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1 | INTRODUCTION

Coral reefs and mangrove forests are susceptible coastal ecosystems, particularly in
light of intense human-induced pressures, including the anticipated sea level rise in
the 21st century. Here, we explore the chronology and interconnectedness between
coral reefs and mangroves in response to Holocene sea level changes, taking Belitung
Island, Indonesia, as a case study. We described the regressive stratigraphy of an out-
crop in a drained tin mine and collected a series of 3-m-long cores from three study
sites, which suggests that the nearshore reef establishment was taking place at ~2-m
elevation below the present mean sea level by approximately ~6.1-5.7 kyr BP. After
a phase of vertical reef accretion until ca. 4.3-3.8 kyr BP, the reef system—from the
forereef to onshore beaches—changed to a horizontally prograding system under
conditions of relative sea level fall. The shoreline accordingly prograded seaward,
leaving kilometre-wide platforms constructed by the antecedent mid-Holocene coral
reefs, thereby providing accommodation space for terrestrial sediment deposition
and mangrove forests that thrived from the Late Holocene onwards. The case study
of Belitung Island allows us to derive general behaviour laws based on the determin-
istic role of geological history in the development of coastal ecosystems. By shedding
light on the complex connection between coral reefs, mangroves and sea level
changes over geological timescales, these results outline the need to analyse the past
evolution of mangrove forests and coral reefs as a unique system to predict their

future evolution.
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ambient environmental conditions, including sea surface salinity, tem-
perature, light, and turbidity (e.g., Cahyarini et al., 2021; Cobb

Coral reefs and mangrove ecosystems are key tropical ecosystems.
They fringe tropical coastlines and play important ecological roles by
sustaining highly diverse biological assemblages essential to coastal
communities (e.g., Choudhary et al., 2024; Guannel et al., 2016). Fos-
sil corals have been shown to document rapid changes in local

T. Solihuddin and G. de. Gelder share first-authorship.

et al,, 2013; Falter et al., 2013; McGregor et al., 2022). In addition,
fossil coral reefs document vertical land motion and sea level changes
over geological timescales (e.g., Collins et al., 2011; De Gelder
et al, 2022, 2023; Neumann, 1985; Solihuddin et al., 2015;
Woodroffe, 2002). In this context, it is essential to understand reef
evolution at geomorphological scales, as it can bridge the temporal
and spatial divide between long-term geological and short-term
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ecological processes (Buddemeier & Smith, 1988; Woodroffe, 2025).
Similar to coral reefs, mangrove forests provide an important habitat
to a wide range of flora and fauna and function as natural carbon
sequestration agents in the intertidal zones of subtropical regions
(Howard et al., 2017). Mangrove environments provide fish nursery
habitats, improve water quality and stabilize shorelines to support
coral reefs (Rogers & Mumby, 2019; Wells & Ravilious, 2006;
Whitfield, 2017). The evolution of mangroves has been closely asso-
ciated with changes in sea level and climate on geological timescales,
with mangroves generally flourishing during periods of relatively sta-
ble sea level (Srivastava & Prasad, 2019). Most importantly, coral
reefs and mangroves develop an overlooked interconnectedness at
ecological, geomorphological and geological scales. For example, coral
reefs dramatically reduce the wave energy coming from offshore, all-
owing mangroves to grow in a calm wave environment while trap-
ping and storing mangroves riverine sediments that might otherwise
inhibit coral reef expansion (Harborne et al., 2006). Here, we contend
that these interactions are not marginal but condition the develop-
ment of both, making the case for mangroves and coral reefs as a
unique, coupled system.

Direct observations and remote sensing provide convenient and
cost-effective approaches for monitoring coastal changes (Kamila
et al., 2020; Kantamaneni et al., 2022; Sui et al., 2020). However,
these datasets typically span only ~30-70 years, corresponding
mainly to the remote sensing era, and therefore only capture decadal-
scale shoreline variability. In contrast, geological and sedimentary
records document coastal evolution over millennial timescales, includ-
ing responses to meter-scale Holocene relative sea level changes
(Woodroffe, 2002; Woodroffe & Horton, 2005; Montaggioni, 2005).
During the past ~10 000 years (the Holocene), the development of
coral reefs and mangroves has been strongly influenced by relative
sea level (RSL) changes, terrigenous inputs and antecedent coastal
topography (e.g., Montaggioni, 2005; Woodroffe, 2025; Woodroffe
et al., 2016; Yamano et al., 2019). By focusing on coastal geomorphol-
ogy and stratigraphy, this study extends beyond observational records
to reconstruct how meter-scale Holocene sea level variations shaped
tropical coastlines. To date, relatively few studies have provided inte-
grated stratigraphic records that simultaneously document reef devel-
opment, mangrove establishment and their spatio-temporal coupling
within a single coastal system. While Yamano et al. (2019) demon-
strated the geomorphic control of reef flats on mangrove distribution,
and Woodroffe (2025) highlighted the long-term influence of
inherited coastal landforms, integrated reconstructions of their
coupled Holocene evolution remain limited. Here, we provide such a
reconstruction for Belitung Island.

Indonesia lies at the heart of the coral reef triangle and hosts one
of the largest mangrove areas globally, much of which has experi-
enced substantial areal decline over recent decades Global Mangrove
Watch 2025). Belitung Island is located in the Karimata Strait, off the
east coast of Sumatra, Indonesia, bordering the South China Sea to
the north (Figure 1). It has been the focus of previous studies
addressing sea level change (Meltzner et al., 2017; Suyarso, 2012),
mangrove evolution (Yulianto et al., 2019) and geodynamics (Sarr
et al., 2019), yet these processes have rarely been examined within a
single, integrated coastal framework. This study aims to reconstruct

the Holocene evolution of coupled coral reef and mangrove systems

on Belitung Island to resolve the timing and mechanisms of their inter-
action over centennial to millennial timescales. By integrating strati-
graphic, geomorphic and chronological evidence, this study
demonstrates how mid-Holocene reef platforms created stable
accommodation space that enabled kilometre-scale mangrove pro-
gradation during relative sea level fall, providing new insights into the
long-term resilience and co-evolution of reef-mangrove systems

under changing sea levels.

2 | FIELD SETTING

Belitung Island experiences a tropical climate that is strongly
influenced by the seasonally reversing surface currents in the
Karimata Strait and assosiated monsoonal wind systems (Xu
et al., 2021). Because the regional circulation patterns are tightly
coupled to the shallow bathymetry and recent evolution of the Sunda
Strait, surface currents dramatically changed over the Quaternary and
continuously adjust to the quickly changing bathymetry (Susilohadi
et al., 2024). Currently, during the boreal winter monsoon (from
November to March), southward-flowing currents from the South
China Sea bring wetter conditions and lower salinity surface waters to
the region. Conversely, during the boreal summer monsoon (from
May to September), current directions reverse and surface waters
flow predominantly westward, resulting in relatively drier conditions
(Susanto et al., 2001; Wyrtki, 1961). Wave heights around Belitung
Island are generally low, typically ranging between ~0.1 and 0.5 m,
with higher values during the west monsoon (Pamungkas, 2018).
Tides are semidiurnal, with spring tidal ranges reaching approximately
2.5-3m (Pamungkas, 2018). Ocean temperatures in the Bangka
Belitung Islands region generally range between 28°C and 30°C. The
bathymetry around Belitung Island and Sunda Shelf in general is shal-
low, rarely exceeding depths of ~60 m (Figure 1).

