N

N

A multi-sensor approach to monitor the ongoing
restoration of edaphic conditions for salt marsh species
facing sea level rise: An adaptive management case
study in Camargue, France
Aurélie Davranche, Céline Arzel, Pierre Pouzet, A. Rita Carrasco, Gaétan
Lefebvre, Dimitri Lague, Marc Thibault, Alice Newton, Cyril Fleurant,

Mohamed Maanan, et al.

» To cite this version:

Aurélie Davranche, Céline Arzel, Pierre Pouzet, A. Rita Carrasco, Gaétan Lefebvre, et al.. A multi-
sensor approach to monitor the ongoing restoration of edaphic conditions for salt marsh species facing
sea level rise: An adaptive management case study in Camargue, France. Science of the Total Envi-
ronment, In press, pp.168289. 10.1016/j.scitotenv.2023.168289 . hal-04281757v1

HAL Id: hal-04281757
https://hal.science/hal-04281757v1
Submitted on 8 Nov 2023 (v1), last revised 13 Nov 2023 (v2)

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est

archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License


https://hal.science/hal-04281757v1
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr

Journal Pre-proof

Science o
A multi-sensor approach to monitor the ongoing restoration of Total Environment
edaphic conditions for salt marsh species facing sea level rise: An
adaptive management case study in Camargue, France

Aurélie Davranche, Céline Arzel, Pierre Pouzet, A. Rita Carrasco,
Gaétan Lefebvre, Dimitri Lague, Marc Thibault, Alice Newton,
Cyril Fleurant, Mohamed Maanan, Brigitte Poulin

PII: S0048-9697(23)06916-4

DOI: https://doi.org/10.1016/j.scitotenv.2023.168289
Reference: STOTEN 168289

To appear in: Science of the Total Environment

Received date: 27 March 2023

Revised date: 31 October 2023

Accepted date: 31 October 2023

Please cite this article as: A. Davranche, C. Arzel, P. Pouzet, et al., A multi-sensor
approach to monitor the ongoing restoration of edaphic conditions for salt marsh species
facing sea level rise: An adaptive management case study in Camargue, France, Science of
the Total Environment (2023), https://doi.org/10.1016/j.scitotenv.2023.168289

This is a PDF file of an article that has undergone enhancements after acceptance, such
as the addition of a cover page and metadata, and formatting for readability, but it is
not yet the definitive version of record. This version will undergo additional copyediting,
typesetting and review before it is published in its final form, but we are providing this
version to give early visibility of the article. Please note that, during the production
process, errors may be discovered which could affect the content, and all legal disclaimers
that apply to the journal pertain.

© 2023 Published by Elsevier B.V.


https://doi.org/10.1016/j.scitotenv.2023.168289
https://doi.org/10.1016/j.scitotenv.2023.168289

Title:

A multi-sensor approach to monitor the ongoing restoration of edaphic conditions for salt marsh species

facing sea level rise: an adaptive management case study in Camargue, France.

Authors :

Aurélie Davranche™, Céline Arzel®, Pierre Pouzet®, A. Rita Carrasco®, Gaétan Lefebvre®, Dimitri Lague',

Marc Thibault®, Alice Newton®, Cyril Fleurant?, Mohamed Maanan", Brigitte Poulin®

Corresponding author: *Aurélie Davranche, aurelie.davranche@helsnki. i

Affiliations

a Lammi Biological Station, Department of Forest Sci<r.~=s. Jniversity of Helsinki, Padjarventie 320, 16900,

Lammi, Finland and University of Angers, Fran-.e.
b Department of Biology, FI-20014, University f Turku, Finland
¢ L@bisen, Institut Supérieur de I'Elec’ror.’ue et du Numérique (ISEN)

d Centre for Marine and Environm.nta: Research (CIMA), University of Algarve, Campus of Gambelas,

8005-139 Faro, Portugal,

e Tour du Valat, Research Ins**.ute for the Conservation of Mediterranean Wetlands, Le Sambuc, 13200

Arles, France
f Univ Rennes, CNRS, Géosciences Rennes, UMR 6118, 35000 Rennes, France
g Univ Angers, Nantes Université, Le Mans Univ, CNRS, LPG, F-49000 Angers, France

h LETG UMR CNRS 6554, University of Nantes, CEDEX 3, 44312 Nantes, France



Abstract

The Camargue or Rhone delta is a coastal wetland in southern France of which parts formely devoted to salt
production are undergoing a renaturation process. This study assessed a multisensor approach to investigate
the link between sediment size distribution, habitat development mapped with Worldview 2, flooding
durations estimated with time series of SENTINEL 2 images and elevation modelled with a LIDAR point
cloud in former saltworks. A Random Forest classification algorithm was used to map the vegetation
distributions of Sarcocornia fruticosa and Arthrocnemum macrostachyum, main representatives of the
NATURA 2000 "Mediterranean and thermo-Atlantic halophilous scruhs (Sarcocornetea fruticosi)" habitat
on the site. The best habitat map was obtained when considering the <.~cIc: separately. The random forest
Out-of-bag errors were 1.43% for S. fruticosa and 2.18% for A. ma_ru.tachyum. Both species were generally
distributed on different elevation and flooding duration zones c.nsidering mean values. Flooding duration
was estimated with the Water In Wetland index (WIW) baseu ~r 15 Sentinel-2 scenes. Two models related
to sediment grain size distribution were developed: on: reilicting the flooding duration and one predicting
the halophilous scrub distribution. Maps of floorine du. ation, sediment grain size distribution and elevation
highlighted two main zones in the study area: a w3stern section with coarser sediments, shorter flooding
durations and higher elevations under sza ‘nhuence; an eastern section with finer sediments, longer
hydroperiods and lower elevations un< er a historic river influence. This multidisciplinary approach offers
perspectives for using space-based 'ata “ver large scales to monitor changes in edaphic conditions of coastal
areas facing natural and anth’up ~genic forcings. The results call for further investigations to predict the

dynamic distribution of other v~astal habitats following climate change impacts, such as sea level rise.
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distribution.

Figures captions

Fig. 1. Workflow of the approach



Fig. 2. Location and delimitation of the study area, the former saltworks of Salin de Giraud in Camargue (B),

south of France (A). Labels refer to some hydrological units defined at the time of salt production.
Fig. 3. Location of the sediment sampling points in the former saltworks.

Fig. 4. Reflectance of S. fruticosa and A. macrostachyum, measured with a Jaz spectrometer in the field on 7-

8 September 2016.

Fig. 5. Classification (spatial resolution 2 m) of perennial halophilous scrubs (S. fruticosa and A.
macrostachyum) placed on (A) the interpolation of median grain size (D50mm,; discretization based on
guantile, spatial resolution 10 m), (B) the DTM (spatial resolution 50 cr.,, discretization based on quantiles)
and (C) the flooding duration from 0 (always dry) tol5 (always floo.'=d) (spatial resolution = 10) ) in the
former saltworks of Salin de Giraud. (D) is a 3D animation staiciny, *.om North-West and finishing South-
East, based on a set of camera positions placed on the combiatio 1 of the 3 maps; the median grain size was
extracted for each pixel of halophilous scrubs placed or -2 flooding duration map shaped with the DTM in

three dimensions (vertical scale = 4, tile resolution = 210 px, skirt height = 1, offset = 1).

