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Assessing the impacts of shoreline hardening on beach response to hurricanes:

Saint-Barthélemy, Lesser Antilles

1. Introduction

It is widely acknowledged that the physical characteristics of small tropical islands (i.e. small size and
concentration of human assets in low-lying coastal areas) make them among the most vulnerable territories to the
impacts of low-frequency high-intensity events, such as tropical cyclones (Pelling and Uitto, 2001; Duvat, 2008;

Hay and Mimura, 2010; Giuliani et al., 2011; Nurse et al., 2014; Duvat et al., 2016; Duvat et al., 2017a).

Tropical cyclones (TCs) have been the subject of numerous studies, and their impacts on coastal morphology,
marine and terrestrial ecosystems and human societies are well known (Bush, 1991; Scoffin, 1993; Cahoon et al.,
2003; Cazes-Duvat, 2005; Scheffers and Scheffers, 2006; Morton et al., 2008; Mallela and Crabbe, 2009;
Scopélitis et al., 2009; Angelucci and Conforti, 2010; Caron, 2011; Etienne, 2012; Strobl, 2012; Duvat et al.,
2016). TCs’ impacts on small tropical islands’ coasts are generally severe, and they can be either erosive, or
accretional (Baines et al., 1974; Bayliss-Smith, 1988; Scoffin, 1993; Ford and Kench, 2014, 2016; Duvat et al.,
2016; Duvat et al., 2017b). In the supratidal area, beach sediment loss resulting from cyclonic waves action can
cause a decrease in beach thickness (Duvat et al., 2016) and a retreat of the upper beach, with cliff cutting in sand
dunes, as observed on Rodrigues Island (Indian Ocean) after TC Kalunde in March 2003 (Cazes-Duvat, 2005).
However, TCs may also be constructional, i.e. inject fresh material into the sedimentary system, by transferring
large volumes of sediment to the coast that may cause a marked development of beaches (Bush, 1991; Ford and
Kench, 2014; Duvat et al., 2016, 2017b). Importantly, some studies reported storm-generated features composed
of sand or of coral debris (Scoffin, 1993; Morton et al., 2008; Caron, 2011), as illustrated by the remarkable storm
rampart generated by TC Bebe in October 1972 on Funafuti, Tuvalu (Maragos et al., 1973; Baines et al., 1974;
Baines and McLean, 1976). Furthermore, cyclonic waves can transfer sediments to inner land areas over great
distances (Duvat and Pillet, 2017; Rey et al., 2017). For example, overwash processes led to the deposition of sand,
coral debris and blocks over distances that reached up to 70 m from the pre-cyclone vegetation line on Tubuai and
Reunion islands, respectively in 2010 (TC Oli; Etienne, 2012) and 2014 (TC Bejisa; Duvat et al., 2016). In natural
settings, sand and coral debris deposited by TCs may thus contribute to an increase in the elevation of low-lying
coastal areas (Duvat et al., 2017b; Duvat et al., 2019). In contrast, in highly-developed settings, these deposits are
often quickly removed and used for construction (Bush, 1991), which annihilates the abovementioned positive

effect of TCs. Importantly, several studies emphasized the high spatial variability of cyclone-induced



morphological changes on small islands’ coasts over short distances, and even on the sediment cell scale (Cazes-
Duvat, 2005; Etienne, 2012; Duvat et al., 2016; Duvat et al., 2019). The nature (erosional vs. accretional) and
severity of TC impacts are function of a variety of factors, including the cyclone track, island and shoreline
exposure (which decreases with the presence of nearshore islets and of protruding headlands), the coastal system’s
geomorphic characteristics (i.e. type, dimensions, elevation, sediment composition, presence or absence of coral
reef, etc.), the extent, nature and density of the coastal vegetation, and the degree of anthropogenic disturbance,
especially the extent of longitudinal defence structures (Stoddart, 1963, 1965; Bush, 1991; Scoffin, 1993; Cambers,

2009; Duvat et al., 2016; Duvat et al., 2017b).

On those islands exhibiting limited low-lying exploitable land, rapid population growth and economic
development (including tourism-related), urbanization and development generally led to the concentration of
inhabitants, buildings and infrastructures in low-lying coastal areas, which are highly exposed to sea-related
hazards (Rivera-Monroy et al., 2004; Nurse et al., 2014). This has in turn often led to the construction of coastal
defence structures along the shoreline (Romine and Fletcher, 2012; Duvat, 2013; Duvat et al., 2016). Some case
studies showed that human disturbances can be a major forcing factor of coastal and shoreline change, e.g. driving
high rates of shoreline retreat during cyclonic events (Duvat et al., 2016). Cooper and Pile (2014) especially
highlighted the damaging effect of seawalls on beaches fronting them. Once built, these structures no longer allow
the beach to retreat inland under extreme wave events. Instead, the reflection of storm waves by these structures
contributes to beach narrowing by increasing erosion (Bush, 1991; Fletcher et al., 1997), which eventually leads
to beach loss (Schlacher et al., 2006; Cambers, 2009; Cooper and Pile, 2014). Additionally, the establishment of
tourist amenities in coastal areas has led, in many cases, to the destruction and replacement of the native vegetation
by introduced species, which decreases the resistance and the resilience of coastal systems to TC impacts

(Cambers, 2009; Duvat et al., 2016; Duvat et al., 2017b; Duvat et al., 2019).

Multi-date aerial image analysis using GIS techniques are widely employed to assess TC impacts, including change
in shoreline position. Although the seaward edge of the vegetation is the most common shoreline proxy used to
assess the impacts of TCs (e.g. Ford and Kench, 2014, 2016), some studies employed either other, or additional
shoreline proxies, including the base of the beach and the landward limit of cyclonic deposits, to better capture the
wide range of changes caused by TCs to sedimentary systems (Duvat and Pillet, 2017; Duvat et al., 2017b, c).
However, with the exception of a limited number of studies (e.g. Duvat et al., 2016; Salmon et al., 2019), the role
of anthropogenic factors in driving TCs” morphological impacts on small tropical islands was paid little attention

to date. In fact, previous studies mostly emphasized the multi-decadal impacts of human activities on shoreline



change, including the impacts of aggregate mining, dredging in reef flats and the construction of coastal defence
structures (Bush, 1991; Cambers, 2009; Biribo and Woodroffe, 2013; Mann and Westphal, 2014; McLean and
Kench, 2015; Aslam and Kench, 2017). Yet, because they modify both coastal systems and hydrodynamic
processes, anthropogenic activities should be more systematically considered when assessing TCs’ impacts on
coastal systems. Better understanding how they modify the response of coastal systems to TCs’ impacts, and
thereby influence the trajectory of vulnerability of these systems over time, is critical for the design of appropriate
(i.e. context-specific) risk management policies (i.e. improvement of human security and reduction of damage) in

already-developed coastal areas and of well-adapted development strategies in newly-built coastal areas.

This article contributes filling this research gap by investigating the contribution of anthropogenic disturbances to
the variability of the impacts of Category 4 to 5 hurricanes Irma, Maria and José, on the coastal systems of the
Caribbean island of Saint-Barthélemy. Based on multi-date satellite imagery analysis and on a post-hurricane field
survey, it more specifically addresses three questions: (1) What were the impacts of these hurricanes on shoreline
position and on coastal morphology? (2) To what extent did anthropogenic disturbances drive the diversity and
the spatial variability of these hurricanes’ impacts on shoreline position and on beach response? (3) More generally,
how to attribute observed hurricane impacts to specific anthropogenic drivers? To address this key question, this
paper proposes a new methodological protocol based on the inclusion of human disturbances in shoreline change

analysis.

First, we will present the methodology used, based on geomatics and fieldwork. Second, the high spatial variability
of the impacts of September 2017 hurricanes on shoreline position and coastal morphology will be presented.
Third, we will discuss the drivers of the variability of these hurricanes’ impacts, especially the role of
anthropogenic disturbances, and the interest of using geomatics to quantify the contribution of the latter. The

implications of findings for disaster risk reduction and future coastal development will finally be discussed.



2. Context of the study

2.1 Saint-Barthélemy Island

2.1.1. Main physical features

Saint-Barthélemy Island, which is a French overseas territory, is located in the northern part of the Lesser Antilles
Arc and lies at 17°53N and 62°49W (Fig. 1). It is a small V-shaped island, extending about 16 km (from west to
east) by 3 km (from north to south), with a total land area of 21 km? (Fig. 2). Saint-Barthélemy is a mountainous
island with a highly irregular topography (the highest point is Morne de Vitet, 286 m). Its landscape is
characterized by the succession of numerous valleys coming out on coastal plains on their oceanward extremities.
Its coastline is composed of rocky shores alternating with sandy beaches generally occurring in embayments
(Caron, 2011; Fielding, 2017). Saint-Barthélemy exhibits two beach types: (1) beaches backing onto coastal plains
or rocky slopes, and (2) barrier beaches bordered by a lagoon where mangroves can be found locally. The former
type is the most common and is found all around the island. The latter type is less represented and can be found at
five sites (Fig. 2), where alluvium and sand have filled low-lying areas (Christman, 1953). Barrier beaches are
low, rarely exceeding 4 m in elevation (i.e. ranging from 1 m at Petit Cul-de-Sac to 4 m at Grande Saline), and
narrow with widths ranging from 60 m (Grand Cul-de-Sac) to 300 m (Grande Saline). Beaches are mainly
composed of coral sand (Table 1). In the southeast (i.e. Toiny and Grand Fond), due to the presence of fringing
coral reefs and to increased exposure to hurricanes, beaches are composed of cobble-sized coral debris (Caron,

2011) (Table 1).

