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Abstract  The Coral Triangle is the region in the Indo-
Pacific with the highest diversity of reef organisms. Coral 
reefs here have experienced increased anthropogenic stress-
ors since the late 1970s due to destructive fishing, land 
reclamation, industrialization, and agriculture. Biological 
observations in the Spermonde Archipelago (SW Sulawesi, 
Indonesia) started only after large-scale disturbances had 
begun limiting insights into long-term reef assemblage 
dynamics. To address this knowledge gap and mitigate shift-
ing baseline bias, we documented assemblage shifts over 
centennial/millennial timescales using 16 reef sediment 
cores from two islands in this area. These cores, previously 
dated using radiocarbon methods, documented the geomor-
phic history of these islands. We expand upon this by inves-
tigating coral, sponge, and foraminifera assemblage shifts 
over the past 7200 years. Our findings reveal transitions from 
more mixed growth forms (foliose, massive, and free-living) 

to predominantly branching Acroporidae over the last 
6000 years, likely driven by changing sea-level regimes. 
The scleractinian species Palauastrea ramosa (Yabe and 
Sugiyama 1941) was represented in several core samples 
but has never been observed in modern surveys, suggest-
ing a historical shift in coral assemblages. Foraminiferal 
assemblages on the reef flat transitioned from dominance of 
coral/rubble-associated taxa to more algal-associated sub-
strates in recent times. Sponge spicule assemblages indicate 
a persistence of cryptic/excavating sponges over the past 
2000 years. Since these sponges are associated with coral 
rubble, their presence suggests that declining coral cover 
has created more rubble habitat in recent millennia. These 
findings demonstrate that assemblage shifts began centuries 
to millennia before modern anthropogenic stressors acceler-
ated these changes.
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Introduction

Coral reefs occur in the marine subtropical to tropical belt, 
where they harbor over 25% of all marine species and pro-
vide numerous ecological and economic benefits (Hoegh-
Guldberg et al. 2019), including protection from storms 
(Kench et al. 2022). Their biodiversity is highest within the 
Indo-Pacific region known as the Coral Triangle (CT), which 
contains over 600 scleractinian coral species. The border of 
this area has been defined from Central/Eastern Indonesia 
to Papua New Guinea and northward to include northern 
Borneo and the Philippines (Hoeksema 2007; Renema et al. 
2008; Lane and Hoeksema 2016). This hotspot of diversity 
has been present in this location since the Pleistocene and 
earlier and had shifted to this position from the Atlantic and 
Mediterranean through the former Tethys seaway (Renema 
et al. 2008) due to shifting tectonics and sea levels. Within 
the CT there are numerous low-lying islands, many of which 
are densely populated, that are set to face increased climate 
change and sea-level rise disturbances in the coming centu-
ries (Kench and Mann 2017). Carbonate sediments needed to 
maintain these low-lying islands associated with reef com-
plexes are produced by locally occurring organisms, such as 
corals, foraminifera, and coralline algae (Mann et al. 2016; 
Ryan et al. 2018; Morgan et al. 2020; Hynes et al. 2025). 
Climate change is rapidly reshaping coral reefs, with major 
impacts on the organisms that shape them and accelerating 
sea-level rise (Lee et al. 2023). It is likely that over the next 
70 years global sea levels will rise by at least another 50 cm, 
threatening the existence of sand cays, either inhabited or not 
(Khan et al. 2019; Lee et al. 2023). Therefore, it is important 
to understand how changing climate and environments have 
impacted these reefs in the past and consequently be able to 
examine and predict how they may then compensate under 
varying future environmental conditions.

Coral reefs in the CT have been subjected to increased 
anthropogenic stressors, such as destructive fishing prac-
tices, human population growth, land reclamation, agricul-
ture, and industrialization, since well before the mid-nine-
teenth century (Haywood et al. 2016; Heery et al. 2018; 
Plass-Johnson et al. 2018; Bejarano et al. 2019; Cybulski 
et al. 2020; Hoeksema 2026). This has for example been 
observed on coral reefs of the Spermonde Archipelago in 
the Makassar Strait (SW Sulawesi, Indonesia), which have 
been investigated in much detail since the 1930s (Umb-
grove 1928, 1947). However, most studies (like long-term 
reef organism assemblage data) for Sulawesi, and the CT 
as a whole, only go back decades (Renema and Troelstra 
2001; Becking et al. 2006; de Voogd et al. 2006; Hoek-
sema 2012b; Razak et al. 2024). As most large-scale dis-
turbances in the Spermonde Archipelago may have begun 
long before these data were collected, this has resulted in 
limited insights into long-term reef assemblage dynamics 

and a more accurate examination of the level of degrada-
tion that has occurred, causing an inaccurate (or shifted) 
baseline of reef health to be determined. To avoid the 
shifting-baseline syndrome, it is important to examine reef 
assemblage shifts at longer timescales (centennial to mil-
lennial scales) than survey data are available (Cramer et al. 
2017, 2020; Lukowiak et al. 2018; Johnson et al. 2019).

A frequently used tool for documenting longer-term 
assemblage shifts of reef organisms is the use of Holo-
cene (11,700 YBP to modern day) reef matrix/framework 
cores and measuring the abundances of specific groups 
contained within (Tager et al. 2010; Cramer et al. 2017, 
2018; Lukowiak et al. 2018; Johnson et al. 2019; Mor-
gan et  al. 2020; Gischler et  al. 2023). This allows for 
examining controlling factors on community shifts (both 
anthropogenic and biogenic) throughout the Holocene. 
In particular, organisms with high preservation potential, 
including corals (Morgan et al. 2016; Sanborn et al. 2020), 
foraminiferans (Almeida et al. 2013; Storz et al. 2014; 
Johnson et al. 2019), sponges (Lukowiak et al. 2018), sea 
urchins (Cramer et al. 2018), and fishes (Cramer et al. 
2017; Sibert et al. 2017), can be examined as models to 
document the response to shifts in environmental condi-
tions. Stony corals are primary calcium carbonate (CaCO3) 
producers and reef builders (Polónia et al. 2015; Lange 
et al. 2020), while foraminifera are also carbonate (CaCO3) 
producers and are highly specialized to specific environ-
mental conditions, such as water depth/quality and sub-
strate type (Renema and Troelstra 2001; Renema 2018). 
Further, marine sponges solidify substrates, purify water, 
and provide other ecological services to reef organisms 
(de Goeij et al. 2013; Pawlik and McMurray 2020), but 
also can act as a source of bioerosion of reef carbonates 
(Lange et al. 2020; Pacheco et al. 2020). Therefore, the 
presence and abundance of these three different groups 
together provide important indicators of a reef’s environ-
mental parameters, health, and diversity.

To examine millennial-scale development of Sper-
monde reefs, we have documented coral, foraminiferan, 
and sponge assemblage shifts from 16 reef cores col-
lected from patch reefs on two reef islands, Samalona and 
Kudingareng Keke. These cores were already examined 
to establish the geomorphological history of the reef and 
islands in conjunction with radiocarbon dating (Hynes 
et al. 2025). Here, we are interested in determining if the 
relative abundance of corals, foraminiferans, and sponges 
can be correlated with changing environmental factors like 
water depth and turbidity on these patch reefs over the last 
7200 YBP. By examining how communities have shifted 
well before modern anthropogenic stressors had begun, we 
can determine how these reef communities might evolve 
in the future under changing environmental conditions.
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Methods

Location and setting

The Spermonde Archipelago (Fig. 1A) off SW Sulawesi in 
the Makassar Strait, Indonesia, comprises a collection of 120 
islands, approximately 80 of which see subaerial exposure, 
on a carbonate shelf called the Spermonde Shelf (Umbgrove 
1928). It is situated close to the city of Makassar (1.5 mil-
lion people) and three river outlets (the Jene Berang in the 
south, and the Tallo and Maros rivers to the north), as well 
as several smaller tributaries (de Klerk 1983). These rivers, 
and the large population in Makassar and surrounding settle-
ments, have influenced the turbidity of the entire shelf sys-
tem by depositing nutrients and sediments, directly impact-
ing the patch reef complexes. This generates an onshore to 
offshore gradient of decreasing turbidity and nutrients across 
the entire system (Parenden et al. 2021).

Between the mainland coast and the barrier reef, there are 
numerous patch reefs that form islands from the open bottom 
of the shelf, often at the top of parallel ridges of karst pillars 
of Eocene to Miocene limestone, likely capped by Pleisto-
cene reefs (de Klerk 1983; Moll 1983), similar to the Great 
Barrier Reef (Hopley et al. 1983). These islands are sand cay 

reefs, which follow a general geomorphological outline, with 
a wide crescent-shaped reef crest (and sometimes rampart) 
on the Western/Northwestern (seaward) edge protecting a 
reef flat, and if present, a sand cay (de Klerk 1983). Outside 
the seaward reef crest is a reef slope, which comprises the 
majority of coral cover for the complex (Moll 1983; Moll 
and Borel-Best 1984). The reef flat currently has minimal 
coral cover, which decreases in quantity toward the island. 
On the leeward side is a gentle, sandy slope, with minimal 
coral cover and no defined crest (Hoeksema 1990; Renema 
and Troelstra 2001; Hynes et al. 2025).

Coral diversity is high due to the position of the Sper-
monde Archipelago in the center of the CT, seeing some 225 
species from 70 genera of Scleractinia, plus a large diver-
sity of octocorals (Moll 1983; Best et al. 1989; Veron 1995, 
2000; Mcfadden et al. 2025). Common coral genera include 
Acropora, Montipora, Seriatopora, Porites, and Pocillopora, 
as well as a high species richness of Fungiidae corals (Moll 
1983; Moll and Borel-Best 1984; Hoeksema 2012a). Simi-
larly, there is a high diversity of marine sponges in this area, 
totaling over 175 species from around 80 genera (de Voogd 
et al. 2006; van Soest and de Voogd 2015; Putra et al. 2024). 
Large Benthic Foraminifera (LBF) communities also dis-
play a remarkable diversity of some 35–40 species (Renema 
2002, 2018), with small benthic foraminiferans representing 
an even larger number of genera (Renema 2002).

These reefs grow upward and then prograde outward. 
They vary in size, with growth depending on the surround-
ing depth, which increases with distance from shore (Moll 
1983; Hoeksema 2012a). Some patch reefs eventually see 
limited subaerial exposure. The larger patch reefs develop a 
sand cay, an island of ~1–3 m above fair-weather high-tide 
sea level (Kench and Mann 2017). Around half of the islands 
in the Spermonde Archipelago are densely populated, and 
have houses, jetties, and other structures covering a large 
proportion of the island. Recently, in response to rising sea 
level, low sea walls have been built around the coastline 
of some of the islands. These large populations have also 
impacted the diversity of these reef systems (Glaeser et al. 
2017). Studies from the last few decades show that coral 
cover in the Spermonde Archipelago has declined by over 
30% compared to that observed in original studies from the 
1980s (Moll 1983; Best et al. 1989; Haya and Fujii 2017; 
Razak et al. 2024).

Samalona and Kudingareng Keke (in the Mid-Shelf to 
Outer-Shelf Zones) are influenced by their proximity to 
Makassar. These islands vary in size, with Samalona about 
1 ha larger than Kudingareng Keke (Kench and Mann 2017) 
and the total reef area varying from about 40 ha on Samalona 
to 55 ha on Kudingareng Keke. Samalona has a permanent 
human population living on it, as well as frequent tourism 
use which further raises the degree of human impact. Kud-
ingareng Keke is not permanently inhabited, but in recent 

Fig. 1   A. Map of the Spermonde Archipelago with labelled isobaths, 
modified from (Renema and Troelstra 2001). B. Satellite image of 
Samalona (Bing 2024) with coring transect superimposed. C. Sat-
ellite image of Kudingareng Keke (Bing 2024) with coring transect 
superimposed
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years also sees increased day tourism, and is used as an 
overnight stay for fisherman and other local inhabitants. The 
coastal city of Makassar has seen rapid development since 
the 1950s, with an increase of major coastal reclamation pro-
jects (including a new harbor) being built in the last decade 
(Teichberg et al. 2018; Girard et al. 2022; Estradivari et al. 
2025). Further, surrounding land has seen long-term agricul-
tural development and use, which sees sediment runoff and 
nutrification impacting the river systems, and consequently 
the nearshore marine ecosystem.

Core collection/radiometric dating

In August of 2022 a suite of 16 cores of 0.41–3.53 m recov-
ered length with a mean recovery percentage (recovery/
penetration*100) of 58.3% was collected from Samalona 
and Kudingareng Keke using push coring techniques (Perry 
and Smithers 2010; Cramer et al. 2017; Hynes et al. 2025). 
These cores were collected from a roughly Southeast–North-
west transect across the reef platform (Fig. 1B, C): three 
from each reef slope, and five from each reef flat/island 
(Hynes et al. 2025). The cores were subsampled on site to 
5 cm sections (with some sections being longer due to large 
coral pieces present) to compensate for time averaging due 
to bioturbation, mixing, and compaction (Kidwell et al. 
2005; Kidwell 2013). Samples were sieved in the laboratory 
to > 2 mm and < 2 mm size fractions. Mollusks (39 gastro-
pods, 6 bivalves) from the > 2 mm subsamples were used for 
radiocarbon dating. Conventional 14C dates (in YBP) were 
calibrated using Calib version 8.2.0 and the Marine20 curve 
(Stuiver and Reimer 1993; Heaton et al. 2020; Stuiver et al. 
2022). This was done using a local reservation correction 
value (ΔR = -254 ± 151) averaged from the ten nearest points 
around the Makassar Strait within the Marine20 Reservoir 
Database to account for a lack of an exact local correction 
factor.

