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Abstract
The marine microbiome arouses an increasing interest, aimed at better understanding coral reef biodiversity, coral resilience, 
and identifying bioindicators of ecosystem health. The present study is a microbiome mining of three environmentally con-
trasted sites along the Hermitage fringing reef of La Réunion Island (Western Indian Ocean). This mining aims to identify 
bioindicators of reef health to assist managers in preserving the fringing reefs of La Réunion. The watersheds of the fringing 
reefs are small, steeply sloped, and are impacted by human activities with significant land use changes and hydrological 
modifications along the coast and up to mid-altitudes. Sediment, seawater, and coral rubble were sampled in austral summer 
and winter at each site. For each compartment, bacterial, fungal, microalgal, and protist communities were characterized 
by high throughput DNA sequencing methodology. Results show that the reef microbiome composition varied greatly with 
seasons and reef compartments, but variations were different among targeted markers. No significant variation among sites 
was observed. Relevant bioindicators were highlighted per taxonomic groups such as the Firmicutes:Bacteroidota ratio 
(8.4%:7.0%), the genera Vibrio (25.2%) and Photobacterium (12.5%) dominating bacteria; the Ascomycota:Basidiomycota 
ratio (63.1%:36.1%), the genera Aspergillus (40.9%) and Cladosporium (16.2%) dominating fungi; the genus Ostreobium 
(81.5%) in Chlorophyta taxon for microalgae; and the groups of Dinoflagellata (63.3%) and Diatomea (22.6%) within the 
protista comprising two dominant genera: Symbiodinium (41.7%) and Pelagodinium (27.8%). This study highlights that the 
identified bioindicators, mainly in seawater and sediment reef compartments, could be targeted by reef conservation stake-
holders to better monitor La Réunion Island’s reef state of health and to improve management plans.
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Introduction

Coral reefs are one of the most diverse ecosystems on the 
planet, providing a vital habitat for a multitude of marine 
species [1]. However, these ecosystems are facing increas-
ing threats, including climate change, and impacts of local 
human activities. Those disturbances are compromising their 
health, their stability, and in turn, their abilities to provide 
ecosystem services [2]. At the heart of their functioning lies 
an often overlooked but crucial component: the microbiome. 
The microbiome, a complex set of microorganisms (i.e., 
viruses, bacteria including cyanobacteria, fungi, algae, and 
protists) interacting with the environment and host organ-
isms, plays a crucial role in coral health and reef resilience 
to global change and anthropogenic pressures [3]. Thus, the 
coral microbiome composition, function, and diversity have 
received a growing interest to better understand mechanisms 
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by which corals respond to environmental stresses [4] and 
to develop more effective conservation strategies based on 
microbial bioindicators [5]. By monitoring changes in the 
microbiome diversity, community composition, structure, 
and functions of the microbiome in a given environment or 
organism, it is possible to identify early indicators of stress 
or decline as shown in a few previously studied coral reefs 
recently [3, 6, 7]. Most of the attention has been given to two 
reef compartments: the coral holobiont, which comprises the 
animal tissue, its microbial endosymbionts [8–10], and the 
surrounding water column (e.g., [11, 12]). The coral skeleton 
comprises microbes within its pores and cracks (chasmo- 
and crypto-microbial organisms; see [13]) and those dis-
solving and living inside the aragonite (eu-endoliths or bio-
eroding microflora; see [14–16]) have received in contrast, 
much less attention. But this coral compartment has raised 
more interest a decade ago as some microorganisms such as 
bioeroding microflora (see review by [16–19]) may play an 
important role in coral survival and resilience in a changing 
and warming environment by recycling nutrients [9, 20], 
providing photoassimilates [21] or by reducing skeletal 
reflectance during bleaching events [22].

In general, most studies on reef microbiome focused 
on one taxon of microbes (mainly bacteria) in a specific 
compartment (coral tissues, sponges, or water column for 
instance), and/or rarely how the diversity of a specific taxon 
diversity varied among sites or environmental conditions 
[23]. Very recently, studies investigated reef microbiomes, 
mainly bacteria, at different spatial scales: from multiple 
organisms at one specific site, to multiple compartments at 
several reef sites among ocean basins [24]. This allowed 
revealing the major contribution of the reef bacterial micro-
biome to the Earth’s prokaryotic diversity [25] and its vari-
ability among ocean basins and to a lesser degree, among 
sites (due to environmental variations). But rare studies [7, 
10, 26] have investigated simultaneously the variability of 
the diversity of several microbial taxa in diverse compart-
ments using multi-markers at different sites and over time. 
Indeed, to our knowledge, only Marcelino and Verbruggen 
[10] studied the endolithic algae in skeletons of several coral 
genera in different habitats and sites while [7, 26] inves-
tigated the bacterial diversity among reef compartments, 
sites, and over time. Glasl et al. [7] showed that the bacte-
rial microbiome of the water compartment appears as the 
most relevant compartment to monitor reef environmental 
changes. However, those authors did not explore the poten-
tial of the other microbial taxa (fungi, algae, and protists) 
as they only sequenced the bacterial 16S rRNA genes. 
Although Glasl et al. [7] were the first to our knowledge to 
provide a data baseline of the variability of bacterial com-
munities in diverse compartments (water, sediments, live 
corals, sponges, macroalgae) at three different reef sites on 
the Great Barrier Reef over 16 months, to our knowledge, 

no study has been carried out to understand the variability of 
the whole microbial community, including at the time bacte-
ria, fungi, algae, and protists, of different reef compartments 
at different sites and during two seasons. Indeed, other taxa 
such as fungi, algae, and protists play crucial roles in reef 
ecosystem functioning and therefore may have significant 
potential as bioindicators of reef health [23, 27, 28]. For 
instance, as many marine fungi could have a terrestrial ori-
gin and are organotrophs (thus depending on organic matter 
[29, 30]), they may be good indicators of terrigenous inputs. 
Microalgae, on the other hand, are especially influenced by 
light, temperature, and nutrients and thus can be influenced 
by freshwater and terrigenous runoffs or upwellings [16, 31, 
32]. Additionally, some bioeroding microalgae (e.g., Ostreo-
bium sp., [33]) were shown to respond positively to changes 
in seawater pH and nutrients [33, 34] suggesting a potential 
utility as bioindicators of reef environment changes. Protists 
also hold unexplored potential in this context, as they play 
critical roles in ecosystem functioning [23, 35] such as pri-
mary production, organic matter remineralization (nutrient 
cycling), and coral thermal-stress adaptation [36–38].

It is crucial to consider the temporal dimension when 
studying microbial communities, as natural successions 
occur over time due to biotic interactions, such as com-
petition and predation, alongside abiotic factors like tem-
perature, pH, and nutrient availability [26, 39, 40]. These 
dynamic changes make it challenging to disentangle the 
influences of biotic vs. abiotic drivers on microbial compo-
sition. To identify reliable bioindicators of environmental 
changes, it is essential to be able to differentiate the role 
of natural community shifts from the influence of environ-
mental changes [39]. In tropical coastal environments such 
as coral reefs, seasonality is well marked and plays a pivotal 
role in shaping microbial communities [26] as variations in 
temperature, rainfall, and nutrient influx between summer 
and winter influence significantly microbial dynamics and 
ecosystem processes [39, 40].

Here, by DNA high-throughput sequencing using four 
different primers (16S, 18S, ITS, and tufA, this latter being 
specific to endolithic phototrophic chlorophytes in corals; 
see [41]), we examined the microbiome composition (pro- 
and eukaryotic microorganisms) of seawater, sediments, and 
coral rubble compartments at three environmentally con-
trasted sites on the coral fringing reef system located in the 
west coast of La Réunion Island, at both seasons (austral 
summer and austral winter). Our main goal was to identify 
potential bioindicators within each microbial studied taxon 
to improve the management strategies of local authorities 
and to better protect the ecosystem.
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Material and Methods

Site Description and Sampling Methods

Located at 55° east, 21° south, La Réunion Island is part 
of the Mascarenes archipelago in the southwestern Indian 
Ocean, approximately 700 km east of Madagascar and 
180 km southwest of Mauritius (Fig. 1). This young and 
active volcanic tropical island, estimated to be around 2 
million years old, covers an area of 2500 km2 and reaches 
an altitude of 3800 m, representing only about 3% of the 
volcanic cone [42]. The watersheds, which are small and 
steeply sloped, are heavily impacted by human activities 
with significant land use changes with the expansion of 
agricultural areas and urbanization and hydrological modi-
fications up to mid-altitudes. The coral reefs, which are 
primarily fringing reefs, and the highlands of the island 
are respectively protected and managed by the La Réunion 
Marine Nature Reserve.