Fig. 6: Comparison of mean elevation of both spec. s on both sides of the dyke (S.fruticosa_N = S. fruticosa
at northeast from the dyke, S.fruticosa_S-- ." fruticosa southwest of the dyke; A.macrostachyum_N = A.
macrostachyum from northeast of the dvke, A.macrostachyum_S = A. macrostachyum from southwest of the
dyke), bars representing the range at Jlevation values from minimum to maximum where species can be
found according to the random (. -es. classification. The different letters (a, b, ¢, d) identify mean values that

are significantly different.

Fig. 7. Comparison of mean flooding duration of both species on both sides of the dyke (S.fruticosa_N = S.
fruticosa at northeast from the dyke, S.fruticosa_S= S. fruticosa southwest from the dyke;
A.macrostachyum_N = A. macrostachyum from northeast of the dyke, A.macrostachyum S = A.
macrostachyum from southwest of the dyke), bars representing the range of flooding duration from minimum
to maximum where species can be found according to the random forest classification. The different letters

(a, b, c, d) identify mean values that are significantly different.

Fig. 8. Flooding duration (duration from 0 to 15 dates) grouped and ranked according to the pairwise analysis

with Kruskall-Wallis test and bonferroni p adjustment of their mean values of elevation on the DTM. Letters



a to h refers to group identifiers (different group = significant difference), and bars are range values (min-

max).

1. Introduction

The state and evolutionary trends of coastal wetland systems are the result of complex interactions between
hydrodynamic, ecological, hydrological and sediment transport processes, forced by tidal fluctuations
(Fagherazzi et al., 2020). Eco-geomorphological processes are paramount for their evolution, with
straightforward feedbacks between drivers and vegetation development (Belluco et al., 2006; van Proosdij et
al., 2006). Salt marsh vegetation increases the stability of the soil thrc rh its roots and dissipates the flow
through stems and leaves, promoting the accretion of the marsh (Silvest® et al., 2003). Hence, vegetation
changes can initiate morphological changes, while geomorpholog. ~al ¢ yanges can impact salt marsh plants.
In the Mediterranean region, the habitat NATURA 2000 "Mic te.ranean and thermo-Atlantic halophilous
scrubs (Sarcocornetea fruticosi)" conservation status is "Unf.vou.able bad" (Habitats Directive 92/43/EEC).
In Camargue (southern France), one of the most in. orlant regions for its conservation, its coverage
decreased with the development of the saltwor’ s ir Justry from 1856 and agriculture. The Camargue is one
of the largest and most biodiverse Mediteri.nean wetlands (Fraixedas et al., 2019). It was designated as a
Ramsar site in 1986 for its international irronance for nesting, staging and wintering waterbirds (Mathevet
et al., 2015). About 70% of the Carai 2ue lies within 1 m above mean sea level. Hence, it is extremely
vulnerable to flooding. In the 1860s, “ykes were built to prevent flooding of its southern coastal part. The
consequence was a polderizat. on o the delta with a reduction in sediment inflow from the Rhone River that
affected dune formation and inr reased coastal erosion. These changes have been accelerated by sea-level rise
due to climate change (Parc naturel régional de Camargue et al., 2022). In this Mediterranean region, the
annual maximum observed sea-level height, since 1961, increases by 4 mm/year associated with a frequency
and a speed of wind blowing from 100° to 120° sectors, that tends to push the water toward the coast.
Coastal erosion progressively reduced the beach width and made hydrodynamics phenomena more intense

(Ullmann et al., 2007).

Since 2010, the Conservatoire du Littoral, a public organization that protects coastal areas in France, has
progressively purchased 65 km?2 of former saltworks near Salin-de-Giraud. It was exploited for industrial salt

production with major transformations between the 1950’s and early 1970’s. The site hosts large areas of



lagoons, Mediterranean salt steppes, coastal dunes and wooded dunes. This area is under the protection of
Conservatoire du littoral since 2010 and presents the greatest diversity of natural habitats in Camargue
(Conservatoire du Littoral, 2015). It is part of the Natura 2000 network and includes 22 habitats targeted by
the European Habitat Directive. It hosts 541 plant species (including 30 protected species) and 302 bird
species and is an important staging area for waterbirds. The Conservatoire du littoral (2015) is promoting an
ecosystem-based management process of these former saltworks, following a well-defined adaptive
management plan. One of the main objectives of this management strategy is to increase resilience to sea
level rise and coastal erosion. The restoration of natural flooding patterns has favoured the development of
halophilous vegetation (Conservatoire du Littoral, 2015), which improves <alt marsh ecological functioning
and stability, since the loss of this vegetation is likely to exacerbate .= ~ifects of sea level rise on coastal

marshes (Ivajnsic et al., 2018).

The severity and magnitude of natural and human pressures be..”~ exerted on wetland ecosystems such as the
Camargue, (Newton et al., 2020), justify the implemr:niation of restoration approaches with adaptive
management. The former saltworks of Camargr'e ¢ “fer 2 unique case study and a rare example of applied
adaptive management in France, despite scientists vlling for this process to be included in the planning of

protected areas (Bioret et al., 2008).

Adaptive management is an iterative 2r.-ess relying on the co-design of the management of natural systems
with stakeholders, by developing :~terdisciplinary approaches, using scientific knowledge to define
management targets, throunh t1e dt velopment of environmental assessment plans, and the implementation of
a control fluxes to assess the re' ults of the implementation and evaluate the success of the restoration process
(Bobbink et al., 2006; Olsson et al., 2004). In this process, feedbacks complete the cycle of planning,
implementation, and evaluation (Lyons et al., 2008). Monitoring is thus a crucial component of an informed
process for supporting management decisions in restored ecosystems. Designing a monitoring plan should
start from the decision context and provide knowledge on uncertainties (Lyons et al., 2008). Since remote
sensing is an effective ecological survey tool that can be easily updated (Zedler and Kercher, 2005), it can
play an important role in the monitoring of adaptive management of habitats (El Mahrad et al., 2020).
Satellite remote sensing is one of the most suitable methods for this purpose (Blount et al., 2022; Campbell

and Wang, 2019; Hu et al., 2021), as it allows comprehensive and long-term observations over broad areas,



enabling the characterization of land surface changes in a wide variety of spatial and temporal scales. Hence,
it can provide simultaneous and repetitive coverage over large areas, allowing fast, frequent and consistent
monitoring (Blount et al., 2022). Over the past decade, several remote sensing tools have been developed
with input from managers to monitor the vegetation distribution in the Camargue wetlands (Davranche et al.,
2010), ecological state of its reed marshes (Poulin et al., 2010) and flooding duration (Davranche et al.,

2013; Lefebvre et al., 2019).

The former saltworks of Salin de Giraud have evolved rapidly in terms of water pathway change, salt marsh
vegetation development and dune dynamic (Parc naturel régional de Camargue et al., 2022). The adaptive
management approach of the Conservatoire du littoral is an invaluab'c ~escurce of knowledge likely to be
applied to other coastal areas facing similar natural and human tr.re.'s. However, the monitoring phase of
this adaptive management process imposes significant costs .ith a paradoxical configuration for the
managers as field data collection takes significant time (i.e.. .~veral years) to cover the entire study area,
while the site experiences rapid intra-annual changes. Ir. this context, this study assesses the potential of
using remote sensing and sediment analyses to .0, ito: the dynamic of the former saltworks as part of the
adaptive management plan implemented in these \.lediterranean coastal lagoons in Camargue. We tested
methods that combined (i) sediment sizr. «.~tnpution analyses linked to vegetation changes and water
inflows, and (ii) remote sensing anal:.sis > obtain a synoptic view of vegetation development, flooding
duration and elevation. The potei.tiar 9f multisource remote sensing data is discussed with regards to
understanding vegetation dyn7.i.~s, dune formation and hydrodynamics, in a context of sea level rise and

land use change.