Sarr et al. (2019) proposed that Belitung Island is currently subsid-
ing at a rate of 0.2-0.3 mm/year. This subsidence is attributed to the
gradual dynamic tilting of the Sunda Shelf above the subduction zone
following the collision of the Australian continent with Southeast Asia
(Husson et al., 2022). Because the Sunda Shelf is extremely shallow, it
was a predominantly continental landmass during most of the Quater-
nary prior to MIS11 (around 400 kyr BP), although it was episodically
inundated during the latest sea level highstands (Sarr et al., 2019).
Successive marine transgressions gradually flooded the shelf, reaching
Belitung only during MIS5e (around 125 kyr BP) and the Holocene.
This flooding corresponds to the onset of the reef and mangrove eco-
system in the area, providing a temporal framework for analysing their
long-term evolution through to modern conditions and potential
future trajectories.

We focus on the northwest coast of Belitung Island (Sijuk and
Batu Itam-Temparan sites; Figure 1), where the geology is dominated
by the granitic Tanjung Pandan Formation, and the western coast
(Petaling on Mendanau Island; Figure 1), where the basement consists
of metasandstone that alternates with slate, mudstone, shale, tuffa-
ceous siltstone and chert from the Permo-Carboniferous
Kelapakampit Formation. Floodplains, river estuaries and beaches
contain alluvial and beach deposits, which primarily consist of gravel,

sand, silt, clay and coral fragments.
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FIGURE 1 Map of study site, showing core locations (triangles), open-pit mine (rectangular) and reef-mangrove habitat distribution.
Bathymetric chart from the geospatial information agency of Indonesia (BIG, 2024). Reef and mangrove habitats, as of 2021, were mapped using
Sentinel-2 images, at a resolution of 10 m, and ground-truthed in 2022 and 2023.

3 | HOLOCENE SEA LEVEL
RECONSTRUCTIONS AT BELITUNG ISLAND

Belitung Island is located in an area without active faults
(PuSGeN, 2025) and in the far-field with respect to ice sheets, where
glacio-isostatic adjustment (GIA) contributes little (< +0.2 mm/year) to
relative sea level change (Li et al., 2023; Mann et al.,, 2019; Tjia &
Liew, 1996). Several studies constrain Holocene relative sea level varia-

tions on Belitung Island and surrounding areas (Figure 2; Geyh

et al., 1979; Tjia, 1996; Hesp et al., 1998; Suyarso, 2012; Meltzner
etal, 2017; Sarr et al., 2019; Yulianto et al., 2019). Early reconstructions
suggested mid-Holocene sea level highstands of up to +5.8 m above
present mean sea level (PMSL) in the Malacca Strait (Geyh et al., 1979),
although later studies indicate more moderate regional highstands of
+3-4 m PMSL (Hesp et al., 1998; Tjia, 1996). Suyarso (2012) found
three separate Ostrea sp. fossil sites on Belitung Island. These revealed
two transgressions and one regression, with sea levels 2.5 and 2.0 m
above PMSL between 5 and 2.6 kyr BP, respectively. Microatoll dating
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FIGURE 2 Holocene sea level reconstruction of Belitung and surrounding areas of the Sunda Shelf derived from previous studies and
records, after the compilation of Mann et al. (2019), including data from Geyh et al. (1979), Tjia et al. (1983), Hesp et al. (1998), Scoffin and Tissier
(1998), Kamaludin (2001), Bird et al. (2007, 2010), Scheffers et al. (2012) and Meltzner et al. (2017). We added oyster data from Suyarso (2012),
but note that there are no uncertainties given. Image adapted from the HOLSEA Datahub (https://holsea-datahub-alpha.vercel.app/).

suggests a 1.5-m-high above PMSL mid-Holocene highstand at Belitung
around 6.5 kyr BP (Meltzner et al., 2017). Recent regional compilations
suggest that the Sunda Shelf mid-Holocene sea level peaked 0-7 m
above PMSL (Li et al., 2023; Mann et al., 2019), with GIA predictions for
Belitung Island around ~3 + 3 m (Li et al., 2023).

Sarr et al. (2019) documented pronounced seaward reef pro-
gradation at Belitung Island since approximately 6.5 kyr BP, based on
numerical modelling of reef growth, geomorphic observations, and
radiocarbon dating of coral deposits now buried up to ~3-km inland.
Similarly, Yulianto et al. (2019) found that the mangrove deposits of
Belitung Island record sea level regression events dating back at least
1.5 kyr BP, implying that the coastline has prograded since then until
it reached its current position. Yulianto et al. (2005) have also linked
the South Kalimantan mangrove deposits to the mid-Holocene
highstand, observing a transgressive phase between 9 and 5 kyr BP

and a regressive sequence since then.

4 | METHODS

The distribution of reef and mangrove habitats was mapped using a
Sentinel-2 image captured on 25 June 2021, with a resolution of
10 m. Habitat boundaries for reef and mangrove areas were manually
digitized and saved as ArcGlIS shapefiles. Overlapping between poly-
gons was removed, and polygons were merged and corrected. The
reef and mangrove distributions were ground-truthed through direct
on-the-ground observations of the study area during three different
field campaigns in 2022 and 2023.

A total of 10 sediment cores were collected from mangrove habi-
tats across distinct geomorphic settings using a manual percussion
corer (Solihuddin, Bufarale, et al, 2016a; Solihuddin, O’Leary,
et al, 2016): two cores from the Sijuk estuary/lagoon-type man-
groves, four from fringing-island mangroves at Petaling and four from
exposed fringing mangroves at Batu Itam-Temparan (Figure 1). A
3-m-long, 6.35-cm-wide galvanized metal tube with a 1.6-mm wall
thickness was manually hammered into the mangrove sediment. We
measured compaction on-site by subtracting the length of the pene-
trated core from the sediment thickness after compaction, expressed
as a percentage and corrected it by linearly scaling the core logs. The
cores were split manually on both sides using a circular saw. The core
site positions and elevations were fixed by DGPS (differential global
positioning system) survey measurements. Longitude and latitude
were calculated relative to the World Geodetic System 1984
(WGS 84), and elevations were plotted relative to the local mean sea
level (MSL).

The terrain profile across the mangrove habitat was based on sta-
cked swath profiles (e.g., de Gelder et al., 2022; Fernandez-Blanco
et al., 2019) of FABDEM (Forest and Buildings Removed Copernicus
DEM) data and shallow bathymetry from the Allen Coral Atlas (2022).
FABDEM is a global elevation map that removes building and tree
height biases from the Copernicus GLO 30 DEM (Neal &
Hawker, 2023). The data are available at 1 arcsecond grid spacing
(approximately 30 m at the equator) for the globe (https://data.bris.
ac.uk/data/dataset/s5hgmjcdj8yo2ibzi9b4ew3sn). The cross-section
profile from FABDEM data was offset vertically to DGPS control
points. The Allen Coral Atlas contains bathymetry maps at 10-m
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resolution, down to ~15-m depth, derived from Landsat images. They
are calculated from clean coastal water mosaics, constructed over
12-month periods (Li et al., 2019).

