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Reef islands, elevated only a fewmeters above sea-level and restricted in area, are not only confrontedwith rising
sea-levels, but the surrounding reef ecosystems,which are the only source of sedimentmaintaining those islands,
are threatened by global (e.g. ocean warming and acidification) and local anthropogenic (e.g. pollution and de-
structive fishingmethods) stressors affectingmany tropical coastal areas. These stressors can increase coral mor-
tality and lead to shifts from coral- to macroalgal-domination, likewise altering the production of skeletal
carbonate sediment and ultimately endanger the physical persistence of reef islands. Herewe study the evolution
of an Indonesian reef island that has been inhabited since the 20th century. By analyzing the sedimentary record
covering the last 5800 years from sediment cores taken on the island, we study the formation processes during
the Holocene. For understanding the spatial dynamics, we compare the sediment record of the past decades
with observations from satellite imagery data. Two shifts in the sedimentological composition over time point
to alterations in the sediment-supplying reef ecosystems. The first sedimentological shift occurred from 3900
years BP on, shortly before the initial formation of the island, when the skeletal compositionwas diversified, pre-
sumably reflecting the modification of the reef ecosystem following a sea-level drop. A second sedimentological
shift in the youngest sediments is marked by increased proportions of the calcifying green algae Halimeda, indi-
cating that the reef ecosystem has shifted toward algal-domination, presumably reflecting increasing anthropo-
genic pressure. Of significance, shoreline change analysis reveals that the island is in an accreting state and has
grown by 13 % in surface area over the past 24 years. Our findings suggest that the compositional alterations in
sediment supply did not destabilize the reef island, and underline the adaptive potential of these landforms.

© 2024 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Widespread degradation of tropical coral reef ecosystems is cur-
rently observed globally, caused by temperature-driven coral bleaching
events as well as regional anthropogenic pressures such as pollution,
extensive and destructive fishing methods, or mining of coral reefs for
infrastructural use (Edinger et al., 1998; Hoegh-Guldberg et al., 2007;
Perry et al., 2013). Degradation impairs the natural ecosystem services
provided by coral reefs, which also include the production of carbonate
frameworks and sediments nourishing coastal landforms such as reef
islands (Westphal et al., 2022). Reef islands, formed primarily of skeletal
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remains of marine organisms from coral reefs and related ecosystems,
are low-lying landforms, rising rarely more than a few meters above
mean sea level (Stoddart and Steers, 1977; Perry et al., 2011; Kench
et al., 2020). They are inherently dynamic landforms in that they largely
consist of unconsolidated sediments that allow waves to rework shore-
line deposits, modifying the position of the shoreline on a seasonal scale
(e.g. as response tomonsoonwinds) or on amultiannual scale (e.g. sea-
sonal El Niño events), which ultimately also leads to the loss of parts of
the sediment from the island peripheries to deeper waters (Kench et al.,
2009; Kench andMann, 2017; Cuttler et al., 2020). In a stable dynamical
state, such erosional deficits in the sediment budget are compensated
by the constant production of skeletal material by the ecosystems,
hence preventing reef islands from erosion in the long term (Perry
et al., 2011). However, with reef degradation and the additional impact
of rising sea level, reef islands face an uncertain prospect for their future
the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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as habitable space for humans (Woodroffe et al., 2017; Storlazzi et al.,
2018).

Reef islands in the Pacific and the Indian Oceans have primarily
formed since the mid-Holocene, over the past ∼5000 years (Woodroffe
et al., 1999; Woodroffe and Morrison, 2001; McKoy et al., 2010; Kench
et al., 2012), largely from coral fragments, which underlines their piv-
otal role in island building and maintenance (Perry et al., 2011). While
storms produce mostly coarse coral rubble, bioerosion of grazing
parrotfish contributes predominantly sand-sized fractions to the sedi-
ment budget (Scoffin, 1993; Perry et al., 2015; Morgan and Kench,
2016a). Due to their strong skeletal structure, coral fragments endure
abrasion effectively and thus persist as long-lasting components for
coastal landforms (Perry et al., 2011; Ford and Kench, 2012). As a conse-
quence of reef degradation, transitions of coral- to macroalgal-domi-
nated reef ecosystems have recently been observed in several reefs
and are projected to increase in the future (Hoegh-Guldberg et al.,
2007; Janßen et al., 2017; Perry et al., 2020; Sari et al., 2021; Fukunaga
et al., 2022). Evidently, such shifts will affect the reef sediment produc-
tion and budgets, also impacting the sediment characteristics and sup-
ply to islands (Perry et al., 2013; Liang et al., 2016). In macroalgal-
dominated reefs, considerable production of carbonate is attributed to
increased settlement of red crustose coralline algae (CCA) and green
algae (Halimeda), of which the latter are directly incorporated in the
sediment budget upon death of the algae (Perry et al., 2020;
Huntington et al., 2022). The elevated sediment production ofHalimeda
in the vicinity of reef islands may, however, not necessarily be reflected
in high proportions of the island deposits, as the platy and porous struc-
ture of the segments allows fast transport to the islandmargins, but also
can lead to quick breakdown in their high-energetic littoral zones (Ford
and Kench, 2012; Wizemann et al., 2015; Morgan and Kench, 2016b;
Perry et al., 2020).