La Réunion Island is therefore considered a biodiversity 
hotspot [43]. Like most young volcanic tropical islands, 
recent fringing reefs have emerged (12 km2 surface, 25 km 
long, and around 10,000 years old). The largest reef part 

(9 km long, 500 m wide on average, and 1 m depth on 
average) on La Réunion Island is located on the western 
coast of the island, at La Saline (Fig. 1; [44]). Groundwa-
ter, flowing into this fringing reef from volcanic aquifers 
[45], introduces nitrate discharges from human activities 
[46] and leads to eutrophication of some parts of the fring-
ing reefs with significant carbon, nitrogen, phosphorus, 
and oxygen flows [44]. Groundwater inputs also influence 
the distribution of fluorescent dissolved organic matter 
(FDOM) and contribute to the release of pollutants such 
as hydrocarbons in the reef ecosystem [47, 48]. Eutrophi-
cation can affect the reef carbonate budget as it increases 
rates of bioerosion [15, 49] and can stimulate to a certain 
extent coral calcification under certain [50]. This local dis-
turbance also influences the distribution of coral and algal 
communities [51]. Due to its geomorphology, especially 
the presence of several channels, but also its shallow depth 
and hydrodynamism, Lagoutte et al. [52] showed that part 
of the water exiting the fringing system through channels 
is immediately re-entrained onto the reef flat. Seawater 
parameters on the fringing reef of La Saline are therefore 
strongly influenced by both benthic community metabolic 
activity and physical parameters (groundwater discharge, 
reef geomorphology, hydrodynamism, depth, and water 

Fig. 1   Location map of La Réunion Island in the southwest Indian 
Ocean close to Madagascar and Mauritius Island, and map of La 
Réunion Island including the two major cities and the study site loca-
tion (red rectangle). Location of the three sampling sites (Toboggan, 

Copacabana, and Livingstone), near l’Hermitage-les-Bains city, on 
La Réunion Island. The right side shows the three sampling condi-
tions (seawater, coral rubble, and sediment). Landsat satellite image, 
worldwide map from creative commons, pictures from PLS
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residence time). These stressors, notably freshwater dis-
charges (rivers and groundwater), have been extensively 
documented in prior studies [47]. Submarine groundwater 
discharge introduces significant levels of nutrients and pol-
lutants in the southern part of the back-reef area, making 
it representative of degraded conditions. Eutrophication 
of this part of the reef results in a higher phytoplankton 
biomass, massive presence of fleshy algal formations, 
and low coral coverage. In contrast, the Toboggan site is 
located in an area with lower anthropogenic influence; this 
site serves as a comparative example of relatively pristine 
conditions [47].

Samples of seawater, sediment, and coral rubble (i.e., 
loose coral rubble pieces on the reef floor) were thus col-
lected at three sites on the La Saline fringing reef: Tobog-
gan (21°04′49″ S; 55°13′16″ E), Copacabana (21°05′38″ S; 
55°13′58″ E), and Livingstone (21°05′52″ S; 55°14′18″ E) 
(Fig. 1). Collection of samples occurred in July 2021 (austral 
winter) and January 2022 (austral summer). Samples were 
processed according to the methods provided by [35, 53]. 
Briefly, all samples were collected at one m depth. Dead rub-
ble and sediments (around 100 g) were collected in sterile 
250-ml polypropylene straight red cap containers (Corning/
Dutscher, Bernolsheim, France) while seawater was sam-
pled in sterile 5-l flasks (the sample was taken at a depth of 
1 m, bearing in mind that the water column at these points 
is around 1.5 to 2 m deep at high tide). All samples were 
collected in triplicates. Coral rubble and sediments were 
conserved at − 20 °C while seawater samples were filtered 
immediately after collection, onto sterile 0.22 µm nitrocel-
lulose membranes (Millipore/Merck, Burlington, MA, USA) 
and then stocked at − 20 °C in sterile 15-ml Falcon tube (Fal-
con/Dutscher, Bernolsheim, France).

Molecular Methods

DNA Extraction

Sediment samples were thawed at room temperature and then 
mixed thoroughly to ensure homogeneity. Coral debris samples 
were ground into powder using a Mixer Mill MM 400 (Retsch 
Gmbh, Haan, Germany). For sediment and ground coral rub-
ble debris samples, DNA extractions were performed using 2 g 
of sediment or coral debris powder with the Qiagen DNAeasy 
PowerSoil ProKit (Qiagen, Hilden, Germany). For seawater 
samples filtered on membranes, the DNA extractions were 
performed with the Qiagen DNAeasy Power Water ProKit 
(Qiagen, Hilden, Germany). DNA samples were controlled for 
quality and quantification using a NanoDrop (Thermo Fischer 
scientific, Illkirch-Graffenstaden, France). Negative extraction 
controls were performed alongside sample extractions for 

seawater, sediment, and coral rubble samples, adding nothing 
in place of the sample in the first extraction step.

Libraries Generation and Sequencing

DNA samples were sent for new generation sequencing (NGS) 
to the Microsynth Sequencing Platform (Microynsth, Vaux 
en Velin, France). Microbiome diversity was assessed as fol-
lows: the V3V4 region of the bacterial 16S RNA gene was 
used to characterize the bacterial community using the primers 
341F 5′-CCT​ACG​GGNGGC​WGC​AG-3′ and 805R 5′-GAC​
TAC​HVGGG​TAT​CTA​ATC​C-3′ [54]. The ITS2 region of 
the 18S nuclear ribosomal RNA gene was used to character-
ize the fungal community using the primers 18S-Fwd-ITS7 
5′-GTG​ART​CAT​CGA​ATC​TTT​G-3′ [55] and 18S-Rev-ITS4 
5’-TCC​TCC​GCT​TAT​TGA​TAT​GC-3′ [56]. The V3/V4 of the 
18S nuclear ribosomal RNA gene was used to characterize 
the Eukaryota community including alga and protist using the 
primers 515F 5′-GTG​CCA​GCMGCC​GCG​G-3′ [57] and Ek-
NSR951 5 ′-TTG​GYR​AAT​GCT​TTCGC-3′ [58]. The plastid 
elongation factor tufA (chloroplast) for the microalgae com-
munity was amplified using the primers env_tufAF 5′-GGGT-
DGAHAADATT​TWY​NMNYTR​ATG​R-3′ and env_tufAR 5 
′-TNACATCHGTW​GTW​CKNACA​TAR​AAYTG-3 [41].

PCR amplification n°1 was run by 30 cycles for 16S 
V3–V4, by 35 cycles for 18S V4, by 35 cycles for ITS2, and 
by 35 cycles for tufA. Quality control was carried out with 
quantification by PicoGreen and qualification on QIAx-
cel. The PCR mix was 5 µl or 25 ng of gDNA, “5X HOT 
BIOAmp® BlendMaster Mix—12.5  mM MgCl2” from 
Microsynth—“10X GC-rich Enhancer” from Microsynth—
BSA 20 mg/ml; with a final volume of 25 µl, indexing PCR 
n°2 amplification 10 cycles of PCR n°1 and quality control. 
Next, an equimolar standardization of the sequencing librar-
ies and the creation of the equimolar library pool were car-
ried out. Next, deposit the sequencing library pool with 5% 
phiX on a V3 Flow Cell. This was sequenced on a MiSeq flow 
cell in paired-end 2 × 300 bp (301 × 8 × 8 × 301). A total of 
4,473,087; 4,112,153; 4,035,361; and 7,615,342 paired reads 
were obtained respectively for ITS2 (18S), V4 (16S), V1/V3 
(18S), and tufA independent sequencing runs. Sequences are 
available under the NCBI BioProject PRJNA985136, BioSa-
mple SUB13558791, from SRR24958245 to SRR24958195 
for the 16S, from SRR25108721 to SRR25108698 for the ITS, 
from SRR25080909 to SRR25080857 for the tufA, and from 
SRR24961358 to SRR24961336 for the 18S.

Bioinformatics

Working Environment

The pipeline was run on the Nouméa Institut de Recherche 
pour le Développement’s cluster, running under CentOS 



A Multimarker Approach to Identify Microbial Bioindicators for Coral Reef Health Monitoring—… Page 5 of 32    179 

Linux release 8.3.2011, and then downstream analysis 
proceeded on macOS Mojave 10.14.6 (× 86_64-apple-
darwin17.0 (64-bit)). A tailored bioinformatic workflow 
developed for this project can be found in Supplementary 
Fig. S1. All scripts created and used for this pipeline can be 
found at https://​github.​com/​PLSte​nger/​BioIn​dic_​La_​Reuni​
on_​Island_​Lagoon.

Pre‑processing

First, raw Illumina sequences from the V4 (16S), ITS2 
(18S), tufA (chloroplast), and V1/V3 (18S) datasets quality 
were assessed with FastQC V. 0.11.9 [59], and multi reports 
were generated using MultiQC V. 1.10.1 [60]. Reads were 
cleaned and adaptors were removed with Trimmomatic [61] 
(V. 0.39—illuminaclip 2:30:10; leading 30, trailing 30, and 
minlen 150). FastQC V. 0.11.9 [59] and MultiQC V. 1.10.1 
[60] were reused to check the data after this cleaning step. 
The number of raw sequences is available as Supplementary 
Table S1.

