areas that appear to be suitable for
their growth in order to balance their destruction and recession from other areas due to anthropogenic
activities (Sfriso et al., 2023). Aquatic angiosperms were reintroduced into the Lagoon by the City of Venice
between 1992 and 1997, various transplantations by the Provv. OO. PP. as part of the Piano Morfologico, in
saltmarsh ponds by IUAV and Consorzio Thetis in 1994, explanting sods between 1996 and 1997 (Tagliapietra
et al., 2018); as well as through the Life SeResto project between 2012 and 2017 that transplanted more than
75,000 rhizomes resulting in roughly 15 km? of new meadows (Sfriso et al., 2022). These transplantations
focused on Zostera marina, Zostera noltei, Rupppia cirrhosa, and Cymodocea nodosa (Sfriso et al., 2021),
primarily in areas where natural recolonisation was limited, including the Northern Lagoon and aim to
contribute to achieving a good ecological status. Widespread manual transplantations of small sods or single
rhizomes of aquatic angiosperms are the simplest, rapid and least expensive tool to favour the recolonisation
and establishment of meadows. Results from past transplantation actions indicate that seagrasses are an
excellent tool to accelerate a quick recovery of ecological conditions, and subsequently limit the hypoxia risk
(Sfriso et al., 2022). Seagrasses act as a nutrient filter by taking up nitrogen and phosphorus from the water
column and sediments and by mediating bacterial processes that impact nutrient retention (Reynolds et al.,
2016). The presence of seagrasses affects the total nitrogen pool by retaining it as plant biomass and altering
sediment conditions that influence microbially mediated biogeochemical processes (Reynolds et al., 2016);
thus reducing the nutrient concentrations in the water column and the potential for hypoxic events.
Moreover, through photosynthesis oxygen is released, since aquatic plants in the presence of adequate
supplies of carbon dioxide and light, oxygen is released as a by-product (Best et al., 2007). Aware of the
possible future hypoxia-prone areas, an upscaling of seagrass transplantation can be considered, taking into
account the suitable areas encompassing the environmental conditions for their growth and survival in a
longer timeframe such as depth (m), seabed slope (%), substrate type (Ozkiper, in prep).

Saltmarsh restoration or creation as nutrient sink

Wetlands and marshes have been restored in the Venice Lagoon by the Venice Water Authority since the
1970s to fulfil a variety of functions including the recovery of morphological balance, wave attenuation,
biodiversity, and ecological functionality such as filtering out excess nutrients. Additional LIFE projects aiming
to reduce erosion and enhance ecosystem service provisioning including carbon sequestration, sediment
retention and water purification, fish productivity; namely LIFE VIMINE and LIFE Vital have been implemented
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in the Lagoon. The results of the restoration interventions are significant for the saltmarshes, equal to 27%
of the natural marshes and recovering 30% of the marshes lost since the 1930s (Tagliapietra et al., 2018). The
selection of restoration sites, and sites for possible upscaling, should be based on the suitability of the area
to ensure long-term success (Pétillon et al 2023). The restoration and creation of saltmarshes is occurring by
learning from history, focusing on locations where salt marshes have been present and aiming to recover
their functioning. As such their restoration is focused primarily on the water bodies further away from the
sea, these overlap with the stations where hypoxia risk is higher, and restoring marshes here might help
mitigate their impact. The purification capacity of intertidal ecosystems could play an important role in the
mitigation of nutrient inputs, acting as a buffer zone between watersheds and coastal waters, especially in
relation to climate change and the increase in impulsive extreme events (Bonometto et al., 2019). Through
this function, restored and created saltmarshes in the Venice Lagoon could help reduce the risk of hypoxia in
the future. These areas act as natural buffers, absorbing and transforming nutrients through plant uptake
and microbial processes (EPA, 2021). These engineered systems mimic natural wetlands and are effective at
removing nutrients through sedimentation, plant uptake, and microbial activity. The core of the tidal flat’s
purification capacity is the ability of microorganisms to remove organic matters and nutrients introduced to
the tidal flat. Tidal flats provide sedimentary layers with oxygen through disturbance, submergence, and
exposure of the surface sediments from water, enabling the more effective aerobic decomposition process
(Kim et al., 2020). Bioturbation of sediment through marine organism movement increases oxygen content
in the sediment-water interface, and could cause an increase in the purification of nutrients through
denitrification (Kim et al., 2020).

Re-establishment of the Lagoon's hydrology to improve the water quality

The creation of a transition strip at the lagoon edge must be accompanied by interventions aimed at restoring
the natural transition morphology between the mainland and the lagoon. The areas, located in
correspondence with fresh water inlets, must be separated from the surrounding lagoon areas via
saltmarshes, mudflats, and other structures; without hindering high tides, and increasing the residence time
of the incoming freshwater. One such project implemented in the past in the Venice Lagoon was LIFE Lagoon
Refresh, in which actions such as the diversion of freshwater flow in the Northern lagoon from the Sile
reintroduced freshwater into the lagoon, intertidal morphology was restored, reeds and aquatic angiosperms
were transplanted with the support of local fishermen and hunters, and pressures from hunting and fishing
were reduced (Feola et al., 2018). The low salinity and morphological variations would make the environment
more suitable for the growing of reedbeds and it could provide valuable and diversified ecosystem services,
such as the purification of the water by reducing the degree of eutrophication with, consequently, the
improvement of benthic biocenosis (Boscolo Brusa et al., 2022). This pilot site indicates the capacity to
reestablish the physical, chemical, and biological processes, and whilst NbS such as this one can take a
minimum of 15 to 25 years to attain the original biotic composition and diversity, some ecological
improvements can already be observed including the restoration of the salinity gradient (Boscolo Brusa et
al., 2022). The potential of the restoration of these processes highlights the possibility to mitigate the load
of nutrients and suspended substances and subsequently affect the occurrence of hypoxia. Upscaling of these
types of measures could be in similar areas to those of the LIFE Lagoon Refresh project, where in past
centuries river diversions adversely affected the hydrology of the lagoon.

7.5. Conclusion

Coastal and marine ecosystems are at risk, such as the Venice Lagoon, vulnerable both to anthropogenic and
natural pressures, exacerbated by climate change. Past modelling exercises, including the application of the
SHYFEM model for hydrodynamics have explored erosion and flood risk for Venice and aimed to evaluate the
impact of saltmarsh restoration on flood and erosion risk. However, hypoxia, as an expression of adverse
impacts on water quality, is one such hazard with only limited predictions and projections of its future
occurrence. Understanding the behaviour of hypoxia in coastal areas, to complement the knowledge already
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attained for erosion and flood risk, is essential to inform adaptation strategies. This work elaborated the
development of a hybrid BGC-ML model to advance the accuracy of future predictions by evaluating the
historical, mid- and long-term RCP8.5 scenario. Based on the results it should be noted that hypoxia is
projected to increase, with more frequent and longer lasting hypoxic episodes. Moreover, the hypoxia-prone
summer season seems to be expanding, with increased hypoxia occurrence in June and autumn. Restoration
of coastal habitats may help abate hypoxia through its influence on other associated processes, including
nutrient loading, eutrophication and oxygenation. Designing transformative adaptation to safeguard the
Venice Lagoon will need to dive deeper into the different restoration interventions and NbS, considering their
potential for risk reduction through ecosystem service provisioning, the exploration of synergies between
various measures and their cumulative risk reduction. When narrowing the focus on water quality, the long
history of restoration interventions and NbS aiming to safeguard the lagoon provides a portfolio, of which
four specific measures have been highlighted in relation to hypoxia in particular the establishment of riparian
buffer zones, seagrass transplantation, saltmarsh restoration and/or creation, and the re-establishment of
lagoon's hydrology. Each of these measures have been tested, and effectively influence water quality through
nutrient retention or storage, the release of oxygen, or the restoration of natural gradients. Thereby, through
the integration of these measures as part of the extensive Venetian NbS portfolio, implemented as building
blocks both in space and time, restoration has the potential to reduce hypoxia occurrence and subsequently
reduce its risk.
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8. Ecosystem services provision as a function of restoration scale in

Arcachon Bay
Briére, C.}, Fornasari, J.}, Caillibotte, R.}, Mahe, S.! & Beudin, A.}

1 EGIS WATER & MARITIME, France

ABSTRACT: Arcachon Bay, located in the Nouvelle-Aquitaine region of France, hosts Europe's largest
Zostera seagrass bed, which has experienced significant decline over recent decades. Though
restoration efforts are being considered, they currently operate on a small to medium scale. The study
aims to demonstrate the benefits of upscaling Zostera seagrass restoration to enhance key services
for disaster risk reduction and climate adaptation, while also enhancing biodiversity. To do so, the
study emphasizes the connection between the natural system and the socio-economic system,
addressing technical challenges related to data metrics availability, and proposes a three-layer
systemic modelling approach to evaluate the achievement of ecosystems goals as a function of the
restoration scale. The first layer involves an eco-morphodynamic modelling system to simulate natural
system dynamics, including hydrodynamics and morphological changes. The second layer is a
conceptual socio-economic system model that links socio-economic activities to ecosystem services
provided by seagrass beds. The third layer evaluates the impact of restoration actions on ecosystem
services, considering different restoration scales and climate change scenarios. Results indicate that
large-scale restoration generally improves sediment dynamics control, reduces turbidity, and
positively impacts water renewal times, particularly in the northern and eastern parts of the bay.
However, partial restoration may yield better outcomes for certain ecosystem goals, such as water
quality improvement and sediment control dynamics in the innermost parts of the bay. The study
underscores the importance of considering both physical and socio-economic drivers to achieve
successful large-scale restoration. Sea-level rise is identified as a key physical driver influencing the
system's response, while socio-economic factors such as land use, urbanization, and navigation
activities also play significant roles. The findings highlight the potential of large-scale seagrass
restoration to enhance biodiversity, improve ecosystem services, and contribute to climate adaptation
and disaster risk reduction. The study provides a framework for evaluating restoration interventions
and emphasizes the need for integrated approaches that consider both natural system dynamics and
socio-economic factors.

8.1. Introduction

Human activities and settlements have long been drawn to coastal regions. Historically, these areas have
been used extensively, but the 20th century saw a marked increase in human-induced pressures (Neumann,
2015). These growing pressures have had detrimental effects on biological communities, resulting in reduced
biodiversity and compromised ecosystem services (Barbier, 2011). Among the affected habitats are seagrass
meadows, which consist of submerged flowering plants located in coastal and estuarine systems. Seagrasses,
encompassing 72 species within 14 different genera (Short, 2017), flourish in the soft substrates of both
subtidal and intertidal areas, and are found along all European coastlines. As noted in the latest IPBES report
(2019), these key habitats are rapidly declining worldwide, including in Europe.

Moreover, seagrass has been recognized for its contribution to blue carbon and coastal habitat provision
(Vierros, 2017). For instance, the EU Biodiversity Strategy for 2030 specifically mentions these habitats as key
carbon-rich ecosystems to be protected and the need to anticipate climate impacts that will trigger spatial
shifts. For this reason, seagrass restoration and transplantation projects are being implemented globally in
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order to offset carbon emissions and preserve coastal wildlife. Additionally, some studies have more recently
explored how seagrass could be used for coastal protection by influencing hydro-morphodynamics at the
coast (Orth, 2020). Seagrass meadows is now recognized has a key ecosystem providing many critical
ecological functions and ecosystem services, including coastal inundation mitigation, erosion control and
coastal stabilisation, water quality improvement, habitats for a high diversity of marine species and support
for coastal fisheries, carbon capture and storage.

As part of the Horizon 2020 research and innovation programme, the REST-COAST EU research project
(https://rest-coast.eu/https://rest-coast.eu/) has the main objective of demonstrating to what extent coastal
restoration upscaling is required to provide a low Carbon (C) solution to climate adaptation and disaster risk
reduction for threatened low-lying coastal systems, combined with gains in their biodiversity status. Pilot
restoration cases are selected representing coastal vulnerability hotspots in Europe, including the Arcachon
Bay Pilot, being the home to the largest seagrass bed of Zostera noltei in Europe, and where the protection
of tidal flats via Zostera seagrass recovery is targeted using naturalistic engineering techniques.

As indicated by (Sanchez-Arcilla, 2022), the transition from local restoration to large-scale implementation is
hampered by a range of technical, financial and governance barriers. Moreover, it is emphasized that these
barriers are difficult to overcome without large enough interventions that demonstrate the potential of
restoration for enhancing biodiversity and ecosystem service delivery. Technical barriers in the metrics for
coastal biodiversity and ecosystem services have more especially exerted a negative effect on socio-
economic engagement towards large-scale restoration. This is compounded by the wide range of scales for
assessing restoration performance. Asillustration, the establishment of some coastal vegetation may require
months, while decades may be needed to achieve fully developed wetlands. Further technical barriers are
introduced by the effect of meteo-oceanographic extremes such as wave storms, whose impact is hard to
predict on the mid- to long-term scales.

In line with the REST-COAST objectives, this study aims at addressing the technical barrier related to data-
metrics availability, while investigating the benefits of the large-scale recolonisation of Zostera in the
Arcachon Bay Pilot. To that end a system modelling approach is developed using a suite of hydrodynamic and
morphological simulations and associated responses as input data, to assess the impact on a selection of
ecosystem services as a function of restoration scale and climatic conditions, taking also into account the
socio-economic environment of the Arcachon Bay.

The methodology follows (Slinger, 2000) and (Slinger, 2023) by introducing a three-layer systemic modelling
approach. The first layer corresponds to the study of the natural system dynamics, using an eco-
morphodynamic modelling approach. The second layer consists of a conceptual socio-economic system
modelling. The third layer finally addresses the evaluation of restoration actions in terms of their impact on
ecosystem services using indicators representative of the natural and socio-economic systems components
and for two future horizons. Ecosystem goals are evaluated as a function of projection horizon and
restoration scale, in the context of climate change.

The publication is structured as follows. Section 8.2 presents the case study area from its natural perspective
and socio-economic activities. After a short introduction about the three-layer systemic modelling approach,
section 8.3 focusses on the natural and socio-economic systems description and on the evaluation
framework. Section 8.4, 8.5, and 8.6 provide results, discussion points and concluding remarks respectively.

