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Populations on small islands surrounded by coral reefs often heavily depend on the services provided by these reefs. The health and recovery of reefs are strongly influenced by recruitment of coral larvae. Their settlement relies on cues such as those emitted from bacterial communities forming biofilms on reef surfaces. Environmental conditions can change these bacterial community compositions (BCC) and may in turn affect settlement of coral larvae. At three small inhabited islands in the Spermonde Archipelago, Indonesia, with different distance from the mainland, BCC and coral recruitment were investigated on artificial ceramic tiles after 2–8 weeks exposure time and on natural reef substrate. Water parameters showed a clear separation between inshore and near-shore/mid-shelf sites, with distinct benthic communities at all three sites. No coral recruitment was observed at the inshore site with highest natural and anthropogenic stressors. At the other two sites coral recruitment occurred on natural surfaces (recruits per 100 cm2: 0.73 ± 1.75 near-shore, 0.90 ± 1.97 mid-shelf), but there was no significant difference between the two sites. On artificial substrates coral recruitment differed between these two sites, with tile orientation and with exposure time of the tiles in the reef. The most abundant bacteria on both substrates were Gammaproteobacteria, Alphaproteobacteria, and Cyanobacteria. BCC was strongly correlated with water quality and significant differences in BCC between the inshore site and near-shore/mid-shelf were found. On artificial substrates there was a significant difference in BCC also with exposure time in the reef. Our study highlights the value of taking both BCC and coral recruitment into account, in addition to the environmental conditions, when considering the recovery potential of coral reefs.
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INTRODUCTION

Coral reefs worldwide are declining due to a multitude of anthropogenic stressors that frequently act in combination (Burke et al., 2012). In tropical countries, reefs often surround small islands along the coasts, providing essential livelihoods for the inhabitants of these islands (Cinner, 2014), while being subjected to combined influences from the mainland and the islands themselves (Baum et al., 2015).

The Spermonde Archipelago in South Sulawesi, Indonesia, was selected as a case study area. Several dozen, mostly inhabited small islands fringed by coral reefs provide the unique possibility to study reefs subjected to various natural and anthropogenic influences, mainly related to the city of Makassar with 1.5 million inhabitants (Sawall et al., 2012, 2013; Polónia et al., 2015), resulting in an environmental gradient with increasing distance from the city (Cleary et al., 2005; Polónia et al., 2015; Teichberg et al., 2017).

Water quality and benthic community composition as foundations for the overall reef status differ markedly between islands within the Archipelago (see Polónia et al., 2015). Over the past decades studies in Spermonde have shown declining coral cover, habitat degradation, and reefs impacted by blast fishing activities (Edinger et al., 1998; Pet-Soede and Erdmann, 1998).

Scleractinian corals provide the foundation and three-dimensional structure of the reef (Veron, 2000), leading to high diversity and functionality of the ecosystem (Stanley, 2003; Munday, 2004). Coral reefs around the world are threatened due to a multitude of mostly anthropogenic disturbances (Carpenter et al., 2008; Halpern et al., 2008; Burke et al., 2012). Sexual recruitment via pelagic coral larvae is essential for the recovery of coral reefs (Harrison, 2011; Sawall et al., 2013). It can replenish coral populations in destroyed reef areas and can lead to an enhanced fitness of reef communities through adaptation of coral genotypes (Harrison, 2011). Knowledge on coral reproduction and recruitment is therefore critical in understanding how different stressors may affect reef populations and can be used for effective coral reef management (Richmond and Wolanski, 2011).

Two terms that are often used in parallel in the context of coral reproduction are settlement and recruitment. Settlement is the phase of attachment of the pelagic larvae onto benthic substrates (Keough and Downes, 1982). Recruitment is the entire process from larval to the juvenile stage, including the planktonic stage, the settlement, and the post-settlement survival after onset of skeletal accretion during metamorphosis (Keough and Downes, 1982). Settlement of coral larvae depends on specific and very complex environmental stimuli that relay information about the respective benthic habitat (Ritson-Williams et al., 2009). Besides physical cues such as light and depth (Price, 2010), settlement-inhibiting or inducing chemical cues emanating from biological sources appear to be the most relevant (Harrison, 2011). The metamorphosis to the juvenile stage also depends on environmental stimuli and is not necessarily linked to settlement (Ritson-Williams et al., 2009). In the context of biological cues for settlement and metamorphosis, bacteria, especially those in biofilms, play an important role in emitting cues for coral larvae (Hadfield, 2011).

Bacteria and other microorganisms form biofilms, covering most surfaces in the sea (Qian et al., 2003). Settlement of invertebrate larvae is assumed to be triggered by bacteria in biofilms (Huggett et al., 2006; Sneed et al., 2014). Reports of interactions between larvae and bacteria exist for many marine invertebrates such as sponges, echinoderms, bryozoans, ascidians, crustaceans, and corals (Hadfield, 2011). For a large range of coral species crustose coralline algae (CCA) and their associated bacteria have been recorded to induce both settlement and metamorphosis of larvae (Heyward and Negri, 1999; Price, 2010; Webster et al., 2011). Each CCA species hosts a very unique bacterial community on its surface (Sneed et al., 2015). One genus of bacteria mentioned frequently in the context of inducing larval settlement and metamorphosis is Pseudoalteromonas (Negri et al., 2001; Hadfield, 2011; Tran and Hadfield, 2011). Tetrabromopyrrole (TBP), a metabolite produced by strains of this genus, was identified as an inducer of metamorphosis, although in many cases no settlement occurred (Tebben et al., 2011; Sneed et al., 2014). While Tebben et al. (2015) conclude from their findings that it is not bacteria but CCA that produce the essential settlement cues, coral larvae also settle on surfaces not covered by CCA, indicating the importance of bacterial biofilms (Webster et al., 2004).

