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Human- and climate-driven shoreline changes on a remote mountainous
tropical Pacific Idand: Tubuai, French Polynesia

Abstract

Few studies have focused on shoreline change ¢nrh@untainous tropical islands, whereas
their low-lying coastal areas generally host magtydation centres and human assets. This
paper contributes filling this gap by assessingaie change on a remote Pacific island,
Tubuai, French Polynesia. Different shoreline pesxand time periods are considered, based
on the 32-year available aerial imagery (1982-20D4)er the multi-decadal timescale, the
base of the beach predominantly exhibited retnehich was observed along 57% of the
shoreline. The stability line, which consists eitloé the vegetation line, or of the base of
coastal defences, depending on shoreline sectioas found to be more resistant to coastal
erosion, as 61% of the shoreline remained stabie@2% experienced retreat. At shorter
timescales (i.e. for the four sub-periods considiere this study), our results show high
spatial-temporal variability. Investigating the pestive contributions of human activities and
intense tropical cyclones to shoreline change,suad that the former had a major influence
despite low population density, while the latteid e moderate influence. In fact, human
disturbances have extensively destabilized sediroelig, which is likely to exacerbate the
negative impacts of future cyclones on both thgstess and the human society. This case
study is particularly interesting to address riglluction strategies in remote island contexts,
i.e. with low population densities and availablasp

Keywords. shoreline change, tropical cyclones, anthropogeisturbances, Tubuai Island,
French Polynesia, Pacific Ocean



1. Introduction

Small tropical islands are considered particulatiinerable to coastal hazards due to their
morphological and human characteristics, especitiir small size, remoteness, high
population pressure on ecosystems and natural nesgyuand concentration of most human
assets in low-lying coastal are&=:(

). Climate-related coastal risks, which involve hioe retreat and marine inundation,
are caused by both extreme episodic events, suctistant-source swells and tropical
cyclones (TCs), and gradual changes, such as memheel rise I{

)L Moreover, these risks are expected to increase,
mean sea-level rise is acceleratifg( )5In order to better estimate the past-to-
present and future trajectories of change of iskstmatelines, and design relevant adaptation
strategies, baseline scientific information, sustegent-induced and multi-decadal shoreline
changes, is needed{ )-7Appreciating shoreline positional
change (including the rate and spatial variabiifychange) and its drivers thus constitute
highly valuable information for coastal planningdaisk management(

Y.bThis need was notably illustrated at the globedle by the
pioneer review carried out kyird ( ) and, very recently, by the beach erosion assegsme
conducted by .)Beyond these global assessments, numerous régiona
local studies have been conducted during the lasadks, but concerning small islands, we

observe significant gaps according to their type @rtheir geographical extent.

Indeed, since the pioneer study on atoll islandfplan changes by ( ),
the persistence of atoll islands over the 21stuwgritas raised major attention, as indicated by
the increasing number of publications on this com¢é 3.

On the other hand, high tropical islands from voiceaor continental origin were not subject
to such scientific efforts, whereas their low-lyiogastal areas generally host most population
centres and human assets, including critical itfnature (

). Yet, if these coastal plains constitute lessetdble geomorphic features than low-
lying atoll islands, because they are stable intjpos generally large, and supplied with
sediments by both the reef ecosystem and riveey, dlso are affected by coastal erosion, as
shown by for Hawaii, by

respectively for Mauritius and Reunion Islaaad by. for Puerto

Rico. To our knowledge, these islands are the dwdyn tropical islands for which peer-
reviewed shoreline change studies are availabldoAbh these studies brought significant
insights for shoreline change understanding in hagnds, their number and spatial extent
remain limited. Yet, documenting a large numbeistdnds, according to their types (from
low-lying atoll islands to high mountainous islanff®em urban to rural, from different areas
and political contexts), is crucial to reveal theedsity of existing storylines (including both
morphological change and human development) s@ &® table to design context-specific
solutions to coastal risksh( Y% In particular, it seems crucial, beyond
considering densely-populated capital islands twmatstitute key hotspots of risks, to also
address the situation of rural islands, becausg dlso face important challenges regarding
coastal risks and climate changei({ )z

This paper addresses this gap by studying shoreliaege on the northern coast of Tubuai
Island, a remote island located in the Austral Apelago in French Polynesia (Central
Pacific Ocean). Interestingly, Tubuai provides adyexample of a territory showing a high-

2



level of exposure of people and human assets tstalohazards despite a low population
density, due to the concentration of the populatod human assets within a 200 m-wide
coastal strip around the island’s perimeter. Thisecstudy thus brings key insights to rethink
risk reduction and adaptation to climate changategies in remote and rural high tropical
islands.

Based on photo-interpretation from available agnmagery and fieldwork, this study aimed
to assess the contribution of anthropogenic amdatic drivers to shoreline change. First, we
analysed shoreline change at different time perima$uding multi-decadal (1982-2014) and
event-related (i.e. cyclonic), using the base ef bieach and the stability line as shoreline
proxies )./8econd,
we investigated the contribution bfiman activities to shoreline change and beaclesst
destabilization, in line with previous studies (e

2In doing so, we assessed the role of land re¢dlamahe
interception of the longshore sediment drift bynseersal structures (wharves, harbours,
groynes), and shoreline armouring. Finally, we stigated the contribution of one specific
climate-related driver of change, tropical cyclof€€s) or tropical depressions (TDs). The
fact that three significant events struck the idlaluring the study period (with TC Oli in
2010 being the most intense TC ever recorded iitigtral Archipelago) made it possible to
analyse their contribution to shoreline positioctznge.

