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Preface

The REST-COAST project (Large scale RESToration of COASTal ecosystems through rivers to sea connectivity),
funded under the European Union’s Horizon 2020 programme (Grant Agreement No. 101037097), aims to
advance innovative and science-based solutions for the large-scale restoration of coastal ecosystems. Its
central ambition is to improve the delivery of Ecosystem Services (ESS) and reduce coastal risks through
nature-based approaches, while reinforcing connectivity from river basins to the sea.

Deliverable D2.2 is the second technical output of Work Package 2 (WP2), building upon the storm-based
modelling work presented in D2.1. While D2.1 focused on current hazard conditions and model calibration,
this deliverable explores future scenarios of sea level rise, changing sediment dynamics, and increasing storm
impacts. It evaluates the long-term performance of Nature-Based Solutions (NbS) through integrated hydro-
morpho-eco modelling and assesses their contribution to ESS delivery across seven REST-COAST pilot sites.

This report supports the development of adaptive restoration strategies tailored to local contexts, while
contributing to broader coastal management frameworks under climate change. By combining physical
process modelling with ecological indicators and socio-economic relevance, D2.2 provides robust evidence
to guide nature-based adaptation pathways across Europe’s diverse coastal systems.

Summary

Deliverable D2.2 presents an integrated evaluation of future coastal risk reduction supported by Nature-
Based Solutions (NbS) and their capacity to deliver multiple Ecosystem Services (ESS) under long-term climate
scenarios. Building on the modelling frameworks developed in D2.1—focused on storm forecasting and
present-day hazard conditions—this report addresses the performance of restoration strategies under
projected sea level rise (SLR), changes in sediment dynamics, and intensified hydrometeorological forcing.

Each REST-COAST pilot site applied calibrated hydro-morpho-ecological models to simulate the evolution of
key ESS, including coastal protection, sediment regulation, water quality, and biodiversity support. The pilots
assessed the influence of salt marshes, seagrass meadows, dunes, and sediment management measures in
mitigating erosion and flooding, enhancing ecological functioning, and supporting socio-economic priorities.
The Wadden Sea and Venice Lagoon pilots confirmed the protective role of restored salt marshes in
modulating water levels, attenuating waves, and stabilizing sediments. In Foros Bay and Arcachon Bay,
seagrass meadows contributed to wave energy dissipation and sediment retention, although their
effectiveness decreased under high-energy or advanced SLR scenarios. The Arcachon site also integrated a
socio-economic layer to link model outputs with ecosystem-based management strategies.

In Sicily Lagoon and the Ebro Delta, sediment management approaches—such as dune reconstruction and
controlled nourishment—were explored to reduce coastal hazards and preserve ecosystem functioning. In
Vistula Lagoon, the emphasis was placed on habitat connectivity and biodiversity conservation, given the
relatively limited exposure to direct climate impacts.

The modelling results demonstrate that NbS can enhance the delivery of ESS under changing climate
conditions, but their performance is highly dependent on spatial configuration, local hydrodynamics, and
projected forcing. The deliverable highlights the importance of adaptive design, cross-disciplinary
integration, and long-term monitoring in sustaining coastal resilience.

By advancing a framework that combines physical, ecological, and socio-economic indicators within scenario-
based simulations, D2.2 provides an evidence-based foundation for the strategic planning of ecosystem-
based adaptation pathways. The outcomes support both local restoration actions and broader policy
frameworks aimed at integrating ESS into long-term coastal governance.
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REMO: Regional climate modelling framework

REST: Restoration configuration with NbS

REST-COAST: Large scale RESToration of COASTal ecosystems through rivers to sea connectivity Project
RMFE: Root Mean Square Error

RFR: Reduction of Flood Risk

SCHISM: Semi-implicit Cross-scale Hydroscience Integrated System Model
SCHISM-WWM: The Semi-implicit Cross-scale Hydroscience Integrated System Model and Waves Model
SCOT: Data Base for new construction (Bassin d’Arcachon)

SIBA: Syndicat Intercommunal du Bassin d’Arcachon

SIMPA: Integrated System for Precipitation-Runoff Modelling

SLR: Sea Level Rise

SMPBA: Syndicat Mixte des Ports du Bassin d'Arcachon

SNS: Coupled climate system model

SPA/BD: Protocol Annex Il under the Barcelona Convention

SPM: Suspended Particulate Matter.

SR: Seagrass Meadow Reconstruction

SSC: Suspended Load Concentration

SWAN: Simulating WAves Nearshore model

SWH: Significant Wave Height

T: Task

TBT: Tributyltin

TDV: Tour du Valat

TMAP: TMAP coastal vegetation (Bouma (2005)).

