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Along southwestern Sulawesi, Indonesia, the Spermonde Archipelago comprises some
120 islands of variable size and degree of anthropogenic modification. Comparable
to adjacent areas in Southeast Asia, the Spermonde Archipelago is characterized
by the congregation of a naturally high marine biodiversity and, at the same time,
a high population density influencing the surrounding environmental conditions. As a
consequence, during the last decades, research projects that have been carried out in
the Spermonde mainly focused on social, ecological, political and economic interactions.
However, geological and geomorphological aspects of the coral reef islands are less
well understood and there have been few studies undertaken since the pioneering
work of Umbgrove, Kuenen, and Verstappen in the Indonesian archipelago in the early
to mid-twentieth century. Here we review the existing studies, with a focus on the
Spermonde Archipelago, and reconcile them with more recent works on reef island
evolution and dynamics from the Indian and Pacific Oceans. This synthesis shows
that reef islands in the Spermonde Archipelago are well suited for geomorphological
investigations, and provides perspectives for future reef island research in that area that
will have global interest. We identify four research priorities: (1) To identify the timing
and chronology of island formation; (2) Improved understanding of carbonate budgets
and sediment generation that contribute to island building; (3) Document morphological
changes in reef islands at seasonal to decadal timescales, and; (4) Quantify the process
regime that drives sediment transport and island change with particular focus on the role
of different monsoon seasons.

Keywords: carbonate sediments, Holocene, sea level, coral reefs, biodiversity, Indonesia, Southeast Asia

INTRODUCTION

The Indonesian archipelago comprises more than 17,000 islands located among the world’s most
diverse and abundant coral reef systems. While the majority of Indonesia’s 260 million population
inhabit the larger islands of Java, Sumatra, Borneo and Sulawesi, thousands of smaller reef islands
are located within the adjacent tropical seas. These smaller islands and their coral reefs are
rich in marine biodiversity and also provide habitable land for coastal communities. Despite the
large number of reef islands and their importance to coastal communities, there have been few
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studies of the geological characteristics, evolution and dynamics
of reef islands in Indonesia since pioneering and detailed
investigations in the early twentieth century (Umbgrove, 1929,
1930; Kuenen, 1934). Addressing these gaps in knowledge is
paramount for understanding the ongoing physical adjustment
and management of islands in the archipelago, which are faced
with rapid global climatic changes, sea-level rise and increased
anthropogenic pressure.

Reef islands throughout the Indonesian archipelago are
typically low-lying, rarely being more than 2-3 m above mean
sea level, and are composed of calcareous sediments derived
from the broken down remains of corals, coralline algae, and
other carbonate secreting organisms from adjacent coral reef
environments. Due to their low elevation, small size and detrital
sediment composition, reef islands are widely considered among
the most geomorphically sensitive landforms on earth to changes
in sea level, wave processes, sediment supply and anthropogenic
impacts. Indeed, numerous reports suggest reef islands will be
submerged by rising seas and be eroded away (Dickinson, 1999;
Hubbard et al., 2014; Pala, 2014), with the metaphor of “sinking
islands” becoming a commonly held perception in climate change
debates (Roy and Connell, 1991; Leatherman and Beller-Simms,
1997; Barnett and Adger, 2003; Ferris et al., 2011). In extreme
scenarios total loss of islands are forecast, rendering island
inhabitants the first environmental refugees of climate change
(Klepp, 2014) with forced relocation of communities viewed
as inevitable over the coming decades (Green, 2016). In the
context of the Indonesian archipelago the availability of larger
land masses might reasonably afford adaptation solutions via
relocation. However, physical change or loss of islands represents
substantial alterations to marine processes and resources that
need to be more fully understood. While international debate is
dominated by extreme scenarios of island loss, changes in island
stability (erosion/accretion) and flooding as a result of increased
sea level and changes in wave processes and storm frequency
pose real and serious consequences for island communities that
need to be managed at short to medium timescales. A number
of studies have examined the social and economic issues related
to coral reef dependent livelihoods in Indonesia, the resilience of
marine communities and the management of coastal ecosystems
and their resources (e.g., Ferse et al., 2012). In contrast, few
studies have explored anthropogenic impacts on processes that
influence physical change in the islands.

In contrast to narratives of island sinking, recent studies
have emerged, which present evidence that reef islands are
robust landforms that react dynamically to changes in oceanic
and climatic boundary conditions across seasonal to millennial
timescales (e.g., Kench and Brander, 2006b; Webb and Kench,
2010; McLean and Kench, 2015). Collectively, these studies show
that physical island change is an ongoing process on reef islands
with differential island erosion and accretion resulting in island
migration on reef platforms and with many islands increasing in
area. These studies suggest that islands are likely to persist over
the twenty first century and beyond (McLean and Kench, 2015).
The likely persistence of islands into the foreseeable future places
a premium on improved knowledge of both the environmental
challenges confronting small reef islands and understanding of

the future trajectories of reef islands. In particular, it is necessary
to develop robust knowledge of the environmental controls
that govern both the formation of islands and their ongoing
morphodynamics at seasonal to decadal timeframes.

In recent decades considerable new insights have been
generated on the environmental controls on island evolution and
dynamics from Pacific and Indian Ocean reef systems. In this
review we examine current knowledge of reef island formation
and dynamics and apply these insights to the Spermonde
Archipelago, Indonesia. Based on this synthesis and observations
by the authors, we highlight future reef island research priorities
in the archipelago.

THE SPERMONDE ARCHIPELAGO

The Spermonde Archipelago is located within the Coral
Triangle, between the southern arc of Sulawesi in central
Indonesia, and the Strait of Makassar (4°00'S —6°00’S and
119°00'E —119°30'E; Figure 1). Geologically, the basement of
South Sulawesi consists mainly of metamorphic, volcanic and
sedimentary rocks emplaced during the early to late Cretaceous
(van Bemmelen, 1949; Hamilton, 1979; Wakita and Bambang,
1994) and subsequently covered by Paleogene to Neogene
volcanics and clastic sediments (van Bemmelen, 1949; Katili,
1978; Bergman et al., 1996). Sulawesi belongs to an area that
has a complex tectonic setting (Hall and Blundell, 1996). The
northern sector of the western Sulawesi volcanic arc comprises
abundant active lateral and thrust faults (Bird, 2003). However,
South Sulawesi, encompassing the Spermonde Archipelago is
believed to be tectonically stable (Sasajima et al., 1980; Hall, 1997;
Walpersdorf et al., 1998; Prasetya et al., 2001). Consequently,
the shallow-marine platform that forms the immediate basement
of the archipelago consists of undeformed Tertiary carbonate
sediments (Bergman et al., 1996).