In this region, the climate is tropical. Trade winds generate waves from the east-northeast to southeast that do not
exceed 3 m in height in the open ocean. However, tropical depressions and hurricanes are frequent in the Caribbean
between June and November (10 hurricanes in 2017 in this region), with high-energy wave events that can easily
reach and even exceed 3 m at the coast. Additionally, between November and March, large groundswells generated
by slow moving distant low-pressure systems can reach this region (Cooper et al., 2013). The mean tidal range is

around 0.5 m (Caron, 2011).
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Fig. 1. Location map of Saint-Barthélemy Island in the Lesser Antilles region.



Physical features

Anthropogenic features

Presence of
tracks or Vegetation Shoreline
Presence of . Presence of Beach ) . Transversal
Beach number and name Sediment . Coastal breaches clearing (C) | armouring or .
Reef type nearshore beachrock vegetation o ] engineered
. type urbanisation through the or removal seaside
islet slabst type : structures
sedimentary (R) property walls
system
1. Anse de Colombier / No Coral sand Yes / No No No No No
2. Anse des Flamands / Yes Coral sand Yes Mixed Yes Yes Yes (R) Yes No
3. Anse des Cayes Fringing No Coral sand Yes No data Yes Yes Yes (R) Yes No
4. Baie de Saint-Jean Fringing No Coral sand No Mixed Yes Yes Yes (R) Yes No
5. Anse de Lorient Fringing No Coral sand Yes Mixed Yes Yes Yes (R) Yes No
6. Anse de Marigot Fringing Yes Coral sand Yes Introduced No Yes Yes (R) No No
7. Anse du Grand Cul-de-Sac Fringing Yes Coral sand Yes Introduced Yes Yes Yes (R) Yes No
8. Anse du Petit Cul-de-Sac Fringing No Coral sand Yes Mixed No Yes No No No
. o Coral sand .
9. Anse Toiny Fringing No ] Yes Indigenous No Yes Yes (R) No No
and debris
- Coral sand ]
10. Anse de Grand Fond Fringing No . Yes Indigenous No Yes No No No
and debris
11. Anse de Grande Saline No Yes Coral sand Yes Indigenous No Yes Yes (C) No No
12. Anse du Gouverneur No No Coral sand Yes Indigenous No Yes Yes (C) No No

Table 1. Main characteristics of Saint-Barthélemy Island beaches.

1 Based on Caron (2012) and on field observations (2005-2007 and 2017)




2.1.2. Main human features

In 2014, Saint-Barthélemy had a total population of 9,427 inhabitants (INSEE, 2013), i.e. 373 inhab./km?. The
population has been steadily growing since the 1970s. Residents mainly concentrate first, in the main city of
Gustavia in the south, which provides one of the best natural harbours in the region (Fielding, 2017), and second,
on the northern leeward coast (Flamands, Cayes, Saint-Jean, Lorient, Grand Cul-de-Sac). Most of the southern
bays are sparsely populated or uninhabited (Fig. 2). In Saint-Barthélemy, tourism represents the first economic
activity and, in 2006, it was the first employment sector of the island (37% of total paid jobs, INSEE, 2009). Since
the 1970s, the development of tourism has benefited from real estate market, with the number of visitors gradually
increasing to reach a peak in 1997 (370,000 tourists). Since then, the number of visitors reached around 300,000

visitors per year (IEDOM, 2018).

Constant population growth associated with the development of the tourism sector has led to increasing pressure
on land. As on numerous small mountainous tropical islands, the morphological configuration of the island
constrained inhabitants to settle in highly-exposed low-lying coastal areas. The high exposure of buildings to sea-
related hazards has progressively led to the construction of longitudinal coastal defence structures aimed at fixing
the shoreline and protecting human assets (i.e. buildings, properties, roads) (Fig. 2). On Saint-Barthélemy, these
structures are generally composed of uniform-size rocks (i.e. riprap) or of cemented vertical seawalls. In addition,
urbanization and beach tourism development have led to the modification, i.e. clearing, entire removal or

replacement, depending on coastal sites, of the indigenous vegetation (Table 1).
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Fig. 2. Main geomorphic and human characteristics of Saint-Barthélemy Island.
2.2 Hurricanes Irma, José and Maria (September 2017)
2.2.1 Hurricane season 2017

The 2017 Atlantic hurricane season, which began in May with hurricane Arlene, was particularly active because
of meteorological settings that led to a convective environment (i.e. weak EI Nifio, increase of the tropical Atlantic
Ocean temperature from late May, trade winds weakening induced by the temperature rise). In less than two weeks,
two category 5 hurricanes occurring simultaneously and 3 major events hit the Leeward Islands. Two of them,

Irma and José (Fig. 3a), struck Saint-Barthélemy and Saint-Martin.
2.2.2. Hurricane Irma

On August 30™, a tropical depression located at 370 km west off Cape Verde was upgraded to a tropical storm
named Irma by the National Hurricane Centre (NHC). On August 31%, Irma upgraded to a category 1 hurricane,
while still in the eastern Atlantic, 740 km off Cape Verde. Irma reached the category 3 in two days (09/01/2017).
On September 4™, after shifting direction (south southwest), the hurricane reached up category 4 because of
warmer water, while it was approaching the Lesser Antilles. According to Cangialosi et al. (2018), Irma's
maximum intensity (288 km/h) was reached from September 5™ at 18:00 UTC to September 6™ 20:00 UTC.

Landfall on Saint-Barthélemy occurred during its maximum intensity, on September 6™ around 10:00 UTC



(Degrace, 2017). Irma was the first category 5 hurricane of the season to make landfall on Saint-Barthélemy. Of
note, 1 min-sustained winds were up to 288 km/h, with a minimum pressure of 915.9 mb. An unofficial

observation in Saint-Barthélemy reported a maximum wind gust of 320 km/h (Cangialosi et al., 2018).
2.2.3. Hurricane José

As Irma, José was a Cape Verde hurricane, formed from a tropical disturbance on August 31%. The tropical storm
named José was upgraded to a category 1 hurricane on September 6" at 18:00 UTC, while travelling westward
across the Atlantic Ocean (approximately 1,850 km east of the Lesser Antilles Arc). In 24 hours, a rapid
intensification brought José to category 3. Its maximum winds velocity peaked at 250 km/h from 18:00 UTC on
September 8™ to 00:00 UTC on September 9™ (Berg, 2018). The minimum estimated central pressure was 938 mb
(8™ September). On September 9™ hurricane José was recorded at 85 km from the northeast of Barbuda.
Nevertheless, because of its close approach, the hurricane may have produced sustained tropical-storm-force winds
on Saint-Barthélemy. However, no wind observations were available from those islands during José, since wind

instruments were damaged or destroyed during hurricane Irma (Berg, 2018).
2.2.4 Hurricane Maria

Maria was the last hurricane of the series. It originated on September 16™ from a tropical depression (located at
12°3°N and 52°6°W) that moved westward and then west-north-westward towards Martinique Island. Maria
rapidly intensified into a major hurricane and reached the category 5 just before landing on Dominica. According
to its path, Maria had limited consequences on Saint-Barthélemy (passing 150 km from the island). However, the

wind gusts exceeded 300 km/h and the minimum pressure was about 920 hPa.

2.2.5. Numerical simulations

Atmospheric simulations were performed using the WRF-ARW model (Skamarock et al., 2008) and a high-
resolution domain of 0.4 km. This sub-kilometer scale allowed to obtain a preliminary coarse overview of gusts
distribution over a 5 km-wide island like Saint-Barthélemy. In order to better take into account the complex
shorelines of Saint-Barthélemy and improve the simulation of induced wind effects, a forthcoming study will
include micro-scale resolution of 100 m (Cécé et al., 2014, 2016). The 6 hourly ECMWF operational analyses
with 0.1° resolution were used as initial and boundary conditions. The results (Fig. 3b) show maximum surface
winds on the north coast of Saint-Barthélemy (Anse Colombier), with gusts of 305 km/h. The second coastal area

with large gusts is the northeast side from Saint-Jean to Anse du Petit Cul-de-Sac, with wind speeds above

10



260 km/h. The south coast, in the lee of the stream flow, was relatively sheltered from strong winds (maximum

wind speeds reach 230 km/h). The Gustavia Marina would be the less affected area (wind gust of 165 km/h).

A wave-current coupled model (Zhang et al., 2016) was also used to compute maximum significant wave heights
for both Irma and José (Fig. 3c). The computational domain extends from 67.5°W to 46°W, and 13.5°N to 27°N,
with resolutions spanning from 5 km in the deep ocean to 100 m near the coasts. The model is forced by tides (12
harmonics constituents) as well as wind and pressure fields computed by blending CFSR data with the Holland
(1980) and Emanuel and Rotunno (2011) parametric models. Further details on the wind model (denoted E11H80)
and its expected performance can be found in Krien et al (2018). The bathymetric data were extracted from
navigational charts established by the SHOM. The results suggest that the east coast was the most impacted by the
waves during Irma, with significant wave heights that could have reached, and possibly exceeded, 10 m.
Conversely, the west coast was less exposed, with 2-3 m waves coming from the north-west or west during the
peak of the event. In comparison, the waves were much less energetic for José, with significant wave heights lower

than 4-5 m and 1 m for the east and west coasts, respectively.
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Fig. 3. Main characteristics of September 2017 hurricanes in the Lesser Antilles area. (a) track and intensities of
Irma, José and Maria, given by the NHC advisories. The black rectangle indicates the study area. Times are given

in UTC. (b) maximum surface winds for Irma at Saint-Barthélemy, computed using the atmospheric model WRF-
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ARW at 0.4 km resolution. (c) maximum significant wave heights (in meters) and corresponding mean wave

directions (vectors) for Irma and José.

