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ABSTRACT

The question of the impacts of climate change and sea level rise on small islands is currently much
discussed. The many thousands of Pacific islands in their different contexts (geodynamic, climatic, etc.)
and the insufficient data available explain why it is difficult to clearly discern the specific role of climate
change in the recent evolution of these islands. To address this question, we investigated the recent
changes affecting 21 islets in New Caledonia's lagoon. These islets are either located on small patch-reefs
inside the New Caledonia Island lagoon or lie directly on the barrier reef. Based on the studies we
conducted (field surveys, reconstruction of changes in the islets over the last decades, shoreline changes)
we were able to define a typology of the islets that includes 6 stages and a life expectancy index. Using
the life expectancy index, we found that of the 21 islets studied, 19% are in a highly critical situation,
meaning they are very likely to be endangered in the short term (within the next few years), 9.5% are in a
critical situation, i.e., likely to disappear in the near future and very likely to disappear in the medium
term (next few decades), 19% are evolving rapidly, which could lead to their disappearance in the
medium term but not in the short term, 9.5% are not endangered in the short and medium term and 43%
are not endangered at all (stable or accreting, large area, relatively higher altitude). In this context, the
rise in sea level induced by climate change is an adverse factor which is likely to lower the resilience of
the islets to erosion processes. Other factors like the degradation of the reef ecosystem due to variations
in ocean salinity, temperature and acidity, lower sediment stocks on the beaches and foreshores, human
visitors, coastal development and so on are other adverse factors that could modify the capacity for
resilience of these islets. Due to their variety and sensitivity, New Caledonia's islets could thus serve as

integrative indicators of environmental and climatic change for New Caledonia.
© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

oceanic islands (e.g. Webb and Kench, 2010; Romine et al., 2013;
Ford, 2013; Le Cozannet et al.,, 2014) and for the future of the

Concern among coastal populations has been growing with the
perceived increase in erosion processes and flooding affecting
oceanic islands in particular. The same concern over the impact of
climate change and sea level rise on the future of oceanic islands,
and particularly coral islands, is shared by many Pacific Island
communities.

In the last few years, various studies have attempted to un-
derstand the complex relationships between forcing factors (tec-
tonic, climate change and sea level rise, anthropogenic factors and
biological processes) and their consequences for the evolution of
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populations living there (Nicholls et al., 2007; Nicholls and Caze-
nave, 2010; Nunn, 2013; Duvat et al., 2013).

Two main approaches can be identified to assess the future of
low-lying islands in the context of sea level rise, based on the
analogue postulate, i.e. learning from the past to predict the future
(Woodroffe and Murray-Wallace, 2012; Webb and Kench, 2010;
Yates et al., 2013). The first approach concerns the long-term re-
sponse of atolls to the eustatic rise in the Holocene (e.g. Dickinson,
1999; Kench et al., 2005; Woodroffe et al., 1999, Yamano et al,,
2014); the second focuses on shorter time scales, from multi-
decadal to multi-annual (e.g. Woodroffe, 2008).

At multi-decadal time scales, coastal changes are driven by
many factors (Bird, 1987; Yates et al., 2013; Garcin et al., 2013).
These can be grouped into five main categories: (a) climate
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change, (b) external geodynamic processes linked to climate
change, (c) internal geodynamic processes, (d) biological pro-
cesses, (e) anthropogenic factors. It should be noted that these
forcing factors involve numerous interactions and retroactions, so
that determining the relative impact of one factor or another on an
observed change is a highly complex process.

On high oceanic islands, the forcing factors (or drivers) influ-
encing coastal processes include both marine processes and the
indirect impacts of processes on land (surface erosion, landslides,
solid discharge from rivers, etc.: Bird, 1987; Paskoff, 1998; Paskoff
and Clus-Auby, 2007; Terry et al., 2008; Komar, 2010; Garcin et al.,
2013).

On low-lying reef islands, however, the main drivers of en-
vironmental change are less numerous. Here, the main families of
drivers are geodynamic (tectonic and vertical movements), me-
teorological (wind and wave climates), hydrodynamic (e.g. mean
sea level, tidal and wave induced currents), biological (e.g. coral
reef growth) and anthropogenic (embankments, dredging, sand
mining, sea defences, etc.) (Stoddard, 1990; Xue, 1997; Dickinson,
1999; Ohde et al., 2002; Yates et al., 2013; Ford, 2012, Ford and
Kench, 2014; Ballu et al., 2011; Ramsay, 2011; Ford, 2013; Testut
et al,, 2015).

Understanding how these reef islands are evolving is not easy
due to the complexity of the system in itself and the multiple in-
teractions between processes acting at different spatial scales
(global, regional: southwest Pacific; local: islands) and timescales
(long-term: the Holocene; medium term: climate and climate
change, oceanic patterns and oscillations; short term or single
events: cyclones and tropical storms) (e.g. Woodroffe, 2008; Yates
et al,, 2013).

The many thousands of Pacific islands in their different con-
texts (geodynamic, climatic, etc.) and the insufficient data avail-
able explain why it is difficult to clearly discern the specific role of
climate change in the recent evolution of these islands. However,
the question of the impacts of climate change and sea level rise on
such islands is currently much discussed (Roy and Connell, 1991;
Woodroffe, 2008; Webb and Kench, 2010; Nunn, 2013; Nurse et al.,
2014). New Caledonia's islets (sand cays) are an important cultural,
heritage and environmental asset (the lagoon is a UNESCO World
Heritage site) and some are also of economic importance. Ques-
tions need to be answered, such as: can we isolate generic patterns
of islet behaviour in their recent past changes? How relevant are
such generic behaviour patterns for anticipating future changes?

To address these questions, we investigated the recent changes
affecting islets in New Caledonia's lagoon. These islets are either
located on small patch-reefs inside the New Caledonia Island la-
goon or lie directly on the barrier reef. Thanks to their locations,
human pressure is generally low and mainly due to recreational
uses such as fishing or shellfish harvesting (Jimenez et al., 2011).
Very few islets have any coastal development or buildings. Because
of their large number and the relatively moderate human pressure,
these islets are of particular scientific interest for studying the
impacts of environmental and climatic factors on the evolution of
low-lying islands.

Up to now, studies of New Caledonia's lagoon and islets have
mainly focused on biological aspects (Pandolfi Benoit and Bre-
tagnolle, 2002; Jimenez et al., 2011; Brischoux and Bonnet, 2009;
Debenay and Fernandez, 2009; Bozec et al., 2005), many of which
have an important role in the lagoon ecosystem, and on the im-
pacts of mining contamination and pollution (Bird et al. 1984;
Ambatsian et al., 1997; Hédouin et al., 2008; Metian et al., 2008;
Bonnet et al., 2014; Sasal et al., 2007). Some studies are based on
hydrodynamics modelling (Migon et al., 2007; Faure et al., 2010;
Ouillon et al., 2010, Fernandez et al., 2006); others have addressed
the lagoon's evolution in the Late Quaternary (Le Roy et al., 2008)
and reef changes during the Late Quaternary sea level fluctuation

(Frank et al., 2006, Lecolle and Cabioch, 1988, Cabioch et al., 1999,
2002, Yamano et al., 2014). However, none have investigated the
recent evolution (last few decades) and sedimentary dynamics of
the islets.

This paper describes how the islets have evolved in the last few
decades and their morphodynamic characteristics, analyses the
potential causes of change and presents a typology of the islets in
the New Caledonian context. The paper concludes with a discus-
sion of their plausible future and the elaboration of a Life Ex-
pectancy Index.