A representative cross-section from the mainland to barrier
reef edge (east to west) highlights four broad geomorphic units
(De Klerk, 1982): (i) the volcanic hinterland with the extinct
volcano Lompo Batang; (ii) the Piedmont at the foot of the
volcanic complex comprising Tertiary volcano-clastic sediments;
(iii) the alluvial coastal plain where Makassar is situated, and (iv)
the shelf, comprising the islands of Spermonde.

The mesotrophic carbonate shelf is between 30 and 50 km
wide, covers an area of ~16,000 km? and is separated from
the Strait of Makassar in the west by a discontinuous barrier
reef. Water depths decrease rapidly from more than 200m in
the Makassar Strait to ~60 m at the shelf margin (Renema and
Troelstra, 2001; Renema, 2002). The Spermonde Shelf bordering
the coastal plain is characterized by the occurrence of numerous
patchy coral-reef complexes in near-parallel arrangement to
the coastline, and which form the foundation of reef islands
(Umbgrove, 1929; Wijsman-Best et al., 1981; De Klerk, 1982;
Renema, 2002). The coastline along the Spermonde Shelf
itself does not comprise fringing reefs (De Klerk, 1982). The
archipelago comprises some 120 coral reef islands that formed on
top of localized patch reefs within the shallow-marine carbonate
platform (Figure 2).
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FIGURE 1 | The Indonesian archipelago and the Spermonde Shelf. (A)
Location of Sulawesi in central Indonesia between the Indian and Pacific

(Continued)

FIGURE 1 | Continued

oceans. (B) Sulawesi and Kalimantan in the central part of Indonesia and
separated by the Strait of Makassar. (C) The shallow carbonate platform of the
Spermonde Archipelago situated at the western coastline of southwest
Sulawesi with a general bathymetric chart (Source: Esri, GEBCO, NOAA,
National Geographic, DeLorme, HERE, Geonames.org, and other
contributors). Thick black line indicates the shelf break.

Riverine sediment and nutrient input onto the Spermonde
Shelf comes from the two major rivers in that area, the Jene
Berang to the south of Makassar, and Maros to the north of
the capital city (Renema and Troelstra, 2001; Renema, 2002).
The majority of terrestrial sediment is discharged from the Jene
Berang (De Klerk, 1982) with the resulting sediment plume
being deflected toward the south during the fair weather season
(Renema, 2002). Despite the proximity of Makassar, which
contains ~2.75 million people, fluvial influence in terms of
visibility and nutrient levels is believed to be limited to the
foreshore and proximal shoreface (<4 km from the coast)
(Storm, 1989; Erftemeijer, 1993). The supply of clastic sediment
to the foreshore is thought to account for the absence of fringing
reefs along the coast.

Oceanographic Regime

Tides of the Makassar Strait are mixed semi-diurnal, with
significant diurnal inequality. The area is characterized as
micro-tidal with mean amplitudes of the semi-diurnal M, and
diurnal K; ~0.2 and 0.3 m, respectively (Ray et al., 2005).
The currents and wave processes in the Makassar Strait and
Spermonde Archipelago are strongly modulated by marked
reversals in monsoon winds toward the southeast during the
boreal winter (Dec-Feb) and northwest in summer (Jun-Aug).
The Makassar Strait also acts as the major conduit of the
Indonesian Throughflow (ITF), the arterial pathway connecting
the Pacific and Indian oceans, and which plays a critical role in
the coupled ocean and climate system (Gordon et al., 1999, 2003;
Gordon, 2005; Sprintall and Revelard, 2014). The ITF dynamics
in the Makassar Strait are modulated by the monsoonal wind
patterns. During the boreal winter (Dec-Feb) southeast winds
enforce the flow of waters from the North Pacific through the
Strait. However, during the boreal summer (Jun-Aug) northwest
winds push water from the Java Sea into the southern part
of Makassar Strait generating a northward pressure head that
impedes the ITF. The monsoonally forced variation in ITF
also imparts seasonal differences in sea surface salinity in the
vicinity of the Spermonde Archipelago from lower salinity during
the southeast and higher salinity during northwest monsoons
(Gordon, 2005).

Analysis of WW3 data across a 30 year window (1980-2010)
highlights spatial and seasonal variations in wave energy in the
region of the Spermonde Archipelago (Figures 3, 4). In general
the area can be characterized as having a low to moderate energy
wave regime. Larger wave heights (mean Hy; = 0.8 m) are present
during the dry season (May-October) with a mean direction of
132°, with periods typically below Ts; = 5 s. The wave regime
is directly influenced by the moderate ESE winds (mean = 6.1
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FIGURE 2 | Bathymetric map of the Spermonde Archipelago showing all named islands and larger reef structures. At the shelf break, the water depth
increases to about 200 m. Zonation follows Renema (2002) with northern extensions inferred by the authors. Reef island numbers refer to islands names in Table 1. A
Supplementary Image 1 of this figure has been prepared without island numbers and shelf zonation. Bathymetry was reconstructed based on Landsat ETM data

ms~! from 124°) that prevail in this period. The wet season
(November—April) is characterized by lighter NN'W winds (mean
=2.77 ms~!) with contrasting direction (238°) and smaller wave
heights (mean H; = 0.53 m) that are characterized by short
periods between 5 and 6 s (Figure 4). The peak of the dry season
occurs between July and August and is the most energetic period
of the year for wave activity, associated with H; = 1 £ 0.25m
(Figure 4). A period of higher wave energy also persists through
the wet season, during January and February, associated with Hj
~ 0.75 %+ 0.45 m, indicating moderate but highly variably wave
energy. Months occurring between peak seasons (March and
November) are characterized by light variable wind and minimal
wave energy (Hs; = 0.4 = 0.25 m). Of note, the orientation of the
Sulawesi mainland has the effect of moderating the influence of
the easterly wind patterns on the wave process regime within the
archipelago.