There are reports that no single bacterial strain, but rather the combination of several species within the biofilm community on reef surfaces is of importance for larval settlement (Qian et al., 2003; Chung et al., 2010). The bacterial community composition (BCC) in biofilms can shift rapidly with environmental conditions due to their short generation times (Bourne and Webster, 2013), as demonstrated for altered temperature and salinity (Lau et al., 2005), or eutrophication (Meyer-Reil and Köster, 2000). Sawall et al. (2012) reported shifts in bacterial communities on artificial surfaces at higher nutrient levels, from autotrophic to heterotrophic and sulfur-reducing bacteria. They found that the community depended significantly on the orientation and exposure time of surfaces and recorded higher operational taxonomic unit (OTU) numbers on artificial surfaces in eutrophied near-shore reefs. In cases where bacterial community structure in biofilms is altered, the emitted settlement cues from the bacteria can change. Lau et al. (2005) recorded a significant response of barnacle larvae to biofilms altered by high temperature, while settlement of polychaete larvae was more affected by changes in salinity. The microbial community associated with a tropical CCA species shifted significantly when subjected to high temperature, with an increase in Bacteroidetes and reduction of Alphaproteobacteria, which in turn led to a reduction of the ability to induce metamorphosis in coral larvae (Webster et al., 2011).

Although the important role of bacteria in the settlement process of coral larvae is widely accepted, the underlying mechanisms and key players remain poorly understood. It is still unclear which bacteria are affecting settlement of coral larvae and what BCCs favor or alter the settlement behavior. Furthermore, very little information exists on the influence of environmental conditions on BCC (Qian and Dahms, 2009), and on how such changes will affect larval settlement. Previous authors were able to identify changes in bacterial communities (Qian et al., 2003; Sawall et al., 2012), but unable to specifically identify the altered groups of bacteria within their samples due to methodological limitations. However, determining the taxa most affected by environmental changes would provide insight into the implications of bacterial community changes for larval settlement.

The aim of the current study in the Spermonde Archipelago, Indonesia, was to determine coral recruitment and BCC at three sites exposed to different levels of anthropogenic impact. Next generation sequencing was applied to investigate how bacterial biofilm communities differ with increasing distance from the mainland, and which environmental factors influence BCC. The hypotheses were that (I) the three investigated sites would display distinct patterns in water quality and benthic community composition reflecting different levels of anthropogenic impact, (II) BCC and coral recruitment would be different on natural substrate among the sites, (III) BCC and coral recruitment would further differ depending on exposure time, set-up and orientation of artificial substrates, and (IV) there would be no difference in BCC and coral recruitment between natural and artificial substrates. A further question was how space and time influence settlement patterns on artificial settlement substrates.

MATERIALS AND METHODS

Study Area

The study was conducted in the Spermonde Archipelago in southern Sulawesi, Indonesia in close vicinity to the large urban area of Makassar (see Figure 1). Sampling took place between April and June 2014, between the wet NW monsoon (Dec–Feb) and the dry SE monsoon (June–Sept) in this area (Sawall et al., 2013). Three islands exposed to different levels of anthropogenic impact, due to varying distance from Makassar, were selected for this study. These islands were Lae-Lae (LL, “inshore,” ~1 km from Makassar, S 05°08′, E 119°23′), Barrang Lompo (BL, “near-shore,” 11 km from Makassar, S 05°03′, E 119°19′), and Badi (BD, “mid-shelf,” 19 km from Makassar, S 04°58′, E 119°17′). The islands have been the subject of previous studies (Sawall et al., 2013; Plass-Johnson et al., 2015, 2017; Teichberg et al., 2017). All islands are located on the continental shelf, fringed with coral reefs, and exposed to similar oceanographic conditions in terms of currents and wave action. Sampling at all islands took place at the north-western side for standardization. All islands are inhabited, with the lowest population density on the mid-shelf island (BD) with ~190 people per ha (total of 1,680, BPS Kota Makassar, 2010), intermediate on the near-shore island (BL) with ~200 people per ha (4,200 in total, BPS Kota Makassar, 2010) and highest on the inshore island (LL) with ~220 people per ha (total of 1,600, BPS Kota Makassar, 2010).
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FIGURE 1. Map of the study area in the Spermonde Archipelago, southern Sulawesi, Indonesia. The three small islands investigated are marked on the map. Inshore Lae-Lae (LL), near-shore Barrang Lompo (BL), and mid-shelf Badi (BD).



For in situ determinations of environmental parameters, coral recruitment and bacterial communities on natural reef substrate three 50 m transects were surveyed at each site once during the study period. The transects were installed parallel to the shore between 3.5 and 5.5 m water depth, chosen due to the high number of hard corals at this depth.

Environmental Parameters

Physio-chemical water parameters (salinity, temperature, pH, chlorophyll a concentration, dissolved oxygen concentration, and turbidity) were collected using an Eureka 2 Manta multiprobe (Eureka Environmental Engineering, Texas, USA) for 20–30 min during each sampling and during the transect work (a total of five times at each site during the 8 week sampling period). Water samples for chemical parameters were collected in six replicates, each at a depth of 5 m, about 1 m above the reef, using a 5 L Niskin bottle (HydroBios, Kiel, Germany). Samples were stored in the dark and transported to the laboratory at Barrang Lompo for immediate analysis.