2. Contexts
2.1. Geography

Grande-Terre, New Caledonia's main island (South Pacific, be-
tween 18° et 23°S and 164° and 167° E, inset Fig. 1), is a long,
narrow island 400 km in length and 50 km in width (about
16,000 km? in area) located on the margin of the Coral Sea, mid-
way between Australia and Fiji. The highly dissected Central Range
dominates the island, running NW-SE and culminating at circa.
1600 m. Grande-Terre island is surrounded by a barrier reef (linear
extent of about 1600 km) enclosing a large lagoon covering about
24,000 km? (Bonnet et al., 2014). 15,000 km? of New Caledonia's
lagoon have been listed as a UNESCO World Heritage Site since
2008 and New Caledonia's entire maritime area (1,300,000 km?)
became the Coral Sea Nature Park in April 2014. The western
barrier reef is sub-continuous with few passes, while the eastern
barrier is irregular with numerous passes. The lagoon is relatively
deep on the eastern side with depths greater than 30 m, while the
western lagoon is shallow with depths of less than 15 m (Coutures,
2000, Flamand, 2006, IFRECOR.NC'; SHOM* data). The southern
and northern parts of the lagoon are very wide, with distances
between the barrier reef and Grande-Terre ranging from 20 to
31 km. In the middle part of the island, the lagoon narrows to just
1.7 km. There are two types of islands in the lagoon: (i) elevated
islands with outcrops of the underlying rock; (ii) low-lying islets
made up of bioclastic sands associated with coral reef patches. The
rocky islands vary in size and generally have a relatively abrupt
relief, while the low-lying islets are smaller in area and very low in
altitude (generally up to 2 m except for Signal islet at 5 m; data
from Province Sud).

2.2. Sites

Twenty-one low-lying islets were studied, sixteen in the south-
western lagoon (Fig. 1), four in the eastern lagoon (Fig. 2), and one
in Nokanhui atoll, to the south of Ile des Pins (Fig. 3).

The islets (sand cays) are highly variable in size, ranging from
only 180 m? to 360,700 m2. The islets lie on patch-reefs of various
sizes and shapes (elongated, triangular, oval,...). The twenty-one
islets are located at various distances from the coast and from
the barrier reef. Their locations relative to the closest barrier reef
passes vary, so that their levels of exposure to oceanic swells also
differ (Table 1). Nineteen of the twenty-one islets are relatively
well preserved from human activities and only two are fairly
built-up.

! French Coral Reef Preservation Initiative.
2 Service Hydrographique et Océanographique de la Marine: the French Navy's
hydrographic and oceanographic service.
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Fig. 1. Location of the islets studied in the south-western lagoon.

2.3. Climate and oceanography

2.3.1. Tides

New Caledonia's tidal regime is semi diurnal and unequal
(Douillet, 1998). It is a microtidal regime with a maximum am-
plitude of 1.6 m, although it is generally lower than 0.7 m
(SHOM~:http://refmar.shom.fr; Hayes, 1979, Jimenez et al., 2011).
The tides and trade winds generate strong currents in the lagoon,
which are one of the main factors acting on sediment distribution
(Debenay, 1987).

2.3.2. Climate and waves

New Caledonia's climate is tropical with dominant easterly trade
winds. During the wet season, cyclones (Fig. 4) and tropical storms
are relatively frequent (Terry et al, 2008). Average annual pre-
cipitation is unevenly distributed across Grande-Terre as a whole:
the windward eastern coast is much more humid (2500 to

3 Service Hydrographique de la Marine, the French Navy's hydrographic and
oceanographic service.

4000 mm y~!) than the leeward western coast (generally less than
1500 mm y ). Although wave action in the areas studied is mod-
erate (Jimenez et al., 2011), high winds during cyclones and tropical
depressions are one of the major drivers of coastal change as they
generate high-energy waves which, depending on storm trajec-
tories and local reef characteristics, can cause reef abrasion, sedi-
ment transport and beach erosion. Therefore, the exposure of the
islets to the actions of waves and swells (Table 1) is largely corre-
lated to their distance from the passes through the barrier reef.
The wave climate was analysed from the wave data extracted
from the Global-Multi hindcast model for the 1990-2013 period
(http://wwz.ifremer.fr/iowaga/). The model was run with both
ECMWEF operational analyses and CFSR / CFSRR winds. The wave
data were extracted from a point located on the SW coast of New
Caledonia (166°12'E, 22°36’S) about 30-60 km to the south-west of
the sites (Fig. 1), a point that characterizes offshore conditions for
the SW islets. A classification of homogeneous wave regimes based
on defined resemblance criteria was made using the conventional
k-means clustering algorithm (Butel et al., 2002; Thiébot et al.,
2010; Le Cozannet et al., 2011; Lecacheux et al., 2012). The data
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Fig. 2. Location of the islets studied in the eastern lagoon.

clustering classification is designed to partition the data so that
each barycentre properly represents its class by minimizing the
dispersion around it. Ten predefined classes were considered to be
a satisfactory number to identify the main wave sectors and their
mean wave characteristics.

The austral swell is dominant throughout the year 70-80%
(Fig. 5). It is characterized by its direction (from N190° to 210°) and
long wave period (Tp) (10s to 25 s). The mean significant wave
height (Hs) varies from 1.3 to 3.4 m and the maximum Hs is ob-
served during the southern hemisphere winter.

Waves and swells generated by the easterly trade winds can
also be observed throughout the year (around 20-25%), coming
from the N130° to 160° sector (Fig. 5). This shift in direction be-
tween the wind and wave sectors is due to the refraction of the
waves around the southern tip of Grande-Terre. This phenomenon
causes a clockwise shift in the wave direction and lowers their
heights before they reach the western reef barrier, so that Hs is
1.6 m and the period is less than 10 s. During the dry season, the
waves can be significantly higher with a mean Hs of up to 2.9 m
and a mean period of around 10 s.

Westerly waves are rare ( ~ 2%) and generally observed during
the wet season. They are generated by tropical storms or cyclones.
Due to the diversity of their trajectories, the directional sector of
the waves generated is very broad (from N240° to 300°). Similarly,
the wave characteristics are highly variable with a mean Hs of
2.1 m but reaching a maximum of 7 m. Their mean Tp is 9.1 s, and
may reach 12 to 14 s.

Wind and waves generated by tropical storms and cyclones can
hit New Caledonia from all sectors (Data from Meteo NC). How-
ever, the depressions circulating in the Coral Sea between

Australia and New Caledonia can generate waves and swells from
a direction of 250-300°.

These are observed over less than 2% of the year. During the
period analysed, the highest waves occurred on the 02/03/1993 at
00h00, reaching Hs=7 m and Tp=13.3 s. During the 1980-2013
period, only 13 cyclones hit the New Caledonian coast directly,
either circulating over the Coral Sea or moving across the island.

2.4. Sea level changes

Sea level has been recorded at Nouméa since 1968 with two
successive tide gauges: the Nouméa Chaleix tide gauge from 1968
to 2005 and the Nouméa Numbo tide gauge from 2001 to present,
with an incomplete overlap from 2001 to 2005 (http://www.sonel.
org/, SHOM). The two tide gauges are located 6.5 km apart in two
different bays of Nouméa. The period of common monitoring
shows that there is only a small difference in value between the
two tide gauges (the level for Numbo is 26 mm higher on average
than for Chaleix, with a standard deviation of 2.5 mm), which
enabled us to create a composite annual sea level curve (Fig. 6) for
the 1968-2012 period.

