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11 Abstract. Monsoon-driven fluvial discharge exerts strong environmental control on water quality and carbonate
12 sediment composition in tropical shelf systems, yet the capacity of photosymbiont-bearing calcifiers to sustain
13 carbonate production under monsoon-amplified turbidity and nutrient loading across semi-enclosed platforms
14 remains poorly understood. We here investigate inter-reef facies patterns and benthic foraminiferal assemblages
15 across the Spermonde Archipelago (southwest Sulawesi, Indonesia), a land-attached tropical carbonate shelf
16 subject to seasonal monsoon runoff and intensifying coastal development, using geochemical, sedimentological,
17 and foraminiferal analyses of 51 inter-reef seafloor samples. Nearshore sediments are enriched in mud and organic
18 matter, and dominated by heterozoan and stress-tolerant assemblages, yielding low values for the FORAM Index
19 (FI; an index that increases with the relative abundance of photosymbiont-bearing foraminifera), indicating
20 conditions unfavourable for photosymbiont-bearing carbonate producers. Statistical separation of nearshore facies
21 from all mid- and outer-shelf assemblages supports a threshold rather than gradual cross-shelf transition. This
22 threshold is spatially asymmetrical, extending further offshore in the northern sector, likely reflecting enhanced
23 retention of fluvially derived material within the more enclosed northern shelf geometry, with the southward
24 Makassar Strait circulation limiting offshore dispersal. Mid- and outer-shelf deposits (~80% of the investigated
25 area) are characterised by foramol facies dominated by benthic foraminifers, bivalves and gastropods, with
26  Amphistegina and Operculina as the dominant symbiont-bearing foraminifera; FI values increase progressively
27 offshore, reflecting improving photic conditions as terrestrially driven seasonal turbidity decreases with distance
28  from the coast. Strong spatial correspondence between foraminiferal assemblages and independently derived
29  sedimentary facies, including convergence of the foraminiferal community transition zone with foramol mud-
30 supported carbonate sediment facies, validates the FI as an ecological proxy beyond shallow reef settings and
31 demonstrates its utility in differentiating carbonate production modes in mesotrophic equatorial systems. These
32 findings support a carbonate production continuum in which photozoan and heterozoan components are organised
33 non-linearly along environmental gradients, with threshold responses emerging from the interaction of platform
34 geometry and catchment-scale terrestrial forcing under seasonal monsoon modulation. We therefore interpret the
35 Spermonde shelf as spatially structured by shifting autotrophic-heterotrophic balances, rather than discrete facies

36 categories.
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37 1 Introduction

38 Coastal Southeast Asia is characterized by some of the highest nutrient concentrations persistent in tropical marine
39 environments, resulting from the interaction of seasonal monsoon-driven precipitation and resulting fluvial
40 discharge, in addition to episodic upwelling, superimposed on increasingly intensive land use in densely populated
41 hinterlands and urbanized coastlines (Morgan et al., 2020; Rankey et al., 2023; Yasir Haya and Fujii, 2017). At
42 the same time, these waters also host the core of the Coral Triangle, the global hotspot of coral and reef biodiversity
43 (Forderer et al., 2018; Veron et al., 2009). This juxtaposition of elevated nutrient supply and high diversity
44 challenges classical distinctions between oligotrophic, photozoan-dominated carbonate systems and nutrient-rich,
45 heterozoan-dominated shelves (Carannante et al., 1988; James, 1997; Lees and Buller, 1972). Tropical coastal
46 systems are increasingly understood to operate along a continuum of carbonate production modes, in which
47  photozoan and heterozoan components coexist and vary in response to environmental gradients such as nutrient
48 availability, light penetration and hydrodynamic setting (Brandano et al., 2022; Westphal et al., 2010; Wilson and
49  Vecsei, 2005). Within such continua, however, responses are not necessarily linear as semi-enclosed platforms
50 subject to strong terrestrial forcing may exhibit pronounced threshold-like shifts at specific points along the
51 gradient, where relatively small changes in nutrient or sediment input translate into disproportionate ecological
52 responses. This calls for integrative approaches that link ecological processes to sedimentary products.

53 Analyses of skeletal carbonate assemblages provide a powerful means to bridge ecology and sedimentology,
54 allowing both the reconstruction of environmental conditions in the geological record and the assessment of
55 modern carbonate systems operating under anthropogenic pressure (e.g., Brandano et al., 2022; Wright and
56 Burgess, 2005). In particular, benthic foraminifera respond sensitively to variations in nutrient availability,
57 substrate type, and photic conditions, while simultaneously acting as major carbonate sediment producers in many
58 tropical and subtropical settings (Hallock et al., 2003; Narayan et al., 2022). Functional differentiation into
59 symbiont-bearing, heterotrophic, and stress-tolerant taxa provides a framework to interpret environmental
60 gradients in terms of light availability and nutrient load. The FORAM Index (FI; Hallock, 2012; Hallock et al.,
61 2003) integrates these functional groups into a quantitative proxy for environmental suitability/conditions and has
62 been widely applied in shallow tropical Indo-Pacific reef environments, including coastal areas adjacent to major
63 urban centres and within marine protected areas (e.g., Gonzales et al., 2022; Natsir, 2022). On the Spermonde
64 shelf specifically, large benthic foraminifera (LBF) distributions in reef environments have previously been shown
65 to respond sensitively to gradients in light availability, hydrodynamic energy and nutrient supply (Girard et al.,
66 2025; Renema, 2018; Renema et al., 2001), suggesting that foraminiferal assemblages may record cross-shelf
67 environmental gradients beyond the shallow reef settings for which the FI was originally developed. However, its
68 performance across deeper inter-reef shelf settings influenced by monsoon-driven terrestrial input remains less
69 explored.

70 The Spermonde Archipelago, located near the southwestern corner of the Coral Triangle offshore SW Sulawesi,
71 Indonesia, represents a natural laboratory for studying the interaction between fluvial input, monsoon seasonality,
72 reef-derived carbonate production, and human modification of coastal systems. Strong nearshore—offshore
73 gradients in water quality, benthic community structure and ecosystem functioning have been documented across
74 the shelf, reflecting the combined influence of coastal development and hydrodynamic forcing (e.g., Estradivari et
75 al., 2025; Girard et al., 2022, 2025). These resulting turbidity gradients are not only affecting coral and algal
76 assemblages, but also the distribution of reef-associated LBF communities (Girard et al., 2025; Renema, 2018;

77 Renema et al., 2001; Renema and Troelstra, 2001). Reviews of equatorial carbonate systems emphasize that
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78 tropical shelves influenced by high rainfall and runoff commonly deviate from classical oligotrophic reef models,
79 instead forming mixed or oligophotic systems characterized by reduced light penetration and elevated nutrient
80 availability, yet LBF remain widely present and continue to contribute substantially to carbonate production
81 (Wilson, 2002, 2012). Therefore, carbonate production is best understood as a continuum of mixed photozoan-
82 heterozoan modes (James, 1997) structured by environmental gradients, rather than as binary opposition between
83 discrete end-member systems (Wilson and Vecsei, 2005; Wright and Burgess, 2005). Despite substantial progress
84 in the understanding of the carbonate facies continuum, little research still been done on the composition and
85 distribution of deeper inter-reef sediments, the ecological signals recorded within them, and their role within the
86  carbonate budget. Moreover, the extent to which benthic foraminiferal assemblages and derived FI values capture
87 spatial threshold responses to terrestrial nutrient input across the shelf systems has not been systematically
88 evaluated.

89 This study integrates sedimentological, geochemical, and benthic foraminiferal data from 51 seafloor samples
90  taken across the Spermonde shelf to (a) characterize spatial facies patterns in inter-reef setting, (b) evaluate how
91 benthic foraminiferal functional groups vary along the nearshore-offshore gradient, (c) assess the FI as a relative
92 proxy for environmental gradients beyond shallow reef environments, and (d) identify threshold responses and
93 spatial asymmetries that inform broader models of carbonate system organization in nutrient-influenced tropical

94 settings.

