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Light Limitation and Depth-Variable Sedimentation Drives Vertical Reef Compression on Turbid Coral Reefs
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Turbid coral reefs experience high suspended sediment loads and low-light conditions that vertically compress the maximum depth of reef growth. Although vertical reef compression is hypothesized to further decrease available coral habitat as environmental conditions on reefs change, its causative processes have not been fully quantified. Here, we present a high-resolution time series of environmental parameters known to influence coral depth distribution (light, turbidity, sedimentation, currents) within reef crest (2–3 m) and reef slope (7 m) habitats on two turbid reefs in Singapore. Light levels on reef crests were low [mean daily light integral (DLI): 13.9 ± 5.6 and 6.4 ± 3.0 mol photons m–2 day–1 at Kusu and Hantu, respectively], and light differences between reefs were driven by a 2-fold increase in turbidity at Hantu (typically 10–50 mg l–1), despite its similar distance offshore. Light attenuation was rapid (KdPAR: 0.49–0.57 m–1) resulting in a shallow euphotic depth of <11 m, and daily fluctuations of up to 8 m. Remote sensing indicates a regional west-to-east gradient in light availability and turbidity across southern Singapore attributed to spatial variability in suspended sediment, chlorophyll-a and colored dissolved organic matter. Net sediment accumulation rates were ∼5% of gross rates on reefs (9.8–22.9 mg cm–2 day–1) due to the resuspension of sediment by tidal currents, which contribute to the ecological stability of reef crest coral communities. Lower current velocities on the reef slope deposit ∼4 kg m2 more silt annually, and result in high soft-sediment benthic cover. Our findings confirm that vertical reef compression is driven from the bottom-up, as the photic zone contracts and fine silt accumulates at depth, reducing available habitat for coral growth. Assuming no further declines in water quality, future sea level rise could decrease the depth distribution of these turbid reefs by a further 8–12%. This highlights the vulnerability of deeper coral communities on turbid reefs to the combined effects of both local anthropogenic inputs and climate-related impacts.
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INTRODUCTION

Coral reefs in Southeast (SE) Asia have suffered significant ecological declines (Heery et al., 2018). Widespread reductions in coral cover, species diversity, and reef structural complexity from climate-related disturbances (Guest et al., 2012; Perry and Morgan, 2017; Hughes et al., 2018) are compounded by localized threats to coral reefs, including land-derived siltation and nutrient loading (Kamp-Nielsen et al., 2002; Baum et al., 2015; Duprey et al., 2020). Declining water quality in the region has been attributed to poorly regulated land-use change, rapid human population growth, and the urbanization of coastal watersheds (Kamp-Nielsen et al., 2002; Syvitski et al., 2005). These anthropogenic stressors can significantly elevate background seawater turbidity and sedimentation, creating low-light conditions, and threaten up to 95% of coastal reefs within SE Asia (Burke et al., 2011). Specifically, the deleterious impacts of elevated turbidity and chronic sedimentation on corals include: (1) reduced coral growth and calcification; (2) smothering of benthic communities and recruitment substrates; and (3) excessive particle loading on coral surfaces (Fabricius, 2005; Erftemeijer et al., 2012; Risk, 2014; Jones et al., 2016; Bainbridge et al., 2018). As a result, coral community compositions on human-impacted reefs have shifted to favor slow-growing and stress-tolerant taxa (Cleary et al., 2016), influencing rates of reef calcification and bioconstruction (Perry and Alvarez-Filip, 2018; Januchowski-Hartley et al., 2020). Localized environmental change is therefore a major present and future issue for SE Asian coral reefs, because the region supports high marine biodiversity (Bellwood and Hughes, 2001) and a very populous coastal zone (Hinrichsen, 2016).

Turbid coral reefs are well-adapted to inhabit areas of naturally high turbidity and low light (e.g., Morgan et al., 2016), and exhibit a tolerance and morphological plasticity to fluctuating abiotic conditions, such as sedimentation, eutrophication, temperature, and light (Anthony et al., 2005; Goodkin et al., 2011; Guest et al., 2012; Morgan et al., 2017). These marginal conditions for coral growth may afford turbid reefs a degree of protection from global climate-related disturbance events (e.g., prolonged ocean warming), as the shading effect of the overlying seawater turbidity can reduce the additive stress of solar irradiance on corals (Morgan et al., 2017; Burt et al., 2020). However, turbid coral reefs remain susceptible to increasing localized inputs from human activities (e.g., seafloor dredging) that may push environmental conditions beyond the threshold for coral growth (Erftemeijer et al., 2012; de Soares, 2020). For example, vertical reef compression, defined here as the shrinking of the total depth range over which photosynthetic corals can grow and reef bioconstruction occurs (e.g., Morgan et al., 2016; Heery et al., 2018), restricts reef-building in turbid waters to between 6–12 m (Goodkin et al., 2011; Heery et al., 2018; Chow et al., 2019). The maximum depth limit of coral growth is primarily dependent on the euphotic depth [i.e., the depth where photosynthetic available radiation (PAR) is 1% of its surface value], below which net photosynthesis occurs. Even minor local increases in suspended sediment load (e.g., 1–10 mg l–1), which may have limited direct physiological impacts on the corals themselves, can disproportionately influence coral distribution by attenuating more light and further shallowing the photic floor on these already light-limited reefs (Jones et al., 2015; Storlazzi et al., 2015; Morgan et al., 2020). While a conceptual understanding of vertical reef compression currently exists, the physical environments of turbid reef settings are not well quantified, and greater knowledge of the cause-effect pathways that limit the depth range of coral reef development is needed.