Core logging and sampling documented characteristics include
(1) sediment textural characteristics (using the Udden-Wentworth
nomenclature as well as a visual assessment of sediment composition),
(2) the ratio of reef framework to a matrix (after Embry &
Klovan, 1971) and (3) generic coral identification (after Veron, 2000).

Reef framework analysis and facies descriptions followed

EI-WILEY-222

Montaggioni’s (2005) terminology, which highlighted the growth
forms of the dominant reef builders and environmental indicators.
Coral and mangrove sediments from distinct depths in each core
were selected for radiocarbon dating. All coral specimens were in situ,
based on orientation and skeletal condition and free of boring, encrus-
tation and submarine cementation. Radiocarbon ages were obtained
at the LMC14 laboratory (Saclay, France) according to their standard
procedures (Dumoulin et al., 2017; Moreau et al., 2013). Radiocarbon
ages were recalibrated using CALIB (http://calib.org/marine/) and the

FIGURE 3 Contemporary habitats of the Belitung Island reefs, located around Batu Itam (a-d) and Kepayang Island (e-h, 107.649495°E and
2.539065°S), including (a) pioneering Rhizophora sp. on the intertidal reef flat, (b) seagrass on the sandy intertidal reef flat, (c) seaweeds (Caulerpa sp.)
and spider conch (Lambis sp.) on the inner reef platform, (d) spider conch (Lambis sp.) on Acropora sp. corals on the inner reef platform, (e) extensive
assemblages of Porites sp. on the outer reef platform observed during low tide, (f) domal poritids of Porites sp. on the outer reef platform, (g) Acropora
nobilis on the reef foreslope associated with colonies of Porites sp. at depths of 3-10 m and (h) Porites sp. on the foreslope.
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Marine20 calibration curve from Ramsey (2009) (through https://c14.
arch.ox.ac.uk/oxcal/oxcal.html#). A weighted mean DR value of
+70/120 (average calculation from three nearest points) was used as
the best current estimate of variance in the local open-water marine
reservoir effect for Belitung Island and adjacent areas. We used the
SHCal20 curve for organic materials (stems and roots) from mangrove
sediments, since they do not have a reservoir correction. Ages dis-
cussed in the text are calibrated years before the present (cal year BP)

with a 95.4% probability range.

5 | RESULTS

Below, we summarize the contemporary reef habitat around Belitung
Island, followed by a description of the Sijuk open-pit mine, which
provides a comprehensive, 3D perspective of the different facies
encountered in the cores at the other sites. We then describe the geo-
morphology, facies and accretion history of the three study sites:
Sijuk, Petaling and Batu Itam-Temparan.

Lithology
modern soil

marsh peat (A1)

carbonate / terrigenous
sand with mangrove roots
(B1, B2)

coral, and coralline algae
carbonate sand with shells
(C1,C2)
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shell, coral and coralline
algae fragments

lake level

coral, and coralline algae
carbonate sand with shells
(C1,C2)

in situ coral colonies (D1)

granitic basement (D2)

(€) o-

PMSL A

depth along section (m)

5.1 | Contemporary reef habitat

The fringing reef of NW Belitung Island (Figure 1) can be categorized
into four distinct eco-geomorphic zones from land to sea: intertidal
beach and mangrove, inner reef platform, the outer reef platform and
the fore reef slope. The intertidal beach and mangrove consist of
gently sloping, medium- to coarse-sandy substrates and sometimes
hard-rock Holocene reefs that support mangrove growth. On the N
coast of Belitung (Figure 1; from Tg. Tinggi E-wards), mangroves typi-
cally inhabit lagoonal/estuarine environments, where they gain rela-
tive protection and receive sediment and freshwater inputs from
rivers. On the sections of the N-coast characterized by rocky shores,
mangroves are absent. In Petaling and Batu Itam-Temparan
sections (Figure 1), mangroves grow directly on the intertidal reef flat
(Figure 3a), mostly consisting of fossil corals, sand and seagrass
(Figure 3b). The inner reef platform primarily consists of sand flats,
mainly calcareous materials, coral rubble and encrusting coralline algae
(Figure 3c,d). Living corals in this zone are sparsely distributed, primar-

ily consisting of small colonies of Porites and faviids. Microatolls (up to
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FIGURE 4 Sijuk open-pit mine outcrop (2015 - now inundated) showing the regressive sequence (coral reef, beach, mangrove forest, marsh,
and rainforest). Photographs (a and b) show the lateral facies variations (water level is the common datum). Identified fossils are Macrophthalmus
latreillei sp. (B2), Cypraeidae fm. (C2), Porites spp. (D1). The reef unit has been dated to 6310 + 90 year BP (Sarr et al., 2019). (c) Schematic
representation of interpreted paleo-environments and (d) details of the various fossils.
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1.5 m in diameter) were also identified in multiple locations, predomi-
nantly Porites spp. The outer reef platform (Figure 3e,f) occurs sea-
ward, where the reef flat is slightly raised. Here, living corals mainly
consist of Acropora millepora, Acropora hyacinthus, Acropora formosa,
Acropora nobilis, Montipora sp., Pachyseries speciosa and Porites sp. The
forereef slope (Figure 3g,h) is characterized by a steep slope of about
30°-45° at a depth of about 10-15 m.

5.2 | Sijuk open-pit mine site

The stratigraphy of Sijuk was formerly described from observations in
a drained, open-pit mine (Sarr et al., 2019), where the successive
facies correspond to a regressive sequence over the granitic basement
(Figure 4) that we describe here with more details. At this location
[2.552075°S, 107.804542°E; S19-2 in Figure 5], an in situ Holocene
coral reef unit is revealed by coral colonies in life position, attached to
the granitic substratum (Figure 4, D2) and by large Tridacnha squamosa
and meter-scale coral colonies in pristine conditions (Figure 4, D1,
Porites spp.). The outcrop does not expose the base of the Holocene
unit, which, as a reefal system, likely lies at more than 20-m depth
based on stratigraphic relationships and regional analogues (Sarr
et al., 2019). A bivalve (Tridacha squamosa) has been dated by Sarr
et al. (2019) to 6310 £ 90 year BP. This reef is overlain by laterally
varying facies, whose matrix is composed of a mix of carbonate sand
and muddy clay, containing abundant corals, shells and coralline algae
(Figure 4, C1), some of them in pristine conditions, as, for instance,
the numerous Cypraeidae fm. that have preserved their varnished
aspect (Figure 4, C2), indicating very low transport distances.

As the sands are generally poorly sorted, we interpret this facies
as reef flat deposits, ~3 m thick, with the lateral variations in the
matrix reflecting local hydrodynamic conditions. This is followed by an
~1-m-thick sandy facies, rich in roots and crabs (Macrophthalmus
latreillei sp., Figure 4, B2; although most fossils were found at another
mine site 800 m to the SW), characteristic of a mangrove environ-
ment. A ~1-m-thick peat unit follows, which we interpret as a possi-
bly brackish marsh. A soil unit of variable thickness caps the

sequence, covered by the Belitung rainforest.