95 1.1 Study area

96 The Spermonde Archipelago is located between 4.5°S to 5.3°S and 119°E to 119.5°E offshore SW Sulawesi,
97 Indonesia (Fig. 1A, B). It comprises numerous shallow-water coral reefs distributed across a gently inclined (<1°)
98 carbonate platform (Fig. 1C) that extends between ~35 km in the south and up to ~70 km in the central shelf from
99 the mainland to the Strait of Makassar (Renema and Troelstra, 2001). The semi-enclosed shelf system is bordered
100 by a discontinuous reef rim along its western margin that restricts exchange with the open Makassar Strait.
101 The shelf has been subdivided into nearshore, mid-shelf, and outer-shelf zones, based on bathymetry and coral
102 reef distribution (Renema et al., 2001). This zonation has been adopted in recent sedimentological,
103 geomorphological and ecological studies of the archipelago (e.g., Estradivari et al., 2025; JanBen et al., 2017;
104 Kench and Mann, 2017; Sengupta et al., 2025; Teichberg et al., 2018). The framework was originally defined for
105 the central shelf sector but is applied here across the full north—south extent of the archipelago to roughly structure
106 the spatial framework of the study (Fig 1C). The nearshore zone reaches water depths of ~20 m in the central and
107 northern shelf and ~30 m in the south, and is characterized by small patch reefs rising from shallow water. The
108 mid-shelf (~20-40 m depth) hosts numerous larger reef complexes. Toward the outer shelf, a 5 to 10 km wide
109 trough with water depths of 50 to more than 60 m and scarce reef growth separates the mid-shelf reefs from the

110 outer rim system.
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112 Figure 1. Study area and morphology of the Spermonde Archipelago, SW Sulawesi, Indonesia. (A) Location of Indonesia
113 between the Indian and Pacific Oceans, with (B) near equatorial position of Sulawesi and the Spermonde Archipelago in the
114 Southwest. (C) Bathymetry of the Spermonde shelf showing shallow reefs, major river systems, and zonation adjusted from
115 Renema et al. (2001) and Kench & Mann (2017) to our findings with n = 51 sediment sampling stations indicated, as well as
116 the locations of depth profiles across the northern (N-N”) and southern (S-S’) shelf (shown in Fig. 10). The bathymetric map
117 is based on hydrographic charts from the Hydrographic and Oceanographic Centre of Indonesia (edition no. 9 from 18.12.2020;
118 scale 1:100,000).

119

120 Numerous rivers discharge onto the shelf, including the Jene Berang in the south, the Tallo just north of Makassar,
121 Maros in the central part, and the Pangkajene and Segeri rivers in the north (Fig. 1C, S1), delivering freshwater,
122 nutrients, and terrigenous material to nearshore environments. Many islands in the Spermonde Archipelago are
123 highly populated and rapid urban expansion of the city of Makassar and surrounding coastal areas has intensified
124 anthropogenic pressures, leading to pronounced nearshore-offshore gradients in water quality, sedimentation, and
125 reef condition (e.g., Cleary et al., 2005; Estradivari et al., 2025; Girard et al., 2022). Furthermore, recent
126 geomorphological analyses further demonstrate spatial differentiation in island morphodynamics and sediment
127  redistribution across the shelf (Sengupta et al., 2025).

128 The oceanographic conditions of the Spermonde Archipelago are governed by seasonally reversing monsoon
129 winds (Fig. 2A, B) leading to fluctuating environmental conditions (Kench and Mann, 2017; Renema et al., 2001;
130 Widagdo et al., 2022). During the dry season peaking in August, WNW winds from mainland Sulawesi promote

4
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131 upwelling of cooler, nutrient-rich waters from the Strait of Makassar along the outer reef rim (Fig. 2C), butoffshore
132 currents prevent a flow of the upwelled waters onto the shelf (Troelstra et al., 1996; Widagdo et al., 2022).
133 Nearshore waters remain influenced by terrestrial discharge, leading to locally elevated chlorophyll a
134 concentrations of >2 mg m- compared to 0.2-0.6 mg m™ across the mid and outer shelf (Fig. 2E) and salinities on
135 the shelf reaching up to 34.5%o (Ilahude, 1970; Rosalina et al., 2024). In contrast, the wet season (December-
136 January) is characterized by SE winds bringing increased precipitation and enhanced nutrient-rich fluvial input
137 from the mountainous hinterland, generating strong nearshore-offshore gradients in chlorophyll a concentrations
138 and sea-surface temperature (Fig. 2D, F) that disperse through southward currents (Cleary et al., 2005; Gordon et
139 al., 1999; Kench and Mann, 2017; Fig 2A). Near river mouths, mean sea surface temperatures (SST) can reach
140 31°C, chlorophyll a concentrations exceed 4 mg m™ and salinity may temporarily decrease to ~20%o, whereas mid-
141 and offshore waters typically range between 31.5 and 32%o (Ilahude, 1970; Renema and Troelstra, 2001). These
142 combined gradients in hydrodynamics, nutrient availability, and anthropogenic influence create a marked spatial
143 differentiation in reef communities and sedimentary environments across the shelf, providing an ideal setting to
144 investigate cross-shelf variability in carbonate-producing assemblages.
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146 Figure 2. Seasonal hydrographic and productivity patters across the Spermonde Archipelago. (A) Mean monthly precipitation
147 and (B) wind speed and direction (2000-2020; NASA POWER Project). (C, D) Multiannual average sea surface temperatures
148 (SST) and (E, F) chlorophyll a concentrations. for August (C, E) August, i.e.; dry season, upwelling conditions); and January
149 (D, F) January, i.e.; wet season, high precipitation), respectively (2003-2023; NASA MODIS Aqua, 4 km resolution). Data for
150 C-F were obtained as monthly average netCDF files (NASA Ocean Biology Processing Group, 2015); multiannual averages
151 were calculated using the r.series function in GRASS GIS (GRASS Development Team et al., 2017).
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152 2 Materials & Methods
153 2.1 Field sampling

154 A total of n= 51 seafloor surface sediment samples was collected in July 2021 with a manually-operated van Veen
155 grab deployed from a boat following a sampling grid targeting the deeper inter-reef zones while avoiding shallow
156 reefs (Fig. 1C, Table S1). The grid spacing was 10 km, sampling points were relocated when reefs interfered. A
157 PLASTIMO hand-held echo sounder Echotest II was used for depth measurements at the sampling sites.

158 2.2 Sediment analyses

159  Upon arrival in the laboratory, samples were oven-dried for 48 to 96 hours at 50°C and split into working and
160 archive halves. To determine the content of calcium carbonate (CaCOs3) and total organic carbon (TOC) of bulk
161 samples, dried subsamples of each surface sample were ground in a mortar. The CaCO3 content was measured
162 with an accuracy of 0.5% following Miiller and Gastner (1971). The measured CaCO3 content was calibrated by
163 using a standardized artificial calcite powder with a known CaCO3 content of 99.2% (manufacturer: AppliChem
164 GmbH, Germany). The TOC content was measured using a multiEA4000 macro-elemental analyser with an
165 accuracy of 0.01%.

166 For grain-size analyses, all samples were washed in demineralized water and wet-sieved through a 63-um sieve to
167  remove salt and fine materials. Subsequently, the sediments were dried again and sieved into fractions following
168 Wentworth (1922) with mesh widths ranging from 16 mm to 63 um, and weighed. The content of sediment <63
169 pm was calculated through subtraction from the initial dry weight. Grain size statistics were calculated using

170 GRADISTAT v9.1 (Blott and Pye, 2001).

171 2.3 Component analysis

172 The sediment components were analysed by point counting under a digital microscope (Keyence VHX-5000). The
173 grain size fractions >2000 pum, 2000-1000 pm, 1000-500 pm, 500-250 um and 250-125 pm were analysed until a
174 total of 100 components per fraction was identified, resulting in a targeted total of 500 identified grains per sample.
175 Grains <125 pm were not analysed. The relative proportions in each fraction were then used to calculate the weight
176 percentage (Wt%) of the analysed fractions. The resulting proportions of components thus represent the proportions

177 in the sediment fraction >125 pm.