2. Methods

Our approach (Fig. 1) investigated the link between sediment size distribution collected in the field,
halophilous scrub distribution mapped with Worldview 2, flooding durations calculated via time series of
SENTINEL 2 images and elevation modelled with a LIDAR point cloud, to monitor the adaptive

management applying nature-based solutions to restore anthropized lagoons.
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2.1 Location and geomorphic dynamic of the study are«

The Camargue is located in the eastern fagadr of he French Mediterranean arc (Fig 2A). From April to
September, the sum of the evaporation exceos precipitation, whereas after September rainfall outweigh the
evaporation. Mean annual values of rainfc!l ar u water evaporation are respectively 600 mm and 1400 mm
(Aubert et al., 2023). The Camargue cv>ast nas a microtidal range of about 30 cm (Rey et al., 2009). The
dominant wind directions are NW, ' and NE, which drive coastal currents to the west or east. Frequent
strong winds lead to a homog 2niz. tion of salt concentrations within the lagoons and force water exchanges
between them (Hohener et al., '010). Wind-controlled coastal currents transport significant amount of sand,
which contribute to broadening the strand plain and coastal dunes along the Rhdne shoreline (Rey et al.,
2009). Our study area, the former saltworks of Salin de Giraud (Fig. 2C), is highly dynamic (Conservatoire
du Littoral, 2015). Since 2010, the management strategy of the site focused on a progressive re-naturalization
to restore the natural hydroperiods of the lagoons that were artificially flooded by seawater pumping at the
time of salt production (Parc naturel régional de Camargue et al., 2022). To the north of the protective dyke,
the water circulates by gravity, mainly from north to south, without a gravity outlet from Fangassier 1 (Fig.
2C), the latter's water level being essentially regulated by evaporation. To the south of the backward dyke,

the waters flow by gravity in both directions, mainly depending on the water levels in the former salt parcels,



the prevailing winds and the sea level. Also, breaching of the former seafront dyke (Fig. 2C) has facilitated

sea inflows in the southern part (Conservatoire du Littoral, 2015).
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south of France (A). Labe’s “e1.~ t7, hydrological units defined at the time of salt production.

2.2 Studied species: ecological and edaphic conditions of development

This study focused on two species of halophilous scrubs i.e. Arthrocnemum macrostachyum and Sarcocornia
fruticosa. They are the dominant species in the study area and form part of the habitat Natura 2000 coded
1420: Mediterranean and thermos-Atlantic halophilous scrubs (MHS), composed of flagship species such as
Arthrocnemum macrostachyum, Sarcocornia fruticosa, Sarcocornia fruticosa var.deflexa and Suaeda vera.
Its status is “Unfavourable-Bad (U2)” in the Mediterranean area (Evans and Arvela, 2011). MHS responds

quickly to changes in hydrological regimes, which are well-known to impact its spatial distribution (Evans



and Arvela, 2011). Both study species are halophilic and perennial, being typically adapted to high soil
anoxia and long flood duration by rainfall (Colmer and Flowers, 2008). S. fruticosa can tolerate salinity
between 10 mM and 1000 mM of NaCl, with an optimal growth at 510 mM in warm saline habitats
(Abdulrahman and Williams, 1981). Under prolonged salinity exposure, it accelerates its germination
(Redondo-Gomez et al., 2007). The abundance of S. fructicosa can be increased through the provision of
optimal salinity and silt-clay soil conditions (Landi and Angiolini, 2013). A. macrostachyum can tolerate
higher salt and seasonal moisture variations than S. fruticosa (Rogel et al., 2000), although S. fructicosa can
withstand high concentrations of salt year-round but it is not adapted to pronounced seasonal changes. In the
Venice lagoon, A. macrostachyum usually develops at higher topograph.c 'evels than S. fructicosa (Silvestri
et al., 2003). In the French Mediterranean area, A. macrostachyum .~ f,und on coarse sediment habitats

characterised by higher salinity (Baumberger et al., 2012).

2.3 Vegetation data collection

From 2010 to 2013, Tour du Valat Research Institut: (= P'/) had inventoried 8% of the surface of the site
following the Natura 2000 nomenclature to del’mit iabitats with polygons on a vector layer (1/10000 scale)
using field knowledge and photointerpretati. of aerial photographs acquired on 04/05/2011 by the French
National Institute of Geographic and Fo.e;t nformation. While Natura 2000 habitat typology provides
valuable background information, it i3 .ot accurate enough for satellite-based mapping (Vanden Borre et al.,
2011). Hence, in 2016 we performeu a field campaign adapted to remote sensing analysis. We identified
homogenous stands of halnpt.'lous scrubs and other land cover types distributed over the entire study area.
Two hard-to-reach zones were surveyed with a drone (Phantom 4 - DJI) equipped with a visible camera
(CMOS 1") to locate homogeneous stands of vegetation on newly formed dunes. The sample totalled 2 011
points (Table A.1) with 76 points of A. macrostachyum and 84 points of S. fruticosa. For each sampling
point located with its GPS position, the corresponding pixel value was extracted for each spectral band using

the point sampling tool plugin in the Quantum GIS software (QGIS).

Using the polygons of habitats identified in 2012 and 2013, we extracted vegetation points separated by 2 m
from each other and placed at a minimum distance of 5 m from the border of the polygon. These points were
used to test the accuracy of the final map of halophilous scrubs on an independent sample. A total of 2 653

points with 162 A. macrostachyum and 131 S. fruticosa (Table A.2) were established.



Field reflectance measurements were also collected in September 2016 using a JAZ EL 350 VIS-NIR
spectrometer (350-1000 nm) from Ocean optics with a QP600-2-VIS-NIR optical fiber (600 core diameter,
24 cm bend and 12 cm radius) over 3 homogenous and dense stands of A. macrostachyum and 3 of S.
fruticosa. Reflectance was registered as continuous values and averages from the 3 acquisitions were made

for each species.

2.4 Mapping of halophilous scrub species distribution

The presence of halophilous scrubs was mapped using a Worldview 2 (WV2) very-high resolution imagery
(Fig. 1). This sensor offered 0.46 m resolution panchromatic data (450-.'C0 nm) and 1.85 m in multispectral,
delivered at 0.5 m and 2 m, in 8 bands: B1(400-450 nm), B2 (450-51) nn.), B3 (510-580 nm), B4 (585-625
nm), B5 (630 -690 nm), B6 (705-745 nm), B7 (770-895 nm) anc B8 860-1040 nm; see sensors details in
Table B.1). One image was acquired the 31st of August 2016 s.icuy cloudless, at the time of the year when
the global vegetation coverage was estimated to be at its r.iaxi.>um growth. The image covers the entire
study area and was delivered in Ortho Ready (Final) le.=! of correction. Multispectral indices (Table B.2),
among the most used, were adapted to the ban s o' WV2 following the method of Davranche et al. (2010;

2013) and integrated in the database.

