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1. Introduction

Atoll islands are recently-formed (generally < 4,000 yr BP) and low-lying (generally < 3 m)
islands composed of biologically derived carbonate sand, gravel and boulders, resting on
circular reef structures at or near contemporary sea level and often encircling a central lagoon
(Woodroffe, 2008; McLean, 2011; Gischler, 2016). These islands host relatively large
populations in some countries and territories of the Indian and Pacific Oceans, including the
Maldives (530,953 inhabitants), Kiribati (117,646 inhabitants), the Federated States of
Micronesia (113,815 inhabitants), the Marshall Islands (58,791 inhabitants), French Polynesia
(15,544 inhabitants) and Tuvalu (11,646 inhabitants). Because of their physical configuration,
atoll countries and territories are among the territories that are the most threatened by climate
variability and climate change impacts, including especially the combination of gradual sea-
level rise (SLR) and increased storm wave heights, and the degradation of coral reefs under
both ocean warming and acidification and increased human disturbances (Bindoff et al., 2019;
Cornwall et al., 2021; Duvat et al., 2021; Gattuso et al., 2015; Hoeke et al., 2021; Kane and
Fletcher, 2020; Mentaschi et al., 2017; Oppenheimer et al., 2019; Perry et al., 2018; Vitousek

et al., 2017).

Physical assessments of risks to atoll island habitability under climate change have
investigated the risks of island erosion (Beetham et al., 2017; Beetham and Kench, 2018;
Shope et al., 2017; Shope and Storlazzi, 2019; Tuck et al., 2019) and temporary or permanent
submergence (Giardino et al., 2018; Owen et al., 2016; Storlazzi et al., 2018). These studies
have mainly considered two types of parameters, namely island elevation (which influences
marine flooding) and island capacity to naturally adjust to climate-ocean changes through
sediment reorganization, that is, changes in position, shape, volume and elevation (which
allow for an island to persist). Such studies agree that atoll islands will likely experience

increased physical destabilization over the second half of the 21% century as a result of



increased marine flooding and shoreline instability, with potential decreases in shoreline
elevation, island width and volume, whatever the climate scenario. Beyond these key
findings, these studies have limitations. First, they are based on idealized islands that do not
reflect the high diversity of atoll island configurations, although recognized by previous
studies (e.g. Nurse et al., 2014; Richmond, 1992; Stoddart and Steers, 1977; Woodroffe,
2008). Second, they used models that neglect some variables driving island change, including
the response of ecosystems (especially the reef ecosystem and island vegetation) and sediment
transport, notably cross-shore and overwash-driven. Third, they overlooked the specific
situation of inhabited islands exhibiting a decreased capacity to adjust to climate-ocean
changes, as a result of the obstruction of sediment transport pathways and reduction of coastal
accommodation space by human developments (Duvat, 2019; Duvat and Magnan, 2019;

Duvat et al., 2020a; McLean and Kench, 2015; Schuerch et al., 2018).

Because atoll islands exhibit diverse physical (Richmond, 1992; Stoddart and Steers, 1977;
Woodroffe, 2008) and human (Duvat and Magnan, 2019; McLean and Kench, 2015)
configurations, which together influence their current and future habitability (Duvat et al.,
2021; Magnan et al., 2019), the present article proposes a more comprehensive assessment of
their ‘physical robustness’ that considers not only geomorphic, but also ecological and human
determinants of this robustness. ‘Physical robustness’ refers to the ability of an atoll island to
both resist to extreme events (i.e. ‘absorb a disturbance with minimal alteration’; Masselink
and Lazarus, 2019, p.5), and naturally adjust (i.e. its size, shape, elevation, volume and
position) to any changes in boundary conditions through sediment reworking (McLean, and
Kench, 2015; Tuck et al., 2019). Using a sample of twelve islands that are considered key by
the local population and public authorities to the maintenance of the habitability of Rangiroa
Atoll (Tuamotu Archipelago, French Polynesia) in the future, and that exhibit contrasting

physical configurations, we assess atoll island physical robustness using six parameters: (1)



island size; (2) island elevation; (3) island shape; (4) island structure; (5) island vegetation;
and (6) the influence of local human activities on island dynamics and natural capacity to

adjust to climate-ocean changes.
2. Study area

The Tuamotu Archipelago is one of the five archipelagos composing French Polynesia
(Figure 1A), and the largest group of atolls in the world. It consists of seventy-seven atolls
stretching > 1500 km from northwest to southeast and extending from 14°21’S to 23°22’S
and from 134°28’W to 148°43’W. This study focuses on Rangiroa, which is the largest atoll
in the archipelago, with maximal dimensions of 79 by 32 km (Figure 1B), and a total
landmass of approximately 66 km? (Andrefouét et al., 2008) made of around 240 islands
(Stoddart, 1969). The atoll has two deep passes in the north (Avatoru and Tiputa passes),
having a depth of between 31 and 34 m (Figure 1B). It is the most populated atoll of the
Tuamotu chain, with a population of 2,567 inhabitants (ISPF, 2017). This study examines
twelve islands of the atoll, including the ten northern islands concentrating the population and
infrastructure (numbered from 1 to 10 from west to east in this study) and two ‘outer’ islands
respectively located at its north-western (island 11) and southern (island 12) ends (Figures 1B

and 2).

The islands of Rangiroa Atoll have accreted on a conglomerate platform inherited from a sea
level ~ +0.60 m higher than Present from around 2500 to 1000 years BP (Montaggioni et al.,
2021). With the exception of island No.7, which is a recently-formed rim-perpendicular
elongated islet, these islands are typical ‘motus’ (Stoddart, 1969; Stoddart and Steers, 1977,
Richmond, 1992; Woodroffe, 2008), exhibiting an ocean-facing elevated beach ridge
composed of coarse material (coral shingle, rubble or blocks) and a less prominent lagoon-
facing sandy beach. Islands 1, 2 and 11 exhibit low-lying swampy areas in their interior.

Islands Nos. 1 and 2 and islands Nos. 8 and 9 are separated by Avatoru and Tiputa passes,



respectively, whereas the other islands are separated by inter-islet channels, i.e. ‘hoa’ (Kench
and McLean, 2004). Between 1966 and 2013, islands Nos. 2 to 6, 8 and 9 were stable in area,
while island No.7 formed (Duvat et al., 2017a). These inhabited and developed islands,
especially islands Nos.2 to 9, show widespread local human disturbances, including in
particular lagoon-side land reclamation, extensive aggregate extraction from beaches,
longitudinal and transversal coastal protection structures, and harbors. As a result, they
exhibit partly hardened shoreline (5.45% to 36.39% of fixed shoreline), modified coastal
dynamics, and human-induced erosion and beach loss (see e.g. Figure 3 in Duvat et al.,

2020a).
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Figure 1. Location map of the study area.

Panel A shows the location of the Tuamotu atolls (represented by a square) in French Polynesia and of Rangiroa
Atoll in the northern part of the chain. On Panel B, the location of study islands is indicated in white, using
Arabic numeral (same island numbers used throughout the manuscript), and the location of the two passes of the

atoll is shown in yellow.



Island 1

)

i Island 12

0 300m

6-2017-Distribution AIRBUS DS france, all fights reserved

Figure 2. Study islands.

See location in Figure 1B. The precise location and boundaries (white line) of each island are shown.