Qiime2 Framework

Microbiome analysis was performed using the QIIME 2 
framework V. 2021.4.0 [62]. Dereplicated and trimmed 
sequences were imported into the framework as paired-end 
(Phred33V2) sequences and denoised using the DADA2 
plugin, based on the DADA2 V. 1.8 R library [63], which 
removed singletons, chimeras, and sequencing errors and 
processed the sequences into a table of exact amplicon 
sequence variants (ASVs) [64]. Negative control library 
sequences, as putative contaminant sequences, were 
removed from each sample sequence [65]. ASVs that were 
present in only a single sample were filtered based on the 
idea that these may not represent real biological diversity 
but rather PCR or sequencing errors [66]. ASV abundance 
of raw data is available in Supplementary Table S1. After 
this contingency step, all samples were rarefied accord-
ing to the alpha-rarefaction QIIME2 tool with a maximum 
depth of 16,708, 18,908, 64,625, and 13,250, respectively, 
for V4 (16S), ITS2 (18S), tufA (chloroplast), and V1/V3 
(18S) datasets, with the Shannon entropy (a measure of rich-
ness and diversity that accounts for both the abundance and 
evenness of taxa) [67] and Faith PD (a measure of biodi-
versity that incorporates phylogenetic differences between 
species using the sum of the lengths of branches) [68]. A 
depth value of 137, 4202, 7,181, and 2,945, respectively, for 
V4 (16S), ITS2 (18S), tufA (chloroplast), and V1/V3 (18S) 
datasets (Supplementary Table S1) were obtained for these 
rarefactions Supplementary Fig. S2. A multiple sequence 
alignment was produced using MAFFT V. 7.310 [69], and a 
rooted phylogenetic tree relating the ASV sequences to one 
another was constructed using FastTree V. 2.1.10 [70]. Naive 

Bayes feature classifiers were trained using the q2-feature-
classifier tool to assign taxonomy to the sequences [71]. For 
the fungal classifier training (only for ITS2 (18S)), the new 
fungal UNITE ITS reference set [72, 73] was used. QIIME 
pre-formatted database with dynamic homology clustering 
was used. As recommended by the QIIME 2 development 
team, the fungal classifier was trained on the full reference 
sequences. For bacterial classifier training (only for V4 
(16S)), the SILVA-138-SSURef-Full-Seqs 1QIIME pre-
formatted database (SILVA-138-SSURef-Full-Seqs.qza as 
DataSeq.qza and Silva-200 v138-full-length-seq-taxonomy.
qza as RefTaxo.qza; see https://​github.​com/​miker​obeson/​
make_​SILVA_​db) was used. For hook the V4 part of the 
16S region, we used the forward 341F sequence ('CCT​ACG​
GGNGGC​WGC​AG') and the reverse 805R sequence (“GAC​
TAC​HVGGG​TAT​CTA​ATC​C”) in the feature-classifier 
extract-reads tool. For the tufA marker, we used the rescript 
get-ncbi-data QIIME2 plugin to obtain the largest possible 
number of comparable sequences, as recent as possible with 
the query “(tufA[ALL] OR TufA[ALL] OR TUFA[ALL] OR 
tufa[ALL] NOT bacteria[ORGN])).” For eukaryota classi-
fier training (only for V3/V4 (18S)), the same pre-formatted 
database as for V4 (16S) was used. For hook the V3/V4 
part of the 18S region, we used the forward 515F sequence 
(“GTG​CCA​GCMGCC​GCG​G”) and the reverse 951R 
sequence (“TTG​GYR​AAT​GCT​TTCGC”) in the feature-
classifier extract-reads tool. The choice of phylum kept for 
this study was based on [74–76].

Statistical Analysis

First, we assessed and compared the classical triptych 
“microbial diversity, community composition, and struc-
ture” (see sections below for details) among the three 
studied sites (Toboggan, Copacabana, and Livingstone), 
reef compartments (coral rubble, seawater, and sediment), 
and seasons (austral summer and winter) for each marker 
(bacteria studied with the marker16S-V3/V4, fungi with 
the marker18S-ITS2, microalgae with the marker tufA and 
protists with the marker 18S-V4). As the methodology pre-
sented above did not yield significant results for site com-
parisons (results not shown here—but see Supplementary 
Table S1 and Fig. S7–S10), we developed the methodol-
ogy below only for comparisons between compartments 
and seasons. In total, six conditions compartment + season 
were thus compared: S-CO (summer-coral), W-CO (winter-
coral), S-SD (summer-sediment), W-SD (winter-sediment), 
S-SW (summer-seawater), and W-SW (winter-seawater). We 
developed this methodology below to highlight variations 
and then potential bioindicators in microbial diversity and 
community composition differences among compartments 
and between seasons and the potential interactions between 
those two factors.

https://github.com/PLStenger/BioIndic_La_Reunion_Island_Lagoon
https://github.com/PLStenger/BioIndic_La_Reunion_Island_Lagoon
https://github.com/mikerobeson/make_SILVA_db
https://github.com/mikerobeson/make_SILVA_db
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In the second step, we use Bayesian statistics (with a 
priori) (see sections below for details) with a focus on the 
compartments and then on the season to focus not only on 
the most abundant groups but also on those that are most 
significantly linked to a given condition (SW, CO or SD in 
compartments, then austral summer or winter in seasons). 
These will enable us to add reliable bioindicators strongly 
linked to these conditions. All statistical analyses were per-
formed using the R software environment V. 4.1.0 [77].

Diversity of Microorganisms in Reef Compartment Through 
the Seasons

The alpha diversity of each sample (the basic unit of study 
corresponding to a spatio (site COP, LIV, or TOB)-temporal 
point (season S or W) of a particular compartment (SW, CO 
or SD): S-CO, W-CO, S-SD, W-SD, S-SW, and W-SW) was 
characterized by using the observed number of ASVs [78] 
and the Chao1 index (expected richness taking into account 
the occurrence of rare species [79]). Diversity was assessed 
by considering both species richness and the distribution of 
ASVs among species. The evenness of species abundance 
was measured using Pielou evenness [80]. Shannon entropy 
[67] was used as a measure of diversity accounting for both 
richness and evenness. Additionally, phylogenetic diversity 
was quantified using Faith’s PD [68], which incorporates the 
evolutionary relationships among species. Then the effects 
of reef compartments and seasons on the above diversity 
metrics were tested using Kruskal–Wallis tests. Diversity 
index and the significance of their comparison (i.e., effects 
of reef compartments + seasons − sites results not shown) 
in post hoc analyses were obtained using the agricolae R 
package V. 1.3–5 [81]—see Table 1 and Supplementary 
Fig. S3–6. Boxplots were realized with the ggplot2 R pack-
age V. 3.3.5 [82].

Community Composition for Deciphering the Reef 
Compartments and Seasonal Effect on Communities

The phyla microbial community composition of microorgan-
isms (each sample in Supplementary Fig. S7 to S10 and each 

compartment + season (S-CO, W-CO, S-SD, W-SD, S-SW, 
and W-SW) in Figs. 2A, 4A, 6A, and 8A—sites not shown, 
Supplementary Tables 2, 3, 6, 7, 10, and 12) was visualized 
using bar plots realized with the ggplot2 R package V. 3.3.5 
[82]. Each time a focus on genera was done on the most 
abundant phyla in each kingdom/marker (Figs. 2B, 4B, 6B, 
and 8B). To test the significance of differences in the rela-
tive abundance of microorganisms among conditions (i.e., 
reef compartments + seasons), the Wilcoxon test was used.

Community Structure

To compare community structure among conditions (S-CO, 
W-CO, S-SD, W-SD, S-SW, and W-SW), Bray–Curtis dis-
similarities [83] were calculated with the q2-diversity tool 
[62]. Bray–Curtis dissimilarities were further visualized 
using non-metric multidimensional scaling (NMDS) using 
the vegan R package V. 2.5–7 (function “metaMDS,” [84]) 
and the ggplot2 R package V. 3.3.5 [82] for phyla (Figs. 2C, 
4C, 6C, and 8C) and with a focus on the genera of the most 
relative abundant phylum (Figs. 2D, 4D, 6D and 8D). Dif-
ferences in microbial community composition were tested 
using PERMANOVA, with 9999 permutations using the 
vegan R package V. 2.5–7 [84], and the post hoc analyses 
were performed using the pairwiseAdonis R package V. 0.4 
[85] (Supplementary Tables 4, 8, 11 and 13).

Community Structuring by Condition, Compartment, 
and Season: Insights for Bioindicator Identification

The previous methods (“diversity, composition, and 
structure”) have enabled us to find variations and pos-
sible bioindicator groups within the variables reef com-
partments by seasons; we then used a sharper statistical 
technique which finds, with a priori (Bayesian statistics) 
ASVs or groups of ASVs (according to taxonomic assig-
nation, this can be species, a genus grouping several spe-
cies, etc.) which were significantly linked to a particular 
condition (here, reef compartments or seasons and not 
both). This will enable us to focus not only on the most 
abundant groups (classic tryptic analyses) but above all on 

Table 1   Bacteria diversity index. Lowercase letters indicate significant differences among conditions based on pairwise comparisons following a 
Kruskal-Wallis test (P value < 0.05). S, austral summer; W, austral winter; CO, coral rubble; SW, seawater; SD, sediments

Condition Observed ASV Chao1 Simpson Shannon Faith PD Pielou evenness

S-CO 6.13 ± 2.10 (c) 6.13 ± 2.10 (c) 0.72 ± 0.14 (c) 2.18 ± 0.62 (c) 1.06 ± 0.29 (ab) 0.87 ± 0.06 (a)
S-SW 12.33 ± 3.84 (c) 12.56 ± 4.30 (c) 0.87 ± 0.06 (c) 3.23 ± 0.53 (c) 0.85 ± 0.32 (a) 0.91 ± 0.06 (a)
S-SD 3.67 ± 1.51 (b) 3.67 ± 1.51 (b) 0.53 ± 0.20 (b) 1.40 ± 0.63 (b) 0.85 ± 0.33 (ab) 0.78 ± 0.21 (a)
W-CO 8.13 ± 10.56 (a) 8.56 ± 11.79 (a) 0.72 ± 0.14 (a) 2.24 ± 1.14 (a) 0.79 ± 0.23 (ab) 0.92 ± 0.04 (a)
W-SW 16.33 ± 6.16 (c) 17.49 ± 7.44 (c) 0.87 ± 0.04 (c) 3.39 ± 0.43 (c) 1.05 ± 0.28 (ab) 0.86 ± 0.04 (a)
W-SD 29.44 ± 3.84 (ab) 32.40 ± 6.94 (ab) 0.94 ± 0.02 (b) 4.38 ± 0.26 (b) 0.71 ± 0.13 (a) 0.90 ± 0.03 (a)
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those species or groups that are most significantly linked 
to a particular condition. This strategy makes it possible 
to find reliable bioindicators in relation to these condi-
tions. To identify these groups of ASVs that responded 
most to variation in environmental conditions between the 

compartments and seasons, we used the same techniques 
as in [26, 86–88]. To catch the largest differences in ASVs 
abundances (“targeted analysis”), we followed the method 
of Glasl et al. [26] with the Anaconda R package version 
0.1.5 [89, 90].