The Random Forest model (RF) packar;: irn.~ the R software (Breiman, 2001) was used to perform image
classification. The RF classification ~lgor.thm does not work well for unbalanced samples (Freeman et al.,
2012). The class “presence of halc,~hil dus scrubs” represented 12% of the total observations. Hence, we used
the function ROSE (Luradoi. . al.,, 2014) from the R package ROSE (with hmult.majo = 0.20 and
hmult.mino = 0.5) to balance uur sample. We first classified both species together, A. macrostachyum ; and
S. fruticosa, then each species individually. For each analysis, we used a 10-fold cross validation to estimate
the Out-Of-Bag (OOB) error of the classification (Breiman, 2001). The number of trees to build was set
according to the best OOB score (Breiman, 2001). The final map was then validated with data from

vegetation presence and absence (other land cover types) data collected in 2012 and 2013.

2.5 Flooding duration data

In this study, flooding duration is defined as the cumulated water presence based on all cloudless Sentinel 2

images available in 2016. There were a total of 15 acquisitions from February to December, corresponding to



the following dates (day/month): 05/02, 05/05, 15/05, 07/06, 07/07, 17/07, 03/08, 13/08, 26/08, 02/09, 05/09,
22/09, 05/10, 15/10, 11/12. Water presence on each date was estimated by applying the Water Index in
Wetland (WIW) (Lefebvre et al., 2019) to the Sentinel-2 images level A2 . The WIW can predict the
presence of water irrespective of vegetation presence (Lefebvre et al., 2019). It was developed following a
classification and regression tree (CART) algorithm used to identify the best match between ground-truth
and optical-based data for predicting water presence/absence (Lefebvre et al., 2019). The resultant classifier
of water presence consists of threshold values imposed to the near-infrared and shortwave infrared
wavelengths, irrespective of the satellite sensor used (LANDSAT 5,7,8 and SENTINEL 2). The WIW
provided an overall accuracy ranging from 89% to 94% for both tiw training and validation samples
(Lefebvre et al., 2019). The highest performance was obtained for Seni..el 2 with a kappa coefficient of 0.82
(Lefebvre et al., 2019). The application of the WIW to one imag.: re.Zits in a water map (presenting absence
(coded 0) and presence (coded 1) from 2 cm of water level Davi anche et al., 2010). Flooding duration can
be obtained by the addition of all WIW rasters calculateu “or each acquisition date. In our case, we summed
the 15 rasters corresponding to the 15 acquisition da"s of cloudless images in 2016 for our study area. It

provided a flooding duration (Fig. 3) ranging fron.. 1 (always dry) to 15 (always flooded).

2.6 Sediment data

Sediment samples were collected in *he ~ummer of 2017. To track the sediment deposition and distribution
changes since 2010, we collected the ."per 2 cm sediment layer following fieldwork tracks defined in a GIS
point layer designed with the DGI.5 software. The points were placed in a regular grid within the extent of
the study area that was specifie’: by a 500-m spacing between the points. The sampling points were then GPS
(Garmin Etrex) referenced. Sampling points located in lagoons were discarded, but additional points were
sampled in narrow water channels and in the most accessible zones. A total of 396 points were sampled (Fig.

3).

Grain size analysis of the collected sediment samples was conducted using a Malvern Mastersizer 2000©
laser beam grain sizer (Parsons, 1998; Yu et al., 2009). Sand, silt and clay particle content, with their sub-
groups (from very coarse to very fine fractions), and the mud estimation (sum of the silt and clay fractions)
were extracted according to the Blott & Pye classification using the Excel Gradistat package (Blott and Pye,

2001). Each sample was characterized by its mean, sorting, skewness and kurtosis indexes (from the Folk



and Ward method (Folk and Ward, 1957)), with determination of their statistical mode and quantiles
(median, quartiles and deciles), to evaluate its textural group (Pouzet and Maanan, 2020). Variable names are
presented in Table C.1. The median grain size (d50 in um) at each sample location was then interpolated
over the entire study area. Interpolation was made with the SAGA-GIS (Conrad et al., 2015) software
(version 7.9.0). Several interpolation methods were tested. To select the best method, we calculated the 10-
fold cross validation error for each method. The best result was then selected according to its minimum cross
validation errors (Liang et al., 2020). The cell size of the resultant interpolation raster was set to 10 m to
correspond to Sentinel 2 data resolution. The resultant interpolation map was then categorized following the

nomenclature of Blott and Pye (2001).
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Fig. 3. Location of the sediment sampling points in the former saltworks.

2.7 Bed elevation data

Complementary, airborne topo-bathymetric LIDAR data was acquired using a Teledyne Optech Titan dual
wavelength sensor using two lasers, i.e. a traditional 1064 nm for topographic acquisition, and a 532 nm
(green) laser for shallow bathymetry and topography (Launeau et al., 2018; Lague and Feldmann, 2020). The
airborne campaign was conducted at an altitude of 350 m on 26-27 September 2016. The ground point

density was on average 15.5 pts/m2 for each channel. After automated ground classification, the data was



gridded to create a 50 cm Digital Terrain Model (DTM) with a vertical accuracy for bathymetry of + 10 cm,

and for topography of £ 5 cm.

2.8 Extraction of matches between sediment samples, flooding duration, elevation and halophilous

scrubs

For each sediment sampling point, we used the “point sampling tool” plugin of the QGIS software to extract
the corresponding flooding duration and elevation information. Then, we defined a buffer area of 5 m
distance from the points locating the sediment samples and extracted all pixels from the RF map coding for
halophilous scrub presence in this zone. Halophilous scrubs were concic'ered present at this location when
there was at least one pixel coding for presence in the 5 m radius zone arownd each point. This approach was
thought to optimize the detection of halophilous scrubs at the sarr.aling locations of sediment records, since
the point sampling tool may miss the emergence of new veccw.ion stands and/or sparse developments. To
compare the elevation and flooding duration conditions of Foth »ecies and on both sides of the main dyke
that limits the marine influence, the centroids of the pi.el%, designating the presence of each species were
translated into 816 521 points. Then, using thcse puints, the value of elevation and flooding duration were
extracted for each point with the point samp.ing tool plugin. Finally, we created a layer of points distributed
over the study area following a stratified metiod with a minimum distance between points of 20 meters.
Based on this established grid and usiny the point sampling tool plugin of QGIS, we could extract 231 670
correspondences between flooding du -ation and the elevation values from the LIDAR DTM, irrespective of

land cover types.

2.9 Statistical analyses

2.9.1 Sediment grain size parameters and halophilous scrub distribution

The Boruta package (Kursa et al., 2010) was employed to select the important predictive variables with
respect to our dependent variables: flooding duration and vegetation presence. We used the
TentativeRoughFix function of Boruta to get the most important shadow features (Kursa et al., 2010). Only
variables with a Pearson correlation value below 0.6 were included in the same model to prevent
multicollinearity (Menard, 2002). The selected variables were then used for regression model building after
scaling. Since flooding duration contained 18.6% of zero values and considering under and over dispersion,

we used negative binomial models and Zero-Inflated Negative Binomial GLM. Presence and absence of



halophilous scrubs were modelled using the binomial GLM with a logit link after a rebalancing process with
the function ROSE (with hmult.majo = 0.20 and hmult.mino = 0.50) of the R package ROSE (Lunardon et
al., 2014) since the category “presence of halophilous scrubs” was representing 12% of the total
observations. Our objective was to find the best predictive model. Hence, the dredge function of the Mumin
R package was used to identify the top model (within a range of delta AIC < 2). Resultant model selection

was conducted using minimum AIC value and evaluation of residuals with the DHARMa package.