For inorganic nutrient analysis (combined nitrate and nitrite NOx, phosphate PO4, and silicate Si) 50 mL of each sample were filtered directly on the boat through a 0.7 μm syringe filter and poisoned with 200 μL of a 3.5 g/100 mL HgCl2 solution. The samples were stored at −20°C and transported back to the Leibniz Centre for Tropical Marine Research (ZMT), Germany for further analysis using a continuous flow analyzer (Flowsys by Unity Scientific, Brookfield, USA).

For measurements of dissolved organic carbon (DOC), 30 mL samples were filtered through 0.45 μm pore GF/F filters (Whatman GF/F, GE Healthcare, Pittsburgh, USA) and acidified with concentrated HCl (pH below 2). Analysis took place at the ZMT, Germany with high-temperature oxic combustion (HTOC) method using a TOC-VCPH TOC analyzer (Shimadzu, Mandel, Canada). For calibration and quality control artificial seawater standards (Hansell laboratory, RSMAS University Miami, USA) and ultrapure water blanks were used.

Suspended particulate matter (SPM) was measured as dry mass on pre-combusted GF/F filters before and after filtration of a known volume of water sample (2–3 L). Weight of the filters was determined using a precision balance (ME 36S, Satorius, Göttingen, Germany) after drying the filters for 24 h at 40°C.

In situ Surveys and Benthic Transects

Benthic community composition was determined once during the study period along three transects per site. Along the transects 50 × 50 cm quadrats (n = 25 for each transect) were photographed every 2 m alternating to the left and right. Analysis of these pictures was performed with Coral Point Count with Excel extensions (CPCe, version 4.1, Kohler and Gill, 2006) with 50 random points per picture. Eleven major categories were differentiated based on English et al. (1997). Main live categories included non-Acroporid corals, Acroporid corals, soft corals, coralline algae, macroalgae, turf, others, and unknown live, while non-living categories were substrate, dead coral, and equipment (frame of the quadrat or shadow). All hard corals were further subcategorized depending on morphology type.

Coral recruitment on natural reef substrate along all transects was determined during night dives (starting at 18:00), using fluorescence census techniques (Baird et al., 2006; Schmidt-Roach et al., 2008). A 20 × 20 cm quadrat was placed within a 2 m belt from the transect, wherever the substrate was suitable for settlement (i.e., not on live corals and sand patches, n = 10 for each transect), and checked with a fluorescence dive light (Bluestar and GoBe, Nightsea, Bedford, USA) and a yellow filter. The number of coral recruits within the quadrat was recorded. For this study all young corals with diameters between 0.3 and 3.0 cm were counted as recruits, presuming that at this size they had passed the first critical post-settlement mortality phase (Arnold et al., 2010).

To assess the BCC on natural reef substrate, small rocks of approx. the same size, and covered with some crustose coralline algae were retrieved from the reef from the center of each transect. The surface of each rock was scraped with a scalpel immediately after the respective dive and the material stored in 2 mL Eppendorf tubes and preserved with ~1.5 mL of RNAlater (Ambion, Texas, USA). Samples were stored in the dark and transported back to the laboratory where they were frozen at −20°C until further analysis.

Settlement Tiles

For the analysis of coral larvae settlement and BCC on artificial substrates, ceramic settlement tiles were submerged on metal frames at each site (n = 3 per site). The frames were placed on sand patches in close proximity to live corals, separated by ~5 m from another and at an angle of ~30° to reduce covering of the tiles by sediments (English et al., 1997). Ceramic settlement tiles glazed on one side and bare on the other were mounted in pairs on the frames, with the glazed sides facing each other, leaving a small gap of 0.5 cm (Maida et al., 1994). Each frame held 16 tile pairs. Four pairs from each frame were sampled every 2 weeks during the 8 weeks sampling campaign. For logistic reasons the samplings at the near-shore (BL) and mid-shelf (BD) took place on the same day, followed by sampling inshore (LL) the following day.

After each sampling the tiles were transported to the laboratory at Barrang Lompo in clean individual zip-lock bags. After determination of the recruit numbers, two of the four tile pairs from each frame were chosen to be sampled for bacterial community composition. All organic material from a 1 cm wide patch on the side of each of those tiles (containing no coral recruits) was scraped off with a scalpel. The obtained organic material was rinsed into Eppendorf cups using ~1.5 mL of RNAlater (Ambion, Texas, USA). The samples were frozen at −20°C until further analysis.

After sampling all tiles were bleached in a 5% sodium hypochloride solution for 12–24 h and subsequently dried in the sun. All coral skeletons on the tiles were marked and numbered before photographs of all tiles and individual skeletons were taken for identification. Tiles were cross-checked with the fluorescence photographs and locations where coral recruits were noted before, but no skeleton was found, were marked as well. Recruits were identified to the family level according to Babcock et al. (2003).

Molecular Analysis of Bacterial Communities

All frozen samples for bacterial analysis were transported to the ZMT in Germany. DNA was extracted for 70 samples using the MoBio PowerSoil® DNA Isolation Kit according to the manufacturer's instructions (MoBio Laboratories Inc., Carlsbad, CA, USA). DNA concentrations were measured and checked for purity before extracts were sent to LGC Genomics (Berlin, Germany) for PCR and Illumina sequencing.