178 2.4 Foraminiferal analysis and FORAM Index

179 Benthic foraminiferal assemblages were analysed to characterize spatial changes in functional responses to
180 environmental gradients across the shelf, expressed as the FORAM Index (FI; Hallock et al., 2003). Due to their
181 relatively short life spans and the sensitivity of their tests to post-mortem alteration, analyses focused on well-
182 preserved tests provide a robust proxy for near-surface environmental conditions.

183 A subsample of each sample was sieved at 125 pm, and a minimum of 150 tests of benthic foraminifers was
184 identified to genus level as recommended by Prazeres et al. (2020) from all coarser fractions. Tests were grouped
185 in three functional categories according to Hallock et al. (2003): symbiont-bearing, small heterotrophic, and stress-
186  tolerant taxa. FI values were calculated according to Eq. (I):

187 FI=(10xPy)+ 2 xPy)+P, @,
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188 where Ps, P, and P, represent the relative proportion of symbiont-bearing, heterotrophic, and stress-tolerant taxa
189 (Table 1), respectively.

190 Table 1. Genera of benthic foraminifera identified and their respective functional groups for the calculation of the FORAM
191 Index. The order of listing follows the total counts in the data set. Functional groups are based on previous studies (Fajemila et
192 al., 2015; Schmidt et al., 2018; Uthicke et al., 2009).

FoRAM Index Genus
Functional Group

Symbiont-bearing  Amphistegina, Operculina, Peneroplis, Calcarina, Pararotalia, Neorotalia, Parasorites,
Heterostegina, Nummulites, Baculogypsina, Dendritina, Sorites, Borelis, Alveolinella,
Planoperculina

Heterotrophic Quinqueloculina, Cibicidoides, Discorbinella, Cibicides, Textularia, Spiroloculina,
Neoeponides, Ammomassilina, Cornuspira, Cancris, Homotrema, Triloculina, Reophax,
Spirosigmoilina, Lagena, Cymbaloporetta, Planorbulina, Siphoniferoides, Pyrgo,
Parahauerina

Stress-tolerant Nonion, Ammonia, Elphidium, Bolivinita, Rotaliammina, Reusella

193

194 The FI was originally developed as an indicator of reef growth potential in shallow-water environments (Hallock,
195 2012; Hallock et al., 2003) and its application typically excludes fine-grained samples (Prazeres et al. (2020).
196 Here, fine-grained samples from inter-reef settings were retained, as low FI values in these samples likely reflect
197 genuinely unfavourable photic and substrate conditions associated with chronic terrestrial input, rather than a
198 methodological artifact. The FI is therefore used as a relative proxy for cross-shelf gradients in benthic
199 foraminiferal functional composition, with FI thresholds (>4 suitable, 4-2 marginal, and <2 unsuitable) interpreted

200 accordingly rather than as absolute predictors of reef development potential

201 2.5 Spatial data interpolation & statistical analysis

202 Spatial distribution maps of grain-size fractions, skeletal components and geochemical variables, as well as FI
203 values, were generated in QGIS using interpolated surfaces from sample point data. Raster outputs were clipped
204  to the shelf extent shown in Fig. 1. To identify different sediment facies with a statistically valid approach, cluster
205 analysis in the software PAST v4.15 (Hammer et al., 2001) with Euclidian distances and Ward’s method (Ward,
206 1963) was applied. These multivariate statistical analyses were performed exclusively on sedimentological and
207 geochemical parameters (relative proportions grain size fractions, CaCOs content, and skeletal component
208 proportions) to define facies clusters independent of foraminiferal assemblage compositions.

209  After identification of clusters, the means of each parameter were calculated and used to designate facies by their
210 biogenic (Lees, 1975; Lees and Buller, 1972) and textural composition (Dunham, 1962). Furthermore, Principal
211 Component Analysis (PCA) was used to infer associations of the foraminifera data with spatial, geochemical and

212 textural characteristics of the sediment by plotting correlation matrices as biplots.

213 2.6 Bathymetric mapping, remote sensing data and synthesis

214 Bathymetric data of the Spermonde shelf were derived from hydrographic charts of the Indonesian Hydrographic
215 and Oceanographic Centre (1:100,000; edition 9, 18.12.2020). Charts were georeferenced in QGIS v3.18, and
216 depth contours were digitized to generate a digital elevation model using a Triangulated Irregular Network (TIN)
217 interpolation. Seasonal hydrographic conditions were characterized using satellite-derived datasets. Monthly
218 precipitation and wind data (2000-2020) were obtained from the National Aeronautics and Space Administration
219 (NASA) Langley Research Center (LaRC) Prediction of Worldwide Energy Resource (POWER) project. Sea
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220 surface temperature (SST) and chlorophyll @ concentrations (2003-2023) were retrieved from NASA Ocean Color
221 Aqua-MODIS (4 km resolution) as monthly netCDF files. Multiannual monthly means were calculated using
222 the r.series function in GRASS GIS (Neteler et al., 2012).

223 To contrast representative northern and southern shelf conditions in profiles, samples were grouped into two spatial
224 sectors: a southern sector (S01-S14) and a northern sector (S32-S51), corresponding to the latitudinal end-members
225 of the sampling grid. Within each sector, samples were further assigned to cross-shelf zones (nearshore, inner mid-
226 shelf, outer mid-shelf, offshore) based on their spatial position relative to the shelf zonation. Mean values of all
227 sedimentological, geochemical, and foraminiferal parameters were calculated per zone within each sector and
228 plotted at the mean cross-shelf distance of the corresponding samples to construct the representative shelf profiles.
229 Three spatially clustered outer-shelf samples from the northern sector (S36, S38, S39) were excluded, as they
230 represent a localised seaward shelf extension confined to the southernmost transect of the northern corridor and

231 would disproportionately bias the offshore zone mean (Fig. 1C).

232 3 Results
233 3.1 Grain Size Distribution

234 The surface samples consist mainly of a mixture of mud (<0.063 mm) and sand (0.063 to 2 mm) fraction while
235 coarser components are rare (Fig. 3; Table 3, Table S2).
236

Grain Size
Proportion

wit%

Mud ) 2 . Il 90-100
237 (<0.063 mm) Pz (0063 - 2mm) PZoa (> 2mm) 5 sl

238 Figure 3. Spatial distribution of grain size fractions. (A) Mud (<63 um), (B) sand (63 pm - 2 mm), and (C) gravel (>2 mm)
239 proportions in surface sediments; based on TIN interpolations.

240

241 Mud-rich sediments (>90 weight percentage ‘wt%’) dominate the nearshore zone on the central shelf and in the
242 northern shelf they locally extend to the mid shelf (Fig 3A). On most of the mid and outer shelf, sand-fraction
243 dominated sediments prevail (70 to 80 wt%, Fig. 3B), except for some mud-rich mid-shelf areas where the sand
244 fraction contributes around 30 wt% (e.g., S11, S17 and S48). Gravel (>2 mm) generally accounts for <10 wt%
245 (Fig. 3C) of the sediment, with the locally highest contents being 20-30 wt% in two outer-shelf samples.

246 3.2 CaCOs and TOC contents

247 The CaCOs content ranges between 20 and 92 wt% and generally increases with distance from the mainland,

248 whereas the TOC content follows the opposite trend (Fig. 4; Table 3, Table S1).
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251 Figure 4. Spatial distribution of calcium carbonate (CaCO3) and total organic carbon (TOC) contents. (A) CaCOs, and (B)
252 TOC percentages in surface sediments; based on TIN interpolations.

253

254 The lowest CaCOj3 values are measured in samples from both the northern and southern nearshore zone (Fig. 4A).
255 On the mid-shelf, CaCOj increases with distance from the mainland to a maximum of 60-80%, with a more gradual
256 offshore rise in the northern compared to the central and southern shelf. Outer shelf sediments have consistently
257 higher CaCOj contents (commonly >90%), apart from the southernmost outer-shelf sample S4, which contains
258 relatively little carbonate (43%).