Increasing numbers of studies are analyzing satellite imagery to de-
termine reef island dynamics in response to the ongoing sea-level rise
and changing climatic conditions, contributing to a better understand-
ing and projection of the response of such islands (Webb and Kench,
2010; Husband et al., 2023; Sengupta et al., 2023). A comprehensive re-
view by Duvat (2018) points out thatmost reef islands in the Pacific and
Indian Oceans have remained stable over the last decades. However, the
decadal-scale interplay between ecological shifts and island dynamics is
still not well constrained, in part because such ongoing changes have
mainly been reported only recently (Hoegh-Guldberg et al., 2007;
Browne et al., 2021). The integration of recent sedimentological data
with satellite image analyses of shoreline dynamics is as yet sparse,
however needed to understand the decade to century scale dynamics
of reef islands. In particular, the analysis of satellite imagery around ac-
tively accreting islandmargins can provide evidence of the timing of de-
position and thus help to examine the connection between island
growth and possible facies shifts in these sediments.

Here we contribute to the understanding of the relationship be-
tween shifts in the sediment producing biota of reef ecosystems and
reef island evolution by investigating an Indonesian reef island from off-
shore Sulawesi, Indonesia, that has been used by humans intensively
since the beginning of the 20th century. The analysis of the sedimento-
logical composition of radiocarbon-dated sediment cores allows us to
reconstruct the Holocene formation over the past 5800 years cal BP in
the context of the varying ecological background. Through analysis of
remote sensing data from recent decades (1999–2023), we link the
reef island shoreline evolution to the status of the adjacent local coral
reef ecosystem.

2. Regional setting

The Spermonde Archipelago is a land-attached carbonate shelf in the
Coral Triangle, between themainland of SWSulawesi to the east and the
Strait ofMakassar to thewest (Fig. 1A, B). Around120 reef islands across
the shelf provide habitable space for approximately 50,000 inhabitants
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(Glaser et al., 2015; Kench and Mann, 2017). The Spermonde Archipel-
ago is bordered by a reef rim that forms a topographic barrier protecting
the inner shelf from open ocean conditions. A steep slope drops into the
up to 2500 m deep Strait of Makassar that funnels the Indonesian
Throughflow waters from the Pacific Ocean southward into the Indian
Ocean (Hall et al., 2009; Gordon et al., 2019). The seasonally reversing
monsoon as a dominating wind system strongly influences the physical
and ecological dynamics, including reef and reef island development
(Umbgrove, 1928; Wijsman-Best et al., 1981; Kench and Mann, 2017;
Kappelmannet al., 2023). StrongNWwinds during borealwinter gener-
ate waves on the Strait of Makassar that expose the outer rim to high
hydrodynamic energy. The SEwinds during boreal summer are damped
by themountainous hinterland of the Sulawesi mainland and are there-
fore weaker, yet lead to seasonal upwelling in the Strait of Makassar on
the outer rim (Ilahude, 1970, 1978; Hoeksema, 2012).

During the Holocene at around 5700 years cal BP, a highstandwith a
mean relative sea-level (MSL) of 0.5m abovemodern sea-level has been
recorded, while themodernMSLwas reached around 4200 years cal BP
(Mann et al., 2016; Bender et al., 2020). Little is known about island for-
mation in the Spermonde Archipelago, however, the mid-shelf island
Barrang Lompo has been shown to have formed during the Holocene
on top of an infilled lagoon (Kappelmann et al., 2023). Kappelmann
et al. (2023) showed that this process was slowed-down during the
sea-level highstand, and the later infill took place only after the contem-
porary dominant NW monsoon pattern had established, following a
time of weaker monsoon in the early Holocene (Mohtadi et al., 2011;
Ding et al., 2013).

In our present study, we investigate the island Langkai (Fig. 1C) that
is located on the southern rim of the Spermonde Archipelago and has an
area of 23 ha (2023) with an elevation of ∼1.8 m aboveMSL. Infrastruc-
ture is concentrated in the northern area of the island. In the center of
the island is a public sports field, which according to the local commu-
nity marked the southern shoreline in the early 20th century (Figs. 1C,
3B).

3. Material and methods

3.1. Field methods

Five push cores were recovered along a transect from the northern
to the southern shoreline of Langkai in 2016 (Fig. 1C). The probes of 1
m length with an internal liner with a diameter of at least 28 mm
were pushed in the same hole repeatedly to reach a maximum depth
of 8 m. Sediment samples were taken from the lower 10 cm of each of
the 1 m-probe intervals (n = 22). Sample coding indicates the core
number (LK1 to LK5) and depth below surface in meters (e.g. LK1-3 in-
dicates 3 m below surface). In the northern location LK1, a maximum
drilling depth of 8 m below surface was reached while at all other loca-
tions, at 4 m below surface, penetration was obstructed by a solid layer.
Nine additional cores were taken in August 2021 with a hand-held 120
cm long Auger corer at 31 locations in the intervals between the push
cores in the existing N–S transect, and 22 cores were taken along a
new W–E transect (Fig. 1C). Analyses were undertaken on sediment of
the lowermost 10 cm of the cores. The maximum depth of the Auger
corer of 110–120 cm below surface was reached in most cores, while
for nine cores, lithified layers restricted coring to shallower depths
(see Kappelmann et al., 2024 for locations and depths).