Anthropogenic Influence

Approximately 50 islands of the Spermonde Archipelago are
inhabited and collectively host 50,000 people (Glaser et al.,
2015). Many of the inhabited islands are intensely developed and

numerous shoreline structures are evident, serving to disrupt
natural shoreline processes. Furthermore, environmental data
from the Spermonde indicate that human activities strongly affect
coral reef ecosystem functioning, either via direct and acute
stresses such as destructive fishing techniques, or due to chronic
threats resulting from land-based pollution (Jompa, 1996). A
detailed evaluation of the different anthropogenic impacts on
coral biodiversity in the Spermonde Archipelago is provided by
Edinger et al. (1998). Their results show that on those reefs which
are subject to mechanical anchor damage or ship groundings, the
strongest signs of degradation can be recorded in shallow water
depths (3 m), leading to a reduction of within-habitat species
diversity up to 50% compared to reefs which are less affected by
such anthropogenic activities. Chronic stress such as the disposal
of untreated sewage and industrial waste, agricultural runoff
and riverine sediment input resulted in a loss of coral diversity
between 30 and 60% both in shallow and deeper (10 m) waters.
Of particular importance, a comparison to an earlier study by
Moll (1983) revealed a reduction in coral diversity of 25% around
two islands in the Spermonde Archipelago (Pulau Samalona and
Pulau Barrang Lompo) between 1980 and 1995. The combination
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of intense coastal urbanization and the increasing pressure on the
environment additionally drives a number of social-ecological
feedbacks (Ferrol-Schulte et al., 2015; Glaser et al., 2015).

In a recent study by Haya and Fujii (2017), analyses of remote
sensing data and in situ coral reef surveys revealed a substantial
decline in live coral cover within coral reef habitats in the shallow
waters (<10 m) of the Spermonde Archipelago. Whereas in
1994 the archipelago was characterized by about 72% of living
coral cover, in 2002 this value decreased to 64% and further
reduced to 39% in 2014. The degradation of living corals within
reef habitats is explained by destructive fishing techniques and
increasing concentrations of total suspended matter, especially
in the nearshore zone (Figure 2). Direct and acute stressors are
compounded by the proximity of Makassar (Ujung Pandang),
the largest metropolitan city in Sulawesi. As a consequence the
marine systems of the archipelago that influence island formation
and change have an indelible human impact.

REEF ISLANDS IN THE SPERMONDE
ARCHIPELAGO

There are ~120 islands in the Spermonde Archipelago. The
islands comprise a mix of unvegetated sand cays (~70) and
vegetated islands (~50). The vegetated cays, which are the
focus of this discussion, occur in three discrete zones, the outer
shelf and barrier rim (23 islands), mid shelf (9 islands) and
the nearshore (17 islands) (Figure 2, Table 1). A number of

observations arise from inspection of the spatial distribution of
vegetated islands in the archipelago. (i) There are few islands
(8) located on the outer barrier reef rim. Those islands that
do occur on the rim are principally located in the north. The
paucity of islands suggests a hydrodynamic energy control where
sediment may be transported across reefs and flushed into the
adjacent lagoon (Mandlier and Kench, 2012). (ii) Remaining
outer shelf islands are located on individual smaller reef patches
within the lagoon. Notably, there are still numerous platforms
without islands on the outer shelf. (iii) Mid-shelf islands are
located on patch reefs that emerge from a broad carbonate
platform (5-10 m depth) that occupies the central sector of the
lagoon. (iv) Nearshore islands are found on reefs emerging from
a shallow carbonate platform (~5 m depth) that adjoins, or likely
underlies the coastal plain. (v) Spatial differences in island size
exist across the reef system (Table 1). The mean area of outer
barrier rim islands is 11.3 ha (Table 1), whereas remaining outer
shelf and mid shelf islands have mean areas of 4.2 and 4.4 ha,
respectively. Nearshore islands have a mean size of 11.1 ha but
include the two largest islands Pulau Sabanko (36.6 ha) and
Pulau Sagara (32.4 ha, Table 1, Figure 2). Observed differences
in island size may be partly governed by the availability of reef
platform area for accumulation, balanced against the relative
energy and sediment grade properties characteristic of individual
reefs.

Few studies have examined the detailed morphology
and sediment characteristics of islands in the archipelago.
As noted earlier Umbgrove (1929) generated the first
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planform maps of a number of islands, which forms an
excellent basis for comparison of past change. Mann (2015)
undertook topographic surveys on a limited number of
islands, which demonstrates the low-lying nature of the islands
(<1.5m above msl) and characteristic basin morphology
of island surfaces (see also Janflen et al., 2017). To date no
rigorous comparison of planform changes of the islands of
Spermonde has been undertaken since the early mapping of
Umbgrove.

Whereas initial analyses of the sediments of a small sample
of islands in the archipelago focused on specific sedimentary
constituents and their pathways (Wizemann et al., 2015), a
recent facies study found they are dominated by medium-
coarse grained sands that are poorly sorted (Janflen et al., 2017).
The study also indicated spatial gradients in the texture and
composition of sediments comprising islands. Notably, outer
shelf reef islands were composed of coarser sediments (sandy

gravels) than nearshore islands (gravelly sands). Furthermore,
outer reef islands were composed of a mix of coralline algae
and coral constituents (collectively 70-80%) whereas surficial
sediments on the nearshore island were dominated by coralline
algae (~60%). In all islands secondary constituents such as
molluscs, foraminifera and Halimeda contributed less than
12% each to the sediments. These results are consistent with
studies reported elsewhere, which show islands are dominated
by coral/coralline algae facies in the Pacific and Indian Ocean
(Woodroffe et al., 1999; Kench et al., 2012, 2014a). Janflen
et al. (2017) also highlight compositional shifts in sediments,
which provides insights into ecological transitions in mid-shelf
reefs that have implications for sediment production regimes. In
particular, the dominance of coralline algae in surface sediments
may reflect a change from the major phase of island building
where predominantly coral constituents have formed the core of
islands.
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TABLE 1 | Summary of location and area of major vegetated islands of the Spermonde Archipelago.