This composite curve shows an upward trend over the whole
period (Fig. 6) and also that the sea level was higher during the
2007-2012 period than during the previous decades.

The data (1968-2012) from the Brisbane and Norfolk Island tide
gauges (National Tidal Centre, PSMSL: http://www.psmsl.org/) are
remarkably consistent with those from Nouméa (Fig. 6), which
indicates a regional trend for the South West Pacific.

The reconstruction by Meyssignac et al. (2012) of sea level in
the Nouméa area from 1950 to 2010, validated for the Pacific by
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Fig. 3. Location of Kutoméré islet in Nokanhui atoll.

Becker et al. (2012), shows that the climate component of sea level
rise is about 0.5 mmy~! (+/— 0.5 mm). This is lower than the
global average and substantially lower than the recent global sea
level rise recorded by tide gauges. While the climate component of
sea level can be considered as constant all around New Caledonia,
the relative sea level, which is the sum of the climate component
of sea level and the vertical movements affecting the island, is
variable. The GPS data for Nouméa show local subsidence of
around 2mmy~! (+02mmy~"; Becker et al, 2012), giving a
relative rise in sea level of around 2.5 mm y~' for Nouméa. Again,
this value is substantially lower than the global value recorded for
recent years.

3. Methods and data
3.1. Field surveys

Field surveys were conducted during October-November 2013
and November-December 2014 in order to identify and char-
acterize the morphology of the islets and the processes acting on
their coastlines. The observations made concern the geomor-
phology and all evidence of change such as erosion (erosion
scarps, uprooted trees, etc., Fig. 7), accretion, changes in the ve-
getation, development of pioneer vegetation, and sedimentologi-
cal observations (granulometry, coral blocks eroded from the reef,
presence and geometry of beach rocks, Fig. 8). Beach rocks are
frequently observed around the islets, and in some places, several
generations of beach rocks can be observed. The geometrical re-
lationship between beach rocks and today beaches provide

information on their mobility and on coastline retreat. All ob-
servations and photographs were systematically georeferenced
using a GPS, and incorporated into a GIS. These data were used to
produce a map of coastal segments with similar behaviour, i.e.
coastal segments currently affected by erosion or accretion, or
remaining stable.

3.2. Reconstructing the recent evolution of the islets

This study is the first substantial work investigating multi-
decadal shoreline changes on New Caledonian islets. It is based on
an exhaustive collection of field observations and interpretations
of aerial photographs and satellite images. However, as for the
majority of Pacific islands, there is little documentation and past
and present data on coastline changes. Due to their distance from
Grande-Terre, very few historical aerial photographs exist for the
islets as a whole. Those selected are the 1935 aerial photographs of
the Nouméa area (SHOM, Ifremer, Photothéque Nationale), the
1943 US army photographs (available only for Ténia islet), the IGN
photographs for 1954, 1971, 1976, and 1982 and the 2011 ortho-
photo of the Southern Province of New Caledonia. We completed
this set of data with recent available high resolution satellite
images (from Digital Globe, 2004, 2006, 2007, and CNES Astrium),
of which there are relatively few for some islets distant from
Grande-Terre. The images were georeferenced specifically to build
up a set of images that would be as accurate and complete as
possible. The satellite images cover a short period from 2004 to
2012. Exceptionally and locally, some 2013 or 2014 images are
available. The image resolution (pixel size) ranges from 0.6 to 2 m.
Georeferencing was sometimes a tedious task due to the small



Table 1

Characteristics of the islets studied (‘on the reef barrier, 2 on the second rank of the barrier, >Nokanhui Atoll)

Name

Present-day perimeter

Area (m?) Reef platform area

Percentage of islet area | reef

Nearest distance from barrier

Distance from nearest pass

Orientation of exposure to swells through

(m) (10%* m?) area reef (km) (km) pass
Faux Tabac! 51 181 63 0.03 0.0 0.4 km (Fourmi pass) -
Bois de Fer®* 116 831 31 0.27 0.0 1.7 km (Fourmi pass) -
Goéland 201 1399 509 0.03 7.6 12.5 km (Dumbéa pass) 276-282° NW (angular aperture 6°)
MbéKuen 208 1938 37 0.52 4.2 9.6 km (Dumbéa pass) 160-161° SSE (angular aperture 1°)
Pandanus 202 2249 72 0.31 10.4 16.5 km (Uitoe pass) 279-285° NW (angular aperture 6°)
Kutoméré®> 367 2481 0 - 13 3 km 108-132°(angular aperture 24°)
Canard 448 8431 19 4.47 16.4 19.4 km (Dumbéa pass) 252-257¢° (angular aperture 5°)
Baille! 363 8832 42 2.09 0.0 0.2 km (Fourmi pass) -
Larégneére 531 11,572 179 0.65 6.5 7 km (Dumbéa pass) 58-71°WSW (angular aperture 13°)
Tibarama 619 27,663 16 17.73 10.0 10.3 km (Fourmi pass) 64-78° ENE (angular aperture 14°)
Kondoyo 801 30,588 341 0.90 3.0 6 km (Ouarai pass) 29-33° SW/96-100° W (angular aperture

4°)

Goldfield 779 37,170 51 7.31 5.8 6 km 231-245° SW (angular aperture 14°)
Ronhua 934 49,608 40 12.35 4.5 8 km (Boulouparis pass) 297-306° NNW (angular aperture 9°)
Ange 978 49,988 117 428 12.0 16.7 km (Uitoe pass) 269-275° WNW (angular aperture 6°)
Ronde 990 50,785 72 7.02 8.9 14.8 km (Uitoe pass) 279-284° NW (angular aperture 5°)
Amédée 1037 61,165 65 9.36 32 3 km (Boulari pass) 16-60° SW (angular aperture 44°)
Maitre 1786 79,246 470 1.69 12.9 15.9 km (Dumbéa pass) 258-264° (angular aperture 6°)
Signal 1568 143,820 128 11.20 7.5 7.3 km (Dumbéa pass) 26-37° SW (angular aperture 11°)
Mbo 1579 174,116 100 17.44 5.7 11.8 km (Dumbéa pass) 166-167°SSE (angular aperture 1°)
Ténia' 2636 235,743 585 4.03 0.9-04 1.2 km (Boulouparis pass) Not directly exposed
Mba 2572 360,704 86 41.92 4.5 11.3 km (Uitoe Pass) 292-299° NNW (angular aperture 7°)
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number of usable and stable reference points on the islets (small
patch-reefs, old trees, buildings, etc.).The georeferencing accuracy
of the images of the islets is therefore variable and RMS error
ranges from 1.1 m to 3.8 m for the older photographs.