3.2. Lab methods

Sedimentswere dry-sieved into phi fractions according to the classi-
fication byWentworth (1922) usingGRADISTAT v9.1 for statistics (Blott
and Pye, 2001). For determining the origin of the sediment grains, the
gravel (>2 mm), very coarse sand (2–1 mm), coarse sand (1–0.5
mm), and medium sand (0.5–0.25 mm) fractions were analyzed using
a digital microscope. We identified n = 100 grains per fraction (n =



Fig. 1. A. Study area in Indonesiawith Sulawesi marked in black and orange arrow indicating the Spermonde Archipelago; B. Spermonde Archipelago between the Sulawesi mainland and
the Strait of Makassar, shallow reefs marked in gray and reef islands in black; based on Kench and Mann (2017); C. study island Langkai with locations of five deep push cores and 31
shallow Auger cores along a N–S transect and an E–W transect. Yellow dashed line marks the southern shoreline in the late 19th century as communicated by the local community;
the white rectangle marks the sport field.
(Imagery Copyright 2021 Maxar Technologies Inc.)
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400 per sample), analogous to comparable studies (East et al., 2016;
Janßen et al., 2017). The following component categories were identi-
fied: corals, CCA, Halimeda, gastropods, and foraminifers. The group of
bivalves, echinoderms, bryozoans and serpulids was summarized as
“others” for their insignificant abundances. Furthermore, we noted
cemented grains (“aggregates”) andnon-identifiable grains (“bioclasts”).
As this study focuses on interpreting the ecological background, these
grains were not included in the count of n = 100 per fraction.

Radiocarbon ageswere determined on bulk sediment by extracting a
minimum quantity of 500 mg from the coarse sand fraction of 20 sam-
ples selected in a spatially representative grid by the Poznan Radiocar-
bon Laboratory, Poland. We corrected the conventional radiocarbon
ages using the online interface OxCal v4.4 (Bronk Ramsey, 2009) and
implemented theMarine20 curve (Heaton et al., 2020). As regional ma-
rine reservoir correction we chose ΔR= 0 ± 0 as in other studies from
the Spermonde Archipelago (Bender et al., 2020; Kappelmann et al.,
2023). We use the mean calibrated age (termed years cal BP) for the
present study.

3.3. Shoreline analysis

Shoreline positionswere analyzed on the basis of 11 satellite images
covering the time interval from 1999 to 2023 that were imported and
georeferenced in ArcGIS (Version 10.8.2). The satellite images were ob-
tained from the United States Geological Survey, Esri & Maxar Technol-
ogies Inc., Airbus DS and Planet Labs PBC (see Kappelmann et al., 2024
for exact list of images, acquisition dates and sensors). We used the
edge of vegetation as shoreline proxy, which, unlike the toe-of-beach,
is largely unaffected by seasonal and tidal fluctuations, and is commonly
used for multidecadal analysis (Webb and Kench, 2010). Shorelines
were manually digitized from each image at a uniform scale by a single
operator. We then used the Digital Shoreline Analysis System (Thieler
et al., 2009) to cast digital transects at intervals of 5 m from an onshore
baseline and applied a confidence interval of 2σ (95.5 %) for the calcula-
tion of uncertainty in shoreline change statistics. We use the Net Shore-
line Movement (NSM) and End Point Rate (EPR) in this study, that
provide a measure of the distance between the oldest and latest re-
corded shorelines and a rate of change by normalizing the distance by
elapsed time, respectively. A total of 306 digital transects were cast,
where transects showing positive upper and lower intervals of EPR
were classified as significant accretion, negative upper and lower inter-
vals as showing erosion, and the remaining classified as stable. The net
3

migration of the island footprint on the reef platform was measured as
the distance between temporally consecutive island centroids.

Additionally, a 1:100,000 scale hydrographic survey map from 1897
of the archipelago was obtained from the National Archives in The
Hague, Netherlands. Due to the high uncertainty in spatial referencing,
this map was not used to quantify changes in area, however, it serves
as a reference for examining the configuration and footprint of the veg-
etated island core from ∼125 years ago.

4. Results

4.1. Sedimentological characteristics

The unconsolidated subsurface sediments retrieved from below
MSL, i.e. push cores from 2m depth or deeper (Fig. 2A), differ markedly
in composition and texture from those taken from above MSL, i.e. the
uppermost samples from the push cores and the Auger cores (Fig. 2B,
C). The samples from below MSL consist of gravel-rich sediments. At
the basis, push cores show a pronounced dominance of coral fragments;
in the northernmost core LK1 (LK1-8 and LK1-6) they consist entirely of
coarse coral fragments (Fig. 2A; see Supplementary Tables S1 for addi-
tional information). These gravels are overlain by sand-sized sediments,
that are also dominated by coral fragments, but have a more diverse
composition in the samples LK1-5 to LK1-2 in which coral is the domi-
nant (50 to 59 %) component. Halimeda and gastropods represent
each >10 %, while CCA and foraminifera are minor constituents with
<10 %. The cores LK2, LK3 and LK4 show similar trends over depth
(Fig. 2A). Their gravelly basal samples (LK2-4, LK3-4 and LK4-4) contain
predominantly coral fragments (82 to 92 %), andminor components are
CCA (4 to 7 %) and gastropods (3 to 6 %). Above, coral-dominated (52 to
68 %), gravel-sand deposits prevail with subordinated contributions
from gastropods (8 to 17 %), Halimeda (6 to 12 %) and CCA (5 to 12 %),
while foraminifera are usually rare (1 to 9 %). In the southernmost
core LK5, the three deepest samples (LK5-4, LK5-3 and LK5-2) contain
gravelly sediment composed of coral (64 to 68 %), as well as CCA (9 to
13 %), gastropods (8 to 12 %) and Halimeda (7 to 11 %).