An apparent reef growth Hiatus was determined to exist 
on both Samalona and Kudingareng Keke, where the island 
and reef flat experienced low accretion rates during a minor 
sea-level decline between approximately 2000 and 6000 
YBP. However, this does not meet the geological definition 
of a Hiatus being a gap in geologic continuity (Boggs 2012), 
but would be better defined as a period of significant reef 
growth/accretion slowdown. Similar periods of reef accre-
tion slowdown have been found across the Indo-Pacific, with 
potentially varying mechanisms causing this (Perry and 
Smithers 2011; Toth et al. 2015; Gischler and Hudson 2019; 
Leonard et al. 2020; Cybulski et al. 2025). These other stud-
ies have already established the nomenclature of reef growth 
Hiatus, and so for this work, the term Hiatus was also used.

Ultimately due to the period of slow accretion, for this 
study, three time bins were selected for use. These are classi-
fied as: Pre-Hiatus (> 6000 YBP), Hiatus (2000–6000 YBP), 

and Post-Hiatus (< 2000 YBP) as shown in Supplemental 
Fig. 1. Core facies were also described and determined by 
dominant coral morphology and the quantity of the > 2 mm 
and < 2 mm grain size fractions of the sediment (Hynes et al. 
2024, 2025). These size fractions were chosen by geologic 
standards of pebble/clast (> 2 mm) where the majority of 
coral pieces are found, and sand, silt, and smaller particles 
(< 2 mm) where foraminiferans and sponge spicules are con-
centrated (Boggs Jr. 2012, Hynes et al. 2025).

Coral abundances

To examine stony coral assemblage shifts, we determined 
the relative abundances of stony coral taxa throughout every 
core (76 samples from Kudingareng Keke and 111 from 
Samalona). Here we define stony corals as scleractinian and 
non-scleractinian corals that produce a carbonate skeleton. 
The latter includes the octocoral genera Heliopora and Tub-
ipora, and the hydrozoan genera Millepora and Stylaster. 
Corals that preserved sufficient character from the > 2 mm 
fraction were identified to the lowest taxonomic level possi-
ble (often family or genus), using Corals of the World (Veron 
2000), Coral Finder (Kelley 2022), and the WoRMS World 
List of Scleractinia (Hoeksema and Cairns 2025). Broken, 
and especially abraded, coral fragments could not always 
be identified at genera-species level due to lack of corallite 
preservation or other diagnostic features being preserved. 
These are thus referred to as unidentified coral fragments. 
For each sample, all identified corals were weighed, which 
was compared to the total coral identified weight to obtain 
relative abundance (%) of the identified corals. After calcu-
lating the weights, the median weight of identified corals 
across all samples was calculated, and only subsamples at 
or above this median weight were used, which reduced our 
total dataset to 99 samples (55 from Samalona and 44 from 
Kudingareng Keke) to compensate for some samples having 
only a few grams of identified corals.

For further analysis corals were reduced to 16 taxonomic 
groups, including a catch-all ‘Others’ group comprising 
about 10% of the average relative abundance (from all sam-
ples excluding unidentified corals). The taxonomic groups 
(Supplemental Figs. 2, 3, 4, Supplemental Table 1) used 
to create the coral assemblages are as follows: the genera 
Acanthastrea, Acropora, Dipsastraea, Echinopora, Galaxea, 
Goniastrea, Isopora, Montipora, Palauastrea, Physogyra, 
Pocillopora, Porites, and Seriatopora. Additionally, two fam-
ily-level groups were used: Merulinidae (for corals from this 
family that did not preserve any genus-level characteristics), 
and Fungiidae (free-living fungiids found in several cores 
were combined into one group for analysis, but genus-level 
taxonomy was possible for many of these). All other corals 
were assigned to the Other group. Further, the dominant 
coral morphology (branching, foliose, massive, free-living) 
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was quantified for each sample by determining which growth 
morphology formed the majority (> 50%) of the sample’s 
corals (Fig. 2). This was done to gain information regard-
ing facies, as well as to counteract the fact that in many 
subsamples, over half the corals present were unidentifiable 
due to taphonomic processes such as erosion and diagen-
esis (Kidwell 2013). Coral traits, habitats, and morphologies 
were defined by previous literature and placed into Table 1 
(Darling et al. 2012; Veron 2000; Kelley 2022).

Foraminifera abundances

For LBF assemblages, we used approximately 15 g of sedi-
ment from the < 2 mm size fraction (sand and smaller), taken 
roughly every 30 cm downcore for cores SLF-1, SLF-3 (reef 
flat), and cores SLS-1 and SLS-2 (reef slope) for Samalona, 
and cores KKF-2, KKF-3, KKF-4 (flat) and KKS-1 and 
KKS-2 (slope) for Kudingareng Keke. This sediment was 

then further wet-sieved to 125 µm at the laboratories of Nat-
uralis Biodiversity Center. After sieving, the 125 µm–2 mm 
fractions were dried in an oven at 55 °C for 24 to 48 h. From 
here, the first approximately 200 LBFs were identified to the 
lowest taxonomic level, varying from order to species (Hol-
bourn et al. 2013; Renema 2018). The amount of each iden-
tified foraminiferans group in a subsample was divided by 
the total number of individuals counted to determine relative 
abundance of foraminiferans for a particular subsample (%).

However, some foraminiferans could only be identified 
to the family or order level due to the necessity of high-
level taxonomic specialty knowledge for further distinctions 
(such as the family Miliolidae and the order Textulariida). 
As the genus Amphistegina has two readily identifiable spe-
cies groups (A. lessonii group and A. radiata group), which 
show distinct ecological preferences, these have been exam-
ined at the species group level (Renema 2002, 2018). For 

Fig. 2   A. Dominant coral morphology (left core image) and facies 
(right core image) for Samalona. Black dots and values are calYBP 
14C dates and core names at the top. Sandy-shaded area represents the 
Hiatus. Modified from (Hynes et  al. 2025) B Dominant coral mor-
phology (left core image) and facies (right core image) for Kudin-
gareng Keke. Black dots and values are calYBP 14C and core names 
at the top. Sandy-shaded area represents the Hiatus

Fig. 3   Stacked line chart of the relative abundance of identified cor-
als from the reef flat cores. The vertical axis of each core is the core 
depth (cm), and the horizontal axis is the relative abundance (%). Let-
ters in brackets indicate the life history trait (Darling et al. 2012), G—
Generalist, C—Competitive, S—Stress-tolerant, W—Weedy. Sandy-
shaded area represents the Hiatus. Ages superimposed on each core 
are calYBP 14C dates. Core names are at the top. A. Samalona reef 
flat cores. B. Kudingareng Keke reef flat cores
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the LBF assemblages we used the following nine groups 
based on relative abundances: the species A. lessonii and A. 
radiata, the genera Calcarina, Neorotalia, Heterostegina, 
and Operculina, the family Soritidae, and the order Textu-
lariida (Supplemental Fig. 5, Supplemental Table 2). All 
other groups were put into an ‘Other’ category that only 
represents on average (across all samples) 8.5% of the total 

abundance. Foraminiferan traits were defined by previous 
literature and placed into Table 2 (Renema and Troelstra 
2001; Girard et al. 2022).

Sponge spicule abundances

Spicules were isolated from the < 2 mm fraction in 17 Sam-
alona and seven Kudingareng Keke samples. The protocol 
for processing spicules from marine sediments was adapted 
from previous studies in the Caribbean (Lukowiak 2016; 
Lukowiak et al. 2018). This was done by first macerating 
3–5 g of < 2 mm sediment in 30% hydrogen peroxide (H2O2), 
with the reaction rate sped up by use of a hot plate, to 
remove organic materials. The sediments were subsequently 
rinsed and decanted several times and then dried in an oven 
at 55 °C. These were then subjected to a 50% acetic acid 
(CH3COOH) digestion for 24–48 h to remove all carbon-
ate sediments (with acid topped off as needed). Calcareous 
sponge spicules were lost in the digestion process, but as the 
vast majority of sponges on these reefs are Demospongiae or 
Homoscleromorpha, it still presents an accurate representa-
tion of the overall reef assemblages (de Voogd et al. 2006; 
van Soest and de Voogd 2015). After digestion, samples 
were again rinsed and decanted several times before a final 
drying at 40–55 °C. Spicules were taken from roughly every 
30 cm downcore from cores SLF-1, SLF-3 (flat) and cores 
SLS-1, SLS-2 (slope) from Samalona, and core KKF-3 (flat) 
and core KKS-1 (slope) on Kudingareng Keke.

Digested samples were then analyzed by mounting part 
of the isolated non-carbonate material onto a glass slide 
using Ultrabed following previously established protocols 
(de Voogd et al. 2006). For each slide, the first 200 spicule 
morphotypes were identified using established nomenclature 
and taxonomy (Boury-Esnault and Rützler 1997; Hooper and 
van Soest 2002; de Voogd et al. 2025). The quantity of each 
morphotype was divided by the total number of spicules 
in the sample to obtain relative abundance (%) of spicule 
morphotypes for each sample. For SEM imaging, spicules 
were handpicked and mounted on a SEM stub with carbon 
tape. These were then sputter coated using 10 nm of Pt/Pd 
to reduce backscatter.

Due to the variable difficulty in assigning individual 
spicules to low-level specific taxonomy (some spicules 
are diagnostic of a genus or even species, while others can 
only be used to higher levels such as the order), spicules 
were grouped into nine broad spicule morphotypes based 
on recent nomenclature (Lukowiak et al. 2022) to create 
spicule assemblages for further analysis. These morpho-
type groups are as follows: monoaxone megascleres, rhabd 
derived, asters, selenaster/sterraster/aspidaster, long triaenes, 
ectosomal triaenes, sigma derived, Homoscleromorpha, and 
Lithistid (Supplemental Figs. 6, 7, Supplemental Table 3). 
Similar to the corals and LBF, the remaining morphotypes 

Fig. 4   Stacked line chart of the relative abundance of identified cor-
als from the reef slope cores. The vertical axis of each core is the core 
depth (cm), and the horizontal axis is the relative abundance (%). Let-
ters in brackets indicate the life history trait (Darling et al. 2012), G—
Generalist, C—Competitive, S—Stress-tolerant, W—Weedy. Sandy-
shaded area represents the Hiatus. Ages superimposed on each core 
are calYBP 14C dates. Core names are at the top. A. Samalona reef 
slope cores. B. Kudingareng Keke reef slope cores
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were placed into an ‘Other’ category representing only 1% 
of the spicules on average from all samples.

Data analysis

To visualize the change in communities throughout a core, 
each group was plotted using a stacked-line chart compari-
son of the relative abundance (%) to the core depth. This was 
done with the areaplot R package (Magnusson 2025), and 
subsequently all charts were drawn with the Hiatus period 
shaded, as well as calibrated 14C dates imposed on top for 
temporal context.

To determine which key members of each assemblage 
(corals, foraminiferans, and sponges) were the main drivers 
of changes on both islands spatiotemporally, we conducted 
principal component analyses (PCAs) on all groups. This 
was done in R using the ggplot2 package (Wickham 2016) 
using the relative abundances of coral fragments, LBF, and 

sponge spicules for the entire system, and each island indi-
vidually. This was also done by using the reef environmental 
data (flat, slope, island) as well as the three time bins data to 
complement the PCAs and determine which organisms were 
responding to these spatiotemporal shifts. Further, coral rel-
ative abundance data were square root transformed prior to 
conducting the PCA to account for the high occurrence of 
zero percent relative abundance samples.

To complement this a SIMPER analysis was conducted 
on the coral (square root transformed) and LBF relative 
abundance data using 10,000 permutations and the R pack-
age vegan (Oksanen et al. 2023). Here we compared between 
time bins, between islands, and between reef environments 
(flat or slope) for statistically significant taxa driving 
changes between said factors. While p values are consid-
ered significant when p < 0.05, a few select taxa of a slightly 
higher p value were indicated by the SIMPER analysis as 
potentially being a driver of variance, and therefore we have 

Table 1   Table of life history traits, preferred environments, and morphologies of dominant coral taxa examined here (Darling et al. 2012; Veron 
2000; Kelley 2022)

Coral taxa Life history strategy (Dar-
ling et al. 2012)

Common environment (Veron 
2000)

Morphologies (Veron 2000; Kel-
ley 2022)

Notes

Acropora Competitive Shallow water (reef flat to upper 
slope), clear water, often high 
energy

Dominantly branching, table/
plate-like

100s of species, variability in 
traits is expected

Montipora Generalist/competitive Shallow water reef environ-
ments, turbid or clear water

All morphologies

Isopora Generalist/competitive* All environments, especially 
upper reef slopes, high energy 
water

Branching/columns or encrusting 
plates

*Inferred life history strategy

Seriatopora Weedy Shallow water reef environments 
(intertidal to subtidal)

Thin branches

Pocillopora Competitive/weedy Shallow water reef environ-
ments, turbid or clear water

Branching

Porites Stress-tolerant/weedy Shallow water reef environ-
ments, generally clear water

Most frequently massive or 
branching. Encrusting plates

Galaxea Stress-tolerant Shallow water reef environ-
ments, low energy, turbid or 
clear water

Dominantly branching or mas-
sive, encrusting plates

Acanthastrea Stress-tolerant Most reef environments and 
water clarity

Massive or encrusting

Echinopora Generalist Shallow protected reef environ-
ments

All morphologies

Palauastrea Stress-tolerant* Upper reef slopes, turbid water Branching *Inferred life history strategy
Merulinidae Stress-tolerant* Common all reef environments. 