8.2. Case study area

8.2.1. The Arcachon Bay natural system

The Arcachon Bay lies along the southwest coast of France, situated within the Nouvelle-Aquitaine region
(Figure 8-1). The bay opens to the sea between Cap Ferret and Arcachon and is a complex system made of
primary and secondary channels, surrounding tidal flats.
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Arcachon Bay covers approximately 174 km? at high tide, with about 65% of this area exposed at low tide.
The tidal cycle is semi-diurnal with minimal diurnal inequality, and tidal amplitude ranges from 0.8 m during
neap tides to 4.6 m during spring tides. The mean depth is 4.6 m (Ganthy et al. 2013). Wind-generated waves
are the second primary hydrodynamic force in the bay, following tidal forcing (Parisot et al. 2008). The entry
of offshore waves into the bay is restricted by the bay's geometry and bathymetry. Inside the bay, wind-
induced wave generation is significantly influenced by the tide, which affects both water height and fetch
length.

The bay communicates with the sea through two main channels, separated by the Arguin Bank. Many small
streams flow into the lagoon, but the two main rivers, the Eyre and the Porges Canal, contribute more than
95% (73% and 24%, respectively) of the total annual freshwater inflows (Plus et al. 2009). The mean monthly
flows range from 8.4 to 38.6 m3.s* for the Eyre and from 1.8 to 12.9 m3.s for the Porges canal, with maxima
occurring in February and minima in August.

At the main entrance and in the channels, medium sand (between 320 and 500 um) and gravels are
predominantly found. The secondary channels mainly consist of sand and muddy sand (a mix between 175
and 365 um). The intertidal flats are composed of sandy mud and muddy sands (Cayocca, 1996; Bouchet et
al. 1997).

Human well-being is intrinsically linked to ecosystems, a relationship that can be articulated through the
concept of ecosystem services (e.g. Costanza and Kubiszewski, 2012). Seagrass beds, for instance, offer a
range of ecosystem services (ESS) including coastal erosion control, reduction of coastal flooding, water
quality improvement, provision of natural habitats for coastal marine species, and carbon sequestration (e.g.
Balle-Beganton et al. 2015).

Arcachon Bay hosts the largest Zostera seagrass bed in Europe (PNMBA), where two species of Zostera
coexist: Zostera noltii, primarily found in intertidal areas, and Zostera marina, located in submerged zones
along the channel edges (Auby et al., 2011). Additionally, the bay is rich in biodiversity with more than 500
different species identified (PNMBA).

The Millenium Ecosystem Assessment (MA, 2005) revealed that more than 60% of ecosystem services are
being degraded or transformed, posing a threat to future human well-being. Specifically, in Arcachon Bay, a
significant decline in the spatial extent of seagrass beds was observed between 1989 and 2012, with a 38%
reduction for Zostera noltii and an 85% reduction for Zostera marina (Cognat, 2019). This decline may be
attributed to heat waves, the adverse effects of pollutants, and amplification loops that exacerbate the
phenomenon.

Land cover

= Artificial surfaces

== Agricultural areas

= Forest and semi-natural areas
=2 Wetlands

2 Water bodies

Output locations for
extreme water levels

Figure 8-1 General situation of Arcachon Bay and main freshwater inputs (left), land cover around the bay (CORINE Land
Cover)
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8.2.2. The Arcachon Bay socio-economic system

The socio-economic system of Arcachon Bay is a dynamic and multifaceted network that balances economic
development with environmental sustainability and social well-being. The region's natural resources and
cultural heritage are central to its identity and economic vitality. Prevalent economic activities are tourist-
driven marine activities, fishing and oyster farming.

Arcachon Bay is a tourist destination, attracting approximately 1 million visitors annually (Arcachon Tourist
Office website). Tourism drives local businesses, including hotels, restaurants, and services, including
recreational fishing, pleasure boating, visits to popular sites such as the Banc d’Arguin and {le aux Oiseaux.
Tourism generates significant revenue for the local economy, estimated at around €500 million annually
(INSEE website).

The bay supports a vibrant fishing industry, particularly known for its oyster farming, producing around
10,000 tons of oysters annually, and contributing approximately €50 million to the local economy each year.
(CRCAA website). The fishing industry, although smaller than oyster farming, is also significant. The bay
supports a variety of fisheries, including shellfish, finfish, and crustaceans. The total annual catch from fishing
activities in Arcachon Bay is estimated to be around 2,000 tons (Ifremer website).

Land cover analysis of the Arcachon Bay territory (Figure 8-1) reveals that within the first 200 meters from
the coastline (excluding wetlands), approximately 75% consists of artificial zones, 20% is covered by forests
and semi-natural areas, and 5% is agricultural land.

From a social perspective, the bay area is home to a mix of permanent residents and seasonal visitors. The
population swells during the summer months due to tourism. The tourism sector provides employment for
approximately 5,000 people in the region, including seasonal jobs (Arcachon Tourist Office website), while
oyster farming and related activities provide employment for around 1,000 people in the region (CRCAA
website).

8.2.3. On-going and planned restoration activities

At Arcachon Bay, the influx of tourists and the growth of local industries place demands on infrastructure,
including transportation, waste management, and public services. Issues such as pollution, habitat loss, and
climate change pose significant threats to the bay's ecosystem. These environmental challenges can have
socio-economic repercussions, affecting industries like fishing and tourism.

There are ongoing efforts to preserve the natural environment at Arcachon Bay, including its seagrass beds
and diverse marine life. Conservation initiatives are supported by local, regional, and national agencies. The
marine park management plan adopted in 2017 for a 15-year period (PNMBA, 2017) provides a framework
for other actions in addition to Zostera restoration. Restoration should be supported by raising awareness
among users, alerting them to the impacts and providing information on best practices. In addition, the
quality and quantity of freshwater must be ensured, ‘excellent’ bathing quality must be achieved for all
beaches, and 75% of the oyster-farming wasteland must be rehabilitated. Local memories and maritime
heritage must be preserved.

The Parc Naturel Marin du Bassin d'Arcachon (PNMBA) is actively involved in several restoration efforts to
ensure the health and sustainability of seagrass beds. A Seagrass Bed Monitoring and Mapping project aims
at regularly monitoring and mapping the extent and health of seagrass beds, particularly Zostera noltii and
Zostera marina. Additionally, recurrent Habitat Restoration Projects aim at actively restoring degraded
seagrass habitats through transplantation and other techniques. Proposed technical innovations to stimulate
seagrass re-growth include a hybrid solution centered around a tidal current attenuation device known as La
Roseliere (Sanchez-Arcilla, 2022). This biomimetic device mimics the sheltering effects of grass and algae and
consists of ropes of adjustable length with attached coconut wicks. The grey infrastructure component
provides the hydro-morphodynamic damping necessary for seagrass to develop under a broader range of
hydrodynamic conditions, including those influenced by climate change or human activities (e.g., sea-level
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Figure 8-2 Normalized seagrass cover for each of the studied restoration scenarios: S_0, S_fail, S_1/3,S_2/3 and S_max.

rise or increased tidal currents due to dredging). The Nature-based Solution aspect of this intervention
promotes seagrass development, which in turn further dampens hydrodynamic forces and enhances the
system resilience to future disturbances, a growing concern for coastal lagoons worldwide.

The current restoration efforts using La Roseliere modules follow a three-phase scaling-up method. The first
phase involves a small-scale experiment to calibrate the La Roseliére modules. This is followed by a medium-
scale deployment aimed at supporting the recovery of Zostera over a 1-hectare area. The final phase will
involve a large-scale restoration plan at the basin level.

In this study, the following five restoration scenarios have been considered (Figure 8-2):
= S_fail: restoration failure corresponding to the disappearance of all seagrass beds.
= S_0: current vegetation condition that will be maintained in the long term (0% further restoration).
= S 1/3:1/3 of the full restoration potential.
= S 2/3:2/3 of the full restoration potential.
= S_max: maximum restoration potential (100%) based on the pre-regression state of 1989

8.3. Methods

8.3.1. Three-layer systemic modelling approach

To characterize the substantive connection between the eco-morphology and socio-economics, a hybrid
three-layer approach (Figure 8-3) is designed to connect numerical hydro-eco-morphological model
simulations through the socio-economic model to the ecosystem goals. The first level of the three-layer
systemic modelling approach uses morphological simulations of bed topography and associated
hydrodynamic responses as input data. These simulations are transformed to relevant natural system
indicators, such as bed level changes, inundation extent, turbidity levels and water renewal times. The second
level consists of describing a conceptual socio-economic system with system variables or actions that can be
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[Input : bed configuration, hydrodynamic forcing]

Level 1: Natural system
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Figure 8-3 Integrated three-level hybrid modelling system that translates hydro-eco-morphological simulations via
ecologically relevant indicators, which are linked to the conceptual socio-economic model variables for evaluation of
ecosystem goals as a function of restoration scales. Adapted from (Slinger, 2000) and (Slinger, 2023).

associated to the natural system indicators. In level 3, the criteria for evaluating the achievement of
ecosystem goals are identified and systematically linked to the system variables. The impacts of seagrass
restoration interventions are assessed qualitatively by initially determining the strength and direction of their
effects on individual system variables. Subsequently, the outcomes are evaluated as these effects ripple
through the ecosystem.

8.3.2. Natural system dynamics

Modelling approach and configuration

The D-FM numerical modelling suite (Delft3D, 2023) has been chosen to simulate the hydrodynamics and
morphodynamics in Arcachon Bay due to its computational efficiency and widespread use within the coastal
community for modelling morphological evolutions. This model solves non-linear shallow water equations,
derived from the three-dimensional Navier-Stokes equations for the flow of incompressible fluids.

The model is implemented on a 2D curvilinear grid that covers Arcachon Bay and the adjacent coastal area
on the ocean side. The grid resolution ranges from 100m within the bay to 300m at the offshore boundaries.
The model bathymetry (Figure 8-4) is based on bathymetric surveys processed by Ifremer in 2016.

The effect of seagrass meadows is incorporated using the formulations of Baptist (2005), which distinguish
between the impact of vegetation on flow resistance and bed roughness. In some conventional formulations,
flow resistance is calculated by increasing bed roughness (James et al. 2004). However, this approach results
in higher bed shear stress and greater sediment transport rates when modelling morphological changes. To
address this, a— (Au?)/2 term is included in the momentum equation (where A represents the flow resistance
of the vegetation and u is the flow velocity) to account for reduced bed shear stress and lower sediment
transport rates. To better understand the influence of vegetation on hydrodynamic components, various
vegetation configurations are employed. Specifically, Mitterlein et al. (2016) proposed parameter values for
coverage, leaf length, leaf width, and leaf density that are representative of Arcachon Bay, which were used
in the MARS3D model developed by Ifremer (Kambiadou et al. 2014; Cognat, 2019). They suggested different
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Figure 8-4 Initial bathymetry applied in the model (m with respect to current MSL).

configurations depending on the season, as these parameters have higher values in summer than in winter.
For the purpose of evaluating the effectiveness of restoration scenarios, only the summer configuration is
considered.

Given that the modelling application aims to ultimately assess the influence of restoration scales on the three
main ecosystem services provided by seagrass at Arcachon Bay—namely flooding reduction, sediment
dynamics control, and water quality improvement (see also section on the conceptual socio-economic
system)—distinct models are implemented:

= aneco-wave-hydro model (model 1) for computing wave characteristics and water levels, accounting
for storm surges, at various nearshore locations, and for different extreme events (stationary model),

= an eco-wave-hydro model (model 2) for computing water renewal times and turbidity levels, over a
spring-neap time cycle,

= an eco-hydro-morpho model (model 3) for representing morphological evolutions of tidal flats and
channels within the bay.

Model boundary conditions

The hydrodynamic model is driven by meteorological data from the ERAS reanalysis model by ECMWF, tidal
harmonic components derived from tidal gauge time series located in Arcachon harbor (REFMAR, SHOM),
freshwater inputs from the Leyre River (site 52242510, HydroPortail), and offshore waves from the IOWAGA
database (products from the large-scale model by (Ardhuin, et al., 2014).

Extreme water levels in Arcachon Bay are influenced by tidal processes, wind-induced waves, and
meteorological factors like atmospheric pressure during storms. Therefore, flooding scenarios, to be studied
with model 1, are primarily defined by analyzing wind forcings rather than offshore waves (Parisot et al.
2008). An extreme values analysis uses a 1-year block maxima approach to determine extreme wind speeds
linked to return periods, fitted with the Gumbel distribution. The same method is applied to water levels
measured by SHOM at the Eyrac station in Arcachon harbor. A multivariate analysis considers the co-
occurrence of extreme water levels and extreme wind conditions (speed and direction). Following the JOIN-
SEA approach by Mugica et al. (2014), a 100-year return period for such concomitant events is assessed. The
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results, presented in Table 8-1, align with Mugica et al.'s findings, identifying the most unfavorable wind
directions for coastal flooding.

Table 8-1 Definition of flooding events for different return periods, based on joint analysis of water levels and wind
characteristics.

Return period (year) Water level (m MSL) Wind speed (m.s-1) Wind direction (°N)
1 1.92 10.6 [270°, 215°]
5 2.18 12.4 [270°, 215°]
10 2.42 16.6 [270°, 215°]
100 2.65 22.6 [270°, 215°]

For morphodynamic simulations carried out with model 3, the hydrodynamic module calculates water levels
and vertically averaged currents, initiating sediment movement. The morphodynamic module is then applied
to represent sediment dynamics and morphological evolutions. It accounts for both bedload and suspended
load transport of cohesive and non-cohesive sediments and calculates bed level changes using the concept
of the morphological acceleration factor (Lesser, 2004). A schematic representation of tidal forcing, indicative
of long-term morphological bed evolutions, is based on the method by Schrijvershof et al. (2023). To account
for the complex sand-mud mixtures within the bay, the formulation by van Ledden (2003) is used, in
conjunction with the van Rijn (1993) transport formula for sand.

The coupled hydro-eco-morphodynamic model is validated using bathymetric surveys from 2016 and 2019,
proving its accuracy in assessing morphological changes over a three-year span in a complex coastal estuarine
environment (see following section). However, this validation period is too brief for predicting changes over
multiple decades, raising questions about the existence and nature of a morphological equilibrium. Achieving
such equilibrium is challenging due to constantly evolving external conditions, making reliable long-term
predictions uncertain (Dam et al., 2016). Given these challenges, various methodologies have been explored
to evaluate morphological projections for the bay, including considerations regarding the tidal asymmetry
modification due to the presence of seagrass (not detailed here). Due to inherent uncertainties, a more
straightforward approach is adopted. The current methodology involves shorter, three-year simulations
using a morphological acceleration factor. The initial bathymetry remains constant for each scenario, and the
effects of different restoration scenarios are analysed by assessing various bio-physical indicators such as
erosion/sedimentation rates on the tidal flats and in the channels.