3. Materials and methods

3.1. Hurricane-induced shoreline change assessment

3.1.1. Acquisition and preparation of pre- and post-hurricane satellite imagery

A combination of satellite images from different sources (Fig. 5) was used to assess the impacts of September
2017 hurricanes on shoreline position. To have a reference state of the coastal system, and in the absence of a more
recent image, as no significant wave event occurred between February and September, a pre-hurricane Pléiades
image of 25 February 2017 (i.e. about 7 months before Irma) was used. In addition, a Pléiades image of 10
September 2017 was used to assess the post-hurricane situation. However, due to hurricane-induced cloud cover,
the beaches of Flamands, Saint-Jean and Lorient were not treatable at the second date. To overcome this difficulty,
we used a DigitalGlobe image of 13 September 2017, which was downloaded freely from Google Earth. All the
images used in this study were high resolution, with a pixel size ranging from 0.2 m (DigitalGlobe) to 0.5 m
(Pléiades). The specifications of satellite images are reported in Table 2. Multispectral Pléiades satellite images
were pan-sharpened using the ENVI 5 software. This process merges a high-resolution panchromatic raster with a
low-resolution multispectral raster that were captured simultaneously, providing high-resolution colour images
that facilitate shoreline proxies’ detection during digitization. Although the Pléiades image of 10 September 2017
was delivered georeferenced, it showed a horizontal offset with the image of 25 February 2017. Post-hurricane
Pléiades (10 September 2017) and DigitalGlobe (13 September 2017) images were georeferenced in ArcGIS 10.5,
using ground control points extracted from the pre-hurricane image of 25 February 2017. Images were rectified in
the WGS 1984 UTM Zone 20N (EPSG: 32620) coordinate system using a projective transformation. On Saint-
Barthélemy Island, the presence of many anthropogenic (e.g. jetties, roads) and natural features (e.g. headlands,
beachrock) made this operation easier than on other less built or uninhabited tropical islands (e.g. atoll islands,

Ford, 2013; Duvat and Pillet, 2017; Kench et al., 2018), which increased the georeferencing accuracy (Table 2).
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Pixel size Georeferencing error

Date Image type
(m) (m)
Satellite (Pléaides-
25 February 2017 0.50 /
1A)
Satellite (Pléiades-
10 September 2017 0.50 0.48
1B)
Satellite
13 September 2017 0.20 0.73

(DigitalGlobe)
Table 2. Characteristics of the satellite images used in this study.

3.1.2. Shoreline interpretation and digitization

Since the use of one single proxy is insufficient to fully assess hurricane-induced changes caused to coastal systems
(Duvat and Pillet, 2017; Duvat et al., 2017b, c), we used several complementary shoreline indicators. The seaward
limit of the vegetation is the most commonly used shoreline indicator. It allows delineating the stable part of the
coastal system in natural settings (Webb and Kench, 2010; Ford, 2012, 2013; Yates et al., 2013; Mann and
Westphal, 2014; Ford and Kench, 2014, 2015; McLean and Kench, 2015; Mann et al., 2016; Kench et al., 2018).
However, it excludes anthropogenic features, which are common in highly-developed settings. As these features
can induce a stabilization of the shoreline, in line with previous studies (e.g. Duvat et al., 2016; Duvat et al., 2017c),
we used the “stability line” (SL) instead of the “vegetation line” (VL) as a shoreline proxy (Fig. 4a, b, €). On
natural coasts, the SL corresponds to the external limit of the vegetation (Fig. 4a), while on artificial coasts along
which anthropogenic features (e.g. coastal defence structures, property walls) were built, the SL was digitized on
the oceanward limit of these features (Fig. 4b). On the post-hurricane images, the SL was digitized excluding
scattered vegetation remains and isolated plants. During the digitization, a particular attention was paid to avoid
misinterpretation. Uprooted vegetation (excluded from the SL) could be confused with the vegetation that had
resisted (included in the delineation of the SL). Moreover, the operator had to distinguish hurricane-driven debris
accumulation from soil scouring. Field observations (notably geolocated ground photographs) and post-hurricane

pansharpened satellite images helped the operator to digitize the SL and to avoid position errors.

As beaches are part of the sedimentary system, the base of the beach (BB) was also digitized (Rankey, 2011; Biribo
and Woodroffe, 2013, Mann and Westphal, 2014; Duvat and Pillet, 2017; Duvat et al., 2017b, c). This proxy
corresponds to the limit between the beach and the foreshore (Fig. 4c, d). It allows assessing the impacts of the
hurricane waves on beaches, including changes in beach position and in beach area. The latter was obtained by
merging the BB with the SL for the pre- and post-hurricane situations in ArcGIS. In places, the limit between the

beach and the foreshore was not clearly detectable and the digitization required particular attention to avoid BB
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misplacement. In this case, the visual appreciation of changes in sand density between the beach (higher density)
and the foreshore (lower density) was used to differentiate the beach from suspended sediment. The BB was not
digitized when uncertainty was high. Additionally, on some open beaches, wave breaking masked the BB, making

impossible its digitization.

Pre-hurricane stability line
- - - - Pre-hurricane base of the beach

— Post-hurricane stability line

"U5f¢ - - - - Post-hurricane base of the beach

:

‘ a and c: Pléiades satellite image of 25 February 2017; e : Pléiades satellite image
|

of 10 September 2017 (Pléiades © CNES 2017, Distribution Airbus DS, all rights
} reserved); b, d : DigitalGlobe satellite image of 13 September 2017 (© DigitalGlobe)

Fig. 4. Shoreline indicators used in this study. (a) shows the position of the pre-hurricane stability line on natural
coasts (here, Grande Saline), where it corresponds to the seaward limit of the vegetation. (b) illustrates the
digitization of the post-hurricane stability line on developed coasts (here, Flamands), where it corresponds to the
external limit of human-built structures (i.e. seawalls, ripraps, buildings). (c) and (d) illustrate the pre- and post-
hurricane positions of the base of the beach, respectively (here, at Toiny). (e) represents the position of the pre-

and post-hurricane stability line.

3.1.3. Uncertainty

Shoreline change

Uncertainty related to shoreline digitization from aerial photographs and satellite imagery has already been the
subject of several studies (Anders and Byrnes, 1991; Thieler and Danforth, 1994; Fletcher et al., 2003). As Ford
(2012) mentions, five sources of uncertainty were identified by Fletcher et al. (2003): seasonal error, tidal
fluctuation error, digitizing error, pixel error and rectification error. Because shoreline indicators used in this study

were not influenced by the seasonal error, and very little influenced by the tidal fluctuation error (tidal height was
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only 12 cm higher in September compared to February), in line with previous studies (Ford, 2012; Yates et al.,
2013; Duvat and Pillet, 2017; Kench et al., 2018), we considered three error sources: rectification error (E,), pixel
error (E,) and digitizing error (E4). E, corresponds to the offset between the satellite image used as a spatial
reference (i.e. 25 February 2017 image) and the rectified images. It was calculated using random landmarks that
can be easily detected on each image. Using the “Point Distance” tool in ArcGIS, we are able to estimate the mean
offset between the spatial reference and rectified images (Table 3). E,, is equal to the pixel size (i.e. the image
resolution) of the images used in this study (Table 2). The pixel size influences both images georeferencing and
shorelines digitization accuracies. E; corresponds to the uncertainty related to the digitization of shoreline proxies

and it was estimated during the operation.

We only considered error related to rectified images. The mean rectification error was equal to 0.60 m (ranging
from 0.48 m to 0.73 m). The mean pixel size error was 0.35 m. During the digitization process, the SL was easier
to detect than the BB, due to active hydrodynamical conditions. As a result, we considered respectively an error
<1 m for the SL and <3 m for the BB (Table 3). Consequently, the global uncertainty was considered to be <2 m
for the SL and <4 m for the BB, making changes respectively <2 m (£2 m) and 4 m (4 m) not significant (relative
stability). Transects showing changes > + 2 m and > + 4 m, respectively, for the SL and BB, therefore indicate
shoreline advance, while transects showing respective changes <~ 2 m and <-4 m for these two shoreline proxies

indicate shoreline retreat.

Rectification error . Digitizing error (m) (Ey)
Image Pixel error (m) (E,)
(m) (Er) SL BB
25 February 2017
) 0 (spatial reference) 0.50 1.00 3.00
Pléiades
10 September 2017
y 0.48 0.50 1.00 3.00
Pléiades
13 September 2017
A 0.73 0.20 1.00 3.00
DigitalGlobe
Mean error (m) 0.60 0.35 1.00 3.00

Table 3. Sources of uncertainty considered in this study and related error. Mean rectification error does not

include the spatial reference.

Beach area uncertainty

In accordance with previous studies (Kench et al., 2015; Duvat et al., 2017b), only errors related to image

resolution (0.35 m, Table 3) and shoreline digitization (1 m for the SL and 3 m for the BB, Table 3) were
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considered when estimating changes in beach area. The rectification error was excluded, because it has no
influence on surface calculation. Consistent with Duvat et al. (2017b), a buffer was calculated for each of the two
shoreline proxies delimiting beaches (i.e. the SL and the BB) to calculate area uncertainty. The width of the buffer
corresponds to the sum of the error values considered for each indicator. Consequently, buffers of 1.35 m (0.35 m +
1.00 m) and 3.35 m (0.35 m + 3 m) were created for the SL and the BB, respectively. The areas of these two buffers
were then added to obtain the uncertainty area for each beach. For example, beach area uncertainty for Flamands

equals the uncertainty related to the SL (0.10 ha) + uncertainty related to the BB (0.21 ha) = 0.31 ha.

3.1.4. Shoreline change analysis

Shoreline change was calculated using the Digital Shoreline Analysis System (DSAS), an extension in ArcGIS,
which is commonly used to assess changes in shoreline position (Thieler et al., 2017). Perpendicular transects were
generated every 10 m along a baseline that was digitized parallel to the shoreline. The Net Shoreline Movement
(NSM), which corresponds to the distance between the oldest and the most recent shorelines, was generated

automatically by DSAS for both the SL and BB.