UAS: Bathymetric Database

UC: University of Catania

UICN: Union internationale pour la conservation de la nature en France
UNESCO: United Nations Educational, Scientific and Cultural organization
UPC: Universitat Politécnica de Catalunya
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UPM: Universidad Politécnica de Madrid
VLOED: new intertidal wetland to facilitate sediment extraction

WP: Work Package
WW3: WAVEWATCH IlI
WWM III: Wind Wave Model Il

ZES: Classes for classifying ecotopes

11



D2.2 Good practice criteria Multi-variable risk projections

List of Figures

Figure 2.1. a) Ebro Delta b) Placement of an embryonic alternating dune system during 2023 in the

Trabucador DAITIEr DEACK. ..........oi ettt e r e tesaeeneetesaeeneeeesee e 18
Figure 2.2. Flood levels proportional to SLR using SSP3-7.0 a)2050, b)2100 and ¢)2150 (blue represents
i oToTo =To Ir=VaTo [ =To I g o) f i (oo o =T ) TP 19
Figure 2.3. Schematisation of mitigation strategies. NP means No protection, AD alternating dunes, CD
continuous dunes and CN classical NOUNSAMENT. ...........ccuiiiiiiee e 20
Figure 2.4. Final bed level after storm Filomena in +0.27 SLR conditions. a) No protection, b) Alternating dunes
and €) ClassiCal NOUNISNIMENT. ..o e st e s e e e e ee e te e beete e reesreesree e 21
Figure 2.5. Final bed level after storm Gloria in +0.27 SLR conditions. a) No protection, b) Alternating dunes
and €) ClassiCal NOUIISNIMENT. ........cuiiiiie it e et et e s te e besbeetaebesreeseetenseens 22
Figure 2.6. Final bed level after storm Isaak in +0.27 SLR conditions. a) No protection, b) Alternating dunes
and €) ClassiCal NOUIISNIMENT. ........cc.iiiiie et e st e s ta et e s beeteebesaeereerenseens 22
Figure 2.7. Final bed level after storm Filomena in +0.57 SLR conditions. a) No protection, b) Alternating dunes
and €) ClassiCal NOUIISNIMENT. ........cc.iiiiie et e st e s ta et e s beeteebesaeereerenseens 23
Figure 2.8. Final bed level after storm Gloria in +0.57 SLR conditions. a) No protection, b) Alternating dunes
and €) ClassiCal NOUFMISRIMENT. ..........oiiiiiiiee ettt et 23
Figure 2.9. Final bed level after storm Isaak in +0.57 SLR conditions. a) No protection, b) Alternating dunes
and C) ClassiCal NOUFISRIMENT. ...........iiiiiieie bbbttt 24
Figure 2.10. Final bed level after storm Filomena in +0.75 SLR conditions. a) No protection, b) Alternating
dunes and ¢) Classical NOUIISNMENT. ..o e 24
Figure 2.11. Final bed level after storm Gloria in +0.75 SLR conditions. a) No protection, b) Alternating dunes
and €) ClassiCal NOUIISNIMENT. ........c.iiiiie ittt ettt st e et e ane e tesaeereeeeseeeneeeenneens 25
Figure 2.12. Final bed level after storm Isaak in +0.75 SLR conditions. a) No protection, b) Alternating dunes
and €) ClassiCal NOUIISNIMENT. ........cuiiiiie ittt se et e ene e tesaeereeneeseeeneeeesneens 25
Figure 2.13. Three different representations of the efficiency of the measures Alternating dunes and Classical
nourishment for present and future CONAITIONS. ........ccocviiii i s 27
Figure 2.14.Domain of the numerical simulations in the Ebro Delta pilot Site. ........ccccoevvevieviiiiiciece e 28
Figure 2.15. Cross sections Of the EDFO RIVEN ........c.vo i 29
Figure 2.16. Suspended sediment concentration for the mean water regime.. .......c.ccccvvevievie s e eneeneens 31
Figure 2.17.Erosion for the Mmean Water FEJIME .......c.cuiii i ettt s ne e 32
Figure 2.18. Suspended sediment concentration for the mean water regime..........ccccovevevviceve e ciese e .33
Figure 2.19. Suspended sediment concentration for the mean water regime..........c.ccoccevvevevevn s ccece e, 34
Figure 2.20. Suspended sediment concentration for several flow rates. ..........ccoccvvvvviie v, 35
Figure 2.21. Figure 3 from Tena et al., 2011 where they show the relationship between turbidity and
suspended SEdIMENT CONCENTIATION ..........ccviiiiiiiteret ettt bbb nbe s 36
Figure 2.22. Comparison of the estimation of potential sediment transport in Tortosa at the daily and monthly
scales. Left: annual flow. Right: Sediment tranSPOIt..........ccoiiiiiiiiiiieeee s 37
Figure 2.23. Evolution of annual flow and potential sediment transport in the Lower Ebro River under natural
and altered conditions. Left: annual flow. Right: sediment tranSport...........cccooeieiiiiiinesccee e 38
Figure 2.24. Relation between annual flow and potential sediment transport in the Lower Ebro River under
natural and Altered CONTITIONS ...........ooiii ettt see et e st e e e neesbeaneeseeereenes 38
Figure 2.25. Mean seasonality of flow and potential sediment transport in the Lower Ebro River under natural
and altered conditions. Left: annual flow. Right: sediment transport............ccoceoovioviieienie i, 39

