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Summar

This study presents a first attempt to provide an illustrative overview of ecosystem
services seamlessly across the terrestrial and marine domains in La Réunion (Indian
ocean, 860,000 inhabitants). In the marine domain, at the scale of the exclusive
economic zone (EEZ), we combined large temporal open-access remote sensing data
(MODIS) to delineate 10 habitat units using sea surface temperature, chlorophyll-a,
turbidity and depth data. The resulting map differentiates coastal versus open-ocean
water masses (island mass effect). In the terrestrial domain, we collected and updated
data from collaborating institutions to map 37 classes of broad habitat units and the level
of invasion of pristine vegetation. In a second step, we used this seamless marine and
terrestrial habitat units map as a spatial reference to assess and evaluate a subset of
ecosystem services belonging to the three main categories: provisioning services (sea
fishing), regulation and maintenance services (marine and terrestrial carbon
sequestration, regulation of coastal erosion) and cultural services (coastal tourism
activities). To this purpose, we conducted a brief literature review and actualized
previous studies results combined with GIS-based spatial analysis. In a third step, we
present the preliminary results of this study and link it to the impacts of local
anthropogenic pressures and climate change. Finally, we discuss ways to improve the
methods and the implications of this approach for shaping future seamless marine and
terrestrial spatial planning policies in La Réunion.
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1. Overview of the study area

Reunion Island is a French volcanic island in the Southwestern Indian Ocean
(21°07 S/55°32 E), surrounded by an exclusive economic zone covering 304,000
km2.

Situated between the Mascareign Bassin in the north and the Madagascar Bassin
in the south , it is surrounded by abyssal plains reaching down to -4,200 meters
(Figure 1).
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Figure 1. Location of Réunion Island and b athyme try of the Western Indian Ocean  (GEBCO gridded
global bathymetry data ).

The island is characterised by a narrow insular shelf (<5 km wide), and a steep
topography with an average diameter of 50 km, a maximum el evation of 3,070
m and a total size of 2,512 km 2. The terrestrial part represents only 3% of the entire
geological volcanic formation (Figure 2).

Due to the exposure in the trade -wind -zone, especially the windward eastern
side, the island experiences high annual precipitation rates exceeding 3,000 mm
rainfall annually that results in considerable run -off during the rainy season.

La Réunion is on the path of the westward South Equatorial Current leading to
oligotrophic, relatively warm and nutrient -poor con ditions. Emblematic marine
species (marine mammals, turtles, seabirds, tuna and sharks) migrate across this
portion of the Indian Ocean (Obura, 2012).

Coastal reefs habitats occur along ~25 km of the island. The western side is mostly
composed of a rocky  coast (~100 km long). Near ly 90 km are composed of
coastal sediments mixed with basaltic blocks.

One third of the island surface is still covered by native vegetation  (Strasberg et
al., 2005). The island has long been recognised as a global priority for
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conservation owing to its high concentration of endemic taxa, especially of
plants. The arrival of humans on the island 350 years ago led to the massive
extinction of local biodiversity and the introduction of non -native species, which
continue to transfor m native habitats.

Réunion is facing escalating threats to terrestrial species and habitats that have
already led to the extinction of 30 of 45 vertebrate species (Mourer -Chauvire et
al., 1999). Habitat degradation by invasive alien species is an importan t threat to
its endemic biodiversity. Ecosystem conversions by urbanisation and agriculture
(mainly sugar cane and market gardening) are destroying remnant pristine
vegetation patches in the lowlands, while forestry and native forest clearing for

cattle grazing are major threats to biodiversity in the uplands (Strasberg et al.,

2005).

The majority of the human population resides along the coasts of the island and
especially along the most urbanized northern and western coasts. Over the last
three decades, La Réunion has been characterised by rapid land -use changes

and intensification of human activities, fuelled by demographic growth and
economic development. From 1980 to 2016, the human population in La Réunion
increased from 500,000 to 850,000 (+67%) and urban areas expanded from 59
km2 to 260 km 2 (+287%) (Lagabrielle et al. 2018) .