Flamands

2
%

Lorient

[ 25 February 2017 (Pleaides)

[ 10 September 2017 (Pleiades)

[] 13 September 2017 (DigitalGlobe)
No data

SL Stability line

BB Base of the beach

3 Study site number

Prospected beach
(1 November 2017)

== Unvisited beach Pléiades safellite image of 25 February 2017 (Pléiades ® CNES 2017, Distribution Airbus DS, all rights reserved)

Fig. 5. Spatial extent of the satellite images used in this study. We were not able to digitize the base of the beach

at Marigot due to wave breaking making it visually undetectable on images.

3.2. Assessment of hurricanes morphological impacts
16



Post-hurricane fieldwork completed on 1 November 2017 allowed assessing the erosional and accretional impacts
of September 2017 hurricanes on beaches. Field observations mainly consisted of making an inventory of the
features that were presumed to be hurricane-generated. The position of the cliffs cut by hurricane waves in upper
beaches and sand dunes was geolocated, and their height was measured. As the field trip was conducted seven
weeks after the hurricanes, the features observed in the active beach zone had already been reworked by waves.
Likewise, as beach recovery had already started at the time of fieldwork, cliff height was considered to provide
not a precise estimate of sediment ablation, but a useful indication of the intensity of wave impact. In addition,
hurricane wreck lines and sediment deposits were mapped, and the thickness of the latter was measured. As
hurricane-generated accretional features were mainly found out of the active beach zone, i.e. first, on the upper
beach, and second, within a 30 m-wide coastal strip from the pre-hurricane vegetation line, they were generally
intact at the time of the field visit, except where they had been removed or reworked by residents or by public
authorities. We were therefore able to make a detailed description of these features. So as to collect additional
information on hurricanes impacts (i.e. check the hurricane origin of observed deposits, collect the initial values
of hurricane-induced beach lowering), we conducted interviews among present primary residents and private
companies’ employees recruited by residents to secure properties from burglary or to repair damages. Interviewees
provided valuable complementary information on the immediate post-hurricane situation, and on the extent of

sediment reworking and of beach readjustment at the time of the field visit.

3.3. Assessment of the impacts on and of the role of the coastal vegetation

Although the role of the coastal vegetation is rarely considered in geomorphic studies, some previous assessments
highlighted that a well-preserved indigenous vegetation belt reduces the erosional and destructive impacts of
hurricanes on coastal systems (i.e. beach-dune systems and barrier beaches) and human assets (e.g. buildings,
roads...) respectively, through the attenuation of wave energy and sediment trapping (Stoddart, 1963, 1965; Duvat
etal., 2016; Duvat et al., 2017b). While wave attenuation by the indigenous vegetation reduces the damages caused
to human assets by waves and thrown coral debris, sediment trapping by the dense branch and root system of this
vegetation contributes to the development (i.e. widening and gain in elevation) of the beach ridge. In the long run,
beach ridge development diminishes the risk of flooding. On the contrary, these studies showed that where the
indigenous vegetation had been replaced by introduced vegetation (e.g. coconut trees), both the erosional and
destructive impacts of waves were higher, while the abovementioned constructional processes were not observed.
Such observations justify including the analysis of the nature and role of the coastal vegetation in hurricane impact

assessments.
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Accordingly, using pre-hurricane satellite imagery and ground photographs taken in 2007 by one of the authors
who had already completed beach surveys on the island, we identified the main shrubby and wooded species
growing on the upper beach, on sand dunes, and in inner land areas within a 30 m-wide coastal strip from the
vegetation line. The freely available DigitalGlobe satellite images provided by Google Earth (which date back to
28/11/2003) were used to check that the vegetation had not changed between the field visit of 2007 and 2017.
Based on this assessment, we classified the coastal vegetation into three distinct categories, namely predominantly
indigenous, predominantly introduced, and mixed. Given the relative homogeneity of the coastal vegetation on the
scale of beach sites, we did not make within-site distinctions. The destructive impacts of hurricane waves and wind
on the coastal vegetation growing within a 30 m-wide coastal strip extending inland from the pre-hurricane
vegetation line were assessed. These impacts were characterized (i.e. uprooting, trunk and branch breaking, etc.)
and geolocated for each vegetation type (shrubby vs. wooded) and species affected. Additionally, the role of the
coastal vegetation in buffering the impacts of hurricane waves was assessed, based on the collection of field
observations on (i) the extent of surface erosion in and out of vegetated areas, according to vegetation type (i.e.
indigenous, introduced or mixed), (ii) the landward extent of hurricane-induced deposits, depending on vegetation
occurrence and type, and (iii) sediment trapping (measurement of the thickness of deposits, depending on

vegetation occurrence and type).

3.4. Assessment of the influence of human-built structures on beach response

3.4.1. Assessment of the natural vs. artificial character of the shoreline

The stability line (SL) was classified into two categories. SL sections with and without human-built structures, i.e.
coastal protection structures such as seawalls or ripraps and alongshore buildings, were respectively classified as
artificial and natural. In the former case, the SL corresponds to the vegetation line (Fig. 6a, b), while in the latter
case it corresponds to the base of human-built structures (Fig. 6c, d). This classification was adopted to allow the
analysis of the SL response to the hurricane waves depending on its nature (i.e. natural vs. artificial). The nature
of the SL was assessed using the satellite image of 25 February 2017 and the ground photographs taken in the field
in 2007 by one of the authors, which helped identifying human-built structures in areas exhibiting no change since
2007. Likewise, the same classification was applied to the post-hurricane SL using the images of 10 September
2017 and 13 September 2017, and geolocated ground photographs of 1 November 2017. This allowed estimating

changes in the nature of the shoreline.
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3.4.2. Assessment of the influence of “coastal squeeze” on beach response

The seaward limit of the built environment, i.e. of the built area located in the coastal zone at a certain distance
from the SL, was digitized in order to allow distinction between shoreline sections still having a natural buffering,
i.e. non-built, area between the active beach zone and coastal human assets, and shoreline sections affected by
“coastal squeeze” (Cooper and McKenna, 2008; Cooper and Pile, 2014), i.e. exhibiting no if a very narrow natural
buffering area as a result of extensive urbanization (Fig. 6e). The digitization of the seaward limit of the built
environment was completed using the post-hurricane images of 10 and 13 September 2017, on which this limit
was made easily detectable by vegetation destruction. The distance between the pre-hurricane SL and the limit of
the built environment (Fig. 6e) was calculated using DSAS software in ArcGIS 10.5 (SCE), using the same
transects that were used to measure changes in shoreline position. This allowed analyzing the influence of

variations in the width of the natural buffering area on beach response.

Natural stability Iihe

— Atrtificial stability line

———  Pre-hurricane stability line

-------- Seaward limit of the built environment
Position and orientation

P—>
of ground photographs

a: Pléiades satellite image of 25 February 2017; e : Pléiades satellite image
of 10 September 2017 (Pléiades © CNES 2017, Distribution Airbus DS,

all rights reserved); ¢ : DigitalGlobe satellite image of 13 September 2017

~ (© DigitalGlobe); b and d: ground photographs, V. Duvat, 2007

Fig. 6. Indicators used in this study to assess the contribution of longitudinal human constructions to beach
response. (a) illustrates pre-hurricane ‘natural’ stability line. In this case, no human-built structure was present, as

shown on photograph (b) (Grand Fond). (c) shows the alternation of artificial and natural stability line sections in
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the post-hurricane situation (Flamands). (d) shows, in the foreground, longitudinal coastal structures (here, a
private property wall), and in the background, a vegetated shoreline section, which respectively illustrate artificial
and natural shoreline sections. (e) shows in dotted line the position of the seaward limit of the built environment

as it was digitized on the post-hurricane image. The blue line represents the pre-hurricane stability line.

3.4.3. Uncertainty related to human-built structures detection

Uncertainty related to the digitization of the seaward limit of human-built structures was influenced by the capacity
of the operator to detect these structures based on image interpretation. On pre-hurricane images, this limit was
easily detectable on those sites having a limited vegetation cover, while it was generally masked by the vegetation
where the latter was dense. In this case, wherever possible (i.e. where human-built structures had not been
destroyed by the hurricane waves), we used post-hurricane images, on which vegetation destruction made them
visible, to digitize their seaward limit. Where post-hurricane images could not be used to digitize human-built
structures (i.e. where these structures had been either partly, or entirely damaged by the hurricane waves), field

observations were used to determine their pre-hurricane seaward limit.

3.4.4. Statistical attribution of the influence of human-built structures

In order to quantitatively attribute the influence of human-built structures on the stability line response, several
hypotheses have been formulated and tested using the dataset generated using R software (Table 4). Once
produced, data related to the SL response (i.e. Net Shoreline Movement), the nature of the SL in the pre- and post-
hurricane situations (i.e. natural vs. artificial) and the width of the natural buffering area (i.e. distance that separates
the pre-hurricane SL from seaside human-built structures) , were spatially joined to the transects generated by the
extension DSAS in ArcGIS, allowing statistical analysis on 561 observations (corresponding to the transects for

which data are available). Table 4 summarizes the four hypotheses and the data used for the correlation tests.

Hypothesis Data used to test the hypothesis

1 - Shoreline behaviour was strongly influenced by the Nature of the pre-hurricane SL (natural or artificial)

nature of the pre-hurricane stability line (SL) - Shoreline change data (Net Shoreline Movement)

- Width of the natural buffering area (distance between
2 - The proximity of longitudinal structures to the SL the pre-hurricane SL and the limit of the built
had an influence on the SL response environment)

- Shoreline change data (Net Shoreline Movement)

3 - The SL response was strongly influenced by the - Transects corresponding to artificial shoreline within
longitudinal structures located within a 30m-wide a 30 m-wide coastal strip from the pre-hurricane SL
coastal strip from the pre-hurricane SL - Shoreline change data (Net Shoreline Movement)
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4 - The proximity of the longitudinal structures to the

SL influenced changes in SL type, i.e. increased the - Transects corresponding to natural and artificial
extent of artificial shoreline, in the post-hurricane shoreline in the pre- and post-hurricane situations
situation

Table 4. Hypotheses and data used to attribute the response of the stability line to human-built structures.