Figure 2.26. Comparison of the time sequence of annual flows and potential sediment transport in the Ebro
River produced by SIMPA model and ISIMIP global hydrologic models. Left: Annual flows. Right: Potential
SEAIMENT TFANSPOIT. ...t e et e et e e e e te e saeesaeesaeesteesbeeaseeeneeaneeeteesteesteeseeenreesrenas 40

12



D2.2 Good practice criteria Multi-variable risk projections

Figure 2.27. Comparison of annual flows in the Ebro River produced by ISIMIP global hydrologic models and

SIMPA model. Left: HO8 model. Right: CWatM MOEL............cooviiiiieiieee e 41
Figure 2.28. Comparison of potential sediment transport in the Ebro River produced by ISIMIP global
hydrologic models and SIMPA model. Left: HO8 model. Right: CWatM model ... 41

Figure 2.29. Comparison of seasonality of flows and potential sediment transport in the Ebro River produced
by ISIMIP global hydrologic models and SIMPA model. Left: Seasonality of flows. Right: Seasonality of

potential SEdIMENT TrANSPOIT. .......c.viiiiie et et e e st e sre e s e e s ree e beeaeereesreenree e 42
Figure 2.30. Comparison of bias-corrected potential sediment transport in the Ebro River produced by ISIMIP
global hydrologic models and SIMPA model. Left: HO8 model. Right: CWatM model .............cccevvevninennn. 42
Figure 2.31. Projection of mean annual flow in the Ebro River under ISIMIP climate scenarios.................... 44
Figure 2.32. Projection of mean potential sediment transport in the Ebro River under ISIMIP climate scenarios
......................................................................................................................................................................... 45
Figure 2.33.Projected changes of mean annual flow and potential sediment transport in the Ebro River under
ISIMIP CHIMALE SCENATIOS. ... cvvevitiiteite sttt b et b bbbt bt bbbttt bbb 46
FIgUre 3.1 MOAEl GOMAINS........oiiiiiiicie bbbttt b bt e et b et e 47
Figure 3.2. Domain and bathymetry of the SCHISM-WWM maodel (right) and the magnified box shows the
study site, Norderney (IEft, red DOX) ..o 51
Figure 3.3. Flowchart of MOl SCENATIOS ........ccueiviiiiiiiiirieie e 53
Figure 3.4. Observed sedimentation- erosion patterns in the Dollard (Elias, 2021)..........ccccoovvirineniieinnnnne 54
Figure 3.5. Modelled sedimentation and erosion patterns after 24 years of morphological simulation
initializing the model with a thin (15 cm) initial layer of Mud ... 54
Figure 3.6. Modeled mud fraction in the top soil after initial calibration compared to the sediment atlas of
The Wadden SEa @S GOTS ... .ottt ettt e be et e seesteete e tesaeereenteseeaneeneenee e 54
Figure 3.7. EUNIS map of the Ems estuary produced in WP4.1 of RESTCOAST, based on Baptist (2019)...... 59
Figure 3.8. EUNIS map produced by output from the Ems-Dollard model..........c.cccceevveieivieeveiicvececi, 60
Figure 3.9. 95" Annual percentile in significant Wave Height (HS) and its reduction due to seagrass.......... 62
Figure 3.10. 95" Annual percentile in depth averaged velocity and its reduction due to seagrass............... 63
Figure 3.11. 95" Annual percentile in reduction due to seagrass for erosion proxy variables bottom stress and
bottom layer sediment CONCENTIALION ..........ccceeiieiie i sre e sreesaeesreesreenree e 64
Figure 3.12. Eunis maps for A) 2030, B) 2050, and C) 2100. ......cccceieieeiieiieiee e 66