DNA sequences of the V3-V4 hypervariable region of the 16S rRNA gene were obtained from paired-end Illumina MiSeq amplicon sequencing at LGC Genomics (Berlin, Germany) with the primer set S-D-Bact-0341-b-S-17/S-D-Bact-0785-a-A-21 (Klindworth et al., 2013). Following the removal of the primers by LGC Genomics the sequences were quality trimmed with a sliding window of 4 bp and an average quality of 12 using the program Trimmomatic (v.0.33, Bolger et al., 2014). Forward and reverse reads for each sample were merged using PEAR (v.0.96, Zhang et al., 2014). The overlap was set to 10 bp with a minimum and maximum length of the merged reads of 350 and 500 bp, respectively. The quality of the merged reads was checked using the application FastQC (v.0.11.3, Andrews, 2011) before the DNA sequence information was extracted for further processing using BBMap (v.35.43, Bushnell; https://sourceforge.net/projects/bbmap/). The sequences were de-replicated and clustered into OTUs using the fastidious algorithm of swarm (v.2.1.2, Mahé et al., 2014) with a cutoff between heavy and light amplicons of three. A representative sequence of each OTU was used for the taxonomic classification using SINA (SILVA Incremental Aligner v.1.2.11, Pruesse et al., 2012) based on the Silva 119 database (Quast et al., 2013). Unwanted lineages (such as Archaea, chloroplasts, and mitochondria) were removed from the dataset and samples with fewer than 500 sequences were excluded from the dataset for the analysis.

All original sequence data from this study are available at the European Nucleotide Archive (ENA) under the accession number PRJEB18599.

Data Analysis

Differences in environmental parameters between islands were analyzed using Kruskal-Wallis tests with post-hoc multiple pairwise comparisons (Siegel and Castellan, 1988).

Benthic communities and coral morphologies were tested for differences among sites using PERMANOVA. ANOSIM tests were used to assess the pairwise dissimilarity in benthic communities between sites. P-values of all multiple pairwise comparisons were adjusted using the false discovery rate (fdr) correction method by Benjamini and Hochberg (1995). Alpha diversity of benthic communities was calculated based on the inverse Simpson and Shannon diversity (see Morris et al., 2014). Differences in alpha diversity were calculated using ANOVA with TukeyHSD post-hoc tests.

To examine differences in the number of coral recruits on natural substrates and on artificial substrates, generalized linear mixed modeling with the AD Builder platform (glmmADMB, Fournier et al., 2012) was applied. Differences between natural and artificial substrates were assessed using generalized linear modeling analysis.

Alpha diversity (based on inverse Simpson and Shannon diversity) of the microbial communities was assess after repeated random subsampling to the same number of sequences per sample. For beta diversity analysis, the dataset was pruned by removing all OTUs that were not present more than once or with a minimum of two sequences in at least one sample. This reduced the number of OTUs within the dataset by 97%, while retaining more than 59% of sequences per sample and retaining the significance of the original dataset (Mantel statistic p = 0.001, r = 0.91). Testing of the effect of environmental factors on BCC on natural substrate, between reef and tiles, as well as on tiles was done using PERMANOVA. To determine which factors resulted in the difference between sites, pairwise ANOSIM tests were applied. Differences in BCC were further analyzed with ALDEx2 (Fernandes et al., 2014) to identify differentially abundant OTUs (selected at a parametric significance threshold of 0.05) between conditions. Occurrence of bacteria classes containing potentially settlement inducing bacteria strains (PSIB, Huggett et al., 2006; Tebben et al., 2011; Tran and Hadfield, 2011; Sharp and Ritchie, 2012; Sneed et al., 2014) was recorded and correlation of most abundant bacteria and PSIB to environmental parameters determined using Pearson correlation and visualized in a heatmap.

All statistical analyses were performed in R (R v.3.0.2, R Core Team, 2016, using R Studio v.0.98.1056) with the packages vegan (Oksanen et al., 2016), pgirmess (Giraudoux, 2016), glmmADMB (Fournier et al., 2012), lme4 (Bates et al., 2015), and gplots (Warnes et al., 2016).

RESULTS

Environmental Parameters

Among the measured environmental parameters significant differences between the three islands were found for chlorophyll a (Chl. a), SPM, and the nutrient parameters NOx, PO4, and Si (Table 1). Multiple pairwise comparisons showed that differences were mainly between the inshore site (LL) and either one, or both of the sites further out on the shelf. NOx differed only between mid-shelf (BD) and inshore (LL), SPM differed only between near-shore (BL) and inshore (LL), while significant differences in PO4, Si, and Chl. a concentration were observed between inshore (LL) and both of the other islands. No significant differences in environmental parameters were found between near-shore (BL) and mid-shelf (BD) islands despite the closer proximity of the near-shore island (BL) to the mainland and Makassar, and the higher population density compared to the mid-shelf island (BD).


Table 1. Environmental parameters at the three islands.
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Benthic Community

There was a significant difference in benthic community structure (Figure 2) between all three sites [PERMANOVA, F(2, 6) = 24.60, p = 0.004]. Pairwise ANOSIM tests revealed that the largest difference was between the inshore (LL) and mid-shelf (BD) sites and the smallest difference between nearshore (BL) and mid-shelf (BD). The most dominant group inshore (LL) was turf algae (44.0%), with some macroalgae (9.7%), and soft corals (5.6%) and only few live hard corals (6.3% non-Acropora and 0.1% Acropora). With increasing distance from the shore, live coral cover increased, while turfs decreased. Near-shore (BL) live hard coral cover was 27.4% (non-Acropora and 0.1% Acropora) and only 3.7% were covered by turf algae. 57.1% of the reef was bare substrate. The most dominant group at the mid-shelf (BD) was live corals (38.4%) including a large number of Acroporids (20.0%). Only 35.9% were composed of bare substrate.
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FIGURE 2. Benthic community composition at the three sites: inshore (LL), near-shore (BL), and mid-shelf (BD). Live categories include Coral (non-Acropora hard corals), Acropora, soft corals, crustose coralline algae, turf algae, and others. Dead coral and bare substrates (sand, rock, rubble) complete the cover as non-living categories.