In the shallow samples from above MSL, sand-sized grains prevail
(Fig. 2B, C). These are primarily formed by coral, Halimeda and gastro-
pods, of which the first two vary most notably in contribution. Along
the N–S transect (Fig. 2B), the samples close to the northern shoreline
(A1 and A2) are dominated by coral and Halimeda (both >30 %),
with subordinate contributions from gastropods (16 to 26 %) and



Fig. 2. Sedimentprofiles across the two transects on Langkaiwith sediment texture, sediment composition and radiocarbon ages. A. N–S transect belowMSLwith deep push cores LK1 to LK5.
B. Shallowpush cores andAuger cores A1 to A9 fromaboveMSL along theN–S transect. C. E–WtransectwithAuger cores A10 toA31 aboveMSL. Dashed lines indicateminimumextension of
shorelines as observed from satellite image data since 1999. The detailed skeletal and textural composition of each sample in this figure can be found in the Supplementary Tables S1.
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foraminifera (4 to 5 %). From sample A3 southward to A9, coral frag-
ments (38 to 68 %) are the main constituents, and other components
such as gastropods (8 to 28 %), Halimeda (9 to 22 %), CCA (7 to 16 %)
4

and foraminifera (1 to 9 %), have varying proportions. The southern-
most shallow sample (LK5-1) is, similar to the northern samples,mainly
composed of Halimeda (39 %) and coral (30 %).



Table 1
Conventional and calibrated radiocarbon (RC) ages of 20 selected samples.

Lab code Sample
ID

Material
analyzed

Conventional
RC age
[years BP]

Calibrated RC
age range, 95.4 %
probability
[years cal BP]

Mean
calibrated
RC age
[years cal BP]

Poz-154832 LK1-3 Bulk sediment 1755 ± 30 1283–1008 1151
Poz-154833 LK1-6 Coral fragments 4230 ± 35 4335–3955 4137
Poz-154836 LK1-8 Coral fragments 4210 ± 35 4295–3919 4109
Poz-154834 LK2-2 Bulk sediment 3395 ± 30 3250–2908 3081
Poz-154835 LK2-4 Bulk sediment 5225 ± 35 5562–5259 5397
Poz-154789 LK3-1 Bulk sediment 4010 ± 30 4017–3665 3841
Poz-154838 LK3-4 Bulk sediment 5565 ± 35 5901–5594 5754
Poz-154241 LK4-3 Bulk sediment 4075 ± 35 4110–3744 3930
Poz-154239 LK5-1 Bulk sediment 2440 ± 30 2066–1741 1906
Poz-154240 LK5-4 Bulk sediment 3830 ± 35 3791–3445 3608
Poz-160367 A1 Bulk sediment 1320 ± 30 855–575 712
Poz-160369 A3 Bulk sediment 3150 ± 30 2940–2664 2790
Poz-160370 A6 Bulk sediment 3910 ± 30 3880–3546 3712
Poz-160417 A8 Bulk sediment 3875 ± 30 3830–3496 3667
Poz-160442 A10 Bulk sediment 1220 ± 30 731–506 618
Poz-160441 A15 Bulk sediment 3135 ± 30 2925–2635 2773
Poz-160371 A19 Bulk sediment 2795 ± 30 2530–2169 2358
Poz-160445 A22 Bulk sediment 3170 ± 30 2955–2685 2810
Poz-160444 A26 Bulk sediment 2900 ± 30 2671–2336 2494
Poz-160445 A31 Bulk sediment 2010 ± 30 1536–1280 1407
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Along the W–E transect (Fig. 2C), the samples close to the western
(A10 to A13) and eastern (A31) shoreline contain high proportions of
coral (23 to 46 %), Halimeda (21 to 36 %) and gastropods (18 to 29 %).
Farther from the shorelines, the samples A14 to A20 (40 to 55 %
coral), with the exception of A19 that has the highest content of
Halimeda in our data (46 %), as well as A26 to A30 (31 to 50 % coral)
show dominating coral fragments, gastropods (20 to 31 %) and
Halimeda (15 to22%). The samplesA21 to A25 containmainlyHalimeda
(25 to 40 %) and coral (23 to 35 %).

4.2. Radiocarbon ages

A total of 20 radiocarbon ageswere determined, 14 for the N–S tran-
sect and 6 for the W–E transect (Table 1 and Fig. 2). The radiocarbon
ages from the deep section of the northernmost core, LK1-8 and LK1-
6, reveal similar ages of 4109 and 4139 years cal BP (Fig. 2A). The oldest
ages in our data set are found in the basal samples of the central cores in
LK3-4 (5754 years cal BP) and LK2-4 (5397 years cal BP). Overlying sed-
iments on the N–S transect from the center toward south range from
3930 to 3608 years cal BP (Fig. 2A). Sample LK3-1 has the oldest radio-
carbon date above MSL with 3841 years cal BP. Along theW–E transect,
we find comparably younger ages around the island center, ranging
from 2358 to 2810 years cal BP (Fig. 2B). The youngest samples of
each transect are recorded close to the recent shorelines with 712 and
1906 years cal BP on the N–S transect and 618 and 1407 years cal BP
on the W–E transect. Also, the sample LK1-3 (1152 years cal BP) in
the northernmost core has a relatively young age.