Fig. 2   Bar plot for bacterial communities. A Bacterial phyla relative 
abundance; B focus on the more abundant phylum Proteobacteria 
genera relative abundance; C, D NMDS for bacterial phyla communi-
ties (D) and focus on the Proteobacteria phylum, the most abundant 

one (E). S-CO, summer-coral; S-SW, summer-seawater; S-SD, sum-
mer-sediment; W-CO, winter-coral; W-SW, winter-seawater; W-SD, 
winter-sediment
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However, before looking for these ASVs specific to 
compartments and seasons, we used this same method (the 
one from Glasl et al. [26] with the Anaconda R package) to 
look for ASVs specific to the compartment + season con-
ditions already studied in the “diversity, composition and 
structure” triptych (e.g., S-CO, S-SW, S-SD, W-CO, W-SW, 
and W-SD). In this way, we aimed to find ASVs specific 
(if any) to (one or more of) these conditions. These ASVs, 
which would therefore have been deemed too specific to be 
classified as compartment- or season-specific bioindicators 
(because they could be putatively linked only to a too-spe-
cific condition like S-CO for example, and not only S or 
CO), would therefore be excluded from subsequent analyses 
(aimed at identifying only compartment- or season-specific 
ASVs) if such ASVs were also found (this analysis mainly 
served as a backup for the next two). In brief, across these 
three Bayesian analyses (e.g., condition-specific ASVs as a 

safeguard, compartment-specific ASVs, and season-specific 
ASVs), we conducted targeted differential enrichment analy-
ses of taxonomic ranks using ASVs [26, 86–88]. Differen-
tial analysis was performed by estimating the variance-mean 
dependence in ASV counts using a negative binomial model 
to identify significantly and differentially represented ASVs 
among conditions [26, 86–88]. In the first analysis (condi-
tion-specific ASVs—the safeguard), given the six conditions 
(e.g., S-CO, S-SW, S-SD, W-CO, W-SW, and W-SD), this 
resulted in 15 comparisons. The findings were presented as 
an upset plot. Specific ASVs were derived by comparing 
the results of these comparisons. More precisely, the shared 
denominator corresponding to the condition of interest 
needed to be present in five comparisons (because it is the 
maximum number of times each condition appears—as an 
example, see the first red rectangle in the left in Fig. 3A; this 
is for 12 ASVs condition-specific (the blue column), where 

Fig. 3   Identification of condition-, compartment-, and season-spe-
cific ASVs using targeted Bayesian analysis. A Upset plot of the 
condition-specific bacterial ASVs identified in the six experimen-
tal conditions (S-CO, S-SW, S-SD, W-CO, W-SW, and W-SD) (in 
red) collected from the comparison of comparisons (the common 
denominator corresponding to the condition sought must be present 
in five comparisons, and to retrieve these ASVs a comparison of 
these comparisons must be made) based on the criteria of adjusted 
P value < 0.05 and Log2FoldChange >|2|. B Compartment-specific 
ASVs were determined across coral rubble, sediment, and seawater 

compartments, highlighting bacterial taxa with differential represen-
tation (adjusted P value < 0.05 and Log2FoldChange >|2|). C Season-
specific ASVs were determined across the austral summer vs. win-
ter revealed comparison highlighting bacterial taxa with differential 
representation (adjusted P value < 0.05 and Log2FoldChange >|2|). 
No overlaps with condition-specific ASVs (A) were detected in analy-
ses (B and C). S-CO, summer-coral; S-SW, summer-seawater; S-SD, 
summer-sediment; W-CO, winter-coral; W-SW, winter-seawater; 
W-SD, winter-sediment
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black dots appear for five comparisons involving W-SW, so 
these 12 ASVs are linked to the W-SW condition—because 
W-SW is the shared denominator in these five comparisons), 
and identifying these ASVs required a “comparison of the 
comparisons” (same method as in [91]) (indeed, to find 
these condition-specific ASVs, we need to compare these 
15 comparisons to determine which conditions have which 
set of ASVs). An ASVs was considered significantly over- 
or under-represented in a condition based on the criteria of 
adjusted P value < 0.05 and Log2FoldChange >|2| (Figs. 3A, 
5A, 7A, and 9A). All of these significative ASVs are listed 
in Supplementary Tables 5 (bacteria), 9 (fungi), and 13 (pro-
tista) (none significant ASV was found for microalgae). For 
the second analysis (compartment-specific ASVs), given the 
three conditions (e.g., CO, SW, and SD), this resulted in 
three comparisons (CO vs. SW, SD vs. SW, and CO vs. SD), 
represented in a Venn diagram (same method as in [91]) 
(Figs. 3B, 5B, 7B, and 9B). For the third analysis (season-
specific ASVs), given the two conditions (e.g., austral sum-
mer and austral winter), this involved a single comparison 
(S vs. W), with the results represented in a bar plot (same 
method as in [26]) (Figs. 3C, 5C, and 9C).

Results

For bacteria, 1,143,990 total sequences were grouped into 
4502 ASVs, tallied at an overall mean of 4859 ± 2190 ASVs/
sample. Bacterial ASVs richness did not differ significantly 
among sites (Supplementary Table S1a, P > 0.05), but dif-
fered among compartments and between seasons (Supple-
mentary Table S1b and c, P > 0.05).

For fungi, 1,222,568 total sequences were grouped into 
1603 ASVs, tallied at an overall mean of 15,721 ± 3418 
ASVs/sample. Fungal ASVs richness did not differ signifi-
cantly among sites and between seasons (Supplementary 
Table S1a and c, P > 0.05), but differed among compart-
ments (Supplementary Table S1b, P > 0.05).

For protista, 1,090,485 total sequences were grouped 
into 2784 ASVs, tallied at an overall mean of 10,713 ± 2742 
ASVs/samples. Protista ASVs richness did not differ sig-
nificantly among sites, compartments, nor between seasons 
(Supplementary Table S1a, b and c, P > 0.05).

For microalgae, 2,435,431 total sequences were 
grouped into 7312 ASVs, tallied at an overall mean of 
13,542 ± 16,035 ASVs/samples. Microalgae ASVs richness 
did not differ significantly among sites (Supplementary 
Table S1a, P > 0.05), but differed among compartments and 
between seasons (Supplementary Table S1b and c, P > 0.05).

For ease of reading, the acronyms used are replaced here 
for each studied condition: S-CO, summer-coral; S-SW, 
summer-seawater; S-SD, summer-sediment; W-CO, winter-
coral; W-SW, winter-seawater; W-SD, winter-sediment.

Bacteria

Diversity of Microorganisms in Reef Compartment Through 
the Seasons

In terms of observed amplicon sequence variants (ASVs) 
(Table 1, Supplementary Fig. S3), the sediments showed 
the highest ASVs bacterial diversity during austral winter 
(W-SD) (P value < 0.001). For Chao1 and Shannon diver-
sity, sediments and seawater during austral winter condi-
tions (W-SD and W-SW) detained the highest number of 
ASVs (P value < 0.001). The Simpson diversity was lower 
in S-SD compared to the other conditions (P value < 0.001). 
The Faith PD was higher in coral rubble during austral sum-
mer (S-CO) and in seawater in austral winter (W-SW) (P 
value < 0.05).

In summary, the various diversity indices reveal several 
significant differences in microbial diversity among reef 
compartments and seasonal conditions, with sediments and 
seawater in austral winter displaying higher diversity levels 
according to several metrics, while coral rubble in austral 
summer and seawater in austral winter show distinct patterns 
of phylogenetic diversity and evenness.

Community Composition for Deciphering the Reef 
Compartments and Seasonal Effects

Proteobacteria was the most abundant phylum (mean rela-
tive abundance 51.9%, N = 6) (P value < 0.05, Wilcoxon test) 
(Fig. 2A, Supplementary Table S2), except in austral sum-
mer seawater (S-SW) with a relative abundance of 6.08%. 
Cyanobacteria was the second most abundant phylum (mean 
relative abundance 10.4%, N = 6). Cyanobacteria were abun-
dant in coral rubble in austral winter (W-CO), representing 
34.3% of the total ASVs abundance (P value < 0.05, Wil-
coxon test). In contrast, cyanobacteria were present in small 
proportions in austral summer in coral rubble (S-CO, 12.1%) 
and sediments (S-SD, 13.3%). Firmicutes represented the 
third most abundant phylum (mean relative abundance 8.4% 
N = 6) and is present in seawater in austral summer (S-SW) 
at 44.4% and less in sediment in austral winter (W-SD) at 
6.3%.