In Singapore, an island megacity that has experienced intense urban development over the past 50 years, long-term monitoring of offshore coral reefs shows divergent trajectories in reef communities associated with depth. Shallow reef crest habitats (2–3 m depth) exhibit stable coral cover and diversity over time, whereas, deeper reef slope corals (7 m depth) have seriously declined, and a transition to soft-sediment benthic substrates has occurred (Guest et al., 2016). These temporal trends in vertical reef compression have been attributed to increasing suspended sediment in offshore waters and accompanying reductions in light (e.g., Lai et al., 2015), but rarely have these parameters been examined together. Furthermore, turbidity regimes on reefs are not yet quantified, and little attention has been given to the physical properties of the suspended sediment themselves, despite the insights they may provide. Here, we present a high-resolution time series of the physical environment for reef crest and reef slope habitats on two turbid reefs in Singapore, where a 27-year record of benthic cover is available, to establish the causative processes driving vertical reef compression. Our field measurements provide an assessment of light, turbidity, sedimentation and currents over a 30-day period and are accompanied by regional remote sensing analysis of ocean optical properties to address the following questions: (1) what are the processes limiting the depth distribution of corals on turbid reefs? (2) how do the physical environments differ between reefs in Singapore? and (3) how will turbid reefs respond to future anthropogenic and climate-related stressors? Given that coastal reefs in SE Asia play a key role in maintaining biodiversity, and that anthropogenic activities in the region continue to intensify, it is crucial to understand the factors that influence habitat availability within turbid settings.



MATERIALS AND METHODS


Field Setting

This study was conducted on two fringing coral reefs (Pulau Hantu and Kusu Island) located off the southern coast of Singapore, within the Singapore Strait (Figure 1). Pulau Hantu (1.226247°N, 103.747049°E) is sheltered by adjacent islands and reefs at the western side of the Southern Islands group in an area of intense industrialization and ship traffic. Kusu Island (1.225354°N, 103.860104°E), on the eastern side of the Southern Islands group, experiences comparatively higher exposure and lower anthropogenic impacts. The reef platforms are relatively comparable in size (16–30 ha), and cross-reef morphology is characterized by a shallow sand flat (∼2–3 m depth), an outer reef crest that supports low-profile sediment-tolerant coral taxa and macroalgae (∼2–3 m depth), and a steep fore-reef slope where coral cover is low and soft-sediment dominates at depth (Hilton and Ming, 1999; Supplementary Figure 1). The depth of the surrounding seafloor in southern Singapore is relatively consistent (10–15 m), with no major onshore-offshore increase in water depth. High-velocity tidal flows occur throughout the wider Singapore Strait (Chen et al., 2005), and suspended particulate matter in the water column drives episodically chronic sedimentation on reefs (Low and Chou, 1994; Browne et al., 2015). Changes in benthic community structure at Hantu and Kusu reefs over a 27-year time series (see Guest et al., 2016; Supplementary Figure 2) suggest that reef crest coral cover at Hantu, following an initial decline in 1997–1998, has remained relatively consistent (24% cover). Coral cover on the reef crest of Kusu demonstrated relatively high cover in 2004–2005 (48% cover). On the reef slope, declines in coral cover to <10% have occurred at both sites alongside a 20% increase in fine sediment cover (Guest et al., 2016).
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FIGURE 1. Location of (A) Pulau Hantu and (B) Kusu Island within the Southern Islands group positioned off the south coast of Singapore Island.




Environmental Data Collection

Environmental parameters (light, turbidity, temperature, currents) known to influence coral growth were measured over a 30-day field deployment during the southwest monsoon (August 2018) at Kusu and Hantu reefs. Data was collected using instruments deployed within reef crest (2–3 m depth) and reef slope (7 m depth) habitats comparable to those in long-term benthic monitoring assessments (Guest et al., 2016). Irradiance (PAR) was recorded at each fixed depth every 10 min using pre-calibrated Odyssey® submersible light recorders (Shaffer and Beaulieu, 2012). Instantaneous light measurements (μmol photons m–2 s–1) were recorded during daylight hours (700–1900 h) and used to calculate a DLI (mol photons m–2 day–1) by summing the 12 h of continuous light at instantaneous levels (per second quantum flux measurements) for every second across the daylight period. For example, instantaneous measurements were multiplied by 600, as there are 600 s in every 10 min sampling period (Jones et al., 2015). Near-bed turbidity (i.e., the degree to which water loses its transparency due to the presence of suspended particulates) was also recorded every 10 min (30 s bursts at 12 Hz) using a horizontal-mounted optical backscatter nephelometer (AQUAlogger® 310TY) with in-build pressure sensor deployed 0.3 m from the bed on the reef crest. Values were recorded as Formazin Turbidity Units (FTU) and then converted to suspended sediment concentration (SSC as mg l–1). The conversion factor between FTU and SSC was calculated using the SSC Converter within AQUAtalk software using a linear relationship (R2 = 0.67) derived from the gravimetric analysis of 26 field water samples filtered through pre-weighed Whatman GF/F filter papers (SSC = FTU × 2). Optical sensors (PAR and turbidity) were cleaned weekly during the deployment period to remove biofouling. However, to ensure data quality, only data recorded 3 days after cleaning at Hantu (12 days total) and 4 days after cleaning at Kusu (16 days total) were used for analysis. Reef currents were measured using tilt-current meters (TCM-1: Lowell Instruments) deployed at each site to record current speed (cm s–1), direction (bearing) and water temperature every 10 min (30 s bursts at 4 Hz).