5.3 | Sijuk site

The area of Sijuk is geomorphologically characterized by dissected
hills, with the highest point reaching 60 m above sea level (Figure 1).
The coast of Sijuk is characterized by sandy beaches fronting a low-
lying coastal plain with low-relief dune morphology (Figure 5), overlain
by shrubs and coastal vegetation. Mangroves in Sijuk grow in shel-
tered locations, particularly in lagoon areas and rivers (Figures 1 and
5), where there is a vast, fluvial-dominated environment, according to
the mangrove environmental setting from Woodroffe (1992).
Rhizophora and Bruguiera are the main types of mangroves in the area.
They grow on a substrate of unconsolidated, brownish to blackish
sand mixed with coarse to very coarse quartzite sand. There are no
fringing reefs along the sandy coastlines, but there are offshore patch
reefs with irregular margins and unbroken margins, measuring lengths
and widths of less than 500 m and 300 m, respectively (Figures 1 and

5). The distribution of both mangroves and coral reefs is affected by

HEd-WILEY

irregular topographic and bathymetric peaks of granitic basement rock

that crop out onshore and offshore (Figure 5).

Two cores (BN1-1 and BN1-2) were collected in the mangrove
habitat approximately 2.5 and 1 km from the coastline, respectively
(Figure 5). The elevations of the two core positions are 0.94 and
0.76 m above PMSL, respectively. Both BN1-1 and BN1-2 have a
maximum depth of 2.8 m of core penetration and 32% compaction
during coring. However, Holocene sedimentary facies are significantly
different between the two cores. The top ~1.25 m of BN1-1 is com-
posed of brownish organic sand with abundant mangrove roots mixed
with coarse to very coarse quartzite sand. At depths between 1.25
and 2.8 m below ground level, there are coral fragments consisting
mainly of branching corals (both robust and arborescent), as well as
various other genera of domal and foliaceous corals (Figure 5).
Acroporids are the most common branching corals encountered on
the core, but fragments of domal coral from Porites sp. are also com-
mon, as is foliaceous coral from the genus Montipora. Muddy clay and
a medium-sand matrix dominate the sediments throughout the reef
section, transitioning into organic sand at the top layer. The top
~1.33 m of core BN1-2 consists of loose, coarse, brown quartzite
sand mixed with organic sand with abundant mangrove roots and
trunks. The rest of the core, from ~1.33 to 2.8 m deep, is made up of
brown organic sand mixed with poorly sorted, medium- to coarse-
sand (Figure 5).

Five radiometric ages from corals and mangrove sediments were
collected from two cores at Sijuk (Table 1). The oldest age, 6.1-5.6
kyr BP, was obtained from a coral fragment at the base of core
BN1-1, about —1.83 m below present MSL. The younger age, 5.2-4.7
kyr BP, was obtained on a coral fragment from the midpoint of core
BN1-1 around —0.55 m below present MSL, which yields a mean
accretion rate of 1.42 + 0.56 mm/year if we use +0.05 m as depth
uncertainty. The base of mangrove sediments within BN1-1 at
—0.24 m below the present MSL has a radiometric age of <65 years
BP, which we attribute to young root contamination. In contrast, the
ages from the BN1-2 core are much younger than the coral ages at
BN1-1, showing 2.7-2.3 and 1.7-1.3 kyr BP at —1.54 and —0.54 m
below PMSL, respectively. This value indicates an accretion rate of
0.90 + 0.21 mm/year between the two samples and a rate of 1.00

+ 0.11 mm/year between the upper sample and the top of the core.

5.4 | Petaling site

Petaling is located on Mendanau Island, west of Belitung Island, and is
geomorphologically characterized by highly dissected hills, with the
highest point reaching 80 m above MSL (Figure 1). The coast of
Petaling is predominantly characterized by mangrove habitat, with
narrow fringing reefs and scattered patch reefs offshore (see Figures 1
and 6). Mangroves at Petaling form dense stands along the coast,
supported by a broad (up to 0.5 km) low-gradient intertidal zone suit-
able for mangrove colonization (Woodroffe, 1992). Rhizophora and
Avicennia are the dominant mangroves in the area, which sit on
unconsolidated, dark brownish organic sediments intercalated with
poorly sorted, medium- to coarse-sand. The reef flat is mostly occu-
pied by sand sheets and coral rubble. Irregular topographic features
consisting of meta-sandstone basement rocks crop out onshore

(Figure 6), affecting the distribution of mangroves. The patch reefs
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above PMSL.

offshore seem to occur along a bathymetric high that is the continua-
tion of an island to the NNE (Figure 1).

Four cores (BN2-1, MEN-4, MEN-3 and BN2-2) were taken in
the mangrove habitat approximately 0.1, 0.5, 1.0 and 1.5 km from the

coastline, respectively (Figure 6). The maximum depths of BN2-1,
MEN-4, MEN-3 and BN2-2 core penetration are 2.7, 1.5, 1.7 and
1.5 m, and compaction during coring was 37%, 34%, 32% and 20%,
respectively. The Holocene sedimentary facies of BN2-1, BN2-2 and
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TABLE 1 Radiocarbon dates from coral and organic materials from mangrove sediments across study sites.

Sample Elevation relative to Delta Conventional age Calibrated age
Site code Lab code Material PMSL (m) C13 (BP) (cal year BP)
Sijuk BN1-1 SacA68616 Mangrove 0.38 -30.7 After 1950 <70
(24-29) sediments
BN1-1 SacA68606  Coral 0.12 -3.2 4805 + 30 5245-4724
(55-58)
BN1-1 SacA68607  Coral -1.76 -4.3 5630 + 30 6118-5665
(183-185)
BN1-2 SacA68617 Mangrove -0.55 -35.7 1525+ 30 1587-1302
(87-91) sediments
BN1-2 SacA68618 Mangrove -1.55 -34.2 2495 + 30 2754-2364
(155-160) sediments
Petaling BN2-1 SacA68619 Mangrove —1.44 —28.3 215 + 30 471-132
(55-59) sediments
BN2-1 SacA68620 Mangrove -1.96 —-30.0 After 1950 <70
(82-86) sediments
BN2-2 SacA68621 Mangrove 0.51 —28.2 After 1950 <70
(40-44) sediments
BN2-2 SacA68622 Mangrove 0.25 —27.2 After 1950 <70
(66-69) sediments
MEN-3 SacA70699  Coral -0.75 —4.5 4120 + 30 4337-3826
(OSL base)
Batu Itam- BN3-1 SacA68624  Mangrove -0.3 —26.6 215+ 30 251-504
Temparan (75-82) sediments
BN3-2 SacA68625 Mangrove 0.1 -30.6 After 1950 <70
(58-61) sediments
BN3-Al SacA68604  Coral 0.0 1.1 4790 + 30 5238-4711
(20)
BN3-Al SacA68605  Coral —0.68 -14 4870 + 30 5289-4822
(80)
BN3-5 SacA68608  Coral 0.72 -6.7 5225+ 30 5676-5257
(4-11)
BN3-5 SacA68609  Coral 0.32 -1.7 5295 + 30 5742-5308
(29-33)
BN3-6 SacA68610 Coral -0.07 -6.8 4830 + 30 5270-4786
(8-10)
BN3-6 SacA68611  Coral -0.97 -24 5590 + 30 6094-5621
(75-78)

Note: Calibrated age represents a 95.4% confidence interval. All samples were dated at Laboratoire de Mesure du Carbone 14 (LMC14; Saclay, France).