4.3. Shoreline analysis

A total of 306 analyzed digital transects reveal that accretion was
significant in 84.97 % of the transects, whereas 14.05 % eroded and
0.98 % remained stable between 1999 and 2023 (Fig. 3). The prevailing
accretion resulted in a marked expansion of the island area to 22.95 ha
in 2023, indicating a net increase of 2.61 ha (12.8 %) since the start of
the 21st century (Fig. 3E). The highest rates of shoreline advance are
reported along the north and northwest margins (∼60 m), as well as
in the south (∼30 m), where mean annual accretion rates are well
above 1.0 m year−1 (Fig. 3C). The eastern part of the island shows
widespread erosion, where the shoreline retreated by ∼70 m. Inter-
mediate accretion and subsequent erosion are found in the northeast
5

of Langkai, however over the time analyzed this part of the island is
characterized by net accretion. The imbalance in the magnitude of
erosion and accretion around the island margin led to the migration
of the island footprint on the reef platform, with the centroid of
Langkai having moved by 30.92 m toward the NW within the last
24 years (Fig. 3C).

5. Discussion

5.1. Holocene island formation

5.1.1. Mid-Holocene highstand sedimentation
The deepest samples in the center of the island (LK2-4, LK3-4 and

LK4-4), taken from depths of 2.2 m below modern MSL, consist of
coral-rich (∼82 to 92 %) sediments, with minor contributions of CCA
(∼4 to 7 %) and gastropods (∼3 to 6 %). These basal sediments are
dated to 5754 and 5397 years cal BP (LK3-4 and LK2-4), thus indicating
that the oldest sediments in our study were deposited during a mid-
Holocene sea-level highstand that was reached at 5700 years cal BP
(Mann et al., 2016; Bender et al., 2020). The dominance of coral frag-
ments with minor contributions from CCA and gastropods in the sedi-
ment suggests that the variety of carbonate secreting reef organisms
was limited. Similar sediments are found in Holocene reefs from Japan
and are thought to have formed during vertical reef growth, i.e. catch-
up, during rising sea-level (Neumann and Macintyre, 1985; Yamano
et al., 2001). The core depth and the solid layer beneath imply that the
upward growth of the solid coral framework beneath the recent island
stopped around 2.2 m below MSL and the island later formed on this
foundation (Fig. 4H1).

5.1.2. Mid-Holocene post-highstand sedimentation
The sediments that overlay the basal deposits in the cores LK2 to LK4

and the sediments in the southern core LK5have notably younger radio-
carbon dates (e.g. LK4-3 with 3930 years cal BP and LK 5-4 with 3608
years cal BP), therefore indicating that the these were deposited after
sea-level had fallen to the contemporary level by 4200 years cal BP
(Mann et al., 2016; Bender et al., 2020). The sediments are sand–gravel
mixtures, composed of more diverse skeletal assemblages than below
(Fig. 2A), with dominant coral and contributions from gastropods,
CCA, Halimeda and foraminifers, thus indicating an ecological transition
in the sediment producing biota. Similar transitions are known from
reef islands in the Great Barrier Reef, Australia and the Maldives,
where post sea-level fall sedimentation was characterized by increased
proportions of e.g. foraminifers and mollusks (Yamano et al., 2000;
Kench et al., 2020). As the MSL affects the ecological reef zones by
steering the hydrodynamic energy (Done, 1982), the sea-level fall likely
promoted the development of a low-energetic backreef environment, in
which foraminifera, Halimeda and gastropods found suitable habitats.
The island formation initiated presumably soon after this diversification
of sediment producing biota (Fig. 4H2). The sediments and radiocarbon
ages in core LK1 (samples LK1-8 and LK1-6) in the north of Langkai dif-
fer from further south in that they show pure coral sediment dated to
4137 and 4109 years cal BP (Fig. 2A, Table 1), indicating that these
were formed considerably later than the basal sediments in the central
cores despite their greater burial depth.

5.1.3. Late Holocene sedimentation
The island sediments obtained from above MSL that were not

reworked at least since 1999 (according to the shoreline analysis, see
markings in Fig. 2B, C) consist of mainly sand-sized grains. The skeletal
composition in these deposits shows both, coral-dominated sediments
as well as mixtures with dominant coral fragments and Halimeda.
While the increased abundance of Halimeda may suggest another eco-
logical transition in the supplying ecosystems, there is no clear pattern
in the spatial distribution or temporal linkage in the radiocarbon dates
that would confine it. On the N–S transect the ages of the sediments