Isid. No. Island name Latitude (N)2 Longitude (E)? Position? Area (ha)®
1 P. Kodingareng Lompo —-5.14 119.27 Outer Shelf 14.4
2 P. Samalona -5.12 119.34 Mid Shelf 2.2
3 P. Laelae -5.13 119.39 Southern Nearshore 8.9
4 P. Kayangan -5.11 119.40 Southern Nearshore 2.6
5 P. Kodingareng Keke -5.10 119.29 Outer Shelf 1.6
6 P. Barrang Caddi —5.08 119.32 Outer Shelf 3.9
7 P. Barrang Lompo —5.05 119.33 Mid Shelf 12.5
8 P. Bonetambung -5.03 119.28 Outer Shelf 2.0
9 P. Langkai —5.03 119.10 Outer Shelf - Rim 16.2
10 P. Lanyukang —4.98 119.08 Outer Shelf - Rim 9.3
11 P. Lumulumu —4.97 119.22 Outer Shelf 2.5
12 P. Badi —-4.97 119.29 Outer Shelf 6.8
13 P. Pajenekang —-4.97 119.33 Mid Shelf 4.8
14 P. Sanane —4.94 119.34 Mid Shelf 3.9
15 P. F’anambungand —4.95 119.37 Mid Shelf 2.0
16 P. Balanglompo —4.94 119.40 Northern Nearshore 15.7
17 P. Balangcadi —4.94 119.42 Northern Nearshore 8.6
18 P. Langkadead —4.92 119.40 Northern Nearshore 2.4
19 P. Bontosua —4.93 119.32 Mid Shelf 4.5
20 P. F’odangpodangcadid —4.90 119.36 Mid Shelf 4.2
21 P. Podangpodanglompo —4.89 119.34 Mid Shelf 3.8
22 P. Sarappo —4.88 119.27 QOuter Shelf 8.3
23 P. Karanranglompo —4.86 119.39 Northern Nearshore 13.2
24 P. Polewali —4.84 119.40 Northern Nearshore 2.7
25 P. Lamputang —4.85 119.34 Mid Shelf 1.8
26 P. Laiya —4.82 119.42 Northern Nearshore 7.5
27 P. Palla —4.80 119.33 Outer Shelf 2.3
28 P. Sarappokeke —4.81 119.24 QOuter Shelf 2.0
29 P. Cankee —4.79 119.30 Outer Shelf 1.5
30 P. Kulambing —4.79 119.43 Northern Nearshore 8.0
31 P. Bankobankoang —4.77 119.44 Northern Nearshore 7.8
32 P. Satando —4.77 119.45 Northern Nearshore 3.7
33 P. Saugi —4.77 119.46 Northern Nearshore 3.4
34 P. Sabutung —4.75 119.43 Northern Nearshore 16.2
35 P. Sammatelloraya —4.71 119.36 Outer Shelf 4.3
36 P. Sammatellotinggi —4.72 119.35 Outer Shelf 3.0
37 P. Sammatellolaut —4.71 119.33 Outer Shelf 5.5
38 P. Salebo —4.73 119.30 Outer Shelf 25
39 P. Reangreang —4.72 119.27 Outer Shelf 2.9
40 P. Kapoposang —4.70 118.96 Quter Shelf - Rim 25.9
4 P. Papandangan —4.72 118.98 Quter Shelf - Rim 8.8
42 P. Tambakulud —4.74 119.06 Outer Shelf - Rim 7.2
43 P. Kondongbali —4.72 119.06 Outer Shelf - Rim 121
44 P. F’amangangangd —4.69 119.12 Outer Shelf - Rim 6.0
45 P. Suranti —4.65 119.14 Outer Shelf - Rim 4.7
46 P. Sabanko —4.71 119.47 Northern Nearshore 36.6
47 P. Sagara —4.70 119.45 Northern Nearshore 32.4
48 P. Salemo —4.69 119.47 Northern Nearshore 8.5

For island locations refer to island numbers as indicated in Figure 2.
aDecimal degrees, P Following Renema (2002) and authors classification, °Approximations from medium-resolution satellite images (except for denoted islands) and own observations,
9 Area surveyed by the authors in Oct/Nov 2012.
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CONTROLS ON REEF ISLAND EVOLUTION
AND MORPHOLOGICAL DYNAMICS

From a physical landform perspective reef island development
and ongoing morphological change is governed by a series
of critical boundary conditions (Kench, 2013). First, sea level
change and its control on reef growth and platform development,
which is considered a primary control on the future stability
of islands. Second, available accommodation space, defined as
the volume for sediment deposition, and which is governed by
substrate gradient, elevation and sea level (Cowell and Thom,
1994). Storm wave runup processes control the maximum extent
of vertical land building, which also have a relative sea level
control. The lower limit of accommodation space is determined
by reef platform elevation and lagoon depth. Third, sediment
supply which is governed by carbonate budget dynamics and
sediment generation processes (Perry et al., 2013). Fourth, the
hydrodynamic regime characterized by wind, wave and current
processes as well as the frequency of extreme events that
transport and deposit sediments on reef surfaces. These factors
are examined in the following sections and implications for
islands of the Spermonde are discussed.

The Role of Sea Level and Reef

Development in Island Formation
The influence of sea level on reef development is widely perceived
as the most important control on the evolution and future
stability of reef islands. Initial theories embraced a sequential
model of island evolution whereby sea-level stabilization,
completion of vertical reef development and reef flat formation at
sea level were precursors for the evolution of islands. Supporting
evidence of this linear model is found in examples from the mid-
Pacific and Indian Oceans, where for the past 6,000 years sea level
has been at or slightly higher than present (Woodroffe et al., 1999;
Woodroffe and Morrison, 2001; Kench et al., 2012, 2014a).
However, disparities in late Holocene sea-level dynamics and
reef growth responses (timing and magnitude of change) between
reef regions have provided differing boundary conditions
and temporal constraints for the onset and accumulation of
reef islands. Recent studies suggest that island initiation and
development is more complex. Islands have been shown to
form under both rising and falling sea-level conditions, and
across substrates of varied elevation and composition (Woodroffe
et al, 1999; Kench et al, 2005). Notably, these studies also
highlight that island formation is dependent on the relationship
between sea level and reef platform development and not just
one of these variables. From the limited number of studies that
have reconstructed island formation in relation to both sea-
level change and reef growth, three models can be proposed for
reef island formation, which differ in the elevation and type of
substrate over which they accumulate and in the sea-level history
coincident with island formation. First, islands can form on
emergent conglomerate platforms, or reef flats, exposed by mid-
late Holocene sea-level fall. This model is supported by evidence
of islands perched on raised conglomerate in the Indian Ocean
(Woodrofte et al., 1999) and emergent reefs at other locations in