2.9.2 Elevation and flooding duration and halophilous scrub distribution

Elevation values followed a non-normal distribution (Shapiro-Wilk tcs*, p=0.001). Hence, we performed
pairwise Kruskall-Wallis tests with bonferroni adjusted P-values (thre: holu of p =0.025, for 15 categories) to
compare elevation means of each category of flooding duration (0 = dr ' to 15 = 15 dates of water presence)
using the agricolae R package. The distribution of halophilcus <ciub species on both sides of the seafront
dyke were compared in relation to the flooding duration cons.dere Y as a continous variable (Shapiro-Wilktest
p < 0.001); using the agricolae R package, pairwice . rskall-Wallis tests compared the mean flooding

duration for both species on both sides of the be :kw.rd dyke (to the North and to the South).

3. Results

3.1 Spectral characteristics and classifica.'on accuracy of halophilous scrub presence (RF)

Field measurements of reflectance o\ S. fruticosa and A. macrostachyum provided different spectral curves:
the absorption in the red light vas . reater for S. fruticosa and its reflectance values in the near-infrared (NIR)
part of the spectrum was high :r than for A. macrostachyum (Fig. 4). The point when A. macrostachyum

reflectance values decreased compared to S. fruticosa was at about 710 nm.



Reflectance (%)
— N N
(O)] [ ) (O)]

N
(@)

- S fruticosa

- A.macrostachyum

Fig. 4. Reflectance of S. fruticosa and A. macros’ac yun., measured with a Jaz spectrometer in the field on 7-

RF OBB and omission errors for class “pr:sence” and the class “absence” were less important when the
classification (Davranche et al, 2023¢) v."s done for each species individually than for both species together
(Table 1). For both species, the most Miscriminant variable was the NDVI12 according to the mean decrease
Gini (see supplementary mate ‘ial ¢ 1), which is a measure of node impurity (Breiman, 2001). The validation

on the independent sample fror data collected from 2010 to 2013 provided an omission error of 27% for A.
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macrostachyum and 44% for S. fruticosa with a global accuracy of 96.2% (Appendice B).

Table 1: RF error estimates on the training sample

OOB error (%) | Omission error presence (%) | Omission error absence (%)
Sample 2016 Sample 2010 to 2013 Sample 2010 to 2013
S. fruticosa 1.43 0.017 0.012
A. macrostachyum 2.18 0.025 0.019
Both species 6.08 0.064 0.057




3.2 Sediment grain size distribution

According to the cross-validation error, the best method for the D50mm interpolation (Davranche at al.,
2023b) was the Modified Quadratic Shepard. The 10-fold validation provided an R2 of 0.93, an NMRSE of
24.5, an RMSE of 83.9, an MRE of 7039 with the fit set to “node”, the quadratic neighbours and weighting
neighbours set to 50 and the spatial resolution set to 10 m equivalent to the Sentinel 2 image resolution (Fig.
5A). The combination of all maps (Fig. 5) highlights several circular, higher and dry structures of different
surfaces, made up of a mix of coarse and fine sediments in the weLtern and southern parts of the site.
Halophilous scrubs can be seen around these spherical structures, esy ecia.ly to the South, along the former
seafront dyke breaches, and to the West along the coast (Animatic 1 on Fig. 5D). The Eastern lagoon basins,
close to the former Rhdne River pathway, exhibit the finest ,elimcents (D50mm < 63 pum, Fig. 5A). Zones
with very coarse sediments join the sea to South and West, ¢ spec.ally where dyke breaches are present (Fig.

5A).
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Fig. 5. Classification (spatial resolution 2 m) of perennial halo."ilnus scrubs (S. fruticosa and A.
macrostachyum) placed on (A) the interpolation of median ¢iain zize (D50mm; discretization based on
guantile, spatial resolution 10 m), (B) the DTM (spatial resc'itior 50 cm; discretization based on quantiles)
and (C) the flooding duration from 0 (always dry) to’5 ‘always flooded) (spatial resolution = 10) in the
former saltworks of Salin de Giraud. (D) is a 3D ani.mation starting from North-West and finishing South-
East, based on a set of camera positions placed o.. -he combination of the 3 maps; the median grain size was
extracted for each pixel of halophilous scrubs .:~ced on the flooding duration map shaped with the DTM in

three dimensions (vertical scale = 4, tile . c<oi2aon = 200 px, skirt height = 1, offset = 1).

3.2.1 Prediction of halophilo s sc "ub distribution with sediment size parameters

After Boruta and Pearson currelation testing, the pre-selected variables were D10mm and VFINESILT
(Table 2). The resultant model followed a binomial logit distribution. The Area Under the Curve (AUC) of
the Receiver Operator Characteristic (ROC) curve was 0.65 (it can range from 0 to 1). The model shows that
halophilous scrubs from S. fruticosa and A. macrostachyum developed on coarser sediments rather than finer

particles (negative slope).

Table 2: Resultant model predicting halophilous scrubs occurrence with sediment size parameters

Model type Response variable Predictive variables Estimates | Error P

Logit Presence of halophilous scrubs Intercept -2.588 0.223 0




D10mm -0.657 0.303 0.03

VFINESILT -0.631 0.281 0.02

3.2.2 Prediction of flooding duration with sediment size parameters

After Boruta and Pearson correlation testing, the pre-selected variables were VCOARSESILT,
COARSESAND and CLAY. The best predictive model followed a negative binomial distribution, showing
an increasing percentage of CLAY with flooding duration, an inverse relation to VCOARSESILT size, and a
negative relation of water absence with COARSESAND and VCC ARSESILT. P values were more
significant for flooding duration than for water absence (flooding dur xtion = 0, Table 3). It means that long
hydroperiods will be observed in zones where the proportion of ¢'av is greater, and the proportion of very
coarse silt is less important. It also means that the presence c« w. ter, irrespective of the hydroperiod, can be

observed in areas with a higher proportion of coarse sand anu coar.e silt.

The map of flooding duration over the 15 dates in ?01. highlights the largest lagoons on the Eastern part of
the study area with their deepest areas that are per..-anently flooded. It also highlights the water pathways

between the lagoons and the channels create~ by *he regular sea inflow (Fig. 5C).

Table 3: Resultant models predicting flooding duration and water presence with varying sediment size

parameters
Model type Res 0ns 2 Predictive variables Estimates Error P
variz.ble

Negative binomial Flooding duration | Intercept 1.353 0.051 0
CLAY 0.265 0.060 0
VCOARSESILT -0.359 0.066 0
Log(theta) 0.429 0.116 0

Zero-inflation model, Water absence Intercept -15.887 7.663 0.038

binomial with logit link COARSESAND -1.636 0.804 0.042
VCOARSESILT -11.761 5.802 0.043




3.3 Halophilous scrub distribution related to elevation and flooding duration

According to the random forest map, both species of halophilous scrubs are distributed in higher mean
elevations to the North of the backward dyke than to the South (higher marine influence). On both sides of
the backward dyke, A. macrostachyum is located at lower mean elevations (northeast= 0.45 m, southwest:
4.1 m) than S. fruticosa (northeast: 0.60 m, southwest: 0.78 m). In the southern part of the study area, where
the topographical variation is higher in the elevation model, S. fructicosa and A. macrostachyum can be
found at larger ranges of elevation values than in the Northern part. The species can be found at significant

different elevation means on both sides of the backward dyke (see letters on Fig. 6).
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Fig. 6: Comparison of me-a. le »*.0n of both species on both sides of the backward dyke (S.fruticosa_N = S.
fruticosa northeast of the dyke, S.fruticosa_S= S. fruticosa southwest of the dyke; A.macrostachyum_N = A.
macrostachyum northeast of the dyke, A.macrostachyum_S = A. macrostachyum southwest of the dyke),
bars representing the range of elevation values from minimum to maximum where species can be found
according to the random forest classification. The different letters (a, b, ¢, d) mean that the mean values are

significantly different from each other.