Fig. 3. Shoreline dynamics in recent decades: A. Shorelines recorded from satellite imagery between 1999 and 2023 (Imagery Copyright 2021 Maxar Technologies Inc.); B. hydrographic
surveymap from1897 collected from theNational Archives, TheHague, Netherlands; C. digital transect scale analysis of shoreline change rates; D. net shorelinemovement; E. resulting net
changes in island planform area.
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Fig. 4. A. The Holocene formation of Langkai (H1) under highstand conditions, (H2) the falling sea-level and (H3) the subsequent growth and reworking along the shorelines. Sea-level
curve follows recorded data until around 3700 years cal BP from the study area (Mann et al., 2016; Bender et al., 2020). B. The relative proportions of coral andHalimeda in sediments that
have been dated. Note that the youngest sediments contain an age bias, as explained in the following discussion. Themodern islanddynamics (M1–M3)present an interpretation based on
the reports by the local community, the 1897 hydrographicmap and the shoreline analysis, with (M1) the island shape in the late 19th century when the landformwas only inhabited by
few fishermen and reefs were in coral-dominated state; note that the island area is not to scale. (M2) Intensive settlement of the island in themid 20th century and following pressure on
the reefs and (M3) recent status with macroalgal-dominated reefs and their mirroring in deposition of Halimeda-rich sediments.
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range from 3841 years cal BP (LK3-1) to 2790 years cal BP (A3), while
on the W–E transect a temporal range from 2810 years cal BP (A22) to
2358 years cal BP (A19) is reported. The relatively young age in the
north with 1151 years cal BP (LK1-3), indicates, however, that the
slope of unconsolidated sediments accreted here later, which conse-
quently also allowed northward expansion of the island (Fig. 4H3).

5.2. Century- and decadal-scale shoreline dynamics and sedimentation

5.2.1. Century scale shoreline dynamics
The centennial comparison of shorelines suggests that the island

shape has evolved significantly since the late 19th century. The map
from the hydrographic survey undertaken in 1897 (Fig. 3B) is in line
with communications by locals stating that the southern island edge
one century ago was located close to where the central sports field
is found currently (Fig. 1C, 3C). This suggests that the W–E transect
is close to the southern shoreline from the late 19th century when
the island was more lens-shaped (Fig. 4M1) and significantly accreted
in southward direction according to the locals in the 20th century
(Fig. 4M2). Consequently, the samples A6 (3712 years cal BP) and
A8 (3667 years cal BP) on the N–S transect must have been deposited
significantly later than their radiocarbon ages imply. The radiocarbon
dating of bulk samples thus represents maximum ages derived
from the admixture of older components, with ages up to several
7

millennia that have been reworked in the vicinity of the island or on
the reef flat, as well as components that were only recently added to
the sediment.

5.2.2. Decadal scale shoreline dynamics and sedimentation
The shoreline analysis from the recent decades reveals that the

island is predominantly in an accreting state. Despite intermittent net
area erosion between e.g. 2016 and 2017 (Fig. 3A, C), overall shoreline
advance has led to a total island area of nearly 23 ha, indicating an
increase of ∼13 % over the past 24 years (Fig. 3). In the sediments
that were deposited after 1999 according to this remote sensing
analysis (i.e. the samples LK5-1, A1, A10, A11, A12, A31; Fig. 2A, B),
coral and Halimeda are the dominant components. Although the
radiocarbon dates of these sediments suggest pre-modern ages
(e.g. A1 with 712 years cal BP and A31 with 1407 years cal BP), the
satellite imagery data proves that their deposition took place within
the last decades, thus implying that also reworked older sediments
were deposited here (Fig. 2A, B). The increased abundance of Halimeda
fragments in the modern shoreline sediments underlines however that
they recently became a consistent and main constituent of the island
sediments.

As summarized by Duvat (2018) shoreline studies in the Pacific
and Indian Ocean found that islands larger than 10 ha are mainly stable
(89 %) and a growth rate of >3 % area per decade is rare (11 %). Based on
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this classification, the spatial expansion of a large island like Langkai at a
rate of >5 % area per decade is particularly noteworthy. Due to the
nearly equatorial location of the Spermonde Archipelago, the area is
not affected by high-magnitude events such as cyclones, and thus the
presumable drivers of island evolution are the reversing monsoon
winds, as well as inter-seasonal fluctuations therein (Kench et al.,
2009, 2023; Kench and Mann, 2017). Erosion in the past decades was
limited to the eastern margin of Langkai, which faces monsoon winds
during the boreal summer or dry season (Fig. 3C). This implies that ero-
sion occurredmainly during the SEmonsoon over the past two decades,
with shoreline retreat rates of >1.0 m/year. Of note, the northeastern
edge shows high dynamism and a net accretion indicating an active lit-
toral transport zone, where sediment reworking is driven by wave re-
fraction and diffraction over monsoonal changes in wave regimes
(Mandlier and Kench, 2012; Kench and Mann, 2017). Likewise, accre-
tion on the northwestern and southern margins has been promoted
through alongshore sediment transport during SE monsoon. The near-
constant accretion along the north, west and southern margins has led
to a shift in the nodal position of the island, with the centroid migrating
∼31 m toward the open ocean (Fig. 3C). Additionally, note that the em-
pirical record of expansion of the island as documented in this study re-
flects the progradation of the edge of vegetation. Consequently, there is
a lag between sediment influx onto the reef platform, deposition and
subsequent expansion of the vegetated island core. Collectively, our
data highlight that the island has maintained morphological stability
and growth through the ecological transitions in the reef ecosystem
that contribute to the development of the reef island (Fig. 4M3).