259 TOC values are highest in the northern nearshore zone (1.2 to 1.4%), and also are elevated (>1.0%) in the central
260 and southern nearshore zone (Fig. 4B). TOC contents decrease markedly offshore and are generally below 0.3%

261 on the mid to outer shelf, with only slightly higher values (0.5 to 0.6%) measured on the mid shelf.

262 3.3 Sedimentary components

263 Across all 51 samples, the dominant components in the fractions >125 pum are benthic foraminifers (mean 36.6
264 wt%), followed by bivalves (21.4 wt%), gastropods (11.8 wt%), and echinoderms (6.7 wt%) (Tables 2, 3 and Table
265 S3). The skeletal grains show a varying degree of alteration through bioerosion, breakage or abrasion, ranging
266 from pristine (“fresh”), over slightly abraded and/or fragmented, to a strongly overprinted eroded habitus. Non-
267 skeletal grains were rarely observed. and sorting is generally poor to very poor (according to descriptions of Folk
268 and Ward; Table S2), suggesting low-energy depositional conditions with limited physical sorting and
269 predominantly (par)autochthonous deposition.

270



https://doi.org/10.5194/egusphere-2026-3460
Preprint. Discussion started: 5 August 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

271 Table 2. Identified skeletal and non-skeletal components in seafloor samples from the Spermonde Archipelago, with the
272 number of samples in which they were present in, the minimum and maximum proportion, and the average relative proportion
273 displayed separately.

Number of samples Average
Component Minimum [wt%] Maximum [wt%]
present in [wt%]

Benthic foraminifers 51 (100%) 1.2 66.8 36.6
Bivalves 51 (100%) 39 78.0 21.4
Gastropods 51 (100%) 0.2 21.4 11.8
Echinoderms 51 (100%) 0.1 17.1 6.7
Bryozoans 41 (80.4%) 0 20.4 4.1
Red Algae 36 (70.6%) 0 18.2 2.7
Ostracods 50 (98.0%) 0 10.8 2.0
Scaphopods 50 (98.0%) 0 75 1.7
Halimeda 30 (58.8%) 0 9.8 1.7
Planktic foraminifers 36 (70.6%) 0 9.7 1.2
Sponge needles 32 (62.7%) 0 54 1.0
Corals 41 (70.6%) 0 5.6 1.1
Serpulid tubes 33 (64.7%) 0 2.8 0.5
Balanids 29 (56.9%) 0 2.0 0.3
Authigenic crystals 16 (31.4%) 0 61.7 5.6
Siliciclasts 20 (39.2%) 0 335 1.1
Siderites 7 (13.7%) 0 12.7 0.6

274

275 3.3.1 Skeletal components

276 The relative contribution of skeletal components varies systematically across the shelf (Fig. 5, Table 3). Benthic
277 foraminifers show lowest abundances (<10 wt%) in the northern nearshore zone, but increase markedly on the mid
278 and outer shelf, where they commonly contribute 30-40 wt%, with local maxima of >60 wt% (Fig. 5A). In the
279 coarser fractions, intact, slightly fragmented or altered photosymbiotic larger benthic foraminifers dominate
280 (mainly Amphistegina, Operculina and Elphidium spp.), in the finer fractions intact smaller specimens are present,
281 mainly of the orders Rotaliida and Milliolida, as well as fragments that did not allow further identification.

282 Bivalves dominate nearshore settings (locally >60 wt%) and decrease progressively oftshore to ~30 wt% at mid-
283 shelf, decreasing below 10 wt% (Fig. 5B). Gastropods occur throughout the shelf (Fig. 5C), with lowest
284 abundances in the nearshore zones (5-10 wt%) and increase towards the mid and outer shelf, where they are
285 common components reaching 10 to 20 wt%. Echinoderm remains (spines and other skeletal fragments from
286 echinoids, platy fragments from holothuroids and asteroids) are minor to common constituents in all samples (Fig.
287 5D), with local elevations in the nearshore to mid shelf zones (15-20 wt%), but tend to decrease to <5 wt% on the
288 outer shelf. Bryozoans were observed in branching and encrusting forms, of which the latter mainly use larger
289  benthic foraminifers as substrate. They contribute less than 5 wt% on the mid shelf and increase towards the outer
290 shelf, where they commonly contribute ~10 wt% and partly up to 20 wt% (Fig. SE). Calcifying red algae and

291 fragments of the calcifying green alga Halimeda follow a similar offshore-increasing trend as rare to common
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292 constituents in seafloor sediments of the outer shelf and scattered on the mid shelf, showing concentrations of 5 to
293 10 wt% and ~5 wt%, respectively (Fig. 5F, I).

294 Minor constituents include ostracod shells, which are most abundant in the northern nearshore zone (5-10 wt%,
295 Fig. 6G), as well as elongated tests of scaphopods, predominantly present on the mid shelf and locally in nearshore
296 zones (Fig. 5H). Remains of corals were observed in small proportions in some mid- and outer-shelf samples (<5
297 wt%, Fig. 5J). Rare constituents are planktonic foraminifers, sponge needles, and serpulid tubes, whose occurrence
298 is limited to the outer shelf (Fig. 5K, L, M), while balanids were observed only in the southern nearshore zone
299  (Fig. 5N).

N Ostracods -

ponge - A Serpulids . . Balanids

300 : - :
301 Figure 5. Distributions of skeletal components across the Spermonde Archipelago. Proportions of (A) benthic foraminifers,
302 (B) bivalves, (C) gastropods, (D) echinoderms, (E) bryozoans, (F) red algae, (G) ostracods, (H) scaphopods, (I) Halimeda, (J)
303 corals, (K) planktonic foraminifers, (L) sponges, (M) serpulids and (N) balanids in grain size fractions between 125 and 2000
304 um of surface sediments.

305
306 3.3.2 Non-Skeletal Components

307 Siliciclasts are generally rare (only seven samples >1 wt%, Fig. 6B, Table 3), but reach an exceptional contribution
308  of 33.5 wt% in the southernmost outer-shelf sample S04. Siderite concretions of up to 2 mm occur sporadically
309 (Appendix A2-4) on the mid shelf, locally contributing up to 5 wt% (Fig. 6C).

310 Authigenic gypsum crystals (Appendix Al), are limited to mud-rich (>95 wt% of grains <0.063 um) nearshore
311 samples, where they may have formed during the drying procedure in the laboratory (>40 wt%, Fig. 6A) (e.g.,
312 S40, S45; Table 3).
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314 Figure 6. Distribution of non-skeletal grains across the Spermonde Archipelago. Proportions of (A) authigenic crystals, (B)
315 siliciclasts and (C) siderite in grain size fractions between 125 and 2000 pm of surface sediments.

Authigenic crystals ~ —— liciclasts ‘ ] e Siderite ’ <\

316
317 3.4 Foraminiferal assemblages and FORAM Index

318 A total of 41 different genera of benthic foraminifera were identified (Tables 1, 3), with Amphistegina, Nonion,
319  Ammonia, Cibicidoides, Quinqueloculina, Operculina, and Elphidium representing the seven most dominant taxa
320 across the shelf (in decreasing order of total relative abundance). Clear cross-shelf gradients are evident in
321 functional group compositions and corresponding FI values (Fig. 7). In the central and northern nearshore zones,
322 assemblages are mainly dominated by stress-tolerant genera (mostly Nonion, Ammonia, and Elphidium), resulting
323 in low FI values between 1.0 and 1.5 (Fig. 7A, B).