Time-Series (Running Means Percentile) Analysis

Raw light, turbidity and current time-series data were plotted and all erroneous data values were removed. Mean values for the depth zones across the 30-day period at Kusu and Hantu were calculated and tested for statistical significance using t-tests. However, because environmental conditions on reefs are highly variable, long-term averages may not sufficiently capture short periods of environmental extremes (Jones et al., 2015). To examine the range of likely environmental conditions across the time-scales from hours to weeks, a running means percentile approach was applied to the time-series data to create percentile plots (Jones et al., 2015). We calculated the running means for each environmental parameter over different time periods (30 min, 1 h, 6 h, 12 h, 1-12/16 days, for turbidity and current data; 1-12/16 days for DLI data) and then summarized the results as an average with associated percentile values (100th, 99th, 95th, and 80th for turbidity and current data; 50th, 20th, and 5th for DLI data).



Reef Sedimentation and Grain Properties

Gross and net sediment accumulation rates were measured within the depth zones at both reefs. To measure gross sediment accumulation (i.e., the downward flux of particles suspended within the water column), three cylindrical tube traps (7 cm diameter × 30 cm length) were attached to a stake 0.3 m off the seabed. Net accumulation was measured using SedPods (Field et al., 2013), a flat cylindrical concrete unit (15 cm height × 15 cm diameter) that replicates a coral/reef surface and allows for resuspension of particles by tidal currents (Supplementary Figure 1). Following the 30-day deployment, all traps were capped and retrieved, washed with deionised water to remove salts, dried and weighed to determine sediment mass. Sediment accumulation rates (mg cm–2 day–1) were calculated by dividing the total amount of dry sediment retained over the deployment period (mg day–1) by the trap surface area (cm–2). To establish physical comparisons between trap material and sediments deposited on corals, sediment was collected directly from the surface of five massive (Dipsastraea sp.) and five foliose corals (Pachyseris sp.) on the reef slope of Hantu (4–7 m depth) using Pasteur pipettes. Benthic seafloor sediment samples (∼100 g) were also collected for comparison at both sites.

The grain size properties of tube trap, SedPod and coral surface sediments (<1 mm) were measured using laser diffraction analysis (Malvern Mastersizer 3000). Benthic samples, which comprised both fine (<1 mm) and coarse (>1 mm) material, were first dry sieved at 0.5 phi intervals, weighed and the proportion of material relative to the total sediment mass was calculated. The separated fine fraction (<63 μm) was analyzed using laser diffraction and the data were combined with the results from sieve analysis to estimate bulk sediment grain statistics using GRADISTAT (Blott and Pye, 2001; Morgan and Kench, 2016). The relative proportions of non-reef derived particles (i.e., clastic), total organic carbon (TOC) and total inorganic carbon (TIC) in the bulk sediment mass were estimated using the loss-on-ignition (LOI) method (Heiri et al., 2001).



Sediment Deposition and Resuspension Potential

To estimate sediment deposition potential on reefs, the hydrodynamic properties of suspended sediment particles were first established by converting the grain size data to an equivalent settling velocity (ws) using the equations of Gibbs et al. (1971). Sediment deposition potential was then modeled by dividing the average settling velocity of tube trap particles by the current velocities (cv) recorded by TCM-1 current meters every 10 min. The percent of time where current velocities fell below the threshold required to keep particles in suspension was then calculated (ws/cv ≥ 1.25; Cheng and Chiew, 1999). Resuspension rates were calculated as the difference in sediment accumulation rate (mg cm–2 day–1) between gross (tube traps) and net sediment accumulation (SedPods). Based on comparisons of the grain size distributions between trap methods deployed at the same location, we estimate the size classes of resuspended sediment by their relative absence on SedPods when compared to tube traps.



Light Diffuse Attenuation Coefficient (KdPAR) and Euphotic Depth (Zd)

The diffuse attenuation coefficient of PAR (KdPAR) was calculated using daily (at 1200 h) field irradiance data collected from fixed PAR loggers at reef crest (2–3 m depth) and reef slope sites (7 m depth) (Eq. 1), which were depth-adjusted for daily changes in water level (tidal range: 3.35 m).
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The euphotic depth (Zd) is defined as the depth at which 1% of the surface irradiance remains (Saulquin et al., 2013; Macdonald, 2015), and was calculated as in Eq. 2.
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Remote Sensing Analysis

To examine the spatial distribution of ocean optical properties in southern Singapore, the Level-2 (L2) products of Sentinel-3 Ocean and Land Color Instrument with a 300 m spatial resolution were used. We extracted the following bio-optical constituents from the L2 suite based on the neural network atmospheric correction (Doerffer and Schiller, 2007; Brockmann et al., 2016): (1) algal pigment concentration (chlorophyll-a in mg m–3), (2) total suspended matter concentrations (TSM in mg l–1), (3) diffuse attenuation coefficient (Kd490 in m–1), (4) water-inherent optical properties of colored dissolved organic matter (CDOM) absorption (adg at 443 nm in m–1), (5) PAR (μmol quanta m–2 s–1), and (6) euphotic depth (m) derived from Kd490. These parameters were displayed as either actual concentrations of optically active substances, or as their inherent optical properties (IOP). The main neural network derived water-leaving reflectance after atmospheric correction. Subsequently, the IOP module retrieved the absorption and scattering coefficients from the water-leaving reflectance and the concentrations of optically active constituents.