2. Setting

The Austral Archipelago, which is one of the fiveldapelagos composing French Polynesia,
consists of five main high volcanic or limeston&amgls, and of one atoll. Tubuai Island,
which is located 640 km south to Tahiti Islarig; 1), is both the largest and the capital
island of the Archipelago, and comprised 2,322 ffaats in 201% It is a high volcanic
island of 45 km? encircled by a barrier reef ankhrge lagoon covering 94 kmFiQ. 2A).
Mount Taita’a is the highest point of the islangiching 422 m in elevation. A large coastal
plain exhibiting small rivers and swampy areas faamed around the inner mountainous
relief. Most inhabitants live in Mataura (970 inbaland Taahuaia (645 inhab.) villages,
which are located on the northern and north-easteasts, respectivelyig. 2B). The rest of
the population of the island lives either in Malb0Z inhab.), which is the main village on the
southern coast, or in hamlets and isolated houss$esed throughout the island. Tubuai is
thus a rural island with a low population densify~d8 inhabitants/km2. However, most of
the population and human activities and infrastieg concentrate within a 200 m-wide
coastal strip, since the main road (and later aatewand electric facilities) was constructed
very close to the shoreline all along the islandtoor. Tubuai’s coast consists of narrow
(generally <10 m-wide) sandy barrier beaches, linged by river mouths in placebig.
2B). The coastal vegetation is mainly composed olilshrCrinum asiaticum Scaevola
taccadg and trees, witlCasuarina equisetifoli®neing the dominant tree species, especially in
highly-modified coastal areas. Of note, a fringnegf occurs along the northern coast of the
island, which therefore presents the specificitha¥ing both a fringing and a barrier reef.

! Sources: http:/iwww.ispf.pflbases/Recensementsstiigie/Donnesdtailles.aspx
https://lwww.insee.fr/fr/statistiques/3294364?sompw2122700



Trade-wind swells, mainly originating from the dowast, have a height comprised between
2 and 4 m, and an average period of 10 s. In addiffubuai lies in the area exhibiting the
strongest non-cyclonic heavy swells in French Pedyen The depressions sailing eastward far
south of French Polynesia during the austral wig&rerate long and powerful swells coming
mainly from the south-west to the south, with pdsigreater than or equal to 12 s and a
height exceeding 4 m. These distant-source swedlislynaffect the southern coast of the
island. In addition to these wind-wave regimes, Uailis affected by cyclonic waves mainly
originating from the north-west to the north-east €ection 3.2.2.), and therefore mainly
affecting its northern coast.
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Fig. 1. Location map of Tubuai Island in French Polyng8iacific Ocean) and tracks of the tropical cyclones
considered in this study (cf. section 3.2.2.). 8euhttp://www.bom.gov.au/cyclone/history/trackdém.shtml

Tubuai is schematically composed of one main sedinoel’. The prevailing westerly
longshore sediment transport is driven by the twaohel waves. However, local reversals of
the longshore sediment drift occur, due to the g@mes of several passes in the barrier reef,
which generate strong discharge lagoon-to-ocearemis: Moreover, transversal human-
made structures (e.g. wharves, harbour, groynesjrut the longshore sediment drift,
thereby disrupting the natural east-west oriengtlingent transfer and fragmenting the main
sediment cell into sub-cell&ig. 2B). The tidal range is low, with a neap range of~f.and

a spring range of ~0.8 nv'§ ). Past sea-level reconstructions over the
1960-2012 period indicate for Tubuai a sea-leva? 0f 2.5+/-0.2 mm/y\(

).

2 A sediment cell (or littoral cell) is acbastal compartment that contains a complete cpélsedimentation
including sources, transport paths, and sinks. @&léboundaries delineate the geographical areaimitwhich
the budget is balanced, providing the frameworktf@r quantitative analysis of coastal erosion andration’

( ). A sediment cell can be subdivided into smalkdisd(i.e. sub-cells), as on Tubuai Island.
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Fig. 2. A) Map of Tubuai Island and location of the stuahga on the northern coast. Of note, this coatbteis
most exposed to tropical cyclones and the mostnizbd of the island. Arrows showing the currents laased

on observations from aerial imagery and fieldwoB). Focus on the study area, which extends along
approximately 9 km of shoreline, and includes Medaand Taahuaia municipalities, from the ‘Baie Sanig’

to the eastern coast of Taahuaia. It is divided &ight sediment sub-cells (cf. section 3.2.1.)e Timin public
infrastructures are indicated by numbers 1-4 andlEm used as landmarks (city hall, high school,).eiap
data: lkonos satellite imagery (©DigitalGlobe 2008pwn Planning Division of the Government of Frienc
Polynesia.

3. Material and M ethods

The approach is composed of two main steps: 1)sssgp shoreline positional changes at
different time periods (from the multi-decadal teetevent scale); and 2) investigating the
contribution of human activities and cyclonic exwenthese steps are based on multi-temporal

5



image analysis, completed with field observatioasducted between 2013 and 2017. Both
historic aerial photographs and satellite imagergrevused Table 1) as a source of
information to digitize shoreline position. The fdilent time periods used are presented in
Fig. 3. Details on georeferencing are provided in Supplaary Material (se&M section
1.1).

Tablel
Characteristics of the aerial and satellite imagessd in this study.