Coastal tourism and leisure activities are concentrated on the leeward side of

the island (west). Tourism grew rapidly from 120,000 tourists in the early 1980s to
400,000 since the early 2000s (+330%) (Lag abrielle et al. 2018). Since 2014, 46
recreational scuba diving operators have been active in La Réunion (including

21 commercial), mostly on the west coast (87%), for a total of 140,000 annual

dives (Lagabrielle et al. 2018).

Marine activities in La Réunion include shipping, harbour activities (civil and
military) and fishing. Most fishing effort in the coastal waters  comes from small
fishing vessels (<12 m).

Since the creation of a National Park in 2007, 43% of the area of the island is
protected (Figure 2). However, the reserve network  (including the National Park)
is biased toward the uplands: the mean altitude of reserves is 1306m versus 873m

for the whole island (Lagabrielle et al. 2011). Since 2007, 80% of fringing coral r eefs
located along the western and southern coast are protected within the Réserve
Naturelle Nationale Marine de La Réunion (RNNMR) (  David et al., 2009 ).

Future challenges for the long -term delivery of ecosystem services in Réunion
Island include the prote ction of agricultural land from conversion by
urbanisation, the control of urban sprawl, the protection and restoration of
marine and terrestrial ecosystems  (Lagabrielle et al. 2018)

With very few and narrow protected areas in the lowlands and along the c oast
(none in the offshore environment), the persistence of good quality ecosystem
services in Réunion Island depends heavily on the successful integration of
conservation and restoration strategies with terrestrial and marine spatial
development planning.
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Figure 2. Land use/cover and protected areas of La Réunion in 2019. Data from IGN, DEAL, Chambre
R®gi onal e d dakd RegionallUtbanSgatial planning Agency (AGORAH).
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2. Questions and The mes

The main output of this research is a seamless m apping of Réunion Island & s
terrestrial and marine habitat units as a basis for the assessment of ecosystem
services with help of the Geographic Information System QGIS.

In European nature policy a further classification of ecosystems into habitats is

widel y used (European Environment Agency, 2021). We use the definition of

habitats used for the EUNIS (European Nature Information System ) habitat

classificaton:. 0a pl ace where plants or ani mals nor ma
primarily by its physical features ( topography, plant or animal physiognomy, soll

characteristics, climate, water quality etc.) and secondarily by the species of

pl ants and ani mal.s that | ive thereo

The main research question of this repdort i s:
value of some ecosystem services associated with terrestrial and marine habitats
of Réunion Island ? 6

A regional devel opment plan (0Sch®ma ddAm®nage.|
referred to as SAR) rules the allocation of terrestrial uses for the whole island. The

SARdeveloped in 2011 is under revision at the time of this analysis. The SAR has

a marine component (S chéma de Mise en Valeur de la Mer) that is also under

revision. Therefore, our objective was to produce synthetic data on ecosystem

distribution and associa ted ecosystem services that could inform stakeholders

managing or involved in the SAR  and in the SMVM revision process.

3. Stakeholder s6 | vement

The important stakeholders for this research were  those potentially involved in the
development of the SA R/SMVM spatial plan revision process. Stakeholders were
categorized intot hree groups.

The first group consists of organizations with authority over spatial planning
decisions and which contributed to the data collection process. These include
state and re gional agencies: the DEAL (Direction of the Environment), the
Regional Councile of Réunion Island and the Regional Urban Planning and
Habitat Agencie (AGORAH).

The second group consists of research institutions , which did the collection and
development  of information on ecosystem distribution . These include the
University of La Réunion (UMR Espace -DEV, UMR PVBMT and UMR Entropie), the
IFREMER and the CIRAD.

The third group consists of natural and protected areas management authorities:
The National Park of La Réunion, the National Forest Office and the Group on
Invasives Species (a cross -sectoral group of investigation on invasive species).