According to the random forest classification, both species on both sides of the backward dyke can be found
where duration of flooding ranges from none to all fifteen dates but their distribution configurations differed
significantly in terms of mean flooding duration. Overall, A. macrostachyum experienced longer inundation

(northeast: 0.7 dates, southwest: 3.2 dates) than S. fruticosa (northeast: 0.5 dates, southwest: 2.3 dates), and



longer inundation in the southern part than in the northern part of the study area. S. fruticosa also
experienced longer inundation in the southern part of the study area that is directly influenced by the sea

(Fig. 7).
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Fig. 7. Comparison of mean flooding w«u aton of both species on both sides of the backward dyke
(S.fruticosa_N = S. fruticosa northeas. of the dyke, S.fruticosa S= S. fruticosa southwest of the dyke;
A.macrostachyum_N = A. macrostac, 'um northeast of the dyke, A.macrostachyum_S = A. macrostachyum
southwest of the dyke), bars i=pre. enting the range of flooding duration from minimum to maximum (0 to
15) where species can be founc according to the random forest classification. The different letters (a, b, c, d)

identify mean values that are significantly different from each other.
3.4 Flooding duration distribution related to elevation

The pairwise comparisons of mean elevation and flooding duration categories showed that dry zones (0
date), rarely inundated zones (1 date), and mid-dry zones (up to 7 dates of flooding) are located at a
significantly different altitude than areas being flooded more than 50% of the time. The longest hydroperiods
(all 15 dates) are observed in the deepest zones having the lowest mean elevation (one single group called

“m” on Fig. 8), ranging from —12,7 meters to 1,6 meters.
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Fig. 8. Flooding duration (duration from 0 to 15 date.) grouped and ranked according to the pairwise analysis
with Kruskall-Wallis test and bonferroni p ac, 'stment of their mean values of elevation on the DTM (a to h

letters are group identifiers (different gvnup -- significant difference), bars are range values (min-max)).

4. Discussion
4.1. Halophilous scrub d’s -ib ot un mapping

The reflectance measured with a field spectrometer showed that the A. macrostachyum spectral curve in the
yellow band of WV slightly overlaps with the green band. Compared to S. fruticosa, the reflectance value in
the green light is slightly over the yellow and red, most likely due to the physiognomic difference when A.
macrostachyum segments turn yellow-brown, S. fruticosa remains green (Davy et al., 2006). The difference
in spectral responses was confirmed with the classification accuracies from WV2 data (improved accuracies
for classification when the species are considered separately). As stated by several previous studies (Ali et
al., 2016; Rapinel et al., 2019; Vanden Borre et al., 2011), this result confirms that field experts and
conservation site managers must work together on data standardization and knowledge sharing for improving

the use of remote sensing to fulfil Natura 2000 habitat monitoring. This result has important implications in



terms of field protocol for the mapping of these species that are grouped under the same category
“halophilous scrubs” in the Natura 2000 typology. Our field protocol specifications could be applied in other

areas for future mapping of coastal marsh vegetation.

Mapping of both species was mostly linked to the NDVI2 multispectral index. The NDVI2 calculated from
WV?2 bands can improve vegetation biomass mapping at high density (Mutanga et al., 2012). Since
homogeneous stands of halophilous scrubs can be very dense in our study site, it may explain the importance
of this variable for mapping this Natura 2000 habitat. Regarding mapping costs, a single image of WV2 for
one date was found sufficient to build an accurate map of both species' distribution. The validation on an
independent sample provided a good overall accuracy for both species This alidation shows that other land
cover types, habitats and species are well identified as “absence o1 . alophilous scrubs”. However, results
showed an underestimation of the presence of both species, espec.~lly S. fruticosa (omission error 44%). The
validation sample was made with data acquired from 2010 to 2?43 according to the identification of Natura
2000 habitats with no assurance that the stands of A r.acrostachyum and S. fruticosa were in the same
ecological state in 2016. Also, cover percentage, w re .'ot specified in the available database and sampling
points placed in the polygons could fall on very sparsely vegetated areas. Some of them might have been
placed on bare soil or on a mix of halophilu:. ~crubs with other species that might partly explain the error of
omissions with this validation sample. ‘Also, further investigations must be conducted on the development of
S. fruticosa that might mix with c*her species such as Juncus maritimus as observed in the field (expert
knowledge from Tour du Vale’, v ounlished), which could further explain the omission error if both species
can mix at equal proportior.. However, regarding the OBB errors resulting from the random forest
algorithm, the classification can be considered accurate for both species, since this method was proven to be
a reliable measure of classification accuracy (Lawrence et al., 2006; Zhong et al., 2014). Hence, our study
adds elements to the conclusions of Vanden Borre et al. (2011) regarding the suitability of Natura 2000
typology for remote sensing data i.e. vegetation stand homogeneity is not a prime descriptive parameter of
the Natura 2000 typology. This study confirms that rigorous field campaigns combined with satellite remote
sensing can provide models for vegetation presence (Davranche et al., 2010; Lefebvre et al., 2019) if the

protocol to build a sample for remote sensing analysis is made in accordance with the resolution of the



image. These results confirmed the need for protocol standardization between field experts and remote

sensing analysts (Vanden Borre et al., 2011).

4.2. Halophilous scrubs, flooding duration and elevation

Generally, our resultant map of halophilous scrubs presence follows the highest elevation variability in the
northern part of our study zone (i.e., to the North of the backward dyke) compared to the southern part.
According to this map, S. fruticosa seems to be distributed at a higher mean elevation and in mean shorter
duration flooded zones than A. macrostachyum. However, the range of values suggests that A.
macrostachyum can be found in diverse flooding conditions, and in son < places, at higher elevations than S.
fruticosa. While providing a synoptic view of the whole study area, our map seems to follow the
observations of Molinier and Tallon (1965). They explained that / ma :rostachyum can be observed at very
low elevations (lower than S. fruticosa) and in areas exhiF.u.q ‘onger flooding durations, which it can
withstand better than S. fruticosa, or at higher elevations .nde. higher salinity pressure, both conditions
inducing phenotypic adaptations of A. macrostach:'ui.. 7 hey also showed that A. macrostachyum can
participate in the edification of mobile embryo’«c funes. A. macrostachyum can also be seen in mix stands
with annual glasswort in salty steppes, as .aticed in the Tour du Valat inventories from 2010 to 2013
(Conservatoire du Littoral, 2015). Thest Jbservations seem to confirm the accuracy of our mapping
approach. When considering the mear: v.'ues of flooding duration for each species, it seems that both species
can more often be seen in zones tha. were flooded for about 1 date over the 15 dates we monitored. Our
model predicting flooding du atioi with sediment size showed that the less flooding duration the less the
sediments are coarse. Both soe :ies seems to develop preferably on coarser sand and silt. According to our
map, although distributed on a larger range of elevations in the southern part of the study area, S. fruticosa
seems to generally develop at higher altitudes than A. macrostachyum in this zone that is directly influenced
by the sea inflows, especially since the seafront dyke started collapsing. Sea water inflows might favour A.
macrostachyum at lower elevations because it is less sensitive to high variability (Rogel et al., 2000).
However, the presence of halophilous scrubs could not be predicted by the flooding duration extracted from
SENTINEL data or by elevation. Further investigations are required to model the percent coverage of
halophilous scrubs rather than their occurrences. As stated by studies conducted along an inundation gradient

(Khan and Gul, 2002), we might expect the cover of A. macrostachyum to be lower in zones that receive the



maximum inundation. Field data gathering, including percentage cover of the vegetation stands should be

further undertaken to test this hypothesis.