4, Results

4.1 Hurricanes impacts on shoreline position

4.1.1 Impacts on stability line position

At all study sites, September 2017 hurricanes caused a marked retreat of the stability line (SL) (Table 5 and Fig.
7). Depending on beach sites, the retreat of the stability line was detected along 47.73% (Lorient) to 100.00%
(Marigot and Grand Fond) of transects. On 9 beaches (Flamands, Cayes, Saint-Jean, Marigot, Petit Cul-de-Sac,
Toiny, Grand Fond, Grande Saline and Gouverneur) out of 12, more than 75% of transects exhibited retreat (Table
5, Fig. 7). The mean shoreline movement ranged from —2.76 m in the west of the island (Colombier) to —18.39 m
in the south-east (Grand Fond) (Table 5). Six beaches out of 12 had an average retreat value exceeding —10 m.
The highest average retreat values were recorded first, in the south-east (Grand Fond, —18.39 m; Toiny, —15.01
m) and north-east (Marigot, —13.98 m; Petit Cul-de-Sac, —12.43m), and second, on the northern coast of the island
(Cayes, —16.01 m) (Table 5). The beach of Gouverneur, in the south, had a mean retreat value of —11.52 m. The
lowest minimum NSM values respectively reached —50.76 m, —37.85 m, —34.82 m, —45.52 m, —61.82 m and
—45.62 m, at Grand Fond, Toiny, Marigot, Petit Cul-de-Sac, Cayes and Gouverneur. The sites that were less
affected (i.e. those with an average retreat value greater than —10 m, Table 5) however exhibited localized high
retreat values. For example, Grand Cul-de-Sac (mean NSM, —6.66 m) had a minimum NSM value of —40.63 m.
The highest minimum NSM value (—17.86 m) was obtained in the west of the island, at Colombier (Table 5, Fig.
8). The results thus show a high spatial variability of the SL response to the hurricane waves, with higher retreat
values on the highly-exposed eastern and northern coasts, compared to the more sheltered southern and the western

coasts (Table 5, Fig. 8).
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Beach number and Number Mean Min. Max. Accretional Stable Erosional
of NSM NSM NSM transects transects transects
name transects (m) (m) (m) Nb % Nb % Nb %

1. Colombier 25 —-2.76 -17.86 0.00 0 0.00 13 52.00 12 48.00
2. Flamands 54 -8.99 -22.16 -057 0 0.00 9 16.67 45 83.33
3. Cayes 52 -16.01  —61.82 0.00 0 0.00 3 5.77 49 94.23
4. Saint-Jean 57 -9.15 —29.74 0.00 0 0.00 14 24.56 43 75.44
5. Lorient 88 —-4.46 —22.55 0.00 0 0.00 46 5227 42 47.73
6. Marigot 18 -13.98 3482 -264 0 0.00 0 0.00 18 100.00
7. Grand Cul-de-Sac 50 —6.66 —40.63 0.00 0 0.00 22 4400 28 56.00
8. Petit Cul-de-Sac 37 -1243 4552 0.00 0 0.00 8.11 34 91.89
9. Toiny 41 -15.01  -37.85 0.00 0 0.00 4 9.76 37 90.24
10. Grand Fond 49 -18.39  -50.76  —4.77 0 0.00 0.00 49 100.00
11. Grande Saline 58 —7.64 —-34.02 0.00 0 0.00 13 2241 45 77.59
12. Gouverneur 32 -11.52 —-45.62 -1.02 0 0.00 2 6.25 30 93.75

Table 5. Change in the position of the stability line between February 2017 and September 2017.

Stability line change

f 25th February 2017 and 10th September 2017 (Pléiades © CNES. Distn
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Base of the beach change
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— x<-50m +4m<x<+10m
— -50m<x<-30m — +10m<x<+30m
— -30m<x<-10m — +30m<x<+50m

-10m<x<-4m

— x>+50m

bus DS, all righ

Shoreline indicator

A Stability line
B Base of the beach

Figure 7 — Inferred impacts of September 2017 hurricanes on shoreline position on Saint-Barthélemy Island. This

figure highlights first, the spatial variability of the stability line response on the island scale, depending on site

exposure to the hurricane waves, and second, the contrasting behaviours of the stability line (predominantly

showing retreat) and of the base of the beach (mainly exhibiting either stability, or retreat).
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Fig. 8. Summary of the stability line response on Saint-Barthélemy.

4.1.2 Impacts on the position of the base of the beach

As a reminder, changes in the position of the base of the beach (BB) were assessed on all beaches except Marigot.
On the island scale, the response of the BB varied significantly (Figure 7). Four sites out of 11 predominantly
showed a retreat of the BB. For example, in the south, Grande Saline exhibited 93.75% of retreating transects,
with respectively mean and minimum NSM values of —14.61 m and —24.76 m (Table 6). Likewise, Saint-Jean in
the north and Gouverneur in the south respectively had 68.52% and 67.75% of retreating transects, with mean and
minimum NSM values reaching —5.11 m and —16.52 m, and —4.45 m and —9.77 m, respectively (Table 6). In
contrast, the BB was predominantly stable on 6 sites (Colombier, Cayes, Lorient, Grand Cul-de-Sac, Petit Cul-de-
Sac, Grand Fond), with 64.00% (Colombier) to 93.75% of stable transects, depending on sites (Table 6). For
example, at Colombier, the mean and minimum NSM values reached —4.36 m and —15.42 m, respectively.
Noteworthy, the BB showed advance on 2 sites out of 11, i.e. Flamands in the north (mean NSM, +5.56 m) and
Toiny in the south-east (mean NSM, +6.31 m). Flamands exhibited high alongshore variability, with 48.14% of
accretional transects, 25.93% of stable transects and 25.93% of eroding transects. Furthermore, we observe a high
variability in the behaviour of the BB between the western and eastern parts of the beach (Figure 7). On this beach,
the maximum NSM value was recorded in the west (+35.86m), while the minimal NSM value was found in the
east (—26.70m) (Table 6). In the south-east, at Toiny, accretion was detected along 73.17% of transects, while no

transect retreated. On this beach, mean NSM reached +6.31 m (Table 6).
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Number  Mean Min. Max. Accretional Stable transects Erosional
Beach number and

of NSM NSM NSM transects transects

name transects (m) (m) (m) Nb % Nb % Nb %
1. Colombier 25 -436 -1542  3.63 0 0.00 16 64.00 9 36.00
2. Flamands 54 556 -26.70 35.86 26 48.14 14 25.93 14 25.93
3. Cayes 52 2.89 -0.02 9.92 13 25.00 39 75.00 0 0
4. Saint-Jean 54 -5.11 -16.52 8.32 8 14.81 9 16.67 37 68.52
5. Lorient 68 220 -11.63 741 19 27.94 47 69.12 2 2.94
6. Marigot N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
7. Grand Cul-de-Sac 48 0.67 -1.61 6.14 3 6.25 45 93.75 0 0.00
8. Petit Cul-de-Sac 37 0.15 -5.97 6.22 6 16.22 28 75.68 3 8.10
9. Toiny 41 6.31 1.99 14.16 30 73.17 11 26.83 0 0.00
10. Grand Fond 49 243 -390 1214 15 30.61 34 69.39 0 0.00
11. Grande Saline 48 -14.61 -2476 -2.52 0 0.00 3 6.25 45 93.75
12. Gouverneur 31 -4.45  -9.77 6.14 4 12.90 6 19.35 21 67.75

Table 6. Change in the position of the base of the beach between February 2017 and September 2017. N.D.: No

Data

4.1.3 Changes in beach area

On the island scale, 8 beaches (Flamands, Cayes, Lorient, Grand Cul-de-Sac, Petit Cul-de-Sac, Toiny, Grand Fond
and Gouverneur) out of 11 expanded, with rates of change ranging from +62.32% (Flamands, north) to +251.35%
(Toiny, south-east) (Table 7), while 2 beaches (Colombier and Saint-Jean) were stable in area and only one beach
(Grande Saline) contracted. The most common mode of expansion, recorded on 4 beaches (Cayes, Lorient, Grand
and Petit Cul-de-Sac), resulted from the retreat of the SL, while the BB was stable. For example, Cayes Beach
expanded by +227.08%, with a net surface gain of +1.09 ha. Two beaches, i.e. Flamands and Toiny, expanded as
a result of the retreat of the SL combined with an advance of the BB. On these sites, the beach area increased
respectively by +66.32% and +251.35% (Table 7). At Gouverneur, the retreat of both the SL and the BB caused
an increase of +33.87% in the beach area (Table 7). In contrast, Grande Saline was the only beach that contracted
(-0.40 ha, representing a beach area loss of -20.73%), mainly due to the marked retreat of the BB. Of note, the

beach area of Colombier and Saint-Jean was stable (Table 7).
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Pre- Post- Area uncertainty Net land

Beach number and Beach
hurricane  hurricane area change  Evolution (%)

name area (ha) area (ha) ha % (ha) response
1. Colombier 0.49 0.44 0.14 28.20 -0.05 -10.20 Stability
2. Flamands 1.38 2.24 0.31 22.59 +0.86 +62.32 Expansion
3. Cayes 0.48 157 0.29 60.78 +1.09 +227.08 Expansion
4, Saint-Jean 1.21 151 0.36 29.95 +0.30 +24.79 Stability
5. Lorient 0.53 1.08 0.41 76.56 +0.55 +103.77 Expansion
6. Marigot / / / / / / /
7. Grand Cul-de-Sac 0.57 0.94 0.28 49.10 +0.37 +64.91 Expansion
8. Petit Cul-de-Sac 0.45 1.09 0.20 43.65 +0.64 +142.22 Expansion
9. Toiny 0.37 1.30 0.22 58.64 +0.93 +251.35 Expansion
10. Grand Fond 0.52 1.61 0.26 49.77 +1.09 +209.62 Expansion
11. Grande Saline 1.93 1.53 0.35 18.09 —0.40 —20.73 Contraction
12. Gouverneur 0.62 0.83 0.17 26.69 +0.21 +33.87 Expansion

Table 7. Changes in beach area between February 2017 and September 2017. Beach area was calculated using the

stability line as the landward boundary and the base of the beach as the oceanward limit of beaches.