Alpha diversity of benthic communities was assessed by inverse Simpson and Shannon diversity. Inverse Simpson diversity was lowest (i.e., highest diversity) at the near-shore site (BL) with 2.4 and was 2.9 for inshore (LL) and 3.1 for mid-shelf (BD), with a significant difference only between near-shore and mid-shelf [ANOVA, F(2, 6) = 7.73, p = 022, TukeyHSD, p < 0.05]. Shannon diversity was 1.3 for inshore (LL), 1.2 for near-shore (BL), and 1.3 for mid-shelf (BD), with a significant difference only between inshore and near-shore [ANOVA, F(2, 6) = 7.05, p = 027, TukeyHSD, p < 0.05]. There was no significant difference in either of the two diversity indices between the inshore (LL) and mid-shelf (BD) sites.

There was a significant difference also in distribution of coral morphologies at the three sites [PERMANOVA, F(2, 6) = 11.18, p = 0.001]. Distributions (see Figure S1) were similar between the inshore (LL) and near-shore (BL) sites with mostly massive corals (>50% of total coral cover) and only few other morphology types [encrusting and tabular inshore (LL) and branching and submassive near-shore (BL)]. The range of coral morphologies at the mid-shelf site (BD) was much higher, with branching Acropora as the most abundant morphology type (28.4%), followed by other branching corals (17.8%), but many other morphologies were also present (encrusting, foliose, massive, submassive, and tabular).

Coral Recruitment

During the 2 month sampling period no hard coral recruitment was recorded at the inshore site (LL). At this site young recruits (<3 cm) occurred neither on natural reef substrates nor on settlement tiles. Recruitment of coral larvae was however recorded for both of the other sites (BL and BD). On natural reef substrate at the near-shore reef (BL) 2.9 ± 1.7 hard coral recruits (<3 cm) were counted per 20 × 20 cm quadrat (0.73 ± 0.44 recruits per 100 cm2), at the mid-shelf (BD) numbers were slightly higher with 3.6 ± 2.0 per quadrat (0.90 ± 0.49 recruits per 100 cm2). There were no significant differences between coral recruits on natural substrate between the two sites (glmmADMB).

A total of 824 coral recruits were found on artificial settlement tiles at both sites with recruits on natural substrate. 95.6% of recruits were found on surfaces facing down (65% on the lower tile, 30.6% on the upper tile; Figure 3). Recruits never settled on the upper tiles facing up, so that this side was excluded from statistical modeling analyses. 81.9% of the recruits that were identified on the settlement tiles were Pocilloporidae, 2.4% Acroporidae and 0.7% other families. At the near-shore site (BL) there was no difference between recruitment on natural and artificial substrates (glm modeling, p > 0.05), while at the mid-shelf site (BD) there were significantly lower recruit numbers on natural reef substrates compared to the lower tiles facing up (p = 0.001) and down (p = 0.030).


[image: image]

FIGURE 3. Coral recruitment on natural reef and artificial substrates. (A) shows recruit numbers at the near-shore (BL), (B) recruit numbers at the mid-shelf (BD) site. The first box plot in each graph shows the number of recruits on natural reef substrate, the other four show the number of recruits after 8 weeks of exposure in the reef on different surfaces of artificial ceramic tiles with an upper and lower tile either facing down or up. Lower case letters indicate significance results from Kruskal Wallis multiple pairwise comparisons performed separately for each site.



Over the course of the study different temporal settlement patterns were observed at the near-shore (BL) and mid-shelf (BD) sites. At the mid-shelf site (BD) the number of coral recruits on the tiles increased with exposure time (Figure 4), while at the near-shore site (BL) most recruits settled on the tiles during the first 2 weeks of the sampling period. Afterwards, the numbers decreased for the following 6 weeks with the exception of one of the three sampling frames, where the number of coral recruits remained the same throughout the sampling period.
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FIGURE 4. Temporal settlement pattern of coral recruits on artificial tiles. (A) shows recruit numbers at the near-shore site (BL), (B) at the mid-shelf site (BD). T1 to T4 represent the different sampling times, T1 = 2 weeks, T2 = 4 weeks, T3 = 6 weeks, T4 = 8 weeks. Recruit numbers are organized per surface orientation (upper and lower tile sides facing either up or down as indicated on the schematic). Different colors indicate measurements from the three different experimental frames.



Generalized linear mixed models revealed a significant effect of surface orientation and sampling site on the number of recruits on the artificial tiles by site (z = 4.71, p = 2.5e-06), where the lower tile facing down was significantly different from the lower tile facing up (z = −3.58, p < 0.001), but not from the upper tile facing down (z = 1.30, p = 0.195). Further there was a significant effect of sampling time between the number of recruits within the first 2 weeks and all of the following sampling times (to 4 weeks z = −3.38, p < 0.001, to 6 weeks z = −3.63, p < 0.001, to 8 weeks z = −5.99, p = 2.1e-09).