the Pacific (Kench et al., 2012, 2014b). Second, islands can form
across sea-level constrained reef flats, as has been demonstrated
in Tuvalu (McLean and Hosking, 1991; Kench et al., 2014a) and
Fiji (McKoy et al, 2010). The third model allows reef island
formation over submerged reefs and sedimentary deposits as
sea-level rise slowed toward the mid-Holocene highstand as
demonstrated in the Maldives (Kench et al., 2005, 2009a).
Recently published evidence of the Holocene sea-level history
in the Spermonde Archipelago (Mann et al., 2016a) provides
insights on the likely evolutionary sequence of islands. In
particular, Mann et al. (2016a) present evidence from fossil
microatolls that the sea first reached its present level prior to
~6,500-6,000 years before present (yBP, Figure 5). Microatoll
evidence also reveals a higher sea level of ~0.5m 5,500 yBP
before falling to its current position 4,000 years ago after which
it has likely remained relatively stable. This broad pattern of sea
level change and the evidence used to construct it also provides
insights into the Holocene reef growth in the Spermonde. In
particular, emergent microatolls dated at ~5,500 yBP, on reef
flats suggests reefs either kept up with Holocene sea-level rise,
or were able to catch up to sea level during the highstand. Both
possible trajectories suggest rapid reef accretion in the early to
mid-Holocene soon after the shelf was flooded. Furthermore, this
evidence suggests reef platform surfaces have been at or near
current sea level for the past 4,000 years providing a broad time
window for island accumulation. Consequently, given sufficient
supplies of sediment it is possible that some islands in the
Spermonde may have begun accumulating 6-5,000 years ago
at higher sea level, as shown in the Cocos (Keeling) Islands
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FIGURE 5 | Holocene relative sea-level curves for the Spermonde
Archipelago based on geophysical model predictions from Lambeck
(1998), Peltier (2004), and De Boer et al. (2014a,b), field observations
from De Klerk (1982) and surveyed fossil microatolls from Mann et al.
(20164a). Differences between the two data sets are explained by the different
methodological approaches (Mann et al., 2016a). Fossil microatolls have
relatively low positional uncertainties and a precise indicative meaning,
especially when their elevations can be compared against their living analogs.
Multi-proxy approaches, where different sea-level markers are combined into a
single relative sea-level curve, are rather prone to misinterpretations (Adopted
and modified from Mann et al. (2016a), reproduced with permission from
Elsevier).
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(Woodroffe et al., 1999); Jabat Island, Marshall Islands (Kench
et al., 2014b) and Bewick Island, Great Barrier Reef (Kench et al.,
2012). Such islands would have become emergent as sea level
fell suggesting they would be higher in elevation than islands
formed at lower sea levels and would be currently perched above
the process regime under which they were formed. In addition
islands may have continued to form as sea level fell, across
emergent platforms 5,500-4,500 years ago and subsequent to the
sea level still stand.

In the absence of detailed chronostratigraphic studies it is
not possible to refine the timing of the onset and temporal
window of island building. However, it is feasible that islands
have continued to accumulate during each of the sea-level
phases as a consequence of differential reef growth and platform
development between outer, mid and nearshore reef sites. For
example, aerial imagery from across the shelf suggests differing
reef geomorphic structures and basements of islands (Figure 6).
At a number of outer and mid-shelf sites, islands appear to be
deposited directly on top of reef flat surfaces (Figures 6A-F).
However, the nature of reef development has not been as planar
reef surfaces at all locations, but also as reticulate reef networks
that can be found in the nearshore (Figures 6G-I). In addition
to sea-level changes, reef platform geomorphology influences the
timing of island formation. For example, in settings with a higher
elevation reef rim and shallow lagoons, infill of lagoons would
be required as a precursor to island formation which may have
delayed the timing of island formation on some reefs. On larger
reef platforms therefore, the onset of island formation is likely
to have been delayed as large lagoon volumes required infill
prior to island development, as has also been found in Maldivian
faros (Perry et al., 2013). Resolving potential differences in reef
growth and onset of island accumulation would provide a more
robust basis to understand island formation dynamics in the
archipelago.

The Importance of Sediment Supply for
Island Building

Island formation necessitates the generation and transfer of
carbonate sediments to fill the accommodation space between
the platform surface and maximum wave runup limit. It is
widely perceived that the reef “carbonate factory” yields a quasi-
continual supply of sediment to build or maintain landforms.
However, existing studies indicate that the composition and
supply of detrital sediment available for island formation can
vary temporally as a consequence of changes in reef growth/reef
ecology (Yamano et al., 2000; Woodroffe, 2008; Perry et al., 2011)
and these in turn influence the pattern of island accumulation.
While numerous studies have shown that islands first
appeared in the middle Holocene (~5,000 years ago), which
could also be the case in the Spermonde based on the sea level and
reef development patterns, evidence suggests that the subsequent
accumulation history may follow different patterns controlled
by sediment availability (Kench, 2013). For example, Warraber
Island in the Torres Strait formed continuously over the past
3,000-5,000 years in response to a sustained supply of sediment
(Woodroffe et al., 2007). However, in other settings formation

appears to have been more episodic. Kench et al. (2005) shows
Maldivian reef islands formed in a constrained 1,500 year period
in the mid-Holocene and building slowed dramatically 3,500
years ago. Additionally, in storm-dominated environments island
formation has been characterized by periodic deposition of storm
generated rubble (Maragos et al,, 1973; Bayliss-Smith, 1988;
Hayne and Chappell, 2001).

Differences in sediment accumulation patterns between
islands can be partly explained through temporal
transitions/variations in sediment supply during island
formation and recognition that the relationship between
reef production and sediment generation is not linear (Perry
etal, 2011). Changes in sediment generation are therefore, likely
to reflect alterations in the delicate balance between reef growth
and productivity through time. For example, triggers for island
formation in the mid-Holocene appear to be coincident with
reefs either attaining sea level or reaching wave base and releasing
a pulse of excess carbonate sediment (Kench, 2013). Sediment
pulses may also have resulted from reef flat emergence. Indeed,
sea level driven changes in the ecology of reef flats would have
altered the dominant constituents available for island formation
from sediments derived from primary producers (e.g., frame
builders such as coral) to secondary benthic producers (e.g.,
foraminifera, calcareous green algae). For example, Green Island,
Great Barrier Reef, is considered to have formed following
a transition in reef flat ecology to foraminifera dominance
following sea-level stabilization (Yamano et al, 2000). Of
note, the sedimentological evidence from the Spermonde also
suggests that the core sediment of mid-shelf reef islands was
dominated by coral, but that the surface beach materials are
now dominated by coralline algae (Janflen et al., 2017). Such a
transition suggests changes in the dominant carbonate producers
on the surrounding reef platforms.