4.3. Halophilous scrub occurrence and sediment grain size distribution

Results of our model, linking the halophilous scrub distribution map and sediment sizes, confirmed previous
deductions regarding the flooding duration category where this vegetation develops. The presence of
halophilous scrubs is negatively correlated to very fine particles of silt. Areas of smaller grain sizes at higher
elevations (embryonic dunes) can be seen to the South in the interpolation map of the sediment median size,
and they are surrounded by halophilous scrub development. The sea s.ems to import coarser sediments on
which the halophilous scrubs develop, after which they then retain tt e i er sediments. These observations
support the identifications of dunes by the managers of the ite who suggested the contribution of
halophilous scrub to the formation of these dunes (Parc na’w ! 1égional de Camargue et al., 2022). The
application of our method might help to identify areas where vege:ation develops and new dunes are likely to

develop, starting with the first deposition of sediment.

4.4 Adaptive management to cope with sea-lev.' rise

Climate change scenarios suggested that 7. s ~ah increase in storms (energy and duration) would result in
increased dune erosion in Camargue (Saba.er, 2008). The renaturation process, by restoring seasonal water
cycles, has allowed halophilous scr.'hs :» develop on mud flats, further contributing to sediment trapping and
dune formation. The collapse . u.c seafront dyke has resulted in the restoration of coastal dynamics.
Climate scenarios (Sabatier,2."8) did not take into account this renaturation process of lagoons. This process
limits human activities that reduce or eliminate forcings such as major storm events and river floods at
different temporal and spatial scales (Day et al., 2011). These forcings are known to cause wetland losses
and sediment inflow modifications (Day et al., 2011). Our results confirmed that unhindered sea inflow had,
at least locally, a short-term positive impact on the development of halophilous vegetation and dune
formation, as observed by the site managers (Parc naturel régional de Camargue, Tour du Valat, Société

nationale de protection de la nature & CPIE Rhone Pays d’Arles, 2022).

In 2010, Day et al. (2010) studied several Mediterranean deltaic and lagoon wetlands including the Eastern

part of the Rhéne River delta. They concluded that areas with high riverine sediment inflow are the only ones



likely to survive to the accelerated sea-level rise. They explained that impounded marshes, isolated from both
tidal and river influence, had low biomass and mineral sediment inflows, and were losing elevation relative
to local water levels. In the Rhdne River delta, they observed that the hypersaline soil was an additional
stress impacting negatively on plant production to offset elevation loss. However, our results suggested that
the nature-based restoration process applied to the former saltworks of Salin de Giraud at least partially
compensate the lack of river sediment inflows. The halophilous scrub emergence in the southwestern part of
our study site could be predicted by the presence of coarser sediments brought in by the sea. Halophilous
scrubs seem to create a basis for sediment accumulation that foster the formation of new dunes. The storm
frequency and the impact of wind on sea inflow into this very flat reg.. might contribute to the specific
distribution of halophilous scrub species observed in our study site hv (2n'ributing to the edaphic conditions

needed for their development..

The adaptive management process applied to our study area ..~5 been implemented though a nature-based
solution approach with restoration of gravitational w 't¢, Tlows and abandonment of seafront dykes that
resulted in the creation of a natural littoral erviionn.ont (Conservatoire du Littoral, 2015). Simulations
showed that the salt marsh habitats in the northern .art of the Venice lagoon will disappear by 2075 because
the anthropogenic barriers are limiting the se.*ment availability to all micro-altitudes (Ivajnsi¢ et al., 2018).
The synoptic view brought by our apptoac:. could help developing adaptive management strategies in such
lagoons to decrease the impact of h.'ma.>s and favour sediment deposition following the emergence of marsh

vegetation as observed in our sluu ’ area.

4.5 Applicability of the appro «ch to other areas

In this study, we presented two models linking vegetation development and flooding duration mapped with
remote sensing with sediment size distribution. Derived data from remote sensing can therefore help to
understand the dynamics of the edaphic characteristics needed for salt marsh species development. It offers
perspectives for long-term and regular monitoring strategies of nature-based solutions over large areas with
limited sediment sampling and analyses required. Our results showed that vegetation mapping at one date
can be used to understand mid-term (in this study 6 years, from 2010 to 2016) sediment dynamics of
Mediterranean lagoons facing global change. In our study, the monitoring was done after a period of high

anthropogenic impact. However, it can be applied to other saltwork regions to better understand the impact



of such human activities and to better regulate them. Our study area is very flat, but the LIDAR data
provided bathymetry up to —13 meters under the water surface close to the border of the beach in the sea.
This approach offers great potential to apply the approach in coastal regions where the topography and
depths are important drivers. According to our results, in very, flat micro-intertidal areas, like the Salins de
Giraud, multispectral indices, such as the WIW, seems to be helpful in understanding the water pathways and
their impact on vegetation development related to sediment grain size. Hence, the high acquisition
periodicity of SENTINEL images offers a useful tool to understand the impact of extreme storm water
inflow in the process of sea-level rise, since it can highlight and assist in measuring the surfaces that are
rarely inundated. In this study, we considered flooding duration using v~ or two images monthly but the
constellation of SENTINEL 2 with a third satellite to be launchea n 2024, will increase the temporal
resolution. It will help to better understand the impact of sea influw o= vegetation development and sediment

dynamics in coastal areas.

Conclusion

The former saltworks of Salin de Giraud in Ce aarr,ue, purchased by the Conservatoire du Littoral in 2010,
offered a unique landscape configuration in \"vance to test the relevance of remote sensing approaches based
on World view 2, SENTINEL 2 and a fuli viave LIDAR sensor to monitor the nature-based restoration of a
coastal area exposed to sea-level ris~. Jur interdisciplinary approach demonstrated that derived data from
remote sensing linked to grain size =nalysis of sediments, can help to understand the distribution, the
emergence and stand develop.nent of salt marsh vegetation species by imaging the edaphic conditions from
space and in the field. Remote y-sensed data on water presence could also be explained by the grain size,
while the LIDAR elevation did not seem to be a significant parameter of flooding duration or sediment
distribution in our study area. This might be due to the very flat topography that is rapidly changing with sea
inflows. Our results suggested that remote sensing of water and vegetation presence related to the sediment
distribution can help with assessing the effectiveness of an adaptive management strategy based on a
renaturation process of lagoons highly pressured by anthropogenic activities. Field campaigns to monitor
vegetation development over large areas are costly, especially in time, which hinders the possibility to cover
the entire study area before it evolved further with climate change. In the context of the increased availability

of time series imagery, our synoptic approach offers new possibilities for managers to better define adaptive



strategies, increased uptake in governance programs, for the restoration of coastal areas and to facilitate the

monitoring of these nature-based solutions at larger scales.
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Appendices