The climate of the study area is controlled by the combined influence of trade winds from the
northeast to southeast, which are the strongest during the Austral winter (April-October), and
of tropical and extra-tropical storms respectively occurring during the Austral summer
(November-March) and Austral winter (April-October) (Andrefouét et al., 2012). Tropical

cyclones (TCs) rarely affect Rangiroa Atoll. The most intense TCs that passed over this atoll



over the last century were category 3 TCs Orama (22-27 February 1983) and Veena (9-12
April 1983). The most influential swells from a geomorphic perspective are those generated
by the trade winds, moderate tropical lows (Duvat et al., 2020b) and distant-source southern
storms, including the intense event of 19-22 July 1996 as well as two to three low to moderate
events each year according to inhabitants. The 1983 TCs and 1996 southern swell
predominantly had erosive effects on islands Nos. 2 to 9 (Duvat et al., 2017a). Astronomical
tides are micro-tidal and semi-diurnal. The mean and maximum (i.e. for the highest spring
tides) tidal ranges are of 0.5 m and 0.6 m, respectively (Pirazzoli and Montaggioni, 1986;
SHOM, 2016). In the study area, Mean Sea Level is 0.39 m above hydrographic zero, which
corresponds to the lowest spring tide (Figure 3). Storm surges associated with TCs can have
amplitudes of the order of 1.0 m, as during TC Orama in 1983 (Des Garets, 2005). Numerical
modelling revealed that extreme water levels under the influence of cyclonic swells (Hs: 8 m
to 12 m) respectively reach up to 4.5 m and 2.1 m above hydrographic zero on the ocean
(Pedreros et al., 2010) and lagoon (Damlamian and Kruger, 2013) coasts of Avatoru Island,
northern part of the atoll. Under these water levels, the northern islands of Rangiroa Atoll,
which are the most exposed to TCs as a result of north/south or north-western/south-eastern
cyclone tracks (Larrue and Chiron, 2010), flood (Magnan et al., 2018). Estimated absolute
SLR between 1950 and 2009 was 2.5 mm + 0.5 mm/y, i.e. higher than the global mean SLR
for the twentieth century, estimated to be ~1.8 mm/y by Church and White (2011) and 1.2

+ (0.2 mm/y by Hay et al. (2015).
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Figure 3. Extreme water levels associated with an Orama-Nisha type Tropical Cyclone on

Avatoru Island, Rangiroa Atoll.

This figure uses the results of two available flood modelling studies to illustrate extreme water levels on the
ocean (where the island floods at 4.50 m) and lagoon (where it floods at 2.1 m) coasts of the most populous

island of Rangiroa Atoll, compared to MSL and the lowest spring tide.

3. Materials and methods
3.1. Justification of island sample

The main objective of this study is to assess the physical robustness of twelve islands that are
considered key by the local population and public authorities to the maintenance of the atoll’s
habitability because they are already settled, cultivated or targeted for future development.
These islands constitute a relevant island sample to assess atoll island physical robustness
because they are geomorphologically (in terms of size, geomorphic features, shape and
elevation) and ecologically diverse, representative of the types of islands found on the atoll,
and unequally affected by local human disturbances. The island sample includes both the
settled islands of the atoll concentrating most of the population and infrastructure (Nos. 2 to
9) and some peripheral islands used for agricultural purposes, some of which are settled (Nos.
1, 10) whereas others are not (Nos. 11 and 12). These twelve islands allow to interrogate the

variability of island physical robustness across Rangiroa Atoll.



3.2. Data sources
3.2.1. Satellite imagery

High resolution (2013, 2015, 2016 and 2017) Pléiades satellite images obtained from Airbus
Defence and Space archives are used in this study (Table 1). The resolution of these images
was of 2m and 0.50 m for multispectral (XS) and panchromatic (P) images, respectively.
These images were pansharpened using Gram Schmidt Cubic Convolution Pan-sharpening
algorithm (ENVI software version 5.4; Laben and Brower, 2000) to generate a color image
having a spatial resolution of 0.50 m which was used for data generation. This resolution is
appropriate for geomorphic (e.g. shoreline change assessment; Duvat et al., 2017a; Holdaway
and Ford, 2018; Mann and Westphal, 2014; Purkis et al., 2016) and ecological (e.g. island
vegetation) analysis (see e.g. Ellison et al., 2017). These images were used to generate island

size and to analyze island shape, structure and vegetation.
Table 1. Characteristics of the satellite images used in this study.

XS: multispectral; P: panchromatic.

Date Sensor Pixel size (m) Islands covered
(day/month/year)
01/10/2013 Pléiades 1A XS 2 1-10
01/10/2013 Pléiades 1A P 0.5 1-10
20/02/2015 Pléiades 1B XS 2 12
20/02/2015 Pléiades 1B P 0.5 12
16/10/2016 Pléiades 1A XS 2 1-3, 11
16/10/2016 Pléiades 1A P 0.5 1-3, 11
16/10/2016 Pléiades 1A XS 2 1-10
16/10/2016 Pléiades 1A P 0.5 1-10
15/01/2017 Pléiades 1B XS 2 5-10
15/01/2017 Pléiades 1B P 0.5 5-10
3.2.2. Fieldwork

Over the 2013-2018 period, regular fieldwork was conducted by the authors on inhabited
islands Nos. 2 to 9, which allowed documenting island structure, which relates to the

morphological features of an island (section 3.3.4); island vegetation (section 3.3.5); and the



nature, location and spatial extent of human disturbances liable to altering natural dynamics
(section 3.3.6). In May 2018, a one-week field trip was conducted on islands Nos. 1 and 10
(inhabited), 11 (uninhabited), and 12 (cultivated but non-permanently inhabited) to document

the abovementioned variables and island elevation (section 3.3.2).

3.3. Methodology

Kumar et al. (2018) used four variables to assess island susceptibility to coastal erosion under
climate change, including lithology (based on the distinction between continental and
volcanic and reef islands), circularity (using the roundness index), height (using island
maximum elevation) and land area. Based on this previous study and on a recent review of
available literature (see 2.1.1 and 3.2.1 in Duvat et al., 2021), we identified six main variables
influencing atoll island physical robustness under climate variability and change: island size,
elevation, shape, structure, vegetation, and the influence of human activities on island
capacity to naturally adjust to climate-ocean changes. A synthetic presentation of the
methodology (variables and sub-variables, their definition, their justification and the classes

used) is available in Supplementary Material 1.

3.3.1. Variable 1: Island size

Island size (measured in hectares) influences island susceptibility to be physically destabilized
by storm events and gradual SLR through enhanced coastal erosion and marine flooding
causing changes to island position and configuration (e.g. breaking up) which may eventually
lead to island disappearance. Large islands are more likely to persist both in the face of
extreme events such as TCs and under slow onset changes such as SLR compared to small
islands (Aslam and Kench, 2017; Duvat et al., 2017a and 2017b; Duvat, 2019; McLean and
Kench, 2015; Woodroffe, 1983). Small islands are more susceptible to be washed away by
storm events (see e.g. in Tikehau Atoll in Duvat, 2019) and to undergo contraction and

eventually disappearance under contemporary SLR (see e.g. in the Solomon Islands in Albert
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et al., 2016; and in New Caledonia in Garcin et al., 2016). Additionally, large islands are
more likely to have flood-safe interiors in the face of extreme climate events, whereas small
islands may exhibit flooding over most or the entirety of their surface (see Magnan et al.,
2018 for examples on Rangiroa Atoll; and Duvat and Pillet, 2017 for the extent of cyclone-
induced flooding on both small and large islands of Takapoto Atoll). Assuming that the larger
the island, the less susceptible to physical destabilization by coastal erosion and/or marine
flooding, we therefore use island size as a first proxy for island susceptibility to physical

destabilization.