Date Image typ Scale Pixel size (m
01/20/198. B/W aeria 1:10,000 / 1:25,0C
01/24/1993 B/W aerial 1:10,000
09/26/2006 Ikonos 1
02/09/2010 WorldView?2 0.5
04/26/201. Pléiade 0.E

3.1. Assessing shoreline positional changes
3.1.1. Shoreline proxies and interpretation

Two shoreline proxies were used in this studyine With previous studies)(

Jbhthe stability line was used as a shoreline primdicating the
seaward limit of the stabilized part of the coastatem. It was determined by digitizing the
edge of the vegetation or the base of coastaltates (seawalls, rip-raps, etc.), depending on
the setting Fig. 4). This was made possible by the exhaustive invgribcoastal structures
on the ground, completed with the conduction oveys among inhabitants, which allowed
collecting the date of construction of these stritet (seeSM section 1.2.). In addition, we
digitized a second shoreline proxy, namely the hasine beach, which is relevant for the

detection of TCs’ impacts)( )%
This proxy, also called ‘toe of the beach’ or ‘beatep’ ( ),
corresponds todn abrupt change in slope and substrate betweemnticensolidated beach
sediments and the reef flat or lagoon sand bérs )c On Tubuai, given the

calm hydrodynamic conditions due to the presencelrrier reef (and also of a fringing reef

along the northern coast), the base of the beacheaaily detectable on all image series,
regardless the stage of the tide (Sbd& section 1.2.). Transects indicating beach loss were
reported in order to analyse this erosional pat{epatial extent, distribution and temporal

change). Where land reclamation occurred, the ldisthe beach was not included in

shoreline change analysis, as doing so would hadiedted shoreline advance whereas the
beach no longer exists. This explains the ‘no deahies in the results presented.



Overall period: 1982-2014 (32 years)
1980 1990 2000 2010
I [ - I N\ . I A _ II\ - ]
Sub-period 1 Sub-period 2 Sub-period 3  Sub-period 4
0112011982 1985 199 0112411993
Period 1— Cilla Wasa I
012411993 1995 2000 o005 091262006
Period 2—— | witiiam
09/26/2006 2010
Period 3 5i r 02/09/2010 i Climatic event (tropical cyclone or strong
tropical depression) with major impacts
02/09/2010 04/26/2014
Period 4 Climatic event (tlropicall cyo!one.or strong
tropical depression) with minor impacts

Fig. 3. Summary chart of time periods and of high-enengnés considered in this study (cf. section 3.2he
above timeline is a general overview of the ovepaltiod (1982-2014) and boundaries of the 4 sumgder
considered. The following timelines present forkleaab-period: 1) the temporal boundaries basedrayé
availability; 2) if a climatic event occurred andhen. Of note, TC Cilla (1988) was indicated althwitgdid not

have impacts on the study coasa(irent and Varney, 20).4
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Fig. 4. lllustration of shoreline digitization on the difent images used in this study. A) 1982; B) 1998;
2006; D) 2010; E) 2014; F) Zoom in on the wharfeowith 10m-interval transects generated from dshofe
baseline. These transects intersect the diffeteoretines that were created by photo-interpretafimre nature
of shoreline, i.e. vegetation line vs. armouredrshee). Imagery sources: Pléiades satellite imag@CNES
2014), lkonos satellite imagery (©DigitalGlobe 2p08/orldView?2 satellite imagery (©DigitalGlobe 2018nd
aerial photographs (1982, 1993) distributed by Twevn Planning Division of the Government of French
Polynesia.

3.1.2. Shoreline change analysis

Shoreline change were calculated at regular inker{&0 m) along the shoreline using the
Digital Shoreline Analysis System (DSAS) in ArcM&f.4. The 10m-interval transects were
generated from an offshore baseline parallel tactaest (hieler et al., 201)/ As a result, 858

transects were generated and used to measureisbarbhnge. Two statistic outputs were
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computed for each time period: 1) the Net Shordlleyement (NSM), which corresponds to
the distance in m between two shorelines; 2) thet Fpint Rate (EPR), which indicates rates
of shoreline change in m/y. In addition to thesépats, the percentage of erosional, stable
and accretionary transects was calculated for gaehperiod.

3.1.3. Shoreline uncertainty assessment

Uncertainty was calculated for each date, thenefrh time period (se8M section 1.3.),
taking into account the georeferencing error, #solution error and the digitization error. Of
note, the tidal error was considered to be insigaift (seeSM section 1.2.), and was not
included in the calculation of the total shorelpsition error. The georeferencing error was
estimated by measuring the distance of perenmalntearks (~10) between the georeferenced
image and the Pléiades satellite imagery. As maxiroffsets of 3 m were observed for each
pair of images, this value was considered as itidiezof the georeferencing error. The
resolution error corresponded to the pixel size eamthed from 0.32 to 1 m. In order to
estimate the error associated with shoreline dufiton, repeated digitization (N=3) of
shoreline proxies in three sample areas (lengthip@as conducted by the same operator
and averaged for each image (using the DSAS trég)sdte values ranged from 0.99 to 2.48
m. Total shoreline error was calculated as the saot of all shoreline position errais

and ranged from 1.14 to 3.90 &\ table 1). Eventually, the root sum of total
shoreline errors was calculated to determine theenainty for each time period, e.g. 2006-
2010 GM table 2). Based on this assessment, a unique uncertaahig vf 5 m was obtained.
As a result, changes of less than 5 m were notideres! significant and were interpreted as
indicating stable shorelines. This value is in adaace with the values obtained in previous
studies (e.g» ):

3.2. Investigating the drivers of shoreline change
3.2.1. Contribution of human activities

In small tropical islands, human-induced disturleencaused to coastal dynamics potentially
explain shoreline changeD( Y 1By spatially
superimposing the former with the latter, we catinede if the considered disturbance
contributes to explaining the observed change. &fbes, the base of coastal defence
structures and shoreline sections where land redtlamoccurred were digitized, including
their first occurrence on aerial images. As a texabitained data showed first, the spatial
extent of these features, and second, their ch@megeextension vs. reduction in length) over
time. In addition, we divided the study area inighé sub-cells, based on the presence of
human-made structures obstructing longshore seditreemsfer (wharves, harbour, groynes).
The characteristics of sub-cell boundaries are riest in Fig. 5 and SM section 1.4.
Superimposing these limits with shoreline changsulte enabled estimation of the
contribution of these structures to observed chaAtighese data were combined in the GIS
transects layer’s attribute table, eventually einglthe cross-analysis of shoreline change and
human-disturbance data, and thereby, the detenmmaif the contribution of human
disturbances to shoreline change. As a result, ehtie 858 transects was documented with
the following information: (i) shoreline change uéts for each time period; (ii) artificial
shoreline advance (i.e. due to land reclamatiomgres occurring; (iii) armoured shoreline;
(iv) location of transversal coastal structureg.(étransects located updrift a wharf”). In
addition, the date of the image where the distwwbanas observed for the first time was

9



documented. The baseline output consists of thebeurof transects concerned by land
reclamation and shoreline armouring for each peaiod sub-cell.