To characterise changes in the islet shorelines, we compared
the positions of the permanent vegetation line (PVL) at each date
(e.g. Ford, 2012; Webb and Kench, 2010; Yates et al., 2013). The PVL
is considered as a good indicator of coastline changes at annual to
multi-annual to multi-decadal timescales, particularly when other
proxies like the mean high water line or evidence of the wet/dry or
high tide line do not exist (Thieler and Danforth, 1994; Crowell
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et al,, 1991; Ford, 2012; Garcin et al., 2008). Comparing PVL change
at various dates provides information on coastline changes (ero-
sion, stability, accretion) and allows PVL changes and mobility to
be quantified. Errors due to the interpretation of shorelines can
reach the same order of magnitude as the RMS error, leading to a
final shoreline positioning uncertainty of about 5 m (this is the
same order of error found by Yates et al. 2013 for example). The
distances between successive PVL were used to assess rates of
change only when they were greater than this 5 m threshold; if
the distance was equal to or smaller than the error, the coastline
was considered stable. The PVL was digitized using a unique op-
erator in order to obtain a homogeneous interpretation of the
shoreline position for all dates and all islets. The coastline changes
and extent of the areas affected by erosion and accretion between
each date were computed using the functions incorporated in the
GIS (ArcGIS ©ESRI). An illustration is given in Fig. 9. All PVL ex-
traction results are available in Garcin and Vendé-Leclerc (2015).

4. Results
4.1. How have the islets changed?
4.1.1. Erosion and accretion rates

Annual erosion and accretion rates were assessed using dia-
chronic PVLs for two periods (Table 2). Long-term erosion and
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Fig. 5. Wave characteristics (top: Significant Wave Height (Hs); bottom: Period (Tp); left: linear scale; right: log scale).
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Fig. 6. Left: annual sea level (1968-2012) from regional tide gauges. Right: detailed view of the 2002-2012 period with accelerated sea level rise. Dashed black lines show
linear trends. (data from SHOM, National Tidal Centre, www. Sonel.org, www.psmsl.org).

Fig. 7. Erosion scarp and uprooted trees on the southern beach of Kondoyo islet
(2013).

Fig. 8. Concave beach with erosion scarp (rear left) and two generations of beach
rocks indicating the position of palaeo-beaches (Larégnére islet, 2013).

accretion rates were computed when several decades of data
(aerial photographs and satellite images) were available. Long-
term rates were assessed for 7 islets over durations of 30-79 years.
The long-term erosion rate ranges from 0.39 to 49 my~! while
the long-term accretion rate ranges from 0 to 1.7 my~'. Short-
term rates, over a time span of 4-9 years, were assessed for only 18
islets due to the lack of any images of the eastern reef barrier,
while the rates for 3 islets (Faux-Tabac, Bois de Fer and Baye) were
impossible to assess. The short-term rates obtained are logically

substantially higher than those for the long term, with a maximum
of 13.3my~! for erosion and 7.8 my~! for accretion. The high
values obtained for both the short and long term indicate that the
coastlines of islets can be very mobile and that the islets are very
sensitive to environmental change. At the annual scale, the figure
for erosion, and to a lesser extent for accretion, can be sub-
stantially higher depending on the occurrence of tropical storms,
cyclones or southern swells.

4.1.2. Lengths of shorelines affected by erosion and accretion or re-
maining stable

The dominant ongoing shoreline behaviour (erosion, accretion,
stability) on the 21 islets was noted during the field surveys (2013-
2014) and mapped into the GIS. These maps (Fig. 10) show that the
spatial distribution of erosion, accretion or stability is highly
variable from one islet to another, with no simple correlation be-
tween the orientations of the coast, the distance to the barrier reef
or any single forcing factor. Table 2 gives the total length of
shoreline affected by each of the processes (erosion, accretion and
stability) and the percentage of these lengths compared to the
total shoreline length.

The percentage of the shoreline affected by each process can be
highly variable from one islet to another, with erosion ranging
from 25% to 100%, stability from 0% to 62% and accretion from 0%
to 45% (Fig. 11).

Among the 21 islets, three are affected by erosion along their
entire shoreline (100%), 76% of the islets are eroded along at least
50% of their shoreline, while only 23% of the islets show accretion
along more than 25% of their shoreline. Cumulatively, for the 21
islets, 54% of all shorelines are affected by erosion, 16% by accretion
and 29% are stable (Fig. 12).

4.1.3. Changes in the surface area of the islets

Diachronic mapping of the islets enabled us to assess overall
changes in their surface area over time. Due to the heterogeneity
of available aerial photographs and satellite images for each islet,
the time spans are variable, ranging from one decade for the
shortest to 70 years for the longest.

For example, due to the lack of diachronic images it was not
possible to reconstruct changes in the surface areas of three islets
lying far offshore from Grande-Terre (Faux-Tabac, Bois de Fer and
Baille). For the others, the number of dates used to reconstruct
changes in their surface areas ranges from 2 to 9 in the best
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Fig. 9. Illustration of shoreline changes on some of the New Caledonian islets studied. From top to bottom and left to right: Goldfield, Ronde, Ronhua, Ténia, Larégnére, Kondoyo, Canard, Goéland and Kutoméré.
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Table 2

Length (m) and percentage of shorelines showing erosion, accretion or stability on each islet, long and short term maximum erosion and accretion rates.

Islet Surface (m?) Total PVL length (m) % of coastline length affected by... Long term max rate (m.y ') Short term max rate (m.y ')

Accretion Erosion Stability Period, duration Erosion Accretion Period Erosion Accretion
Faux Tabac® 181 51 0.0 100.0 0.0 - - - - - -
Bois de Fer® 831 116 15.5 84.5 0.0 - - - - - -
Goeland” 1399 201 0.0 100.0 0.0 - - - 2007-2013 (6 y) 13.33 6.66
Mbe Kuen” 1938 208 7.7 57.2 35.1 - - - 2009-2013 (4 y) 2.5 3
Pandanus” 2249 202 25.2 74.8 0.0 - - - 2009-2013 (4 y) 175 1.5
Kutoméré 2 481 367 0.0 100.0 0.0 1976-2013 (37 y) 4.86 0.00 2005-2013 (8 y) 115 0
Canard® 8 431 448 0.0 85.5 14.5 1935-2014 (79 y) 041 0.64 2007-2014 (7 y) 185 0
Baye® 8 832 363 245 75.5 0.0 - - - - - -
Larégnére 11,572 531 0.0 66.7 333 1982-2012 (30 y) 1.20 0.66 2007-2012 (5y) 1.52 -
Tibarama” 27,663 619 14.7 85.3 0.0 - - - 2004-2013 (9y) 2.88 6.2
Kondoyo 30,588 801 35.1 60.4 4.5 1976-2014 (38 y) 1.57 171 2004-2011 (7 y) 2.85 242
Goldfield” 37,170 779 235 299 46.6 - - - 2004-2013 (9y) 1.66 177
Ronhua” 49,608 934 10.4 52.6 37.0 - - - 2004-2013 (9y) 4.33 3.77
Ange” 49,988 978 17.3 62.8 19.9 - - - 2004-2013 (9 y) 133 133
Ronde” 50,785 990 25.1 64.3 10.6 - - - 2004-2011 (7 y) 214 242
Amédé” 61,165 1037 45.2 46.0 8.8 - - - 2004-2012 (8 y) 1 137
Maitre 79,246 1786 28.9 574 13.7 1935-2014 (79 y) 0.39 0.54 2009-2014 (5 y) 18 0
Signal 143,820 1568 12.6 25.3 62.1 1982-2013 (31y) 1.00 1.03 2004-2012 (8 y) 3.75 3.12
Mbo” 174,116 1579 204 55.2 244 - - - 2009-2013 (4 y) 2 0.5
Ténia 235,743 2636 13.6 41.2 451 1943-2011 (68 y) 1.80 1.67 2004-2011 (7 y) 7.85 7.85
Mba" 360,704 2572 0.0 49.6 50.4 - - - 2004-2013 (9 y) 222 0

2 Not enough data to assess long and short term rates.
b Not enough data to assess long term rates.

€ Human disturbance on the islet.
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Fig. 12. Percentages of erosion, accretion or stability for the total shoreline length
of the 21 islets.

documented case. Changes in surface areas in recent decades are
highly variable from one islet to another (Table 3, Fig. 13), with
some remaining relatively constant and others shrinking, while a
few islets have increased in size.