Current (i.e. estimated between 2013 and 2017, depending on islands; Table 1) island size
was generated for each island using the stability line (i.e. the vegetation line or the outer limit
of human constructions, such as buildings and engineered structures, depending on the
context) as a shoreline proxy (see Duvat et al., 2017a for details). We distinguished between
five classes: x < 10 ha (class 1); 10 <x <50 ha (class 2); 50 <x < 100 ha (class 3); 100 <x <

200 ha (class 4); x > 200 ha (class 5).

3.3.2. Variable 2: Island elevation

Island elevation determines the risk of island temporary and permanent submergence.
Additionally, island elevation indirectly provides information on an island’s volume, which
was not calculated here due to data limitations. Because it comprises a limited volume of
sediments, a very low-lying and small island is more susceptible to breaking up or washing
away in the face of storm waves (e.g. Fig. 15a in Duvat, 2019) and to marine flooding
compared to an elevated island composed of series of storm ridges and/or having high sand

dunes. Island physical robustness is therefore assumed to be proportional to island elevation.

Based on this assumption, five criteria were used to assess island elevation:

11



(1) Averaged island elevation provides a general estimate of island elevation. It was obtained
by averaging the elevation of all the points of a given across-island transect (i.e. averaged
transect elevation), and then averaging the values obtained for all transects (i.e. averaged
island elevation) for each island. Averaged island elevation includes all the highest elevated
features, including sand dunes and storm ridges, and all the lowest features, such as inner
depressions (e.g. swamps). The minimum and maximum elevation values obtained were used

to determine the five classes (Table 2).

(2) Maximum ocean-side beach ridge elevation determines island susceptibility to be flooded
by ocean waves during an extreme event (e.g. cyclone or distant-source waves). It
corresponds to the highest point surveyed on the ocean-side beach ridge. This point was
extracted from each transect and the highest points of all transects were averaged for each
island. The minimum and maximum elevation values obtained were used to determine the

five classes (Table 2).

(3) Maximum lagoon-side beach ridge elevation determines island susceptibility to be flooded
as a result of extreme water levels affecting the lagoon. It corresponds to the highest point
surveyed on the lagoon-side beach ridge. This point was extracted from each transect and the
highest points of all transects were averaged for each island. The minimum and maximum

elevation values obtained were used to determine the five classes (Table 2).

For (2) and (3), the obtained values are indicative of the risk of marine flooding through wave
overtopping, which can occur on both the ocean and lagoon sides of islands (Canavesio,
2019; Duvat et al., 2018; Magnan et al., 2018). The higher the value, the lower the risk of

marine flooding, and conversely.

(4) Lowest elevation in the inner part of the island is indicative of the risk of water
accumulation in the island’s interior. This risk is generated (i) by wave overtopping in the

case of a low-lying ocean- or lagoon-side beach ridge or of beach ridge breaching, e.g. during

12



a storm, and (ii) by potential seawater ingress from below due to an increase in the level of
the underlying fresh groundwater lens, especially during extreme sea levels associated with
storms (Duvat et al., 2018). The lowest point was extracted from each transect and the lowest
points of all transects were averaged for each island. The minimum and maximum elevation

values obtained were used to determine the five classes (Table 2).

(5) The highest point is indicative of the ability of an island to have flood-safe inner areas
during extreme water levels. This point can be located inland where inner storm ramparts or
sand dunes occur or at beach ridges if they do not. In the former case, this point differs from
the highest point extracted from beach ridges, while in the latter case it does not. In islands
where taro is cultivated (which does not occur on study islands), the highest point can also
correspond to mounds adjacent to taro pits. The highest point was extracted from each
transect and the highest points of all transects were averaged for each island. The minimum

and maximum elevation values obtained were used to determine the five classes (Table 2).

For each of these five criteria, we ranked from lowest to highest elevation using five classes

(Table 2).
Table 2. Method used to assess atoll island elevation.

The five classes presented in this table were determined based on the minimum and maximum values
obtained. Elevations are expressed in meters, using the hydrographic zero as a reference. Of note,
available numerical modelling studies indicate that the northern settled island of Avatoru floods at
extreme water levels of 4.5 m (above hydrographic zero) along its ocean coast (Pedreros et al., 2010)

and of 2.1 m (above hydrographic zero) along its lagoon coast (Damlamian and Kruger, 2013) (Figure

3).
Maximum Maximum Lowest
Averaggd island 35) ocean-side beach 35) lagoon—.side g elfevation in the 35) Highest point g Total
elevation (m) A ridge elevation (m) & | beach ridge A | inner part of A (m) A
& elevation (m) the island (m)
x<1.81 1 x<3.99 1 x<1.61 1 x<1.13 1 x<4.13 1 5
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1.81 <x<2.00 | 2 3.99 <x<4.57 2 [1.61<x<1.78 2 [1.13<x<133] 2 |4.13<x<485| 2 10
200<x<2.16 | 3 4.57<x<5.15 3 11.78<x<195] 3 |1.33<x<153| 3 |485<x<557| 3 15
2.16<x<232 | 4 5.15<x<5.73 4 11.95<x<212 | 4 [1.53<x<1.73| 4 [557<x<629]| 4 20

x>2.32 5 x>5.73 5 x> 2.12 5 x> 1.73 5 x> 6.29 5 25

We then added the scores obtained for each criterion. Final scores ranging between 5 and 25
were classified as follows: 5 <x <9 (class 1); 9 <x <13 (class 2); 13 <x <17 (class 3);

17 <x <21 (class 4); 21 <x <25 (class 5).

For islands Nos. 2 to 9, we used high resolution across-island topographic transects collected
in 2011 by the South Pacific Applied Geoscience Commission (SOPAC) using GPS in RTK
(Real Time Kinematic) mode. We interpolated these topographic transects using the kriging
interpolation method. In addition, elevation data were generated by topographic surveys on
study islands Nos.1 and 10 to 12. For all islands, survey transect lines are oriented
perpendicular to the shoreline from the ocean reef flat to the lagoon reef flat, allowing to
capture differences in island elevation (Supplementary Material 2). The topographic surveys
conducted on islands Nos. 1 and 10 to 12 were undertaken in October 2016 and May 2018,
using standard GNSS techniques (Trimble with a base station 5700 GNSS and a mobile
receiver 5800 GNSS and R8s GNSS) in RTK mode with radio link (Supplementary Material
3). Three to six transect lines were generated for each island, depending on island length. In

total, 43 transects were generated and analyzed (Supplementary Material 2).
3.3.3. Variable 3: Island shape

In line with Kumar et al. (2018), we used circularity as the shape measure. Circular islands
are less susceptible to change in structure than irregular shaped islands because they have less
impeded alongshore sediment movement. For example, elongated islands are more liable to
change in position as a result of their migration on the reef platform (see e.g. Duvat, 2019;
Ford and Kench, 2014, Figure 3B) than typical circular or triangular sand cays located at the

confluence of multiple wave/current directions. Elongated islands may undergo major
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changes in shape over both short periods of time as a result of cyclone-induced fragmentation
and long periods of fair weather favorable to aggregation with nearby islands (see e.g.
Spennemann (1996) on Majuro Atoll; Ford and Kench (2014) on Nadikdik Atoll; Duvat and
Pillet (2017) on Takapoto Atoll). We therefore consider that island physical robustness is

proportional to island circularity.