The phylum Fusobacteria was present in austral winter 
in sediments (W-SD, 31.1%). Actinobacteria were only 
observed in austral summer (21.0%, N = 3), particularly in 
seawater (S-SW, 37.9%). Myxococcota were observed in 
austral summer, abundant in coral rubble (S-CO, 12.0%).

Focusing on the most abundant phylum, i.e., Proteobacte-
ria, (Fig. 2B, Supplementary Table S3) revealed that genera 
Vibrio (25.2% N = 6), followed by Woeseia (12.6% N = 6) 
and then Photobacterium (12.5% N = 6) are the most abun-
dant. The relative abundance of Proteobacteria was variable 
among reef compartments and seasons, with no significant 
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structuration. In the austral summer in seawater (S-SW), 
Vibrio is the most abundant genus of proteobacteria with 
48.2%. In austral summer in sediment (S-SD), it is Woeseia 
with 65.9% followed by the Vibrio genus with 13.2%. In the 
same season in seawater (W-SW), it is Cognatishimia with 
21.0%, and in sediment (W-SD), it is Photobacterium with 
62.2%.

Bacterial Structure of Reef Compartment and Seasonal 
Data

The NMDS (stress = 0.14) for bacterial phyla communi-
ties (Fig. 2D) showed a distinction between seawater and 
sediment for the microbial communities between the two 
seasons, whereas for coral rubble, the seasonal separation 
distinguished few samples in austral summer. The PER-
MANOVA (nPerm = 9999) confirmed significant effects 
of the conditions (seasons and compartments) on the 
structuration of communities (R2 0.39811; P value 0.001, 
Supplementary Table S4a), and the pairwise Adonis tests 
were significant in all comparisons (see Supplementary 
Table S4b). For the Proteobacteria phylum (a focus on the 
most represented phylum) (Fig. 2E) (stress = 0.0001), the 
PERMANOVA (nPerm = 9999) confirmed significant dif-
ferences between the conditions (R2 0.30479; P value 0.001, 
Supplementary Table S4c), and the pairwise Adonis test 
showed that some comparisons were significant (see Sup-
plementary Table S4d). So, these analyses show significant 
seasonal structuring of bacterial communities in seawater 
and sediment, with less distinct separation in coral rubble.

Bacterial Community Structuring by Condition, 
Compartment, and Season: Insights for Bioindicator 
Identification

Using a targeted Bayesian analysis (P value adjusted < 0.05 
& Log2FoldChange >|2|), we identified condition-specific 
ASVs (S-CO, S-SW, S-SD, W-CO, W-SW, and W-SD) that 
could be too specific to serve as bioindicators (Fig. 3A). If 
these ASVs will be found in the two next analyses (e.g., 
Bayesian analysis for compartment-specific ASVs and 
Bayesian analysis for season-specific ASVs), they will be 
deleted from these two next analyses (the ASV keys are 
authoritative, but not the taxonomic assignment, which 
means that species may nevertheless be found here and not 
subsequently removed if they do not correspond exactly to 
the same ASV). Specific ASVs were found for each of the 
six conditions: W-SW, 12; S-SW, 11; W-SD, 9; S-CO, 6; 
W-CO, 3; S-SD, 2. ASVs keys, Log2FoldChanges, and taxo-
nomic assignments can be found at Supplementary Table S5.

Using a targeted Bayesian analysis, we identified com-
partment-specific ASVs (coral rubble vs. seawater; coral 
rubble vs. sediment; sediment vs. seawater) that could serve 

as bioindicators (P value adjusted < 0.05 and Log2Fold-
Change >|2|). Four ASVs were significantly over-represented 
in coral rubble compared to other compartments (Fig. 3B). 
These included Hyphomonas sp. (Alphaproteobacteria), 
Pelagibius sp. (Alphaproteobacteria), a bacterium from the 
Sandaracinaceae family (Myxococcota), and a bacterium 
from the Rhizobiaceae family (Alphaproteobacteria). Six 
ASVs were significantly under-represented in sediment 
compared to other compartments. These included five Pro-
pionigenium sp. (Fusobacteriota) and a bacterium from the 
Actinomarinales order (Actinobacteriota). Eight ASVs were 
significantly under-represented in seawater compared to 
other compartments. These included four ASVs assigned to 
Caldalkalibacillus thermarum (Firmicutes) and four ASVs 
assigned to bacteria from the Micrococcaceae family (Act-
inobacteriota). As no ASVs from the first Bayesian analysis 
(Fig. 3A) were found here, no ASVs were removed from 
this analysis.

Through a targeted Bayesian analysis, we focused on sea-
son-specific (austral winter vs. summer) species that could 
serve as strong bioindicators (P value adjusted < 0.05 and 
Log2FoldChange >|2|). Forty-six ASVs had been signifi-
cantly (P value adjusted < 0.05) found differentially over-
represented between austral summer and winter (13 ASVs 
were over-represented in austral summer and 17 ASVs in 
austral winter), but for better visualization, only the 30 most 
significant ASVs are shown in Fig. 3C. More specifically, 
Caldalkalibacillus sp. (Firmicutes), Propionigenium sp. 
(Fusobacteriota), Subgroup_10 sp. (Acidobacteriota), and 
Zeaxanthinibacter sp. (Bacteroidota) were over-represented 
in austral summer, while in austral winter, Aestuariibacter 
sp., Ahrensia sp., Cognatishimia sp., Filomicrobium sp., 
Photobacterium sp. (all Proteobacteria), Acidobacteriota, 
Caldalkalibacillus sp. (Firmicutes), and Propionigenium sp. 
(Fusobacteriota) were predominant. As no ASVs from the 
first Bayesian analysis (Fig. 3A) were found here, no ASVs 
were removed from this analysis.

Fungi

Diversity of Microorganisms in Reef Compartment Through 
the Seasons

In terms of observed ASVs (Table  2, Supplementary 
Fig. S6), coral rubble showed higher ASVs fungal diversity 
in austral summer (S-CO) and lesser in seawater in austral 
summer (S-SW) (P value < 0.001). Chao1 and Shannon’s 
index demonstrated that corals and sediment in austral sum-
mer (S-CO and S-SD), as well as seawater in austral winter 
(W-SW), detained rarer ASVs than others (P value < 0.001). 
The Faith PD showed higher diversity in seawater in austral 
winter (W-SW) (P value < 0.001).
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In summary, the analysis of various diversity indexes 
revealed significant variations in microbial diversity among 
the different conditions (i.e., compartments at different sea-
sons), with notable differences in diversity levels between 
coral rubble, seawater, and sediment in both austral summer 
and winter seasons.

Community Composition for Deciphering the Reef 
Compartments and Seasonal Effects

Ascomycota (63.1% N = 6) and Basidiomycota (36.1% N = 6) 
were the two most abundant fungal phyla (P value < 0.05, 
Wilcoxon test), and both showed a change in their relative 
abundances through conditions (Fig. 4A, Supplementary 
Table S6). A third phylum appeared in the sediment in aus-
tral summer (S-SD), in seawater in austral winter (W-SW), 
and in sediment in austral winter (W-SD) conditions: 
Chytridiomycota (0.8%, N = 6). In coral rubble (S-CO and 
W-CO), Ascomycota was dominant whatever the season (P 
value < 0.05, Wilcoxon test). For seawater and sediment, the 
Ascomycota/Basidiomycota (A/B) abundance ratio depends 
on the season (Fig. 4A). This A/B abundance ratio was very 
similar for both seawater and sediment in austral winter 
(S-SW and S-SD). The A/B richness ratio for coral rubble 
and seawater was 50% for both austral summer and winter.

Focusing on the most abundant phylum, i.e., Ascomycota, 
(Fig. 4B, Supplementary Table S7) revealed that the most 
abundant genera are Aspergillus (40.9% N = 6), followed 
by Cladosporium (16.2%, N = 6) and then Rhinocladiella 
(6.6% N = 6) (P value < 0.05, Wilcoxon test). The relative 
abundance of Ascomycota was variable among reef com-
partments and seasons, with no significant differences. In 
coral rubble, Rhinocladiella is the second most relatively 
abundant represented genera in austral summer with 31.7% 
(S-CO) of relative abundance, and the Leptospora genus is 
the second most relatively abundant represented genus in 
austral winter with 23.3% (W-CO) of relative abundance. 
In sediment, the Cladosporium genus is the most abundant 
in austral winter with 47.0% (W-SD) of relative abundance 
and the second most relatively abundant represented genus 
in austral summer with 18.7% of relative abundance (S-SD). 

Aspergillus genus is the second most relatively abundant 
represented genus in sediment in austral winter with 16.5% 
(W-SD) of relative abundance. In seawater, Penicillium is 
the most relatively abundant represented genus in austral 
summer with 19.6% (S-SW) of relative abundance and the 
Periconia genus is the second most relatively abundant rep-
resented genus in austral winter with 17.67% (W-SW) of 
relative abundance.