5.3. The increase of Halimeda in island sediments

Overall, the reef island sediments in the Spermonde Archipelago
contain relatively higher proportions of Halimeda on the outer shelf,
whereas mid-shelf islands usually have only scattered contributions
of these green algae (Janßen et al., 2017; Kappelmann et al., 2023).
This general trend can be explained by the fact that the outer shelf is
exposed to seasonal upwelling and increased nutrient availability,
which has been shown to promote Halimeda growth (Ilahude, 1970,
1978; Teichberg et al., 2013). Of significance, however, is that the
proportions in the younger island sediments with >30 % of Halimeda
contrast older deposits in our study and also exceed their content in
surface sediments of other outer shelf islands, whereHalimeda accounts
for well below 10 % of the composition (Janßen et al., 2017). The trend
toward Halimeda-dominated sediments over time (Figs. 2, 5E) suggests
that the reefs around Langkai have shifted from a coral- to a more
macroalgal-dominated state. Although the radiocarbon dates of this
study do not exclude the possibility that Halimeda already became
increasingly abundant already in the late Holocene, the sediments that
have been deposited after 1999 according to the satellite imagery data
(i.e. the samples LK5-1, A1, A10, A11, A12, A31), show an evident and
consistent proportion of the macroalgae. Our sedimentological findings
may thus be linked to a recent report on the reef status, in which the
condition of the coral reefs around Langkai was rated as one of the
worst in terms of living coral cover in the Spermonde Archipelago
(Sari et al., 2021). Notably, the population on Langkai island has drasti-
cally increased over the second half of the 20th century from 10 perma-
nent settled fishermen to >225 recent households, of which the
majority work in fisheries (Gorris, 2016). Extensive and destructive
fishing techniques such as cyanide and blast fishing emerged since the
mid 20th century and are still common in the Spermonde Archipelago
(Pet-Soede and Erdmann, 1998; Lampe et al., 2017), and specifically
the Langkai reefs lack fishing policies (Sari et al., 2021). Such fishing
methods impair the ability of e.g. parrotfish to maintain healthy coral
growth, hence leading to the demise of the latter, and promoting shifts
toward macroalgal reefs (Hughes, 1994; Cramer et al., 2017). Simulta-
neously, the decline of parrotfish, of which some species preferably
feed on Halimeda (Mantyka and Bellwood, 2007), may also promote
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the long-term success of the algae, especially in upwelling settings
(McNeil et al., 2021). Additional stress on the ecosystems may arise
from nutrient enrichment through the discharge of untreated sewage
waters from inhabited islands in Spermonde Archipelago (Edinger
et al., 1998), aswell as themining of the solid coral framework for infra-
structural use (Fig. 5A). Collectively, it appears that the local reef ecosys-
tem is under modification already for several decades and thus are also
the sediment production and island dynamics, probably as the result of
combined natural and anthropogenic effects. Despite the pronounced
ecosystem shift to macroalgal-dominance, the shoreline analysis of
the past two decades provides evidence that the island is currently in
an accretionary state, with significant increases of sand-sized Halimeda
fragments (Fig. 4B). High sediment production of Halimeda is known
frome.g. inter-reef areas in theGreat Barrier Reef, where psammophytic
species (attached to soft substrate) build extensive bioherms in water
depths of >20 m (McNeil et al., 2020). In the shallow reefs around
Langkai, growth of Halimeda was mainly observed on e.g. dead coral
(Fig. 5B), suggesting that lithophytic (attached to solid substrate),
non-bioherm-forming species are the main producers of Halimeda
fragments (McNeil et al., 2020). Presumably the active reworking
of sediment around Langkai does not allow the establishment of
psammophytic Halimeda bioherms on soft substrates. Consequently,
the dead solid coral framework would still serve as an important
substrate for the settlement of Halimeda, and thus indirectly facilitate
sediment production post mortem.

Our finding of a macroalgal-shift in island supplying ecosystems
aligns with the report on the Spermonde Archipelago by Janßen et al.
(2017), who found increased CCA in surface sediments on a mid-shelf
island, interpreted as a consequence of increased anthropogenic pres-
sures on reef ecosystems attributed to discharge of untreated sewage
waters, nutrient enrichment and overfishing. In the Halimeda-rich
sediments of our study, however, the proportions of CCA are commonly
limited to 5 % or less. Although our study does not include a direct obser-
vation of the current calcifying biota in the ecosystems, we cannot
exclude that CCA has increasingly spread in the degraded reefs of
Langkai along with Halimeda, as observed elsewhere (Huntington
et al., 2022; Cornwall et al., 2023). An explanation of the absence of
CCA may be that their pathway into the sediment is mainly indirect,
i.e. through bioerosion by (over-exploited) parrotfish, whereas
segments of Halimeda are directly incorporated in the sediment upon
death of the algae (Perry et al., 2011; Browne et al., 2021).