The investigations also benefited from the network and data collection effort
initiated through the on -going marine spa tial planning (MSP) process, named
Ocean Metiss (see https://www.oc  eanmetiss.re, 2019). This initiative aims to
develop a sustainable, integrated, long -term maritime development strategy

WWW.moveproject.eu @ |
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and to implement it through a marine spatial plan of the exclusive ec onomic
zone of the island. Ocean Metiss is a partnership project co -funded by the
European Maritime and Fisheries Fund, the State of France , and Reunion Island
regional council. The interdisciplinary project is associating with the University of
Reunion fo rits implementation, and the Indian Ocean Commission as a technical
partner. From a European Commission perspective, Ocean Metiss is a pilot -
project aiming to investigate innovative MSP processes, tools and methods that

will facilitate the implementation of the European Directive on MSP (EC, 2014)
(Shabtay et al. 2020).

Group 1 (planning authorities) were informed about the MOVE project
investigations and supported the organisation of workshops. Group 2 (scientists)
were consulted and provided guidance and data for the ecosystem distribution
mapping. Group 3 (hatural and protected areas management authorities) were
informed about the process and involved when necessary to provide data and
knowledge.

4. Initiating Mapping and A ssessment

4.1.1. Terrestrial ecosystems

Pristine habitats of La Réunion were initially mapped by Strasberg et al. (2005).
Fenouillas et al. (2020) produced the most complete and accurate habitat map

of La Réunion todate at100 mreso lution. They mapped 35 habitat classes (Figure
3, Table 1) grouped into seven categories (alti-mountain vegetation, low and
medium altitude humid forests, mountain forest s, semi-dry forest, coastal
vegetation, bare soil sand lava flow s, wetlands and freshw ater streams ), out of
anthropogenic habitats (urban and agriculture areas). To develop this map
Fenouillas et al. (2020) integrated field data from a set of institutions (National
Park of La Reéunion, University of La Réunion, CIRAD, DEAL, Conservatoire
Botanique de Mascarin and National Forest Office), expert judgements , remote
sensing data and GIS analysis. This habitat map is completed (and compatible)

with the land -use map of La Réunion developed by Dupuy et al. (2020) using

remote sensing data analysis methods. The | and use udbantaeagsdr i es 0
a n dagriculture areas (and others) 6 were extracted from the map by Dupuy et
al. (20200t o cover fully the islandds terrestrial ar
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Habitats (Fenouillas et al., 2020)
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Figure 3. Terrestrial habitat map of La Réunion
areaso6 and
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Table 1. Habitat s classes mapped by Fenouillas et al. ( 2020) and Dupuy et al. (2020)

Low and medium altitude humid forests |FHBM_12

Leeward mid-altitude humid forests

AHBM_13

Wet forest pioneer groups

AHBM_14

Mid-altitude perhumid forests and thickets

Mountain forest

FMON_10

Windward mountain forests

AVION_11

Leeward mountain forests

AVION_12

Windward upland forests of Tamarin

AVION_13

Leeward upland Tamarin forests

AVION_14

Windward upland forest of Petit Tamarin

FMON_15 |Leewardupland forest of Petit Tamarin
FMON_16 |Hyperhumid mountain forestsand thickets
FMON_17 |Thickets of Avoune
AVMON_18 |Pioneer mountain groups
FEC 10 Very low altitude dry thicket
FEC 11 Very low altitude dry forest
. FSEC 12 Semi-dry forest
Semi-dry forest FEC 13 |Leeward moist mixed forest - semi-dry
FEC 14 Transition forest towards the mountain level of the cirques and large valleys
FEC 15 Poneer groupsin semi-dry forest
UTT_10 Herbaceous vegetation on sandy beaches
) uTT_ 14 Shrub vegetation on dry rocky coasts
Qastal vegetation uTT_15 Herbaceous vegetation of wet rocky coasts
UTT_16 Shrub vegetation on wet rocky shores
ROCH_10 |Rocksof the interior - mineral zones
Bare soil, rocks and lava flow ROCH 11  |Bare lava flows colonized by lichens
ROCH_12 |Goastal cliffs and rocky sidewalks without vegetation
ZHUM_10 |Coastal ponds
ZHUM_11 |Pondsand large pools
Wetlandsand freshwater streams ZHUM_12 |Temporary high altitude pools
ZHUM_13 |Rversand ravines