Often shallow water, turbid or 
clear

All morphologies, commonly 
massive

*Multiple genera, majority of 
which are stress-tolerant

Goniastrea Stress-tolerant Shallow water reef environments 
(intertidal to subtidal)

Dominantly massive

Dipsastraea Stress-tolerant Common all reef environments Massive
Fungiidae Stress-tolerant* Lagoons, upper reef slope to 

inter reef, clear or turbid
Dominantly free-living *Multiple genera, majority of 

which are stress-tolerant
Physogyra Stress-tolerant Protected reef environments, 

turbid water
Massive
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highlighted them in the results. Spicules were not used for 
SIMPER analysis due to the lack of high-level taxonomy, 
as well as that only 4 samples examined here are older than 

2000 YBP. However, two specific spicule morphotypes rep-
resenting Cliona and Spiroxya (groups monoaxone megas-
cleres and rhabd derived, respectively) were subjected to 
a generalized linear model (GLM) regression with a 95% 
confidence interval and R2 values of relative abundance (%) 
versus core depth using the ggplot2 R package (Wickham 
2016) to examine apparent shifts toward the core tops.

Results

Coral assemblage shifts

In general, it was found that the Pre-Hiatus period was 
frequently dominated by massive and foliose coral 

Fig. 5   Stacked line chart of the relative abundance of Large Benthic 
Foraminifera. The vertical axis of each core is the core depth (cm), 
and the horizontal axis is the relative abundance (%). Letters in brack-
ets indicate substrate preference (Renema and Troelstra 2001; Girard 
et  al. 2022), A—All substrate types, R—Rubble/hard substrate, S—
Sediment substrate, A-SG—Algae/sea grass substrate. Sandy-shaded 
area represents the Hiatus. Ages superimposed on each core are 
calYBP 14C dates. Core names are at the top. A. Samalona flat and 
slope cores. B. Kudingareng Keke flat and slope cores

Table 2   Table of preferred environments and substrate types of LBF 
examined here (Renema and Troelstra 2001; Girard et al. 2022)

LBF taxa Common environment Substrate type

A. lessonii Shallow to mid-slope All
A. radiata Mid- to deep slope Hard/rubble
Heterostegina Mid- to deep slope Hard/rubble or sediment
Calcarina Flat or slope Hard/rubble or sediment
Operculina Slope Carbonate sediment
Neorotalia Flat All
Textulariida All Hard/rubble
Soritidae Flat Algae or sea grass

Fig. 6   Stacked line chart of the relative abundance of spicule mor-
photypes. The vertical axis of each core is the core depth (cm), and 
the horizontal axis is the relative abundance (%). Sandy-shaded area 
represents the Hiatus. Ages superimposed on each core are calYBP 
14C dates. Core names are at the top. A. Samalona flat and slope 
cores. B. Kudingareng Keke cores flat and slope cores
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morphologies (Fig. 2; Hynes et al. 2025), with a shift to 
predominantly branching coral species by the Post-Hiatus 
(< 2000 YBP). However, this shift occurred much earlier, 
from Pre-Hiatus to Hiatus, on the nearshore Samalona, 
whereas on Kudingareng Keke it occurred during the tran-
sition from the Hiatus (2000–6000 YBP) to the Post-Hiatus. 
While the reef slopes of both islands show a high diversity of 
coral, the reef flat of Kudingareng Keke has a higher diver-
sity than Samalona, the latter of which is predominantly cor-
als of the Acroporidae family (especially in the Hiatus and 
Post-Hiatus periods). PCA and SIMPER analysis (Fig. 7A, 
Supplemental Table 4) shows that the Pre-Hiatus is driven 
by a higher occurrence of Montipora (p = 0.0100) and lesser 
so the statistically non-significant Dipsastraea (p = 0.0560) 

and Echinopora (p = 0.0762), compared to the higher Post-
Hiatus occurrences of Acropora (p = 0.001) and Seriatopora 
(p = 0.0001) especially on the reef slope. The Hiatus period 
differs from both the Post-Hiatus and Pre-Hiatus due largely 
to Goniastrea (p = 0.0161) and lesser so Merulinidae (which 
Goniastrea is a member of, p = 0.0013). Differences between 
islands can be explained largely due to the more frequently 
occurring occurrences of massive corals on Kudingareng 
Keke reef flat, such as Goniastrea (p = 0.0010), Merulini-
dae (p = 0.0083), and Physogyra lichtensteini (p = 0.0416) 
but also by higher occurrences of Palauastrea ramosa and 
Pocillopora (Supplemental Table 4).

Across all 16 cores, we identified 44 genera of scleractin-
ian stony corals, as well as four genera of non-scleractinian 
corals (Heliopora, Tubipora, Stylaster, and Millepora). 
Competitive Acropora (19.7%) and the generalist Monti-
pora (19.1%) are the two most frequently encountered 
groups in terms of relative abundance, across all time bins 
and both islands (Table 1). Both of these groups show a 
higher occurrence on Samalona than Kudingareng Keke, 
especially on the reef flat. The next most common groups 
across all samples were the weedy Seriatopora (an average 
relative abundance of 10.7%) and those of the stress-tolerant 
Fungiidae (8.8%). Stress-tolerant Merulinidae and two spe-
cific genera of Merulinidae, Goniastrea and Dipsastraea, 
occur frequently throughout the Pre-Hiatus and Hiatus peri-
ods. Interestingly, these corals can often take up 80–99% of 
the relative abundance of a 5 cm subsample as they were 
massive corals which spatially filled the entire width of the 
coring tube. Palauastrea ramosa is present with an average 
abundance of 2.2% which, while not a large amount of the 
overall abundance, is interesting as this coral species has not 
been reported from the region during earlier studies going 
back to the 1980s (Moll 1983; Hoeksema 2012a; Yusuf et al. 
2021) even though it is known to be stress-tolerant especially 
in regard to turbidity. Further, Palauastrea ramosa is present 
in cores from both islands and all three time bins, including 
in the last 100 to 200 YBP, suggesting this coral has been 
present in the area in both the distant and recent past, and 
possibly remains there cryptically today.

From the reef flat of Samalona (Fig. 3A), there is a domi-
nance of branching coral growth forms, especially in the 
Hiatus (2000–6000 YBP) and Post-Hiatus (< 2000 YBP) 
periods. In the Pre-Hiatus (> 6000 YBP), however, massive, 
foliose, and free-living corals also appear more frequently 
during this time period (Fig. 2A). This is sustained by a 
dominance of Montipora, present as both foliose and branch-
ing morphologies. There also are occurrences of massive 
corals like Acanthastrea, Galaxea, Dipsastraea, and Mer-
ulinidae in the Samalona reef flat cores. The Samalona flat 
during the Hiatus and Post-Hiatus periods shows an almost 
total dominance of branching corals, mostly driven by a high 
dominance of branching Acropora. Individual subsamples 

Fig. 7   A. Principal component analysis for the coral taxonomic 
groups examined. Shapes represent different reef environments (flat, 
island, slope), and colors represent the time bins. Letters in brackets 
indicate the life history trait (Darling et  al. 2012), G—Generalist, 
C—Competitive, S—Stress-tolerant, W—Weedy. Coral relative abun-
dance data were transformed using a square root transformation prior 
to running the PCA. B. Principal component analysis for the Large 
Benthic Foraminifera taxonomic groups examined. Shapes represent 
different reef environments (flat, slope), and colors represent the var-
ying time bins. Letters in brackets indicate substrate preference (Ren-
ema and Troelstra 2001; Girard et al. 2022), A—All substrate types, 
R—Rubble/hard substrate, S—Sediment substrate, A-SG—Algae/sea 
grass substrate
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can consist of high occurrences of specific stress-tolerant 
or weedy taxa such as: Heliopora, Cyphastrea, and Pachy-
seris. These corals have a low average abundance across all 
samples, but due to their dominant abundance in select sub-
samples and their stress-tolerant/weedy life traits are worth 
highlighting. Coral data from the reef slope of Samalona are 
entirely from the Post-Hiatus period (Fig. 4A). Here there 
is both a much more varied diversity of corals and coral 
morphologies across the cores (Fig. 2A), although branching 
corals are still the most common type with a prevalence of 
the branching rudstone facies (with other facies intermixed). 
There is a high abundance of stress-tolerant Fungiidae cor-
als, as well as some massive Porites colonies (as well as 
other non-statistically significant stress-tolerant massive 
colonies like Acanthastrea and Galaxea).

Comparatively, on the less turbid-influenced (further 
offshore) island of Kudingareng Keke (Fig. 3B) the Pre-
Hiatus (> 6000 YBP) and Hiatus (2000–6000 YBP) periods 
are marked by a high abundance of massive corals, mostly 
consisting of stress-tolerant Goniastrea, and Merulinidae 
from the reef flat cores (as well as other non-significant 
massive corals such as Acanthastrea and Galaxea). This 
is further evidenced by a more frequent occurrence of the 
massive rudstone facies during this period. There is also 
a non-significant dominance of stress-tolerant and weedy 
corals like Pocillopora and Pavona in the Pre-Hiatus. Dur-
ing the Post-Hiatus of Kudingareng Keke, branching corals 
dominate, driven by occurrences of Acropora, as well as 
Palauastrea ramosa. The reef slope of Kudingareng Keke 
only dates back about 450 YBP and therefore is all Post-Hia-
tus (Fig. 4B). The slope is much more varied in morpholo-
gies with the most dominant facies being a mixed rudstone 
of massive, foliose, and branching morphologies (Fig. 2B). 
There is a high abundance of Fungiidae in these cores, as 
well as commonly Seriatopora, especially when compared to 
Samalona (Supplemental Table 4). Unlike the reef flat, there 
is a more common occurrence of Acropora and Montipora, 
more akin to the Samalona reef slope. The bottom of KKS-1 
is dominated by large fragments of a massive stress-tolerant 
Physogyra lichtensteini skeleton, which both is a significant 
driver in the difference between the flat and the slope on 
Kudingareng Keke, as well as one of the major differences 
to Samalona (Supplemental Table 4, Fig. 7A).

Foraminifera assemblage shifts

The overall trend identified is that the diversity of LBF spe-
cies observed has reduced over time, from a higher variabil-
ity in the Pre-Hiatus period to a dominance of the A. Lessonii 
group by the Post-Hiatus period (especially on the reef flat). 
However, on the less turbid island Kudingareng Keke, a sec-
ond group, Calcarina, appears to compete with A. Lessonii 
and at times is more dominant in terms of abundance. PCA 

and SIMPER analysis of LBF abundances (Fig. 7B, Sup-
plemental Table 5) shows that the Pre-Hiatus (> 6000 YBP) 
is being driven by the groups Neorotalia (p = 0.0001), Sori-
tidae (p = 0.0001), and others (p = 0.0002) as opposed to the 
Hiatus (2000–6000 YBP) having a higher (but statistically 
non-significant) presence of Calcarina (p = 0.0790) and A. 
lessonii (p = 0.0501). The Post-Hiatus (< 2000 YBP) differs 
from the Pre-Hiatus due to the more common appearance of 
the non-significant reef slope group A. radiata (p = 0.0918) 
and the Hiatus also sees variance from the Post-Hiatus due to 
A. radiata (p = 0.0136), and lesser so Heterostegina and Cal-
carina (Supplemental Table 5). Differences between islands 
are largely driven by a dominance of A. lessonii (p = 0.0354) 
and non-significant Heterostegina (p = 0.0603) on the slope 
of Samalona, whereas Kudingareng Keke sees Calcarina 
(p = 0.0002) and Textulariida (p = 0.0001) as the key con-
tributors to variance.

In total we identified 28 genera of Foraminifera across 
all 51 samples (27 from Samalona, 24 from Kudingareng 
Keke). Three groups, Amphistegina, Calcarina, and Neoro-
talia, are the most dominant genera across all time bins and 
represent statistically significant drivers between time bins 
and islands. Soritidae and Heterostegina both represent sig-
nificant contributors to the variance in time bins, islands, and 
reef environment. Amphistegina radiata is predominantly 
found on the reef slope of both locations and therefore is 
significant to the Post-Hiatus period of both islands, while 
Calcarina and Neorotalia are abundant on the reef flat, 
which is in line with other studies from the region (Renema 
and Troelstra 2001; Girard et al. 2022). Amphistegina les-
sonii is the only group that was found across all samples 
and is the most abundant group over almost all cores. This 
observation is consistent with a study of twelve islands from 
the Spermonde Archipelago from 1997 to 2018 which also 
showed a dominance of A. lessonii across the entire archi-
pelago (Girard et al. 2022).

On the Samalona reef flat (Fig.  5A), the Pre-Hiatus 
(> 6000 YBP) period has a high variability and a larger 
diversity of Foraminifera groups. The most significantly 
dominant groups are a mixture of A. lessonii and Neoro-
talia. Heterostegina is present in very rare amounts in this 
period likely due to a deeper water level over 6000 YBP. 
Soritidae also occurs here, which then all but disappears in 
the subsequent time periods. The Hiatus (2000–6000 BP) 
period shifts toward A. lessonii dominance, while Calcarina 
decreases in abundance, it still is an important driver of the 
shift to the Hiatus (Fig. 7B). The Post-Hiatus (< 2000 YBP) 
period, which on the Samalona reef flat is only represented 
by a single core, SLF-3, contains a complete dominance of 
A. lessonii, accompanied by a decrease in Neorotalia and 
an almost complete lack of any other LBF. The Samalona 
reef slope demonstrates a fairly consistent LBF assemblage 
across the entire Post-Hiatus period (the only time period the 
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slope LBF assemblages represent). There is a slight increase 
in the relative abundance of A. lessonii moving toward the 
modern day. Here there is also a relatively consistent sig-
nificant abundance of Heterostegina and A. radiata, both of 
which represent deeper water (reef slope) species (Table 2).