Model calibration and validation

In-situ observations from various sampling stations within Arcachon Bay are used for model calibration and
validation. These stations measured water levels (m; 9 sampling stations), wave characteristics (Hs in m, Tp
in s, Direction in °N, etc.; 3 stations), and sediment characteristics and concentrations (11 stations) during
the 2015-2016 period. Data collected in 2015 are used to calibrate all models. Subsequently, models 1 and 2
are validated against data collected in 2016. Model 3 is validated against sediment concentration data from
2016 and morphological changes occurring between 2016 and 2019, based on bathymetric surveys
conducted by SIBA (Syndicat Intercommunal du Bassin d’Arcachon).

The model results show good agreement with in-situ water level data, despite a slight overestimation (about
10 cm) at stations near the coastline. For wave characteristics, comparisons with observations at three
sampling stations indicate that significant wave heights (H_s), peak wave period (T_p), and spectra align well
with model results (Figure 8-5). Since waves in the Arcachon Bay are primarily wind-induced, accurate
meteorological forcing is crucial. The model uses hourly ERA5 meteorological data, which tend to
overestimate wind velocities (Molina et al. 2021), leading to some discrepancies in wave characteristics.
Despite uncertainties in spectral wave component analysis, the model's performance is satisfactory. The
determination coefficient is 0.6 at the GARR station, near intertidal areas. Although the model
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underestimates wave heights, particularly for higher H_s values, it reasonably captures the overall wave
dynamics. The hourly wind forcing may miss some peak values, which should be considered when assessing
coastal flooding hazards.

No in situ observations of current velocities are available for the studied period. However, the validated
MARS3D modeling platform by Ifremer provides current velocity estimates for 2015-2016. Comparisons
between the MARS3D and D-FM model results obtained over a tidal cycle show good agreement in terms of
Root Mean Square Error (m/s) and correlation coefficient. D-FM currents in the Arcachon Bay closely match
MARS3D calculations, with the largest discrepancies near the bay entrance where MARS3D is less calibrated.

For sediment characteristics, bi-monthly sediment concentration measurements from 2015-2016 are
available. Model results, shown in Figure 8-6 are generally in the same order of magnitude as in situ
observations. However, the model tends to underestimate low sediment concentrations. The determination
coefficient is satisfactory at 0.44 for the Girouasse station.

The validated coupled model allows for the following capabilities: (1) simulating wave generation and
propagation driven by wind forcing; (2) accurately representing hydrodynamics influenced by meteorological
forcing, tidal processes, and wave interactions; (3) effectively modeling sediment transport and
resuspension, encompassing three sediment types; and (4) incorporating the impact of vegetation on waves,
hydrodynamics, and erosion/sedimentation patterns.
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Figure 8-5 Significant waves height (m) for GARR station over the period 2015-2016. Regression diagram for the entire period
of simulation (right). The equation of the linear regression is indicated.
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Climate change scenarios

To evaluate future climate projections, conditions are defined based on IPCC projections. Sea level rise is
considered for scenarios SSP2-4.5 and SSP5-8.5, targeting the years 2050, 2070, and 2100. Table 8-2 presents
the regional projections of water level rise for the North-European Atlantic coast, as reported by IPCC AR6
(Garner et al. 2021). These projections compare future sea levels to the current mean level (1995-2014) for
the two selected climate scenarios (SSP2-4.5 and SSP5-8.5).

Table 8-2 Sea level rise projections (m), median and likely range, for two climate scenarios: SSP2-4.5 and SSP5-8.5. Extracted
from ”https://sealevel.nasa.gov”.

Horizon \ Climate Scenario  SSP2-4.5 SSP5-8.5

2050 0.21 0.23
2070 0.34 0.39
2100 0.53 0.74

IPCC projections for wind magnitude suggest a decrease in mean surface wind (-2.6% by 2100 for scenario
SSP5-8.5). After examination of extreme wind events from the Meteo-France station in Cap Ferret, dating
back to 1985, no significant trend in the frequency or duration of these events can be detected. On the
contrary, a minor uptick in the intensity of maximum wind speeds can be observed. Despite these
observations, the extreme values as detailed in Table 8-1 are used for future climate scenarios.

8.3.3. Conceptual socio-economic system

The socio-economic system of Arcachon Bay is characterized by a complex interplay between its natural
resources, economic activities, and social dynamics. The key economic components encompass tourist-
driven marine activities, including pleasure boating and other water-based recreational activities, as well as
fishing.

The population of Arcachon Bay was 138,983 in 2020, reflecting a 9.2% increase over six years (INSEE). During
the summer, the population swells to 400,000 (SIBA). Projections indicate a 21% population increase by 2040
(SCoT, sybarval.fr). In 2022, tourism in the bay generated €760 million (SIBA, 2023), with €300 million from
restaurants and the food sector, €200 million from accommodation, and the remainder from leisure activities
(SIBA, 2023). Tourism can alter water quality through the release of wastewater, increasing the nutrient
runoff leading to eutrophication and potentially damaging the seagrass beds (UICN France, 2014), but it can
also benefit from the aesthetic appeal of improving water clarity and quality through seagrass beds.

The bay serves as a hub for recreational boating, encompassing both shuttle services and pleasure boating.
The shuttle boats primarily connect Arcachon with Moulleau-Cap-Ferret and Andernos (Figure 8-7). The
navigation sector comprises 120 companies, provides 450 direct jobs, and generates an annual turnover of
€127 million (SIBA, 2023), which also accounts for a portion of the fishing activities. Navigation can alter the
water quality and the food provisioning by exerting pressure on the biosphere through noise pollution and
introduction of hazardous substances (affecting water quality and subsequently, food supply) (UICN France,
2014; Auby et al., 2011). Potential uprooting/crushing of seagrass may also occur. On the other hand,
seagrass beds provide a food reservoir for fish.

Mooring within the bay is regulated and prohibited in Zostera areas. Approximately 5,000 moorings are
available, primarily located on the foreshore (mainly in Cap-Ferret and Arcachon) and in the river Eyre (parc-
marin-bassin-arcachon.fr, prefectorial decree (Le Corre et al., 2015)). Mooring conditions could be enhanced
by reducing both current and wave activity downstream of seagrass beds.

Commercial and recreational fishing activities generate an annual income of €23 million for the port of
Arcachon alone ((UICN France, 2014), geoimage.cnes.fr), which hosts 400 professional fishermen. Fishing
activities are primarily concentrated in the harbours and navigation channels, but also extend to the mudflats
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and beaches for foot and creel fishing, although these are less common. The ports of Arcachon and Lege-
Cap-Ferret are the most significantly impacted.

Oyster farming in the Arcachon Bay generates an annual turnover of €35 million (UICN France, 2014) and
accounts for 8% of the French oyster production. It spans 780 ha in the bay (Figure 8-8). Beyond its economic
significance, oyster farming represents a valuable cultural heritage. Oyster farming can impact the availability
of light and sediment stability, which are crucial for the growth and health of seagrass beds (Maxwell, P. et
al., 2016). Conversely, the health and productivity of oyster beds are supported by the water filtration and
sediment stabilization provided by seagrass beds.
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Figure 8-9: Conceptual synthesis of interactions between socio-economic components of the system and provided ESS by
seagrass beds.

Dredging in Arcachon Bay is crucial to maintain navigability for all water-related activities. Major dredging
operations are conducted approximately every ten years at the bay entrance channels (Gironde.gouv.fr).
More regular dredging is planned at the entrances to the ports and in some mooring areas (smpba.fr) and
involves an average volume of 30,000 m?3 per year and costs €1.5 million annually (smpba.fr). Major dredging
projects in the 2000s (SIBA) in the main and secondary channels (Courbey, Ares, Piquey) handled volumes up
to 1 million m3. Dredged material can be recycled and used as backfill for sewage treatment plants, to
construct forest roads, and as topsoil for landscaping.

Dredging can impact water quality by increasing turbidity and remobilizing tributyltin (TBT), a former
antifouling agent banned since 1982 and buried in the substrate (UICN France, 2014), which is hazardous to
the biosphere, particularly oysters. Any dredging operation can potentially affect the surrounding
environment through habitat degradation, noise pollution, and the remobilization of other contaminants.
Conversely, the erosion control provided by Zostera seagrass can help reduce dredging volumes. Seagrass
meadows contribute to increased sedimentation by slowing down the water flow in their vicinity (Maxwell
et al., 2016).

The conceptual diagram in Figure 8-9 illustrates the interactions between the ecosystem services provided
by seagrass and various activities. The size of each circle represents the economic significance of each socio-
economic component but does not depict their interdependencies or cultural importance. Considering the
interrelationships between the system components, the sediment dynamics control, the flooding reduction
and water quality improvement are selected as key ecosystem services provided by the Zostera seagrass at
the Arcachon Bay.

8.3.4. Evaluation framework

Ecosystem goals

Restoration at Arcachon Bay aims at providing services for addressing several ecosystem goals, namely: (i)
reducing sedimentation in channels where dredging operations take place for ensuring navigation conditions,
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(ii) improving conditions for seagrass growth by damping current velocities and reducing sedimentation on
mudflats, (iii) sustaining coastal uses, by limiting wave action or flooding extent in coastal areas, (iv) creating
favourable conditions for oyster farming through turbidity level reduction and water quality improvement in
dedicated areas, and (v) creating favourable conditions for tourism, through turbidity level reduction and
water quality improvement in the innermost part of the bay.

Definition of criteria and association with system variables

An evaluation framework is set, where criteria are defined for evaluating the achievement of the ecosystem
goals (Table 8-3). Based on the set criteria, the impacts of seagrass restoration interventions are then
assessed qualitatively by initially determining the strength and direction of their effects on individual system
variables, and as a function of the scale of the restoration. The criteria are evaluated qualitatively using a
seven-point scale ranging from strongly positive (+++), through positive (++), weakly positive (+), no effect
(0), weakly negative (-), negative (=) to strongly negative (—).

Table 8-3 Set of criteria for evaluation of the achievement of ecosystem goals at Arcachon Bay

ID System variables Criteria

1 Reduce sedimentation / dredging operations Sedimentation rate in primary channels

2 Reduce sedimentation / dredging operations Sedimentation rate in secondary channels

3 Reduce sedimentation / dredging operations Sedimentation rate near ports

4 Improve conditions for seagrass growth Sedimentation rate on mudflats

5 Protection of coastal uses / flooding reduction Storm surge levels

6 Protection of coastal uses / wave damping Maximum wave height

7 Conditions for tourism / water quality Renewal times — beaches (Lege)

8 Conditions for tourism / water quality Renewal times — beaches (Arcachon to
Gujan)

9 Conditions for tourism / water quality Renewal times — beaches (Arés/Andernos)

10 Conditions for tourism / water quality Renewal times — beaches (Lanton/Audenge)

11 Improve conditions for seagrass growth Turbidity level on mudflats

Effects (magnitude and direction) on system variables
The Table 8-4 sums up the evaluation laws for determining the strength and direction of the effects of
restoration interventions on individual system variables.

Annual average sedimentation rates are calculated for each restoration intervention and climate scenario
across areas, with classification shown in Figure 8-7. This classification includes entrance channels, primary
channels (approximately 500 to 1000 meters wide), secondary channels (approximately 100 to 200 meters
wide), and channels near the ports, situated in the innermost part of the Bay (defined as deeper than +0.6m
LAT and used for harbour access). Erosion is identified when the evolution rate is less than -1 mm/year, while
sedimentation is noted when it exceeds +1 mm/year. A reduction in sedimentation within channels is
considered a positive impact (+). For mudflats (defined as higher that OmLAT), increased sedimentation is
deemed positive (+) as it fosters favourable conditions for seagrass growth.

Extreme water levels are retrieved from hydrodynamic simulations at six output locations along the coastline.
Reductions in storm surge levels and wave heights are considered positive impacts.

Renewal times and turbidity levels are calculated for various areas depicted in Figure 8-8, including beaches
(divided into four sectors), oyster farms (near Bird Island and at the edges of the mudflats), and the mudflats.
Water renewal time is defined as the duration required for the concentration of a theoretical passive tracer,
initially introduced throughout the bay, to decrease below 37% (i.e., e*-1) of its initial concentration,
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Table 8-4 Evaluation laws for determining the strength and direction of the effects on individual system variables associated
to restoration interventions.

Criteria Magnitude Direction
Sedimentation rate in primary
channels Change in sedimentation rates (+)
Sediment Sedimentation rate in (+++)/(---): >50% change less sedimentation
dynamics secondary channels (++)/(--): 25% to 50% change
control Sedimentation rate near ports (+)/(-): 5% to 25% change
Sedimentation rate on (0): <5% change (+)
mudflats more sedimentatio!
Storm surge levels Level or height change (+)
Flooding (+++)/(---) : >20% change smaller storm surge
reduction (++)/(--) : 5% to 20% change (+)
Maximum wave height (+)/(-) : 2% to 5% change )
(0) : < 2% change smaller wave heigh
Renewal t(lgc;se) beaches (+++): >90% of the area renewed faster
Renewal times — beaches (++4): >75% of the area renewed faster
. (+): >60% of the area renewed faster
(Arcachon to Gujan) (+)
. (0): >40% of the area renewed faster
Renewal times — beaches . ro faster renewal
(Arés/Andernos) (-): >25% of the area renewed faster
Water Renewal times — beaches (--): >10% of the area renewed faster
) (---): <10% of the area renewed faster
quality (Lanton/Audenge)
improvement (+++): >90% of the area is less turbid

(++): >75% of the area is less turbid

(+): >60% of the area is less turbid

Turbidity level on mudflats (0): >40% of the area is less turbid
(-): >25% of the area is less turbid

(--): >10% of the area is less turbid

(---): <10% of the area is less turbid

(+)
less turbidity

following the method of Plus et al. (2009). A reduction in water renewal time is considered an improvement
(+). For mudflats, a decrease in turbidity is regarded as a positive effect.