4.2. Hurricanes impacts on coastal morphology

The hurricanes had both erosional and accretional impacts. Erosional features were predominant, and detected
along most beaches. However, they showed variations, both in nature and in extent, between beach sites. On the
fore beach, rock formations were revealed by sediment loss, as at Colombier where the retreat of the BB caused
the emergence of beachrock slabs, especially at its northern extremity (Fig. 9a). In addition, beach lowering was
widespread along longitudinal constructions, detected at Flamands, Lorient and Marigot. In front of human
constructions, such as houses’ seaside retaining walls, the highest values of beach lowering reached up to —2.00
m at Flamands (Fig. 9b). On other densely urbanized sites, lower values were recorded, as illustrated by Lorient,
where beach lowering reached 0.60 m (Fig. 9c). Generally, beach lowering revealed the foundations of longitudinal
structures that were previously masked by sediment. In contrast, on natural beaches, beach lowering exhibited
lower values, i.e. ranged from 0.20 m (e.g. Petit Cul-de-Sac, Fig. 9d) to 0.60 m (e.g. Grand Fond). Moreover, the
hurricane waves cut cliffs in upper beaches and sand dunes. Where the latter occur (Flamands, Saint-Jean, Grand
Fond), erosion scarps locally reached up to 3.50 m in height (e.g. Flamands, Fig. 9¢). Conversely, where beaches
are backed onto a low-lying coastal plain, erosion scarps were much lower, e.g. from 0.40 m to 0.60 m high at

Grand Fond (Fig. 9f).
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Fig. 9. Inferred erosional impacts of September 2017 hurricanes on Saint-Barthélemy Island. (a) shows the
beachrock slabs revealed by sediment loss, here at Colombier. (b) and (c) illustrate beach lowering in front of
longitudinal structures in densely urbanized areas, respectively at Flamands and Lorient. (d) illustrates beach
lowering at a natural site, Petit Cul-de-Sac, where it rarely exceeded 0.20 m. (e) Post-hurricane cliff cut in the sand
dune at Flamands. The marks on the nearby wall (at the background) indicate the previous extent of the dune. (f)
cliff height was logically much lower on beaches backed onto a low-lying coastal plain, as illustrated here by

Grand Fond.

The post-hurricane field survey also allowed assessing hurricane-induced accretional features, which could not be
derived from image analysis. Most of the depositional features occurred on upper beaches and in inner land areas.
On the former, where the indigenous vegetation was still in place, sediment deposits were noted, e.g. at Marigot,

Grand Cul-de-Sac, Petit Cul-de-Sac, Toiny and Grand Fond. At Grand Fond, these deposits were composed of
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coral rubble and blocks having dimensions of 0.10 to 0.30 m X 1 m (Fig. 10a). On the other sites, these depositional
features were mainly composed of sand. Additionally, hurricane waves and winds deposited significant volumes
of sand and coral debris in inner land areas, notably at Petit Cul-de-Sac and Toiny. At Toiny, overwash processes
led to the formation of coral sand sheets extending inland as far as 45 m from the pre-hurricane vegetation line.
As shown on Fig. 10 b and c, the debris almost reached the back-beach lagoon at Toiny. On urbanized beaches,
inland sediment deposition mainly occurred in the axis of beach accesses and where the indigenous vegetation had
been removed. At Saint-Jean, the easternmost part of the airstrip was covered by thin sand deposits. Accretional
features occurring in the beach area were only observed at Grand Fond. At the eastern end of this beach, a 1.50 m-
high and 100 m-long rubble ridge formed, composed of reworked smooth coral debris having a diameter ranging

from 5 to 20 cm (Fig. 10d).

. .q b P
a, b and d: Ground photographs of 1st November and 14th July 2018. c: Pléiades satellite image of 10th September 2017
(Pléiades © CNES 2017, Distribution Airbus DS, all rights reserved)

Fig. 10. Inferred accretional impacts of September 2017 hurricanes on Saint-Barthélemy Island. (a) illustrates the
role of the indigenous vegetation in sediment trapping, which caused the vertical accumulation of sand and coral
debris, here at Grand Fond. (b) illustrates sediment deposition due to the overtopping of the barrier beach of Toiny.
(c) illustrates the position of the pre- (blue line) and post-hurricane (red line) stability line on the barrier beach of

Toiny. While the stability line retreated, inner land areas increased in height as a result of sediment inputs. The
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black arrow shows the position and orientation of ground photograph (b). (d) shows a coral rubble ridge composed

of smooth coral debris at the eastern end of Grand Fond.

4.3 Influence of human disturbances on shoreline response

4.3.1 Impacts of vegetation modification on shoreline and beach response

As a reminder, on most beaches (e.g. Flamands, Cayes, Saint-Jean, Lorient, Marigot, Grand Cul-de-Sac, Toiny,
Grande Saline and Gouverneur; see Table 1), tourism development and urbanization had led to the clearing or
removal of the coastal indigenous vegetation. Despite shoreline retreat was observed along all natural shoreline
sections (Table 5), where the indigenous vegetation had been preserved, it buffered the impacts of hurricane waves.
While the first vegetation line (over a distance of 10 to 30 m) suffered significant damage (e.g. uprooting, trunks
and branches breaking, salt-burning of leaves), the remaining vegetation promoted sediment trapping, which
allowed the vertical accretion of the upper beach and of inland areas (e.g. Grand Fond, Fig. 10a and d). As a result
of the buffering role of the indigenous vegetation, flooding and the deposition of sand and coral debris inland was

limited.

4.3.2 Impacts of longitudinal structures on beach response

On the island scale, the SL response was highly influenced by the degree of shoreline hardening (Fig. 11, bar 3,
pre-hurricane). Image analysis and field observations show a net contrast between natural and artificial shoreline
behaviour (Figs. 11, 12 and 13). First, as shown in Figure 13a, natural shoreline mainly exhibited retreat. Retreat
values range from 0 to —60 m, with 50% of the values falling between —5 and —15 m. In contrast, artificial shoreline
underwent limited retreat (50% of the armoured shoreline have NSM values equal to 0), due to the resistance of
most longitudinal structures and buildings to the hurricane waves. The beach sites of Cayes, Saint-Jean, Lorient
and Grand Cul-de-Sac illustrate this latter situation, with NSM values ranging from 0 m to —2 m only (Fig. 11, see
bars 2 and 3, pre-hurricane). Where the longitudinal structures were destroyed by the hurricane waves, higher
retreating values were obtained, as along Flamands and Saint-Jean beaches (Fig. 11, see bars 2 and 3, pre-
hurricane, from transect 51). Such situations correspond to the extreme values shown in Figure 13a for artificial
shoreline. Second, the pre-hurricane width of the natural buffering area (extending seaward from the built area)
influenced the extent of the SL retreat, as shown by the correlation in Figure 13b. Moreover, as shown in Figure
13c, the presence or absence of longitudinal structures within the 30 m-wide coastal strip highly influenced the
response of the SL. While the values of SL retreat are widely scattered, showing no specific response pattern (i.e.

Kendall’s rank correlation tau = —0.39 and p-value < 3.62e-11), where no longitudinal structures were present in
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this area, we observe a direct relationship expressed by a correlation between the proximity of the longitudinal
structures and shoreline change values where these structures were present (Fig. 13c, artificial shoreline).
Furthermore, the Kendall’s rank correlation tau, which measures the correlation between two variables (see Table
4, hypothesis 3), is equal to —0.84, reflecting a strong significant relationship with a p-value < 0.05 (p-value <

2.2e-16).

On urbanized beaches (e.g. Flamands, Cayes, Saint-Jean, Lorient and Grand Cul-de-Sac), human-built structures
located at a distance smaller than 30 m from the pre-hurricane SL thus limited the retreat of the SL. However, at
these sites, because of the destruction of the coastal vegetation that constituted a buffer between these structures
and the beach prior to the hurricane, the shoreline changed from natural before the hurricanes to artificial after
these events (Fig. 13d). As a result, the length of artificial shoreline increased, as highlighted by the most
illustrative examples, i.e. Flamands (from 6.72% to 63.2%; Fig. 11, bar 2) and Cayes (from 9.61% to 34.70%; Fig
11, bar 3). Collectively, these results highlight that the longitudinal structures built within a 30 m-wide coastal
strip not only, influenced the response of the SL to the hurricane waves, but also and most importantly contributed
to a change in the nature of the shoreline, from natural before the hurricanes to artificial after these events. The
field survey conducted after the hurricanes showed that longitudinal structures strongly influenced erosional and
accretional processes. As previously mentioned, beach lowering was greater in front of longitudinal structures
(reaching up to —2 m at Flamands) due to wave reflection, compared to unbuilt vegetated areas, where it rarely
exceeded —0.20 m (e.g. Petit Cul-de-Sac). Longitudinal structures also prevented sediment deposition on upper
beaches and in inner land areas, except in the axis of beach accesses (e.g. Saint-Jean, Lorient and Grand Cul-de-
Sac) or in localized open areas (e.g. Saint-Jean airstrip). By exacerbating the erosional and annihilating the
accretional impacts of the September 2017 hurricanes on beaches, the longitudinal structures have contributed to