RESULTS


Environmental Conditions on Reefs

Temperature was consistent (mean: 29.5°C) between reefs, as well as with depth between habitats (p > 0.05, t-test). Mean turbidity (SSC) across the 30-day deployment period was significantly higher at Hantu (42 ± 40 mg l–1) than Kusu (16 ± 19 mg l–1) (p < 0.05, t-test), with Hantu experiencing a wider range of turbidity values (Hantu: 0.4–230 mg l–1; Kusu: 0.06–118 mg l–1) (Figure 2A). The time-series data show a substantial peak in SSC (August 17–19) at both sites midway during the study (Figure 3A). Running means analysis across multiple time frames (from minutes to weeks) was used to characterize temporal trends across the time-series data. These show that upper percentiles values of SSC (100th, 99th, and 95th) at both sites, which represent periodic pulses in turbidity on reefs, decline with increasing temporal scale (Figure 3A and Supplementary Table 1). A faster decline in these values was observed at Kusu, indicating lower background SSC once short-term turbidity peaks were smoothed. In comparison, the 80th and 50th (median) percentiles were relatively consistent at both reefs and were substantially lower at Kusu compared to Hantu. Mean turbidity values derived from running means across the full range of time-scales were 2-fold lower at Kusu (11.5–15.6 mg l–1) than at Hantu (40–42.5 mg l–1). Collectively, running means percentile analysis shows pronounced separation in turbidity regimes between the reefs.
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FIGURE 2. Boxplots of (A) daily mean suspended sediment concentration (SSC: mg l–1), (B) PAR daily light integral (DLI: mol photons m–2 day–1), (C) euphotic depth (Zd: m), and (D) daily maximum current velocity (CVmax: cm s–1) at reef crest and reef slope sites on Kusu Island (green) and Pulau Hantu (blue). Red lines show mean values. Circles represent the daily values recorded of each parameter.
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FIGURE 3. Time-series data over the 30-day deployment for (A) suspended sediment concentration (SSC; mg l–1) and (B) instantaneous PAR measurements (μmol photons m–2 s–1) at Kusu Island (K/green) and Pulau Hantu (H/blue). Daily light integrals (DLI: mol photons m–2 day–1) for reef crest sites are shown above each light profile. Panels on the right show percentile plots of the running means percentile analysis for suspended sediment concentration and light at both reefs. The 100th (maximum), 99th and 95th and 80th percentiles (for turbidity) and 50th, 20th, 5th (for light) of the running means are displayed.


Both reefs experienced 12 h of daylight (0700–1900 h). The daily maximum irradiance (instantaneous PAR) on the reef crest peaked at approximately solar noon, reaching 1024 and 2196 μmol photons m–2 s–1 at Hantu and Kusu, respectively (Figure 3B). Mean daily maximum irradiance exhibited high variability across the deployment period, and was significantly higher at Kusu (1052 ± 591 μmol photons m–2 s–1) than at Hantu (542 ± 265 μmol photons m–2 s–1) (p < 0.05, t-test). This translated into substantially higher mean DLI values at the reef crest of Kusu (13.9 ± 5.6 mol photons m–2 day–1) compared to Hantu (6.4 ± 3.0 mol photons m–2 day–1) (Figure 2B). Within reefs, both reef slope sites recorded low mean daily maximum instantaneous PAR (Kusu: 113 ± 72 μmol photons m–2 s–1; Hantu: 37 ± 18 μmol photons m–2 s–1) and low mean DLI values (Kusu: 1.6 ± 1.0 μmol m–2 s–1; Hantu: 0.44 ± 0.2 μmol m–2 s–1). Over the deployment period, reef slope sites experienced very low-light conditions (≤0.8 DLI) on 5 of the 16 days at Kusu and 11 of the 12 days at Hantu. These values corresponded with periodic increases in SSC (>50 mg l–1), which also reduced reef crest DLI values (Figure 3B). Running means analysis (days to weeks) of DLI values show that the 50th percentile (median) is relatively consistent over varying temporal resolutions (Figure 3B and Supplementary Table 2). Whereas the 20th and 5th percentile present an upward trend in agreement with the upper percentile turbidity values at these same sites. There are clear differences in light conditions between reefs, with Kusu characterized by higher light levels and less temporal variability.

Daily KdPAR (taken at 1200 h) shows rapid light attenuation across the deployment period with average KdPAR values ranging between 0.49 ± 0.13 m–1 and 0.57 ± 0.10 m–1 at Kusu and Hantu, respectively. We also observed daily shifts in the euphotic depth (Figure 4). There were differences in the amount of light attenuation variability between sites, where light penetration on Hantu fluctuated within a substantially narrower envelope than at Kusu. When PAR is reduced to 1% of the surface irradiance (Zd), the euphotic depth ranged between 7.0 and 15.6 m depth (mean: 11.1 ± 2.5 m) at Kusu, and 7.94 and 10.99 m (mean: 9.2 ± 0.9 m) at Hantu (Figures 2C, 4).