Process Controls on Island Development
While sea level, reef platform development and sediment
availability are essential components of island formation it is the
hydrodynamic process regime (waves and currents) that interact
with reef structures to entrain, transport and deposit sediments
at nodal locations on reef surfaces to construct islands (Stoddart
and Steers, 1977; Gourlay, 1988; Kench, 2013). The importance
of wave-reef interactions for island construction and change are
expressed in two ways. First, reefs act as a filter to wave energy
thus modulating the available energy to perform geomorphic
work. Second, the configuration of reef platforms refracts and
diffracts wave energy which can influence the location that
islands occupy on reef surfaces and their ultimate planform shape
(Gourlay, 2011; Mandlier and Kench, 2012).

The physical interaction of waves with coral reefs causes
incident energy to transform, break and release energy.
Consequently, through the breaking process, reefs are able to
reduce incident energy by up to 90% (Roberts et al., 1977;
Lee and Black, 1978; Roberts and Suhayda, 1983). However,
despite large reductions in wave energy at the reef edge, remnant
energy propagates across reef surfaces and is available to activate
geomorphic processes and influence island development. The
propagation of wave energy onto reef platforms is controlled
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FIGURE 6 | Examples of reef island planform shape and location on reef surfaces on the outer rim (A-C) , mid-shelf (D-F), and inner shelf (G-I). Note
number of islands with anthropogenic modification. Location of islands shown in Figure 2 and size of islands presented in Table 1. Numbers below island names
refer to Table 1 and Figure 2 (Satellite images from Google™, © 2017 DigitalGlobe).
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by tidal stage and is at a maximum at higher water (Roberts
et al., 1977; Brander et al., 2004). Reef width and water depth
across reef surfaces have been found to be important controls
on the incidence of wave energy at island shorelines (Brander
et al.,, 2004; Lowe et al., 2005; Kench and Brander, 2006a;
Kench et al,, 2009b,c). In general, wave energy on reefs and
the ability to perform geomorphic work at island shorelines
increases with relative water depth (h) and as the reef width
decreases as captured in the “reef energy window index” (Kench
and Brander, 2006a). Consequently, as reef width increases
wave energy diminishes through additional frictional dissipation.
Ultimately, the cross-reef energy reduction typical of most
reef platform surfaces constrains the amount of time that the
sediment transport system is activated.

As both wave and current energy generally reduces in
magnitude from reef edge across reef platforms, the intersection
of energy gradients across small platforms promotes deceleration
of currents, creating a nodal point for sediment accumulation
(Figure 7). On linear reef rims, as it is the case for many atolls
but also the barrier edge in Spermonde, wave energy gradients

are unidirectional from ocean-side reef to lagoon (Figure 7A),
often resulting in linear island orientation (Figure 7A and also
see islands 40, 42, 44, and 45 on Figure 2). However, on circular
or complex shaped reefs wave refraction and diffraction patterns
generate a more complicated set of energy gradients that interact
on the reef surface to produce depositional centers (Figure 7B;
Mandlier and Kench, 2012).

Island building, therefore, is dependent upon the gross
energy incident at reefs, the relative filtering effect of coral
reefs, which varies spatially depending on reef elevation and
the configuration of reef structures that influence the direction
of energy gradients. Furthermore, it is the interaction of this
reef top energy regime, when combined with the grade of the
available sediment reservoir, which determines the location,
morphology and sedimentary character of reef islands. In higher
energy settings the across reef current gradient is steeper than
in moderate to low energy environments. Consequently, higher
energy settings are capable of transporting a wider range of
sediment sizes and/or activate transport for longer duration
than low energy environments (Kench, 2013). In linear reef
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settings the cross-reef deceleration of currents combined with
the competency of flow to transport sediment will determine the
location of deposition. In such settings islands tend to prograde
toward the reef edge. On circular platforms the nodal location of
wave energy interference provides the depocenter for sediment
accumulation. In these settings islands may prograde around
their entire circumference. Furthermore, as islands prograde
across reef platform surfaces toward the reef edge, shorelines
are gradually moved into incrementally higher energy settings.
Consequently, shoreline runup processes are more active which
allows island margins to build higher with respect to sea
level (Figure 7C). The result of this style of deposition is a
characteristic basin shaped morphology to island surfaces as
profiles of a number of islands do show. Furthermore, cross-
shelf differences in energy should also be expressed in differences
in island topography. In particular, more energetic wave runup
processes at exposed outer reef sites should promote higher island
margins than at lower energy sites, as also shown by Kench et al.
(2006a) in the Maldives.

The relative balance of energy, reef configuration and
sediment caliber provides a useful framework to consider
the distribution of islands in the Spermonde. Although
undocumented it is assumed there is a general reduction in wave
energy from the outer shelf rim to nearshore reef systems. Of
note, there are few islands on the western barrier (Figure 2)
which may reflect the fact that incident energy is effective at
transport sand-size materials across the reef surface and that
sediments may be flushed across the reef into the lagoon and
are unable to achieve an equilibrium position on the barrier reef
surface. In general, islands become more common in the mid
shelf and nearshore, which is likely to reflect a finer balance
between energy and sediments that do achieve a depositional
node on the reef surface. Notably, islands on circular platforms
largely mirror the reef configuration but tend to be positioned
toward the landward side of the reef surface. A number of
nearshore islands have been deposited at the landward side of
individual reticulate reef platforms and in some instances appear
to have prograded onto and across the landward fore-reef slope
(Figures 6G-1).

MORPHODYNAMIC BEHAVIOR OF REEF
ISLANDS

Since the earliest detailed observations of reef islands there has
been abundant evidence that reef islands are dynamic landforms
(Umbgrove, 1929; Verstappen, 1954; Stoddart, 1965; Hopley,
1978) that are able to adjust their position, shape and size on
reef surfaces. In recent decades the international concern over
island stability in the context of global change has heightened
the interest in resolving the precise drivers of island change and
the possible styles of island adjustment in order to better resolve
future island dynamics. The morphodynamics of reef islands are
manifest via continual physical adjustments to alterations in the
process regime that are driven by changes in climate, incident
waves, sea level and sediment availability. These process driven
changes occur at a range of temporal scales.