On Kudingareng Keke (Fig. 5B), the Pre-Hiatus reef flat 
also has A. lessonii, Calcarina, and Neorotalia dominance 
but with a higher proportion of Calcarina compared to the 
Samalona flat. Further, there are minor amounts of Textu-
lariida present throughout all of the Kudingareng Keke cores 
which were almost completely absent from all Samalona 
cores. Similar to Samalona, Soritidae is significantly present 
in the Pre-Hiatus, which is all but absent in more subse-
quent time periods. Moving into the Hiatus period, there is 
a decrease in A. lessonii, while simultaneously Calcarina 
becomes the most dominant group of Foraminiferans. The 
reef flat during the Post-Hiatus displays a slight recovery 
of A. lessonii, with Calcarina in roughly equal proportions 
of the relative abundance (though SIMPER results show 
no significance of these groups). Due to this, the overall 
Foraminifera diversity for Post-Hiatus of Kudingareng Keke 
is quite low. On the reef slope (which is all Post-Hiatus with 
the oldest recovered 14C date being 444 YBP), an apparent 
high diversity is seen, similar to the reef slope of Samalona. 
Heterostegina and A. radiata are present across all samples, 
but are not as abundant as on the Samalona reef slope, but 
still are driving the variance to the reef flats. Instead, Tex-
tulariida is present across all time periods in small but sig-
nificant abundances, which are not present in the Samalona 
slope cores and therefore is the driver of variance between 
islands.

Sponge assemblage shifts

Here we identified a total of 88 spicule morphotypes from 
24 samples from six cores (two cores each from Samalona 
flat and slope, one core each from Kudingareng Keke flat 
and slopes). The four most common morphotypes recorded 
here are oxea, selenaster, subtylostyle, and spheryoxyaster. 
Further, as older, and deeper samples from the reef flat cores 
tended to have a majority of broken (and therefore uniden-
tifiable) spicules, we were unable to count the requisite 200 
individuals to be able to include them for analysis. Due to 
this, the spicule data almost entirely consist of the Post-Hia-
tus (< 2000 YBP) period, with only four samples from the 
Hiatus (2000–6000 YBP) period (Fig. 6). However, this still 
allows us to examine sponge assemblage shifts over the last 
2000 years, since the Hiatus, by looking at changes over the 
core depth. Of the three assemblage types examined, sponges 
were the most challenging to quantify due to spicule preser-
vation and a lack of high taxonomic identification. However, 
during the Post-Hiatus period (< 2000 YBP) it can be seen 
that there are key differences in assemblage compositions 

between the two islands, with an increase in the dominant 
monoaxone megascleres being observed toward the present 
day on the more turbid Samalona, whereas this population 
is consistent throughout the same period on Kudingareng 
Keke. A high presence of cryptic species was also observed, 
especially those of boring/excavating sponges, increasing in 
relative abundance toward the present.

In all cores except KKS-1, monoaxone megascleres and 
selenaster/sterreaster/aspidaster (the vast majority of which 
are selenasters) are the most common morphotype groups 
encountered. In all reef flat cores, and the Kudingareng Keke 
slope core, monoaxone megascleres are relatively consistent 
across the cores, while on the Samalona slope these go from 
less than 20% relative abundance at the core bottom (and in 
SLS-1 the end of the Hiatus period) to the most common 
morphotype identified toward the modern day. Inversely, the 
selenaster/sterreaster/aspidaster decreases toward the pre-
sent on the Samalona slope. In all cores spicule diversity is 
seemingly higher at the core tops. Lithistid and Homoscle-
romorpha spicules combined represented less than 1% of the 
average relative abundance (Fig. 6). These two groups were 
more commonly identified from the reef slope than on the 
reef flat for both islands.

Cryptic species of sponges (many of which are excavat-
ing with a preferred coral rubble habitat) were also found 
throughout the spicule assemblages. Spicules from the 
genera Acanthotetilla, Alectona, Rhabdermia, Samus, Trip-
tolemma, Spiroxya, and Cliona mucronata were found in 
varying samples across all cores examined. Specifically, 
mucronate subtylostyles from C. mucronata (from the 
monoaxone megascleres group) and spiral microstrongyles 
of Spiroxya (from the rhabd derived group) were found in 
relative abundances of up to 11.5% and 4%, respectively. 
However, these were not statistically significant with R2 
values of 0.42 for C. mucronata and 0.23 for Spiroxya sp. 
Interestingly for both of these genera, the relative abundance 
of their spicules appears to increase toward the modern day, 
with the tops of each core showing 9% or higher relative 
abundance of C. mucronata (Supplemental Fig. 8). Cliona 
sp. with similar mucronate subtylostyles are also found cryp-
tically in the Eastern Pacific and Caribbean, likely as new 
species (Pacheco et al. 2020). Despite this lack of signifi-
cance, it is certain that spicules of excavating sponges are 
present throughout the entire Post-Hiatus period.

Discussion

The 48 genera of stony corals found in the cores of the pre-
sent study represent well over half of the known diversity 
of genera reported from the Spermonde Archipelago (Moll 
1983; Moll and Borel-Best 1984; Hoeksema 2012a). Given 
that many corals were too degraded for identification, it is 
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likely that more genera are also represented within these 
cores. Additionally, 28 genera of LBF were also identified, 
which represents over 2/3 of all known LBF genera for the 
region (Renema 2002, 2018). Further, a total of 88 varying 
spicule morphotypes were also identified here, though it can-
not be said how much of the sponge diversity is captured by 
these morphotypes (de Voogd et al. 2006; Putra et al. 2024). 
After reducing these into larger taxonomic groups for further 
analysis, shifts in the coral and LBF assemblages from the 
Pre-Hiatus (> 6000 YBP) to the Post-Hiatus (< 2000 YBP) 
show a change in coral morphology and diversity from more 
massive, foliose, and free-living morphologies and mixed 
diversity to predominantly branching Acropora (especially 
on the reef flat). Further, the presence of Palauastrea ramosa 
on both islands and all time bins shows that cryptic diversity 
can also be captured by these reef cores. LBF assemblages 
shift from higher diversity in the Pre-Hiatus to dominantly 
A. lessonii group and Calcarina on both the slope and the 
flat. Samalona contains a higher abundance of A. lessonii, 
while Kudingareng Keke has a higher abundance of Cal-
carina, with Heterostegina (Samalona) and Textulariida 
(Kudingareng Keke) further driving the difference between 
islands. Finally, 2000 years of sponge spicule assemblage 
data shows an apparent increase in the relative abundance of 
cryptic excavating sponges like Cliona and Spiroxya. Here 
we then examine how potential environmental conditions 
have impacted these reef assemblage shifts over 7200 years.

Reef communities in a changing sea‑level regime

Coral reefs and their associated low-lying islands are set 
to face increased sea-level change in the coming decades 
(Morgan et  al. 2020; Walker et  al. 2021). Further, it is 
known that the Early to Mid-Holocene was a time of rapid 
sea-level rise, followed by a period of slow decline in the 
region (Bender et al. 2020; Hynes et al. 2025). Therefore, 
we can examine past reef assemblage shifts in the context 
of a changing sea-level regime to help understand what the 
future of these species may hold (Table 1). For the reef flat 
during the Pre-Hiatus (> 6000 YBP) on both islands, mas-
sive, foliose, and free-living corals are much more common, 
especially on Kudingareng Keke where there is a dominance 
of stress-tolerant massive corals during this period (Figs. 2B, 
3B, 7A). This is especially of interest, as many core studies 
in the Indo-Pacific region have an underrepresentation of 
massive corals in percussion/push cores, due to the chal-
lenges associated with coring through and collecting them, 
especially when compared to the relative ease of sampling 
thinner and more fragile branches and foliose forms (Cybul-
ski et al. 2020; Diers et al. 2025). However, a recent core 
study from Singapore (a natural and anthropogenic turbid 
reef system) also shows a higher capture rate of stress-tol-
erant massive corals (Chan et al. 2025) especially in the 

Early to Mid-Holocene. Kudingareng Keke is dominated by 
stress-tolerant and massive Merulinidae corals (including 
Goniastrea) and Acanthastrea, while Samalona reef flat has 
a dominance of the generalist Montipora, present frequently 
in its foliose morphology, as well as more free-living Fungii-
dae corals, and occurrences of Dipsastraea, submassive 
Galaxea, and Merulinidae, all of which are stress-tolerant. 
The more common presence of these coral morphologies is 
likely largely driven by deeper water depths than exist on 
the modern reef flat (with depths of 1.0–1.5 m MSL), as sea 
level during this period was approaching a Mid-Holocene 
high stand and was rapidly increasing up to this point (Mann 
et al. 2019; Bender et al. 2020). Corals during this period 
had much higher accretion rates as part of a ‘catch up/keep 
up’ phase with this sea-level rise (Hynes et al. 2025).

During the Hiatus (2000–6000 YBP) period, while 
Goniastrea is statistically driving the changes compared to 
the Hiatus, the dominant coral morphology begins to shift 
to more commonly branching corals during this period 
(p = 0.0161). Samalona especially shifts to dominantly 
branching Acropora from the Hiatus to the recent, in part 
due to the shift to keep up as the Mid-Holocene sea-level 
high stand occurred (Diers et al. 2025). This continues into 
the Post-Hiatus (< 2000 YBP) as sea level declines until only 
the last few decades and is accompanied by increase in coral 
diversity. Competitive Acropora tends to favor the shallower 
and clearer waters seen on reef flats and upper reef slopes 
(Table 1; Veron 2000). Further, we have seen extremely low 
accretion rates throughout the Hiatus period (average mean 
accretion rate of 0.20 mm/yr from both islands), and this 
low accretion continues until the last few centuries (Hynes 
et al. 2025). By the Post-Hiatus (< 2000 YBP), the relative 
abundance of the weedy Seriatopora (a common shallow 
water/intertidal coral) is higher and more common on the 
flat. The reef slopes, which are almost entirely Post-Hia-
tus, show a higher diversity of corals and include common 
reef slope corals like Fungiidae and Seriatopora as well as 
more mixed coral morphologies. This shows that the Pre-
Hiatus reef flat was somewhat similar to the deeper water 
upper slope coral communities seen in these slope cores. As 
mentioned, Palauastrea ramosa is present in all three time 
periods, and even close to the modern day, but this coral 
has never been recorded in the Spermonde Archipelago, 
although the coral fauna of this region has been extensively 
studied over the past 50 years. (Moll 1983; Best et al. 1989; 
Razak et al. 2024). This shows that reef assemblage shifts 
occurred long before industrialization in the area, as well 
as being a potential tool for capturing cryptic diversity. The 
nearest locality where P. ramosa has been found alive is 
Selayer Island off the southernmost tip of South Sulawesi 
(Best et al. 1989), which is only 150 km away from the Sper-
monde Archipelago. Since this species is known to occur 
in shallow, lagoonal habitats with turbid water (Best et al. 
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1989; Veron 2000), it is unclear why this species was present 
in the past and appears to have become locally extinct in the 
Spermonde Archipelago.

The reef flat foraminifera assemblages on both islands 
show an assemblage of LBF that prefer deeper water (shal-
low to mid-slope) as well as reef flat-preferring LBF in the 
Pre-Hiatus (Figs. 5, 7B, Table 2). This is shown by the con-
sistent appearance of A. lessonii across all reef flat samples 
of both islands. This observation is consistent with a study 
of 12 islands in the Spermonde Archipelago from 1997 to 
2018 which also showed a dominance of A. lessonii across 
the entire archipelago (Girard et al. 2022). Further, there is 
a high relative abundance of Calcarina which is especially 
significant during the Hiatus (p = 0.0790), which has some 
species preferential to the flat and others to the reef slope 
(Renema and Troelstra 2001; Renema 2002; Girard et al. 
2022). In both cores from the reef flat of Samalona examined 
for LBF during this period, there are minor abundances of 
A. radiata, and on both islands minor occurrences of Heter-
ostegina, both of which have a preference for the mid-slope 
(Renema 2018; Girard et al. 2022). Further, there is a higher 
diversity of LBF groups in the Pre-Hiatus flat (> 6000 YBP), 
which decreases to a dominance of only three groups into 
the Post-Hiatus (A. lessonii, Calcarina, and reef flat signifi-
cant, p = 0.0036, Neorotalia) as the water depth on the flat 
was only 1.0–1.5 m on average in this period and into the 
modern (Hynes et al. 2025). The reef slopes, which only 
have one data point from the Hiatus period on Samalona, 
show a higher diversity of LBF throughout the cores on 
both islands. Further, much higher occurrences of slope-
preferring foraminiferans such as A. radiata, Heterostegina, 
and Operculina are noted from the slope. Diversity and rela-
tive abundances of LBF on the reef slope are consistent and 
steady throughout the last 2100 YBP and 450 YPB on Sam-
alona and Kudingareng Keke, respectively.