The analysis of the longer record is instructive and shows a
variety of trends and behaviour patterns among the islets:

- The surface area of Ténia islet decreased rapidly between 1943
and 1954, potentially due to the effects of a major cyclone that
occurred in 1951, then continued to decrease very slowly over
the next decades.

- the surface area of Kondoyo islet shows a slight tendency to
increase while analysis of the PVL position shows high erosion
and accretion rates on this islet and rapid migration of its
shoreline. One side of the islet is severely eroded, the opposite
side shows substantial accretion, and the islet's area as a whole
has gradually increased.

- Maitre islet shows a continuous but very moderate reduction of
its surface area from the 1930s up to the present, with a short
period of stabilization from 2004 to 2009. There are not enough
data for 1935-2004 to allow an in-depth analysis of surface area
fluctuations linked to past extreme events. This very moderate
loss of land during the past seven decades is confirmed by the

Table 3
Percentage of areas affected by erosion and accretion.

Name Present-day Present-  Period % change Dominant
perimeter  day area in area process
(m?)
Faux Tabac 51 181 - - Erosion
Bois de Fer 116 831 - - Erosion
Goéland 201 1399 2004-2014 -68.8 Erosion
MbeKuen 208 1938 2009-2013 -3.2 Erosion
Pandanus 202 2249 2009-2013 —-194 Erosion
Kutoméré 367 2481 1954-2013 -167.6 Erosion
Canard 448 8431 1935-2014 +65.3 Accretion
Baille 363 8832 2012-2013 +5.7 Accretion
Larégnére 531 11,572 1982-2012 -18.4 Erosion
Tibarama 619 27,663 2004-2013 +11.1 Accretion
Kondoyo 801 30,588 1954-2011 +21.6 Accretion
Goldfield 779 37,170 2004-2013 +24 Accretion
Ronhua 934 49,608 2004-2013 -5.9 Erosion
Ange 978 49,988 1954-2013 -31 Erosion
Ronde 990 50,785 2004-2013 -4.7 Erosion
Amédé 1037 61,165 2004-2012 +8.5 Accretion
Maitre 1786 79,246 1935-2014 -10.5 Erosion
Signal 1568 143,820 1982-2013 -4.6 Erosion
Mbo 1579 174,116 2009-2013 -0.7 Erosion
Ténia 2636 235,743 1943-2011 -104 Erosion
Mba 2572 360,704 2004-2013 -0.3 Erosion
Min +65.3
Max —167.6

close proximity of the shoreline to the beach rocks, which pro-
tect the coast from erosion.

Canard islet clearly increased in surface area from the 1930s to
the 1990s, and has rapidly lost land since 2000. This has oc-
curred despite the work carried out on the beach in the last few
years to prevent erosion (sand supply, sandbag protection).
Kutoméré islet offers a spectacular example of a two-phase
history, with a large and rapid increase in surface area from 1954
to 1976 (up to 28,245 m?) followed after 1976 by a phase of rapid
and steady decay leading to the virtual disappearance of the islet
today (less than 2400 m?). The cause of this spectacular evolu-
tion will be discussed further on.

In order to assess the relative impacts of erosion or accretion on
each islet, we computed the percentage of their surface areas af-
fected by these processes during the periods analysed. By con-
vention, the islet area on the first date is considered as 100%
(Table 3). We then computed the maximum difference between
surface area percentages at all dates. The results given in Table 3
show that the percentage values of change are highly variable,
ranging from +65% to -167%. At the longest available timescale for
each islet, most of the islets are losing land, and a few are gaining
new land. However, the recent behaviour of the islets may differ
from the dominant trend over the longer timescale. One example
is Canard islet, which was accreting land overall over the long
timescale from 1936 to 2014, but has been losing land since 2000.
Conversely, while Ténia islet lost land from 1943 to 1954, its area
has remained constant since 1954 although its shape has been
changing continually.

During the last decade, the dominant pattern of islet evolution
is an overall reduction in their area (more land loss than accre-
tion). This recent trend is not necessarily representative of their
long-term evolution. The short-term analysis should be completed
with an analysis of the relationship between present-day shor-
elines and the location and geometry of the beach rocks, which are
frequent around the islets.

The beach rocks are indicators of the location of older beaches.
In most cases, we observed a reduction in the area of the islets
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between the time of cementation of the beach rocks and today. In
some cases, we observed a smaller islet contained in the shape
outlined by the beach rocks, which are disconnected from today's
beaches and located several dozen metres out to sea, while in
other cases, the beach rocks indicate that the islet has migrated
over time or has changed significantly in shape. In some particular
cases of migration or local accretion, the beach rocks may be partly
buried by the islet. These beach rocks, although not yet dated,
provide valuable additional information on possible changes in the
size, shape and location of islets and on their longer term evolu-
tionary trends.

When an islet shrinks in size, its seaward shoreline gradually
moves back from the beach rocks, leaving a gap between them of a
few metres to several dozen metres. This indicates the high mi-
gration potential of the islets in the long term and how far the
shoreline has retreated the since the time of cementation of the
beach rocks.

4.2. Interpretation

4.2.1. Evolution of the islets

Our analysis of the multi-decadal changes and present-day
coastal processes affecting the islets coasts shows that trends are
highly variable even for islets near to each other. Some islets are
growing (increasing in area), others are stable or decreasing in
area. Others are remaining constant in area but continually mov-
ing or changing in shape and, finally, several islets are showing
very intense coastline erosion and a drastic reduction in their area.
Thus, within a given time span, the trend for New Caledonia's is-
lets is neither identical nor uniform. However, despite the variety
of islet shapes, sizes, evolutionary trends, active processes and
contexts (location, exposure to waves, distance to passes etc.),
some similar patterns can be identified. Having grouped the islets
into families according to common past trends and present-day
characteristics, we are able to propose a new typology. This differs
from existing typologies (e.g. MacNeil, 1972; Richmond, 1992)
because it does not aim to differentiate between different types of
islands according to their origins or their morphogenetic char-
acteristics, but between different states of the same type of island
(sand cays).

In this typology, we consider that each type represents a stage
in an islet's life cycle. New Caledonian islets fall into 6 distinct
stages in the continuum of their life cycle: nucleation, growth,
maturity, decay, relic and endangered (Fig. 14). Each of the 6 dis-
tinct stages is one subset in the set of all possible states of the
islets in New Caledonia's lagoon.

4.2.1.1. The different stages. One difficulty with the classification
proposed above arises in the case of islets in a transitional stage
between two classes (e.g., decay to relic). Each stage shown in
Fig. 14 is described in detail below.

4.2.1.1.1. Stage 1: Nucleation. The first stage is the appearance of
a small sandy islet made up of bioclastic sand with no vegetation
(example: Sable islet). The absence of beach rocks, uprooted trees,
tree stumps etc. indicates that this is not a phantom of a pre-ex-
isting islet that had been completely destroyed (post stage 6).

4.2.1.1.2. Stage 2: Growth. This second stage is characterized by
stabilization of the initial sandy islet by vegetation and an increase
in surface area due to the supply of bioclastic sand. The sedi-
mentary budget is positive, i.e. the supply of sediment is higher
than land loss by erosion (e.g.: Tibarama islet).