324 Across the southern nearshore zone northward and mid-shelf, benthic foraminifer assemblages shift to a mix of
325 heterotrophic taxa (mainly Quinqueloculina and Cibicidoides), with some subordinate stress-tolerant taxa.
326 Correspondingly, FI values mainly range between 2 and 4 (Fig. 7A, C). On the outer shelf, symbiont-bearing
327 genera, particularly Amphistegina and Operculina, increase markedly to higher abundances, which results in FI
328 values between 4 and 7 in these settings (Fig. 7A, D). Although the highest FI values occur primarily on the mid-
329 shelf, values <4 extent into deeper inter-reef habitats (>50 m water depth, Table S4).
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3.5 Sedimentary facies

Figure 7. Distribution of functional groups of foraminiferal assemblages and resulting FORAM Index (FI) values sensu Hallock
et al. (2003) across the Spermonde shelf. (A) Calculated FI values, based on percentages of (B) stress-tolerant (STT), (C)
heterotrophic (HET), and (D) symbiont-bearing (SYM) taxa.

Euclidian cluster analysis of grain-size distribution, skeletal component, and geochemical parameters identified

six facies across all seafloor sediments (Fig. 8). The following proportions are mean values, with standard

deviations provided in Table 3.
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340 Figure 8. Sedimentary facies across the Spermonde shelf. (A) Dendrogram of Euclidean cluster analysis based on grain-size
341 distribution, skeletal components, and geochemical parameters, distinguishing six facies (I-VI). (B) Spatial distribution of the
342 identified facies across the study area. Facies I and II are confined to nearshore settings, whereas Facies III-V dominate the
343 mid and outer shelf. Facies VI is represented by a single outer-shelf sample.

344
345 Facies I:

Bivalve-bearing mixed carbonate-siliciclastic mud (n = 5)

346  Facies L is restricted to the central and northern nearshore zone at shallow depths (6.0 £ 3.3 km from the mainland,

347 13.5 £ 5.7 m depth). It is characterized by a high mud content of 97.4 wt%, low CaCOs3 values (33.8%) and an

348 elevated TOC content (1.2%). Bivalves (31.1 wt%) form the main skeletal component, benthic foraminifers (10.8

349  wt%) and ostracods (3.3 wt%) are rare components, while authigenic gypsum crystals are abundant in the coarse

350 fraction (49.2 wt%).
351
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352 Facies II: Bivalve-dominated terrigenous-bearing mud-supported carbonate sediment (n = 6)

353 Facies II is also confined to the nearshore zone (20.3 *+ 8.7 m water depth). It contains a higher CaCO3 content
354 (45.6%), more of the sand fraction (29.1 wt%) and gravel (6.2 wt%) compared to facies I, but remains mud-rich
355 overall with a lower TOC (0.9%). Bivalves strongly dominate the skeletal components (51.3 wt%), while benthic
356 foraminifers are common (19.3 wt%).

357

358  Facies IlI: Foramolalgal grain-supported carbonate sediment (n = 15)

359 Facies III is predominantly found on the outer shelf (8.6 £ 5.8 km from the platform rim) and in deeper inter-reef
360 settings (47.3 £ 9.9 m). Sediments are mainly sand-dominated (67.0 wt%), CaCOs-rich (89.1%) and low in TOC
361 (0.3%). Benthic foraminifers are the dominant component (35.0 wt%), accompanied by gastropods (14.7 wt%),
362 bivalves (14.0 wt%), bryozoans (7.9 wt%) and calcareous algae (red algae: 7.4 wt%; Halimeda: 4.5 wt%). Corals
363 contribute minorily (2.1 wt%).

364

365  Facies IV: Foramol grain-supported carbonate sediment (n = 12)

366  Facies IV is present across the mid and outer shelf (41.2 + 5.8 m depth) and is defined by a high sand (73.0%) and
367 elevated CaCOj; content (80.5%). Mud (23.9%) and TOC contents (0.3%) are low. Benthic foraminifers dominate
368 (54.8 wt%), while gastropods (12.3 wt%), bivalves (10.9 wt%) and bryozoans (5.1 wt%) are common but
369 subordinate components. Compared to facies III, calcifying red algae (1.7 wt%) and Halimeda (1.2 wt%) are
370 minor.

371

372 Facies V: Foramol mud-supported carbonate sediment (n = 12)

373 Facies V occupies mainly mid-shelf to nearshore settings (37.6 £ 9.6 m depth) and sediments are mixed sand-mud
374 compositions (51.7 and 43.1 wt%, respectively) with intermediate CaCOj3 content (76.3%) and low TOC (0.5%).
375 Benthic foraminifers remain dominant (40.3 wt%), accompanied by common bivalves (23.8 wt%) and gastropods
376 (14.0 wt%).

377

378 Facies VI: Mixed carbonate-siliciclastic sand (n= 1)

379  Facies VI is represented by a single outer-shelf sample (S04; 68.8 m) characterised by elevated siliciclastic input
380 (33.5 wt%) and comparatively low CaCOs3 content (43.3%). Skeletal components are dominated by benthic
381 foraminifers (32.6 wt%) with subordinate contributions from gastropods (12.6 wt%).

382

383 Table 3. Overview of all samples according to their facies across the Spermonde Archipelago, based on grain-size distribution
384 (GRV = gravel, SAN = sand, MUD = mud), carbonate content (CaCO:), and skeletal component composition (COR = coral,
385 RDA = red algae, HAL = Halimeda, BFO = benthic foraminifers, PFO = planktic foraminifers, GPO = gastropods, BIV =
386 bivalves, ECH = echinoderms, BRY = bryozoans, SER = serpulids, BAL = balanids, SCA = scaphopods, SPO = sponge, OST
387 = ostracods, SIL = siliciclasts, SID = siderite, ACR = authigenic crystals), along with their respective total organic carbon
388 content (TOC), descriptions of their spatial distribution on the shelf (Depth = sample water depth, DML = sample distance
389 from mainland, and DSOM = sample distance from the Strait of Makassar), and proportions of functional groups of benthic
390 foraminifera with resulting FORAM Index values (Ps = symbiont-bearing foraminifers, Ph = heterotrophic foraminifers, Po =
391 stress-tolerant foraminifers, FI = FORAM Index).
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3.6 Integrated multivariate relationships

Principal component analysis (PCA) integrating foraminiferal assemblages, spatial parameters (e.g., distance to
395 mainland), and sedimentological variables (grain size, CaCO3, TOC content) reveals a coherent cross-shelf
gradient linking sediment-based facies and functional foraminiferal structure (Fig. 9A). Sample sedimentary facies
(colour-coded) align along this gradient, with nearshore facies (I-1I) clearly separated from mid- and outer shelf-
facies, while partial overlap among facies I1I-V reflects transitional environmental conditions. Notably, the spatial
distribution of samples with FI values in the marginal 2-4 range corresponds closely to the occurrence of facies V
400 (foramol mud-supported carbonate sediment; Fig. 8A), providing independent convergent support for the
intermediate ecological character of this transitional facies.
Stress-tolerant taxa show strong positive correlations with high mud content, elevated TOC, proximity to the
mainland, and shallow water depth. Symbiont-bearing taxa, in contrast, show positive associations with sand-
dominated substrates, high carbonate contents, and increasing distance from the mainland, as well as negative
405 correlations with TOC and mud. Among these, Operculina exhibits particularly strong associations with greater
water depth and high CaCOs content, compared to Amphistegina. Heterotrophic taxa occupy an intermediate
position and display a lack of strong associations with either dominant grain size or spatial gradients, consistent

with their broad distribution across mid- and nearshore settings.
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410 Figure 9. Integrated multivariate relationships of foraminiferal assemblages and sedimentary, and spatial parameters of inter-
reef habitats of the Spermonde Archipelago. Principal Component Analysis (PCA) biplot integrating foraminiferal
assemblages, FORAM Index values (FI) and functional groups, spatial parameters, grain-size fractions, and geochemical
variables. Samples are color-coded according to sedimentary facies. Component 1 explains 50.1% and Component 2 explains
13.8% of the total variance.