[image: image]

FIGURE 4. Light attenuation (%) with depth (m) at (A) Kusu Island (green) and (B) Pulau Hantu (blue). KdPAR values were derived from daily (at 1200 h) field measurements of Photosynthetic Active Radiation (PAR). Minimum, maximum and average euphotic depths (Zd) as 1% of surface PAR are shown.


Maximum daily current velocities (daily CVmax) at Hantu were higher than those recorded at Kusu, at both the reef crest and reef slope (Figure 2D). Maximum current conditions have a greater influence on reef sediment dynamics than “normal” (mean) conditions. At Hantu, daily CVmax on the reef crest reached a peak velocity of 119 cm–1 s–1 following low tide, and recorded crest velocities were more variable than those on the reef slope (reef crest: 17.6–119 cm–1 s–1; reef slope: 6–91 cm–1 s–1) (Figure 2D). However, averaged daily CVmax at Hantu were similar between the crest (58 ± 34 cm–1 s–1) and slope (43 ± 20 cm–1 s–1). In comparison, daily CVmax at Kusu varied over a smaller range (reef crest: 10–30.5 cm–1 s–1; reef slope: 3.5–35 cm–1 s–1) and did not align to individual tidal phases, but was higher during periods of increased tidal range (Figure 5A). Averaged daily CVmax velocities at Kusu were the same between the crest and slope (18 cm–1 s–1). Running means percentile analysis (100th, 99th, and 95th) show declines in current velocity with increasing temporal resolution, and higher current velocities at Hantu compared to Kusu (Figure 5 and Supplementary Table 3). Within reefs, upper percentiles exhibited separation in current velocities between depth zones, particularly at Kusu, where velocities were higher at the reef crest than on the reef slope. At Hantu, the separation between depth zones is not as clear, because although reef crest sites generally experience higher velocities over finer time-scales, they become similar when coarser running average time-scales are applied (Figure 5B).
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FIGURE 5. Time series of current velocities (cm s–1) for reef crest and reef slope sites at (A) Kusu Island (green) and (B) Pulau Hantu (blue). Water depth (m) across the 30-day deployment is shown for each site (black). Panels on the right show percentile plots of the running means percentile analysis for each depth zone. The 100th (maximum), 99th and 95th and 80th percentiles of the running means are displayed.




Sediment Accumulation Rates and Grain Properties

Gross sediment accumulation rates were high at all sites (≥9.8 mg cm–2 day–1) and significantly greater than net sediment accumulation rates (p < 0.05, t-test; Figures 6A,B). Highest gross sediment accumulation was recorded at Kusu. At both reefs, gross sediment accumulation was higher on the reef slope (Kusu: 22.9 ± 0.3 mg cm–2 day–1; Hantu: 17.1 ± 0.8 mg cm–2 day–1) than the reef crest (Kusu: 18.2 ± 4.2 mg cm–2 day–1; Hantu: 9.8 ± 0.9 mg cm–2 day–1). Net sediment accumulation rates showed similar spatial trends between reefs and depth zones, but were ∼5% of gross sediment accumulation for the same location (0.1–1.2 mg cm–2 day–1; Figure 6B).
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FIGURE 6. (A,B) Gross and net sediment accumulation rates (mg cm–2 day–1) derived from traps deployed within reef crest (2–3 m depth) and reef slope habitats (7 m depth) at Kusu Island (green) and Pulau Hantu (blue) reefs over a 30-day period (August 2018). (C) Log of particle size distribution (%) of sediments (μm) collected in tube traps (black line), SedPods (gray line) and benthic sediments (bars). (D) Log of particle size distribution (%) of coral surface sediment of foliose Pachyseris sp. and massive Dipsastraea sp. corals.


Grain size analysis showed that tube trap and SedPods sediment was dominated by silt-sized particles (<63 μm; tube traps: 86–96%; SedPods: 80–83%), with mean grain sizes of between 6.2–8.8 μm (average: 8.17 ± 1.2 μm) and 9.51–15.5 μm (average: 13.2 ± 2.5 μm), respectively (Supplementary Table 4). Grain size distributions differed between trapping methods (Figure 6C). Tube traps sediments were unimodal with a dominant peak at 7 μm (fine silt), whereas SedPods were typically bimodal, exhibiting a lower peak at 7 μm (fine silt) and a secondary peak at 250 μm (fine sand). Sediments were primarily non-reef derived particles (tube traps: 80–84%; SedPods: 77–79%), with a relatively high TOC content (tube traps: 13–15%; SedPods: 13%), and a small proportion of TIC (i.e., reef-derived carbonate) (tube traps: 2–6%; SedPods: 7–9%). Coral surface sediment showed close similarities in mean grain sizes between replicate corals within the same genera (Figure 6D), but grain sizes were distinct between foliose Pachyseris sp. (10.78 μm) and massive Dipsastraea sp. (28.3 μm). Interestingly, foliose Pachyseris sp. had a very similar grain size distribution to tube trap sediments, which were dominated by fine silt particles, whereas massive Dipsastraea sp. had a coarser silt-to-sand grain size distribution that aligned closely with sediments deposited on SedPods (Figure 6).