4.2.1.1.3. Stage 3: Maturity. This stage is characterized by a lack
of noticeable change in surface area and morphodynamic equili-
brium. Islets in this group are characterized by their resilience and
high capacity for adaptation. Extreme events can trigger severe
erosion or changes but this is followed by an effective recovery

phase. Three sub-stages may be distinguished:

1. Stage 3a (stable): the islet is static. Rates of erosion and accretion
are low (e.g.: Mba islet today),

2. Stage 3b (with migration): the surface area of the islet remains
stable and the sedimentary budget is in equilibrium. Erosion
and accretion can be very active and occur at opposite sides of
the islet. In this stage, the islet is mobile, shifting on a multi-
annual time scale (e.g.: Kondoyo islet),

3. Stage 3c (with remodelling): as in the previous stage, the sedi-
mentary budget is in equilibrium and the surface area of the
islet is stable; however, erosion and accretion can be active and
occur at various locations. In this case, the islet's overall geo-
metry gradually changes as it accommodates to evolutionary
forcing (e.g.: Ténia and Ronhua islets)
4.2.1.1.4. Stage 4: Decay. During this stage, the sedimentary

budget is negative and the islet is shrinking in size, thus increasing

the distance between the shoreline and the beach rocks. The
previously vegetated areas are eroded and the presence of dead
trees on the foreshore, and uprooted trees and erosion scars on the
shoreline, are indicators of this pattern of change (e.g.: Larégnére
islet). As the sedimentary budget is negative, extreme events may
have irreversible consequences on smaller islets at this stage.
4.2.1.1.5. Stage 5: Relic. At this stage, the shape of the islet is
very different to that in the mature stage as indicated by the beach
rock geometry and/or by earlier limits. The islet shrinks dramati-
cally and has a residual aspect. The sedimentary budget is highly
negative and numerous tree stumps are present around the islet
and at its previous location. The rate of land loss can be extremely
high and the future of the islet is in jeopardy if the environmental
conditions remain identical. A sandy plume on the patch-reef
surface and connected to the islet is generally noticeable on aerial
and satellite images. This plume forms as the sand, eroded by

currents and waves, spreads outwards (e.g.: Goéland islet, Fig. 15).
4.2.1.1.6. Stage 6: Endangered. The endangered stage is the final

phase before the disappearance of the islet. In this case, the life

expectancy of the islet is short: if the environmental conditions
remain the same, it will disappear within a few years, depending
on the occurrence of high-energy events (southern swell, cyclones
etc.; e.g.: Faux-Tabac (Fig. 16), Bois de Fer & Kutoméré islets).
When the islet has disappeared, its previous existence is in-
dicated only by the presence of beach rocks (outlining the old

beaches): this is known as the phantom stage. In this case, only a

plume of sand shaped like a comet's tail is visible underwater. This

plume is formed as currents and waves spread the eroded sedi-

ment outwards (e.g.: Baron islet off the coast of Koumac, Fig. 17).

4.2.1.2. The islet life cycle. Obviously, the state of a given islet at any
particular time is governed by different environmental parameters
such as local hydrodynamic conditions, trends in the wave climate,
the shape of patch-reefs under the islet, changes in the reef itself,
the local sea level etc. (e.g., Bird, 1996). The local sea level is linked
in part to the evolution of the climate during the Holocene but also
to natural inter-annual climatic oscillations (ENSO and IPO) and
obviously to sea level rise due to anthropogenic climate change.
Forcing factors also include extreme events like cyclones, storms
and southern swells, which can trigger powerful erosion or ac-
cretion in a very short time, with severe impacts on the islet. The
latter phenomenon and the consecutive sedimentary adjustments
are illustrated in the context of atoll islets by several studies (e.g.,
Etienne, 2012; Etienne and Terry, 2012; Le Cozannet et al., 2013;
Mann and Westphal, 2016; Ford and Kench, 2016). Finally, such
extreme events are not independent and are partly linked to cli-
mate variability and climate change.

Thus, numerous parameters and forcing factors all play a role in
the evolution of these islets (Garcin et al., 2011; Yates et al., 2013).
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Fig. 14. The different stages of New Caledonia's islets — Bare sands (yellow), areas with vegetation (green), reef platform (light blue and dashed-and-dotted line), lagoon
(deep blue), beach rocks (dashed line). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

A change in any one of these parameters can modify the behaviour
and evolution of an islet, which may then evolve from one stage to
another. The six stages are therefore not necessarily sequential
(Fig. 18), and if the conditions are favourable, an islet at stage 4
(decay stage), for example, could later revert to stage 2 (growth
stage). Consequently, the life cycle of an islet can be as complex as

shown in Fig. 18.

The duration of each stage is highly variable. For example, Ya-
mano et al. (2014) demonstrated that what we call stage 2 (growth
stage) lasted more than 3 000 years on Mba islet. For other islets,
we have evidence of rapid transitions from one stage to another
within a few decades, with no occurrence of any catastrophic
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Fig. 15. Goéland islet (stage 5 - relic) — Top: satellite images from 2004 and 2014, Bottom: field view from the South (2015) - note the drastic change in shape, the reduction

in area and the presence of dead trees where the islet has been eroded.

Fig. 16. Faux-Tabac islet (stage 6 — Endangered) — Bottom : satellite image (Digital
globe 2012), Top: field view from the centre of the north-eastern beach rock (2014).
Note the two beach rock beds (foreground and background from left to right) and
the residual sand at the islet's previous location.

cyclonic event (Goéland and Kutoméré islets for example). Thus,
Kutoméré islet shows that an observation time span of less than
one century is long enough to observe a transition between sev-
eral stages (growth, decay, relic stage and finally endangered). The
phantom of Baron Islet is evidence that some islets have dis-
appeared in the recent past: in this example, the only evidence of
the presence of an islet are the beach rocks outlining the old
beaches and a residual underwater plume of sand. In support of
our observations, the speed of islet changes has been described by
Ford and Kench (2014) in a different context (Marshall Islands),
where what we call stages 1 and 2 (nucleation and growth) can
occur in less than 6 decades. The destruction phase can occur

Fig. 17. Illustration of a dead islet: Baron islet. Note the two beach rocks lying
WSW-EN, which indicate the position of the previous islet beaches, and the sandy
plume resulting from the islet's destruction.

during a single catastrophic cyclone (e.g. Ford and Kench, 2014;
Yates et al., 2013). Over longer timescales (several centuries to
millennia), any particular islet can be expected to undergo differ-
ent stages.

4.2.2. The future of the New Caledonia’s islets
Based on the above typology, 14% of the islets surveyed are
presently in the endangered stage, 14% in the relic stage, 19% in the
decay stage, 48% in the mature stage and 5% in the growth stage.
The question of the future of these islets may be addressed by
investigating: (i) their typology (which provides information on
the current stage of an islet's evolution), (ii) the specific
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Fig. 18. Life cycle of New Caledonia's islets. Arrows indicate the possible pathways
during an islet's life cycle (Beach rocks appear as indicators of past shorelines
locations).

Table 4
Relationship between stages and life expectancy index of islets - Possible LEI are in
brackets, the dominant LEI is in bold.