A circular island is one with the smallest possible perimeter for a given area, compared with
an island that has promontories and bays, and therefore a longer coastline. We used the most
recent (i.e. 2013 or 2016, depending on availability) stability line to generate island perimeter
and land area. As in Kumar et al. (2018), circularity was calculated as a ratio of the shape of a
circle to the shape of the island polygon, where shape equals perimeter (P) divided by the
square root of the area (A). A circle has a shape factor of 3.54 (P circte/ V A circte = 270 / V (T0?)
= 3.54), with the circularity of an island calculated as 3.54/(Pisiand / V A isiand). If an island is
perfectly circular, the ratio is 1. In contrast, the least circular islands have a ratio approaching
0. Considering that island physical robustness is proportional to island circularity, we then
ranked from lowest to highest circularity, and therefore physical robustness, as follows:
x <0.20 (class 1); 0.20 <x <0.40 (class 2); 0.40 <x <0.60 (class 3); 0.60 <x <0.80 (class

4); x >0.80 (class 5).
3.3.4. Variable 4: Island structure

Island structure relates to the morphological features of an island. Some features are known to
be physically unstable, including sand and gravel spits, island tips, and shore-parallel and
shore-perpendicular elongated low-lying areas, with the latter corresponding to ancient hoa
that have been filled with sediments over time (Duvat, 2019). These features are susceptible
to be physically destabilized, i.e. heavily eroded or washed away (see e.g. Duvat et al.,
2017a), or flooded (e.g. Magnan et al., 2018), during storm events. Lagoon-side elongated

swamps separated from the lagoon by narrow sand and gravel spits are liable to be connected
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again with the lagoon during wave events through spit breaching, which would profoundly
modify the lagoon side of concerned islands. These features therefore contribute to reducing
an island’s physical robustness. On the contrary, other features, such as lithified formations
(e.g. conglomerate), are acknowledged to increase an island’s physical stability and resistance
to storm waves, thereby increasing its physical robustness in the face of climate pressures
(Woodroffe, 2008; Montaggioni et al., 2021). Island features were inventoried based on
fieldwork and the visual interpretation of satellite images. However, calculating the
proportion of each island’s land area covered by non-robust and robust geomorphic features
occurring in island interiors was impossible for some islands due to the difficulty to discern
the boundaries of these features on satellite imagery and to reach some inner island areas. We
were therefore only able to generate qualitative data, i.e. to list these features and assess their
overall significance (very high, high, moderate, low, undetectable) relative to island size, and
rank it from 1 to 5 for each of the sample islands. Despite the absence of quantification
limiting the robustness of the results on this variable, we consider that it is important to

include it into the present assessment.

3.3.5. Variable 5: Island vegetation

Two major properties of atoll island vegetation influence island stability, namely (1)
vegetation coverage, i.e. the proportion of an island’s land area that is covered with
vegetation, based on the assumption that island stability is proportional to vegetation coverage
(Duvat and Pillet, 2017); (2) vegetation type, i.e. the respective proportions of native and
introduced species, based on the assumption that native vegetation is more effective in
trapping and stabilizing island sediments than introduced vegetation (Duvat et al., 2017b;
Stoddart, 1963, 1971). Previous studies particularly highlighted that native coastal shrubs
composed of Scaevola taccada, Suriana maritima, Tournefortia argentea and Pemphis

acidula were more resistant and resilient to storm waves compared to introduced tree species
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such as Casuarina equisetifolia and Cocos nucifera (Duvat et al., 2016; Duvat et al., 2017b;
Duvat et al., 2020b; Stoddart, 1963, 1965; Woodroffe, 1983). Additionally, the presence of a
dense and native coastal vegetation belt reduces wave penetration inland during storm events

(Duvat et al., 2020b).

Vegetation coverage was obtained using the pan-sharpening images of 50 cm spatial
resolution which were generated by the fusion between the multispectral and the
panchromatic images. The Normalized Difference Vegetation index (NDVI; Tucker, 1979)
was generated on each pan-sharpening image. KMEANS classifications and masks (Tou and
Gonzalez, 1974) were performed to eliminate the non-vegetation and reef flat vegetation
pixels. Five classes of vegetation coverage were distinguished: x <20% (class 1);
20<x <40% (class 2); 40 <x <60% (class 3); 60 <x <80% (class 4); x >80% (class 5),
with island physical robustness being proportional to vegetation coverage, i.e. low for class 1

vs. high for class 5.

The vegetation coverage maps were used to identify vegetation type using ArcGIS software
(version 10.5.1). A supervised classification with the maximum likelihood algorithm
(Strahler, 1980) was applied, based on extensive species sampling conducted on the ground
used, first, to identify species which were classified according to their type, and second, to
validate the results obtained. Species were classified as native (Guettarda speciosa,
Tournefortia argentea, Scaevola taccada, Suriana maritima and Pemphis acidula),
introduced (Casuarina equisetifolia, Cocos nucifera), and others (i.e. herbaceous, water plants
and undetermined). The results were tested using the Kappa index, which validated the
findings (values of 0.74-0.88). We considered the proportion of native species using five
classes: x <20% (class 1); 20<x <40% (class 2); 40 <x <60% (class 3); 60 <x < 80%
(class 4); x>80% (class 5), with island physical robustness being proportional to the

proportion of native species.
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Finally, the scores obtained for vegetation coverage and proportion of native species were
averaged to obtain the final score. Five classes were distinguished: 1.00 < x < 1.80 (class 1);
1.80 <x <2.60 (class 2); 2.60 <x <3.40 (class 3); 3.40 <x <4.20 (class 4); x >4.20 (class

5), with island physical robustness increasing from a score of 1 to a score of 5.

3.3.6. Variable 6: Local human disturbances to island dynamics and natural capacity to

adjust to climate-ocean changes

This variable considers all types of developments, interventions and activities that disrupt
atoll island dynamics (Chunting and Howorth, 2003; Yamano et al., 2007; Collen et al., 2009;
Webb and Kench, 2010; Kench, 2012; Biribo and Woodroffe, 2013; Duvat, 2013; McLean
and Kench, 2015; Aslam and Kench, 2017) and thereby weaken island physical robustness
through (1) the physical destruction of the island or of a part of the island, and/or (2) the
disruption of the natural processes that drive an island’s capacity to naturally adjust to
climate-ocean changes. These human disturbances mainly include land reclamation, mining,
shoreline hardening, the obstruction of sediment transport pathways, the contraction of
available coastal accommodation space for sediment deposition and the destruction of the
native vegetation. Island physical robustness is inversely proportional to the extent of such

local human disturbances.

With the exception of water pollution, local human disturbances were inventoried based on
fieldwork and the visual interpretation of aerial images (see Duvat et al., 2017a and 2020a).

We qualitatively assess the level of impact of these disturbances, using the following scale:

(1) very high: disturbances are diverse and occur along the entire shoreline, to such an extent
that they inhibit natural processes and prevent natural island adjustment to climate-ocean

changes;
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(2) high: disturbances are diverse along the entire shoreline or a highly impacting disturbance
(e.g. shoreline hardening, sediment extraction or a harbor) affects the ocean and/or lagoon

shoreline;

(3) moderate: disturbances are localized and have moderate impact on island dynamics and

capacity to adjust to climate-ocean changes (e.g. jetty);

(4) limited: disturbances have limited impact on island dynamics and capacity to adjust to
climate-ocean changes because they are very localized (e.g. one sediment extraction area) or

have limited effect (e.g. pontoon);

(5) undetectable: no human disturbance is observed.

We averaged the scores of the ocean and lagoon coasts to obtain the final score, and
distinguished between five classes, with island physical robustness increasing from class 1

(very high local human disturbances) to class 5 (undetectable human disturbances).