Fig. 5. The boundaries of the eight sub-cells considenethis study and their impermeability. A) Boundary
between sub-cell 1 and sub-cell 2; B) Boundary betwsub-cell 2 and sub-cell 3; C) Boundary betwsaén
cell 3 and sub-cell 4; D) Boundary between sub-4elhd sub-cell 5; E) Boundary between sub-cetd sub-
cell 6; F) Boundary between sub-cell 6 and sub-@eliG) Boundary between sub-cell 7 and sub-cell 8.
Longshore sediment drift and landmarks showfigy 2B are also indicated. Imagery source: Pléiadeslisatel
imagery (©CNES_2014, Airbus DS Distribution, alilis reserved).

3.2.2. Contribution of climate-related drivers

TCs or TDs are widely acknowledged to be key cdstod coastal morphology and shoreline
change Duvat and Pillet, 2017; Duvat et al., 2017b, 20IKench and Mann, 20}.7In this
case, the methods consisted in dividing the ovetallly period into sub-periods in order to
isolate at least one of the three cyclonic evems dccurred over the timeframe of analysis.
As a result, each time period revealed one specificfiguration in terms of cyclonic
conditions (with or without a TD or TC), which wased to interpret shoreline change and to
address TCs’ contribution to shoreline change.

Tropical cyclones considered in this study

Over the study period (1982-2014), three majorayicl events affected the island: TC Wasa
in 1991, TD William in 1993 and TC Oli in 201Fi¢s. 1 and 6, Table 2). Whereas TCs
Wasa and Oli directly hit Tubuai from the north, Wililliam tracked ~200 km to the west
and generated lower significant wave heidkig(6). TD William however caused important
damages, such as the partial destruction of thefudzated near the city hall (cf. landmark
1) (Laurent and Varney, 2014; Viriamu, 201FC Oli was the first category 4 TC recorded in
the Central Pacific Ocean, and one of the mostutgste climate events in French Polynesia,

10



causing a total of USD 13 million in damagésu(; ¥ Significant wave height in
the deep ocean reached 14 m and waves at the re@a$ted 8 mKig. 6 and Table 2),
provoking a storm surge of ~ 2 riag ¥

11
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Fig. 6. Significant wave height and wave direction durifg events. A) TC Wasa; B) TD William; C) TC Oli.
These data highlight that the northern (and esfhedlze north-eastern) coast is the most exposecyttonic
waves. They also show how strong TC Oli was (waata evere generated with the WW3 model, Isee

for further details about the methods).

Table2
Characteristics of the main tropical depressiorts @rclones that hit Tubuai Island over the 198240&riod
(values in parenthesis specifically refer to Tupuai

®Data source: Bureau of Meteorology, Australian Gomeent;
b Data sourcet

Event, date and category on the  Lowest atmospheric Average wind Estimated height of
Saffir-Simpson scale pressuré(hPa) velocity? (km/h) waves at the codgm)

Wasa
5-13 December 1991
Category 1
(11-12 December 1991
Tropical depression)

940 (975) 180 (100) No data

William
30 December 1994-3 January 1995
Tropical depression 975 (985) (115) No data
(2-3 January 1995
Tropical depression)
Oli
29 January-8 February 2010

Category 4 925 (940) 198 (100) 9 (6-8)
(4-5 February 2010

Category 2)

Isolating a cyclonic event

Capturing the impacts of historic TCs from multtelamage analysis is challenging, as the
optimal configuration implies images to be takest joefore (i.e. a few days before) and just
after (i.e. a few days after) the studied TC. Hoevewthese optimal conditions are rarely
fulfilled for tropical islands, for which aerial iagery is scarce. In the Austral Archipelago,
although TCs are frequent, few historical vertiaatial photographs are available. Indeed,
Tubuai is a remote island with no strategic mijitesle, i.e. no specific role during WWII and
no nuclear testing (unlike the Tuamotu Archipelagky a result, few series of vertical aerial
photographs exist, with the oldest series datirg b@ 1982, followed by the 1993 series. The
advent of high-resolution satellite imagery in 2@0s has increased temporal coverage and
thus the possibility to isolate a cyclonic everkorlos, WorldView2 and Pléiades images
taken in 2006, 2010 and 2014, respectively, arélabla and were therefore used in this
study. This material enabled to divide the ovetatie period into four sub-periods for
shoreline change analysiBi¢. 3). Superimposing the dates of occurrence of TCshese
sub-periods enabled to classify available imagds o main categories: 1) images
exhibiting no signal of a high-energy event (i.gb-period with no event occurring, e.g. sub-
period 4; or sub-period characterized by an eargng as sub-period 2); 2) images showing
the impacts of an event. This is the case, fiststib-period 3, as the WorldView2 image was
taken only five days after TC Oli stroke Tubuaidasecond, and to a lesser degree, for sub-
period 1, as the aerial photographs were takemmmary 1993, i.e. one year after TC Wasa
occurred. Given that the time of readjustment @fdhesystems to intense TCs is known to be
longer than one year (e.g¢ ), Ave can hypothesize
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that the coastal system had not completely recavigcen the impacts of TC Wasa in 1993.