Appendix A: Land cover sampling and classification validation

Table A.1. Number of sampling points per land cover types

Categories Number of points
Algae 55

Amorpha 15

Aguatic beds 18

A. macrostachyum 76

Arundo donax 27

Deep water 72

Dry bare soil 120

Elymo arenarii-Agropyretum 81

Junceiformis

Graminea+ A. macrostachyum 56
Grey dune 48
Imperata cylindrica 14
Juncus acutus 26
Juncus maritimus 20
Juncus and reed pasture 54
Ludwigia sp. 50
Meadow 50
Moist bare soil 145
Mud 73
Olea 54
Phillyrea 30
Pine 64

Populus 42




Reed beds 51

Reedbeds in dune 10
Rice 59
Salt 52
Salt water 53
S. fruticosa 84
Schoenus 36
Annual Salicornia sparse 86
Spartina 24
Sporoboletum arenarii 31
Steppe 48
Tamaris 37
Turbid water 50
Annual salicornia very dense 136
White dune 34
Total number of sample points 2M11

Table A.2. Error of omission on 1.~ v.'idation sample from 2010 to 2013 data gathering

Numb. r of S.fructicosa  A. macrostachyum Error of omission in
Categories points map map the final map
Sea 103 0 0 0,00
Algae 60 0 0 0,00
A. macrostachyum 162 0 118 0,27
Lower dune marsh 184 1 0 0,01
White dunes 109 0 0 0,00
Embryonic dunes 77 0 0 0,00
Grey dunes 161 0 0 0,00

Phillyrea 162 3 0 0,02




Aquatic beds 39 0 0 0,00
Other trees 59 0 0 0,00
Meadows 128 0 0 0,00
Phytoplankton 47 0 0 0,00
Pines 154 0 0 0,00
Salty meadows 191 4 3 0,04
Rice 49 0 0 0,00
Reedbeds 289 0 0 0,00
Annual Salicornia 166 0 4 0,02
S. fruticosa 131 73 3 0,44
Salt crust 34 0 0 0,00
Bare soil 221 0 N 0,00
Steppes 127 0 1 0,01
Total 2653
Appendix B: Worldview data
Table B.1. Worldview 2 characterisiic.

World View 2

Spatial resolution

No. Spectral bands

Multispectral Panchromatic

2m 0.5m
8 1
400-450 nm (coastal) 450-800 nm

450-510 nm (blue)
510-580 nm (green)
585-625 nm (yellow)

630-690 nm (red)

705-745 (red edge)




770-895 (near IR-1)

860-900 nm (near IR-2)

Radiometric
Swath width
Temporal coverage

Solar angle

Acquisition date

11
16.4
2009-
10.3
31/08/2016

Table B.2. Multispectral indices used for modelling halophilous scr ™ distribution

Acronym Name Forn.la Reference
BSI Brightness Soil index SCORT(R#+PIR?) (Kauth and Thomas, 1976)
Cl Clearness Index G4R (Besnard et al., 2015)
DVI Difference vegetation index PIR2-R (Richardson and Wiegand,
1977)
DWV Difference Water V.y.tauon NDWI1-NDVI1 (Gond, V. et al., 2004)
IFW Index of Free ‘Nater PIR-G (Adell and Puech, 2003)
NDSI Normalized diffe, >~ e soil index G-Y/G+Y (Wolf, 2010)
NDVI1 Normalizeu 1nrerence vegetation R-PIR/PIR+R (Wolf, 2010)
index
NDVI2 Normalized difference vegetation PIR1- (Mutanga et al., 2012)
index RE/PIR1+RE
NDVI3 Normalized difference vegetation PIR2-R/PIR2+R (Rouse Jr et al., 1974)
index
NDWI1 Normalized difference water index C-PIR2/C+PIR2 (Wolf, 2010)
NDWI2 Normalized difference water index  V-PIR2/V+PIR2 (McFeeters, 1996)
NHFD Non-homogeneous features RE-C/RE+C (Wolf, 2010)



difference

OSAVI Optimized Soil Adjusted Vegetation (PIR2- (Rondeaux et al., 1996)
Index R)/(PIR2+R+0.16)

PSSR Pigment specific Simple ratio PIR1-C/PIR1+C (Blackburn, 1998)

SAVI Soil adjusted vegetation index (1.5*(PIR2- (Huete, 1988)

R))/(PIR2+R+0.5)

SIPI Structure Insensitive Pigment Index  PIR1-C/PIR1+R (Penuelas et al, 1995

VI Vegetation index PIR2/R (Lillesand et al., 2014)

SR Simple Ratio R/PIR2 (Pearson and Miller, 1972)

Wi Water Index PIR2G ~ (Davrancheetal., 2013)

WII Water impoundment Index PIR??/R (Caillaud et al., 1987)

Appendix C Sediment size variables

Table C.1. Sediment size variables

Parameters

Description

MEAN

SORTING

SKEWNESS

KURTOSIS

MODE1Imm

MODE2mm

MODE3mm

D10mm

D50mm

D90mm

D90/D10mm

D90-D10mm

Mean size of th: sc Yiment sampled

Distribution in.J'ex of the sediment sampled attesting its homogeneity

Degree =¥ sy .imetry of the sediment sampled

Fiatte ~ aegree of the grain size distribution

First grain size statistical mode

Second grain size statistical mode

Third grain size statistical mode

First decile, value where 10% of the grain size distribution is lower, and 90% higher
Median grain size

9" decile, value where 90% of the grain size distribution is lower, and 10% higher
D90 over D10 ratio

D90 on D10 difference




D75/D25mm

D75- D25mm

VCOARSE

GRAVEL

COARSEGRAVEL

MEDIUM

GRAVEL

FINEGRAVEL

VFINEGRAVEL

VCOARSESAND

COARSESAND

MEDIUMSAND

FINESAND

VFINESAND

VCOARSESILT

COARSESILT

MEDIUMSILT

FINESILT

VFINESILT

CLAY

SILT

GRAVEL

SAND

MUD

Third quartile over First quartile ratio

Third quartile over first quartile difference

Percentage of very coarse gravel (> 32mm)

Percentage of coarse gravel (16 — 32mm)

Percentage of medium gravel (8 — 16mm)

Percentage of fine gravel (4 — 8mm)
Percentage of very fine gravel (2 — 4mm)
Percentage of very coarse sand (1 — 2mm)
Percentage of coarse sand (500pum - 1mn)
Percentage of medium sand (250 - 5Cum
Percentage of fine sand (125 - 2%u.:m)
Percentage of very fine sand { 33 — 125um)
Percentage of very coarse “ dt (31 - 63um)
Percentage of coarse sh. ‘16 - 31um)
Percentage of mc i, silt (8 - 16um)
Percentage o. fine silt (4 - 8um)
Percentage ~f very fine silt (2 - 4um)
Tuw! beozentage of clay (< 2um)

Total percentage of silt (2 - 63um)

Total percentage of gravel (< 2mm)

Total percentage of sand (63um - 2mm)

Total percentage of mud (< 63um)
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Highlights:

e Species must be classified individually to better map the halophilous scrub habitat
o Satellite-derivate species presence was predicted accounting sediment distribution
e Sediment grain sizes predicted flooding duration derived from SENTINEL 2 data
e Flooding duration and species distribution could not be predicted by LIDAR elevations

o A multisensory approach can assess edaphic changes in coastal sites to assist adaptive management