a decrease in their sediment budget.
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Fig. 11. Summary of shoreline changes inferred from September 2017 hurricanes on urbanized beaches of Saint-
Barthélemy Island. Bars 1 and 2 show changes in the position of shoreline indicators, i.e. the base of the beach (1),
and stability line (2). Bar 3 provides information about the SL nature (i.e. armoured vs. natural) for the pre- and
post-hurricane situations. Bar 4 illustrates the vegetation type of natural sections for the pre-hurricane stability
line. Bar 5 indicates the distance between the pre-hurricane stability line and the limit of the built environment,

which corresponds to the width of the natural buffering area.
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Fig. 12. Summary of shoreline changes inferred from September 2017 hurricanes on natural to little developed
beaches of Saint-Barthélemy Island. Bar 1 and 2 show changes in the position of shoreline indicators, i.e. the base
of the beach (1), and stability line (2). Bar 3 provides information about the SL nature (i.e. armoured vs. natural)
for the pre- and post-hurricane situations. Bar 4 illustrates the vegetation type for natural sections of the pre-
hurricane stability line. Bar 5 indicates the distance between the pre-hurricane stability line and the limit of the

built environment, which corresponds to the width of the natural buffering area. Where no distance is indicated,
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no human structure was present on the back beach. Here, only the sites of Petit Cul-de-Sac and Grand Fond were

urbanized.
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Fig. 13. Statistical analysis conducted to assess the influence of human-built structures on beach response. Panel
(@) illustrate the contrasting response of the SL depending on its pre-hurricane nature (i.e. natural vs. artificial).
Panel (b) shows that the width of the natural buffering area strongly influenced the extent of the SL retreat,
especially where the presence of longitudinal structures was detected within a 30 m-wide coastal strip, for which
a strong correlation was found (Panel ¢, Kendall’s rank correlation tau = —0.84). Panel (d) shows that the length
of hardened shoreline (blue dots) had increased after hurricanes, in response to the destruction of the narrow natural
buffering area located in front of longitudinal coastal structures that were built within a 30 m-wide coastal strip
(see SM1).

5. Discussion
5.1. Drivers of the spatial variability of shoreline and beach response

In line with previous studies (Cambers, 2009; Ford and Kench, 2014; Duvat et al., 2016), the results obtained
emphasize the high spatial variability of shoreline and beach response under cyclonic conditions. Furthermore,

they confirm that both natural and anthropogenic features play a major role in the response of a sedimentary system
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to TCs (Stoddart, 1963, 1965; Bush, 1991; Scoffin, 1993; Cambers, 2009; Duvat et al., 2016; Duvat et al., 2017b).
More precisely, we found that the two major drivers of the spatial variability of shoreline and beach response to
the September 2017 hurricanes on Saint-Barthélemy were beach exposure and anthropogenic disturbances, the

combined influence of which is shown in Figure 14.

First, beach exposure, which is directly determined by the hurricane’s track and the surrounding morphological
settings (i.e. presence of rocky headlands or of a fringing reef), was found to be a major driver of the spatial
variability of impacts. The influence of this driver was noted at two different scales, that is, the island and the
beach scales. On the island scale, shoreline change analysis showed that the highly-exposed eastern and northern
beaches, where wave height reached and probably exceeded 10 m (Fig. 3), exhibited the higher mean NSM retreat
values (i.e. Grand Fond, —18.39 m; Toiny, —15.01 m; Cayes, —16.01 m, for the SL), while the western and southern
beaches (where wave height only reached 2-3 m during Irma) showed much lower values (e.g. Colombier, —2.76
m; Grande Saline, —7.64 m) (Fig. 14). On the beach scale, the site-specific characteristics, i.e. presence of rocky
headlands or of a fringing reef, had a major influence on both the intensity and the spatial variability of shoreline
response, for both the SL and BB indicators. For example, despite it is located on the highly-exposed northern
coast, Lorient exhibited a low mean retreat NSM value (—4.46 m), due to the sheltering effect provided by the
eastern rocky headland to the beach. Furthermore, the high heterogeneity of transect responses (see tables 5 and

6) on these beaches suggest that specific on-site processes also influence beach response.

Second, shoreline hardening (i.e. longitudinal structures and seaside property walls), which generally results from
the partial to complete destruction of the indigenous vegetation belt for construction purposes, influenced both the
intensity and spatial variability of SL positional change, and accretional vs. erosional processes (Fig. 14).
Importantly, where the natural buffering area was narrow (<30 m in width) prior to the September 2017 hurricanes,
the destruction of the coastal vegetation, which explains the retreat of the SL, led to the hardening of the latter, as
the shoreline changed from natural before to artificial after the hurricanes. On densely urbanized beaches, this led
to a marked increase in the length of the armoured shoreline. By interfering with natural processes, in particular
through enhanced wave reflection, shoreline hardening also promoted sediment loss. Moreover, it limited
hurricane-induced sediment inputs (e.g. sand sheets), which only occurred in localized areas (e.g. axis of beach
accesses). By affecting negatively the sediment budget of beaches (i.e. causing increased sediment ablation and
decreased sediment deposition) and the state of beach systems on the whole (through the total destruction of the
narrow vegetation belt in front of human assets), shoreline hardening exacerbated hurricane impacts. Additionally,

it weakened the vegetated beach or beach-dune system serving as a buffer in the face of hurricane waves. As a
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result, coastal human assets are now much more exposed to hurricanes that they were before the September 2017

hurricanes.

Highly
modified

Sparsely
modified

Natural

Sheltered Exposed Highly
Mean NSM values (m) exposed

Fig. 14. Matrix of shoreline (SL) response, depending on beach exposure to hurricane waves and the disruption of
natural processes by human disturbances. Here, human disturbances refer to shoreline hardening and vegetation
modification. This figure suggests that the highly-exposed (i.e. eastern and northern) coasts suffered the highest
SL retreat, while the sheltered (i.e. southern and western, and/or protected by a rocky headland) beaches exhibited
lower SL retreat values. It also shows that shoreline positional change was greater on natural sites compared to

modified sites, due to the greater resistance of the armoured shoreline to the hurricane waves.
5.2 Assessing tropical cyclones impacts on highly-modified coasts

Geomatics and satellite imagery analysis are widely used to assess changes in the position of the shoreline at
different timescales (i.e. from event-related to multi-decadal) on tropical islands (among others, Webb and Kench,
2010; Ford, 2012; 2013; Yates et al., 2013; Mann and Westphal, 2014; Ford and Kench, 2014; 2015; McLean and
Kench, 2015; Mann et al., 2016; Duvat et al., 2017b, ¢; Kench et al., 2018). While the uncertainties related to the
use of geomatics in the assessment of long-term shoreline and beach change were extensively addressed by

previous studies (Anders and Byrnes, 1991; Fletcher et al., 2003; Thieler and Danforth, 1994; Ford, 2012; Yates
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et al., 2013), few studies dealt with the uncertainties related to the assessment of cyclone-induced shoreline and
beach change (Duvat et al., 2017b). Yet, because satellite imagery only provides 2-axis data (i.e. X, y), satellite
image interpretation can generate errors. First, cyclone-generated sand sheets (which constitute an accretional
feature) and soil scouring (i.e. an erosional feature) can be confused when interpreting satellite images, as both are
indicated by the occurrence of a sandy texture. Second, it may be challenging to distinguish remaining (i.e. still
alive and able to re-grow) from uprooted (i.e. destroyed) vegetation based on image interpretation. Yet, such a
distinction is key to position adequately the post-cyclone stability line. Third, because they are located in inner,
i.e. often vegetated, areas, most accretional features are undetectable on satellite imagery. As a consequence, they
are either under-estimated, or unconsidered in image-based studies, which therefore put more emphasis on the
erosional (shown by shoreline retreat) compared to the constructional impacts of TCs. Fourth and lastly, detecting
hardened shoreline may be even more challenging where the vegetation cover masks human-built structures. To
overcome these four major difficulties, the conduction of field surveys —even if the latter were to occur several
weeks after the cyclonic event— is urgently required. Doing so, we were able to properly take stock of erosional
vs. accretional features and to increase the robustness of the data and results generated. However, the lack of pre-
hurricane beach monitoring and of Digital Elevation Model, due to the remoteness of such islands, prevented us
from estimating changes in beach volume. The promotion of coastal observatories in such territories would help

remedy to existing limitations in beach behaviour understanding.

Additionally, based on a new methodological protocol using geomatics, this paper provides the first quantitative
assessment of the influence of human disturbances on beach response to TCs. By documenting the nature of the
shoreline and the distance of human-built structures to the vegetation line, and using the same DSAS transects in
ArcGIS to cross-analyze shoreline- and human features-related data, we were able to discriminate natural (i.e.
undisturbed) from human-driven (i.e. disturbed) modes of change, and beyond that, to quantitatively measure the
role of human disturbances in increasing hurricane-induced sediment loss and shoreline hardening. Moreover, the
methodology used in this paper allowed to estimate the critical distance (i.e. 30 m) at which human constructions
may, in the event of an intense hurricane, have a highly-destructive impact on beach systems (i.e. cause marked
sediment ablation and total vegetation destruction), which in turn exacerbates the exposure of these constructions
to future hurricanes. Thus, including human disturbances in shoreline change assessment allows moving forward
in attributing the spatial variability of hurricanes impacts to specific anthropogenic drivers. The protocol used is

replicable and can be applied to any other coastal area.