All in all, sub-period 3 is the most appropriate fssessing the impacts of a high-energy
event on coastal morphology, followed by sub-periodThe other sub-periods (i.e. sub-

periods 2 and 4) are used to evaluate recoveri, suib-period 4 being the most appropriate
one to do so, or to estimate changes under calomglittons (i.e. without cyclonic events).

4. Results
4.1. Base of the beach and beach loss (Fig. 7)

At the multi-decadal scale (1982-2014), shorelinsition mainly exhibited retreat. In fact,
57% of transects experienced erosion, while 36%evetable and only 3% advancesv(
table 4). Of note, 4% of transects were not documented ifio data), due to land reclamation
erroneously indicating shoreline advance. Averag®INvas —6.65 m and average EPR -0.21
m/y. NSM values ranged from —45.12 to 12.70 @V (table 5). Spatial variability was
relatively low ig. 7). Details about shoreline change at the sub-oellesare provided in
Supplementary Materiab\ tables 6-10).

The comparison of the results obtained for theouerisub-periods considered in this study
reveals high short term (in several years) vaiitgtih shoreline position. During sub-period 1
(1982-1993), more than two thirds of transects ieathrelatively stable (72%), while 15%
experienced erosion and 9% showed accretion (withdaitional 4% of no data), as indicated
by an average NSM of —0.86 m and an average EPF0.68 m/y. Moreover, spatial
variability was relatively high along the studidubseline, with NSM values ranging from —
16.47 to 23.14 m. Over sub-period 2 (1993-2006% 4d 46% of transects were stable and
erosional, respectively. Average NMS was -5.10 oh average EPR —0.37 m/y. Only 2% of
transects indicated shoreline advance (3% of na ttahsects). NSM values ranged from —
41.46 to 15.54 m. Spatial variability was very lavosion occurring in all sub-cells. During
sub-period 3 (2006-2010), the base of the beachndidexperience important planform
changes, as 72% of transects remained stable, WB#® of transects advanced and 9%
receded (7% of no data transects). Average NSM BR&® were 0.67 and 0.20 m,
respectively. Relatively high spatial variabilityassobserved, with NSM values ranging from
—14.15 to 19.37 m. During sub-period 4 (2010-20%@bility was the main trend, with 77%
of transects exhibiting stability, while 15% and 2%howed erosion and accretion,
respectively (6% of no data transects). Average N&i#d —1.33 m, with values ranging from
—11.58 to 7.01 m, while average EPR was —0.32 Tiigse results show significant temporal
variability, with most sub-periods showing the pyadnance of stability (noted along around
75% of transects), while the 1993-2006 sub-perirdibéted a high proportion (46%) of
erosional transects.

In places, severe erosion resulted in beach loser®ds all transects intersected beaches in
1982, 59 transects (7%) distributed between fivEedint sites indicated beach loss in 2014

(location and extent of beach loss are indicate&ign7). The absence of a beach along the

shoreline was still uncommon in 1993, as only dfsects (2%) were concerned. It increased
importantly to reach 69 transects in 2006 (8%)s thiter date showing the highest value

observed over the study period. The number of é@ssshowing beach disappearance then
slightly reduced to 65 transects (8%) in 2010, ewehtually to 59 transects in 2014.
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Fig. 7. Changes in the position of the base of the beaccthé overall study period and sub-periods. Urdety
is indicated by the greyed areas. The eight suk-eget indicated. Sites showing beach loss areatell by a
black line. Numbers 1 to 4 refer to landmarks F§.2). This chart highlights spatial-temporal variatyiliThe
results indicate moderate to high shoreline reta¢ahe multi-decadal scale (1982-2014) and withan 1993-
2006 sub-period. The 1982-1993 sub-period is thewith the highest variability (accretion peaks esosion
peaks). The 2006-2010 sub-period shows a relatistgle shoreline, except in sub-cell 1, which exqneed
advance, and in sub-cell 8, which experienced aetietween 2010 and 2014, retreat was dominasiilircell
1, while stability was dominant elsewhere. See fiextetail.

4.2. Stability line (Fig. 8)

At the multi-decadal scale, stability was predominé61% of transects remained stable),
followed by erosion (32%), while only 7% of trantewere accretionary. Average NSM was
—3.02 m, with values ranging from —25.59 to 31.17Awverage EPR was —-0.09 m/y. Details
about shoreline change at the sub-cell scale areided in Supplementary MateriabNl
tables 6-10).

The comparison of the results obtained for theowerisub-periods considered in this study
reveals moderate short term (in several yearshbiity in shoreline position. Over sub-
period 1 (1982-1993), stability was largely dominém% of transects), while erosion and
accretion represented 18% and 8% of transectsectgply. Average NSM was —1.03 m,
with values ranging from —24.47 to 14.42 m, andage EPR was —0.09 m/y. On the sub-cell
scale, spatial variability was high, with alterngtierosion and accretion peaks (€fg. 8).
Over sub-period 2 (1993-2006), stability predomeédai75% of transects), followed by
erosion (20%), while only 5% of transects exper@hshoreline advance. Average NSM was
—1.89 m, with values ranging from -14.81 to 32.08amd average EPR was —0.14 ml/y.
Spatial variability was quite low (cFig. 8). Over sub-period 3 (2006-2010), the stabilityelin
was predominantly stable (88% of transects), wB#e of transects experienced retreat and
1% advance (2% of no data transects). Average N&s1-+0.59 m, with values ranging from
—19.19 to 10.37 m, and average EPR was —0.05 rnepili8/ was the dominant pattern for
the 8 sub-cells (cfFig. 8). Over sub-period 4 (2010-2014), 91% of transeatse stable,
while 6% exhibited accretion and 3% showed erosfaerage NSM was 0.51 m, with values
ranging from —9.52 to 17.87 m, and average EPROMEZ m/y. These results emphasize the
prevalence of stability, despite variations in gieportion of stable transects from one sub-
period to another.