Habitat level 1 Code Habitat level 2 Source
ALTI_10 Altimontane lawns
Alti-mountain vegetation ALTI_11 Q)ntinuoust_hickets and mattors i
ALTI_12 Small Tamarin des Hauts (Sophora denudata) thicket
ALTI_13 Very high altitude heathland
FHBM_10 |Low altitude humid forests (windward)
FHBM_11 |Windward mid-altitude humid forests

Fenouillas et al. 2020

Urban areas

Sub-categories of urban areas

Agriculture (and others)

Sub-categories of agriculture (and others)

Dupuy et al. 2020
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4.1.2. Coral reefs and associated ecosystems ( sea grass and algae )

Distribution d ata on a subset of leeward coasta | ecosystems ( coral and algae )
were produced by Nicet et al. (2016) (Figure 4), using visual interp retation on
Pleiade (2013) and Hyperspectral (2009) images . Seagrass meadows were
mapped by Cuv illiers et al. (2017).

Coastline

Figure 4. Distribution of coral reefs in La Réunion, using data from Nicet et al. (2016).

Bajjouk et al. (2019) used ground truth and LIDAR data acquired simultaneously

to map 13 reefs habitat classes (including the unknown categor y) based on the
four main benthic component s (corals, algae, seagrass and sand , and 8
combination s of those components) (Figures 5 ) for the years 2009 and 2015 . This
high resolution data available for a subset section of coastline was not retrieved
for this assessment, but its description is provided for a complete knowledge of

coral reefs mapping effort sin Réunion Island.

WWW.moveproject.eu 12 |
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-

.I'Ermiwge les Bains

sty
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Figure 5. Evolution of coral reefs habitat classes between 2009 (1) and 2015 (2) for three zones (A,

B, and C) of the Saint -Gilles coral reefs unit. To the left, habitat map for the entire Saint  -Gilles reefs
flat unit from 2015 image processing. (D) Picture represents a magnified full -resolution view of the
map to illustrate the high level of he  terogeneity in Saint -Gilles (from Bajjo uk et al., 2019)

The reader is informed that distribution data on all coastal ecosystem
morphosedimentary types were collected around the island by Guennoc et al.

(2008) in the framework of the CARTOMAR project using lateral sonar , multibeam
bathymetry and video technics. This datawas not used in this study.

4.1.3. Ocean ecosystems

Data -driven pelagic habitat classifications are important when pla nning for
ocean habitat protection and management in the absence of sufficient in  -situ
data. Since this synthetic data was lacking in the study area , we developed a
map of the upper -mixed layer of Réunion Island pelagic realm . For this purpose,
we used a classification method applied to remote sensing data  for creating this
map. We selected relevant variables and parameters that best reflect key
ecosystem properties across scales: bathymetry, sea surface temperature,
turbidity and chlorophyll.  The method is described in Roberson et al. (2017). Data
and methods are described in this section

Bathymetry

We used GEBCO 900 m resolution bathymetric data, resampled at 100 m
resolution (without interpolation) , combined with available HYDRORUN 100 m

WWW.moveproject.eu
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resolution data (IFREMER, 2012)clipped to the EEZ extentto map  broad classes
of depth -based benthic habitats (Figure 6). Four classes of depth -based benthic
habitats were mapped : Abyssopelagic zone (O-4000 m), Bathypelagic zone (]-
4000 m, -1000 m]), Mesop elagic zone (]-1000 m; -200 m]) and Epipelagi ¢ zone (>
-200 m).

[ Terrestrial
Depth zones

Epipelagic zone (depth > -200 m)

Mesopelagic zone (-1000 m < depth <= -200 m)
I Bathypelagic zone (-4000 m < depth <= -1000 m)
Il Abyssopelagic zone (depth <= -4000 m)

Figure 6. Four classes of depth -based benthic habitats mapped using GEBCO and HYDRORUN data.

The Litto3D® (SHOM, IGN, 2012) used LiD AR technic to map coastal bathymetry

at 5 m resolution in the 0 -30 depth zone (data not used in this report). The SHOM
(2016) also produced t he OReunion Island facade bathymetric DEM 6 with a
resolution of 0.001 ° (~ 100 m) as part of the HOMONIM project. | t covers the entire
island of Reunion and extends out to sea to more than 4000 m deep (data not
used in this report as it does not expand to the EEZ limits ).