For the beaches, a reduction in renewal time is considered positive as it allows bacteria, chemicals, and
pollutants to be removed more quickly. However, for the oyster farms, the relationship between turbidity,
water renewal, and oyster growth is complex. A reduction in renewal time does not necessarily result in a
change in oyster growth in controlled basins (Baud et al., 2002). If the renewal time is shorter than the
clearance time (the time it takes for the bivalves to filter the water body), it suggests that oysters have limited
control over the ecosystem (Venier et al., 2019). While sufficient turbidity could provide oysters with
necessary nutrients, the precise relationship remains unclear and site-specific. Consequently, the study does
not provide conclusive insights regarding the potential positive or negative impacts on oyster farms. It is
recommended to establish a biochemical model that includes phytoplankton, oxygen, pollutants, bacteria,
and viruses. Additionally, temperature is a crucial element influencing oyster growth. When temperatures
are elevated, oysters allocate a greater proportion of their energy towards reproduction (Haure et al., 2003).
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8.4. Results
The study aims at assessing the impact of large-scale seagrass restoration in Arcachon Bay on ecosystem
services. The results are based on a three-layer systemic modelling approach that integrates natural system
dynamics, socio-economic factors, and evaluation criteria. The Arcachon Bay system's response to various
restoration scenarios is evaluated against eleven predefined criteria, utilizing the classification detailed in
chapter 8.3.4.

8.4.1. Flooding reduction

A comparative analysis of indicators representative of wave damping, and flood reduction is performed
across four restoration scenarios (S_fail, S 1/3, S 2/3, and S_max) and compared with the current state
(5_0). The differences in water levels at the shoreline across all scenarios and all horizons are estimated less
than 1 cm, which is negligible. However, the scenario without vegetation (S_fail) exhibits slightly higher water
levels compared to the current state, while S_1/3, S 2/3, and S_max show equal or lower water levels. This
pattern is also observed for wave height, with no significant differences (up to a maximum of 2 cm, equating
to a 1.2% difference). The no-vegetation scenario (S_fail) displays identical or slightly increased wave heights
(+0 to +1cm), whereas the restored scenarios show either identical or slightly reduced wave heights (-0 to -
lcm).

When considering changes in water levels due to vegetation, it is crucial to account for soil subsidence and
sea level rise. A recent study, using vertical ground motion data from Sentinel-1 satellite imagery, suggests
that subsidence in the Bay of Arcachon could reach rates of up to -1.6mm/yr (Thiéblemont et al., 2024). The
impact of subsidence will depend on land use and human activities. By 2100, sea level rise, projected to
increase by +74 cm, will be the main cause of coastal flooding, with subsidence contributing around 10 cm.
The effect of seagrass restoration on water levels remains therefore minimal. Still, the flooding hazard model
does not consider bathymetric changes, so these results should be interpreted cautiously.

8.4.2. Water quality improvement

Potential changes in renewal times are investigated more especially with respect to enhancing tourism
conditions. For the current vegetation state (S_0), the renewal times are the shortest in the vicinity of the
birds' island (averaging 6.3 days) and increase towards the innermost part of the bay (14.1 days for the
beaches of Léege, 18.8 days for Arés/Andernos, 20.4 days for Arcachon to Gujan, and 24.3 days for
Lanton/Audenge), as shown in Figure 8-10 (left panel).

The restoration of seagrass shows a positive or strongly positive effect on the renewal times at three out of
the four zones under study. The most significant impact is observed on the beaches of Lege and
Lanton/Audenge. Conversely, the effect on the southern beaches, from Arcachon to Gujan, is strongly
negative. In these areas, renewal times increase with vegetation, and turbidity decreases, indicating reduced
water movement and less suspended matter. Interestingly, the model suggests that S_1/3 has a more
favourable impact than S_2/3 and S_max, even though S_max corresponds to a fully restored state. The
reason for this is not clear and may warrant investigation into a potential hydrodynamic threshold caused by
denser vegetation.

Under a specific restoration scenario, renewal time does not uniformly decrease with increasing sea level
rise (SLR), as might be expected with enhanced hydrodynamics. Instead, it decreases with SLR in the southern
and eastern parts of the bay while increasing in the western and northern parts (Figure 8-10, right panel).

On mudflats, turbidity considerably decreases as the restoration scale increases, aligning with the reduced
hydrodynamics within seagrass patches. This effect is more pronounced with higher sea-level rise (SLR). The
sensitivity of renewal times to sea-level rise and restoration scale within the bay is of a similar magnitude,
from -6% to +6% change.
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Figure 8-10 Simulated renewal time for current vegetation state S_0 at horizon 2020 (left) and evolution of renewal time
from horizon 2020 to 2100 in % for current vegetation state (right)

If restoration fails, renewal times could substantially increase. Restoration failure would result in strongly
degrading conditions for tourism in the coastal recreation zones (ecosystem goal (v)). With increasing the
seagrass cover, achievement of this specific ecosystem goal varies across different beaches: it is achieved for
beaches in the western and eastern parts of the bay but not in the southern part. Partial restoration yields
better outcomes.

8.4.3. Sediment dynamics control

Sediment dynamics is analysed to understand the processes of sedimentation and erosion in channels where
dredging operations are conducted to maintain navigation conditions. In the current vegetation state (S_0),
erosion/sedimentation rates are estimated in average to be -16 cm/year in primary channels, -4.5 cm/year
in secondary channels, and in the order of -1 cm/year in the innermost bay channels, for the 2020 horizon.

With seagrass restoration, sediment is redirected from intermediate and small channels towards mudflats
and primary channels, resulting in the channelling of the bay. Figure 8-11 illustrates this effect: bed changes
are more confined to channels in the fully vegetated state. The intensity of these processes however varies
spatially. Erosion/sedimentation rates for scenario S_max are estimated at -12 cm/year in primary channels,
-7.7 cm/year in secondary channels, -0.6 cm/year in the innermost bay channels, and +0.6 cm/year on
mudflats.

Seagrass restoration leads to an increase of the erosion rate in the secondary channels (ranked from (++) to
(+++)), suggesting a potential reduction in the need for dredging. In the innermost parts of the bay, erosion
is more pronounced with partial restoration (S_1/3) but lessens with larger-scale restoration (ranked as (++)
for S_1/3 and (-) for S_2/3 and S_max). Conversely, sedimentation on mudflats tends to increase with
restoration (ranked from (++) to (+++)), while erosion rate decreases in primary channels (ranked as (-)).

The sedimentation rate trend aligns closely with the restoration scale for secondary channels and mudflats,
indicating that larger restoration efforts enhance sediment dynamics control. However, partial restoration
yields better outcomes for channels near harbours. Primary channels continue to experience erosion, with
no change in dredging requirements.
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Figure 8-11 Bed evolution rate (myr) for the no-vegetation case (S_fail) and fully restored scenari (S_max)

In all restoration scenarios and all zones except primary channels, results indicate that sedimentation
increases, or erosion decreases with rising sea levels. In the context of climate change, sediments from
deeper and larger channels appear to be redistributed to smaller channels and mudflats. Note that the model
assumes unchanged initial bathymetry across all climate horizons and anticipates seabed changes with
gradual sea level rise. Additionally, wave forcing is not considered in the model. Waves can, however, trigger
material suspension, especially in shallow areas. Thus, results for mudflats and the innermost part of the bay
should be nuanced.

8.5. Discussion

Balancing the achievement of ecosystem objectives through seagrass restoration with the organizational
demands of large-scale restoration in Arcachon Bay is essential. The required technical and financial
investments may not increase proportionally to the restoration's potential. Furthermore, the extent of
restoration that can be achieved grows with the amount of restoration undertaken. As such, a fully restored
scenario is not feasible in the coming decades.

The eco-morphological model is useful for assessing ecosystem goals against specific criteria but does not
capture all the interrelationships that define the biophysical dynamics of the system. Restoring seagrass
meadows affects sedimentation, influencing sediment size and seabed stabilization both within the meadows
and in channels. Limiting sedimentation in channels impacts positively dredging requirements, which in turn
affects water quality due to the potential remobilization of tributyltin and the increased presence of toxic
substances as navigation increases (UICN France, 2014). Additionally, sediment control aims to reduce flood
risk by stabilizing the shoreline. However, this aspect is not explored here due to the separate application of
hydro- and morphodynamic models.

Moreover, the three-layer model could benefit from an additional layer to account for inherent feedback
mechanisms. For instance, improved water quality can result from shorter renewal times and the absorption
of toxic substances (like irgarol) by seagrass beds (UICN France, 2014). The 7-point rating system used here
may initiate positive or negative feedback that are currently not considered.

Finally, the system’s reaction to graduated restoration highlights various tipping points and key drivers for
future adaptation. A tipping point is a critical threshold that marks a change in the system's response to
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different forcing agents (Haasnoot et al., 2018). The first potential threshold is associated with vegetation
cover, density, and channeling. The findings suggest that partial restoration may be more effective than
complete restoration in achieving ecosystem goals such as water quality and sediment control dynamics in
the innermost part of the Bay. The system’s response is expected to change partially upon reaching this
restoration scale. Regarding water quality, further research is needed on the biological response of oysters
to changes in water renewal times and turbidity, as an optimal point might be reached, constituting a tipping
point for oyster development.

The findings also help identify physical and socio-economic drivers that might lead to a tipping point. The
main physical drivers are climatic forces. Sea-level rise appears to be a key driver of the system's response.
Sea-level rise affects several aspects, such as flooding risk, water quality regulation, and sediment dynamics
control. Tidal asymmetry can change with sea-level rise due to differences in tidal duration and range (e.g.,
Miutterlein et al. 2016; Mahavadi et al. 2024). Morphological changes with sea-level rise could also lead to
tidal asymmetry changes (van Maanen et al. 2013; Yang et al. 2022). Additionally, the bay's bed level will
reach a new equilibrium with the new water levels, introducing some uncertainty. Socio-economic drivers
will also influence how tipping points are reached. Changes in land use, urbanization, and coastal recreation
zone management are key socio-economic drivers for reducing flooding risk. Wastewater management and
navigation activities significantly impact water quality. Regarding sediment dynamics control, dredging is a
major socio-economic force that modifies the system.

Following the evaluation of the criteria specified in Table 8-5, the Arcachon Bay system's response is
represented as a function of restoration scale in the conceptual sketch of Figure 8-12; see also Table 8-5.
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Figure 8-12 Graduated response from the system variables to restoration scenarios and failure case. The primary
channel disc is smaller as erosion is modelled in any case.
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Table 8-5 System response to restoration scenarios for each climate horizon, for each criteria and corresponding ecosystem
goals.

S_fail S_1/3 S_2/3 S_max ecosystem
Criteria 2020 / 2050 / 2020 / 2050 / 2020 / 2050 / 2020 / 2050 / /
2100 2100 2100 2100 goa

Sedimentation in channels - i
primary +/0/0 -/-/0 =f=/= =f=f=
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8.6. Conclusion

Arcachon Bay is home to Europe's largest Zostera seagrass bed, where two species, Zostera noltii and Zostera
marina, coexist. Zostera noltii predominates in intertidal zones, while Zostera marina is found in submerged
areas along channel edges. Between 1989 and 2012, the bay experienced a significant reduction in seagrass
beds, with Zostera noltii decreasing by 38% and Zostera marina by 85%. Conservation efforts in Arcachon
Bay, supported by various agencies, focus more especially on preserving seagrass beds. Scaling up these local
restoration efforts faces however several challenges, including technical, financial, and governance barriers.
The technical challenges, particularly in the definition of metrics for coastal biodiversity and ecosystem
services, have hindered socio-economic engagement in large-scale restoration.

To overcome these limitations, a three-layer systemic modelling approach is proposed to assess the benefits
and impacts of large-scale seagrass restoration in Arcachon Bay, while integration natural system dynamics,
socio-economic factors, and evaluation criteria. An eco-morphodynamic modelling system, integrating the
effect of seagrass meadows, aims at investigating the natural system dynamics and constitutes the first layer.
The morphological evolution of tidal flats and channels is modelled using an eco-hydro-morpho model, while
an eco-wave-hydro model is employed to calculate water renewal times and turbidity levels. The second
layer is a conceptual socio-economic system model that emphasises the interactions between the socio-
economic components of the system and the provision of ecosystem services by seagrass beds. The
importance of activities linked to any form of navigation and tourism is significant, and they have
interrelationships with flooding reduction potential, sediment dynamics control and water quality
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improvement. Finally, the third layer assesses the impacts of larger restoration on ecosystem services
provided by seagrass in the context of climate change at horizons 2050 and 2100.

Modelling indicates that the control of sediment dynamics is likely to improve with restoration scale, except
for channels in close proximity to ports. The hydrodynamic and morphodynamic models are consistent in
their representation of the mudflats, indicating a decrease in turbidity and an increase in sedimentation with
larger restoration. Impacts on water quality are projected to be positive or strongly positive regarding
renewal times in the northern and eastern parts of the bay. Climatic factors, mainly sea-level-rise, appear to
have an influence on how seagrass provide ecosystem services, though this influence is of a lesser extent
than the influence of large-scale restoration.

By analysing the socio-economic benefits associated to scaling-up seagrass restoration, the study
underscores the potential for such larger-scale interventions to enhance biodiversity, improve ecosystem
services, and contribute to climate adaptation and disaster risk reduction. The demonstration of the potential
of large-scale restoration should ideally result in the preparation of a portfolio of restoration interventions.
In Arcachon, a framework already exists in the marine park management plan (PNBMA, 2017), and could be
further elaborated in the context of climate change.
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1 Department of Civil Engineering and Architecture, University of Catania

ABSTRACT: In the present contribution, a catalogue of Nature-based Solutions (NbS) to reduce storm-
driven coastal flooding and erosion are assessed by means of a modelling study within a case study
along the Sicily coast (Italy). An hydro-morphodynamic modelling chain (SWAN and XBeach) is setup
to evaluate the effectiveness of four interventions—a dune revegetation, two upscaling options of
seagrass meadow reconstruction and a beach nourishment—to reduce coastal inundation and eroded
volumes. The study investigates present and future what-if scenarios, by simulating storm conditions
based on present, 4.5, and 8.5 W/m? radiative forcing scenarios. Habitat maps were built for both
current state and NbS to evaluate dissipative effects of vegetation. The latter are modelled by
providing morphological and hydrodynamic characteristics as well as spatial distribution of different
plant species. Simple flooding and erosion reduction efficiency indicators are computed to support the
assessment. Moreover, a scorecard methodology-based assessment is carried out to investigate
habitat and ESS provisioning change due to sea level rise, both in absence and presence of NbS. Results
reveal that the vulnerability of the area to flooding is predominantly driven by sea level rise rather
than by increase in significant wave height. In this regard, beach nourishment and large-scale seagrass
reconstruction perform best in reducing flooded areas across all investigated scenarios. Their efficacy
however is less significant for 2100-time horizon scenarios, under which the dune revegetation
intervention resulted the most resilient. The habitat change analysis revealed that sea level rise
determines a permanent connection between sea and lagoons, reducing their natural capabilities of
flooding risk reduction.