415

4 Discussion

The integrated sedimentological and foraminiferal datasets reveal strong along- and cross-shelf patterns with a
particularly pronounced north-south asymmetry (Fig. 9, 10). As expected, nearshore environments are

characterized by mud-rich, organic-enriched sediments and low FI values, whereas mid- to outer-shelf settings are
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420 dominated by foramol facies and elevated abundances of symbiont-bearing larger benthic foraminifera (LBF). The

cross-shelf profiles, in particular the different characteristics of the northern and the southern part, however,

highlight that these transitions are not purely depth-controlled but reflect interactions among terrestrial input,

seasonal forcing, and carbonate production. More broadly, these patterns challenge the classical dichotomy

between photozoan and heterozoan carbonate systems, and instead support a continuum of mixed carbonate

425 production modes on tropical shelves influenced by variable nutrient supply and light availability (Wilson &

Vecsei 2005; Wilson, 2011; Mutti & Hallock, 2003). We therefore interpret the Spermonde shelf as a spatially

structured system in which carbonate factory organization reflects shifting balances between autotrophic and

heterotrophic components rather than discrete facies categories and discuss it in terms of threshold behaviour,

organization, and seasonal modulation.
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Figure 10. Cross-shelf synthesis profiles of the semi-enclosed Spermonde Archipelago indicating representative northern (A)
and southern (B) shelf conditions (mean data of n > 3 sampling station corridors extending north- and southwards from profile
locations in Fig. 1). Facies colours along the seafloor profile indicate the approximate cross-shelf extent of each facies based
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on sample positions around the respective profile; where two facies co-occur within the same distance range, colours alternate

435  to indicate overlap. foraminiferal taxa with >10% relative abundance are shown as symbols scaled proportionally to abundance
(see legend, with abundances between ~8 and 10% shown in grey). (C) Cross-shelf chlorophyll a concentrations during wet
season (January) and dry season (August), derived from multiannual MODIS Aqua means (2003-2023; Fig. schematic
representation based on satellite-derived spatial patterns, cf. Fig. 2E, F), (D) Total organic carbon (TOC) content (%), (E)
calcium carbonate (CaCOs) content (%), (F) mean grain size (um), and (G) FORAM Index (FI) values; each for the northern

440 (dark lines) and southern (light lines) profiles. All panels shown from offshore (left) to nearshore (right); x-axes indicate
distance from the respective mainland shoreline (km). Background shading in panels A, B and G indicate conditions suitable
for reef growth (FI >4), marginal conditions (FI 2—4), and conditions unsuitable for reef growth (FI <2) following Hallock et
al. (2003).

445 4.1 Threshold behaviour under terrestrial forcing

The nearshore shelf of the Spermonde Archipelago records a pronounced shift in sediment composition and
carbonate-producing communities that can be better described as threshold behaviour than as a gradual cross-shelf
transition, reflecting a non-linear response within the broader continuum of carbonate production modes rather
than a departure from it. Facies I (bivalve-bearing mixed carbonate-siliciclastic mud) and facies II (bivalve-
450 dominated terrigenous mud-supported carbonate sediment) are characterised by fine-grained, organic-enriched
sediments, indicating the strong terrestrial input through fluvial discharge (Figs. 7-10). The tight statistical
separation of these facies from all mid- and outer-shelf assemblages at the highest linkage distance in the cluster
analysis (Fig. 7A) provides independent support for the interpretation that the compositional shift is discontinuous
rather than gradual, consistent with a threshold response to terrestrial forcing rather than a progressive dilution of
455  carbonate material along a trophic gradient.
Nearshore water clarity is chronically reduced across seasons, as indicated by persistently elevated chlorophyll
concentrations (Fig. 2) and Secchi depths as low as 2.5 m during the wet season (Renema and Troelstra, 2001).
This cross-shelf pattern in water clarity is corroborated by in-situ measurements along a cross-shelf transect, with
chlorophyll a concentrations declining from 1.50 = 0.21 pg L™ in the nearshore zone to 0.14 + 0.05 pg L' at the
460 outer shelf (Kegler et al., 2017), a gradient consistent with the logarithmic decay documented over multiple years
by Teichberg et al. (2018) and reflecting the non-linear attenuation of terrestrial influence with distance from the
mainland. Under these conditions, skeletal assemblages are dominated by suspension- and filter-feeding taxa
(notably bivalves) together with stress-tolerant benthic foraminifera and minor occurrences of echinoderms,
ostracods and gastropods. Collectively, these represent a heterozoan association adapted to elevated nutrient loads
465 and reduced light (Klicpera et al., 2014; Mutti and Hallock, 2003; Whatley, 1991). A comparable nutrient-driven
dominance of heterotrophic carbonate producers has been documented from the Golfe d’Arguin under extensive
upwelling and aeolian nutrient delivery (Klicpera et al., 2014), and along trophic gradients related to upwelling
intensity in the Gulf of California, where increasing nutrient availability shifts assemblages to heterozoan
dominance (Halfar et al., 2004). The Spermonde nearshore facies thus conform to broad nutrient-gradient models
470 of carbonate factory organization, with fluvial discharge acting as a primary driver of trophic enrichment. In
equatorial Southeast Asian shelf systems, such nutrient enrichment and associated turbidity are widely recognized
as key controls on carbonate system organisation, compressing the euphotic zone and promoting the development
of oligophotic carbonate platforms in which production occurs under persistently attenuated light conditions rather
than within shallow, high-light reef environments (Wilson, 2012; Wilson and Vecsei, 2005).
475 The consistently low FI values in the nearshore-zone (<2 in the central and northern sectors) indicate conditions

unfavourable for sustained photozoan carbonate production, in agreement with documented degradation pressures
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on nearshore reef systems (Sari et al., 2021; Polonia et al., 2015) and with multiannual satellite evidence for
increasing suspended sediment loads in this sector (Yasir Haya and Fujii, 2017), linked to extensive hinterland
conversion (Cannon et al., 2007). The tight coupling between chlorophyll @ concentrations and benthic community

480 composition documented along the Spermonde cross-shelf transect (Kegler etal., 2017). supports the interpretation
that the FI gradient recorded here reflects genuine environmental forcing rather than stochastic assemblage
variation. Benthic foraminiferal assemblages are largely restricted to three stress-tolerant genera (Nonion,
Elphidium, Ammonia), consistent with previous Spermonde studies (Girard et al., 2022; Renema, 2018; Renema
and Troelstra, 2001) and with assemblages from other fluvially influenced settings such as the Gulf of California

485 (Sanchez and Gomez-Leon, 2024) and the Persian Gulf (Saidova, 2010). The co-occurrence of elevated TOC, high
mud content, and stress-tolerant assemblages support an interpretation of threshold-like habitat shifts rather than
a simple carbonate dilution by terrigenous material.

The terrestrial influence is spatially asymmetrical. Facies II extends remarkably further offshore in the northern
shelf sector (up to ~15 km; Table 3, Fig. 7B), implying disproportionate impacts of the Pangkajene and Segeri

490 rivers relative to river systems on the central shelf. Given predominantly southward currents that follow the
Makassar Strait circulation, this pattern is consistent with southward dispersal of river-derived material and
nutrients (Gordon et al., 1999; Renema and Troelstra, 2001). Such along-shelf advection, combined with restricted
cross-shelf flushing, likely enhances the persistence of turbid, nutrient-enriched conditions in the northern sector,
thereby reinforcing the observed spatial threshold behaviour. In contrast, the southern nearshore zone records

495 higher FI values (2.9-3.8; Fig. 8A) and increased proportions of symbiont-bearing (12-26%) and heterotrophic
taxa (43-69%), suggesting comparatively improved photic conditions. Both the steeper FI rise and the narrower
lateral extent of facies II in the southern cross-shelf profile (Fig. 10) are consistent with this interpretation, and
align with the suggestion that dam construction in the Jene Berang catchment during the 1990s (Agnes et al.,
2009), which reduced sediment discharge from the river, the largest fluvial input to the archipelago (Kneer, 2013),

500 and may have partially mitigating terrestrial influence in the southern shelf sector (Hoeksema, 2012). Together,
these observations indicate that relatively small differences in fluvial forcing and hydrodynamic retention can
translate into disproportionate, threshold-like sedimentary and ecological responses — consistent with the
sensitivity of rimmed shelf systems to catchment-scale changes, as suggested by comparison with more open
platforms where such thresholds are absent (Burollet et al., 1986).