Fungal Structure of Reef Compartment and Seasonal Data

The NMDS (stress = 0.23) (Fig. 4D) highlighted that the sea-
water fungal community was significantly different from that 
of sediments, during both seasons. On the contrary, the coral 
rubble fungal community did not vary with seasonality. For 
phyla, the PERMANOVA (nPerm = 9999) confirmed signifi-
cant effects of the conditions (seasons and compartments) 
on the structuration of communities (R2 0.35514; P value 
0.001, Supplementary Table S8a), and the pairwise Adonis 
test showed most comparisons are significant (see Supple-
mentary Table S8b). For the Ascomycota phylum (a focus on 
the most represented phylum) (Fig. 4E) (stress = 0.25), the 
PERMANOVA (nPerm = 9999) confirms significant differ-
ences between the conditions (seasons and compartments) 
(R2 0.28262; P value 0.001, Supplementary Table S8c), and 
the pairwise Adonis test shows that some comparisons are 
significant (see Supplementary Table S8d). In summary, sea-
water fungal communities significantly differed from sedi-
ment communities across both seasons, while coral rubble 
showed no seasonal variation (Fig. 4).

Fungal Community Structuring by Condition, 
Compartment, and Season: Insights for Bioindicator 
Identification

Using a targeted Bayesian analysis (P value adjusted < 0.05 
and Log2FoldChange >|2|), we identified condition-specific 
ASVs (S-CO, S-SW, S-SD, W-CO, W-SW, and W-SD) that 
could be too specific to serve as bioindicators (Fig. 5A). If 
these ASVs will be found in the two next analyses (e.g., 
Bayesian analysis for compartment-specific ASVs and 

Table 2   Fungi diversity index. Lowercase letters indicate significant differences among conditions based on pairwise comparisons following a 
Kruskal-Wallis test (P value < 0.05). S, austral summer; W, austral winter; CO, coral rubble; SW, seawater; SD, sediment

Condition Observed ASV Chao1 Simpson Shannon Faith PD Pielou evenness

S-CO 52.67 ± 7.81 (a) 52.67 ± 7.81 (a) 0.94 ± 0.02 (a) 4.78 ± 0.39 (a) 8.10 ± 0.98 (b) 0.84 ± 0.04 (a)
S-SW 11.00 ± 5.81 (a) 11.00 ± 5.81 (a) 0.83 ± 0.05 (a) 2.88 ± 0.57 (a) 2.98 ± 1.30 (b) 0.86 ± 0.05 (a)
S-SD 47.11 ± 12.95 (c) 47.11 ± 12.95 (c) 0.93 ± 0.03 (b) 4.50 ± 0.65 (b) 9.44 ± 1.90 (c) 0.81 ± 0.06 (a)
W-CO 36.89 ± 16.01 (bc) 36.94 ± 16.02 (bc) 0.86 ± 0.11 (ab) 3.78 ± 1.17 (ab) 7.41 ± 2.60 (b) 0.73 ± 0.14 (a)
W-SW 46.89 ± 12.40 (ab) 46.89 ± 12.40 (ab) 0.85 ± 0.11 (ab) 3.84 ± 1.00 (ab) 13.36 ± 2.46 (b) 0.70 ± 0.17 (a)
W-SD 27.67 ± 12.68 (ab) 27.67 ± 12.68 (ab) 0.91 ± 0.05 (ab) 3.98 ± 0.69 (ab) 7.94 ± 2.20 (a) 0.85 ± 0.05 (a)
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Fig. 4   Bar plot for fungal communities. A Fungal phyla relative abun-
dance; B focus on the more abundant phylum Ascomycota genera 
relative abundance; C, D NMDS for bacterial phyla communities (C) 
and focus on the Ascomycota phylum, the most abundant one (D). 

S-CO, summer-coral; S-SW, summer-seawater; S-SD, summer-sed-
iment; W-CO, winter-coral; W-SW, winter-seawater; W-SD, winter-
sediment
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Bayesian analysis for season-specific ASVs), they will be 
deleted from these two next analyses (the ASV keys are 
authoritative, but not the taxonomic assignment, which 
means that species may nevertheless be found here and not 
subsequently removed if they do not correspond exactly to 
the same ASV). Specific ASVs were found for each of the 
six conditions: W-SW, 44; S-SD, 19; S-CO, 19; W-CO, 10; 
W-SD, 5; S-SW, 3. ASVs keys, Log2FoldChanges, and taxo-
nomic assignments can be found at Supplementary Table S9.

Using a targeted Bayesian analysis, we identified com-
partment-specific ASVs (coral rubble vs. seawater; coral 
rubble vs. sediment; sediment vs. seawater) that could 
serve as bioindicators (P value adjusted < 0.05 and Log-
2FoldChange >|2|). Twenty-seven ASVs were significantly 
over- or under-represented across all three compartments 
(Fig. 5B), most of which were unidentified fungi, although 
four belonged to the family Malasseziaceae (Basidiomy-
cota). Coral rubble contained 51 unique ASVs, including 

Cladosporium dominicanum and Aspergillus unguis (both 
Ascomycota), which were under-represented compared 
to other compartments. Sediment-specific ASVs (n = 34) 
included Mycosphaerella tassiana (Ascomycota), Fomi-
topsis pinicola (Basidiomycota), and Cladosporium sp. 
(Ascomycota), all over-represented in sediment. Seawater 
contained 39 unique ASVs, such as Periconia byssoides, 
Aspergillus baarnensis, Aureobasidium leucospermi (all 
Ascomycota), and several Malasseziaceae species, including 
Malassezia sympodialis and Malassezia arunalokei (Basidi-
omycota), which were over-represented in seawater. ASVs 
under-represented in seawater (present in coral rubble and 
sediment but absent in seawater) were all unidentified fungi. 
As no ASVs from the first Bayesian analysis (Fig. 5A) were 
found here, so no ASVs were removed from this analysis.

Through a targeted Bayesian analysis, we focused on 
season-specific (austral winter vs. summer) species that 
could serve as strong bioindicators (P value adjusted < 0.05 

Fig. 5   Identification of condition-, compartment-, and season-
specific ASVs using targeted Bayesian analysis. A Upset plot of 
the condition-specific fungal ASVs identified in the six experimen-
tal conditions (S-CO, S-SW, S-SD, W-CO, W-SW, and W-SD) (in 
red) collected from the comparison of comparisons (the common 
denominator corresponding to the condition sought must be present 
in five comparisons, and to retrieve these ASVs a comparison of 
these comparisons must be made) based on the criteria of adjusted 
P value < 0.05 and Log2FoldChange >|2|. B Compartment-specific 
ASVs were determined across coral rubble, sediment, and seawater 

compartments, highlighting fungal taxa with differential representa-
tion (adjusted P value < 0.05 and Log2FoldChange >|2|). C Season-
specific ASVs were determined across the austral summer vs. winter 
revealed comparison highlighting fungal taxa with differential rep-
resentation (adjusted P value < 0.05 and Log2FoldChange >|2|). No 
overlaps with condition-specific ASVs (A) were detected in analy-
ses (B and C). S-CO, summer-coral; S-SW, summer-seawater; S-SD, 
summer-sediment; W-CO, winter-coral; W-SW, winter-seawater; 
W-SD, winter-sediment
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and Log2FoldChange >|2|). A total of 135 ASVs had been 
significantly found differentially over-represented between 
austral summer and winter, but for better visualization, only 
the 30 most significant ASVs are shown in Fig. 5C. More 
specifically, in austral summer, Alternaria sp., Aspergillus 
sp., Cladosporium sp., Aureobasidium leucospermi, Cla-
dosporium dominicanum, Mycosphaerella tassiana (all in 
Ascomycota), Malassezia arunalokei, M. dermatis and M. 
sympodialis, Fomitopsis pinicola, Sporobolomyces roseus, 
Sterigmatomyces halophilus, and Wallemia canadensis 
(all Basidiomycota) were particularly over-represented (P 
value < 0.05). In austral winter, Aspergillus baarnensis, 
Periconia byssoides, Rhinocladiella similis, Simplicillium 
lanosoniveum, and Sphaerellopsis paraphysata (all in Asco-
mycota) were particularly over-represented (P value < 0.05). 
As no ASVs from the first Bayesian analysis (Fig. 5A) were 
found here, so no ASVs were removed from this analysis.

Microalgae

For clarity, we note that an insufficient number of sam-
ples met the rarefaction threshold for the S-SW condition, 
which explains its exclusion from the analysis here (see the 
“Qiime2 framework” section).

Diversity of Microorganisms in Reef Compartment Through 
the Seasons

The Faith PD diversity index showed significant changes 
between conditions (P value < 0.05) (Table 3, Supplemen-
tary Fig. S5). Post hoc tests showed that sediment in austral 
winter (W-SD) was significantly different from seawater 
in austral winter (W-SW), and corals in the same season 
(W-CO) (P value < 0.05). The microalgal diversity in sea-
water in austral winter (W-SW) was also significantly differ-
ent from corals in austral summer (S-CO) (P value < 0.05). 
Other comparisons were not significant. Other diversity 
indexes did not show significant results.