9.1. Introduction

The combination of urban development, marine resource exploitation, and other human activities has led to
widespread degradation of coastal habitats, affecting both their ecological quality and spatial extent on a
global scale (Geijzendorffer et al., 2018; Salinas et al., 2020; Waltham et al., 2020). These habitats are crucial
not only for their ecological and aesthetic value but also for the ecosystem services they provide (Barbier et
al., 2011). Coastal vegetation plays a key role in climate regulation, being significantly more effective than
forests in carbon sequestration (Mossman et al., 2022). Salt marshes serve as efficient pollutant filters,
greatly contributing to nutrient cycling (Sousa et al., 2010). In terms of coastal protection, these habitats are
well-documented for their ability to mitigate coastal hazards. Dune belts act as natural barriers against storm
surges (van Slobbe et al., 2013; Bryant et al., 2019; Feagin et al., 2019; Grases et al., 2020), while seagrass
meadows effectively reduce wave energy (Ondiviela et al., 2014; Leonardi et al., 2018; Maza et al., 2022;
Pillai et al., 2022), and salt marshes help diminish storm surge impacts (Barbier et al., 2013; Moller et al.,
2014; Vuik et al., 2016).

There is an increasing demand for implementing Nature-based Solutions (NbS) in coastal zones. Using a
"Building with Nature" approach (van Slobbe et al., 2013; de Vriend et al., 2015), NbS are emerging as
promising strategies for both restoring biodiversity and mitigating the negative effects of climate change (van
Zelst et al., 2021; Sanchez-Arcilla et al., 2022; Jacob et al., 2023; Chen et al., 2024). Research indicates that
these solutions might offer benefits that outweigh their costs and, in some cases, could be more cost-
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effective than traditional engineering approaches (Sutton-Grier et al., 2015; Morris et al., 2018; Reguero et
al., 2018).

Despite their growing recognition as sustainable alternatives, the effectiveness and adaptability of NbS under
climate change conditions remain significantly under-researched (Seddon et al., 2020). Existing modeling
efforts have primarily assessed NbS performance based on past extreme events or probabilistic approaches
using historical data (Guannel et al., 2016; James et al., 2021; Unguendoli et al., 2023), with few exceptions
(Grases et al., 2020; Forrester et al., 2024). While these studies are valuable, they often do not account for
future climate projections, which is essential for dynamic adaptive planning (Werners et al., 2021; Sanchez-
Arcilla et al., 2022). Adaptive planning emphasizes flexibility and resilience to changing conditions, unlike
traditional methods that rely on static predictions and fixed plans.

To address this gap, this contribution applies a modelling framework to evaluate the performance of Nature-
based coastal defense measures by testing it on a Mediterranean transitional coastal case study in Sicily
(Italy), a region characterized by significant natural value and high levels of urbanization. The framework
utilizes a hydro-morphodynamic modelling chain, incorporating SWAN and XBeach models, to assess the
effectiveness of four interventions: dune revegetation, beach nourishment and two seagrass reconstruction
interventions with two upscaling options. These measures are analyzed under current conditions and future
scenarios, including sea level rise and marine climate projections corresponding to radiative forcing scenarios
of 4.5 and 8.5 W/m?2. The model includes vegetation characteristics and spatial distribution to account for
the effects of vegetation. The model's outputs—such as flooded areas, eroded volumes, and shoreline
changes—are used to calculate efficiency indicators that measure the NbS performance in reducing storm-
induced inundation and beach erosion. Moreover, an Ecosystem Services (ESS) assessment is conducted
using semi-quantitative biotope scores to evaluate changes in key services like water quality purification and
coastal risk reduction. The study is organized as follows: Section 9.2 describes the modelling framework,
study area, input data, model setup and validation, Methodology for scoring ecosystem services, and the
formulation of flooding/erosion efficiency indicators. Section 9.3 presents the modelling results. The study
concludes with a final chapter summarizing the findings (Section 9.4).

9.2. Methods

9.2.1. Study area

The "Pantani della Sicilia Sud-Orientale" (South-East Sicily lagoons, Figure 9-1a) is a saline lagoon and wetland
system closely connected to the adjacent coastal environment. The area supports important breeding
populations of rare and endangered species and is a crucial migration hotspot for birds along the central
Mediterranean migration flyway. Due to its ecological and biodiversity significance, the region is included in
international environmental protection frameworks, such as RAMSAR and Natura 2000, and is designated as
a Special Protection Area and a regional nature reserve.

The Cuba-Longarini lagoons form the largest wetland complex in the area (Figure 9-1b), covering
approximately 240 hectares. These lagoons are separated from the sea by a narrow coastal fringe, consisting
of a dune strip and sandy beach, and are intermittently connected to the sea through a small estuary channel,
depending on the lagoon's water level. The lagoons are characterized by shallow waters, generally less than
one meter deep.

The construction of the small town of Granelli in the 1970s, on the narrow fringe between the sea and the
lagoons, has reduced the hydraulic connectivity between the wetlands and the sea and degraded the coastal
dune belt, over which the urbanized area is located. As a result, the region is prone to flooding from intense
runoff from the lagoon and wave storms from the sea. To mitigate coastal risks and restore biodiversity, a
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Figure 9-1 The "Pantani della Sicilia Sud-Orientale" coastal wetlands and lagoon system in Sicily (a and b), the study area of
Cuba and Longarini lagoons (c), coastal erosion at the beach town of Granelli (d), artificial islands and channels for birds
nesting/breeding of birds at the Cuba-Longarini site (e).

range of Nature-based Solutions (NbS) are being investigated, considering both the current state (with active
restoration measures) and proposed additional measures.

As mentioned, Granelli was built over a coastal dune strip, reducing sediment connectivity and the natural
protective capacity of the environment. While full dune reconstruction may not be feasible due to the limited
space between the beach and the urbanized area, revegetation to stabilize the dune and enhance wave
dissipation is proposed. The endemic species Ammophila arenaria, already marginally present on-site, has
been selected for this purpose. The intervention involves expanding the dune habitat over an area of
approximately 4.3 hectares, stretching along the shoreline for 3.3 km with an average width of 13 meters.
Furthermore, a replantation of the seagrass meadow in front of the town is also investigated. Specifically, an
extension of the existing meadow of Posidonia oceanica, which is a protected marine plant, is designed to
evaluate its capabilities to dissipate wave energy and reduce storm-induced erosion. The proposed
replantation plan includes two hypothetical scenarios. The first scenario involves expanding the existing
seagrass meadow by an additional 10.82 ha, bringing the total area to 87.62 ha. The second scenario involves
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a further expansion to a total area of 180.52 ha, which represents an increase of 103.72 ha from the current
meadow area.

The coastline where the town of Granelli is located is particularly susceptible to significant coastal erosion.
Since 1955, variations in the coastline have been observed, with a substantial retreat in the beach width from
the initial 99 meters to the current 11 meters. This phenomenon is more pronounced in the central part of
the coastline, along a stretch of approximately 2 km, and is accompanied by a regression of the coastal dunes.
In order to restore this stretch of coastline, mitigate the risk of erosion, and protect the surrounding urban
and natural areas, a beach nourishment project has been planned. The project involves the use of fine sand,
compatible with that found at Granelli, which may be sourced from an underwater deposit located off the
coast of Sicily, between Capo San Marco and Punta Molinazzo, west of the port of Mazara del Vallo (TP).
Based on the site's grain size, with a median diameter (Dso) of 0.27 mm, sediment from the offshore quarry
area with a median diameter D5 of 0.45 mm was selected.

Considering the coastal morphology and the possibility to carry out the intervention in a way that it is
naturally protected by the eastern promontory, the nourishment project involves a beach advancement of
20 meters along a 3.3 km stretch of coastline, from the beginning of the town to the eastern promontory
(Punta Mici). The berm was designed considering the gentle slopes of the site, with a height of 0.50 m. It is
estimated that approximately 120,000 m? of sand will be required for the project. For simplicity sake, here
no additional coastal protection infrastructures are considered in this NbS scenario.

9.2.2. Input data description

In order to build the SWAN numerical grid, bathymetric contours were taken from nautical charts (Istituto
Idrografico della Marina, 2019). In order to build the Xbeach numerical grid, a Digital Elevation Model (DEM)
of the study area was obtained from the Regional Geographic Information System of Sicilia Region. The DEM
was recovered through LiDAR flights in 2013 and has an horizontal resolution of 2x2 m and vertical resolution
of 0.01 m. The DEM was combined with bathymetric data obtained through a multi-beam survey, previously
carried out by the University of Catania, that covered the entire nearshore part of the domain in 2019. The
dataset is integrated with data obtained by means of satellite images, drone data and field surveys, to include
small artificial islands and channels built as wetland restoration measures in 2023 to improve biodiversity
value of the site.

The shoreline was obtained through PlanetScope satellite imagery (having 3x3 m resolution) by tracking the
wet/dry boundary. Elevations from DEM, bathimetry and shoreline position were combined to assign
elevation at the XBeach grid nodes through linear interpolation. The beach is made up by fine sand, with
dso=0.27mm, estimated based on several field samples collected at the Granelli beach.

Present wave conditions were obtained from the MEDSEA MULTIYEAR WAV 006 012 reanalysis dataset
(Korres et al., 2021) provided by the Copernicus Marine Service. The dataset spans the years 1993-2022 and
includes hourly time series of marine climate, with a spatial resolution 4.66 x 4.66 km (Figure 9-2). Climate
change projected wave conditions were taken from Ocean surface wave time series for the European coast
from 1976 to 2100 derived from climate projections dataset (Caires et al., 2020). The dataset provides hourly
time series of the marine wave climate derived from ocean surface wave parameters calculated across a
European-wide domain.The year timespan of the dataset is 2041-2100, with hourly temporal resolution and
a spatial resolution of 30 x 30 km.The dataset includes projected wave conditions for two IPCC AR5
Representative Concentration Pathway (RCP) scenarios: one aligns with a more optimistic emission
trajectory, wherein emissions begin to decline beyond 2040 (RCP4.5), and the other represents a pessimistic
scenario where emissions persistently increase throughout the century, often referred to as the business-as-
usual scenario (RCP8.5).
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Figure 9-2 Geographical fetch and wave direction subsectors for the directional extreme value analysis (a); Wave rose of
significant wave height classes (b).

For both present and future projection datasets, significant wave height H;, peak period T, and mean wave
direction ¥ were extracted for present, RCP4.5 and RCP8.5 scenarios. The data were extracted in the
correspondence of the grid point closest to our model offshore boundary (latitude 36.69°N, longitude
15.00°E - EPSG 32633).The categorization of events based on their H; and ¢ was also carried out to identify
the prevailing direction and the direction associated with the most energetic sea states. Considering the
geographical fetch of the site under investigation, the directional sector for wave propagation spans from
150°N to 270°N, covering a total width of 120°. Therefore, the whole sector was subdivided into eight sub-
sectors, each spanning 15° (Figure 9-2).

For each sub-sector, an extreme value analysis was conducted to obtain H; associated with storms with given
return period T,. In order be consistent among the present and future scenarios, the extreme value analysis
was conducted considering the same length of for the time window of analysis. For the hystorical timeseries
the time window correspond to the actual extension of the dataset time series, namely 1993-2022 (present
condition). For the RCP scenarios two year windows were considered instead, namely the 2041-2070 and the
2071-2100. Thus doing, the extreme value analysis is carried out considering a dataset 30 years long, for each
scenario. Extreme value analysis was conducted as follows. First, a Peak-Over Threshold method was used to
identify peaks associated with storms within the extracted H; timeseries, given an H; threshold of 2.0 m and
a minimum temporal distance between independent events equal to 12 hours (Boccotti, 2004). Then, a range
of probability distributions (Weibull, Gumbel, LogNormal and Generalised Pareto) were tested against the
storm H; timeseries to check which one best-fits with the sample. The goodness-of-fit was tested by means
of the Kolmogorov-Smirnov test. The Generalised Pareto distribution was identified as the best-fitting one
for the extreme values of H; for each one of the directional sub-sectors. Finally, for each subsector Hs values
for a return period T, of 5, 50, 100 years were extracted from the adapted Pareto distribution. From a
preliminary analysis of both the storms per each subsector and the geographical fetch, it was noted that a
predominant occurrence of events came from the western directions. Consequently, the subsequent analysis
was focused on the eight-th subsector corresponding to the West (& = 262.5°N).

Local sea level rise medium confidence projections based on IPCC AR6 for the years 2020-2100 were obtained
from the NASA Sea Level Change projection tool at the closest geographical coordinates to the study site
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Table 9-1 Present and future hydrodynamic scenarios investigated for the Sicily pilot site.

Ret.u m Hydrodyamic . Hs Te SLR

Period . Year window

[years] scenario [m] [s] [m]
Present (SP) 1993 - 2022 4.26 9.65 0.00
$4.5-2070 2041 - 2070 5.68 10.42 0.37

5 $4.5-2100 2071 - 2100 5.16 10.14 0.57
$8.5-2070 2041 - 2070 5.22 10.20 0.48
$8.5-2100 2071 - 2100 5.48 10.34 0.78
Present (SP) 1993 - 2022 5.61 10.37 0.00
$4.5-2070 2041 - 2070 8.06 11.52 0.37

50 $4.5-2100 2071 -2100 7.21 11.16 0.57
$8.5-2070 2041 - 2070 6.67 10.95 0.48
$8.5-2100 2071 - 2100 8.36 11.68 0.78
Present (SP) 1993 - 2022 6.01 10.56 0.00
$4.5-2070 2041 - 2070 8.70 11.77 0.37

100 $4.5-2100 2071 - 2100 7.75 11.39 0.57
$8.5-2070 2041 - 2070 6.97 11.09 0.48
$8.5-2100 2071 - 2100 9.18 12.00 0.78

(latitude 36.00° and longitude 14.00°). In IPCC AR6, the RCP scenarios have been replaced with
Socioeconomic Pathways (SSP). Since there is no direct one-to-one correspondence between specific RCP
and SSP scenarios, a combinations of RCP and SSP scenarios can be chosen depending on the projected
storyline to be investigated. Since considerations about future socio-economic projections at our study case
are not available, we decided to combine RCP and SSP scenarios based on the same radiative forcing value.
Therefore, wave conditions for RCP4.5 scenarios were matched with sea level rise projections for SSP2-4.5
scenario (radiative forcing equal to 4.5 W/m?). Similarly, data projected for RCP8.5 wave scenarios are
associated with sea level rise corresponding to SSP5-8.5 scenario (radiative forcing equal to 8.5 W/m?). The
sea level rise projection is the one corresponding to the last year of the examined year window, i.e. 2070 and
2100, for the 2041-2070 and 2071-2100 windows respectively.