Sponge spicule assemblages are almost entirely from the 
Post-Hiatus (< 2000 YBP) and therefore offer little insight 
to their assemblages prior to the past 2100 YBP (Fig. 6, 
Supplemental Fig. 9). Despite these limitations, there are 
apparent changes in the dominant abundant spicule mor-
photype groups across this time period. On the reef flats of 
both islands, an increase in monoaxone megascleres appears 
to occur toward the present, which simultaneously comes 
with a decrease in selenaster/sterraster/aspidaster (with sele-
nasters present in the genus Placospongia representing most 
of this group). It cannot be ruled out that the high prevalence 
in selenasters in the past is due to taphonomic mechanisms 
(Kidwell et al. 2005; Lukowiak 2016). The selenaster/ster-
raster/aspidaster preserves well due to their round shape and 
robust construction, as well as the fact that even when bro-
ken they can be readily identified compared to monoaxone/
triaene/rhabd derived. For example, spicules with broken 
ends are often not identifiable to a specific morphology 

group. However, as the Asters group, which shows similar 
robustness and identifiable broken spicules, either increase 
slightly or stay stable moving toward the recent, it is likely 
this pattern is not entirely taphonomic in nature. Interest-
ingly, the trend of decreased selenasters/sterrasters and 
increasing monoaxone megascleres, especially oxeas, is 
the opposite as was observed in a core study from Panama 
where increasing presence of Placospongia (selenasters) 
and Geodia (sterrasters) was possibly due to the overhunt-
ing of Hawksbill turtles (Eretmochelys imbricata) in the 
region (Lukowiak et al. 2018). Although it is often difficult 
to assign taxonomy to individual spicules, there appears to 
be an increase in diversity and a more even spread of abun-
dance at the core tops. This sub-recent to recent material has 
a higher occurrence of monoaxone megascleres, especially 
oxeas, which are present in many classes of Demospongiae 
and therefore their high relative abundance is to be expected. 
Many of these oxeas do come from the order Haplosclerida, 
which is common across the Spermonde Archipelago with 
long-term sponge studies going back to 1997 (de Voogd 
et al. 2006). Mucronate subtylostyles from the excavating 
Cliona also contribute to the increased presence of mono-
axone megascleres reported here. Further, the appearance of 
cryptic species in these sediments shows an additional ben-
efit of identifying the presence of cryptic/excavating sponge 
species within spicule assemblages.

Reef substrate changes

As LBF shows a high preference of reef substrate alongside 
their water depth specializations (Table 2), we can examine 
how the reef substrate has changed over the last 7200 YBP 
through their presence. On the reef flats of both islands, the 
Pre-Hiatus (> 6000 YBP) suggests an algal-dominated rub-
ble substrate, as shown by the more significant abundance 
of Neorotalia and Soritidae over A. lessonii (Holbourn et al. 
2013; Renema 2018). Moving into the Hiatus period, the 
flat becomes a more evenly mixed algae and coral rubble 
substrate as A. lessonii and Calcarina become the dominant 
LBF groups. This rubble algal-mixed substrate continues 
into the Post-Hiatus (< 2000 YBP) period, with a recovery 
of rubble on the flat (likely driven by high coral coverage on 
the flat contributing to the rubble) until the last few decades 
where algae starts to dominate again, likely an indication of 
more severe anthropogenic influences (Renema 2018; Girard 
et al. 2022). Interestingly this rubble-dominant substrate in 
the Hiatus to Post-Hiatus is being driven largely by A. lesso-
nii and Heterostegina on Samalona compared to Calcarina 
and Textulariida on Kudingareng Keke. The Post-Hiatus reef 
slope shows a mostly coral rubble-dominant substrate with 
some periods of higher algae cover driven largely by the A. 
radiata group. This is to be expected due to the higher cov-
erage of coral on the slope Post-Hiatus, as the reef complex 



	 Coral Reefs

progrades outward on the slope during this period and still 
has accommodation space (Girard et al. 2022; Hynes et al. 
2025). Both reef slopes have a more consistent substrate 
throughout the cores, but mostly only represent the Post-
Hiatus and therefore cannot tell us what longer-term changes 
may have occurred.

Corals also contribute to the reef substrate through contin-
ued growth and coverage of the substrate, competition with 
algae, and the creation of additional rubble through breakage 
and erosion. The Samalona reef flat in the Pre-Hiatus is a 
mixture of branching, massive, and free-living growth forms 
(with minor foliose), and this shifts to almost dominantly 
branching in the Post-Hiatus. Similarly, on Kudingareng 
Keke the Pre-Hiatus flat is dominantly massive with some 
branching and minor foliose, but is almost entirely branch-
ing in the Post-Hiatus. As branching corals are more fragile 
and likely to break than massive ones, this shift would have 
also contributed to an increase in coral rubble on the reef 
substrate in the Post-Hiatus (Rasser and Riegl 2002). This 
is further evidenced by the rapid decline of coral cover on 
the reef flats in Spermonde in the last century (Umbgrove 
1928, 1947; Haya and Fujii 2017; Razak et al. 2024), while 
rubble and algae do cover large parts of the reef flat in the 
modern. However, accretion rates have begun to increase 
toward the modern day, likely sustained by the rapid growth 
of the Acroporidae corals on the flat and slope, as well as 
other carbonate producers, to keep carbonate production in 
pace with increased erosion/breakage (Hynes et al. 2025). 
The single island core from Kudingareng Keke is entirely 
branching coral, much of which is eroded, and where many 
subsamples are more sand particles than large coral clasts 
(floatstone facies, Fig. 2B), showing that this erosion/break-
age is also responsible for the continued sedimentation of the 
islands and the accumulation on the leeward slope.

The Late Hiatus (2000–6000 YBP) to Post-Hiatus 
(< 2000 YBP) periods frequently have spicules from cryp-
tic sponge species, many of which are cryptic due to their 
excavating nature where they bore into coral rubble and 
other hard substrates. These cryptic species (specifically C. 
mucronata and Spiroxya sp.) seemingly are more frequently 
present toward modern day, though are not analyzed here 
with SIMPER. These specific sponges (as well as other 
cryptic sponges such as Acanthotetilla celebensis) have not 
been observed in previous sponge surveys of the region (de 
Voogd et al. 2006; van der Windt et al. 2020) and represent 
an expansion of their known range. As these cryptic exca-
vating sponges have a habitat preference of coral rubble and 
crevices in rocks (Hooper and Van Soest 2002), this would 
suggest that throughout the Post-Hiatus coral rubble or hard 
substrates have been present in large enough amounts for 
these sponges to inhabit both the flat and the slope of both 
islands. Also, given that the relative abundance of spicules 
from C. mucronata and Spiroxya visually increases toward 

the modern day (especially C. mucronata subtylostyles rep-
resent upward of 11% of the relative abundance) this could 
be an indicator of further coral degradation and a subsequent 
increase in dead coral rubble assemblages in recent dec-
ades–centuries (Lukowiak et al. 2018; Pacheco et al. 2020; 
Diers et al. 2025), though without a more robust statistical 
analysis this cannot be said for certain. Further, the presence 
of excavating sponges would also contribute to an increase in 
bioerosion, which in turn would add to the creation of sand 
or smaller-sized carbonate sediment for continued expan-
sion of the island and progradation/accumulation of the reef 
complexes margins (Lange et al. 2020; Kench et al. 2024).

Natural turbidity and tolerant corals

As many areas in SE Asia (and the Indo-Pacific as a whole) 
are experiencing increased natural and anthropogenic turbid-
ity (as well as other anthropogenic stressors), coral commu-
nities are facing stressors related to this, such as sediment 
smothering of corals and increased eutrophication/algae 
outcompeting corals (Kleypas 1996; Morgan et al. 2020; 
Dimitrijevic et al. 2024). The Spermonde Archipelago also 
has had its turbidity influenced by large-scale land clearing 
and reclamation from the nearshore and other factors (Teich-
berg et al. 2018; Girard et al. 2022; Estradivari et al. 2025). 
Other reefs in the region are seeing shifts from competitive/
generalist corals (such as Acropora and Montipora) to more 
stress-tolerant and weedy corals (Darling et al. 2012) such 
as Euphyllia, Goniopora, Porites, and Turbinaria (John-
son et al. 2017; Cybulski et al. 2020; Morgan et al. 2020). 
In this study, on the Samalona reef flat as well as the tops 
of KKF-1 and KKF-3 reef flat cores there is a shift from 
more stress-tolerant corals in the Pre-Hiatus to dominantly 
competitive Acropora in the Hiatus and especially the Post-
Hiatus (Table 1, Supplemental Table 4). Kudingareng Keke 
is dominantly stress-tolerant massive corals (Acanthastrea, 
Goniastrea, and Merulinidae) until the Post-Hiatus. This is 
the inverse of what is shown in other studies (Pandolfi and 
Minchin 1996; Edinger et al. 2001; Cybulski et al. 2020), but 
interestingly matches that of a recent study from Singapore, 
another area though to be influenced heavily by modern 
anthropogenic turbidity (Chan et al. 2025).

This suggests that Spermonde has always seen some level 
of natural turbidity, going back to at least 7000 YBP. Other 
stress-tolerant genera are visually found in relatively com-
mon abundances in some subsamples (10% or more relative 
abundance) in the reef flat cores (Darling et al. 2012; Veron 
2000; Johnson et al. 2017; Morgan et al. 2020). The Pre-
Hiatus of Samalona has subsamples with high occurrences 
of Palauastrea, Turbinaria, Fungiidae, and Merulinidae 
(many genera of both groups are stress-tolerant), while the 
same time period on Kudingareng Keke has subsamples with 
occurrences of Goniastrea, Pavona, and also Merulinidae. 
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Interestingly, on these islands there is a persistence of stress-
tolerant genera into the Hiatus (Palauastrea and Heliopora 
on Samalona, Goniastrea on Kudingareng Keke). The Sam-
alona Post-Hiatus (when including the reef slope) has some 
samples with frequent appearances of Euphyllia, Australo-
gyra, Palauastrea, and Pachyseris, while Kudingareng Keke 
(slope and flat) in the same period has samples containing 
Palauastrea, Physogyra, Goniopora, and Porites. Both 
islands on the reef slope also harbor some abundance of 
stress-tolerant Fungiidae corals. This helps to confirm that 
the region has also seen varying levels of natural turbidity, 
which likely has been exacerbated by anthropogenic turbid-
ity in the last decades and even centuries of the Post-Hiatus 
period (Renema 2018; Girard et al. 2022).

Foraminiferan assemblages during the Hiatus show a high 
abundance of A. lessonii especially on Samalona, which 
shifts to a significant dominance of Calcarina by the Post-
Hiatus demonstrating additional evidence that Samalona has 
always seen some level of turbidity (Renema and Troelstra 
2001; Girard et al. 2022), even 7200 YBP. Kudingareng 
Keke has a high abundance of Calcarina and some abun-
dance A. lessonii which are capable of handling turbidity, 
but, due to the higher presence of Neorotalia and Textulari-
ida, shows that although some turbidity has persisted here, 
Kudingareng Keke is overall less turbid than Samalona 
throughout all three time periods (which holds true to this 
day, due to the proximity of Samalona to shore). Further 
evidence for this is supported by the grain size analysis 
previously conducted on these cores (Hynes et al. 2025). 
Here in all cores, there is a fining-downwards sequence, with 
oldest samples often containing high amounts of calcium 
carbonate mud and very poor sorting of grains. If the tur-
bidity was largely driven by anthropogenic causes, then a 
fining-up sequence, with the Post-Hiatus especially being 
finer-grained, would be expected due to the increased ter-
restrial input over time. Further, all core samples analyzed 
for spicular analysis had portions of non-carbonate material 
left post-digestion, some of which is due to terrestrial input 
(as well as other biogenic silica material) present throughout 
this system’s history.

Conclusions

This study shows that reefs in the Spermonde Archipelago 
were already experiencing large-scale assemblage shifts at 
centennial to millennial scales, predating modern anthro-
pogenic stressors from the last few centuries. From 7200 to 
6000 YBP these reefs saw more massive, foliose, and free-
living corals (Fungiidae) sustaining the accretion and growth 
of the reef under the final stages of rapid sea-level rise that 
occurred in the Early to Mid-Holocene (Hynes et al. 2025). 
A reef growth Hiatus of low accretion occurred from 6000 to 

2000 YBP during a sea-level highstand, with a shift to domi-
nantly branching corals (especially those of the Acroporidae 
family on Samalona), which continues toward the present 
day. Large benthic foraminifera assemblages also saw shifts 
with changing sea levels, including substrate changes from 
more commonly coral rubble to more algal-dominant mixed 
substrates in the Post-Hiatus. Sponge communities also have 
seen temporal shifts; however, due to the difficulty in high-
level taxonomy of individual spicules, the true assemblage 
shifts are not inherently clear.

However, spicules from reef core sediments are shown 
here as a way to find and identify the presence of cryptic 
species of sponges throughout a reef’s history. The spicular 
assemblages examined here seem to demonstrate that there 
has been an apparent increase in cryptic sponges (especially 
excavating sponges) over the last few centuries, and these 
excavating sponges occur consistently throughout the Post-
Hiatus period. This also indicates that substrates during the 
last 2000 YBP are more frequently coral rubble and other 
hard substrates. This is likely due to declining coral coverage 
and reef health over the last few decades and even centuries. 
Foraminiferan communities also show a shift toward less 
coral and more coral rubble and algal-dominant substrates, 
further highlighting the potential reef degradation occur-
ring. The detection of cryptic species is also revealed in the 
coral communities with the presence of Palauastrea ramosa 
throughout all time periods. The presence of P. ramosa until 
the sub-recent, also shows that shifts occurred well before 
modern surveys were able to quantify these shifts, poten-
tially due to more recent anthropogenic stressors. Finally, 
coral and LBF assemblages show us that the Spermonde 
Archipelago has always experienced some level of natural 
turbidity (especially on the more nearshore Samalona), and 
the earliest corals were often stress-tolerant and/or weedy 
species (Darling et al. 2012), which allowed them to keep 
growing in the face of added anthropogenic turbidity.