4.3. Human distur bances (Fig. 8)

Except in the harbour area, no land reclamation pvasent in the study area in 1982. Land
reclamation was first observed on the 1993 image tiee harbour in sub-cell 5 (sEgy. 2B

for sub-cell location), causing a 15m-advance @& #tability line. At this time, another
reclaimed plot was noted in sub-cell 3, to the waidsthe meteorological station (landmark
No2), but it caused limited advance. Between 19882006, three additional reclaimed plots
were built. The most extensive one, located in tfrohthe high school (landmark No4),
generated an advance of 10-15 m, while those wiiare built in front of the meteorological
station (landmark No2) and near the river moutlub-cell 1 caused limited advance. Since
2006, no additional land reclamation works were autaken. Of note, land reclamation
caused systematic shoreline stabilization in corextiareas due to the erection of seawalls or
rip-raps on the seaward edge of reclaimed plotsieNsd the 858 transects intersected coastal
structures in 1982, as no longitudinal coastalcstimes or defences existed. In 1993, 69
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transects (8%) intersected a fixed coastline, spording mostly to the reclaimed area near
the harbour, where the beach disappeared. At #tes dnother part of the armoured shoreline
was located in sub-cell 6 close to the high schetich protected buildings established on
the upper beach. It is noteworthy that the numlbéramsects intersecting armoured shoreline
increased rapidly between 1993 and 2006, reachgtransects (18%), equally distributed
between all sub-cells, except sub-cell 8. The numbéransects corresponding to armoured
shoreline remained stable until 2010 (158 tranjebtksfore exhibiting again a significant

increase to reach 227 transects (26%) in 2014hiktdate, sub-cells 5 and 7 were almost
entirely fixed, while the other sub-cells werelstibre natural.
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Fig. 8. Changes in the position of the stability line foe overall study period and sub-periods. Uncetyai
indicated by the greyed areas. The eight sub-ae#isndicated. Nature of shoreline is also displayegetation
line is indicated by a thin green line whereas shwe armouring is indicated by a thick black likimbers 1 to
4 refer to landmarks (cFig.2). This shoreline proxy is logically more resistamterosion, particularly during
the sub-periods. At the multi-decadal scale, imgarchanges occurred, with numerous cases of sheretreat
interrupted in some places by shoreline advance e for more details.

5. Discussion

Results present the first detailed analysis ofelim®@ change on a mountainous tropical island
in the central Pacific Ocean. Over the multi-detaidaeframe (1982-2014), the base of the
beach predominantly exhibited retreat, which waseoled along 57% of the shoreline. The
stability line, was found to be more resistant tmstal erosion, as 61% of the shoreline
remained stable while 32% experienced retreat. [Refsu the four sub-periods considered in

this study showed high spatial-temporal variahil&f in all, these results provide insights on

the contribution of anthropogenic and climatic dravto shoreline change.

5.1. Human-induced shor eline change

Human disturbances caused to coastal dynamicssagaiéicant driver of shoreline positional
change on the northern coast of Tubuai Island,asibheat the multi-decadal scale. First, the
most obvious modifications to the shoreline aratesl to land reclamation: between 1982 and
2014, land reclamation caused the advance of 56&eo$tability line transects. Second, the
interception of the longshore sediment drift by lmatuilt structures triggered major and
contrasting changes around sediment sub-cell boiesdacausing updrift shoreline advance
and downdrift shoreline retreat. Between 1982 abit¥2Fig. 8), in 6 sub-cells out of 8, the
base of the beach retreated at least at one ekitemities, exhibiting breaks between sub-
cells reaching up to 30-40 m in some places. Opeesentative example is found between
sub-cells 2 and 3Hgs. 4E and 5B), with NSM values of +10 m and —24.5 m, respedtyive
(see landmark Nol). The interception of longshadireent transport also drove, but to a
lesser extent, stability line positional changesla®wvn by accelerated shoreline advance (until
10 m) at the eastern part of sub-cell 2 (see larkiidal). As a result, the interception of the
longshore sediment drift by human-built structuségnificantly contributes to explain the
spatial variability observed between and within-sebs: if these structures had not been
built, it is likely that the base of the beach wbhbhve experienced moderate erosion and that
the beach would have maintained along the entiogetihe. Third, shoreline armouring had
contrasting effects, depending on the shorelineypomnsidered: while it made the stability
line more “resistant” (as illustrated by its resperio TC Oli), it caused the retreat of the base
of the beach, leading to beach loss in some plddeslatter was documented by

on Oahu, Hawaii, and by. in Puerto Rico. On Oahu,
nearly all (95%) of the documented beaches thaé West were fronting armoured shoreline.
In Puerto Rico, showed that beach width in front of seawalls weisd
to four times narrower than on adjacent shoreliffassive” erosion was thus the main
process identified on armoured coastsy ‘limiting the ability of an eroding shoreline to
migrate landward, coastal armouring on Oahu hastdbated to narrowing and complete

loss of many kilometres of bedd}k Y Another erosional pattern,
i.e. “increased ‘flanking’ erosion (accelerated shorelimetreat adjacent to armoured
sections), was observed on several beachés( YAWe came to the

same conclusions on Tubuai, where anthropogentiardesnces explain beach loss. In fact, all
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of the 57 transects that exhibited beach loss i Zfbnted either armoured shoreline, or land
reclamation, or even were located downdrift transafestructures intercepting the longshore
sediment drift Table 4). At the multi-decadal scale, it is very likelyathanthropogenic
disturbances constitute the major driver of both fhatterns and the extent of changes.
Regional changes in sea level (+13 cm over the -P2A@ period, according to

Y, may thus be a secondary driver. Other studiesecto the same conclusions

( ):

Table 4. Inventory of human disturbances involved in belasis.