In the end, we investigated 5 climatic scenarios, a present scenario (SP) based on the analysis of the hystorical
re-analysis dataset, two climate change projection scenarios associated with a radiative forcings equal to 4.5
W/m? with 2070 and 2100 time horizons (54.5-2070 and S4.5-2100 respectively), and two scenarios for
radiative forcing equal to 8.5 W/m? scenarios (58.5-2070 and S8.5-2100). Considering the abovementioned,
a range of hydrodynamic scenarios were investigated, based on combination of sea level rise and wave
conditions at different return period (Table 9-1).

The XBeach model allows to simulate the wave dissipation due to the presence of vegetation. To do so,
characteristics of vegetation and spatial distribution of the vegetation must be given as input to the model.
The spatial distribution of vegetation was obtained by EUNIS2019 habitat maps (Chytry et al., 2020)
integrated with field surveys.

A detailed EUNIS map of the Sicily lagoon system was created by integrating the Corine Biotopes map
(1:10,000 scale) and the Corine Coastal Zones Land Cover/Land Use 2018 dataset. The Corine Biotopes
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classification was converted to EUNIS 2012 using the Italian Interpretation Manual of the 92/43/EEC
Directive. Semi-natural and artificial habitats were cross-referenced using EUNIS 2012 and Corine Land Cover
classifications. Conversion to EUNIS 2021 was completed with available crosswalks, though some codes (e.g.,
J1 — Buildings) lacked conversion systems. The final EUNIS map was validated through field surveys and
satellite imagery.

XBeach also simulates sediment transport by using a depth-averaged advection-diffusion scheme to model
sediment concentration in the water column, based on equilibrium sediment concentration (Galappatti et
al., 1983).

In our model, morphodynamic processes were considered, so simulations were carried out with a variable
seabed, as the area is subject to erosion. A granulometric analysis was conducted on the sediments of
Granelli’'s emerged beach, yielding D15, D50, and D90 values of 0.22 mm, 0.27 mm, and 0.30 mm,
respectively, which indicate the presence of medium-fine sand, characterised by a standard deviation of 0.35.
The sediment for nourishment was selected from the finest available in the offshore quarry, based on ten
samples collected at different depths. It was decided to use the sediment from the surface layer of the first
section (within the first half meter), having a median diameter of 0.45 mm. A subsequent granulometric
analysis provided D15 and D90 values of 0.41 mm and 0.48 mm, respectively, with a standard deviation of
0.35 mm.

Since the native sediment diameter (0.27 mm) and the nourishment sediment diameter (0.45 mm) are
different, the width of the emerged beach will be calculated using the "equilibrium profile concept." This
approach is based on the depth as a function of the distance y from the shoreline and considers the
relationship between sediment characteristics and beach shape. The parameter A, known as the profile scale
factor, reflects this relationship and depends on the grain size of the sediment used. The simplest form of
the equilibrium profile is given by the following equation:

— Av2/3
h =4y (9.1)

where h represents the depth and y the distance from the shore (Bruun, 1954). By applying the specific
morphological data of the site, an intersecting beach profile can be achieved, ensuring an optimal
configuration for nourishment. This method is essential for predicting how the beach will respond to the

Table 9-2 Semi-quantitative rank scores for three of the five selected REST-COAST ecosystem services applied to Sicily
Lagoons EUNIS biotopes through an expert approeach.

Code EUNIS Name WP RCE RFR
D5.1 Reedbeds normally without free-standing water 5 5 4
MA25 Mediterranean littoral biogenic habitat 3 4 3
MA2515 Mediterranean Sarcocornia perennis mats 4 4 4
N12 Mediterranean and Black Sea sand beach 1 4 4
N14 Mediterranean, Macaronesian and Black Sea shifting coastal dune 2 5 4
J1 Buildings of cities, towns and villages 0 0 0
R1E Mediterranean tall perennial dry grassland 3 4 3
Arable land with unmixed crops grown by low-intensity agricultural
V13 0 1 1
methods
Vel Broadleaved fruit and nut tree orchards 1 2 2
MB252 Biocenosis of Posidonia oceanica 5 2 3
MB55 Meditrerranean Infralittoral sand 1 1 0
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added sediments and for maintaining a long-term balance between the coastline and the sea, minimizing the
risk of future erosion.

To conduct the ESS assessment, accurate biotope scores, as shown in Table 3, are essential (Potts et al., 2014,
Baptist et al., 2024). These scores for the Sicily Lagoon were derived from expert evaluations of terrestrial
EUNIS biotopes, with each expert independently rating their contribution to Ecosystem Services like Water
Quality Purification (WP), Coastal Erosion Risk Reduction (RCE), and Coastal Flooding Risk Reduction (RFR) on
a scale 0 to 5, with 5 being the highest score indicating the larger contribution of the biotope to a given
ecosystem service.

9.2.3. Model setup
The SWAN computational domain extends for 2068 km?, encompassing approximately 90 km of coastline
(Figure 9-3a). The numerical grid consists of 17141 nodes. The unstructured grid resolution (i.e. distance
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Figure 9-3 a) SWAN numerical grid. The red rectangle shows the nested Xbeach domain. b) XBeach numerical grid with
associated elevation values in color scale.
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between nodes) is variable and bathymetry-dependant. For depths greater than 100 m, the elements have a
side of 1 km. For depths between 100 m and 30 m, the size gradually changes from 1 km to 400 m. For depth
less than 30 m, the elements maintain a size of 400 m. A higher resolution (100 m) was adopted in the
proximity of the XBeach domain.

The XBeach computational domain (Figure 9-3b) is nested within the SWAN domain and consists of a 3.36
km cross-shore and 3.69 km long-shore tile, consisting of a total surface of 12398 km?, enclosing the Cuba-
Longarini lagoon system, Granelli town and beach. A structured grid with variable resolution was built within
the domain, ranging 2.5 - 10 m cross-shore and 5 - 10 m longshore. The grid is made up by 1150 (cross-shore)
x 544 (long-shore) cells, for a total of 625,600 nodes. To each cell node, an elevation value is associated based
on the topographical data mentioned in Section 9.2.1.

In order to investigate the performance of the beach nourishment soultion, a second XBeach computational
domain was developed (Figure 9-4), also nested within the SWAN domain. This domain spans 16 km? and
includes, in addition to the lagoon system, the urban area, and the beach, the two promontories located to
the east (Punta Mici) and to the west (Punta Castellazzo). The numerical grid, with a variable resolution
between 2.5 and 10 m, consists of 1,219 cross-shore cells and 655 long-shore cells, for a total of 798,445
nodes.

For each habitat within the study area, a representative vegetation species is assigned based on a cross-
comparison between EUNIS habitat mapping and field surveys. The pertinent characteristics of the
vegetation, such as the number of vertical sections (n,), vertical section height (ah), drag coefficient (E:l),
stem diameter (b,), and vegetation density (N) were sourced from relevant literature (Knutson et al., 1982;
Van Loon-Steensma et al., 2016; Garzon et al., 2019; Fernandez-Montblanc et al., 2020) and local expert
approach. The specific values employed in the study are presented in Table 9-3. Vegetation maps for current
state (including already performed restoration), dune revegetation, and seagrass revegetaion used in Xbeach
are shown in Figure 9-5.a,b, and c respectively.
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Figure 9-4 Second XBeach computational domain that includes beach nourishment intervention.
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Table 9-3 Vegetation characteristics associated with EUNIS habitat codes

Species Associated habitat (EUNIS code) nsec  ah [m] C,[1 bml N
Ammophila arenaria Shifting coastal dunes (N14) 1 1 0.7 0.0025 260
Coastal saltmarshes and saline
Spartina alterniflora 1 0.625 1 0.003 400
P f reedbeds (MA25)
Phragmites australis Reedbeds normally without free- 5 0.25 0.86 0.006 110
standing water (Q51) 2 0.86 0.026 110
. . Biocenosis of Posidonia oceanica
Posidonia oceanica 1 0.50 1 0.01 280
(MB252)
x10° <108
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) . | Habitat: Biocenosis of Posidonia Oceanica
Habitat: Shifting coastal dunes (N14) {MB252)
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Habitat: Coastal saltmarshes and saline reedbeds
(MA25)
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water (Q51)
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Figure 9-5 Vegetation maps used as inputs in Xbeach for: (a) current state, (b) dune revegetation, (c), seagrass reconstruction,
(d) seagrass reconstruction upscaling. For the beach nourishment case, the habitat map of the current state (a) was used.
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Figure 9-6 Pre-storm (blue line), post-storm (green line) shorelines obtained from satellite imagery and post-storm shoreline
predicted by our model (red line). The figure shows the position of the 30 transects along which shoreline observed and
predicted shoreline retreat is computed.

9.2.4. Model validation

The validation of the SWAN and XBeach models involved assessing their accuracy in predicting hydrodynamic
and morphodynamic changes during a storm from April 21 to April 22, 2022. The storm had a significant
impact on the shoreline, and the models' predictions were compared with post-storm satellite imagery from
May 4, 2022. Hourly wave data from April 20 to April 25, 2022, were used to drive the SWAN model, with
performance metrics showing a high level of agreement between model predictions and observations (Bias:
0.02 m, RMSE: 0.37 m, Willmott Skillscore: 0.95).

For XBeach, the validation focused on its ability to predict storm-induced morphodynamics. The procedure
involved five sea states selected from the storm, each 5 hours apart, with XBeach simulating 0.5 hours of
hydrodynamic time and 5 hours of morphodynamic time, using a morphodynamic acceleration factor of 10.
The final bed elevation from each simulation was used as input for the subsequent one, and the predicted
shoreline after the final simulation was compared with the observed post-storm shoreline from May 4, 2022.
Figure 9-6.c shows the pre-storm (blue line), post-storm (green line) shorelines obtained from satellite
imagery and post-storm shoreline predicted by the model (red line). Model performance was assessed using
30 transects to measure distances between the observed and modeled shorelines, with Bias, RMSE, and BSS
metrics used to evaluate the prediction skill.

9.2.5. Plan of simulations

Appendix C shows the plan of the numerical simulations, which have been obtained by combining all
hydrodynamic scenarios, and the three restoration scenarios No-NbS (NN), dune revegetation (DR), seagrass
reconstruction (SR1), seagrass reconstruction — upscale (SR 2) and beach nourishment (BN).

9.2.6. General methodology for ESS evaluation
For evaluating the ecosystem service change, methodology from Baptist et al. (2024) is employed. Scores for
three chosen services (water purification, WP; erosion risk reduction, RE; and flood risk reduction, RF) is
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determined by calculating the weighted contribution of each EUNIS habitat. The overall score for each of the
five ecosystem services (ESS) is calculated by summing up the product of each EUNIS habitat’s area and its
rank score for the ESS.

n
ESS;o; = Z Area; x ESS; 52)

=1

where ESS;.: is the total score for a (one of five) ESS in a pilot area, n is the number of EUNIS (sub)habitats,
Area;is the surface area (m?) of EUNIS habitat i and ESS; is the rank score (0 to 5) of the ecosystem service for
EUNIS habitat /.

Any variation in the surface area of EUNIS (sub)habitats due to future conditions, such as climate change or
restoration efforts, results in a change in the overall ESS score (ESStot). This change is quantified as a relative
difference:

ESStot2 — ESStota
ESStot1 (9.3)

ESSrel,Z =

Where ESS.; is the relative change in the ESS-score at time 2 with respect to time 1, ESS: 1 is the total ESS
score at the (initial) time 1 and ESS:.t2 is the total ESS score at the (next) time 2. The relative change in the
ESS score ranges from -1 to +1, reflecting the degree of improvement (+) or decline (-) in the provision of the
ecosystem service. To address the issue of comparing small changes (a few percent) with large changes (tens
of percent) in total ESS scores, a transfer function is applied. This function uses a sigmoid curve that outputs
values between -5 and +5, corresponding to relative changes between -1 and +1.

@) 10 .
o(x)= ———=—

1+ekx (9.4)

here, o is the sigma-score (ranging from -5 to 5), and x represents the relative change in the ESS score
(between -1 and +1). The sigma-scores are then grouped into eleven categories (as shown in Table 9-4) to
express the relative change in ESS in a consistent, uniform metric for both gains and losses.

Table 9-4 Transformation of sigma-scores to rounded classes, their meaning in terms of magnitude of change and the
relative change in percentage for the considered ecosystem services.

g-score rounded meaning %change
-5to-4 -5 very large decrease -100 to -22
-4 to -3 -4 large decrease -22to-13.9
-3to-2 -3 medium decrease -13.9t0-8.5
-2to-1 -2 small decrease -8.5t0-4.1
-1to0 -1 very small decrease -41t00
0 0 No change 0
Oto1l 1 very small increase Oto4.1
1to2 2 small increase 4.1t08.5
2to3 3 medium increase 8.5t013.9
3to4 4 large increase 13.9to0 22
4 to5 5 very high increase 22 to 100
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9.2.7. Efficacy Indicators for evaluating NbSs in Coastal Flooding and Erosion Reduction

The performance of the investigated NbSs in reducing coastal flooding and erosion is quantified using
efficiency indicators. To evaluate the effectiveness of the proposed intervention in reducing flood risk, the
flooding reduction efficiency Ef is calculated as:

Ef = A—f’N’;_ s 0

£ NN (9.5)
where Ag yy represents the flooded area in the scenario no-NbS NN (NN, Figure 7a) , and Af yps represents
the flooded area considering the interventions of DR or SR. An additional efficiency indicator, Ef. , is
computed to assess the flooding reduction specifically within the city area. This indicator is calculated
similarly to Ef, but only considers the flooded areas within the city.