Community Composition for Deciphering the Reef 
Compartments and Seasonal Effects

Rhodophyta was the most abundant phylum (50.7% N = 5), 
followed by Chlorophyta (43.3% N = 5) and then Ochrophyta 
(5.9% N = 5) (P value < 0.05, Wilcoxon test) (Fig. 6A, Sup-
plementary Table S10). In coral rubble, Chlorophyta was the 
most abundant phylum in austral summer (37.5%) (S-CO), 
and in austral winter (87.8%) (W-CO). Ochrophyta was only 
found in coral rubble (28.2% in austral summer and 1.2% in 
austral winter) (S/W-CO). In sediment, Rhodophyta was the 
most abundant phylum in austral summer (65.4%) (S-SD), 
and in austral winter (50.9%) (W-SD). In seawater (data only 
for austral winter), Rhodophyta was the most abundant phy-
lum with 92.5% (W-SW).

Figure 6B shows a focus on genera of the second abun-
dant phylum (Chlorophyta) because of the biomonitoring 
and ecological relevance of this phylum (see the “Discus-
sion” section). Information on genera of the most abun-
dant phylum (Rhodophyta) can be found in Supplementary 
Table S8. For instance, Rhodophyta presented here four 
genera (Compsothamnion, Neogoniolithon, Wrangelia, and 
“uncultured”), and Chlorophyta presented 10 genera here 
(Fig. 6B, Supplementary Table S10).

In Chlorophyta (Fig.  6B, Supplementary Table  S8), 
Ostreobium was the most abundant genus (81.5% N = 5), 
followed by Dichotomosiphon genus (9.3% N = 5) and then 
Chlorella genus (4.2% N = 5). During austral winter, the 
Ostreobium genus represented 100% of the relative abun-
dance in coral rubble and sediment (W-CO/SD), and this 
genus represented 53.4% of the relative abundance in sea-
water (W-SW). In austral summer, the Ostreobium genus 
represented 55.7% of the relative abundance in coral rubble 
(S-CO) and 98.1% in sediment (S-SD).

Using a targeted Bayesian analysis, we focused on season-
specific and then compartment-specific species as potential 
bioindicators (austral winter vs. summer and coral rubble 
vs. seawater vs. sediment), but no ASVs showed significant 
over- or under-representation between the seasons nor com-
partments (Fig. 6).

Table 3   Microalgae diversity index. Lowercase letters indicate significant differences among conditions based on pairwise comparisons follow-
ing a Kruskal-Wallis test (P value < 0.05). S, austral summer; W, austral winter; CO, coral rubble; SW, seawater; SD, sediments

Condition Observed ASV Chao1 Simpson Shannon Faith PD Pielou evenness

S-CO 6.75 ± 2.87 (a) 0.74 ± 0.34 (a) 0.63 ± 0.24 (a) 0.61 ± 0.28 (a) 0.50 ± 0.18 (a) 6.75 ± 2.87 (a)
S-SD 8.17 ± 2.93 (a) 0.92 ± 0.37 (a) 0.82 ± 0.14 (a) 0.75 ± 0.12 (a) 0.60 ± 0.20 (a) 8.17 ± 2.93 (a)
W-CO 8.44 ± 3.05 (a) 0.95 ± 0.38 (a) 0.69 ± 0.10 (a) 0.70 ± 0.10 (a) 0.47 ± 0.14 (a) 8.44 ± 3.05 (a)
W-SW 9.50 ± 2.12 (a) 1.08 ± 0.27 (a) 0.65 ± 0.07 (a) 0.73 ± 0.06 (a) 0.39 ± 0.01 (a) 9.50 ± 2.12 (a)
W-SD 14.22 ± 19.06 (a) 1.32 ± 1.45 (a) 0.82 ± 0.18 (a) 0.74 ± 0.20 (a) 0.67 ± 0.20 (a) 10.78 ± 10.32 (a)
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Fig. 6   Bar plot for microalgae communities. A Microalgae phyla rela-
tive abundance; B focus on the more abundant phylum Chlorophyta 
genera relative abundance; C, D NMDS for microalgae phyla com-
munities (C) and focus on the Chlorophyta phylum, the most abun-

dant one (D). S-CO, summer-coral; S-SW, summer-seawater; S-SD, 
summer-sediment; W-CO, winter-coral; W-SW, winter-seawater; 
W-SD, winter-sediment
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Microalgae Structure of Reef Compartments and Seasonal 
Data

No structure appeared in the NMDS (Fig. 6C) (stress = 0.30), 
and the PERMANOVA (nPerm = 9999) did not show sig-
nificant differences between the conditions for phyla (R2 
0.16321; P value 1, Supplementary Table S11a), as well 
as for the Chlorophyta phylum (focused on the most abun-
dant phylum) (Fig. 4D) (stress = 0.29) (R2 0.16602; P value 
0.614, Supplementary Table S11b).

Microalgae Community Structuring by Condition, 
Compartment, and Season: Insights for Bioindicator 
Identification

Using a targeted Bayesian analysis (P value adjusted < 0.05 
and Log2FoldChange >|2|), we did not identify condi-
tion-specific ASVs that could be too specific to serve as 

bioindicators (Fig. 7A), neither in compartment-specific 
ASVs (Fig. 7B) or season-specific ASVs.

Protista

Diversity of Microorganisms in Reef Compartment Through 
the Seasons

In terms of observed ASVs (Table  4, Supplementary 
Fig. S6), coral rubble showed higher diversity in austral 
summer (S-CO) (P value < 0.05). The Chao1 index demon-
strated that coral rubble and sediment during austral sum-
mer (S-CO and S-SD), and sediment during austral winter 
(W-SD) detained rarer ASVs than others (P value < 0.05). 
The Shannon diversity index also shows that coral rubble 
and sediment during austral summer (S-CO and S-SD) are 
more diverse and that seawater during austral winter (S-SW) 

Fig. 7   Identification of condition-, compartment-, and season-spe-
cific ASVs using targeted Bayesian analysis. A Upset plot of the 
condition-specific microalgae ASVs identified in the six experimen-
tal conditions (S-CO, S-SW, S-SD, W-CO, W-SW, and W-SD) based 
on the criteria of adjusted P value < 0.05 and Log2FoldChange >|2|. 
B Compartment-specific ASVs were determined across coral rub-

ble, sediment, and seawater compartments, highlighting no taxa with 
differential representation (adjusted P value < 0.05 and Log2Fold-
Change >|2|). S-CO, summer-coral; S-SW, summer-seawater; S-SD, 
summer-sediment; W-CO, winter-coral; W-SW, winter-seawater; 
W-SD, winter-sediment

Table 4   Protista diversity index. Lowercase letters indicate significant differences among conditions based on pairwise comparisons following a 
Kruskal-Wallis test (P value < 0.05). S, austral summer; W, austral winter; CO, coral rubble; SW, seawater; SD, sediments

Condition Observed ASV Chao1 Simpson Shannon Faith PD Pielou evenness

S-CO 52.78 ± 20.06 (a) 52.78 ± 20.06 (a) 0.96 ± 0.04 (a) 5.11 ± 0.79 (a) 6.36 ± 1.94 (ab) 0.91 ± 0.04 (a)
S-SW 19.89 ± 16.24 (a) 19.89 ± 16.24 (a) 0.87 ± 0.06 (a) 3.46 ± 0.89 (a) 3.03 ± 2.26 (ab) 0.84 ± 0.09 (a)
S-SD 49.33 ± 13.17 (b) 49.33 ± 13.17 (b) 0.95 ± 0.02 (b) 4.98 ± 0.35 (b) 7.14 ± 1.57 (c) 0.89 ± 0.05 (a)
W-CO 43.89 ± 12.42 (a) 43.94 ± 12.52 (a) 0.93 ± 0.04 (ab) 4.55 ± 0.73 (ab) 5.78 ± 1.01 (a) 0.84 ± 0.08 (a)
W-SW 37.11 ± 10.74 (ab) 37.11 ± 10.74 (ab) 0.93 ± 0.04 (ab) 4.41 ± 0.76 (ab) 5.67 ± 1.53 (bc) 0.86 ± 0.07 (a)
W-SD 51.44 ± 11.35 (ab) 51.56 ± 11.30 (ab) 0.94 ± 0.02 (ab) 4.81 ± 0.50 (ab) 8.75 ± 1.71 (bc) 0.85 ± 0.05 (a)
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has less overall diversity. The Faith PD index demonstrated 
higher diversity in sediment during austral winter (W-SD).

In summary, the analysis of protista diversity among vari-
ous conditions revealed that coral rubble in austral summer 
(S-CO) exhibits the highest diversity, while seawater in aus-
tral summer (S-SW) had the lowest diversity, as indicated by 
multiple diversity indexes, with sediment generally show-
ing higher diversity than seawater, and sediment in austral 
winter displaying a distinct pattern of higher phylogenetic 
diversity.

Community Composition for Deciphering the Reef 
Compartments and Seasonal Effects

Dinoflagellata was the most abundant protista phylum 
(63.3% N = 6), followed by Diatomea (22.6% N = 6) and 
then Protalveolata (4.5% N = 6) (P value < 0.05) (Fig. 8 A, 
Supplementary Table S12).

Dinoflagellata was the most relatively abundant protista 
phylum (Fig. 8A, Supplementary Table S12) with 91.6%, 
followed by Apicomplexa (3.0%) and then Cercozoa 
(2.0%) in austral summer in coral rubble (S-CO). In sea-
water (S-SW), the Dinoflagellata was the most relatively 
abundant protista phylum with 58.3%, followed by Dia-
tomea (25.8%) and then Ciliophora (16.0%). In sediment 
(S-SD), the Diatomea was the most relatively abundant 
protista phylum with 53.4%, followed by Dinoflagellata 
(35.5%) and then Apicomplexa (4.4%).