Acknowledgements  MGH would like to thank Dr. Elizabeth Eaves 
for language edits and discussion of ideas. Astrid Verkerk is thanked 
for help in core collection and Tiar Bahari for captaining the boats 
and assisting in core collection. Dr. Dino Ramos, Andrew Torres, Dr. 
Daniel Schürholz, and Dr. Estradivari are thanked for their help with 
fieldwork logistics and support. Dr. Kaveh Samimi-Namin is thanked 
for discussions of octocoral taxonomy and ecology. MGH would like 
to thank Dr. Magdalena Ɫukowiak for sharing spicular analysis tech-
niques. Ryan Brewer is thanked for help with R code for creating fig-
ures for results. MGH is grateful to Dr. Werner de Gier for helping 
with R code for conducting the SIMPER analysis. Rob Langelaan and 
Bertie Joan van Heuven are thanked for help in imaging techniques, as 
well as sourcing laboratory materials and chemicals. We would like to 
thank the two reviewers and editor for their helpful recommendations 
for improving the manuscript.

Author contributions  M.G.H was responsible for conceptualization, 
data curation, formal analysis, investigation, methodology, supervision, 
validation, visualization, writing—original draft, and writing—review 



	 Coral Reefs

& editing. D.P. was responsible for data curation, investigation, and 
writing—review & editing. S.K. was responsible for data curation, for-
mal analysis, investigation, validation, and writing—review & editing.  
K.S. was responsible for data curation, formal analysis, investigation, 
validation, and writing—review & editing.  H.M. helped in investiga-
tion, methodology, resources, and writing—review & editing.  S.A.P. 
was involved in data curation, investigation, and writing—review & 
editing. R.A-R. was responsible for funding acquisition, resources, and 
writing—review and editing. J.J. was responsible for funding acquisi-
tion, resources, and writing—review and editing. J.M.W. was respon-
sible for data curation, methodology, validation, and writing—review 
& editing. B.W.H. was responsible for data curation, methodology, 
validation, and writing—review & editing. N.J.d.V. was responsible 
for conceptualization, funding acquisition, methodology, supervision, 
validation, and writing—review & editing.  W.R. was responsible for 
conceptualization, funding acquisition, investigation, methodology, 
project administration, supervision, validation, writing—review & 
editing.

Funding  H2020 Marie Skłodowska-Curie Actions, 813360, Naturalis 
Biodiversity Center.

Data availability  All data supporting the findings of this study are 
available within the paper and its Supplementary Information.

Declarations 

Conflict of interest  The authors declare no competing interests.

Open Access  This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, adap-
tation, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Almeida CM, Barbosa CF, Cordeiro RC, Seoane JCS, Fermino GM, 
Silva PO, Turcq BJ (2013) Palaeoecology of a 3-kyr biosedi-
mentary record of a coral reef-supporting carbonate shelf. Cont 
Shelf Res 70:168–176. https://​doi.​org/​10.​1016/j.​csr.​2013.​05.​012

Becking LE, Cleary DFR, de Voogd NJ, Renema W, de Beer M, van 
Soest RWM, Hoeksema BW (2006) Beta diversity of tropical 
marine benthic assemblages in the Spermonde Archipelago, 
Indonesia. Mar Ecol 27:76–88. https://​doi.​org/​10.​1111/j.​1439-​
0485.​2005.​00051.x

Bejarano S, Pardede S, Campbell SJ, Hoey AS, Ferse SCA (2019) 
Herbivorous fish rise as a destructive fishing practice falls in an 

Indonesian marine national park. Ecol Appl 29:e01981. https://​
doi.​org/​10.​1002/​eap.​1981

Bender M, Mann T, Stocchi P, Kneer D, Schone T, Illigner J, Jompa J, 
Rovere A (2020) Late Holocene (0–6 ka) sea-level changes in the 
Makassar Strait, Indonesia. Climate of the past 16:1187–1205. 
https://​doi.​org/​10.​5194/​cp-​16-​1187-​2020

Best MB, Hoeksema BW, Moka W, Moll H, Sutarna IN (1989) Recent 
scleractinian coral species collected during the Snellius-II Expe-
dition in eastern Indonesia. Neth J Sea Res 23:107–115. https://​
doi.​org/​10.​1016/​0077-​7579(89)​90005-7

Bing, Microsoft  (2024) Satellite map of the Spermonde Archipelago, 
Indonesia and surrounding region. Retrieved September 19, 
2024, from https://​www.​bing.​com/​maps 

Boggs S Jr. (2012) Principles of sedimentology and stratigraphy. Pear-
son Education Ltd., Upper Saddle River, New Jersey

Boury-Esnault N, Rützler K (1997) Thesaurus of sponge morphology. 
Smithson Contrib Zool 596:1–55

Chan YKS, Ang ACF, Choo M, Oh RM, Morgan KM, Todd PA, 
O’Leary MJ, Huang D (2025) Holocene coral assemblages reveal 
similarities to living communities in Singapore’s urban reef envi-
ronment. Palaeogeogr Palaeoclimatol Palaeoecol 669:112930. 
https://​doi.​org/​10.​1016/j.​palaeo.​2025.​112930

Cramer KL, O’Dea A, Clark TR, Zhao JX, Norris RD (2017) Prehis-
torical and historical declines in Caribbean coral reef accretion 
rates driven by loss of parrotfish. Nat Commun 8:14160. https://​
doi.​org/​10.​1038/​ncomm​s14160

Cramer KL, O’Dea A, Carpenter C, Norris RD (2018) A 3000 year 
record of Caribbean reef urchin communities reveals causes and 
consequences of long-term decline in Diadema antillarum. Ecog-
raphy 41:164–173. https://​doi.​org/​10.​1111/​ecog.​02513

Cramer KL, Jackson JBC, Donovan MK, Greenstein BJ, Korpanty 
CA, Cook GM, Pandolfi JM (2020) Widespread loss of Carib-
bean acroporid corals was underway before coral bleaching and 
disease outbreaks. Sci Adv 6:eaax9395. https://​doi.​org/​10.​1126/​
sciadv.​aax93​95

Cybulski JD, Husa SM, Duprey NN, Mamo BL, Tsang TPN, Yasu-
hara M, Xie JY, Qiu JW, Yokoyama Y, Baker DM (2020) Coral 
reef diversity losses in China’s Greater Bay Area were driven by 
regional stressors. Sci Adv 6(40):eabb1046. https://​doi.​org/​10.​
1126/​sciadv.​abb10​46

Cybulski JD, Sharpe AE, Carvajal-Contreras DR, De Gracia B, Dil-
lon EM, García-Pérez I, Isaza-Aizpurúa II, Núñez-Cortés Y, 
Monge-Blanco S, Smith-Guzmán NE (2025) Historical ecology 
of the Southern Central American Pacific coast. Philos Trans B 
380:20240042. https://​doi.​org/​10.​1098/​rstb.​2024.​0042

Darling ES, Alvarez-Filip L, Oliver TA, McClanahan TR, Côté IM 
(2012) Evaluating life-history strategies of reef corals from spe-
cies traits. Ecol Lett 15:1378–1386. https://​doi.​org/​10.​1111/j.​
1461-​0248.​2012.​01861.x

de Klerk LG (1983) Zeespiegels, riffen en kustvlakten in zuidwest 
Sulawesi, Indonesie| een morfogenetisch-bodemkundige studie. 
(Sea levels, coral reefs and coastal plains in southwest Sulawesi, 
Indonesia). Utrechtse Geografische Studies Utrecht 27:1–172

de Goeij JM, van Oevelen D, Vermeij MJA, Osinga R, Middelburg JJ, 
de Goeij A, Admiraal W (2013) Surviving in a marine desert: 
the sponge loop retains resources within coral reefs. Science 
342:108–110. https://​doi.​org/​10.​1126/​scien​ce.​12419​81

de Voogd NJ, Cleary DFR, Hoeksema BW, Noor A, van Soest RWM 
(2006) Sponge beta diversity in the Spermonde Archipelago, SW 
Sulawesi, Indonesia. Mar Ecol Prog Ser 309:131–142. https://​
doi.​org/​10.​3354/​meps3​09131

Diers D, Reineke A, Walkenfort D, Humblet M, Łukowiak M, Gischler 
E (2025) Fauna and sediments as archives of Late Holocene 
enviornmental change (Rasdhoo Atoll lagoon, Maldives, Indian 
Ocean). Palaios 40:1–18. https://​doi.​org/​10.​2110/​palo.​2023.​045

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.csr.2013.05.012
https://doi.org/10.1111/j.1439-0485.2005.00051.x
https://doi.org/10.1111/j.1439-0485.2005.00051.x
https://doi.org/10.1002/eap.1981
https://doi.org/10.1002/eap.1981
https://doi.org/10.5194/cp-16-1187-2020
https://doi.org/10.1016/0077-7579(89)90005-7
https://doi.org/10.1016/0077-7579(89)90005-7
https://www.bing.com/maps
https://doi.org/10.1016/j.palaeo.2025.112930
https://doi.org/10.1038/ncomms14160
https://doi.org/10.1038/ncomms14160
https://doi.org/10.1111/ecog.02513
https://doi.org/10.1126/sciadv.aax9395
https://doi.org/10.1126/sciadv.aax9395
https://doi.org/10.1126/sciadv.abb1046
https://doi.org/10.1126/sciadv.abb1046
https://doi.org/10.1098/rstb.2024.0042
https://doi.org/10.1111/j.1461-0248.2012.01861.x
https://doi.org/10.1111/j.1461-0248.2012.01861.x
https://doi.org/10.1126/science.1241981
https://doi.org/10.3354/meps309131
https://doi.org/10.3354/meps309131
https://doi.org/10.2110/palo.2023.045


Coral Reefs	

Dimitrijevic D, Santodomingo N, Kiessling W (2024) Reef refugia in 
the aftermath of past episodes of global warming. Coral Reefs 
43:1431–1442. https://​doi.​org/​10.​1007/​s00338-​024-​02548-y

Edinger EN, Pandolfi JM, Kelley RA (2001) Community structure 
of Quaternary coral reefs compared with Recent life and death 
assemblages. Paleobiology 27:669–694. https://​doi.​org/​10.​1666/​
0094-​8373(2001)​027

Estradivari PAMA, Syafruddin G, Kanna PL, Stuhr M, Torres AF, DA 
Munawwarah R, Ambo-Rappe R, Bejarano S, Puebla O, Wild C, 
Ferse SCA (2025) Coastal urbanization-related stressors affect 
fish herbivory in the Spermonde Archipelago. Indones Front Mar 
Sci 12:1359139. https://​doi.​org/​10.​3389/​fmars.​2025.​13591​39

Girard EB, Estradivari FS, Ambo-Rappe R, Jompa J, Renema W (2022) 
Dynamics of large benthic foraminiferal assemblages: A tool to 
foreshadow reef degradation? Sci Total Environ 811:151396. 
https://​doi.​org/​10.​1016/j.​scito​tenv.​2021.​151396

Gischler E, Hudson JH (2019) Holocene tropical reef accretion and 
lagoon sedimentation: A quantitative approach to the influence of 
sea-level rise, climate and subsidence (Belize, Maldives, French 
Polynesia). Depositional Record 5:515–539. https://​doi.​org/​10.​
1002/​dep2.​62

Gischler E, Hudson JH, Eisenhauer A, Parang S, Deveaux M (2023) 
9,000 years of change in coral community structure and reef 
accretion in Belize reefs, western Atlantic. Sci Rep 13:11349. 
https://​doi.​org/​10.​1038/​s41598-​023-​38118-5

Glaeser B, Ferse S, Gorris P (2017) Fisheries in Indonesia between 
livelihoods and environmental degradation: Coping strategies in 
the Spermonde Archipelago, Sulawesi. Global change in marine 
systems. Routledge, pp 67–82

Haya L, Fujii M (2017) Mapping the change of coral reefs using remote 
sensing and in situ measurements: a case study in Pangkajene 
and Kepulauan Regency, Spermonde Archipelago, Indonesia. J 
Oceanogr 73:623–645

Haywood MDE, Dennis D, Thomson DP, Pillans RD (2016) Mine 
waste disposal leads to lower coral cover, reduced species 
richness and a predominance of simple coral growth forms on 
a fringing coral reef in Papua New Guinea. Mar Environ Res 
115:36–48. https://​doi.​org/​10.​1016/j.​maren​vres.​2016.​02.​003

Heaton TJ, Kohler P, Butzin M, Bard E, Reimer RW, Austin WEN, 
Ramsey CB, Grootes PM, Hughen KA, Kromer B, Reimer 
PJ, Adkins J, Burke A, Cook MS, Olsen J, Skinner LC (2020) 
Marine20 The marine radiocarbon age calibration curve 
(0–55,0000 BP). Radiocarbon 62:779–820. https://​doi.​org/​10.​
1017/​rdc.​2020.​68