Location of beach loss (also showrFig. 7) Human disturbances

Sub-cell 1 Land reclamation + shoreline armouring
Sub-cell 3 (landmark 1: city hall) Shoreline armouring + interception of the longshs@diment

drift by the wharf
Limit betweensuk-cells 3 and 4 (landmark : . . .
. . Land reclamation + shoreline armouring
meteorological station)
Land reclamation + shoreline armouring + intercapf the
longshore sediment drift by the wharf
Sulk-cell 6 (landnark 4: high schoo Land reclamation + shoreline armour

Sub-cell 5 (near the harbour)

5.2. Contribution of cyclonic eventsto shoreline change

Surprisingly, the contribution of cyclonic eventsghoreline change appears to be moderate.
This statement is illustrated by TC Oli, the evémt which images fit the best. We thus
assume that the shoreline changes observed beR@®&nand 2010 were mainly due to this
cyclone’s impacts. Whereas it was the most sewa®ie ever recorded in French Polynesia
(cf. Fig. 3 and Table 1), which generated massive damagese(

)} 4mpacts on shoreline position were relativelyited, as
most transects for both proxies remained stabléo(#& the base of the beach and 88% for
the stability line). It is likely that the wavesrgrated by TC Oli were significantly attenuated
by the presence of a combination of elements, whlitiogether buffered them: the barrier
and fringing reefs, the coastal vegetation anglaces, shoreline armouring. These results are
in line with those from recent studies that hight&d the protective role of coral reefsa(

)1fer coastal systems and coastal human assets.
Regarding the role of the coastal vegetation onuayhts buffering function during TC Oli
was observed by )} and noticeable despite the introduced charadtenast
species. Importantly, TC Oli occurred in a contektere almost 20% of the shoreline was
armoured, even if coastal defences were not in @ gaiate along the entire armoured
shoreline. Beyond the overall stability of the digbline in the face of TC Oli, erosion
occurred in the north-eastern part of the studw,are. at the western end of sub-cell 8
(~transects 680-720), where both shoreline proeidsbited retreatKig. 7 and 8). This
retreat was also observed during his post-cyclarid survey by ,)who found
higher values of horizontal retreat at Taahuaiapamed to other locations. This area was the
most exposed to the cyclonic waves that hit theniglfrom the north-easFig. 6), without
being attenuated by the presence of a fringing. rElfewhere, shoreline proxies did not
indicate significant erosion. On the contrary, seli-1, which is the most natural of all sub-
cells, experienced an advance of the base of thehb@gnean NSM of + 4.99 m) that led to
cyclone-induced beach reformation (transects 11B-Eig. 7). This observation highlights
the constructional effect of TCs, which may providesh material to sedimentary cells. These
positive impacts of TCs on coastal morphology aeorted in the literatureD(
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Y. Here, the advance of
the base of the beach can be explained by thegiwovof both marine sediments by the coral
reef (coral fragments were broken and transpormethé coast by the cyclonic waves) and
terrestrial sediments by rivers (many accretiorkpeae situated at river mouths).

Although the 1993 aerial photograph was taken ~aryater TC Wasa hit Tubuai, the
impacts of this TC on shoreline change were sidlible on this photograph. First, marked
erosional impacts were observed near the city(fmitimark Nol). A sand spit that stretched
eastward from the river mouth was nearly washedydstability line retreat still reaching up
to —25 m one year after the event), either by ffodonic waves, or by the river flow. Second,
the base of the beach advanced on several shoselatiens in sub-cells 1 to Bi. 7). This
must be noted, even though it is more difficultassure that this change is attributable TC
Wasa.

Beyond these specific observations, if we lookhat general pictureF{g. 7), we note that
sub-periods without cyclonic events or with onegkncyclonic event occurring at the
beginning of the sub-period (i.e. sub-period 2)rmotassociated with an advance of the base
of the beach, but instead, with retreat (sub-per2o@gain) or stability (sub-period 4),
suggesting the constructional effect of TCs on HRilsucoastal systems. To conclude, our
results show that, except for a few cases (exawiplee abovementioned sand spit), TCs had
a moderate influence on shoreline change on ththeror coast of Tubuai. They generally
caused a limited retreat of both the base of thectbeand the stability line on the most
exposed shoreline sections (i.e. Taahuaia), anmdited advance of the base of the beach on
the most natural shoreline (i.e. sub-cell 1 at Math

5.3. Lessonslearnt for coastal risk reduction and adaptation to climate change

This study offers insights on how human and clingateers can influence shoreline change.
Furthermore, it offers the opportunity to analyBeit interactions. First, it is interesting to
note that every cyclone event contributed to tlengdhore extension of coastal defences,
especially Wasa and William/({ Y. The extension of defences, which is
easily detectable on aerial imagery, was realizethb public authorities to reduce the risks
of damage to human assets. Along some shorelinggcthese structures were poorly
designed and built, thereby contributing to cyckimduced damage. In particular, during TC
Oli, the rocks composing the rip-raps were throwntbe cyclonic waves into buildings
( Y. Second, shoreline armouring generated “passiv&a@n”, by preventing the
coast from natural retreat, thereby contributindhéach loss, as at other sites (&g!

JbAs a result, it is likely that additional codstizfence structures will be
built on Tubuai to combat erosion: this is a pwsitieedback loop. In addition, the human
disturbances highlighted in this study probablylakxpwhy beach resilience to high-energy
events is less effective along the urbanized cafa§tibuai than along the rest of its shoreline
(e.g. hamlet of Anua on the western coast), asthi already been observed by

in 2010.