A —A
_ fc,NN fc,NbS . 100

E
re Afcnn (9.6)

where Arc yy and Agc yps represent the flooded city area in the no-NbS (Figure 7a) and NbS (Figure
7b)scenarios, respectively.

Regarding the NbS’s ability to reduce erosion caused by wave storms, two erosion reduction efficiency
indicators are calculated. To evaluate the NbS performance in reducing the eroded volumes of the beach
foreshore, the eroded volume reduction efficiency indicator is computed as:

V -V
e,NN e,NbS . 100

E., =
7 max (Ve wn) (9.7)

(a) (b)

(c) - = = Pre-storm beach profile

Post-storm beach peofie (NN)

Figure 9-7 Schematization of the terms used within the efficiency indicators: Flooded areas without or with NbS (a and b
respectively); eroded volumes (c).
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where V, yy and V, yps represent the eroded volumes of the initially emerged beach profile at t = 1800 s for
the no-NbS and NbS scenarios, respectively (Figure 9-7c). Here, max (V, yy) refers to the maximum eroded
volume across all transects in that specific simulation defined in Figure 9-6c¢.

9.3. Results

9.3.1. Evaluation of NbS flooding reduction efficacy

To evaluate the efficiency of the NbS interventions studied, Figure 9-8 present bar graphs showing flooded
urban areas and the percentage reduction in these flooded areas for each return period analysed (5 and 100
years).

Specifically, considering 5 and 100-year return period and the scenario without NbS (NN), the flooded urban
areas range from 0.013 km? (SP) to 0.218 km? (S8.5-2100); implementing the dune revegetation intervention
reduces the flooded urban areas to values between 0.011 km? (SP) and 0.163 km? (S8.5-2100). When the
seagrass revegetation intervention covers 87 hectares, the flooded urban area slightly increases, ranging
between 0.013 km? (SP) and 0.200 km? (S8.5-2100). Therefore, it was decided to increase the existing
seagrass area by about 100 hectares, reaching approximately 190 hectares; as a result, the flooded urban
area decreases, with values between 0.004 km? (SP) and 0.090 km? (S8.5-2100). Considering the last sand
nourishment intervention, a substantial reduction in the flooded urban area is observed, with values reaching
zero for the SP scenario and up to 0.0496 km? (S8.5-2100).

Examining the reduction efficiency for this return period (Figure 9-8b), a significant percentage reduction in
flooded urban areas is evident due to the sand nourishment intervention across all five hydrodynamic
scenarios analysed, with up to 100% reduction in flooding for the SP scenario, and reductions of 75% for the
scenario with the highest wave height (HS = 8.70 m, S4.5-2070) and 78% for the scenario with the highest
sea level rise (SLR = 0.78 m, S8.5-2100). The seagrass reconstruction also yields excellent results, with a 67%
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Figure 9-8 Flooded areas due to inundation in the city, for a 100-years return period (a), 5-years return period (c). Flooding
reduction efficiency in the city [EfC] due to proposed NbSs , for a 100-years return period (b),5-years return period (d)
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reduction in flooded urban areas for the SP scenario; 53% reductions for three projection scenarios (54.5-
2070, S4.5-2100, S8.5-2070), and a 59% reduction for S8.5-2100. The dune revegetation intervention
provides a consistent reduction in flooded areas, ranging from 17% (SP) to 25% (S8.5-2100). Finally, the
seagrass revegetation intervention covering 87 hectares results in limited percentage reductions, from 1% to
8.6% (58.5-2100).

The results demonstrate that the presence of NbS plays a crucial role, ensuring a significant reduction in
flooded areas and volumes in the urban centre and in the area adjacent to the estuary. Considering a shorter
return period, such as 5 years, in the NN scenario, the flooded urban areas are naturally smaller, ranging
from 0 km? (SP) to 0.025 km? (S8.5-2100). Adding the various NbS interventions to the model reduces the
flooded areas, going from 0 km? (SP) to 0.019 km? (S8.5-2100) for dune revegetation, from 0 km? (SP) to
0.021 km? (S8.5-2100) for seagrass revegetation, from 0 km? (SP) to 0.016 km? (58.5-2100) for the seagrass
upscale, and from 0 km? (SP, $4.5-2070, S4.5-2100) to 0.010 km? (S8.5-2100) for the sand nourishment
intervention. It should be noted that, regardless of the type of intervention chosen, for each scenario
examined, with a short return time, the flooded urban areas are 0 km? in the present scenario (SP).

Analysing the reduction efficiency chart for this return period (Figure 9-8d), there is a significant decrease in
flooded urban areas due to the sand nourishment intervention, ensuring a 100% reduction for the S4.5-2070
and S4.5-2100 scenarios, and 58% for the most critical scenario (S8.5-2100). The seagrass upscale
intervention also delivers excellent results, with a reduction efficiency of 34% for the highest sea-level rise
scenario (58.5-2100) and 75% for the highest wave height scenario (54.5-2070). The dune revegetation also
contributes positively, showing a reduction ranging from 12-20% up to 51% for the S4.5-2070 scenario. It is
important to emphasise that since there are no flooded urban areas in the current scenario (SP), no
percentage reduction efficiency can be calculated.

Once again, the proposed NbS interventions produce excellent results, with percentage reductions for the
seagrass expansion ranging from 7% for S8.5-2070 to 34% for S8.5-2100 and up to 74.5% for S8.5-2070.

It's also important to consider the role of sea-level rise (SLR). Comparing some flooded urban area values
obtained from two simulations for the current state, both with a 100-year return period: in the $4.5-2070
scenario (Hs = 8.70 m, SLR = 0.37 m), the flooded urban area is 0.059 km?, while in the $4.5-2100 scenario
(Hs = 7.75 m, SLR = 0.57 m), the flooded area is 0.086 km?2. This highlights the close correlation between
flooding and sea-level rise.

Therefore, from these results, the NbS interventions implemented significantly contribute to the reduction
of flooded areas, with reduction efficiencies reaching up to 100% for interventions such as sand nourishment
and seagrass meadow upscale in current scenarios (SP). Specifically, the sand nourishment intervention
shows significant reductions in flooded areas, especially near the urban centre, helping to protect these
vulnerable zones.

9.3.2. Evaluation of NbS erosion reduction efficacy

Figure 9-9 shows the pre- and (modelled) post-storm beach profiles computed along three selected transects.
The three transects were chosen to be representative of three portions of the beach, i.e. western, central
and eastern parts. Position of the three transects are shown in Figure 9-11a, alongside the shoreline position
(grey line). Specifically, Figure 9-11b, ¢ and d show pre-storm (dashed line), NN (black continuous line), DR
(orange dotted line), SR1 (purple dashed) and line SR2 (green line) post-storm beach profiles for $4.5-2070
hydrodynamic scenario (H; =8.70 m, T, = 11.77 s, SLR = 0.37 m) at transects T5, T12 and T22 respectively.
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Figure 9-9 Pre- and post-storm (modelled) beach profiles. Planimetric view of the coastal area and beach profile transects (a);
beach profiles: pre-storm (black dashed line), no-NbS (NN, black continuos line), dune revegetation (DR, orange dotted line)
and seagrass meadow reconstruction (SR, green continuous line) at transects T5, T12 and T22, for $S4.5-2070 (b, c and d) and
$8.5-2100 (e, f and g). The beach profile plots show also the position and height of the dune vegetation (Ammophila
arenaria, light green patch)

Figure 9-9b shows the beach profile at transect T5, i.e., in the western part of the Granelli coastline. The
simulated storm induces erosion of the foreshore dune profile, with an estimated eroded volume for the NN
scenario of V., nv = 9.40 m3/m. The SR1 intervention do not make any significant effect, with an eroded
volume of Ve, sp1 = 9.42 m3/m (E.v = 0.2%) The SR2 instead provides a larger contribution to erosion
protection, with an eroded volume of V., sr2 = 7.67 m3/m, i.e., corresponding to a E.y of 16%. Given that the
wave direction is primarily SSW (205°N at the XBeach offshore boundary), the SR1 and SR2 interventions help
attenuate energy from refracted waves that were initially propagating over the restored meadow. In this
area of the domain, the DR intervention is absent as the dune retains its natural vegetation. Consequently,
no difference is observed between the NN and DR simulations.

Moving closer to the central part of the beach (transect T12, Figure 9-9c), again the SR1 intervention do not
contribute significantly in reducing eroded volumes, going from 7.83 m3/m (NN) to 7.90 m3/m corresponding
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to an eroded volume reduction of E.y = 0.7%. SR2 instead contribute to volume erosion reduction to 3.17
m3/m, corresponding to a E.y of 42%. The contribution of the DR intervention is limited, with an estimated
eroded volume reduction of Eey = 8%.

Given the SSW wave direction, the eastern part of the domain (Figure 9-9d) is expected to be the most heavily
affected by the storm. At the same time, it benefits the most from the sheltering effect of the existing
seagrass meadow and from the SR1 and SR2 interventions. At transect T22, the NN scenario results in an
eroded volume of 9.11 m3/m. The SR1 intervention reduces this to 7.31 m3/m (E.y = 16.34% while SR2 further
reduces it to 4.29 m3/m (E.y = 44%). The zone of the DR intervention is not even reached by waves during
this simulated storm event; therefore, it does not contribute to erosion reduction in this hydrodynamic
scenario.

Figure 9-9e, Figure 9-9f, and Figure 9-9g illustrate the pre- and post-storm beach profiles for the $8.5-2100
scenario, representing the most severe investigated condition (H;=9.18 m, T, = 12.00 s, and SLR = 0.78 m).
At the western section of the coast (Figure 9e), the increase in wave height and sea level rise induces larger
eroded volumes for the NN case compared to the S4.5-2070 scenario at the same transect (Venn = 12.82
m3/m). Compared to Figure 9b, the SR1 and SR2 interventions show diminished effectiveness due to the
increase in water depth caused by SLR, being 12.81 m3/m for SR1 (E.y <0.1%) and 11.15 m3/m for SR2 (E.v =
7%). At transects T12 and T22 (Figures 9f and g), eroded volumes for the NN scenario are 13.29 m3*/m and
18.70 m3/m, respectively. As waves reach the revegetated dune patch, the DR intervention contributes to
the erosion reduction, with Ve, pr=7.19 m3/m and 12.70 m3/m (both E.y = 27%) for T12 and T22, respectively.
SR1 reduces erosion significantly only on T22 (11.70 m3/m, E.y = 31%) for T22, whereas SR2 achieves
reductions to Ve, sga=2.74 m3/m (E.v = 47%) for T12 and Ve, sr2 = 6.49 m3/m (E.y = 55%) for T22.

Figure 9-10 (a, b and c) shows the beach profiles before and after the storm for the $4.5-2070 scenario.
Specifically, it depicts the beach profiles before the storm (dashed line), the NN profile after the storm (black
solid line), and the profile with the BN intervention (orange line). Figure 9-10 (d, e and f) display the beach
profiles before and after the storm for the more severe $8.5-2100 scenario.

From the results for the S4.5-2070 scenario, it is observed that the nourishment intervention in the western
part of the area (transect T5, figure 10a) generates a growth volume of 1.48 m3*/m and an eroded volume of
4.42 m3/m (Ve,BN), which is much lower than the eroded volume of 9.41 m3/m observed in the case without
intervention (EeV = 47%). Moving towards the central part of the beach (transect T12, Figure 9-10b), the
protective effect of nourishment induces a slight reduction in eroded volumes, with an eroded volume of
4.16 m3*/m and a growth volume of 1.18 m3/m. In the eastern part of the domain (transect T22, Figure 9-10c),
the most affected by the storm, the intervention results in an eroded volume of 5.13 m3/m and a growth
volume of 0.65 m3/m.

Moving to the more critical scenario, $8.5-2100, characterized by a higher sea level rise (SLR) but a lower
wave height compared to the previous scenario, the erosion volumes are lower. In the western part of the
domain (transect T5, Figure 9-10d), the nourishment intervention produces an eroded volume of 2.11 m3/m,
a growth volume of 1.17 m3/m, and a deposited volume of 1.79 m3/m.

In the central part of the site (transect T12, figure 10e), the intervention yields a growth of sediment volume
of 0.43 m3*/m, a lower eroded volume of 0.89 m3*/m, and a deposited volume of 2.26 m3/m. Finally, in the
eastern part (transect T22, figure 10f), an eroded volume of 1.11 m3/m is observed, slightly higher than in
other areas of the same scenario due to the greater exposure to wave action, with a growth volume of 0.26
m3/m and a deposited volume of 1.49 m3/m.
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Figure 9-11 Pre- and post-storm (modelled) beach profiles. Beach profiles: pre-storm (black dashed line), no-NbS (NN, black
continuos line), beach nourishment (BN, orange dotted line) at transects T5 (a, d), T12 (b, e) and T22 (c, f), for S4.5-2070 (a, b
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Considering a 5-year return period, shown in Figure 9-11, it can be observed that the erosion results will be
lower. Specifically, for the S4.5-2070 scenario, the nourishment intervention in the western part of the area
(transect T5, Figure 9-11a) determines a growth volume of 0.69 m3*/m and an eroded volume of 3.38 m3/m.
In the central part of the beach (transect T12, Figure 9-11b), the protective effect of the nourishment
determines a slight reduction of the eroded volumes, with an eroded volume of 2.27 m3/m and a growth
volume of 0.35 m3/m. In the eastern part of the domain (transect T22, Figure 9-11c), the intervention
determines an eroded volume of 2.17 m3/m and a growth volume of 0.17 m3/m. Moving to the most critical
scenario, S8.5-2100, the erosion volumes are even lower. In the western part (transect T5, Figure 9-11d), the
nourishment intervention generates an eroded volume of 0.51 m3/m, a growth volume of 0.07 m3*/m and a
deposited volume of 0.88 m3/m.

In the central part of the site (transect T12, Figure 9-11e), a growth volume of 0.31 m3/m is recorded, with a
lower eroded volume of 0.03 m3/m and a deposit of 0.52 m3/m. Finally, in the eastern part (transect T22,
Figure 9-11f), an eroded volume of 0.30 m3/m is observed, with zero growth and a deposited volume of 0.45
m3/m.

9.3.3. Evaluation of ESS relative change

In this section, we present the findings of the assessment of ecosystem service (ESS) alterations resulting
from sea-level rise (SLR) and nature-based solutions (NbS). The methodology delineated in Section 9.2.7
facilitated the evaluation of relative changes in ESS and enabled the classification of ESS provisioning
improvements or degradations on a scale from -5 to +5. This analysis focused on three primary ecosystem
services: water purification (WP), flood risk reduction (FR), and erosion risk reduction (ER).