5.3 Implications for disaster risk reduction policies and for future coastal development
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Collectively, our findings have major implications for disaster risk reduction policies and future coastal
development. The results obtained highlight that the more severe impacts were observed within a 30 m-wide strip
from the pre-hurricane vegetation line. Furthermore, by mapping human structures, i.e. the seaward limit of
buildings and of longitudinal protection structures (i.e. seawalls and ripraps), and investigating their influence on
beach response to hurricane waves, we were able to emphasize that hard structures built within a 30 m-wide coastal
strip from the pre-hurricane vegetation line exacerbated sediment loss and beach destabilization. Collectively,
these findings advocate for the establishment of appropriate coastal development setback guidelines. In the
Caribbean, most islands have setback guidelines, the setback line ranging from 15 m (in the British Virgin Islands)
to 30 m (in Barbados) from the high-water mark, depending on the country considered (Cambers, 2009). On this
point, our study clearly demonstrates that such setback lines are insufficient for the coastal system to absorb the
energy of hurricane-generated waves and thus efficiently protect human assets from hurricane wave-induced
destruction. Based on the results of this study, we recommend the establishment of a 50 m-setback for future
coastal development, as this would first, allow reducing considerably the destructive impacts of hurricane waves
on both beach systems (given the resistance of and sediment trapping by the indigenous vegetation >30 m from
the pre-hurricane vegetation line) and coastal human assets (that would hence be effectively protected), and second,
maintaining a 20 m-wide buffering area after a hurricane, which is critical not only in the case of occurrence of a
new event but also to allow natural vegetation regrowth after a destructive event. Indeed, the persistence of an
indigenous vegetation belt on the upper or back beach after a hurricane is key to rapid vegetation regrowth on the
devastated part of the upper beach. Such setback guidelines would allow avoid the critical situation observed after
the September 2017 hurricanes, in which extended urbanized shoreline sections exhibited a very high level of
exposure to waves due to the total destruction of the pre-hurricane narrow buffering area by the hurricane waves.
Such an increase in exposure is susceptible to cause increased damage in the event of a new hurricane. Therefore,
those beaches along which the shoreline has changed from natural before the hurricanes to artificial after these
events (as a result of vegetation destruction) should be considered as priority action areas for natural buffer
restoration by the local authorities. All the more that the longitudinal protection structures that have resisted to the
hurricane waves have generally been damaged or destabilized, which has altered their protection function. In this
latter case, in the short-term, two solutions can be considered in order to reduce the future risks of impacts by
hurricanes, depending on beach site characteristics. The first solution is to restore a sufficiently wide (i.e. 50 m-
wide) and fully functional buffering area, that is, a complete vegetated beach or beach-dune system, depending on

the setting. This would imply, first, to carry out beach or beach-dune nourishment (to compensate hurricane-
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induced sediment loss) and profiling, and second, to stabilize the restored coastal system by the plantation of
indigenous vegetation on the upper and back beach and front dune. This solution would have two positive effects,
i.e. first, increase human assets protection from future hurricane destruction, and second, improve landscape
integration of coastal constructions, which would be favourable to tourism, especially when high-end services are
offered. Our findings on the positive role of the indigenous vegetation in dissipating hurricane waves and reducing
their destructive impacts on back beaches and human assets, and in trapping sediment, advocate for this solution,
aimed at “working with natural processes” (Cooper and McKenna, 2008). The second solution is to erect proper,
i.e. well-designed and calibrated, engineering structures to fix the shoreline and prevent wave impact on human
constructions. This solution would allow reducing risks on an island where most structures are handmade and
generally under-calibrated to resist to category 4 and 5 hurricane waves. However, such a solution would likely
have detrimental impacts on tourism, as it often contributes to beach loss while also spoiling the initially highly-
attractive coastal landscape of islands. Therefore, reducing shoreline hardening not only in areas where the
shoreline changed from natural to artificial, but also in areas where the shoreline was already artificial prior to the
September 2017 hurricanes, through the restoration of functional buffering beach and beach-dune systems,
constitutes a key area (and opportunity) for disaster risk reduction. In the long-term, other solutions could be

examined, such as the relocation of the human assets that are located in highly-exposed areas.

6. Conclusion

Based on a combined approach between geomatics (i.e. shoreline change analysis using satellite imagery) and
fieldwork (to take stock of accretional vs. erosional features and processes), we provide a full-spectrum analysis
of the impacts of September 2017 hurricanes —Irma was the most intense hurricane ever recorded in the Lesser
Antilles— on the beaches of Saint-Barthélemy Island. In line with previous studies, our results highlight the key
role of low-frequency high-intensity events in driving high rates of changes on small tropical islands’ sedimentary
coastal systems. At all beach sites, the hurricanes caused a marked retreat of the stability line (i.e. mean NSM
ranging from —2.76 m to —18.39 m, with a minimum NSM value that reached —61.82 m). However, SL retreat was
lower on highly-modified beaches where longitudinal structures resisted to the hurricane waves compared to
natural beaches that suffered severe vegetation destruction. Erosional features were found at all the surveyed sites,
however varying considerably in intensity depending on a site’s natural and anthropogenic characteristics. Beach
lowering was found to be greater on densely urbanized beaches (e.g. —2.00 m at Flamands in front of longitudinal
structures) than on natural beaches (e.g. —0.20 m at Petit Cul-de-Sac). In addition, fieldwork revealed that

accretional features mainly formed on the back beach (i.e. sand sheets) of unbuilt sites where no human
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construction obstructed sediment transport pathways, except at one site (i.e. Grand Fond), where a 1.50 m-high
and 100 m-long storm ridge was found in the active beach zone. Furthermore, the coastal vegetation was largely
destroyed (i.e. uprooting, trunks and branches breaking, salt-burning of leaves) along all natural shoreline sections.
However, the buffering role of the remaining indigenous vegetation allowed the vertical accretion of upper beaches

and of inner land areas through sediment trapping on natural beach sites.

Combining geomatics and fieldwork, we were able to attribute measured changes to specific drivers. Importantly,
we found that both natural (i.e. the hurricanes’ tracks and hurricane waves’ direction) and anthropogenic
(especially shoreline hardening and vegetation modification) drivers explain the high variability observed in the
nature (i.e. erosional vs. accretional), intensity (shoreline change rates) and spatial distribution (on the island and
beach scale) of September 2017 hurricanes impacts on Saint-Barthélemy beaches. Natural drivers (e.g. hurricane
waves’ direction, a site’s geomorphic characteristics) were found to play a key role in controlling the variability
of impacts on the island scale, while anthropogenic disturbances proved to control variability on the beach scale.
Together, geomatics and fieldwork allowed quantifying the impacts of anthropogenic disturbances on beach
response to hurricane events. Regarding the major control exerted by hurricanes on shoreline changes in small
tropical islands and the high level of human asset (i.e. population, buildings, roads...) exposure to sea-related
hazards and critical importance of beaches for tourism on these islands, the results obtained advocate for the
restoration, wherever possible, of a functional buffering beach or beach dune systems, in order to better protect
human constructions from hurricane destruction while also maintaining the quality of beaches. This in turn implies
to adopt appropriate setback guidelines, i.e. to establish setback lines of approximately 50 m from the vegetation

line.

38



Abstract

Based on an approach coupling geomatics (i.e. satellite imagery analysis) and fieldwork, this paper provides an
in-depth analysis of the impacts of September 2017 hurricanes on the beaches of Saint-Barthélemy Island. First, it
highlights the key role of low-frequency high-intensity events in driving high rates of changes on coastal systems.
Importantly, all the studied beaches underwent shoreline retreat, detected along 47.73 to 100.00% of transects
(mean shoreline movement ranging from —2.76 to —18.39 m). The stability line retreat was lower on highly-
modified beaches because of the presence of longitudinal structures compared to natural beaches that mostly
suffered severe vegetation destruction. Second, the methodology proposed here allowed attributing changes to
specific anthropogenic drivers. Both natural (i.e. the hurricane’s path and hurricane waves’ direction) and
anthropogenic (especially shoreline hardening and vegetation modification) drivers explain the high variability
observed in the nature, intensity and spatial distribution of hurricanes' impacts on beaches. Based on the
quantitative assessment of impacts, this paper advocates for the restoration of a 50 m-wide buffering area in front
of human constructions, the exposure of which has considerably increased due to wave impact, which implies to
establish new setback guidelines. So as to better assist decision-makers in disaster risk reduction on small islands,
we therefore recommend the systematic inclusion, i.e. documentation and integration into GIS datasets, of human
disturbances, as the latter highly influence shoreline and beach response. We propose a replicable methodology to

address this challenge.
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Supplementary Material

Pre-hurricane

Post-hurricane

Beach —— —
Total Natural Artificial Total Natural Acrtificial
number and
length Length Length length
name % % Length (m) % Length %
(m) (m) (m) (m)
1. Colombier 338.73 338.73  100.00 0 0.00 331.94 331.94 100 0 0.00
2. Flamands 767.08 71554  93.28 51.54 6.72 916.76 337.39 36.8 579.37 63.2
3. Cayes 670.77 606.28  90.39 64.49 9.61 | 1035.63 676.23 65.3 359.4 34.7
4, Saint-Jean 1135.6 81298 7159 322.62 28.41 | 1246.85 667.17 5351 579.68 46.49
5. Lorient 1046.35 | 752.69 7193 293.66 28.07 | 1222.33 492.71 4031 729.62 59.69
6. Marigot 217.6 217.6  100.00 0 0.00 260.18 248.56 9553  11.63 4.47
7. Grand Cul-
760.57 613.33 80.64 147.24 19.36 | 1241.21 784.35 63.19 456.86 36.81
de-Sac
8. Petit Cul-
467.15 467.15 100.00 0 0.00 822.98 737.3 89.59 8568 1041
de-Sac
9. Toiny 506.05 506.05 100.00 0 0.00 657.26 657.26 100 0 0.00
10. Grand
Fond 635.01 635.01 100.00 0 0.00 722.23 619.36 85.76 102.86 14.24
on
11. Grande
) 1263.53 | 1263.53 100.00 0 0.00 | 1161.57 1161.57 100 0 0.00
Saline
12.
424.45 424.45 100.00 0 0.00 470.97 470.97 100 0 0.00
Gouverneur

SM 1. Length of natural and artificial shoreline before and after September 2017 hurricanes.
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