Heery E, Hoeksema B, Browne N, Reimer J, Ang P, Huang D, Friess 
D, Chou L, Loke L, Saksena-Taylor P, Alsagoff N, Yeemin T, 
Sutthacheep M, Vo S, Bos A, Gumanao G, Hussein M, Waheed 
Z, Lane D, Johan O, Kunzmann A, Jompa J, Suharsono TD, 
Bauman A, Todd P (2018) Urban coral reefs: Degradation and 
resilience of hard coral assemblages in coastal cities of East and 
Southeast Asia. Mar Pollut Bull 135:654–681. https://​doi.​org/​10.​
1016/j.​marpo​lbul.​2018.​07.​041

Hoegh-Guldberg O, Pendleton L, Kaup A (2019) People and the chang-
ing nature of coral reefs. Reg Stud Mar Sci 30:100699. https://​
doi.​org/​10.​1016/j.​rsma.​2019.​100699

Hoeksema BW (2007) Delineation of the Indo-Malayan centre of 
maximum marine biodiversity: the Coral Triangle Biogeography, 
time, and place: distributions, barriers, and islands. Springer, 
Dordrecht, The Netherlands, pp 117–178

Hoeksema BW (2012a) Distribution Patterns of Mushroom Corals 
(Scleractini: Fungiidae) Across the Spermonde Shelf, South 
Sulawesi. Raffles Bull Zool 60:183–212

Hoeksema BW (2012b) Evolutionary trends in onshore-offshore distri-
bution patterns of mushroom coral species (Scleractinia: Fungii-
dae). Contrib Zool 81:199–221. https://​doi.​org/​10.​1163/​18759​
866-​08104​002

Hoeksema BW (2026) An unseen threat to coral reef biodiversity: the 
international trade of live corals for the aquarium industry as 
reflected by CITES records (1990–2021). Ocean Coast Manage 
276:108111. https://​doi.​org/​10.​1016/j.​oceco​aman.​2026.​108111

Hoeksema BW, Cairns S (2025) World list of Scleractinia. Accessed 
at: World Register of Marine Species at: http://​www.​marin​espec​
ies.​org/​scler​actin​ia on 2025–12–12

Hoeksema BW (1990) Systematics and ecology of mushroom corals 
(Scleractinia-Fungiidae). PhD Thesis Leiden University, Neth-
erlands pp 471.

Holbourn A, Henderson AS, MacLeod N (2013) Atlas of benthic 
foraminifera. John Wiley & Sons

Hooper JNA, Van Soest RWM (2002) Systema Porifera. A guide to 
the classification of sponges Systema Porifera: A guide to the 
classification of sponges. Springer

Hopley D, Slocombe AM, Muir F, Grant C (1983) Nearshore fringing 
reefs in north Queensland. Coral Reefs 1:151–160. https://​doi.​
org/​10.​1007/​bf005​71192

Hynes MG, O’Dea A, Webster JM, Renema W (2024) RADReef: 
A global Holocene Reef Rate of Accretion Dataset. Scientific 
Data 11:398. https://​doi.​org/​10.​1038/​s41597-​024-​03228-w

Hynes MG, Masdar H, Parenden D, de Voogd NJ, Stuut J-BW, Jompa 
J, Webster JM, Renema W (2025) Impact of Holocene rela-
tive sea-level changes on patch reef-island development in the 
Spermonde Archipelago, South Sulawesi. Indones Holocene 
35(5):556–570. https://​doi.​org/​10.​1177/​09596​83625​13136​28

Johnson JA, Perry CT, Smithers SG, Morgan KM, Santodomingo 
N, Johnson KG (2017) Palaeoecological records of coral com-
munity development on a turbid, nearshore reef complex: base-
lines for assessing ecological change. Coral Reefs 36:685–700. 
https://​doi.​org/​10.​1007/​s00338-​017-​1561-1

Johnson JA, Perry CT, Smithers SG, Morgan KM, Woodroffe 
SA (2019) Reef shallowing is a critical control on ben-
thic foraminiferal assemblage composition on nearshore 
turbid coral reefs. Palaeogeogr Palaeoclimatol Palaeoecol 
533:109240. https://​doi.​org/​10.​1016/j.​palaeo.​2019.​109240

Kelley R (2022) Coral Finder 2022: Indo-Pacific Hard Corals. BYO 
Guides

Kench PS, Mann T (2017) Reef island evolution and dynamics: 
Insights from the Indian and Pacific Oceans and perspectives 
for the Spermonde Archipelago. Front Mar Sci 4:145. https://​
doi.​org/​10.​3389/​fmars.​2017.​00145

Kench PS, Beetham EP, Turner T, Morgan KM, Owen SD, McLean 
RF (2022) Sustained coral reef growth in the critical wave 
dissipation zone of a Maldivian atoll. Commun Earth Environ 
3:9. https://​doi.​org/​10.​1038/​s43247-​021-​00338-w

Kench PS, Sengupta M, Ford MR, Owen SD (2024) Island change 
framework defines dominant modes of atoll island dynamics 
in response to environmental change. Commun Earth Environ 
5:585. https://​doi.​org/​10.​1038/​s43247-​024-​01757-1

Khan NS, Horton BP, Engelhart S, Rovere A, Vacchi M, Ashe EL, 
Tornqvist TE, Dutton A, Hijma MP, Shennan I, Grp HW 
(2019) Inception of a global atlas of sea levels since the Last 
Glacial Maximum. Quatern Sci Rev 220:359–371. https://​doi.​
org/​10.​1016/j.​quasc​irev.​2019.​07.​016

Kidwell SM (2013) Time-averaging and fidelity of modern death 
assemblages: building a taphonomic foundation for conserva-
tion palaeobiology. Palaeontology 56:487–522. https://​doi.​org/​
10.​1111/​pala.​12042

Kidwell SM, Best MMR, Kaufman DS (2005) Taphonomic trade-offs 
in tropical marine death assemblages: Differential time averag-
ing, shell loss, and probable bias in siliciclastic vs. carbonate 
facies. Geology 33:729–732. https://​doi.​org/​10.​1130/​g21607.1

Kleypas JA (1996) Coral reef development under naturally turbid 
conditions: Fringing reefs near Broad Sound, Australia. Coral 
Reefs 15:153–167. https://​doi.​org/​10.​1007/​s0033​80050​037

https://doi.org/10.1007/s00338-024-02548-y
https://doi.org/10.1666/0094-8373(2001)027
https://doi.org/10.1666/0094-8373(2001)027
https://doi.org/10.3389/fmars.2025.1359139
https://doi.org/10.1016/j.scitotenv.2021.151396
https://doi.org/10.1002/dep2.62
https://doi.org/10.1002/dep2.62
https://doi.org/10.1038/s41598-023-38118-5
https://doi.org/10.1016/j.marenvres.2016.02.003
https://doi.org/10.1017/rdc.2020.68
https://doi.org/10.1017/rdc.2020.68
https://doi.org/10.1016/j.marpolbul.2018.07.041
https://doi.org/10.1016/j.marpolbul.2018.07.041
https://doi.org/10.1016/j.rsma.2019.100699
https://doi.org/10.1016/j.rsma.2019.100699
https://doi.org/10.1163/18759866-08104002
https://doi.org/10.1163/18759866-08104002
https://doi.org/10.1016/j.ocecoaman.2026.108111
http://www.marinespecies.org/scleractinia
http://www.marinespecies.org/scleractinia
https://doi.org/10.1007/bf00571192
https://doi.org/10.1007/bf00571192
https://doi.org/10.1038/s41597-024-03228-w
https://doi.org/10.1177/09596836251313628
https://doi.org/10.1007/s00338-017-1561-1
https://doi.org/10.1016/j.palaeo.2019.109240
https://doi.org/10.3389/fmars.2017.00145
https://doi.org/10.3389/fmars.2017.00145
https://doi.org/10.1038/s43247-021-00338-w
https://doi.org/10.1038/s43247-024-01757-1
https://doi.org/10.1016/j.quascirev.2019.07.016
https://doi.org/10.1016/j.quascirev.2019.07.016
https://doi.org/10.1111/pala.12042
https://doi.org/10.1111/pala.12042
https://doi.org/10.1130/g21607.1
https://doi.org/10.1007/s003380050037


	 Coral Reefs

Lane DJW, Hoeksema BW (2016) Mesophotic mushroom coral 
records at Brunei Darussalam support westward extension of 
the Coral Triangle to the South China Sea waters of Northwest 
Borneo. Raffles Bull Zool 64:204–212

Lange ID, Perry CT, Alvarez-Filip L (2020) Carbonate budgets as indi-
cators of functional reef “health”: A critical review of data under-
pinning census-based methods and current knowledge gaps. Ecol 
Indic 110:105857. https://​doi.​org/​10.​1016/j.​ecoli​nd.​2019.​105857

Lee H, Calvin K, Dasgupta D, Krinner G, Mukherji A, Thorne P, Trisos 
C, Romero J, Aldunce P, Barret K (2023) IPCC, 2023: Climate 
change 2023: Synthesis report, summary for policymakers. 
Contribution of working groups I, II and III to the sixth assess-
ment report of the intergovernmental panel on climate change 
[core writing team, Lee H and Romero J (eds.)]. IPCC, Geneva, 
Switzerland.

Leonard ND, Lepore ML, Zhao JX, Rodriguez-Ramirez A, Butler 
IR, Clark TR, Roff G, McCook L, Nguyen AD, Feng YX, Pan-
dol JM (2020) Re-evaluating mid-Holocene reef “turn-off” on 
the inshore Southern Great Barrier Reef. Quatern Sci Rev 
244:106518. https://​doi.​org/​10.​1016/j.​quasc​irev.​2020.​106518

Lukowiak M (2016) Spicular analysis of surficial sediments as a sup-
plementary tool for studies of modern sponge communities. Hel-
gol Mar Res 70(1):5. https://​doi.​org/​10.​1186/​s10152-​016-​0459-6

Lukowiak M, Cramer KL, Madzia D, Hynes MG, Norris RD, O’Dea 
A (2018) Historical change in a Caribbean reef sponge commu-
nity and long-term loss of sponge predators. Mar Ecol Prog Ser 
601:127–137. https://​doi.​org/​10.​3354/​meps1​2694

Lukowiak M, van Soest R, Klautau M, Pérez T, Pisera A, Tabach-
nick K (2022) The terminology of sponge spicules. J Morphol 
283:1517–1545. https://​doi.​org/​10.​1002/​jmor.​21520

Magnusson A (2025) areaplot: Plot Stacked Areas and Confidence 
Bands as Filled Polygons.

Mann T, Rovere A, Schöne T, Klicpera A, Stocchi P, Lukman M, West-
phal H (2016) The magnitude of a mid-Holocene sea-level high-
stand in the Strait of Makassar. Geomorphology 257:155–163. 
https://​doi.​org/​10.​1016/j.​geomo​rph.​2015.​12.​023

Mann T, Bender M, Lorscheid T, Stocchi P, Vacchi M, Switzer AD, 
Rovere A (2019) Holocene sea levels in Southeast Asia, Mal-
dives, India and Sri Lanka: the SEAMIS database. Quatern Sci 
Rev 219:112–125. https://​doi.​org/​10.​1016/j.​quasc​irev.​2019.​07.​
007

Mcfadden CS, Erickson KL, Lane A, Nassongole B, Aguilar S, 
Dunakey SK, Durkin KM, Lalas JAA, Kushida Y, Macrina L, 
Minor NP, Morales-Paredes M, Nelson J, Peddada A, Poole S, 
Porto R, Purow-Ruderman R, Snyder KE, Wismar T, Samimi-
Namin K, Baria-Rodriguez MV, Benzoni F, Huang D, Reimer 
JD, Paulay G, Quattrini AM, Ekins M, Benayahu Y (2025) Bio-
diversity and biogeography of zooxanthellate soft corals across 
the Indo-Pacific. Sci Rep 15:15461. https://​doi.​org/​10.​1038/​
s41598-​025-​98790-7

Moll H, Borel-Best M (1984) New scleractinian corals (Anthozoa: 
Scleractinia) from the Spermonde Archipelago, South Sulawesi, 
Indonesia. Zoologische Mededelingen 58:47–58

Moll H (1983) Zonation and Diversity of Scleractinia on Reefs Off SW 
Sulawesi, Indonesia (with a Summary in Bahasa Indonesia). PhD 
Thesis, Leiden University.