In contrast, reef crest benthic sediments were dominated by allochthonous gravels (>1000 μm; coral, molluscan and octocoral grains) and fine-to-coarse (125–750 μm) sand (Figure 6C). Mean grain sizes of benthic sediment differed between reefs and depth zones (Supplementary Table 4). Benthic reef crest sediments were coarser at Kusu compared to Hantu (1093 and 524 μm, respectively), and reef crest sediments at both reefs were coarser than those on the reef slope (314 and 183 μm, respectively). Differences in mean grain size between depth zones were driven by the relative absence in silt particles on the reef crests, which only accounted for 1–7% of the total sediment, compared to the reef slope sediment, which comprised 29% (Kusu) and 48% (Hantu) of the total benthic sediment (Supplementary Table 4).



Reef Sediment Dynamics

Silt particles within reef crest and reef slope benthic sediments were larger in size (medium to coarse silt) than those collected in/on traps (very fine to fine silt; Figure 6C). Resuspension rates were higher at the reef crest (Kusu: 21.7 mg day–1; Hantu: 18.1 mg day–1) than the reef slope (Kusu: 16.3 mg day–1; Hantu: 9.6 mg day–1), matching differences in maximum current velocities (CVmax) between these sites. A wider grain size range was resuspended at reef crest sites (up to 22.4 and 39.9 μm at Kusu and Hantu, respectively), whereas on the reef slope, particle size ranges were restricted to finer particles (up to 12.6 and 14.2 μm at Kusu and Hantu reefs, respectively). Importantly, maximum CVmax was observed only 0.2–5.4% of the total time during the 30-day deployment period for both crest and slope environments (Supplementary Table 5).



Spatial Distribution of Light and Turbidity Across Southern Singapore

Monthly averaged (August 2018) seawater optical properties across southern Singapore are consistent with field measurements at Kusu and Hantu. Spatial maps of Kd490, a proxy for turbidity, show high light attenuation (∼0.5 m–1) and a shallow euphotic depth (Zd) of <7 m across southern Singapore (Figure 7). Spatial patterns in PAR align with Kd490, as higher PAR was observed in waters surrounding Kusu (∼1500 μmol quanta m–2 s–1) than Hantu (∼800 μmol quanta m–2 s–1). Overall, remote sensing analysis demonstrates that Hantu received lower light intensity and had a shallower euphotic depth compared to Kusu because of the higher rate of light attenuation. Remote sensing analysis across the wider Singapore region indicated that spatial differences in Kd490 and PAR corresponded with higher concentrations of total suspended matter (TSM) surrounding Hantu and its nearby reefs (as evident in Figure 7) and that TSM declines eastward towards Kusu. Turbidity is therefore modulated in part by chlorophyll-a and CDOM, which exhibit similar spatial patterns to TSM. However, chlorophyll-a concentrations are relatively low compared to CDOM, and thus, light attenuation is controlled by a combination of CDOM and suspended sediment, particularly at western locations during this time period.
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FIGURE 7. Monthly (August 2018) averaged satellite-derived (Sentinel-3) maps of seawater optical properties across southern Singapore. Maps show spatial patterns in light: photosynthetic active radiation (PAR in μmol quanta m–2 s–1), light attenuation coefficient (Kd490 in m–1), euphotic depth (m); and the constituents of seawater turbidity: chlorophyll-a (mg m–3), total suspended matter concentration (TSM in mg l–1), colored dissolved organic matter (CDOM) absorption at 443 nm (m–1).




DISCUSSION

We provide a high-resolution times series of light and turbidity for Singapore’s coral reefs, and present a process-based interpretation of the factors contributing to vertical reef compression on turbid reefs using additional physical parameters. We show that rapid light attenuation through seawater, as a function of high turbidity (10–50 mg l–1), is a critical control restricting the maximum depth of coral growth and bioconstruction. Light conditions on Singapore’s reefs were low and had high temporal variability over the 30-day deployment period in the absence of seasonality. Reductions in instantaneous PAR and DLI aligned with periods of increased turbidity (lasting 1–3 days) that reached up to 118 and 230 mg l–1 at Kusu and Hantu, respectively. Deeper reef slope sites experienced very low light or “twilight” conditions (≤0.8 DLI) (Jones et al., 2015) on 31% of days at Kusu and 91% of days at Hantu. These data highlight the marginal, and fluctuating, conditions on turbid reefs that are distinct from clear-water reefs (Burt et al., 2020), as well as the complexities of establishing relevant baseline environmental data to characterize these systems. Light levels were consistent with other turbid reef environments, where data is available (Macdonald, 2015; Morgan et al., 2017; Chow et al., 2019; Loiola et al., 2019), but we found substantial differences in irradiance levels between reefs of close proximity (∼12 km) and a similar distance offshore (∼5 km). These differences can be attributed to higher background seawater turbidity at Hantu compared to Kusu, and to a lesser degree, may reflect differences in reef elevation. Spatial patterns in turbidity and light regimes contrast more well-established inshore-offshore water quality gradients that occur over larger spatial scales (e.g., Great Barrier Reef, Fabricius et al., 2016; Jakarta Bay, Cleary et al., 2016), and may give insight into the source of turbidity on reefs in Singapore.