Figure 3.13. Changes in maximum wave height during storm Herwart compared to the same storm event
simulated without sea-level rise and changes in ecotopes for the years A) 2030, B) 2050, and C) 2100 in
CHMALE SCENANIO SSP 585 . .vieiiiie ettt sttt et e st e et et e s beete e e s beese e teataesbesteeteenbesbeaneeneenteans 68
Figure 3.14.Changes in maximum wave height during storm Xaver compared to the same storm event
simulated without sea-level rise and changes in ecotopes for the years A) 2030, B) 2050, and C) 2100 in

ClIMALE SCENANTO SSP 585 ...ttt bbbt b bbbt b bt ne e 69
Figure 3.15. Additional intertidal wetland created for sediment extraction in the measure VLOED.............. 70
Figure 3.16. Pilot for sediment trapping on the intertidal flats as (source: Rijkswaterstaat) .............c.cccoe... 71
Figure 4.1. Location of the REST-COAST pilot site in the Venice Lagoon ...........cccoeveiiiiinenencieescee e 72
Figure 4.2. Schematic representation of the workflow adopted in this deliverable. The diagram summarizes
all the simulations, variables, scenarios and CONfIUIrAtIONS...........ccooveeiriiieriie e 73
Figure 4.3. Wave and wind climate for the Venice lagoon pilot. Sub-plot (a) shows the location for the climate
analysis, (b) shows the 99th percentile of SWH, (c) shows the 99th percentile for wind. ............ccccooeeeenies 76
Figure 4.4. Significant wave height and related trends for past (1990-2020), RCP8.5 (2041-2070) and RCP4.5
(2071-2100) SCENAIIOS ...uveeuveeureeteesteesieesteesseeseeasteasseaseeseessessseesseesseesseeasseasseasseeseesseesssesseesseesssessseesseesseesseens 77
Figure 4.5. Magnification of the numerical grids and bathymetry on the pilot site. a) shows the REF
configuration, b) shows the REST CONFIGUIALION ........ccviiiiiiiie et e ne e 78
Figure 4.6. Comparison of extreme sea level with open (a) and closed MOSE (b) and corresponding current
(o3 ) TSSOSO ST TSP TP TP P TP UPPPTPPPPTPPPRPPON 79

13



D2.2 Good practice criteria Multi-variable risk projections

Figure 4.7. Location of the comparison between numerical configurations: the black dot indicates the pilot
area, and the red dot shows the [ocation Of the AdFAtiC SEA. .........ccvveeiiee et e e e e e 79
Figure 4.8. Timeseries of water level (a-b) and currents (c-d) at Adriatic Sea (a-c) and the pilot site (b-d) for
the six scenarios. The difference between REST and REF configurations is shown in sub-plots (e) for sea level