Morgan KM, Perry CT, Smithers SG, Johnson JA, Gulliver P (2016) 
Transitions in coral reef accretion rates linked to intrinsic ecolog-
ical shifts on turbid-zone nearshore reefs. Geology 44:995–998. 
https://​doi.​org/​10.​1130/​g38610.1

Morgan KM, Perry CT, Arthur R, Williams HTP, Smithers SG 
(2020) Projections of coral cover and habitat change on turbid 
reefs under future sea-level rise. Proc Royal Soc B-Biol Sci 
287:20200541. https://​doi.​org/​10.​1098/​rspb.​2020.​0541

Oksanen J, Simpson G, Blanchet F, Kindt R, Legendre P, Minchin 
P, O’hara R, Solymos P, Stevens M, Szoecs E (2023) vegan: 

Community Ecology Package. R package version 2.6–4. 2022. 
https://​CRAN.R-​proje​ct.​org/​packa​ge=​vegan

Pacheco C, Carballo JL, Cruz-Barraza JA, Schonberg CHL, Calci-
nai B (2020) Delimiting boundaries between species: excavat-
ing sponges close to Cliona mucronata (Demospongiae). Syst 
Biodivers 18:573–591. https://​doi.​org/​10.​1080/​14772​000.​2020.​
17767​85

Pandolfi JM, Minchin PR (1996) A comparison of taxonomic composi-
tion and diversity between reef coral life and death assemblages 
in Madang Lagoon, Papua New Guinea. Palaeogeogr Palaeocli-
matol Palaeoecol 119:321–341. https://​doi.​org/​10.​1016/​0031-​
0182(95)​00016-X

Parenden D, Jompa J, Rani C (2021) Condition of hard corals and 
quality of the turbid waters in Spermonde Islands (Case Stud-
ies in Kayangan Island, Samalona Island and Kodingareng Keke 
Island). IOP Conf Series: Earth Environ Sci 921:012060. https://​
doi.​org/​10.​1088/​1755-​1315/​921/1/​012060

Pawlik JR, McMurray SE (2020) The emerging ecological and 
biogeochemical importance of sponges on coral reefs. Ann 
Rev Mar Sci 12:315–337. https://​doi.​org/​10.​1146/​annur​
ev-​marine-​010419-​010807

Perry CT, Smithers SG (2010) Evidence for the episodic “turn on” 
and “turn off” of turbid-zone coral reefs during the late Holo-
cene sea-level highstand. Geology 38:119–122. https://​doi.​org/​
10.​1130/​g30444.1

Perry CT, Smithers SG (2011) Cycles of coral reef “turn-on”, rapid 
growth and “turn-off” over the past 8500 years: a context for 
understanding modern ecological states and trajectories. Glob 
Change Biol 17:76–86. https://​doi.​org/​10.​1111/j.​1365-​2486.​
2010.​02181.x

Plass-Johnson J, Teichberg M, Bednarz V, Gärdes A, Heiden J, Lukman 
M, Miñarro S, Kegler H, Weiand L, Wild C, Reuter H, Ferse S 
(2018) Spatio-temporal patterns in the coral reef communities of 
the Spermonde Archipelago, 2012–2014, II: Fish assemblages 
display structured variation related to benthic condition. Front 
Mar Sci 5:36. https://​doi.​org/​10.​3389/​fmars.​2018.​00036

Polónia ARM, Cleary DFR, de Voogd NJ, Renema W, Hoeksema BW, 
Martins A, Gomes NCM (2015) Habitat and water quality vari-
ables as predictors of community composition in an Indonesian 
coral reef: a multi-taxon study in the Spermonde Archipelago. 
Sci Total Environ 537:139–151. https://​doi.​org/​10.​1016/j.​scito​
tenv.​2015.​07.​102

Putra SA, Ambo-Rappe R, Jompa J, De Voogd NJ (2024) Preliminary 
study of marine sponges (Porifera) in the littoral of Spermonde 
Archipelago, Indonesia. ZooKeys 1208:275–313. https://​doi.​org/​
10.​3897/​zooke​ys.​1208.​113603

Rasser M, Riegl B (2002) Holocene coral reef rubble and its bind-
ing agents. Coral Reefs 21:57–72. https://​doi.​org/​10.​1007/​
s00338-​001-​0206-5

Razak TB, Budaya RR, Hukom FD, Subhan B, Assakina FK, Fau-
ziah S, Jasmin HH, Vida RT, Alisa CAG, Ardiwijaya R, White 
AT, Tebbett SB (2024) Long-term dynamics of hard coral cover 
across Indonesia. Coral Reefs 43:1563–1579. https://​doi.​org/​10.​
1007/​s00338-​024-​02540-6

Renema W (2002) Larger foraminfera as marine environmental indica-
tors. Scripta Geol 124:1–260

Renema W (2018) Terrestrial influence as a key driver of spatial vari-
ability in large benthic foraminiferal assemblage composition in 
the Central Indo-Pacific. Earth Sci Rev 177:514–544. https://​doi.​
org/​10.​1016/j.​earsc​irev.​2017.​12.​013

Renema W, Troelstra SR (2001) Larger foraminifera distribution on a 
mesotrophic carbonate shelf in SW Sulawesi (Indonesia). Pal-
aeogeogr Palaeoclimatol Palaeoecol 175:125. https://​doi.​org/​10.​
1016/​s0031-​0182(01)​00389-3

Renema W, Bellwood DR, Braga JC, Bromfield K, Hall R, Johnson 
KG, Lunt P, Meyer CP, McMonagle LB, Morley RJ, O’Dea 

https://doi.org/10.1016/j.ecolind.2019.105857
https://doi.org/10.1016/j.quascirev.2020.106518
https://doi.org/10.1186/s10152-016-0459-6
https://doi.org/10.3354/meps12694
https://doi.org/10.1002/jmor.21520
https://doi.org/10.1016/j.geomorph.2015.12.023
https://doi.org/10.1016/j.quascirev.2019.07.007
https://doi.org/10.1016/j.quascirev.2019.07.007
https://doi.org/10.1038/s41598-025-98790-7
https://doi.org/10.1038/s41598-025-98790-7
https://doi.org/10.1130/g38610.1
https://doi.org/10.1098/rspb.2020.0541
https://CRAN.R-project.org/package=vegan
https://doi.org/10.1080/14772000.2020.1776785
https://doi.org/10.1080/14772000.2020.1776785
https://doi.org/10.1016/0031-0182(95)00016-X
https://doi.org/10.1016/0031-0182(95)00016-X
https://doi.org/10.1088/1755-1315/921/1/012060
https://doi.org/10.1088/1755-1315/921/1/012060
https://doi.org/10.1146/annurev-marine-010419-010807
https://doi.org/10.1146/annurev-marine-010419-010807
https://doi.org/10.1130/g30444.1
https://doi.org/10.1130/g30444.1
https://doi.org/10.1111/j.1365-2486.2010.02181.x
https://doi.org/10.1111/j.1365-2486.2010.02181.x
https://doi.org/10.3389/fmars.2018.00036
https://doi.org/10.1016/j.scitotenv.2015.07.102
https://doi.org/10.1016/j.scitotenv.2015.07.102
https://doi.org/10.3897/zookeys.1208.113603
https://doi.org/10.3897/zookeys.1208.113603
https://doi.org/10.1007/s00338-001-0206-5
https://doi.org/10.1007/s00338-001-0206-5
https://doi.org/10.1007/s00338-024-02540-6
https://doi.org/10.1007/s00338-024-02540-6
https://doi.org/10.1016/j.earscirev.2017.12.013
https://doi.org/10.1016/j.earscirev.2017.12.013
https://doi.org/10.1016/s0031-0182(01)00389-3
https://doi.org/10.1016/s0031-0182(01)00389-3


Coral Reefs	

A, Todd JA, Wesselingh FP, Wilson MEJ, Pandolfi JM (2008) 
Hopping hotspots: Global shifts in marine biodiversity. Science 
321:654–657. https://​doi.​org/​10.​1126/​scien​ce.​11556​74

Ryan EJ, Smithers SG, Lewis SE, Clark TR, Zhao JX (2018) The vari-
able influences of sea level, sedimentation and exposure on Holo-
cene reef development over a cross-shelf transect. Cent Great 
Barrier Reef Divers 10:110. https://​doi.​org/​10.​3390/​d1004​0110

Sanborn KL, Webster JM, Webb GE, Braga JC, Humblet M, Nothdurft 
L, Patterson MA, Dechnik B, Warner S, Graham T, Murphy RJ, 
Yokoyama Y, Obrochta SP, Zhao JX, Salas-Saavedra M (2020) 
A new model of Holocene reef initiation and growth in response 
to sea-level rise on the Southern Great Barrier Reef. Sediment 
Geol 397:105556. https://​doi.​org/​10.​1016/j.​sedgeo.​2019.​105556

Sibert EC, Cramer KL, Hastings PA, Norris RD (2017) Methods for 
isolation and quantification of microfossil fish teeth and elasmo-
branch dermal denticles (ichthyoliths) from marine sediments. 
Palaeontol Electron 20:1–14. https://​doi.​org/​10.​26879/​677

Storz D, Gischler E, Parker JH, Klostermann L (2014) Changes in 
diversity and assemblage structure of foraminifera through the 
Holocene in an atoll from the Maldives, Indian Ocean. Mar 
Micropaleontol 106:40–54. https://​doi.​org/​10.​1016/j.​marmi​cro.​
2013.​12.​001

Stuiver M, Reimer PJ, Reimer RW (2022) Calib 8.2 [www program]
Stuiver M, Reimer PJ (1993) Extended C14 database and revised 

CALIB 3.0 C14 age calibration program. Radiocarbon 35:215–
230. https://​doi.​org/​10.​1017/​s0033​82220​00139​04

Tager D, Webster JM, Potts DC, Renema W, Braga JC, Pandolfi JM 
(2010) Community dynamics of Pleistocene coral reefs during 
alternative climatic regimes. Ecology 91:191–200. https://​doi.​
org/​10.​1890/​08-​0422.1

Teichberg M, Wild C, Bednarz VN, Kegler HF, Lukman M, Gärdes 
AA, Heiden JP, Weiand L, Abu N, Nasir A, Miñarro S, Ferse 
SCA, Reuter H, Plass-Johnson JG (2018) Spatio-temporal pat-
terns in coral reef communities of the Spermonde Archipelago, 
2012–2014, I: comprehensive reef monitoring of water and ben-
thic indicators reflect changes in reef health. Front Mar Sci 5:33. 
https://​doi.​org/​10.​3389/​fmars.​2018.​00033

Toth LT, Aronson RB, Cobb KM, Cheng H, Edwards RL, Grothe PR, 
Sayani HR (2015) Climatic and biotic thresholds of coral-reef 
shutdown. Nat Clim Chang 5:369–374. https://​doi.​org/​10.​1038/​
nclim​ate25​41

Umbgrove JHF (1928) De koraalriffen van den Spermonde-Archipel 
(Zuid-Celebes). Leidse Geol Meded 3:228–247

Umbgrove JHF (1947) Coral reefs of the East Indies. Geol Soc Am 
Bull 58:729–778

van der Windt N, van der Ent E, Ambo-Rappe R, de Voogd NJ (2020) 
Presence and genetic identity of Symbiodiniaceae in the bioerod-
ing sponge genera Cliona and Spheciospongia (Clionaidae) in the 
Spermonde Archipelago (SW Sulawesi). Indones Front Ecol Evol 
8:595452. https://​doi.​org/​10.​3389/​fevo.​2020.​595452

van Soest RWM, de Voogd NJ (2015) Calcareous sponges of Indonesia. 
Zootaxa 3951:1–105

Veron JEN (1995) Corals in space and time: the biogeography and 
evolution of the Scleractinia. Cornell University Press

Veron JEN (2000) Corals of the world, Australian Institute of Marine 
Science, Australia.

de Voogd NJ, Alvarez B, Boury-Esnault N, Cárdenas P, Díaz M-C, 
Dohrmann M, Downey R, Goodwin C, Hajdu E, Hooper JNA, 
Kelly M, Klautau M, Lim SC, Manconi R, Morrow C, Pinheiro 
U, Pisera AB, Ríos P, Rützler K, Schönberg C, Turner T, Vacelet 
J, van Soest RWM, Xavier J (2025) World Porifera database. 
Accessed at https://​www.​marin​espec​ies.​org/​porif​eraon 2025–11–
06.https://​doi.​org/​10.​14284/​359

Walker JS, Kopp RE, Shaw TA, Cahill N, Khan NS, Barber DC, Ashe 
EL, Brain MJ, Clear JL, Corbett DR, Horton BP (2021) Common 
Era sea-level budgets along the US Atlantic coast. Nat Commun 
12:1841. https://​doi.​org/​10.​1038/​s41467-​021-​22079-2

Wickham H (2016) ggplot2: Elegant Graphics for Data Analysis. 
Springer-Verlag, New York

Yabe H, Sugiyama T (1941) Recent reef-building corals from Japan 
and the South Sea Islands under the Japanese Mandate II: Sci-
ence Reports of the Tôhoku Imperial University, Ser. 2. Geology 
2:67–91

Yusuf S, Beger M, Tassakka ACMAR, De Brauwer M, Pricella A, 
Rahmi R, Umar W, Limmon GV, Moore AM, Jompa J (2021) 
Cross shelf gradients of scleractinian corals in the Spermonde 
Islands, South Sulawesi, Indonesia. Biodivers J Biol Divers 
22:1415–1423

Publisher’s Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1126/science.1155674
https://doi.org/10.3390/d10040110
https://doi.org/10.1016/j.sedgeo.2019.105556
https://doi.org/10.26879/677
https://doi.org/10.1016/j.marmicro.2013.12.001
https://doi.org/10.1016/j.marmicro.2013.12.001
https://doi.org/10.1017/s0033822200013904
https://doi.org/10.1890/08-0422.1
https://doi.org/10.1890/08-0422.1
https://doi.org/10.3389/fmars.2018.00033
https://doi.org/10.1038/nclimate2541
https://doi.org/10.1038/nclimate2541
https://doi.org/10.3389/fevo.2020.595452
https://www.marinespecies.org/porifera
https://doi.org/10.14284/359
https://doi.org/10.1038/s41467-021-22079-2

	Millennial-scale reef assemblage shifts in the Spermonde Archipelago, Makassar Strait, Indonesia
	Abstract 
	Introduction
	Methods
	Location and setting
	Core collectionradiometric dating
	Coral abundances
	Foraminifera abundances
	Sponge spicule abundances
	Data analysis

	Results
	Coral assemblage shifts
	Foraminifera assemblage shifts
	Sponge assemblage shifts

	Discussion
	Reef communities in a changing sea-level regime
	Reef substrate changes
	Natural turbidity and tolerant corals

	Conclusions
	Acknowledgements 
	References