5.4. From an underestimated component to a potential key sediment source
for reef islands?

Owing to their porous and platy structure, Halimeda fragments have
a lower potential to withstand fragmentation under wave action at
shorelines than other skeletal components, such as coral, bivalves and
foraminifers (Ford and Kench, 2012; Morgan and Kench, 2016b). With
estimates that up to 90 % of produced segments disintegrate into
mud-sized (<63 μm) particles, this fragility compromises the suitability
of Halimeda to contribute significantly to the maintenance of coastal
systems and reef islands (Perry et al., 2016, 2020). In our present
study however, Halimeda form the majority of recently deposited
sand-sized sediments, hence constituting a major sediment source for
the island accretion especially in the past two decades. The Halimeda
fragmentswehave observed under the binocularmicroscope are almost
exclusively fragmented and contain cements in their outer and inner
pores. In order to visualize the effect these cements have on the internal
structure we took SEM images from randomly selected Halimeda frag-
ments from the samples A1 and A25. These confirm the presence of dif-
ferent degrees of cementation and crystal types within the macroalgal
skeletons (e.g. Fig. 5C, D, see Supplementary materials S2 for additional
SEM images). Wizemann et al. (2015) pointed out that the cementation
in Halimeda can considerably enhance their preservation potential in
reef sediments, and this internal cementation of Halimeda segments in



Fig. 5. A. Large coral blocks with diameters of around 20 to 40 centimeter used for the construction of infrastructure on the mid-shelf island Barrang Lompo, Spermonde Archipelago;
Photo: Y. Kappelmann; B. prevailing settlement of algae on solid substrate in the reef of Langkai, Halimeda marked with arrows; image width approximately 1.2 m; Photo: M. Stuhr; C.
SEM backscatter image ofHalimeda fragment from sample A1; D. SEM backscatter image of the areamarked in C. showing abundant growth of internal cements in the pore spacemarked
with arrows; E. conceptual model of sediment production by Halimeda and the effect of internal cementation.
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shallow marine environments may take place in <100 years (Mann
et al., 2021). The internal cementation effectively decreases the poros-
ity, therefore preventing individual segments from breakdown into
mud-sized aragonite needles (Fig. 5E). We assume that early-
diagenetic cementation in porous Halimeda segments is a probable
factor in their preservation and may be enabled, when the individual
segments remain in a low-energetic setting for a sufficient amount of
time (Wizemann et al., 2015). Overall, given that the Halimeda-shift
around Langkai has likely intensified since the mid 20th century, the
cementation may take place even faster, i.e. within decades, and may
facilitate long-term preservation of the fragments within the reef and
island sediments.

We argue that the process of cementation has implications for the
global perspective on carbonate budgets. Bleaching events and coral
reef degradation due to local anthropogenic stressors (e.g., increased
nutrient influx, overfishing), have been increasingly recorded since
the late 20th century and their extent has increased ever since, with
proposed shifts to macroalgal-dominated states, which in several
cases are characterized by increased Halimeda growth (Hughes et al.,
2017, 2018; Perry et al., 2020; Fukunaga et al., 2022). Given that these
bleaching events are recent events, their mid- to long-term effects on
sedimentary systems are not yet understood. Therefore, our study pro-
vides an example of how coastal systems react to coral-macroalgal
shifts. We hypothesize that Halimeda settlement on degraded reefs is
a valuable source to provide suitable sediment for coastal sedimentary
9

systems. This may in particular be the case in regions of low storm
frequency, where reef islands consist predominantly of sand-sized sed-
iments (Woodroffe, 2008). In order to enhance our understanding of
the potential of Halimeda production for island sediment supply, it is
however necessary to further investigate (1) the ratio of segment break-
down vs segment survival that enables later cementation, (2) the
physico-chemical drivers of cementation and (3) the related time
frames over which internal cementation is taking place as summarized
in Fig. 5E. Furthermore, our study clearly underlines the importance of
coupling remote sensing data to sedimentological field data, in order
to shed light on the ecological component of reported island dynamics.

6. Conclusion

In our study we present a model of Holocene reef island formation
in the Spermonde Archipelago and reveal its shoreline dynamics in
the recent decades. We find that the sea-level fall in the mid-Holocene
has promoted the evolution of a low-energetic backreef environment
inwhich a greater variety of sediment producing species found habitats,
whose skeletal remains then contributed to the formation of the island.
This is shown by a shift in the sediment composition with increased
proportions of gastropods, Halimeda and foraminifera, compared to un-
derlying coral sediments. The more diverse sediments were deposited
after a sea-level fall and the subsequent stabilization of the same around
4200 years cal BP. These findings underline that sea-level fluctuations
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affect the production of reef derived carbonate, and thus the develop-
ment of landforms.

Our analysis of shoreline evolution suggests, that the island has
adjusted its shorelines steadily since the 19th century and that accretion
was dominant over the past decades, resulting in an island area increase
of 13 % since 1999. Importantly, this accretion was supported by
Halimeda-rich sediments, whereas older deposits were mainly formed
by coral-dominated sediments. The evident shift in the sedimentological
composition is presumably the result of natural nutrient supply through
upwelling, and intensified lately with increasing anthropogenic pressure
on the coral reef ecosystems that came along with intensive settlement
of the island and increased exploitation of its surrounding coral reefs.
Our findings hence prove that the sediment sources of the island were
altered and still provide sufficient material for island growth despite a
macroalgal shift in the surrounding reef ecosystem. Given that this pro-
nounced ecosystem shift has seemingly affected the sediment supply-
ing reef ecosystems more drastically since the mid 20th century, our
study provides an exceptional analog of how reef islands may react to
the currently increasing coral- to macroalgal-shifts in the mid-term
(i.e. on a scale of several decades), when increased carbonate produc-
tion is provided by the green algae Halimeda. This potentially opens
new approaches to coastal management of reef islands.
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