Bacterial Communities

There was no significant difference in alpha diversity of bacterial communities on natural reef substrate. At the inshore site (LL) diversity indices were 218.22 and 6.00, at the near-shore site (BL) 392.37 and 6.15, and at the mid-shelf site (BD) 358.50 and 6.09, respectively for inverse Simpson and Shannon diversity. The most abundant bacterial classes on natural reef substrates at all three sites were Alphaproteobacteria, Cyanobacteria, and Gammaproteobacteria (Figure 5). There were significant differences in BCC on natural substrate between the three sites [PERMANOVA, R2 = 0.34, F(2, 6) = 1.52, p = 0.002]. The mid-shelf (BD) community was characterized by higher numbers of Alphaproteobacteria than the other islands, but less Gammaproteobacteria, while the inshore island (LL) had the highest abundance of Cyanobacteria and the near-shore site (BL) the highest number of Gammaproteobacteria. While the replicate samples for bacterial communities on reef substrate from inshore (LL) and mid-shelf (BD) were quite similar to one another, there was higher variability in the samples from near-shore (BL) (Figure 6).
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FIGURE 5. Taxonomic composition at class-level of the bacterial communities on natural substrate. Shown are bacterial communities from three transects (roman numbers) at each of the three sites: inshore (LL), near-shore (BL), and mid-shelf (BD).
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FIGURE 6. Non-metric multidimensional scaling (NMDS) plot of bacterial communities on natural and artificial substrates overlaid with environmental parameters (Si, silicate; NOx, Nitrate + nitrite; Sal, Salinity; HDO, dissolved oxygen; Temp, Temperature; DOC, dissolved organic carbon; POM, particulate organic matter; ChlA, chlorophyll a; PO4, phosphate). Sampling sites are shown by colors; with inshore (LL) = orange; near-shore (BL) = green; and mid-shelf (BD) = blue. Natural surfaces are represented by squares, artificial ceramic tiles by triangles, with size, filling, and orientation depending on deployment time, position on tile stack and orientation respectively.



To determine bacteria that had the largest influence on these differences between sites, a differential abundance analysis was performed. Differentially abundant OTUs between sites belonged mostly to the Cyanobacteria (Leptolyngbya, Lyngbya, Phormidium, Pleurocapsa, and members of Subsection II and III), Alphaproteobacteria (Anderseniella, Thalassospira and several members of the Rhodospirillacaea) as well as Cytophagia (Flammeovirgayeae) and Flavobacteria (Flavobacteriaceae and Muricauda). Most of these OTUs were found in higher numbers at the inshore site (LL) or at the mid-shelf site (BD), while they were either absent or present in lower numbers at the near-shore site (BL; Figure S2).

There was no significant difference in BCC in the reef and on artificial tiles after 8 weeks exposure at the near-shore site (BL). However, significant differences were found at both of the other islands (PERMANOVA, p < 0.05, Table 2).


Table 2. PERMANOVA results for the comparison of bacterial communities on OTU level between natural reef surface and artificial ceramic tiles at the three sites.
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On the artificial ceramic tiles the same most abundant groups were found as on natural substrate (i.e., Gammaproteobacteria, Alphaproteobacteria, and Cyanobacteria, see Figure 7 and Figure S4). However, there was a higher abundance of Alphaproteobacteria on artificial substrates inshore and higher abundance of Gammaproteobacteria mid-shelf, which was in contrast to the abundances of these groups on natural substrate. Significant effects on BCC were found due to site, exposure time in the reef, surface orientation, and the interaction between exposure time and surface orientation (Table 3). Pairwise ANOSIM tests showed that the differences were mainly due to a difference in BCC on tiles from the inshore site (LL) compared to the others, while no significant differences were found between mid-shelf (BD) and near-shore (BL). This difference was mainly due to a large number of Gammaproteobacteria (esp. Vibrio) that were present in higher numbers at the near-shore (BL) and mid-shelf (BD) sites (see Figure S3). The largest difference among surface orientation was between the lower tile facing down and the upper exposed tile (upper tile facing up).


[image: image]

FIGURE 7. Relative abundance of bacterial classes on artificial ceramic tiles. Bacterial communities were sampled on tiles after 2, 4, 6, and 8 weeks exposure in the reef at three sites; inshore (LL), near-shore (BL) and mid-shelf (BD). Bacterial communities on lower tiles facing down are presented, for full range of all tiles see Figure S4.




Table 3. PERMANOVA testing for an effect sampling site, exposure time, and tile surface on the bacterial community composition on artificial ceramic tiles.
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Several bacteria were identified in the samples, that were affiliated with taxa that can potentially induce settlement in invertebrate species (Figure 8, see Table S1 for entire list). On natural reef substrate most of these potentially settlement inducing bacteria (PSIB) were found at the near-shore site (BL) with these bacteria contributing on average 8.7 ± 9.6% to the community. At the inshore site (LL) 2.5 ± 1.0% and at the mid-shelf site (BD) 1.6 ± 0.9% of the bacteria were PSIB. Highest number of Pseudoalteromonas were found at the near-shore site (BL) and lowest in the reef at the mid-shelf site (BD). The abundance of PSIB on artificial substrates was higher than on natural substrates. The numbers of PSIB on the lower artificial ceramic tile surfaces facing down differed both from the reef and between 2 and 8 week exposure times. After 2weeks, the highest total number of PSIB was detected at the near-shore site (BL, 22.7%), and the lowest at the inshore site (LL, 4.2%). Six weeks later the number of PSIB at the inshore site (LL) increased to 13.6 ± 14.3%, and at the mid-shelf site (BD) from 10.3% after2 week exposure to 30.4 ± 12.5% after 8 weeks. In contrast, the number of PSIB at the near-shore site (BL) decreased between the 2 and 8 week samplings from 22.7% to a final value of 6.4 ± 1.8%. On settlement tiles the highest number of Pseudoalteromonas was found at the mid-shelf site (BD).
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FIGURE 8. Relative abundance of potentially settlement inducing bacteria on natural substrate (n = 3) and on artificial settlement tiles after 2 and 8 weeks exposure (n = 1 and n = 3 respectively) on the reef at the three sampling sites (inshore LL, near-shore BL, and mid-shelf BD). Error bars show standard deviation whenever applicable.