505 The semi-enclosed shelf setting, protected from open-marine currents and swells by its outer rim reefs, restricts
exchange and promotes retention and lateral dispersal of fine sediments and associated nutrients (Figs. 1, 2, 10),
consistent with spatial patterns of organic matter sources and hydrodynamic compartmentalisation previously
documented for the archipelago (Rahayu et al., 2019). In nearshore sediment samples from nearshore settings,
locally abundant authigenic gypsum crystals indicate reducing conditions associated with organic-rich, mud-

510 dominated substrates (Schnitker et al., 1980), while the scarcity of balanids, serpulids, and bryozoans likely reflects
limited availability of firm substrates in this low-energy, soft-bottom environment (Betzler et al., 1997; Umbgrove,
1928).

A marked regional contrast is provided by the Pater Noster Platform offshore SE Kalimantan (Borneo, Indonesia),
which occupies a comparable climatic and bathymetric setting along the Makassar Strait (Burollet et al., 1986). Its

515 seafloor sediments are sandy, supporting foramol and photozoan assemblages dominated by the symbiont-bearing
foraminifera Amphistegina, Operculina, and Calcarina, as well as the calcifying macroalgae Halimeda, without

the nearshore heterozoan threshold evident on the Spermonde shelf. Burollet et al. (1986) describe an incomplete
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developed marginal reef barrier of the Pater Noster Platform. This difference may be attributed to the alongshore
currents that redistribute fluvial discharge and limit sediment retention. In contrast, the rimmed architecture of the
520 Spermonde shelf promotes fine-sediment retention, particularly in the northern sector, thereby amplifying
nearshore heterozoan development. This comparison highlights that shelf architecture and hydrodynamic openness
modulate the extent to which terrestrial forcing translates into threshold responses in carbonate factory
organization.
An exception to the otherwise carbonate-dominated shelf is represented by facies VI (mixed carbonate-siliciclastic
525 sand) on the outer southern shelf, interpreted as relict, potentially reflecting late Pleistocene deltaic or early
Holocene transgressive deposits prior to full shelf flooding, comparable to seafloor sediment bodies described
from the Sunda Shelf (Hanebuth et al., 2011). Minor occurrences of siliciclasts and siderites in mid-shelf samples

(Fig. 6B, C; Table 2) may likewise represent reworked or relict components rather than active siliciclastic input.

4.2 Application of the FORAM Index across inter-reef habitats

530 The strong spatial coherence between FI values and independently derived sedimentary facies validates the
functional ecological signal beyond the shallow reef environments for which the FI was originally developed
(Hallock et al., 2003). Most clearly expressed in the sharp contrast between nearshore FI <2 and the predominantly
FI >4 mid-to-outer shelf (Fig. 8A), this correspondence confirms that the FI captures meaningful gradients in
environmental suitability across the full cross-shelf transect, including the deeper inter-reef habitats (>50 m water

535 depth). Notably, the FI 2-4 transitional zone in the central mid-shelf forms a spatially coherent north-south band
that aligns closely with the distribution of facies V (foramol mud-supported carbonate sediment; Fig. 7B),
providing independent evidence that both proxies record the same underlying environmental gradient. This
agreement is particularly informative in equatorial mesotrophic settings, where sediment grain associations alone
may not reliably differentiate between heterozoan- and photozoan-influenced production modes. The explanatory

540 power of cross-shelf water quality gradients for benthic community composition in this system, with chlorophyll
a alone accounting for a significant proportion of assemblage variance across an eight-station transect (Kegler et
al., 2017), lends further support to the use of functional foraminiferal indices as integrative proxies for
environmental conditions across inter-reef habitats. One interpretive caveat applies: FI values may overestimate
photozoan suitability in mesotrophic settings where calcarinid taxa dominate under moderate nutrient enrichment

545 (Minhat et al., 2024; Prazeres et al., 2020), though this bias is not expected to affect the inter-reef samples analysed

here, which lack significant calcarinid contributions.

4.3 Benthic foraminifera as dominant carbonate producers

Beyond the nearshore threshold zone, the Spermonde shelf is characterized by the extensive development of
foramol facies, which dominate most of the mid and outer-shelf (~80% of the investigated area; facies III-V).
550 Across these settings, benthic foraminifers constitute the primary skeletal component and thus represent the
dominant carbonate producers in the investigated inter-reef system. This prevalence of LBF is characteristic of
oligophotic photozoan systems, in which carbonate production shifts to sediment-dominated factories composed
of light-dependent but non-framework-building taxa. Such systems are widespread on equatorial shelves
influenced by runoff or upwelling, where reduced light availability suppresses coral dominance but still permits
555 substantial foraminiferal and coralline algal production (Wilson and Vecsei, 2005). On modern tropical shelves,

larger benthic foraminifera may contribute substantially to reef-scale carbonate sediment production and can
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locally rival or exceed contributions from corals and calcareous algae in inter-reef environments (e.g., Dawson
and Smithers, 2014; Narayan et al., 2022), and their tests occur in a wide range of preservation states from pristine
to heavily encrusted, indicating both active production and recycling within the sedimentary budget. In addition,

560 LBF provide secondary hard substrates for epiphytic and encrusting biota such as bryozoans, further amplifying
their functional role within the carbonate factory.

Within these foramol assemblages, the progressive offshore increase in symbiont-bearing taxa, particularly
Amphistegina and Operculina, is consistent with greater light availability and oligotrophic conditions offshore
favouring photozoan taxa, despite the persistence of mixed foramol grain associations. The occurrence of

565  Operculina is strongly associated with greater water depth and high CaCOs contents, whereas Amphistegina
occupies a broader depth range (Fig. 9, 10), consistent with previously documented species-level preferences
across the Spermonde shelf (Renema, 2018; Renema et al., 2001). The broader ecological range of Amphistegina
likely reflects the flexibility of its algal endosymbiont community, which is structured primarily by local
environmental conditions rather than host species identity (Prazeres et al., 2021), underpinning its persistence

570 across varying light and turbidity regimes. The preference of Operculina for deeper, lower-light environments is
consistent with the morphological adaptation of flattened LBF facilitating efficient light capture under reduced
irradiance (Hohenegger et al., 1999; Renema et al., 2001; Wilson, 2012), and supports an interpretation of
increasing Operculina abundances offshore as reflecting not only depth trends but a progressive shift toward more
stable, low-light carbonate production regimes.

575  Although the term “foramol” does not distinguish between photozoan and heterozoan contributors (an ambiguity
previously noted for such assemblages; James, 1997; Kindler and Wilson, 2012; Lees, 1975; Lees and Buller,
1972) the co-occurrence of FI values and the relative abundance of symbiont-bearing taxa provides a functional
discriminator that sediment composition alone cannot supply. This is most evident in the mid-shelf facies (facies
IV and V), where heterotrophic taxa (e.g., Quinqueloculina, Cibicidoides, and Cibicides; Table S4) remain

580 abundant alongside symbiont-bearing forms. Such foraminifera thrive in clear and turbid environments with low
organic matter input (BadrEIDin and Hallock, 2022; Lo Giudice Cappelli et al., 2019; Samir et al., 2003), and our
PCA analyses confirm that they inhabit environments with sand-mud mixtures and medium TOC. The scatter of
facies V samples across the transitional zone of the PCA biplot (Fig. 9A) reflects this mixed character: unlike the
tightly clustered facies I-II samples, facies V occupies an intermediate position consistent with its role as a

585 transitional assemblage between the nearshore heterozoan threshold and the more photozoan-influenced outer
shelf. Such assemblages correspond to mixed heterozoan-photozoan associations sensu Mutti and Hallock (2003)
and are consistent with the environmental ambiguity of equatorial carbonate systems, where humid tropical
conditions support the simultaneous (co-)development of photozoan and heterozoan assemblages (Wilson, 2012).
Only on the outer shelf does facies III approach a more classical photozoan configuration, with the highest relative

590 proportions of red algae, Halimeda and coral (collectively ~14 wt%). These observations support a nuanced view
of carbonate factory organisation on the Spermonde shelf in which a sharp nearshore threshold (driven by the
retention of terrestrial input within the rimmed shelf architecture) gives way beyond the threshold zone to a
continuum of mixed production modes in which photozoan contribution increases progressively offshore. Rather
than contradicting one another, these two patterns operate at different points along the same environmental

595 gradient, and their co-occurrence reflects the capacity of semi-enclosed tropical shelves to express both non-linear

and gradational responses to terrestrial forcing. Resolving this structure requires integration of functional
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ecological indicators with sedimentological facies analysis, since neither approach alone captures the full

organisation of the carbonate factory.