Remote sensing data selection and collection for mapping ocean habitat units

We used daily Moder ate Resolution Imaging Spectroradiometer (MODIS) images
from the Aqua satellite , pre-processed, validated, and distributed by NASA's
Ocean Biology Processing Group (OBPG) and obtained from the Ocean Color

web site ( http://oceancolor.gsfc.nasa.gov ). Level-2 oceanographic monitoring
indices were extracted for the study area from 2003 until 2017 : (i) diffuse
attenuation coefficient for downwelling irradiance at 490 nm (Kd(490)), (ii)
chlorophyll -a (Chl -a) and (iii) night -time sea surface temperature (NSST)

Kd(490) can be considered as  a direct proxy for water turbidity (Lee et al. 2005;
Werdell and Bailey 2005). Chl -a is the primary photosynthetic pigment in green
plants and is the key product for oceanographic studies and coastal
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management as it is a good proxy for concentration of near -surface
phytoplankton , Chl-a biomass and eutrophication. The temperature of the

upp ermost water layer during day -time and night -time is derived from 11 and 12
um thermal infrare d bands.

Data pre -processing

Data was obtained in NetCDF file format, transformed into spatial points and
rasterized. The spatial resolution was set to 0.02° (~2 km) in order to prevent data
loss or distortion in zones of maximum swath angles. Merging in dividual tiles and
cropping them to the extent of the study area produced daily composites.
Distribution -based outlier cleaning was performed by excluding the highest and
lowest 0.02% records in daily composites in order to remove cloud residual pixels

as well as cloud shadows, haze, contrails and other unusually extreme values
(Sirjacobs et al. 2011). Daily rasters were then stacked and averaged over
periods of 8 days to produce nearly cloud free 8 -days composites.

The computed output statistics of the re  spective time periods comprised the
mean and coefficient of variation of the data. The statistical software R (version
3.5.3) was used for all data processing and further statistical analysis

In situ validation of remote sensing data

Franz et al. (2012) and Lacava et al. (2018) showed that O cean Color (OC) data
records are highly consistent for the global deep oceans but exhibit poor
accuracy in coastal zones with high productivity, high  complexity and shallow
water si tes.

Coastal i n situ data from the SURVAL surveillance program of Ifremer in Réunion
Island (https://wwz.ifremer.fr/surval ) was retrieved to validate Chl -a and SST
MODIS data . Daily OC pixels value and SURVAL data value for matching
locations (n=4) and date (period from 2003 to 2009 ) were compared using
Pearson coefficient of correlation . Results showed good correlation  for Chl-a
(R=0.78, p=8.3e-05, n=19) and SST (R=0.82, p=1.7e-12, n=47), thus validating
remot e sensing data for these two variables in the study area (Figure 7). Field

measurement data were not available for other variables (KD(490)).
(a)Chl-a (b)SST (c)
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= o 21 7
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Figure 7. (a) Pearson correlations between remotely sensed Chl -a as well as (b) SST estimations and

field obser vations. (c) In situ acquisitio n sites used around La Réunion.
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Clustering
We used agglomerative hierarchical clustering to classify surface water masses
based on the following parameters: Mean and Coefficient of Variation (CV) of

Kd(490) Chl -a, NSST and bathymetry (Log[X+1]) (Fig. X).

The agglomerative clustering is the most common type of hierarchical clustering

used to group objects in clusters based on t
AGNES (Agglomerative Nesting) in R Cluster Package. The algorit hm starts by

treating each object as a singleton cluster. Next, pairs of clusters are successively

merged until all clusters have been merged into one big cluster containing all

objects. The result is a tree -based representation of the objects, named

dendr ogram.

Weusedthe War ddés Mi ni mum jvissclusters lcased onminimizing
the within -group sum of squares (Murtagh and Legendre 2014 ).

Results

Mean and Coefficient of Variation (CV) were computed using 8 -days composite
data, over a period of 14 years (from 2003 to 2017), for Kd(4 90) Chl-a and NSST
(Figure 8).

Figure 8. Mean and CV of Kd(490), Chlorophyll -a and NSST
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