Although it has limitations, this qualitative assessment is currently the only available option
to assess the contribution of local human disturbances to the undermining of island physical
robustness. Major data gaps preventing us from conducting a quantitative assessment include
uncertainty on both the sediment volumes extracted from beaches and shallow lagoon waters
and their implications on island stability, as well as the impact of human constructions on
alongshore and cross shore sediment transport. Despite these limitations, given that human
disturbances are widespread on the northern inhabited islands of the atoll and therefore
significantly influence the geomorphic robustness of these islands, we decided to include this

variable into the assessment.

3.3.7. Calculation of island physical robustness
Each of the six variables was ranked on a five-level scale, where ranks 5 and 1 respectively

correspond to the highest and lowest physical robustness. The six rankings were summed up
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without weighting to provide a final estimate of the relative (i.e., compared to other islands)
robustness of each island to changing boundary conditions. The lack of understanding of atoll
island dynamics, especially of how the variables considered in this study interact to drive
island physical robustness, prevented us from assigning weights to these variables. As each of
the variables used in this assessment ranges from 1 to 5, the final score ranges from 6 to 30.
The final scores were converted into an index comprised between 0 (for a result equalling to
6) and 1 (for a result equalling to 30). Robustness is considered very low for x < 0.20, low for
0.20 < x < 0.40, moderate for 0.40 < x < 0.60, high for 0.60 < x < 0.80, and very high for x >
0.80. The index of ‘island relative physical robustness’ ranks each sample island related to the

others.

4. Results
4.1. Variable 1: Island size

The twelve study islands have land areas ranging from 0.69 ha for island No.7, which is a
rim-perpendicular elongated islet that formed between 1966 and 2013, to 464.20 ha for island
No.1, both of which are settled (Table 3). Islands Nos. 6 and 7 (inhabited) rank 1 (x <10 ha),
while islands Nos.3 and 4 (inhabited) rank 2 (10 <x <50 ha); islands Nos. 8 to 10
(inhabited) rank 3 (50 < x < 100 ha); islands Nos. 2, 5 (inhabited) and 11 (uninhabited) rank 4
(100 <x <200 ha); and islands Nos.1 (inhabited) and 12 (uninhabited) rank 5 (x > 200 ha).
This emphasizes the high variation of island size along the atoll rim and the fact that small
(ranking 2) to very small (ranking 1) islands are settled despite their high physical

susceptibility to climate-ocean changes.

Table 3. Variation of island size across study islands.

Island No. Images used Status Land area (Ha) Score
(day/month/year)
1 16/10/2016 Inhabited 464.20 5
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2 01/10/2013 Inhabited 135.71 4
3 01/10/2013 Inhabited 13.08 2
4 01/10/2013 Inhabited 12.02 2
5 01/10/2013 Inhabited 105.14 4
6 01/10/2013 Inhabited 6.72 1
7 01/10/2013 Inhabited 0.69 1
8 01/10/2013 Inhabited 82.20 3
9 01/10/2013 Inhabited 67.05 3
10 16/10/2016 Inhabited 58.20 3
11 16/10/2016 Uninhabited 165.40 4
12 20/02/2015 Uninhabited 205.90 5

4.2. Variable 2: Island elevation

The sample islands exhibit contrasts in terms of elevation ranking, with two islands (Nos.1
and 6) ranking 1, four islands (Nos. 2, 3, 5 and 7) ranking 2, four islands (Nos. 4, 8, 10 and
12) ranking 3, and two islands (Nos. 9 and 11) ranking 4 (Table 4 and Figure 4). Of note,
some of the settled islands, including island No.2 which hosts the main village of Avatoru, the
airport island (No5) which is inhabited, and a few small nearby islands (Nos. 3, 6 and 7),
exhibit low elevation scores of 1 or 2. In contrast, two settled islands exhibit high scores,
including islands Nos. 8 (Ohotu; ranking 3) and 9 (Tiputa; ranking 4). This latter island was
the first island of the northern part of the atoll to be settled in the 19" century when the

population of the atoll moved to where the passes are located for commercial purposes.

In addition, marked between-island differences in elevation characteristics are revealed by the
five indicators used to assess island elevation, including (1) averaged island elevation, (2)
maximum averaged ocean-side beach ridge elevation, (3) maximum averaged lagoon-side
beach ridge elevation, (4) lowest averaged elevation, and (5) highest averaged elevation

(Table 4; Figures 4, 5 and 6; Supplementary Material 4.1 and 4.2).

Averaged island elevation varies from 1.65 m (island No.1) to 2.46 m (island No.11), with
two islands ranking 1 (Nos. 1 and 12), five islands (Nos. 2, 3, 5, 6 and 10) ranking 2, three
islands (Nos. 4, 7 and 8) ranking 3, and two islands (Nos. 9 and 11) ranking 5 (Table 4 and
Figure 4). Within-island variations are marked, with some islands exhibiting contrasting

cross-island topographic profiles, e.g. island No.1 (6 topographic profiles, with values ranging
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from 1.08 to 2.07 m), while others show more homogenous topographic profiles, e.g. island
No.8 (5 topographic profiles, with values ranging from 2.01 to 2.20 m) (Supplementary

Material 4.1).

Maximum averaged ocean-side beach ridge elevation exhibits contrasting values ranging from
3.41 m (island No.2, rank 1) to 6.27 m (island No.12, rank 5) (Table 4; Figure 4; Figures 5A,
5B and 5C). Ten islands, that is, all islands with the exception of islands Nos. 9 and 12, have
values < 4.50 m. These islands would flood as a result of ocean beach ridge wave overtopping
in the event of a 1983-type TC based on the 4.50 m threshold proposed by Pedreros et al.
(2010) (Figures 5 and 6D). Within-island variations are high, with 4 transects out of 43
showing values < 3 m (on islands Nos.1, 2 and 5) and 6 transects having values > 5 m (on
islands Nos.9 and 12; Supplementary Material 4.2). The high values reported on island No.9
are partly due to human reworking of the storm ridge, including waste disposal at the top of

the ridge.

Likewise, the values obtained for the maximum averaged lagoon-side beach ridge elevation
vary between and within islands (Table 4 and Figure 4). Averaged values range from 1.44 m
(island No.6, rank 1) to 2.27 m (island No.10, rank 5), with lowest and highest values of
1.15 m (island No.2) and 2.47 m (island No.10), respectively (Supplementary Material 4.2).
This means that all islands would flood as a result of lagoon beach ridge wave overtopping in
the event of a 1983-type TC based on the 2.1 m threshold proposed by Damlamian and
Kruger (2013) (Figure 5). While island No.10 systematically exhibits lagoon-side beach ridge
elevation values > 2 m, the other islands (e.g. island No.5) exhibit a high proportion of values

< 1.50 m (Supplementary Material 4.2).

The lowest averaged (between all of the transects of a given island) elevation surveyed in the
inner part of islands ranges from <1 (e.g. 0.93 m and 0.96 m for islands Nos.1 and 12,

respectively; rank 1) to nearly 2 m (1.89 m for island No.10; rank 5) (Table 4 and Figure 4),
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with minimum values of 0.44 and 0.68 m (island No.l, transects 5 and 3, respectively)

(Supplementary Material 4.1 and 4.2).