The fact that human activities have destabilizeddbastal sedimentary systems of Tubuai is
likely to: (i) exacerbate the negative impactsuifife TCs and TDs on both these systems and
on the human society; (ii) prevent the morphololgadjustment of the latter to accelerated
sea-level rise. This problematic situation hasaalyebeen described in capital, i.e. very
populated, islands. For example, on the high maootes island of Rarotonga (Cook Islands),
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showed that critical infrastructures, including shof safety centres, are
highly-exposed to storm surges and marine inundafespite it is the capital island of the
Austral Archipelago, Tubuai is a rural island havismall population numbers (2,322
inhabitants in 2017) and a low population densi¥§ inhabitants/km?). In this context, the
high exposure of human assets to coastal hazardseido the development mode of this
island. Since the main road, and later on wateredadtric facilities, were constructed very
close to the shoreline, all houses and infrastrastuwere then established along the road,
within a 200 m-wide coastal strip. Because of tlpeoximity to the shoreline, these human
assets required protection from waves, which lethéoconstruction of coastal defences and
finally to the northern coast’s destabilization.

Tubuai can be presented as a representative casalaflaptatioh where finally alternative
solutions could be implemented. According /e \) ‘avoiding maladaptation is
largely based on not repeating past and presentakes (e.g. in spatial plannirig)and
‘support[ing] the protective role of ecosystems agaicurrent and future climate-related
hazard& On this point, our findings suggest that cycldnédfers, such as coral reefs and the
coastal vegetation, have to be protected and strengd to mitigate the destructive impacts
of TCs on human assets, as they seem to stillplale, even where the coastal system has
been altered by human activities. An increasing lmermof studies came to the same
conclusion { ¥ whereas
others invited to be cautious. For instance; denounced the misuse of
bioshields policies (‘vegetated barriers’) since timdian Ocean tsunami in 2004. First,
because their efficiency is limited in the face eftreme events, and second, because
bioshields policies have often led to biodiverdiigs, as they mainly consisted of planting
introduced trees (mainlZasuarina equisetifoliaas on Tubuai’'s coast) that finally replaced
the native vegetation. However, here we advocatehe restoration of the native coastal
vegetation, as this type of vegetation (&gaevola taccadavas found to be more resistant
and resilient to TCs compared to introduced or wohies. native + introduced) species (e.g.

).7On Tubuai, a 60m-wide “free from building” coalst
strip was recommended after TC Oli, in order toumdthe vulnerability of people and
infrastructures to cyclonic event¥/i( ). This measure, which would imply the
relocation of human assets in inner land areasnsed the more appropriate that Tubuai’s
coastal plain is wide, exhibiting extended unbaiitas for human asset relocation. Combining
human assets’ relocation with coastal buffer redton would thus allow reducing both
current and future risks under accelerated clirnhtange.

5.4. Limitations of the study and implications for small islands resear ch

The main limitations of this study relate to theiability of aerial and satellite imagery. As
the oldest photographs were taken in 1982, thestiale considered is relatively short (i.e. 32
years), which is a limitation to capture long-techranges and to attribute change. However,
even relatively short records were considered @vipus studies (e.g. 19 years for Funafuti
atoll, in )J.OMore importantly, the images do not fit exaotth the
dates of occurrence of cyclonic events, which Bnaitir capacity to detect the contribution of

% Maladaptation is defined as ‘a process that resnlincreased vulnerability to climate variabilapd change,
directly or indirectly, and/or significantly undemmes capacities or opportunities for present antlréu
adaptation’ { :
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each cyclonic event to observed change. The besdigooation was for TC Oli, and even
though, we were not able to completely “isolatels thvent from other influential factors,
given that pre-cyclone image dated back to late620@. more than three years before the
cyclone). With satellite imagery development, higltemporal resolution will enable to
improve knowledge on TCs’ impacts on coastal molgdnoand shoreline change.

In addition to multi-date image analysis, whichoals capturing planform changes, beach
monitoring, which has never been implemented ieraate island like Tubuai, would allow
estimating changes in beach and barrier beach eliims would allow better understanding
cyclone- and human-induced changes at the cogsiciedly capturing the impacts of a given
climate event on the sediment volume of a givennsedt sub-cell. This seems all the more
important that image availability severely constgaithe assessment of cyclone-induced
changes.

6. Conclusions

Based on available aerial imagery and fieldworks gtudy assessed human- and climate-
induced shoreline changes on a remote Pacific amthtainous island, i.e. Tubuai, in French
Polynesia. Different time periods are consideradging from 3.5 to 32 years (1982-2014).
At the multi-decadal scale, erosion was the dontipattern when considering change in the
position of the base of the beach. The other simer@roxy, the stability line, was found to be
more resistant to coastal erosion. Superimposiegethobservations with data on human
development suggests the primary influence of #tied on shoreline change, as significant
changes can be explained directly or indirectly byman activities, especially the
fragmentation of the initial sedimentary cell irgeveral sub-cells by transversal structures,
land reclamation and shoreline armouring. Focusimg sub-periods, we found a high
variability in shoreline behaviour. In particuléine 2006-2010 sub-period enabled to capture
the impacts of TC Oli (February 2010), one of tlrrsyest cyclones ever recorded in the
Central Pacific region. Surprisingly, most of tihenisects experienced stability, probably due
to the presence of cyclone buffers (notably, theiéaand fringing reefs) associated with
shoreline armouring. Importantly, along the “natuishoreline, the cyclonic waves had a
constructional effect, causing an advance of ttse lod the beach and even beach reformation
in places, due either to reef-to-island sedimeamdport or to the provision of sediments by
rivers.

Despite some limitations (limited image availalilitack of topographic data), the present
study, by documenting past shoreline changes asid dnivers, can be a first step towards
improved coastal management. For instance, itsomés reinforce the idea that TCs’ impacts
on human assets are exacerbated by local humamldistes, which weaken natural buffers,
such as barrier beaches and vegetated back-bed&dmed on these observations, this case
study advocates for the combination of human asselscation and the restoration of
cyclone buffers to reduce current and future rigkder accelerated climate change.
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