MEN-4 are very similar. They have a top layer of loose, dark brownish
organic sand with many mangrove roots and trunks mixed in with
poorly sorted, medium- to coarse-sand and a bottom layer of meta-
sandstone rock. For BN2-1, MEN-4 and BN2-2, the lithological con-
tact between unconsolidated organic sand and basement rock is 1.85,
1.46 and 1.09 m deep below ground, respectively. The top section of
MEN-3 consists of sand alternating with layers rich in dark brown
organic material, while a coral layer lies beneath it at a depth of 85 cm
below ground (Figure 6).

Five radiometric dating samples were obtained from one coral
sample and four dark brown bulk sediment layers, collected from
three cores at Petaling (Table 1). Out of the four sediment samples,
three were younger than 70 years BP and probably erroneous due to
young root contamination, indicating that these samples may not

accurately reflect the true age of the sediment layers. The radiocarbon

date from BN2-1, obtained from a bulk sediment layer taken at
—1.69 m below PMSL, shows an age of 471-132 years BP, and
MEN-3, taken at —1.73 m below PMSL, reveals an age of 4.3-3.8
kyr BP.

5.5 | Batu ltam-Temparan sites

Batu Itam-Temparan is located on the NW coast of Belitung Island
and is geomorphologically characterized by highly dissected undulat-
ing plains of denudational origin, with the highest point reaching 40 m
above PMSL (Figure 1). The coasts of Batu Iltam-Temparan are pre-
dominantly characterized by mangrove habitat along the shore with
an extensive intertidal fringing reef and scattered patch reefs offshore

(see Figures 1 and 7). Rhizophora and Avicennia are the dominant
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Holocene sedimentary facies.

mangroves in the area, sitting on unconsolidated brownish to blackish
organic layers alternating with sand. The reef flat, which stretches
approximately 2.3 km seaward, is composed of carbonate sand, coral
rubble, encrusting coralline algae, encrusting corals, microatolls (up to
1.5m in diameter), sparse small living coral colonization and

predominantly Thalassia seagrass with a height of 10-15 cm. The reef
crest forms a low, slightly emergent ridge at the reef edge.

Six cores (BN3-1, BN3-2, BN3-3, BN3-5, BN3-6 and BN3-Al)
were taken on the mangrove habitat at two different coast sections,
including three cores (BN3-1, BN3-6 and BN3-Al) at Batu Itam and
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three cores (BN3-2, BN3-3 and BN3-5) at Temparan (Figure 7). The
maximum depths of BN3-1, BN3-2, BN3-3, BN3-5, BN3-6 and
BN3-Al core penetration are 2.8, 1.3, 1.6, 1.1, 1.0 and 0.8 m, and com-
paction during coring was 35%, 19%, 49%, 41%, 24% and 13%,
respectively. The Holocene sedimentary facies of BN3-3, BN3-5,

BN3-6 and BN3-Al are quite similar. They consist of a thin layer of
loose, brownish-to-blackish organic sand with many mangrove roots
at the top 0.2 m. Below the sand with abundant organic fines is coral
reef facies, comprising arborescent, robust branching and dome-
shaped corals with an unconsolidated, brownish grey, sandy matrix.
The branching coral clasts on BN3-3, BN3-5, BN3-6 and BN3-Al are
mostly made up of arborescent and robust acroporids. However, the
bottom section of the BN3-6 core also contains domal coral from
the genus Porites sp. (Figure 7). BN3-1 and BN3-2 are exceptions.
BN3-1 consists of unconsolidated dark grey, very fine- to fine-grained
sand with shell fragments, gastropods, molluscs, rock fragments and
roots at the base; a thin layer of unconsolidated coarse quartzite sand
mixed with blackish organic sediment; and a top layer of unconsoli-
dated dark brownish organic sediment mixed with fine- to coarse-
grained quartzite sand. BN3-2 consists of organic sand at the top and
basement rock at the bottom (Figure 7).

Six radiometric ages were obtained from corals collected from
Batu Itam (Table 1). The base of BN3-6 yielded the oldest age, 5.9-
5.4 kyr BP, approximately —0.97 m below present MSL. The base of
core BN3-5 (—0.1 m below present MSL) and BN3-Al (—0.56 m below
present MSL) recorded relatively similar ages of 5.5-5.1 and 5.1-4.5
kyr BP, respectively. The upper layer of the BN3-Al core is the youn-
gest age, 5.0-4.5 kyr BP, approximately —0.1 m below present MSL.
The upper layers of BN3-6 (—0.3 m below present MSL) and BN3-5
(+0.15 m above present MSL) recorded a relatively similar age of 5.0-
4.5 and 5.5-5.0 kyr BP, respectively. Thus, the accretion rates of
BN3-Al, BN3-6 and BN3-5 were 57 %25 0.8+04 and 4.3
+ 22 mm/year, respectively. One radiometric age from mangrove sed-
iments collected at Batu Itam (BN3-2) was younger than 70 years BP
and is likely erroneous due to young root contamination (Table 1). The
other one at BN3-1 was also young but possibly more reliable, with a
calibrated age of 251-504 year BP (Table 1).

6 | DISCUSSION

6.1 | Sedimentary facies and accretion

We identified two distinct facies based on their constituent materials:
coral and mangrove facies. Coral facies are situated directly below the
mangrove facies, with no terrigenous sediment layer in between. In
terms of paleo-environments described in Figure 4, they would corre-
spond to a reef-flat environment. Mangrove facies (corresponding to
a mangrove forest in Figure 4) are situated either on top of coral
facies or directly on top of basement rock types (granites or meta-
sandstone).

The coral facies are characterized by the presence of carbonated
skeletons and grains that originate from the coral reef environment.
The composition comprises four primary subfacies: domal, robust,
arborescent and folliaceous. Most of the coral fragments are fresh and
seem to be in their original position, with poorly sorted sediments

intercalated with the reef fragments, which is indicative of a reef flat

environment. The ages of these coral facies range from ~6 kyr BP
(BN1-1, BN3-6) to ~4 kyr BP (MEN-3), but older bivalve samples have
been reported by Sarr et al. (2019; 7.3-6.3 kyr BP) at the Sijuk open
mine-pit site. The matrix sediment composition varies between Sijuk
and Batu Itam-Temparan. At Sijuk, the matrix sediments are almost
evenly split between poorly sorted medium-sand and muddy clay (see
Figure 5). At Batu Itam-Temparan, however, the matrix sediments are
primarily composed of poorly sorted medium sand. This suggests that
they had distinct depositional environments during the Holocene,
indicating that Sijuk had a more sheltered reef environment and is
possibly more influenced by fluvial runoff events compared to Batu

Itam-Temparan.