Likewise, the highest averaged elevation varies importantly, from 3.41 m for island No.2
(rank 1) to 6.99 m for island No.11 (rank 5), which has ~200 m-wide sand dunes on its lagoon
side (Table 4; Figure 4; Figure 5D and SE; Figures 6A and 6B). Extreme values range from
2.70 m (island No.2, transect 1) to 8.24 m (island No.11, transect 1). Sixteen transects out of
43, including all transects of islands Nos.11 and 12 (Figure 5) and three out of the four
transects considered on island No.9, exhibit values > 5 m, while four transects have values
<3 m (Supplementary Material 4.1 and 4.2). This means that islands Nos.11 and 12 and to
some extent island No.9 would be the only ones to have flood-proof areas (either coastal or

inner, depending on islands) in the event of a 1983-type TC.

Together, these findings show contrasting between- and within-island elevations (Figure 4).
Whereas most islands have a higher ocean vs. a lower lagoon side (e.g. island No.12, Figures
5A, 5B, 5C), one island (No.11) uncommonly exhibits elevated lagoon-side sand dunes
(Figures 5D and 5E). Additionally, whilst some islands (e.g. Nos.8 and 10) show limited
variations in elevation from one transect to another, others (e.g. islands Nos.1 and 12) exhibit
high inner variations. Moreover, it is noteworthy that some islands (e.g. island No.1) have
very low-lying interiors, including island No.11 (with a lowest point of 1.09 m for transect 2)
which however exhibits elevated sand dunes. Likewise, some islands (e.g. island No.12) that
exhibit high (> 6 m) ocean-side beach ridges have comparatively low (<2 m) lagoon-side
elevations. All together, these findings highlight that nearly all islands have low- to very-low-
lying areas, even those exhibiting the highest elevation values and having sand dunes and/or

elevated ocean-side beach ridges.

Table 4. Variation of island elevation across study islands.
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Elevations are expressed in meter, using the hydrographic zero as a reference. Of note, available

numerical modelling studies indicate that Avatoru Island, northern part of Rangiroa Atoll, floods at

extreme water levels of 4.5 m and 2.1 m (above hydrographic zero) on its ocean and lagoon coasts,

respectively (Pedreros et al., 2010).

Island Averaged island Maximum Maximum Lowest averaged | Highest averaged Final ranking
number elevation averaged ocean- averaged lagoon- elevation in the elevation
side beach ridge side beach ridge inner part of the
elevation elevation island
Value | Ranking | Value | Ranking | Value | Ranking | Value | Ranking | Value | Ranking | Score | Ranking
(m) (m) (m) (m) (m)
1 1.65 1 3.74 1 1.92 3 0.93 1 3.74 1 7 1
2 1.85 2 3.41 1 1.68 2 1.38 3 3.41 1 9 2
3 1.83 2 3.53 1 1.63 2 1.64 4 3.53 1 10 2
4 2.04 3 3.79 1 1.93 3 1.76 5 3.79 1 13 3
5 1.93 2 3.50 1 2.12 4 1.41 3 3.50 1 11 2
6 1.99 2 3.56 1 1.44 1 1.47 3 3.56 1 8 1
7 2.02 3 4.10 2 1.74 2 1.42 3 4.10 1 11 2
8 2.07 3 391 1 2.02 4 1.65 4 3.90 1 13 3
9 241 5 4.79 3 1.84 3 1.61 4 4.80 2 17 4
10 1.94 2 4.33 2 2.27 5 1.89 5 4.33 2 16 3
11 2.46 5 3.51 1 1.99 4 1.41 3 6.99 5 18 4
12 1.75 1 6.27 5 1.77 2 0.96 1 6.27 4 13 3
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Figure 4. Between- and within-island variations of atoll island elevation.
For the five elevation criteria, values are indicated in meter. The final ranking, based on aggregated scores (see
Table 4), is indicated in the center of diagrams. This figure highlights high between-island variations for all sub-
criteria explaining scattered (ranking from 1 to 4) final elevation scores.
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Figure 5. Topographic transects showing variations in island elevation, structure and

vegetation.

Panels A, B and C respectively show transects 1, 3 and 5 of island No.12, while panels D and E show
transects 2 and 7 of island No.11 (see Supplementary Material 2 for transect location). Island No.12

presents a typical atoll island profile, with a high ocean-side beach ridge and a low-lying lagoon
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shoreline. Transects 2 (panel D) and 7 (panel E) on island No.11 highlight the low-lying nature of the
ocean-side of the island where it corresponds to ancient hoa. In addition, this island uncommonly has
elevated sand dunes stretching along its lagoon coast. In this figure, we show extreme water levels,

assuming that they would reach similar levels on these islands as those reached on Avatoru Island

(No.2 in Figure 2).

Figure 6. Geomorphic and ecological characteristics of Rangiroa Atoll islands.

Panels A and B show the high sand dunes stretching along the lagoon coast of island No.11. Panel C
shows a storm rampart on the ocean coast of island No.l. Panel D provides an overview of the
elevated (around 6 m above hydrographic zero) ocean coast of island No.12. Panels A, B and C show
contrasts in vegetation type between island No.11, which mainly has native vegetation as shown in
panels A and B, and cultivated islands (No.12), where introduced species such as coconut trees are
predominant (Panel D).

4.3. Variable 3: Island shape
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Island shape is variable (Figure 2), as highlighted by circularity indices ranging from 0.41
(rank 3) for island No.12 (a large and elongated boomerang-type island) to 0.83 (rank 5) for
island No.6 (a small round island) (Table 5). Most small (<15 ha) islands have values > 0.75
and rank 4, while the largest islands (> 100 ha), which stretch along the atoll rim, have values

<0.61, and rank 3.
Table 5. Variation of island shape across study islands.

See section 3.3.3 for details on the method used to calculate island shape.

Island Island Island area Circularity Ranking
number perimeter (m?) index
(m)

1 15,125.29 4,641,695.55 0.50 3
2 7,087.96 1,357,100.28 0.58 3
3 1,714,80 130,778.96 0.75 4
4 1,646.79 120,184.17 0.75 4
5 7,833.20 1,051,375.10 0.46 3
6 1,100.38 67,171.16 0.83 5
7 564.36 6,873.31 0.52 3
8 6,285.63 822,004.45 0.51 3
9 4,776.98 670,545.36 0.61 4
10 4,932.06 582,154.33 0.55 3
11 7,430.95 1,653,784.51 0.61 4
12 12,318.14 2,059,163.07 041 3

4.4. Variable 4: Island structure

Sample islands exhibit contrasting scores ranging from 3 to 5 as regards their structure (Table
6). Two islands (Nos. 1 and 11) rank 3. These islands have a terminal sand and gravel spit
oriented in the direction of the alongshore drift on their lagoon side, extensive shore-parallel
swamps along their lagoon-facing shoreline, and shore-perpendicular swamps and very low-
lying areas stretching from ocean to lagoon corresponding to ancient hoa (Figure 2). Three
islands rank 4, which exhibit inner swamps (island No.2), across-island low-lying areas
corresponding to ancient hoa (island No.12) or both of these features (island No.5) (Figure 2).

The other islands, where no non-robust geomorphic feature was detected, therefore rank 5.

Table 6. Variation of island structure across study islands.