Lo ) I (0] ot UL (= 01 SRS 80
Figure 4.9. Sea level difference computed as REST - REF simulations for H3 during the ebb phase (a) and the
L foToTo [TaTo N o] g T tT= N (o) TSRS ORSSOTP 81
Figure 4.10. Currents difference for REST and REF configuration in the H3 simulation both on the slack phase
(@) and the flooding PRASE (D). .....cieiiie e 81
Figure 4.11. Significant wave height difference (expressed in percentage) computed as REST - REF
configurations for the scenarios a) Wla, b) Wilb, ¢) Wda and d) WAD.............cccoe v, 83
Figure 4.12. Significant wave height for the REF configuration and for the scenarios a) W1la, b) W1lb, ¢) W4a,
Lo o )T USSR 84
Figure 4.13. Water level difference between REST and REF configurations when MOSE barriers are closed.
......................................................................................................................................................................... 84
Figure 4.14. Currents difference for REST and REF configuration and closed MOSE barriers in the H3
simulation both on the slack phase (a) and the flooding phase (D). ... 85
Figure 4.15. Annex 1: What-if scenarios of significant wave height at the pilot site...........c.ccocvniiiieinne 87
Figure 4.16. Annex 2: Currents for REST CONTIQUIALION .........cciiiiiiiiiiiic e 88
Figure 4.17. Annex 3: Currents for REF CONfigUIation ...........cocoiviieiiiiie e 88
Figure 4.18. Annex 4: Water level for REST cONfigUIation .........c.cccoiiririieieiieesecee e 89
Figure 4.19. Annex 5: Maximum flooded area at lagoon scale for each of the six scenarios..........cc.ccccoe...... 89
Figure 5.1.Land cover around the Bay (COring Land COVEI) .......uoiiiiiieie e 91
Figure 5.2. Hydraulic dredge (left) and mechanical dredge (right) [SIBA]. ....coooiiiieiiiiieieceee e, 92
Figure 5.3. Location of the dredging works identified on the SMPBA website (SMPBA 2023)..........ccccccevveene 93
Figure 5.4. Sediment settling basin (left) and their location (right) [SIBA]. .....c.ccooveiiveiieiiieiee e 94
Figure 5.5. Location of moorings (mooring buoy in blue, anchor in red) observed in an afternoon in July 2008
(RSO0 g =T N TR = A | 1< ) TSR 95
Figure 5.6. 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” . ... eiiiiii e 99
Figure 5.7. Surface wind projections (% of change). Ensemble mean (solid line) and confidence interval are
represented for climate scenarios SSP2-4.5 (blue) and SSP5-8.5 (Fed).........cccevvvieviiiiie i, 99
Figure 5.8. Storm events analysis in term of number (a), duration (b) and intensity (c). From Ganthy F., Ifremer
(personnal COMMUINICATION). .....cviiiiireiiee ettt sttt e st et e et e s beere e besteese e besteeseesaesteenaeneenren 100
Figure 5.9. Initial bathymetry applied in the model (m with respect to current MSL). .......ccccoovviniienenne 101
Figure 5.10. Morphological changes (m), calculated over 3 years for future horizons and corresponding SLR.
....................................................................................................................................................................... 104
Figure 5.11.. Evolution of tracer concentration (1 initially) for 5 harbors and 4 horizons over 10 days of
K10 11 ] = Lo SRS 106
Figure 5.12. Multi-impact chain and climate sensitivity for ESS €rosion. ..........cc.ccoovoeiiniiienieneece e 108
Figure 5.13. Multi-impact chain and climate sensitivity for ESS water quality ............ccccevriiiiiiinniviinen. 110
Figure 6.1. Schematization of the terms used within the efficacy indicators: Flooded areas without or with
NbS (a and b respectively); SNOreling retreat (C)........cocvvoveerrerieieee e 114
Figure 6.2. Inundation map for present scenario (SP), Tr = 100 years, no-NbS, Hs =6.01 m, T, =10.56 s, SLR =
01000 8 o SO 115
Figure 6.3. Inundation map for simulation S4.5-2100 (Tr = 100 years) scenario, current state, Hs=7.75m, T,
e R Lo T I 0 1 N SRS 116
Figure 6.4. Inundation maps for simulation scenario S4.5-2100, Tr = 100 years (Hs = 7.75m, T, = 11.39 s, SLR
=0.369 m): a) current state, b) dune revegetation, c) seagrass revegetation..............cccccevevviieereseseennenns 117

14



D2.2 Good practice criteria Multi-variable risk projections

Figure 6.5. a) Flooded areas due to wave storm (T, = 100 years) in the city area; b) Flooding reduction
efficiency percentage due to PropoSEd NDS ..o 118
Figure 6.6. Position of the 30 transects along which the shoreline retreat is computed.............cccccceeeeee. 118
Figure 6.7. Shoreline retreat for no-NbS (NN, black dots), dune revegetation (DR, orange circles) and for
seagrass meadow reconstruction (SR, green squares) along transects T1-30 (location in Figure 6.7c) for

present (a) and future (c,e,g,i) hydrodynamic SCENATIOS .........c.ccveveiieriiieiie e e e se e e e 119
Figure 7.1. Schematization of the study frameWOrK ...........ccocveiiriii e 121
Figure 7.2.Bathymetry and topography compiled datasets used in the study ........c.ccccceevvevivevievicvecieenen, 122
Figure 7.3. Location of points for which wave and wind properties were extracted from a hindcast dataset
....................................................................................................................................................................... 122
Figure 7.4. Location of bottom sediment samples collected for the needs of REST-COAST Project (red dots)
and those of supplementary samples (GreeN AOLS).........ccueiiiieiiiiiie e 123
Figure 7.5. Location of the seagrass meadow present in Foros Bay (light green polygon A) and the envisioned
area of seagrass restoration (dark green polygons B and C)........cccvveveiiiiieie i 124
Figure 7.6. Extreme events’ pattern for selected return Periods...........ocuovviiereiiinineneseee s 125
Figure 7.7. Sea level rise scenarios and projections (https://sealevel.nasa.gov/ipcc-ar6-sea-level-projection-
(0o ) TS TSSOSO TSP TP TP 125
Figure 7.8. Modelling SYStEM SCNEIME. .......ciiiiiieiee et 126
Figure 7.9. Burgas Bay Delft3D-FM FLOW&WAVE domain and location of the other elements of the modelling
0 = o PSSR 127

Figure 7.10. Foros Bay Delft3D-FM domain setup. Unstructured flow grid