Figure 9-12 illustrates the habitat maps generated through the integration of local survey data with the Carta
Natura database. Each habitat, as explained in Section 9.2.7, is assigned scores for the three pertinent ESS,
which contribute to the calculation of the total ecosystem service score (ESSit). Figure 9-12a shows the
habitat maps for SP, whereas Figure 9-12b show the habitat map in the case of the hydrodynamic scenario
$4.5-2070, i.e. with a estimated sea level rise of 0.37 m. The increase of sea level determines a squeezing of
the already narrow beach strip. Moreover, the increase in sea level determines the opening of a channel in
the estuary region of the Longarini lagoon, inducing a permanent connection with the sea. This connection
not only equalizes the salinity levels between the sea and the lagoon but also regulates the lagoon's water
level according to sea levels, transitioning the habitat from a saline lagoon to Mediterranean infralittoral
sand. Such alterations detrimentally impact the lagoon’s natural flood mitigation capacity, as it can no longer
function as an expansion reservoir. Consequently, this leads to a significant reduction in the flood risk
reduction score from 4 to 1, as depicted in Figure 9-12c for the scenario $4.5-2070, the most severe SLR
scenario examined.

Table 9-5 and Table 9-6 shows the ESS sigma score for the comparison case between SP, NN and S4.5-2100,
NN, i.e. the present scenario with no NbS compared with an S4.5-2100 hydrodynamic scenario with NN. The
decrease of ESS provisining induced by the salinization and permanent connection of the lagoon with the sea
determines is in the range of 26-30%, resulting in a sigma score equal to -5 for all ESS. Similar results are
obtained, in terms of sigma score, for the comparison between the SP, NN with the S8.5-2100, NN, with
relative change ESS,.;between 0.43 and 0.52, and a sigma score equal to -5 far all ESS.

Table 9-7 presents the relative ecosystem service change and sigma scores for comparing the SP, NN scenario
with the SP, SR1 scenario. The SR1 intervention shows a minimal contribution to maintaining ecosystem
service provisioning, with an increase limited to 2%. On the other hand, upscaling significantly enhances
ecosystem service provisioning by as much as 16%, as shown by Table 9-8, with details of the computation
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Figure 9-12 Habitat maps for SP (a), $4.5-2070 (b) and (c) $8.5-2100 for the no-NbS scenarios.

Table 9-5 Computation of the sigma score for the comparison between SP, NN scenario with the $S4.5-2070, NN scenario

ESS ESStot,l Esstot, 2 Essrel Gx
WP 2.3070e+07 1.7011e+07 -0.26
RF 2.3231e+07 1.6237e+07 -0.30
RE 2.3712e+07 1.7126e+07 -0.28

Table 9-6 Computation of the sigma score for the comparison between SP, NN scenario with the $8.5-2100, NN scenario

ESS ESStot,l ESStot, 2 ESSreI
WP 2.3070e+07 1.3211e+07 -0.43
RF 2.3231e+07 1.2397e+07 -0.46
RE 2.3712e+07 1.1472e+07 -0.52

Ox

of the sigma score for comparing the SP, NN scenario with the SP, SR2 scenario. Finally, Table 9-9
demonstrates the substantial contribution of upscaling within the S8.5-2100 scenario, which enhances
ecosystem service provisioning by as much as 28%.
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Table 9-7 Computation of the sigma score for the comparison between SP, NN scenario with the SP, SR1 scenario

ESS ESStot,1 ESStot, 2 ESSrel Oy
WP 2.3070e+07 2.3530e+07 0.02 1
RF 2.3231e+07 2.3576e+07 0.01 1
RE 2.3712e+07 2.3827e+07 0.01 1

Table 9-8 Computation of the sigma score for the comparison between SP, NN scenario with the SP, SR2 scenario

ESS ESSm,;l ESSm, 2 ESSre| O
WP 2.3070e+07 2.6810e+07 0.16 4
RF 2.3231e+07 2.6019e+07 0.12 3
RE 2.3712e+07 2.4642e+07 0.04 1

Table 9-9 Computation of the sigma score for the comparison between SP, NN scenario with the SP, SR2 scenario

ESS ESStot,1 ESStot, 2 ESSre| Oy
WP 1.6950e+07 2.6810e+07 0.28 5
RF 1.5185e+07 2.6019e+07 0.22 5
RE 1.2402e+07 2.4642e+07 0.08 2

9.4. Conclusions

This study demonstrates the effectiveness of Nature-based Solutions (NbS) in reducing coastal flooding and
erosion in the "Pantani della Sicilia Sud-Orientale" region. The interventions, including dune revegetation,
seagrass restoration, and beach nourishment, significantly mitigate risks under both present and future
climate scenarios.

Beach nourishment showed the highest flood reduction potential, with up to 100% reduction under current
conditions and substantial decreases in future scenarios. Seagrass enlargement and dune revegetation also
contributed significantly, particularly in reducing erosion. However, future sea-level rise poses challenges,
potentially altering lagoon habitats and increasing the risk of saltwater intrusion. Continued monitoring and
adaptive strategies are essential to ensure the long-term success of these interventions in the face of climate
change.

In addition to flood risk mitigation, NbS substantially contribute to ecosystem service provisioning.
Restoration measures not only protect the built environment but also enhance water purification and erosion
risk reduction, supporting the long-term sustainability of the lagoon and coastal habitats.
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10. Seagrass restoration as a nature-based solution for climate change

adaptation in the Foros Bay
Valchev, N.}, Eftimova, P.}, Hineva, E.}, Andreeva, N.!

nstitute of Oceanology — Bulgarian Academy of Sciences

ABSTRACT: The Foros Bay is a part of complex coastal system located in the innermost part of the large
Burgas Bay. The area is centrepiece for both unique natural diversity and human uses, which makes it
vulnerable to multiple risks such as significant eutrophication and contaminant inflow resulting in
water quality deterioration, increased turbidity, and poor light conditions. The accelerated climate
change aggravates these risks especially those related to flooding and erosion and will contribute to
the ecotopes shift. Therefore, this study aims to assess the ESS provided by seagrass in reduction of
coastal hazards such as flooding and erosion in both present conditions and climate change
perspective. It also attempts to predict ecotopes shift resulting from sea level rise through D-Eco
Impact tool application. Results suggest that the most valuable ESS is reduction of coastal erosion while
the effect of seagrass on reduction of flooding is negligible. Sea level rise scenarios indicate a potential
expansion of infralittoral sand habitat towards the coast and subsequent loss of tall-helophyte bed
due to the anticipated shift.

10.1. Introduction

The Foros Bay is a part of the Burgas Bay located on the western Black Sea coast. Together with adjacent low-
laying area, it represents an important biodiversity hotspot. The area is one of the less exposed to wave
action along the Bulgarian coast and is a centrepiece for both unique natural diversity (landscape, habitat,
and species) and human uses expressed in overlapping economic, social and cultural interests. The area is
protected under the NATURA 2000 network (both Birds and Habitat) — BGO000271 Mandra-Poda. Poda was
declared a Wetland of international importance according to the Ramsar Convention. The Foros Bay is a part
of an important place from ornithological point of view (“Mandra-Poda Complex”) and lays on the Via Pontica

BLACK SEA

Burgas “ L\

Lake
3 - j

, :;"' Portof |
¥ Burgas
<

1 VBUR‘G_AS }

Burgas
Bay

c.Foros
Foros

Bay

Uzungeren
Lake
Mandra
reservoir

Figure 10-1 Map of the study area
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bird migratory route. The Foros Bay accommodates soft-bottom vegetation with a total area of 39 ha as the
dominant species is the seagrass Zostera noltei, Hornemann, which are in focus of the restoration
intervention (Figure 10-1).

10.1.1. Description of problems requiring restoration

Several dramatic changes have occurred on the study area and its watershed area since 1920, which
nowadays require restoration. Previously, the coastal area bordering the bay was a wetland almost
completely covered with hygrophytes. Subsequently, due to city expansion, a part of the swamp was dried
out and altered to settling (stabilization) basins. Mandra reservoir is a main source of industrial waters for
the Neftochim Petrolium Refinery. The area is under strong anthropogenic pressure due the proximity to
Burgas and the large industrial utilities and complexes. Moreover, the international road E87 crosses the
eastern part of the pilot thus contributing to pollution with emissions and wastes.

The presence of heavy industries combined with the significant catchment area of both Foros Bay and Poda
wetland contributes to significant eutrophication and contaminant inflow resulting in water quality
deterioration, increased turbidity, and poor light conditions. These stressors limit the natural spread of
seagrass. Furthermore, the increase of coastal flood and erosion hazards add to the multiple risks, which
should be considered from the biodiversity protection perspective.

The accelerated climate change aggravates above-mentioned risks especially those related to flooding and
erosion as well as the ecotopes shift. Although various dynamic properties have been considered, such as
winds, surges, flow and waves, the main climate change impact considered is the sea level rise. The future
conditions were addressed by making use of existing climate scenarios, more specifically middle and high-
end ones RCP4.5 (SSP2-4.5) and RCP8.5 (SSP5-8.5). Considered projections were 2070 and 2100. According
to IPCC AR6 (2023) sea level rise for Burgas would vary between 0.31 and 0.66 cm. Supposed effects can be
an increased flooding and erosion of both infralittoral and littoral, resulting in larger inundated area causing
changes in ecotopes.

10.1.2. Description of restoration efforts

Within the REST-COAST, efforts have been undertaken to apply a method for seagrass restoration in situ,
which is supposed to promote adaptation to climate change impacts through increased water quality, blue
carbon sequestration, reduction of flooding and erosion risk and thus enriching the biodiversity. A field
experiment was carried out to test the possibility to support seagrass recolonization in highly eutrophic
environment by removing one of the potential stressors at the site that probably contributes to seagrass
decline and acts as a barrier for natural recolonization, namely macrolagae coverage (mat algae). The
experimental set-up consists of three test plots. Within the plots, sods of seagrass of Z. noltei species have
been transplanted to test the ability of the species to recolonize area.

An upscaling of the above measure would represent a likely recolonization of the area down to 6 m depth,
which is the maximum community spread (in Bulgarian Black Sea waters) providing that measures to
improve the light conditions would be taken. Therefore, the modelling studies about the effect of
restoration were conducted considering the upscaling (Figure 10-2).

The scientific problem to be solved consists in estimation of the effect of seagrass restoration as a climate
adaptation measure. Therefore, ecosystem services contributing to the reduction of flooding and erosion
risks were assessed through numerical modelling and use of D-Eco Impact tool.
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Figure 10-2 Location of the seagrass meadow present in Foros Bay (light green polygon A) and the possible areas of seagrass
recolonisation (dark green polygons B and C)

10.2. Methods

10.2.1. Short description of the models

The methodology in use intents to reveal the impact of extreme events on the pilot for present and future
climate, and to assess the effect of the restoration. The event approach was employed by taking into account
three design events with return periods of 20, 50 and 100 years for present and climate change conditions.

The modelling system depicted in Figure 10-3 consists of two coupled Delft3D-FM domains — Burgas Bay and
Foros Bay — as well as the XBeach model implemented on a domain comprising a low-laying coastal stretch
in the Foros bay. A more detailed description of modelling efforts is available in REST-COAST Deliverable 2.2.

The Burgas Bay Delft3D-FM domain was implemented by online coupling of 2D flow and wave processes
(Deltares, 2021). The flow module uses unstructured grid with spatial resolution varying from 500 m at the
offshore boundary to 20 m for depths shallower than 20 m. The wave module uses regular grid with
horizontal resolution of 100 m. The Foros Bay Delft3D-FM domain is of higher spatial resolution and covers
Poda protected area and Uzungeren Lake as well as surrounding wetland and the located nearby Port of
Burgas. The flow module is set on unstructured grid with cell sizes varying from 50 m at the offshore boundary
to 20 m in the nearshore part of the grid. The wave grid is regular with spatial resolution of 20 m. The model
resolution is considered high enough to allow for a very good representation of flow and wave dynamics
within the coastal area of complex bathymetry. The presence of seagrasses into the model domain was

Figure 10-3 Schematization of the modelling and ESS assessment framework
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implemented into the model as area trachytopes, using the formula proposed in Baptist (2005). The following
input parameters were used: vegetation height (hv) — 0.3 m, density (n) — 6.5, drag coefficient (Cp) — 1.8, and
alluvial bed roughness (Cp) — 62.

The 2DH morphodynamic model XBeach (Roelvink et al., 2009) is implemented at the south-western part of
the Foros Bay. The domain is limited landward by the international road E87 and covers a costal stretch
presented by Poda wetland. It also includes a narrow beach and bottom slope up to 7 m depth. The grid is
regular non-equidistant with varying cross-shore cell sizes — from 14 m to 2 m — and regular 5m-resolution
along-shore. The model is fed by hourly wave parameters and water levels at the offshore boundary coming
from the Foros Bay Delft3D-FM model output. The present and restored seagrass meadows are incorporated
into the model using the XBeach vegetation module (Van Rooijen et al., 2015).

D-Eco Impact (Weeber et al., 2024) was used to predict the shift of infralittoral and littoral ecotopes as a
consequence of climate change driven sea level rise. This effort represents a first iteration since it is based
on change in depths due to sea level rise solely. Twelve EUNIS habitats were identified within the Foros Bay,
which are equally distributed between the littoral and infralittoral. Two depth threshold are posed in order
to run the D-Eco Impact tool: the first one 0.5 m refers to the EUNIS habitat MA54 Black sea littoral biogenic
habitat, Q51 Tall-helophyte bed, dominated by Phragmites australis; the second one 6 m — to MB54 Black
Sea infralittoral sand dominated by Z. noltei. The former relates to the species tolerance to change in depth
relative to salinity fluctuations (by expert judgement), while the latter is in accordance with the depth
limitation imposed on the spread of seagrass meadows due to the light conditions.

10.2.2. Quantification of ecosystem services

The contribution of two ecosystem services (ESS) — Reduction of Flood Risk (RFR) and Reduction of Coastal
Erosion (RCE) — was assessed for both present and future conditions. The indicators are based on result of
the hydrodynamic and morphodynamic modelling. The RFR assessment is using model results of Foros Bay
Delft3D-FM FLOW&WAVE model, while th