See section 3.3.4 for details on the method used to assess island structure.
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Island Type(s) of non-robust geomorphic feature Overall significance related Ranking
number to the island land area
1 Elongated lagoon-side swamps, inner swamps, ancient Moderate 3
hoa, sand and gravel spit
2 Inner swamps Low 4
3 / Very low 5
4 / Very low 5
5 Ancient hoa, inner swamp Low 4
6 / Very low 5
7 / Very low 5
8 / Very low 5
9 / Very low 5
10 / Very low 5
11 Lagoon-side swamps, sand spits, very low-lying Moderate
. . 3
southern end, sand spit, ancient hoa
12 Ancient hoa Low 4

4.5. Variable 5: Island vegetation

Vegetation coverage varies from 38.56% for island No.7 to 74.13% for island No.12 (Table 7;
Supplementary Material 5). Whereas one single island (i.e. recently-formed island No.7)
exhibits a score of 2 (vegetation coverage < 40%), four islands have a score of 4 (vegetation
coverage comprised between 40 and 60%) and seven islands a score of 4 (vegetation coverage
comprised between 60 and 80%) (Table 7). Of note, some of the most densely populated
islands experience a high vegetation coverage, such as islands Nos.2 (60.07%) and 9

(72.99%) that host the two main villages of the atoll.

Between-island contrasts are even more striking when considering vegetation type (Table 7
and Figure 7). The proportion of native species ranges from 11.67% for island No.3 to
65.64% for island No.11 (Supplementary Material 5; Figures 6A and 6B). Whereas five
islands (Nos.2, 3, 5, 8 and 9) rank 1 with scores <20%, four islands (Nos. 1, 4, 7 and 10) rank
2 with scores comprised between 20 and 40%, two islands (Nos. 6 and 12) rank 3 with scores
comprised between 40 and 60%, and one single island (island No.11) ranks 4 with a score of
65.64%. These findings reflect the high level of degradation of the native vegetation on both
settled (i.e. islands Nos. 1 to 10, having a proportion of native species ranging from 11.67 to
41.90%) and cultivated islands (island No.12; 46.46%; Figure 6D), while the uninhabited and

non-cultivated island considered in this study (island No.11) exhibits a much higher
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proportion of native species (65.64%). On the former islands, the proportion of introduced
vegetation is generally high, ranging from 39.53% (island No.9) to 62.41% (island No.8),
except for island No.5 (25.90%) which hosts the atoll’s airport and is mainly (i.e. over

57.00% of its surface) covered by herbaceous species.

Table 7. Variation in vegetation coverage and type across study islands.

Island No. Vegetation coverage Vegetation type (%) Final Vegetatign score
(and ranking)
% Score Native Introduced Others Score
Island 1 64.45 4 31.54 52.37 16.09 2 3.00 (3)
Island 2 60.07 4 12.46 52.54 35.00 1 2.50 (2)
Island 3 44.48 3 11.66 52.83 35.51 1 2.00 (2)
Island 4 41.48 3 22.81 43.13 34.06 2 2.50 (2)
Island 5 42.40 3 17.13 25.90 56.97 1 2.00 (2)
Island 6 65.32 4 41.91 49.31 8.78 3 3.50 4)
Island 7 38.56 2 36.39 61.17 2.44 2 2.00 (2)
Island 8 50.49 3 17.24 62.41 20.35 1 2.00 (2)
Island 9 72.99 4 11.82 39.53 48.65 1 2.50 (2)
Island 10 63.98 4 25.93 41.05 33.02 2 3.00 (3)
Island 11 70.33 4 65.64 24.10 10.26 4 4.00 (4)
Island 12 74.13 4 46.46 49.58 3.96 3 3.50 (4)
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Figure 7. Variation of vegetation type across study islands.
Whereas introduced vegetation prevails on some of the settled islands (e.g. Nos. 7 and 8), native
vegetation is predominant on some remote uninhabited islands (Nos. 11 and 12). Other vegetation

includes in particular herbaceous species, which are dominant on the airport island (No.5).
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Final vegetation scores (averaging of the scores obtained for vegetation coverage and
proportion of native species) confirm that most islands exhibit low physical robustness from a
vegetation perspective: seven islands (Nos.2, 3, 4, 5, 7, 8 and 9) rank 2, whereas two islands

(Nos. 1 and 10) rank 3 and three islands (Nos.6, 11 and 12) rank 4 (Table 7 and Figure 7).

The findings finally allow defining three island types with regard to vegetation cover. Type 1
corresponds to settled islands, which exhibit a high proportion (>40% for all islands, except
for island No.5) of introduced vegetation and a low proportion of native vegetation (<30% for
7 islands out of 10 and comprised between 30 and 42% for 3 islands), with other vegetation
including secondary herbaceous species representing a high percentage of the total vegetation
in some cases (e.g. island No.5, with ~57%). Type 2 corresponds to cultivated islands, which
show a high proportion of both introduced (i.e. coconut groves) and native vegetation, as
illustrated by island No.12 where these two categories respectively represent 49.58 and
46.46% of the island’s vegetation. Type 3, illustrated by island No.11, corresponds to islands
that are currently unsettled and non-cultivated but that have been cultivated in the past. Island
No.11 predominantly has native (65.64%), followed by introduced (mostly coconut trees,
24.10%) and other vegetation (10.26%) corresponding to plants growing in lagoon-side
swamps. Collectively, these findings highlight the high degradation of the vegetation

coverage on most study islands.

4.6. Variable 6: Local human disturbances compromising island capacity to adjust to

climate-ocean changes

The qualitative assessment of local human disturbances shows high between-island contrasts,
with study islands ranking from 1 for densely populated islands (Nos. 2 to 9) to 5 for remote

cultivated (No.12) and non-cultivated (No.11) islands exhibiting no or limited human
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influence on shoreline dynamics (see details in Supplementary Material 6). Islands can be
classified into three classes. The first one corresponds to densely populated islands (Nos.2 to
9) exhibiting extensive ocean-side sediment mining and the disruption of lagoon-side
sediment production and deposition by sediment extraction (mostly from shallow lagoon
waters), land reclamation and shoreline armoring, which rank 1. The second class corresponds
to peri-urban islands (Nos. 1 and 10) exhibiting lower population densities and limited local
human disturbances, consisting mainly of localized sediment dredging from reef flat and/or
beaches, shoreline armoring and coastal structures (e.g. groins) locally disturbing cross-shore
and alongshore sediment transport, which rank 2 (island No.10) or 3 (island No.1). The third
and last class corresponds to remote uninhabited islands (Nos. 11 and 12) that currently are or
previously were cultivated (i.e. have coconut groves) but exhibit no (e.g. island No.11) or
very localized coastal developments (e.g. one jetty and dredged harbor basin for island

No.12), which rank 5.

4.7. Contrasting levels of island physical robustness

The aggregation of the results obtained for each of the six abovementioned variables shows
that study islands exhibit contrasting levels of relative physical robustness, with indices
ranging from 0.33 for island No.7 to 0.75 for islands Nos.11 and 12 (Figure 8 and
Supplementary Material 7). While nine islands out of twelve (representing 75% of the sample
islands) exhibit a moderate relative physical robustness (index comprised between 0.40 and
0.60), one island (8.30%) experiences a low relative physical robustness (island No.7; index
comprised between 0.20 and 0.40) and two islands (16.7%) a high relative physical

robustness (islands Nos.11 and 12; index comprised between 0.60 and 0.80).
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Figure 8. Contrasts in atoll island physical robustness.

Marked contrasts in atoll island physical robustness are shown by indices ranging from 0.33 to 0.75.

The main contributors to differences in island relative physical robustness are, in order of
importance, (1) island size (variable 1), and local human disturbances to island dynamics and
natural capacity to adjust to climate-ocean changes (variable 6), which exhibit values ranging
from 1 to 5; (2) island elevation (variable 2), with values ranging from 1 to 4; and (3) island

shape (variable 3), structure (variable 4), vegetation (variable 5), showing values ranging
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across three levels on the 5-point scale used in this study, respectively from levels 3 to 5, 3 to

5, and 2 to 4.