Monthly-averaged remote sensing analysis supports a regional west-to-east gradient in ocean optical properties within southern Singapore (Figure 7), consistent with field measurements. Although this data provides a coarser measure of light and turbidity on reefs, it allows for interpretations to be made over greater spatial scales. Western islands that experience stronger tidal flows, caused by the funneling of water through adjacent reef structures (e.g., Pulau Hantu, Semakau and Terumbu Pempang), exhibited higher turbidity and lower light (Chen et al., 2005). In contrast, more exposed eastern reefs (e.g., Kusu, Sister’s and St John’s Islands) were subject to lower turbidity and higher light conditions. As different suspended particles can have varying effects on light attenuation (Storlazzi et al., 2015), and for coral health (Fabricius et al., 2003; Weber et al., 2006; Bainbridge et al., 2012; Duckworth et al., 2017), it is critical to characterize the water column components that limit light on reefs. Both optical analysis and field data showed that siliciclastic sediment particles are the main component of seawater turbidity. However, the spatial distribution of TSM also coincides with elevated concentrations of chlorophyll-a and CDOM, indicating that although recent coastal development in Singapore (e.g., land reclamation, seafloor dredging) may have contributed to vertical reef compression by increasing suspended sediment (Low and Chou, 1994; Erftemeijer et al., 2012), total light attenuation on reefs is also driven by other background constituents which operate over greater spatial scales. For example, satellite remote sensing has demonstrated that high CDOM around Sumatra reaches the Malacca Straits (Siegel et al., 2018), and influences the Singapore Straits waters (Liew and Kwoh, 2003). The relatively low chlorophyll-a concentration around Singapore (Figure 7) confirms that light attenuation was dominated by a combination of CDOM absorption, probably from terrestrial sources, and sediment scattering that both likely vary with monsoon seasonality.

Light attenuation curves demonstrated that downwelling irradiance was rapid at both sites (KdPAR: 0.49–0.57 m–1), but also highly responsive to localized conditions on reefs (Figure 4). The values of KdPAR we observed on Singapore’s reefs far exceeded global values from a wide geographic range of clear-water reef settings (0.045–0.071 m–1; see Laverick et al., 2020), as well as those from other turbid reef environments (0.08–0.11 m–1 at the Abrolhos complex, Brazil; Freitas et al., 2019). These values were primarily attributed to high suspended sediment in the water, which was compounded by the dominance of dark-colored siliciclastic particles that absorb light more effectively than lighter (in color) carbonate sediments (Storlazzi et al., 2015). As a result, the euphotic depth (Zd) on Singapore’s reefs is very shallow, but migrates daily as much as 3–8 m (±11% average change). The depth distribution of coral species on Singapore’s reefs are well documented and show declining live coral, species richness and diversity over a short vertical range, with a maximum depth of 10 m (Chow et al., 2019). Long-term survey data also suggest low and declining coral cover at the photic floor (Guest et al., 2016). These data are consistent with our own observations of reef slope communities (∼5 m at Hantu and ∼7 m at Kusu), which align with the minimum euphotic depth (Zdmin) rather than the maximum values (Zdmax) we recorded (Figure 4). Below Zdmin, hard coral assemblages transition to non-phototrophic sponge and gorgonian communities with limited reef-building potential (Supplementary Figure 1). For comparison, a recent global analysis showed that transitions to mesophotic coral ecosystems typically occurred between 36.1 ± 5.6 m (shallow-upper mesophotic) and 61.9 ± 9.6 m (upper-lower mesophotic) (Laverick et al., 2020). Our time series of light analysis provides additional support for the classification of turbid reefs as “shallow-water mesophotic reefs” (sensu Morgan et al., 2016), because despite their shallow depth (<10 m) these reefs share key characteristics in both light conditions and ecological communities, where light limitation is the major driver structuring benthic assemblages.

Light effects on benthic communities are compounded by depth-related differences in sedimentation rates (Figure 6). Our combined datasets suggest vertical reef compression in turbid settings is also a consequence of sediment dynamics. High velocity tidal currents winnow fine particles from the reef crest, defined here as “tidal sweeping”, and greater silt deposition occurs on reef slopes. This process is also likely an important driver of localized turbidity at the reef-scale that often differs from off-reef conditions. Given the high background suspended sediment concentrations, tidal sweeping helps maintain the ecological stability of shallow-water corals (2–3 m) in Singapore, as strong diurnal tidal flows keep fine sediments in suspension (Maxwell, 1968; Cacciapaglia and van Woesik, 2015). Evidence of this winnowing effect on Singapore’s reefs include: (1) higher measured resuspension rates and current velocities on the reef crest, (2) relatively low silt in reef crest benthic sediment (< 7%) and a high relative abundance of silt on the reef slope (29–48%), typical of a depositional fore-reef slope setting (e.g., Morgan and Kench, 2014), (3) a coarser silt mean grain size in benthic and SedPod sediment within the reef crest, and (4) a 20% increase in soft sediment benthic cover on reef slopes (Guest et al., 2016). We also found large differences between net and gross sedimentation rates on reefs (Figure 6), and emphasize that net sedimentation derived from SedPods (Field et al., 2013) provide a more realistic estimate of sediment deposition and retention. Here, net sedimentation values from SedPods were ∼5% of gross rates derived from tube traps, and deposit an additional 4 kg m2 of silt-sized sediment to reef slopes annually. If gross sedimentation rates at Kusu were applied, this would equate to an overestimation of 66 kg m–2 year–1 (66.4 kg m–2 year–1 versus 0.36 kg m–2 year–1) on the reef crest and 80 kg m–2 year–1 on the slope (83.5 kg m–2 year–1 versus 4.38 kg m–2 year–1).