e Domal coral subfacies are dominated by dome-shaped poritids
(mostly Porites sp.). On Belitung Island, domal coral subfacies in a
sandy matrix are more prevalent at Sijuk. As postulated (Cabioch
et al., 1999; Done, 1982; Grossman & Fletcher, 2004; Hibbert
et al, 2016; Montaggioni, 2005), domal coral colonies tend to
occupy lower energy reef settings, from the surface to depths of
around 10-15 m. Here, the subfacies inhabit a nearshore environ-
ment and relict reef flats and are located relatively in the upper
part of the reef section.

e Robust-branching coral subfacies are dominated by acroporids
from the genus Acropora formosa associated with domal poritids
(Porites sp.). On Belitung Island, the distribution of robust-
branching coral colonies in a sandy matrix is more common at Batu
[tam-Temparan. They are located in a relatively shallow
paleoenvironment, with water depths of less than ~2 m in most of
the sampled cores. Similar to this, Montaggioni's (2005) description
of the Indo-Pacific robust-branching coral facies suggests that this
facies is widely distributed on the outer reef flat to the upper for-
ereef zones.

e Various thin-branched corals dominated by acroporids form
arborescent-branching coral subfacies on Belitung Island. The
cores of both Sijuk and Batu Itam-Temparan contain these
subfacies. At Sijuk, this facies disperses in a muddy clay matrix in
relatively deeper water (~2-2.5 m), while at Batu Itam-Temparan,
it disperses in a medium sand matrix at a depth of less than 1 m.
The type of coral resembles Montaggioni’s (2005) description of
arborescent coral, which usually grows on shallow inner reef flats
and back reef slope zones (Hopley et al., 2007).

e Foliaceous coral subfacies is encountered on the upper part of the
Sijuk core at a depth of approximately 1.5-2 m below ground (see
Figure 5). The coral clasts primarily consist of platy Montipora
sp. colonies embedded in an unconsolidated dark grey medium
sand matrix, which also includes coral debris, gastropods, bivalves
and foraminifera tests. Montaggioni (2005) found similar patterns
in the Holocene reef sections of the Indo-Pacific regions. These
patterns show that the foliaceous coral facies grows in protected
reef environments that usually have a lot of suspended sediment
(Kleypas, 1996; Montaggioni & Faure, 1997; Takahashi, 1988). This
facies is frequently colonized by arborescent coral communities in
water depths of less than 15 m (Done, 1982; van Woesik &
Done, 1997; Yamano et al., 2001).

The mangrove facies is distributed either above the coral facies or

basement rock, with a thickness of up to 2.5 m. It can be found in
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Sijuk, Petaling and Batu Itam-Temparan, but the ratios between man-
grove organic matter and sands are markedly different in each loca-
tion. It is made up of loose, brownish to blackish sand with abundant
mangrove roots in it. Mangrove progradation likely reflects a combina-
tion of low hydrodynamic energy and geomorphic controls exerted by
the underlying reef-flat morphology. Wide and gently sloping reef
flats are known to dissipate wave energy efficiently and promote sedi-
ment retention, thereby facilitating mangrove establishment and sea-
ward expansion (Kench & Brander, 2006; Woodroffe, 2002). Although
wave conditions across all sites are generally low with nearshore wave
heights
wave energy appear between sites. We extracted wave energy data

rarely exceeding 0.8 m, modest variations in far-field
from the Changing Shores Google Earth Engine application (Nienhuis
et al., 2020), indicating the lowest wave energy at Petaling (~0.4 J/m?),
slightly higher at Batu Itam-Temparan (~1.7 J/m?), and the highest
estimate at Sijuk (~2.8 J/m?). We suggest this may contribute to the
observed variability in mangrove extent, with more extensive man-
grove progradation occurring under lower energy conditions
(Alongi, 2008; Mazda et al., 1997) for the fringing mangroves. In addi-
tion, the higher wave energy at Sijuk promoted the establishment of
extensive sandy barriers, which are currently overlain by dunes (see
Figure 5), creating a relatively calm environment conducive to the
development of lagoonal reefs, tidal creeks and mangroves. The
ages derived from mangrove sediments span from the late Holocene
(2.7-2.3 kyr BP) to the near past (471-132 years BP) (Table 1). The
modern mangrove types are dominated by Rhizophora, Bruguiera and

Avicennia, sitting on the relict reef flat and/or basement rock.
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Apparent accretionary rates appear similar for coral reef system
deposits compared to mangrove deposits (Figure 8), although we have
only one site with multiple reliable mangrove deposit ages. And
although the position and preservation of coral samples suggest they
are found in situ, we cannot be completely sure that the ages of the
coral samples are the same as the ages of deposition, as coral frag-
ments may travel short distances on the reef flat. Taking the ages at
face value, apparent accretion rates for coral fragments range from
0.8 +0.4 to 5.7 £ 25 mm/year. The corals at the higher elevation,
between ~0.6 m below MSL and ~0.7 m above MSL, from Batu Itam
(BN3-Al) and Temparan (BN3-5), showed the fastest accretion rates
(Figure 7), but given that the coral ages that determine the rates are
very similar, the resulting high error margins make it difficult to inter-
pret these rates. The mangrove accretion rate for BN1-2 is 0.9
+ 0.2 mm/year between ~2.5 and ~1.5 kyr BP and a very similar 1.0
+ 0.1 mm/year between ~1.5 kyr BP and the present (top of the
core). The younger samples, from BN2-1 and BN3-1, indicate much
higher rates of 6.3 + 3.6 and 3.2 + 1.1 mm/year, respectively. Larger
compilations also reveal similar discrepancies. Modern fringe-type man-
grove forests show ranges from a low of 1.6 to a high of 8.6 mm/year
(Woodroffe et al., 2016), a range that our rates for BN2-1 and BN3-1
fall well within. A global compilation of 78 Holocene mangrove
sequences showed ranges of ~0.2-2.0 mm/year vertical accretion rates
for the past 6 kyr BP (Saintilan et al., 2020), a range that our accretion
rates for BN1-2 fall well within. One reason for these discrepancies
could be that mangroves are very dynamic in terms of sedimentary

settings, where periods of rapid deposition may alternate with periods
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FIGURE 8 Dated core samples with their elevation relative to PMSL and apparent accretion rates, compared to relative sea level estimates
for Belitung Island derived from microatolls (Meltzner et al., 2017) and oysters (Suyarso, 2012, vertical uncertainty not mentioned).

HAT = highest astronomical tide and LAT = lowest astronomical tide are represented with grey dashed lines. Accretion rates for mangrove
samples (BN1-2, BN2-1, BN3-1) are calculated assuming the ages of the core tops were O year.
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of erosion (e.g., Nathan et al., 2025), and the short-term rates over a

few hundred years are not necessarily representative of Holocene rates.
Another reason might be that BN2-1 and BN3-1 mangrove sediment
samples have been contaminated as well by younger roots, as for sev-

eral of the samples dated <70 years (Table 1).

6.2 | Chronology of Holocene coral reef and
mangrove interplay

On Belitung Island, we divide the chronology of the Holocene coral
reef system (including the reef and onshore beach deposits) and man-
grove buildup into two phases: nearshore reef establishment and
mangrove development show that these two regimes closely reflect
RSL variations.