4.4 Seasonal modulation of carbonate production

600 Monsoon seasonality acts as a fundamental driver of carbonate production across the Spermonde shelf, yet its
effects are systematically spatially structured rather than uniform. During the northwest monsoon, enhanced
precipitation and river discharge increase suspended particulate matter and nutrient delivery to the inner and mid
shelf, temporarily reducing water transparency and elevating chlorophyll a concentrations (Nasir, 2016; Polonia
et al., 2015; Teichberg et al., 2018). Satellite-derived SST and chlorophyll records confirm the steepening of

605 nearshore—offshore gradients during peak wet-season discharge (Fig. 2), consistent with seasonal compression of
the euphotic zone and temporary expansion of conditions unfavourable for symbiont-bearing carbonate producers.
However, the spatial structure of these gradients, with chronically turbid nearshore waters and comparatively clear
mid-to-outer shelf environments, persists across seasons, suggesting that monsoon forcing amplifies rather than
creates the cross-shelf trophic gradient documented here.

610 This interpretation is supported by the limited interannual variability in benthic community composition relative
to short-term water quality fluctuations (Girard et al., 2025; Renema and Troelstra, 2001; Teichberg et al., 2018),
indicating that the assemblages recorded in the present sediment dataset reflect persistent environmental
structuring rather than a seasonal snapshot. Elevated FI values on the mid and outer shelf are therefore interpreted
as reflecting stable ecological conditions rather than transient dry-season intervals of high water-transparency. The

615 capacity of Amphistegina and Operculina to adjust trophic strategies under reduced irradiance, facilitated by
flexible symbiont associations and depth-partitioning (Hohenegger et al., 1999; Prazeres et al., 2021; Renema and
Troelstra, 2001), further supports the persistence of photozoan-influenced carbonate production through seasonal
turbidity pulses. The rimmed shelf morphology reinforces this stability: the outer rim and east-west trending
channels restrict cross-shelf flushing during peak discharge events (Rahayu et al., 2019), promoting retention of

620 terrigenous plumes in the nearshore zone and thereby limiting their seasonal penetration into mid- and outer-shelf
environments.

Although upwelling influences reef communities along the outer rim (Hoeksema, 2012), the present inter-reef
sediment data do not indicate a strong upwelling imprint on shelf-wide trophic gradients. The richest development
of photozoan components on the outer shelf is more consistent with fluvial forcing as the primary cross-shelf

625  control than with upwelling-driven nutrient enrichment. Long-term monitoring suggests that chronic land-based
nutrient input may intensify rather than replace the natural seasonal signal (e.g., Natsir, 2022; Sari et al., 2021;
Siringoringo et al., 2025), implying that ongoing coastal development in the Spermonde hinterland could shift the

spatial threshold documented here progressively offshore, which warrants continued monitoring.

5 Conclusions

630 The Spermonde Archipelago illustrates how semi-enclosed tropical shelves respond non-linearly to terrestrial
forcing under monsoon-dominated climatic regimes. Integrated sedimentological, geochemical, and foraminiferal
datasets reveal a spatially structured carbonate factory in which nearshore environments, covering approximately
20% of the analysed area, undergo threshold-like shifts toward heterozoan-dominated assemblages under elevated

fluvial nutrient input. The statistical separation of nearshore facies from all mid- and outer-shelf assemblages at
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635 the highest cluster linkage distance, combined with consistently low FI values (<2) and stress-tolerant
foraminiferal assemblages, supports an interpretation of discontinuous rather than gradual compositional change.
This threshold is spatially asymmetrical: terrestrial influence extends disproportionately further offshore in the
northern shelf sector, reflecting along-shelf advection of river-derived material under the prevailing Makassar
Strait circulation, and contrasting with comparatively improved photic conditions on the southern shelf, where

640 reduced fluvial input is consistent with catchment-scale modification of river discharge. This is most plausibly
linked to impoundment of the Jene Berang River following dam construction in the 1990s (Hoeksema, 2012;
Kneer, 2013) an intervention that may have measurably reduced the delivery of fine-grained terrigenous material
to the southern shelf.

In contrast, the mid and outer shelf sustain extensive foramol production across approximately 80% of the

645 investigated area, in which the proportion of photozoan components increases progressively offshore and
carbonate production is driven largely by benthic foraminifera. These patterns demonstrate that carbonate
production on the Spermonde shelf does not conform to a strict photozoan—heterozoan dichotomy, but instead
reflects a continuum of mixed production modes structured by interacting gradients of terrestrial input, light
availability, and hydrodynamic setting (Wilson and Vecsei, 2005).

650 The application of the FORAM Index (FI, Hallock et al., 2003) demonstrates strong spatial coherence with
independently derived sediment-based facies patterns, including a correspondence between the FI 2-4 transitional
zone and the distribution of foramol mud-supported carbonate sediment facies, providing an independent
ecological perspective on carbonate factory organisation. This agreement demonstrates that FI is particularly
valuable in equatorial mesotrophic settings, where sediment component composition alone may not clearly

655 differentiate between heterozoan- and photozoan-influenced carbonate production.

The rimmed shelf architecture enhances retention of fine-grained sediments and associated nutrients, amplifying
cross-shelf contrasts and promoting threshold responses in nearshore habitats. Comparison with more open tropical
platforms, where hydrodynamic exchange limits sediment retention and supports more uniformly photozoan
assemblages (Burollet et al., 1986), underscores the critical role of platform geometry in modulating carbonate

660 facies organisation. Monsoon seasonality amplifies rather than reorganises these spatial gradients, with seasonal
turbidity pulses temporarily intensifying nearshore heterozoan conditions without fundamentally restructuring the
shelf-wide carbonate factory. The persistence of stress-tolerant assemblages and chronically low FI values in the
northern nearshore zone, in conjunction with documented increases in hinterland-derived suspended sediment
loads over recent decades, suggests that ongoing coastal development may progressively shift the position of the

665 threshold zone offshore, with implications for carbonate sediment budgets and reef condition across the
archipelago.

Overall, the Spermonde Archipelago provides a modern example of how interactions among fluvial discharge,
seasonal monsoon forcing, shelf-scale hydrodynamics, and ecological functional structure govern carbonate
production in equatorial settings. These findings highlight that interpretations of tropical carbonate shelf systems

670 benefit from combining sedimentological facies analysis with functional ecological indicators such as the FI,

thereby expanding the interpretative framework for both modern and ancient carbonate systems.
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Data availability

The data acquired and used for the present study are deposited in the PANGAEA data repository under identifier
PDI-38754. The supplementary raw data tables for each sample are directly accessible under:

675 Table S1. Coordinates, water depth, carbonate and total organic carbon:
https://doi.pangaea.de/10.1594/PANGAEA.994068
Table S2. Grain-size data from dry sieving and GRADISTAT analysis:
https://doi.pangaea.de/10.1594/PANGAEA.994081

Table S3. Point-count data for skeletal and non-skeletal components:
680  https://doi.pangaea.de/10.1594/PANGAEA.994082
Table S4. Benthic foraminiferal genus-level counts: https://doi.pangaea.de/10.1594/PANGAEA.994083

Appendix A — Additional Figures

685  Figure Al: Authigenic crystals from sample S45 (grain size fraction >2000 pm) identified as gypsum.

Figure A2. Thin-section of a siderite from sample S33 with concentric layering.

690
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695

Figure A4. Thin section of a siderite from sample S33 with concentric layering close to the grain surface.
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