Extreme Events

Short-period extreme events such as tropical hurricanes, cyclones
and storms have been well recognized for their ability to drive
near-instantaneous geomorphic change on reef islands as a
consequence of super-elevated water levels and extreme wave
heights (Blumenstock, 1958; Blumenstock et al., 1961; Stoddart,
1971; Stoddart and Steers, 1977; Woodley, 1980; Woodley et al.,
1981; Bayliss-Smith, 1988; Harmelin-Vivien, 1994; Williams
et al., 2010). However, less well-documented are the impacts
of tsunami (Kench et al., 2006b, 2008) and longer period swell
events (Smithers and Hoeke, 2014) in forcing changes to islands
at timescales of seconds to days.

Collectively, extreme events can promote both erosion
and accretion responses on reef islands. Bayliss-Smith (1988)
proposed the earliest morphodynamic model for islands based
on their disparate behavior to extreme events. He suggested the
mode of morphological change depended on the sedimentary
composition of islands and storm frequency and intensity
(Figure 8). Sand dominated islands, located in environments
with low storm frequency, or sheltered from storm impacts,
are susceptible to erosion during extreme wave events. Such
extensive erosion was documented on the sand cays on the Belize
barrier reef in response to Hurricane Hattie (Stoddart, 1963). In
contrast, in storm-dominated and exposed settings, islands are
commonly composed of coarse rubble and their morphological
response to storms can be different to sand cays. Storm events can
generate large volumes of material, by mechanically removing
living coral communities and depositing this material on reef
flats and on islands. Such storm aggradation was observed by
Bayliss-Smith (1988) in islands in Ontong Java and by Ford and
Kench (2016) in the Marshall Islands. Furthermore, Maragos
etal. (1973) documented the deposition of 1.4 x 10° m? of storm
rubble on the windward reef platform of Funafuti atoll, Tuvalu as
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FIGURE 8 | The geomorphic response of motus and sand cays to the
impact of storm events and re-adjustments in island form during
interim low-energy conditions (Adopted from Bayliss-Smith (1988),
reproduced with permission from John Wiley and Sons Inc.).
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a consequence of Hurricane Bebe in 1972. Subsequent reworking
of this sediment onto island shorelines has expanded island area
up to 10% (Kench et al., 2015).

In recent years the effects of tsunamis and long-period
swell waves on reef islands have been analyzed in more detail.
Kench et al. (2006b, 2008) were the first to provide direct
and quantitative observations of the geomorphic impacts of
tsunami on islands in the Maldives as a consequence of
the Sumatran tsunami (December, 2004). Based on surveys
and the sedimentary analyses of the pre- and post-tsunami
island surface, Kench et al. (2006b, 2008) showed that tsunami
waves washed over significant parts of the study islands in
South Maalhosmadulu Atoll. The impact, which coincided with
the northeast monsoon, resulted in a temporary geomorphic
disequilibrium where the depletion of beach sediments on the
exposed shoreline sections led to the continued retreat of island
scarps in its aftermath. Indeed the tsunami event is credited with
performing the geomorphic work normally accomplished across
the entire northeast monsoon season. In addition washover
sedimentation was able to contribute to vertical island building
across significant portions of island surfaces. Nevertheless, the
observed geomorphic changes on the analyzed islands indicate
that reef islands are robust against the impact of high-energy
tsunami waves. A similar set of effects that include shoreline
erosion, deposition and washover sedimentation have been
described for Taku Atoll in the Pacific following long period swell
events (Smithers and Hoeke, 2014). Planform reefisland recovery
after this swell event was characterized by negative feedback
processes, typical for open-geomorphic process-response systems
(Mann and Westphal, 2016; Mann et al., 2016b).

There have been no detailed accounts of the impact of extreme
events on islands in the Spermonde Archipelago. The latitudinal
location suggests the islands do not experience extreme cyclonic
events. While the sedimentary composition of islands (coarse to
medium sands) is consistent with a non-cyclone setting, storm
events are still likely to promote changes of island shorelines.
However, such changes are postulated to follow the sand cay
mode of Bayliss-Smith (1988) with shoreline erosion followed
be a period of recovery rather than storm generated expansion
of islands through the generation of large rubble sheets. While
extreme climatic events may not be prominent in the archipelago,
it is situated in a broader tectonically active region where the
generation of tsunami has been regular over the middle to late
Holocene and therefore could drive periodic transitions in island
morphology.

Seasonal Timescales

Predictable shifts in monsoon wind directions on a seasonal
timescale affect the short-term geomorphology of reef islands
as wind-waves are able to entrain reefal and beach sediment
and transport it to depositional nodes around the island
footprint (Stoddart and Steers, 1977; Gourlay, 1988; Brander
et al., 2004; Kench et al., 2006a; Kench and Brander, 2006b).
A good understanding of monsoonally controlled changes in
beach systems of reef islands is important for adequate coastal
management decisions. However, in recent years only a few
studies have analyzed in detail the geomorphic response of reef
island shorelines to the effects of seasonal fluctuations in wind,

waves and currents. Kench and Brander (2006a) examined the
seasonal adjustment of shorelines around eight islands in South
Maalhosmadulu Atoll, Maldives. Their results showed that reef
islands experienced considerable planform beach adjustments
between seasons (53 m), with beach sediments driven by energy
vectors from the windward to leeward sides of islands. Notably,
the study found that: (i) while seasonal fluxes of sediment
were large they were balanced at the annual scale; (ii) beach
reorganization occurred in the alongshore direction; (iii) patterns
of beach change were predictable for each island; and (iv) the
pattern of beach adjustment varied between islands of different
shape. Results were synthesized into an island oscillation index
which can be used to establish the sensitivity of shorelines to
shifts in climate regime. These results were later confirmed
by additional studies on seasonal wave characteristics and
monsoonally influenced sediment circulation around reef islands
in the same area (Kench et al., 2009a,b,c). Analyses showed
circular islands, of which there are numerous in the Spermonde
Archipelago, were most sensitive to changes in incident wave
processes.