Coring limits precluded Pleistocene reefs, which are presumed to
be present below 20-30 m below PMSL around Belitung Island (Sarr
et al., 2019). Similarly, we can infer that Holocene reef units, older
than the 6.5 kyr BP sample at S19-2, exist at lower elevations and fur-
ther seawards above the Quaternary reef unit (Figure 9). However,
given the lack of chronological constraints prior to ~6.5 kyr BP, we
limit the following discussion to the mid- to late-Holocene period.

The Holocene sea level curve for the Sunda Shelf (Figure 2) indi-
cates that the reef near the Sijuk open-pit mine established shortly
after rising sea levels inundated the antecedent substrates, around 6.5
kyr BP (Figure 8). RSL estimates for Belitung from microatoll data
(Meltzner et al., 2017) are 4-6 m above the coral sample of $19-2 of
comparable age (Figure 8), suggesting that the sampled reef in Sijuk
was growing at several meters below sea level around 6.5 kyr
BP. Both regional paleo-sea level indicators (Figure 2) and the Belitung
oyster fossils of Suyarso (2012); Figure 8) suggest that elevated mid-
Holocene sea level (>2 m above PMSL) persisted until around ~4.5
kyr BP. Although Suyarso (2012) did not provide vertical measure-
ment uncertainties or indicative ranges, modern ecological studies
show that intertidal oysters commonly occupy a vertical zone span-
ning from approximately MSL to the upper intertidal zone
(e.g., Hopley et al., 2007). However, we acknowledge that such eco-
logical ranges may vary between regions depending on tidal regime
and hydrodynamic conditions. Field observations in Belitung indicate
that living oysters are typically found within approximately ~30 cm of
PMSL, which provides a local observational constraint but should be
regarded as an approximate indicative range rather than a calibrated
vertical uncertainty. Based on these combined constraints, we infer
that the ~4-6 kyr BP corals dated in this study, deposited between
~0.8 m above and ~1.7 m below PMSL, most likely formed in a reef
flat (Petaling and Batu Itam-Temparan) or shallow lagoon (Sijuk).

In general, during the period of ~6.5 to ~4 kyr BP, the reef
around Belitung was aggrading, with (1) a consistent age-depth
decrease in Sijuk for S19-2 and core BN1-1, from ~6.3 kyr BP at
~3.5m below PMSL (519-2) to ~5 kyr BP at ~0.5 m below PMSL
(Figure 4); (2) reef infill occurred between the basement topography
in Petaling until ~4 kyr BP (Figure 6); and (3) similar ages of ~5 kyr BP
were found at ~0.2 m below PMSL between BN3-Al and BN3-6 over
a distance of a few hundred meters in Batu Itam (Figure 7). On top of
aggradation, some progradation also has occurred, especially in Sijuk,
where a former lagoon was progressively filled with reef and

mangrove sediments (Figure 5). Other than attesting to sedimentary

progradation, the depth of the ~2.5 kyr BP mangrove sediments at
~1.5 m below PMSL also implies that RSL must have been close to
present-day elevations by that time, given the +1.5 m intertidal range
providing mangrove habitat (Figure 8). This also implies the ~2 ka oys-
ter sample at ~2 m above PMSL (Figure 8; Suyarso, 2012) lived close
to HAT. The sandy barrier in Sijuk was likely established around 2.5
kyr BP, as the wave energy along the north coast precludes the exis-
tence of present-day fringing mangroves, and oceanographic condi-
tions have probably remained stable since the mid-Holocene
(Meltzner et al., 2017). Given the lack of ages on the sandy barrier, we
do not know when it started to form, but the tidal creek that bends
eastward while passing through it (Figure 5) suggests that the barrier
has also been prograding eastward, consistent with the strong west
monsoon on Belitung (Pamungkas, 2018).

Relative sea level fall between ~4 and ~2.5 kyr BP probably mar-
ked the onset of mangrove extension around Belitung. At all cross-
sections, the reef that had formed in the few thousand preceding
years could then provide a low-sloping substrate in the intertidal zone,
which was no longer suitable for most coral species to grow given the
occasional subaerial exposure but ideal for mangroves. Although we
do not have the ages of the oldest mangrove sediments directly above
the reef system deposits, we note that comparable mangrove deposits
on Sungai Padang, Belitung (~25 km eastward from Sijuk), reported
by Yulianto et al. (2019), recorded events of sea level regression dat-
ing back to at least 1.5 kyr BP. The chronology of mangrove develop-
ment in Belitung closely resembles that of Krabi Province, Andaman
Sea (Punwong et al., 2024). In Petaling and Sijuk, prograding man-
groves have completely covered mid-Holocene reef flats, but in Batu
Itam-Temparan, this process is still ongoing, as attested by pioneering
Rhizophora mangroves that appear seawards of the mangrove forest
on the fossil reef flat (Figure 9). Living reefs have migrated seawards
since the relative sea level fall, and they are now mostly found as iso-
lated patch reefs, both close to the shoreline and up to a few km sea-
wards (Figures 1 and 5-7). We have illustrated the Holocene coastal
landscape evolution of the Batu Itam-Temparan sections in Figure 9.

The three coastal sections analysed in this study provide some
key similarities and differences. The most striking similarity between
the three coastal sections is that the geological evolution of the early-
mid Holocene reef system has been pivotal to the subsequent devel-
opment of mangrove forests. It calls into question to what extent this
finding constitutes a generic characteristic for Holocene tropical
coastline evolution on the larger scale. With the exception of the
N-Caribbean region, most of the world’s tropical coastlines experi-
enced a mid-Holocene highstand with a (slow) relative sea level fall
since then (Khan et al., 2015). It would make sense that a lot of man-
groves on those coastlines, in particular the ‘open coast’
(e.g., Worthington et al., 2020) or ‘fringing’ (e.g., Kathiresan, 2021)
type mangroves like those in Petaling and Batu Itam-Temparan,
benefitted from prior early to mid-Holocene reef formation, allowing
for a vast expansion during relative sea level fall. Yet this geological
preconditioning has so far been largely ignored in studies on Holocene
mangrove evolution. In the case of deltaic and estuarine-type man-
groves, the mid- to late-Holocene sea level fall seems to have had
opposite effects, with decreased mangrove occupation in large river
systems in Vietnam, Australia and Cambodia (Tanabe et al., 2003;
Thom et al., 1975; Woodroffe et al, 1985, Woodroffe &

Horton, 2005). At these locations the accretion and progradation of
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Basement Pre-Holocene  Holocene Mangrove  Sand Soil Mangrove Terrestrial
Rock Reef Reef Sediments Forest Forest

FIGURE 9 Coastal landscape evolution from early Holocene to current conditions showing chronology of Holocene coral reef and mangrove
interplay for the Sijuk, Petaling and Batu Itam-Temparan sections. Note that the first two panels are not based on chronological constraints, other
than descriptions of a quaternary reef unit at —20 to —30 m (Sarr et al., 2019), and are only speculative. At all locations, mangroves prograde over
Holocene reefs following a change from sea level transgression (>6 ka) to regression (<6 ka). In Sijuk, the high wave energy led to the formation
of sand barriers, providing a low-energy environment for the development of lagoonal/estuarine reefs and mangroves. In Petaling and Batu Itam-
Temparan, a fringing reef/mangrove system developed instead, with pronounced effects of initial topography leading to mangroves either
growing on top of fossil reefs or basement rocks. We suggest that isolated patch reefs in front of the Batu Itam-Temparan fringing reef (Figure 7)
formed on irregularities of the pre-Holocene topography. Modified from Erkan and de Gelr (2025).
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delta systems led to an increase in salt marshes, freshwater wetlands,

and terrestrial forests at the expense of mangroves (Saintilan
et al.,, 2020). Interestingly, this also seemed to have happened in Sijuk
at a much smaller scale, as the mangrove sediments in the open-pit
mine (519-2; Figures 4 and 5) are overlain by peat deposits and mod-
ern terrestrial forest soil. The location of S19-2, where mangroves
used to be present, is almost ~1 km away from the current mangrove
limit, suggesting that the mangrove extent has been strongly reduced
as sediments filled in the former lagoon/estuary during relative sea
level fall.