The bacteria OTUs and PSIB found on natural substrate were correlated to the environmental parameters at the three sites (correlation of most abundant OTUs in Figure 9).
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FIGURE 9. Heatmap showing correlation of bacterial OTUs to environmental parameters. Top panel shows most abundant bacteria, lower panel shows PSIB. Environmental parameters measured were silicate (Si), nitrite/nitrate (NOx), dissolved oxygen (HDO), pH, temperature, dissolved organic carbon (DOC), suspended particulate matter (SPM), salinity (Sal), chlorophyll a (Chl a), and phosphate (PO4). Relative abundance within all samples of the respective OTUs is given with the OTU label.



DISCUSSION

While analyzing BCC and coral recruitment at three small islands in the Spermonde Archipelago, differences were mainly seen between the inshore site (LL) and those further away (BL + BD), reflecting differences in environmental parameters and water quality between these zones.

Environmental Parameters

The clear separation of the inshore island (LL) from the two others (BL + BD) by lower water quality (higher PO4, Chl. A, and SPM) confirms previous findings in the same area (Sawall et al., 2013; Plass-Johnson et al., 2015; Polónia et al., 2015). Since other studies determined that impacts from the coast reached much further during the wet season (Dec–May) (Polónia et al., 2015), different results could be expected during seasons different from our sampling period, where the impacts from the mainland were restricted to the inshore site (LL). No differences between the near-shore island compared to the mid-shelf island were seen in most parameters, which would reflect the differences in population density on these islands. Thus, the influences from the coast and Makassar with the Jene Berang river close by seem to have a higher impact on the water quality surrounding the islands than the human inhabitants of the islands themselves.

Benthic Community

Similar benthic community compositions as those observed here were found in previous studies of the same sites (Sawall et al., 2013; Plass-Johnson et al., 2015). At the same inshore island (LL) Sawall et al. (2013) found an increase in live hard coral cover from 10 to 18% between 2007 and 2009. Our study indicates that hard coral cover has decreased considerably 5 years later, although this could also be due to slightly different survey locations in the reef. The low coral cover was similar to findings from 2012 and 2013 by Plass-Johnson et al. (2015) at the same coordinates. Alpha diversity of the benthic communities indicated a rich antifouling community at the inshore site and a rich coral community mid-shelf with an impoverished mix in between. High cover of coral rubble (38–56%) was recorded at blast fishing impacted islands (Sawall et al., 2013), coinciding with the large amount of bare substrate and rubble found at the near-shore island (BL) during our study. These findings clearly indicate that in the Spermonde Archipelago reefs are objected to severe stresses leading to degradation of the ecosystem, which will also affect the reef fish communities (Plass-Johnson et al., 2017).

Coral Recruitment

The absence of coral recruits at the inshore site (LL) on any substrate, while recruitment was recorded several kilometers further away from the coast, has severe implications for the future of the reefs there. While recruitment of larvae was recorded at that island previously (Sawall et al., 2013) and live coral colonies still occurred there, our latest results indicate that successful recruitment may now be absent. Adverse environmental conditions can adversely affect reproduction, settlement and recruit survival of corals (Ritson-Williams et al., 2009). As the reproductive potential of local corals was not assessed in this study, it is not possible to discern the extent to which each of these factors shaped the observed patterns. Previous genetic studies in the Spermonde Archipelago indicate a limited exchange of coral larvae among inshore and near-shore islands (Knittweis et al., 2009), and it is likely that larvae produced at reefs further offshore may have been transported to the inshore site, but could not settle. In any case, the lack of recruitment poses a severe threat for the reefs at the inshore site in the future. Recruitment in the reefs at the other two islands was in the range of recruitment recorded previously in the area (Sawall et al., 2013) with 1.46 ± 0.50 spat per 100 cm2 over a 3 month period and also similar to other regions (Glassom et al., 2004; Salinas-de-León et al., 2011). Larvae that settled at either of the sites could also have originated from other reefs, however within the scope of this study it was not possible to differentiate between larvae that originated from the same reef and from elsewhere in the area.

In contrast to the findings in our study, previous authors recorded no differences in coral recruitment between natural reef substrate and artificial settlement substrates (Salinas-de-León et al., 2011). Although there are no clear reports for coral spawning times in Spermonde (Sawall et al., 2013), strong indications are that it occurs between February and April (Salinas-de-León et al., 2013; Yusuf et al., 2013), thus slightly before our sampling period started. Larvae from this spawning period, especially mass-spawning species, would have already settled onto the reef, with a lower abundance of mass-spawned larvae in the surrounding waters during tile deployment. However, that does not fully explain why differences between the substrates were only found at one of the sites (BD), and further studies are necessary to determine the factors responsible.

It is noteworthy that when differences in coral recruitment between natural and artificial substrate were detected (at the mid-shelf site), there also were differences in BCC, or conversely no changes were observed in either of the two (at the near-shore site), further indicating the role of BCCs as an additional factor in the recruitment of coral larvae.

The clear preference of most of the recruits for downward-facing tile surfaces has been observed in other studies as well (Maida et al., 1994; Sawall et al., 2013), and is most likely caused by grazing, higher light intensities facilitating algal growth, and higher sedimentation rates on the exposed upper sides. The numbers of coral recruitment on artificial settlement tiles is comparable to those in other studies from Sulawesi (Ferse et al., 2013; Sawall et al., 2013), however the proportion of Pocilloporidae was higher during this study (Maida et al., 1994; Sawall et al., 2013). Differences in larvae recruitment depending on substrate type have been reported for several artificial substrates (Baird et al., 2003; Burt et al., 2009) and the microstructure of substrates can increase spat survival (Nozawa, 2008), thus also causing different records of recruit numbers.