5. Discussion

Using the example of Rangiroa Atoll, this study reveals that atoll islands exhibit contrasting
levels of physical robustness, with some unsettled agricultural islands showing higher levels
of physical robustness than the settled islands. This is, firstly, because inhabited islands were
settled for economic reasons (proximity to passes allowing the promotion of commercial
activities) regardless of their physical characteristics; and secondly, because local human
activities have reduced the physical robustness of these islands over time through
environmental degradation (removal of native vegetation, destruction of protective coastal
features such as beach/storm ridges through sediment extraction or reworking). The peripheral
rural and remote islands targeted for future development are large, have extensive relatively
elevated (>3-4m) areas, and are for some of them (especially island No.12) less exposed to

tropical cyclones compared to settled islands due to their location.

These findings suggest that within-atoll relocation of people and human assets is a relevant
adaptation option for this (and probably other) atoll (s) by 2050 (under all climate scenarios)
and potentially 2100 (at least under scenario RCP2.6; see Duvat et al., 2021 for detailed data
on the exposure of the Central Pacific to climate change-related drivers). On Rangiroa Atoll
and other atolls exhibiting such contrasting indices of physical robustness across their islands,
within-atoll relocation of people and human assets could consist in moving the latter (1) from
the less robust (i.e. unstable and flood-prone) toward the most robust (stable and elevated)
areas within already settled islands, and (2) from the least robust (e.g. islands Nos. 2, 3, 5 and
7 in this study) to the most robust (e.g. islands Nos. 11 and 12) islands. This solution should

be considered before more extreme solutions to climate change, such as migration to high
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islands (especially Tahiti in this case), are considered. Importantly, this study shows that
variations in island elevation are one among other factors to be considered to determine which
island areas and islands are the most suitable for current-to-future human occupancy on atolls.
Other physical (island size, island shape and island structure) and ecological (island
vegetation, including vegetation coverage and proportion of native species that contribute to

island stabilization) factors should also be fully considered.

On Rangiroa and other Tuamotu atolls, relocating people and human assets in more robust
island areas and islands seems all the more relevant at the scale of the next decades to century
that these islands are generally less exposed to flooding and its cascading impacts on
livelihoods and economic activities than some other atoll islands worldwide (e.g. Fogafale,
Funafuti Atoll, Tuvalu; Yamano et al., 2007). This is due to the combination of relatively low
rates of SLR (2.5 mm £ 0.5 mm/y between 1950 and 2009), moderate subsidence (Ballu et al.,
2011; Ballu et al., 2019) and very rare extensive (including cyclone-induced) island flooding
(Duvat et al., 2018; Magnan et al., 2018). Furthermore, water and food security are expected
to increase in the settled Tuamotu atolls, as a result of the equipment of all households with
rainwater tanks by 2022 with the financial support of the French Government (with rainfall
not projected to decrease under climate change in the Central Pacific; IPCC, 2019; Duvat et
al.,, 2021) and the projected increase in tuna and tuna-like species in the Central Pacific

(Duvat et al., 2021).

Beyond island elevation, the contribution of other drivers — including island size, structure,
shape, vegetation and the degree of disturbance of island adjustment capacity by local human
activities — to differences in island physical robustness emphasizes the need to include these
variables in atoll island assessments, which in turn calls for data generation on these poorly
known dimensions. No or very limited data exist on island vegetation, structure and

disruption by local human activities. For instance, whilst local human disturbances are
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acknowledged to alter urban island dynamics (see e.g. Duvat et al., 2020a and Yamano et al.,
2007), most studies considering these disturbances focused on land reclamation and
disregarded other disturbances. Yet, local human disturbances are diverse (twenty
disturbances occurring in intertidal, coastal and inner land areas were recently listed by Duvat
et al., 2020a) and have cumulative disruptive effects on atoll island dynamics and natural
capacity to adjust to climate-ocean changes. Likewise, both the vegetation coverage and
vegetation type (native vs. introduced) of atoll islands remains little documented despite the
major role of vegetation attributes in island physical stability (especially response to storm
events) and susceptibility to flooding. Given the variability of atoll island characteristics and
physical robustness, filling these data gaps would also allow modelling studies (e.g. flood
modelling) to make progress through both the inclusion of more variables and the running of
models for different types of islands instead of one single and specific island (e.g. Storlazzi et

al., 2018; Giardino et al., 2018).

Additionally, methodological barriers remain, which require further research efforts. The first
barrier concerns the weighting of variables, which we considered equal in this study as a
result of a lack of knowledge on their respective influence. Are some variables more influent
than others in determining an atoll island’s physical robustness? Does the degree of influence
of variables vary according to contexts? The second methodological challenge relates to the
determination of classes for each variable considered in such assessments. As a result of the
paucity of data on atoll islands, we were not able to use ‘standard’ (i.e. relevant for atoll
islands on the whole) minimum and maximum values to determine classes. We therefore used
the minimum and maximum values generated for the study islands, which may not be relevant
for other atoll islands. Filling the abovementioned data gaps and improving the understanding
of the drivers and processes controlling atoll island physical robustness would help

overcoming these two methodological gaps. This would also allow applying the
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methodological framework used in this study to other atoll islands worldwide, and thereby

determine the representativeness of the twelve islands considered in this study.

6. Conclusions

Atoll islands exhibit extremely diverse physical and human features, which together influence
their current and future habitability. Recognizing that these islands are geomorphologically
diverse, this article proposes a comprehensive assessment of their physical robustness that
considers not only geomorphic, but also ecological and human determinants of this

robustness.

Study islands exhibit contrasting levels of physical robustness, both at the variable scale and
at the aggregated index scale. The main contributors to differences in island relative physical
robustness are, in order of importance, (1) island size (variable 1), and local human
disturbances (variable 6); (2) island elevation (variable 2); and (3) island shape (variable 3),
structure (variable 4), and vegetation (variable 5). The aggregation of results into a physical
robustness index shows that study islands exhibit contrasting levels of relative physical
robustness, with indices ranging from 0.33 to 0.75. Whereas nine islands out of twelve (75%
of the sample islands) exhibit a moderate relative physical robustness (index comprised
between 0.40 and 0.60), one island (8.30%) experiences a low relative physical robustness
(index comprised between 0.20 and 0.40) and two islands (16.7%) a high relative physical

robustness (index comprised between 0.60 and 0.80).

Based on these results, we firstly advocate for more comprehensive assessments of atoll
island physical robustness under climate change. Such assessments should indeed consider
not only their elevation but also their size, shape and structure, as well as their ecological and
human characteristics that also influence their change and susceptibility to physical (through
shoreline erosion and marine flooding) destabilization. Our findings therefore highlight the

need for increased research efforts on the under-researched dimensions of atoll island physical
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robustness, including island vegetation and structure and the influence of human activities on
atoll island capacity to adjust to climate-ocean changes. Such efforts will in turn pave the way
to improved modelling of future risks threatening atoll islands. Second, at the scale of
Rangiroa Atoll, this study emphasizes that some peripheral rural and remote islands that are
targeted by the public authorities for future development have a much higher physical
robustness than the settled islands. This finding makes within-atoll relocation of people and
human assets to more robust island areas and islands a relevant adaptation strategy for this
atoll and potentially other atolls worldwide, based on the assumption that atoll islands are also
physically diverse elsewhere. However, such a strategy would only make sense if human
disturbances, which are acknowledged to undermine atoll island physical robustness in many
settings (Duvat and Magnan, 2019; Duvat et al., 2020a), were maintained at a low level on

receiving islands in the future.
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