There is a main difference in wave energy between the three sites
(see previous section), which dictated the coastal morphology: a sandy
barrier with tidal creeks/estuarine mangroves for the highest wave
energy environment (Sijuk; Figure 5) and fringing reefs with open-
coast mangroves for the lower wave energy environments (Petaling
and Batu Itam-Temparan; Figures 6 and 7). Furthermore, we propose
that the lower wave energy in Petaling, compared to Batu Itam-
Temparan, allowed the mangroves to fill up all the available accommo-
dation space until the shoreline (1-2 km; Figure 6), whereas in Batu
Itam-Temparan, only around 25% of the intertidal reef flat is occupied
by mangroves (~300-400 m; Figure 7). There may be a difference in
sediment supply between Petaling and Batu Itam-Temparan, but we
do not see clear reasons for that. Other differences between the sec-
tions include the presence of basement topographic and bathymetric
features that are more pronounced in Sijuk and Petaling, although in
all cases the basement topography puts a sharp landward limit on the
spatial extent of the mangrove forests.

The future of Belitung's coral reefs and mangroves during 21st
century relative sea level rise (RSLR) will depend on several factors,
including reef growth conditions, sediment aggradation, temperature
changes, wave erosion, monsoon changes and oceanographic condi-
tions. For the open-coast mangroves on Belitung, there is little accom-
modation space landward, with the basement topography sharply
increasing at the current mangrove limits (Figures 6 and 7). As such,
both sediment aggradation and vertical reef growth will probably have
to keep up with rates of RSLR if they are to maintain their surface
area. A few examples indicate that coral reefs keep up with current
sea level rise on reef flats (as in the Andaman Sea, Brown et al., 2011).
If aggradation rates are lower, mangroves are at higher risk of drown-
ing. If reef growth rates are lower, water depths will increase, which
will likely increase wave erosion of the mangroves. RSLR rates for
nearby Singapore are predicted to rise to ~4, ~8 and ~12 mm/year
by the year 2100 under representative concentration pathway (RCP)
scenarios 1.9, 4.5 and 8.5, respectively (Shaw et al., 2023). Although
the limited ages and aggradation rates obtained in our study are sub-
ject to high uncertainties (Figure 8) and might not be representative
of the near future under different conditions than the mid-Holocene,
none of them are as high as the rates associated with the middle and
higher RCP scenarios. Predicting the future response of mangrove
systems to RSLR is difficult and likely to be spatially heterogeneous
and subjected to threshold responses, but our findings suggest a seri-
ous RSLR threat to the future of the Petaling and Batu Itam-Temparan
mangroves. The case of Sijuk is different in the sense that the sandy
barrier is several meters above PMSL and can shield the mangroves
behind it from increased wave energy while taking advantage of the
network of the protected tidal creeks behind it. Furthermore, most of

the terrestrial forests that developed on top of the mangrove

sediments around S19-2 have their ground level at ~2- to 3-m eleva-
tion (Figure 5), which would potentially allow mangroves to partially
re-accommodate those vast areas under the different RSLR scenarios.

Global compilations of Holocene mangrove sites suggest
that most mangroves could only develop when RSLR fell below
~7 mm/year (Saintilan et al., 2020, 2023) in the early to mid-
Holocene. Modern-day sea level rise is currently estimated around
4 mm/year, and it is estimated to increase in the following decades
(Cazenave & Llovel, 2010; IPCC, 2021; Mitchum et al., 2010;
Rahmstorf, 2007). Although we imagine these RSLR rates will provide
severe challenges to the survival of mangrove forests, we also empha-
size that the starting point will be completely unigue this time around.
Just like the early- to mid-Holocene coral reef systems preconditioned
to a suitable mangrove substrate, undoubtedly affecting RSLR thresh-
olds for mangrove growth in that period, the current period of sea
level rise is developing on top of a more complex Holocene coastal
geomorphology that evolved over a longer period of time. As such,
RSLR thresholds for mangrove survival will likely be very context-
dependent in terms of mangrove type, like the open-coast and river-
estuarine mangroves in this study, and also in terms of geological
preconditioning. In line with the concept of biogeomorphological
inheritance (Woodroffe, 2025), we propose that characterization and
quantification of Holocene reef growth, mangrove formation, sedi-
mentation and wave erosion in relation to coastal evolution may pro-
vide key insights to a tailored anticipation of future RSLR scenarios in

mangrove preservation strategies.

7 | CONCLUSION

This case study from Belitung Island, Indonesia, offers a new insight
into the interplay between coral reefs and mangroves in response to
the Holocene sea level changes. We relate distinct sedimentary facies,
including mangroves and deposits from the adjacent coral reef system,
as well as the chronology of their development, itself tied to sea level
changes. The Holocene sea level rise led to the establishment of near-
shore reefs on Belitung Island from ~6.5 to ~4 kyr BP at an elevation
between ~1.8 m below PMSL and 0.8 m above PMSL. Following the
formation of the nearshore reef and subsequent sea level fall, man-
groves benefitted from the now-abandoned reef flat to develop and
prograde seaward since at least the late Holocene (2.7-2.3 kyr BP)
until the present day, with a thickness of more than 2.5 m in the shel-
tered Sijuk area and up to 2 m at the open-coast sites in Petaling.
Current findings contribute to our understanding of the geological
and ecological processes that influence coastal ecosystems, providing
insight into the complex interaction between coral reefs, mangroves
and sea level changes throughout geological periods and the antici-
pated sea level rise on coastal ecosystems by the 21st century. Reef
growth rates, sedimentation rates and wave energy all contribute to
the historical and future development of the coastline, but sea level
oscillations as modest as the mid-Holocene to late Holocene are even
more critical for the determination of morphology on which coral
reefs and mangroves develop. The extensive stretches of open-coast
mangroves in the modern world could often owe their dimensions to
the mid-Holocene development of coral reefs that converted during
the late Holocene regression into large flats, conducive to the expan-

sion of mangrove forests.
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The fate of mangroves and coral reefs during the ongoing sea
level rise depends not only on our ability to preserve the ecosystems
but also on their geological preconditioning. Therefore, strategies to
preserve mangrove ecosystems—while undoubtedly essential—can

only be successful if accounting for their geological history.
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