More recently, Mann and Westphal (2014) examined the
opportunity to detect seasonal changes in the beach extent
on interannual high-resolution remote sensing data from Taka
Atoll. The recognition of such monsoonally influenced beach
sections allows for the calculation of long-term changes in
planform beach morphology of reef islands despite the common
temporal gap in available remote sensing data.

It is evident that the predominantly sand islands of
Spermonde are also subject to large-scale fluctuations in beach
volume around island shorelines, which would appear to be
forced by changes in monsoon wind fields and wave patterns
(Figure 9). A quantitative analysis of such changes and the
process drivers, which is currently lacking, would provide a more
robust basis for coastal management decision making.

Nov 2015
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FIGURE 9 | Example of seasonal shifts in beach position due to
changes in monsoon wind direction around Pulau Kodingareng Keke
(Island 5 in Figure 2 and Table 1), a small vegetated sand cay on the
outer shelf (Satellite image from Google™, © 2017 DigitalGlobe).
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Multidecadal—Centennial Timescales

At longer timescales reef islands respond to long-term shifts in
wind and wave climates, sea-level change and sediment supply.
However, attributing the role of each factor in island change
has yet to be definitively resolved. At interannual to decadal
timescales variations in wind conditions (e.g., EI-Nino Southern
Oscillation variations) and their influence on physical processes
on reef surfaces (e.g., wave energy and sediment flux) have
been shown to govern the morphological and planform changes
(migration) of islands (Verstappen, 1954; Flood, 1986; Dawson
and Smithers, 2010).

Webb and Kench (2010) presented detailed alterations in the
planform configuration of atoll islands in the central Pacific
over four decades, a period in which sea level had risen 2
mm/yr. Their detailed observations showed that all islands had
undergone morphological change although the magnitude and
style of change differed between islands. Forty three percent
of islands increased in size while a further 42% of islands
showed little net change over the period of analysis. Only 15%
of islands had decreased in area. Webb and Kench (2010) also
showed that net changes across four decades masked much larger
gross morphological adjustments in islands. In particular, ocean
shoreline erosion and lateral extension of islands was common.
In general, differences in erosion and accretion around island
shorelines resulted in migration of islands on reef platforms
toward the lagoon. Such findings are consistent with Stoddart
(1963) who attributed lagoon migration of islands in the Belize
Barrier Reef to rising sea level. However, a primary conclusion
from Webb and Kench (2010) was that sea-level rise had not
caused widespread erosion of reef islands. With the exception
of one study (Albert et al, 2016), similar conclusions have
been drawn by subsequent studies that evaluated decadal-scale
shoreline changes on reef islands based on the interpretation
of remote sensing data (Ford, 2011, 2013; Rankey, 2011; Yates
et al., 2013; Ford and Kench, 2014, 2016; Mann and Westphal,
2014, 2016; Mann, 2015; McLean and Kench, 2015; Mann et al.,
2016b; Testut et al,, 2016; Duvat and Pillet, 2017). Notably,
Kench et al. (2015) examined changes in islands of Funafuti atoll
over more than a century, and also found a lack of consistency
in island response, with the majority increasing in land area.
Ultimately, the weight of studies indicate islands are robust
geological entities that are likely to persist across the next century,
but will continue to undergo morphological change. It would
seem that an array of short-term environmental processes such
as storms, wind variability, sediment supply and anthropogenic
impacts all interact to influence island morphological adjustment
across a range of temporal scales and make it difficult to isolate
the impact of sea level as an individual driver of island change
(McLean and Kench, 2015).

PERSPECTIVES FOR RESEARCH IN THE
SPERMONDE ARCHIPELAGO

Over the past three decades there have been considerable
advances in understanding the geological evolution and

environmental controls on development and ongoing change
of islands in mid-ocean atoll settings such as the Maldives,
Kiribati and Marshall Islands. In contrast there has been a
paucity of scientific investigations of islands in the Spermonde
Archipelago (or wider Indonesian archipelago). At the interface
between the Pacific and Indian Oceans and amid the coral
triangle, the Spermonde Archipelago is in a unique tectonic
and oceanographic setting. Furthermore, the inferred across-
shelf energy gradient provides an excellent laboratory to
examine differences in island building processes. From a
scientific perspective there are likely to be significant new
insights to be gained from detailed investigations of islands
in the archipelago. Indeed it is important to test and verify
current models of island formation and dynamics and it
is conceivable these models will be further extended from
additional research effort. From a practical coastal management
perspective additional research is necessary to better predict
the future transformations in islands and support the ongoing
management of islands. Consequently, we recommend four
research priorities.

1. In the context of understanding island evolution and ongoing
stability it is essential to resolve questions concerning the
timing of island development, whether, islands formed
synchronously and whether islands continue to have active
sediment linkages between the reef platform and island
shorelines. To date, no data has been published on the
age of sediments comprising islands in the Spermonde
Archipelago or attempted to construct a chronology
constraining the timeframe of island accumulation. Detailed
chronostratigraphic studies alongside improved resolution
of mid- to late Holocene sea-level change will refine the
specific relationship between island formation and sea-
level change and provide insights into potential future
responses.

. We argue that carbonate budget studies are essential
to better understand the dynamics of reefs and islands,
and to model the effects of climate change. While
carbonate production processes are broadly understood,
contemporary analyses of carbonate production and
sediment generation rates are lacking. Such information
is of critical importance to understanding whether islands
are connected to ongoing supplies of sediment or are
built of relict reservoirs of sediment. Such differences
will influence the future morphological trajectory of
islands and influence the availability of aggregates for local
communities.

. Early investigations of the islands of Spermonde (Umbgrove,
1929, 1930) generated detailed maps of island shape and
location. There is significant potential through the use of aerial
photographic and satellite imagery to resolve the magnitude,
rates and styles of island change across the archipelago.
Such a dataset has the potential to be the second longest
in temporal length and would be an invaluable addition
to the growing data on island change from the different
reef seas.
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4. Improved resolution of the reef surface hydrodynamic
processes, the resultant three-dimensional flows and sediment
fluxes are fundamental for a more rigorous theoretical
understanding of island dynamics, for development of
geomorphic models of landform change and to underpin
practical coastal management strategies. Of note, the cross-
shelf energy gradient provides a laboratory to isolate the
influence of storms climate and potentially sea-level change
on island dynamics.
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