Our data suggests that vertical reef compression is being driven from the bottom-up, as the photic zone contracts and fine silts accumulate at depth (Figure 8), reducing both habitat availability and coral diversity (e.g., Morgan et al., 2020). Sediment deposited on reef slope corals had distinct size distributions, which replicated those exhibited by gross and net sedimentation trapping methods (Figure 6). Morphology-specific grain size ranges were likely a result of colony-level differences in water flow (Hench and Rosman, 2013; Duckworth et al., 2017), whereby foliose taxa (Pachyseris sp.) trap fine silt particles and massive growth forms (Dipsastraea sp.) trap silt and fine sand. Smothering of corals by sediment has been shown to preferentially occur on encrusting and foliose (but not branching) growth forms under periods of chronic sedimentation (Jones et al., 2020). Singapore’s coral communities are dominated by encrusting, massive and foliose forms, whereas branching species (e.g., Acropora spp.) are largely devoid on reefs. This may make reef slope coral communities more vulnerable to sedimentation effects, as corals shift to flatter horizontal morphologies with depth to increase light capture. Although certain colony-level mechanisms (e.g., sacrificial zones, surface inclination) can help mitigate the effects of sediment smothering on corals (Jones et al., 2019), field observations indicate sediment loading occurs on reef slope colonies. Therefore, the ability of reef currents to sort sediment particles deposited on coral surfaces has important implications, because sediment impacts are strongly influenced by sediment type (Te, 1992; Duckworth et al., 2017). While the physical properties of the suspended sediment in Singapore may pose a greater threat to complex coral morphologies, the ultimate influence of coral-sediment interactions depends on the total magnitude of reef sedimentation.
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FIGURE 8. Schematic diagram demonstrating vertical reef compression on turbid coral reefs caused by a shoaling euphotic depth (Zd) and higher net sedimentation on the reef slope. Panels show how the photic zone and benthic communities respond to local and climate-related impacts: (A) natural turbidity conditions, (B) moderate suspended sediment load, (C) high suspended sediment load, and (D) combined high suspended sediment load and sea level rise.


Our process-based assessment of vertical reef compression on turbid coral reefs is critical for understanding the response of benthic communities to future local and global environmental change (Figure 8). Under naturally turbid conditions, light propagates deeper to extend the depth range of coral growth, with diverse benthic communities and complex reef framework on the slope (Figure 8A). Localized increases in suspended particles reduce light penetration to shoal the euphotic zone, and coral communities transition to stress-tolerant and low-profile taxa (Morgan et al., 2016; Perry and Alvarez-Filip, 2018). Tidal sweeping can maintain reef crest communities by limiting sedimentation, but high sedimentation on reef slopes reduces available coral habitat (Figure 8B). Further declines in water quality can dramatically compress the zone of active reef growth (Figure 8C), as suspended particles adsorb light and greater sediment accumulation on reef slopes convert more benthic surfaces to soft-sediment. Under higher future sea levels associated with global climate change (Figure 8D), estimated deficits between vertical reef accretion by living coral communities (1.29 ± 0.20 mm year–1) and projected sea level rise (3.0 ± 1.3 mm year–1) in Singapore suggest water depths could increase by 20–60 cm in the next 80 years (Tkalich et al., 2013; Januchowski-Hartley et al., 2020). Raising of the euphotic depth by this amount will compress available reef habitat by 8–12% assuming no additional declines in water quality. A higher sea level may also affect reef crest sediment dynamics, including tidal sweeping, to further elevate turbidity. For example, an observation-based study predicted a doubling in the average daily maximum suspended sediment concentration (11–20 mg l–1) with a 20 cm sea level rise (Ogston and Field, 2010). If projected relative water level changes occur in synergy with intensified local stressors, reef communities may become highly fragmented and ecologically redundant due to an increasing lack of light and a greater abundance of soft-sediment benthic cover.



CONCLUSION

Current understanding of vertical reef compression on turbid reefs remains largely speculative, or overly simplified, because of insufficient field data. Here, we find that on turbid coral reefs in Singapore, the depth range available for coral growth is shallow (<11 m) and determined by: (1) rapid attenuation of PAR over short depth ranges and (2) depth-related differences in reef hydrodynamics and sedimentation. Light attenuation is driven by suspended particulate matter in the water column, comprised of sediment, chlorophyll-a and CDOM, which dramatically shoals the euphotic depth. Reef slopes experience high net sedimentation of siliciclastic silt particles, which smother consolidated substrates and reduce available coral habitat. Critically, coral morphology influences the type and particle size of sediment deposited on coral surfaces. Our findings support reported ecological patterns for Singapore’s reefs over the past 27 years, where reef crest corals have retained relative ecological stability as tidal sweeping removes excess silt particles, and slope communities have converted to soft-sediment benthic cover. This suggests that turbid coral communities, in particular deeper corals at the photic floor, are highly vulnerable to the synergistic effects of local anthropogenic stressors and future sea level rise.
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