Stage Possible LEI
1 Nucleation [undetermined]
2 Growth [x..1]
3 Maturity [2,1]
4 Decay [4,3,2]
5 Relic [5,4,3]
6 Endangered 5

morphological characteristics of the islets (elevation, size and
shape), some of which are factors of resilience (e.g.: large area,
presence of beach rocks all around the islet, relatively high

elevation) or, conversely, factors of fragility (e.g.: small area, low
elevation, lack of continuous beach rock), (iii) the intensity of
observed processes currently acting on the islets.

In order to assess the islets' future, a Life Expectancy Index (LEI)
is assigned, qualitatively, to each islet (Table 4) on a scale of 1-5:
Index 5 - very critical situation: the islet is endangered in the very
short term (e.g., within a few years if, for example, a powerful
storm or a cyclone occurs), erosion rates are very high all around
small islets; Index 4 - critical situation: the islet is endangered in
the short term (one decade); Index 3 - rapid changes that could
endanger the islet in the medium term (decades); Index 2 -
medium-sized islet with a low rate of accretion or large islet with
a low rate of land loss: not endangered in the short or medium
term; Index 1 - accreting or stable islet or large islet with very low
land loss: not endangered.

The results given in Table 5 and in Fig. 19 show that of the 21
islets studied, if current conditions remains identical, 19% are in a
very critical situation and very likely to be endangered in the short
term (few years), 9.5% are in a critical situation, likely to disappear
in the near future and very likely to disappear in the medium term
(next few decades), 19% are evolving rapidly, which could lead to
their disappearance in the medium term but not in the short term,
9.5% are not endangered in the short and medium term and 43%
are not endangered at all (stable or accreting, large area, relatively
higher altitude). The situations differ widely from one islet to
another, even, in some cases, among those located in the same
area of the lagoon. It should also be emphasized that there is more
uncertainty regarding the medium and long term future due to
uncertainties about future sea level rise and ENSO. Other sources
of uncertainty concern the likelihood of reaching a threshold
(values and rates of sea level rise for example), above which the
resilience of each islet would be altered.

5. Discussion and perspectives

Our field observations of currently active processes and the
work carried out on the past evolution of New Caledonia's islets at
multi-decadal scales show that they are significantly affected by
coastline change. In general, both erosion and accretion processes
affect the islets at various levels of intensity, although the coast-
lines of some islets are affected by erosion along their entire
length. As indicated previously, 54% of the total length of the 21
islets' shorelines are affected by erosion, 16.5% by accretion and
29.5% are stable.

The difference between eroded land and accreted land varies

Percentage of islets by Life-expectancy index

19%

9%

19%

Index 5 : very critical situation, endangered at very

short term (few years)

Index 4 : critical, endangered at short term (few

year to one decade)

Index 3 : rapid changes that could lead to an
endangering of the islet at medium term (several
decades)

Index 2 : non-endangered at short or medium term

m Index 1 : not endangered

Fig. 19. Percentage of islets by life expectancy index.
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Islet Stage Area recent changes Area (m?) Life expectancy index

Faux Tabac Endangered (6) Large reduction 181 5
Bois de Fer Endangered (6) Large reduction 831 5
Goéland Relic (5) Large reduction 1399 5
MbeKuen Relic (5) Small reduction with shifting 1938 3
Pandanus Relic (5) Large reduction 2 249 4
Kutoméré Endangered (6) Large reduction 2 481 5
Canard Decay (4) Large reduction 8 431 3
Baille Decay (4) Small increase 8 832 2
Larégnére Decay (4) Reduction 11,572 4
Tibarama Growth (2) Large increase in area 27,663 1
Kondoyo Mature with displacement (3b) Small increase in area with significant shifting 30,588 3
Goldfield Mature with remodelling (3c) Stable with very small increase in area 37,170 1
Ronhua Decay (4) Reduction 49,608 3
Ange Mature stable (3a) Stable 49,988 1
Ronde Mature with remodelling (3c) Reduction 50,785 2
Amédé Mature stable 3a Stable 61,165 1
Maitre Mature with remodelling (3c) Small reduction 79,246 1
Signal Mature stable (3a) Stable following a period of reduction 143,820 1
Mbo Mature stable (3a) Meta-stable 174,116 1
Ténia Mature with remodelling (3c) Meta-stable 235,743 1
Mba Mature stable (3a) Stable 360,704 1

600 — ° factor alone is not sufficiently explanatory, as demonstrated by
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[ . . .
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Fig. 20. Lack of correlation between reefs and islet areas (10* m?).

from slightly positive to significantly negative depending on each
islet. The pattern on change varies with each individual islet: there
is no evidence of an overall pattern of erosion of all islets as would
be expected if the ongoing sea level rise induced by climate change
were the only (or main) trigger of coastal changes (Ramsay, 2011).

Intuitively, the relationship between the surface areas of the
islets and those of the patch-reef would suggest that the islet area
would be proportional to the patch-reef area. In fact, the data
(Table 1) clearly show that these ratios vary considerably, from
0.03% to 41.12%, so that the surface area of an islet is completely
uncorrelated with the patch-reef area (Fig. 20).

A comparison of the LEI with the characteristics of the islets
(Table 1) appears to show that there is no simple and direct cor-
relation between the mobility or life expectancy of the islets and
certain simple parameters such as their distance from the barrier
reef, the distance to the nearest pass or the size of the sector di-
rectly exposed to swells. This lack of direct correlation is explained
by the complexity of the interactions between processes acting on
an islet segment and producing a specific change. One example is
the complexity of swell propagation from the passes to the islet in
relation to the direction of the offshore swell, the lagoon bathy-
metry, the shape of the coral patches and the orientation of the
shoreline.

The surface area of an islet appears to be an important factor to
consider in assessing the “life expectancy” of an islet, but this

would drop down into the deeper sectors of the lagoon.

The mobility of the islets and the Life Expectancy Index suggest
that the smallest islets are not necessarily the most vulnerable and
that their mobility does not imply greater vulnerability (in terms
of life expectancy), but is rather an adaptation to forcing factors.
Nevertheless, a large proportion of the smaller islets studied are
endangered or in the relic stage, with a life expectancy index of
5or4.

The possibility for an islet to adapt to environmental changes is
clearly dependent on the sedimentary, hydrodynamic and biolo-
gical context of each one, and on how the forcing factors evolve.
The resilience of an islet can be defined as its capacity to change its
shape and morphology and/or to move in order to adapt to evol-
ving environmental conditions (natural and anthropogenic forcing
factors) without irreversible land loss. Thus, the fact that some
islet shorelines are eroding does not necessarily imply that the
islet is not resilient, if for example other sectors of the islet
shoreline are in accretion or if the erosion phase is of short
duration and followed by a recovery phase (accretion). Some
events can cause the behaviour of a coastal segment to change, for
example a phase of accretion (following an erosion phase) due to a
change in the wave climate or to the appearance of a storm ridge
of coarse sediment during a cyclone, which then acts as a natural
levee and protects the shore.

The detailed analysis of changes in islet shorelines in the recent
past shows two different patterns of change in the majority of
cases: the first in the period from 2004 to 2007 and the second
from 2007 to 2012-2013. During the first period, erosion rates
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were generally lower than in the second, and in one case (the
north-western coast of Amédé islet), we noticed a reversal of the
trend, with accretion during the first period and erosion during
the second. This observation is corroborated by the testimonies of
a number of islet users. The question, then, is whether the causes
of this reversal can be identified.