The increasing number of coral recruits at the mid-shelf site (BD) over the sampling period indicates a constant supply of coral larvae in the water column. This is supported by the high amount of larvae from brooding pocilloporid corals, which reproduce continuously, on the artificial tiles. At the near-shore site however, the highest numbers of coral recruits were recorded within the first weeks of deployment of the artificial substrates. Compared to this first phase of recruitment, numbers of coral recruits on the tiles decreased afterwards, with the exception of one of the frames where it remained constant. This could indicate a higher impact of the full moon or a spawning event at the beginning of the sampling period (Salinas-de-León et al., 2013; Yusuf et al., 2013) at the near-shore site as well. However, since coral recruits at that site also mostly comprised pocilloporids, other factors such as currents or post-settlement mortalities are more likely to have played a role in this temporal settlement pattern, but could not be investigated during our study.

Bacterial Communities

The BCC found were similar to those in coral reef sediments at the Great Barrier Reef, composed of many Proteobacteria in addition to Cyanobacteria and several other classes (Uthicke and McGuire, 2007). Similar most abundant taxa were also among the most abundant on the surfaces of crustose coralline algae, CCA (Sneed et al., 2015). Cyanobacteria, which were found in highest numbers at the inshore site (LL), are often an indicator for bad water quality and eutrophic conditions (Agawina et al., 2003; Paerl et al., 2011) and may inhibit coral recruitment (Charpy et al., 2012), while Alphaproteobacteria, which had the lowest abundance at the inshore site, are often associated with more oligotrophic systems (Yin et al., 2013) and were found to be dominant on CCA surfaces, where their decrease was shown to reduce coral larvae settlement (Webster et al., 2011). These findings corroborate the assumption that the environmental conditions at the inshore site, which was most affected by anthropogenic impacts from nearby Makassar, accommodate a certain BCC accustomed to these conditions. This difference in BCC between the inshore site and the others was similar to the observed difference in water quality. Shifts from autotrophic to heterotrophic and sulfur- reducing bacteria with higher nutrient levels were previously reported in the same area (Sawall et al., 2012). BCC from rock surfaces in this study were correlated with site-specific characteristics of environmental parameters, similar to findings on BCC in sediments in the same area, which also correlated with water quality (Polónia et al., 2015). Although anthropogenic impact cannot be validated as the only cause for the differences in water quality and the patterns in BCC, the results from this study are strong indicators for the important role of these influences. However, as natural and anthropogenic terrestrial influences on water quality in the Spermonde Archipelago are more marked during the wet season (Sawall et al., 2012), stronger effects of gradients in water quality on BCC would be expected at other sampling times.

In terms of bacterial communities, the ceramic tiles were a good imitation of the reef substrate at the near-shore site (BL), as BCC on the artificial substrates was similar to those on natural reef surfaces. However, at the two other sites significant differences between the two substrate types were recorded. This indicates a fast colonization of new substrates in the reef by opportunistic bacteria, while the establishment of stable communities, adapted to site-specific conditions, requires longer time periods than observed during this study. These differences between sites suggest that it would be beneficial for studies on BCC on artificial substrates to assess the validity of their findings by comparison to natural substrates, which is rarely done.

The higher abundance of PSIB on artificial substrates compared to natural reef surface could be due to the different surface materials or the fact that different seed populations of bacteria occupied the newly available space there compared to those that had led to the established reef communities. Furthermore, the genus Vibrio is included in the PSIB, which includes some species with potentially settlement inducing properties (Huggett et al., 2006; Tran and Hadfield, 2011), but also a high number of pathogens (Ben-Haim et al., 2003; Sussman et al., 2008), which could not be differentiated with the resolution of identification available in this study. The high abundance of PSIB at the near-shore site (BL) during the first 2 weeks and the decrease thereafter was mirrored by the high number of coral recruits in the beginning of the sampling period and decreasing numbers during the rest of the 2 months period. At the mid-shelf site (BD), the abundance of PSIB steadily increased with increasing exposure in the reef, as did the number of coral recruits. To validate the role of BCC in the settlement process of coral larvae however, an even closer look at the PSIB would be necessary.

CONCLUSIONS

The findings of this study underline several factors that need to be considered in evaluations of future reef management strategies. While no clear correlation between recruitment of larvae and BCC could be determined, this study showed that both are altered by habitat and environmental conditions. At the small inshore island off Makassar, with the combined impact of unfavorable water quality and low coral cover, the recruitment of coral larvae was significantly impaired. This potentially leads to a further decrease in coral cover and could cause a shift toward algae or soft coral dominated benthic reef communities there, which could have significant implications for the local human population depending on the reefs for their livelihoods. Despite strong local anthropogenic influence at the near-shore island (BL) the recruitment of coral larvae was still plentiful and similar to the less impacted mid-shelf island (BD). This raises hope that as long as water quality is in a range suitable for corals and destructive disturbances are reduced, the reefs around this island may still have a good chance of recovery although coral cover at the moment is lower than at the mid-shelf island. Observed differences in BCC were mirrored by differences in coral recruitment. As BCC is known to change quickly in response to changing environmental conditions, in particular water quality, this indicates the potential for knock-on effects on coral larvae settlement. However, while the present study provided an indication of potential links between anthropogenically altered water quality, BCC and coral recruitment on different substrates, the study design did not permit conclusive evidence for the nature of such connections and the relative importance of anthropogenic compared to natural environmental factors. Further studies are needed to conclusively assess the links between these factors and predict what effects future changes in water quality and climate will have for the reefs surrounding the small islands in Spermonde and elsewhere.
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