The respective roles of ordinary waves driven by trade winds
and those induced by cyclones, tropical storms or austral swells
must be taken into account. These waves have different impacts on
erosion, transport and deposition processes. This may be illu-
strated by the example of Ténia islet (western lagoon), where we
observed evidence of erosion on the northern, southern and
eastern tips, which is confirmed by analyses of past satellite ima-
ges. This erosion is easily correlated with the effects of local waves
induced by trade winds and high-energy ocean swells. On the
eastern part of the northern beach, we also observed geomor-
phological evidence of erosion, which is confirmed by the shape
and position of the beach rocks but not by changes in the PVL
during the 2004 to 2012 period, when it remained stable. Fur-
thermore, unlike the western beach for example, this sector is not
exposed to swells. This is because, during westerly storms (which
are infrequent in this sector), the western swell, as it crosses the
pass, is refracted along the reef margin to the south of the islet and
shifts to an east-west direction as it curves around, i.e. the oppo-
site direction to the ocean swell. As the swell does not break
(absence of reef flats) and because the water is relatively deep, few
changes affect the wave period and the waves retain enough en-
ergy to reach and erode the northern beach. The retreat of the
northern beach is thus probably linked to rare westerly waves
driven by storms or cyclones that did not occur during the period
covered by the satellite images and photographs analysed.

The analysis of average numbers of cyclones and tropical
storms affecting New Caledonia's coasts per year from 2004-2012
shows a slightly lower yearly average number of cyclones and a
significantly lower number of tropical storms over this period
compared to the 1972-2012 period (Fig. 4, Table 6). In detail, the
first period (2004-2007) experienced more cyclones than the
second period (2007-2012), while the first period experienced far
fewer tropical storms than the second, when the number of storms
was still significantly below the forty-year average.

These data indicate that the number (sum) of extreme events
(tropical storms plus cyclones) is not the reason for the shift from
accretion to erosion or for the increase in the beach erosion rate
during the second period.

Table 6 suggests that a higher ratio of cyclones relative to tro-
pical storms is less harmful in terms of erosion than a period with
dominant tropical storms. It has long been demonstrated that
cyclones can, depending on their characteristics (intensity, wave
directions, periods and heights), cause massive erosion to the
point of destroying islets entirely (Gardiner 1903 in Woodroffe,
2008; Ford and Kench, 2014) or, conversely, trigger a supply of

Table 6
Average yearly numbers of cyclones and tropical storms for the 1972-2012, 2004—
2012, 2004-2007 and 2007-2012 periods (from MeteoNC data).

1972- 2004~ 2004~ 2007-
2012 2012 2007 2012
Average number of cyclones 1.53 1.44 1.6 1.2
per year
Average number of tropical 1.73 0.67 0.4 1
storms per year
Average number of extreme 3.25 21 2 1
events per year (cyclones and
storms)

bioclastic debris leading to accretion (e.g. Maragos et al., 1973;
Scoffin, 1993; Ford and Kench, 2014; Woodroffe, 2008).

The analysis of sea level records from the Brisbane and Norfolk
tide gauges and the Nouméa tide gauge shows an overall sea level
rise during the past 40 years. In detail, the 2007-2012 period
shows a higher mean sea level and a faster rate of increase than
the previous period (Fig. 6), which is characteristic of interannual
variability. The interannual and decadal sea level variability is
probably highly correlated with the Southern Oscillation Index
(White et al., 2014). In this area of the south-western Pacific, this
higher average sea level is generally observed during the period
when “La Nifia” is the dominant oscillation (Merrifield et al., 1999;
Merrifield, 2011) and more particularly when the Interdecadal
Pacific Oscillation (IPO) is negative, which was the case in the
period studied (Messie and Chavez, 2011). The sea level rise re-
corded by altimetric measurements in the western Pacific was
therefore strongly influenced by the ENSO and IPO (Zhang and
Church, 2012). The variation in the rate of change of shoreline
positions during the 2007-2012 period and the following years
seems to be correlated with the higher average sea level linked to
the ENSO and IPO oscillations. This suggests that the islets' evo-
lution is at least partly governed by the ENSO and IPO oscillations
and their relative influence on multi-annual mean sea level
variability.

On a longer timescale, the mobility of the islets and changes in
their shape are confirmed by the many beach rocks with no con-
nection to the beach or with a different orientation relative to the
present-day beach. This confirms that coastline changes, the
changing shapes of the islets and their migration are not specific to
recent years. The islets are constantly adapting to environmental
drivers and changes.

The twenty-one islets studied represent around 10% of the total
number of New Caledonian islets, and although this is a relatively
low percentage, they may be considered to provide a fairly re-
presentative view of, at least, the islets of the southern and wes-
tern lagoon, excluding the islets affected by uplift (e.g. some of
those around Pine Island).

The rise in sea level induced by climate change and the prob-
able increase in the rate of sea level rise in future decades pre-
dicted by the models will become more vigorous drivers and
stressors for New Caledonia's islets.

6. Conclusion

At the multi-decadal and multi-annual timescales, the islets of
New Caledonia's lagoon are evolving rapidly.

The typology of New Caledonia's islets and the analysis of field
evidence and past trends over several decades have enabled us to
propose a potential life expectancy index. This five-level index
applied to the islets we studied indicates that 19% of islets are very
likely to be endangered in the short term, 9.5% are in a critical
situation and likely to disappear in the near future, 19% are evol-
ving rapidly and could disappear in the medium term, 9.5% are not
endangered in the short and medium term and 43% are not en-
dangered at all.

At the multi-annual scale, the islets are not all shrinking and
their coastlines are not affected only by erosion, as might be ex-
pected in the context of global sea level rise. Rather, we observed
various patterns of change in the islets in relation to their char-
acteristics: migration and displacement, changes in shape, slight
increase in area or, conversely, huge land loss potentially leading
to the islet's disappearance. On the timescale of single events
(cyclones, tropical storms), powerful erosion processes can se-
verely affect the shoreline and cause significant coastline dis-
placement, as reported by witnesses. These extreme events, which
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are infrequent from the west, are responsible for the high rate of
erosion observed on some of the western lagoon islets (eastern tip
of Ténia for example). The shorelines are also very sensitive to the
gradual modification of drivers such as sea level or wave climate
for example, but the higher sea level of the 2007-2012 period
seems to be an important factor accounting for the increase in
erosion rates observed on some of the islets.

At the multi-annual scale, the regional sea level is linked to
climate variability and, in the south-western Pacific, to the ENSO
and IPO oscillations (see bibliography). The periods with notice-
ably higher erosion rates seem to be linked to the periods when La
Nifla events were dominant within an IPO negative. This context
generates stronger trade winds and a higher sea level than during
an El Nifio and IPO positive period. All these parameters trigger
changes in the processes that affect the shorelines and therefore
the evolution of the islets.

Nevertheless, whatever the ENSO or IPO modes, the occurrence
of extreme events, particularly those coming from the west (for
the islets of the western lagoon), can be the most powerful driver
of changes in the coastlines and shapes of the islets. These changes
linked to a specific hydro-meteorological event do not necessarily
follow the direction of the longer-term trends driven by climate
variability.

In this context, the rise in sea level induced by climate change
is an adverse factor which is likely to lower the resilience of the
islets to erosion processes. Other factors like the degradation of
the reef ecosystem due to variations in ocean salinity, temperature
and acidity, lower sediment stocks on the beaches and foreshores,
human visitors, coastal development and so on are other adverse
factors that can potentially modify the capacity for resilience of
these islets.

Due to their variety and sensitivity, New Caledonia's islets
could serve as integrative indicators of environmental and climatic
change for New Caledonia.
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