During austral winter in coral rubble (W-CO), Dino-
flagellata was the most relatively abundant protista phy-
lum with 99.2%, followed by Apicomplexa (0.4%) and 
then Protalveolata (0.2%). In seawater (W-SW), the Dia-
tomea was the most relatively abundant protista phylum 
with 52.8%, followed by Dinoflagellata (35.7%) and then 
MAST12 (6.1%). In sediment (W-SD), the Dinoflagellata 
was the most relatively abundant protista phylum with 
59.7%, followed by Peronosporomycetes (23.5%), and then 
Ciliophora (3.9%).

Focusing on the most abundant phylum, i.e., Dinofla-
getella (Fig. 8B, Supplementary Table S10), Symbiodinium 
was the most abundant genus (41.7% N = 6) followed by 
Pelagodinium (27.8% N = 6) and then Cochlodinium (23.4% 
N = 6). During austral summer, in coral rubble (S-CO), 
Pelagodinium was the most relatively abundant Dinoflagel-
lata genus with 46.8%, followed by Symbiodinium (45.1%) 
and then Alexandrium (3.0%). In seawater (S-SW), Sym-
biodinium was the most relatively abundant Dinoflagellata 
genus with 87.3%, followed by Pyramidodinium (12.7%). 
In sediment (S-SD), Symbiodinium was the most relatively 
abundant Dinoflagellata genus with 38.7%, followed by Pel-
agodinium (33.4%) and then Cochlodinium (16.3%). Dur-
ing austral winter in coral rubble (W-CO), Symbiodinium 

was the most relatively abundant Dinoflagellata genus with 
68.9%, followed by Pelagodinium (30.9%) and then Pyra-
midodinium (0.2%). In seawater (W-SW), Cochlodinium 
was the most relatively abundant Dinoflagellata genus with 
92.8%, followed by Symbiodinium (7.2%) and then Pelago-
dinium (0.1%). In sediment (W-SD), Pelagodinium was the 
most relatively abundant Dinoflagellata genus with 55.6%, 
followed by Cochlodinium (30.2%) and then Pyramidod-
inium (9.9%).

Protista Structure of Reef Compartment and Seasonal Data

The NMDS (stress = 0.23) for protista phyla communities 
(Fig. 8D) showed a separation between all conditions. For 
phyla, the PERMANOVA (nPerm = 9999) confirmed signifi-
cant differences between the conditions (R2 0.43375; P value 
0.001, Supplementary Table S13a) and the pairwise Adonis 
test shows most comparisons were significant (Supplemen-
tary Table S13b). For the Dinoflagellata phylum (focus on 
the most abundant phylum) (Fig. 8E) (stress = 0.17), the 
PERMANOVA (nPerm = 9999) confirmed significant dif-
ferences between the conditions (R2 0.35421; P value 0.001, 
Supplementary Table S13c) and the pairwise Adonis test 
showed most comparisons were significant (Supplementary 
Table S13d). So, analyses revealed significant differences in 
protista communities across all conditions, as well as for the 
dominant Dinoflagellata phylum (Fig. 8).

Protista Community Structuring by Condition, 
Compartment, and Season: Insights for Bioindicator 
Identification

Using a targeted Bayesian analysis (P value adjusted < 0.05 
and Log2FoldChange >|2|), we identified condition-specific 
ASVs (W-SW, W-SD, and S-CO) that could be too specific 
to serve as bioindicators (Fig. 9A). If these ASVs will be 
found in the two next analyses (e.g., Bayesian analysis 
for compartment-specific ASVs and Bayesian analysis for 
season-specific ASVs), they will be deleted from these two 
next analyses (the ASV keys are authoritative, but not the 
taxonomic assignment, which means that species may nev-
ertheless be found here and not subsequently removed if 
they do not correspond exactly to the same ASV). Specific 
ASVs were found for each of the six conditions: W-SW, 
33; W-SD, 9; and S-CO, 5. ASVs keys, Log2FoldChanges, 
and taxonomic assignments can be found in Supplementary 
Table S14.

Using a targeted Bayesian analysis, we identified com-
partment-specific ASVs (coral rubble vs. seawater; coral 
rubble vs. sediment; sediment vs. seawater) that could 
serve as bioindicators (P value adjusted < 0.05 and Log-
2FoldChange >|2|). Five ASVs were significantly over- or 
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Fig. 8   Bar plot for protista communities. A Protista phyla relative 
abundance; B focus on the more abundant phylum Dinoflagellata gen-
era relative abundance; C, D: NMDS for protista phyla communities 
(C) and focus on the Dinoflagellata phylum, the most abundant one 

(D). S-CO, summer-coral; S-SW, summer-seawater; S-SD, summer-
sediment; W-CO, winter-coral; W-SW, winter-seawater; W-SD, win-
ter-sediment
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under-represented across all three compartments (Fig. 9B). 
These included three from the Suessiaceae family (Dino-
flagellata), one from the Dinophyceae class (Dinoflagellata), 
and one from the Bacillariophyceae family (Diatomea). Sev-
enteen ASVs were significantly over-represented in corals, 
including Margalefidinium polykrikoides (Dinoflagellata), 
Bacillariophyceae (Diatomea), and Navicula sp. (Diato-
mea). Twenty ASVs were significantly over-represented in 
sediment, including Psammodictyon pustulatum (Diatomea), 
Dinovorax pyriformis (Protalveolata), and Pyramidodinium 
atrofuscum (Dinoflagellata). Twenty-two ASVs were signifi-
cantly over-represented in seawater, including Pelagodinium 
sp. (Dinoflagellata), Symbiodinium uncultured zooxanthel-
lae (Dinoflagellata), and MAST-12A (Stramenopile). As no 
ASVs from the first Bayesian analysis (Fig. 9A) were found 
here, no ASVs were removed from this analysis.

Through a targeted Bayesian analysis, we focused on sea-
son-specific (austral winter vs. summer) species that could 

serve as strong bioindicators (P value adjusted < 0.05 and 
Log2FoldChange >|2|). Fifty-eight ASVs had been signifi-
cantly (P value adjusted < 0.05) found differentially over- or 
under-represented between austral summer and winter, but 
for better visualization, only the 30 most significant ASVs 
are shown in Fig. 9C. More specifically, during austral sum-
mer, 14 ASVs were significantly over-represented (P value 
adjusted < 0.05), including Navicula sp., Bacillariophyceae, 
Nitzschia sp., Cylindrotheca closterium (all Diatomea), Mar-
galefidinium polykrikoides, Gymnodiniphycidae, Dinophy-
ceae (all Dinoflagellata), Selenidium sp. (Apicomplexa), 
uncultured IN2411 ciliate (Ciliophora), Thraustochytrium 
sp. (Labyrinthulomycetes), and MAST-12A genera (MAST-
12 phylum). During austral winter, 16 ASVs were signifi-
cantly over-represented (P value adjusted < 0.05), more 
specifically, Suessiaceae, Symbiodium sp., Alexandrium sp., 
Dinophyta sp., Pyramidodinium atrofuscum (all Dinoflag-
ellata), Gastrocirrhus moniliferis, Hypotrichia ciliate (both 

Fig. 9   Identification of condition-, compartment-, and season-spe-
cific ASVs using targeted Bayesian analysis. A Upset plot of the 
condition-specific Protista ASVs identified in the six experimen-
tal conditions (S-CO, S-SW, S-SD, W-CO, W-SW, and W-SD) (in 
red) collected from the comparison of comparisons (the common 
denominator corresponding to the condition sought must be present 
in five comparisons, and to retrieve these ASVs a comparison of 
these comparisons must be made) based on the criteria of adjusted 
P value < 0.05 and Log2FoldChange >|2|. B Compartment-specific 
ASVs were determined across coral rubble, sediment, and seawater 

compartments, highlighting protista taxa with differential representa-
tion (adjusted P value < 0.05 and Log2FoldChange >|2|). C Season-
specific ASVs were determined across the austral summer vs. winter 
revealed comparison highlighting protista taxa with differential rep-
resentation (adjusted P value < 0.05 and Log2FoldChange >|2|). No 
overlaps with condition-specific ASVs (A) were detected in analyses 
(B) and (C). S-CO, summer-coral; S-SW, summer-seawater; S-SD, 
summer-sediment; W-CO, winter-coral; W-SW, winter-seawater; 
W-SD, winter-sediment
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Ciliophora), Navicula sp., (Diatomea), and Dinovorax pyri-
formis (Protalveolata). As no ASVs from the first Bayesian 
analysis (Fig. 5A) were found here, no ASVs were removed 
from this analysis.

Discussion

Introduction to Bioindicators in Coral Reefs

Microbial bioindicators, including DNA-based markers, 
have become indispensable for diagnosing the ecological 
state of coral reef ecosystems and their responses to climate 
and local stressors. These tools leverage the sensitivity of 
microbial communities to environmental changes, providing 
early detection of ecosystem modifications such as nutri-
ent enrichment, sedimentation, and temperature anomalies. 
Recent studies [5–7, 26] highlighted the growing potential of 
eDNA bioindicators in revealing these changes, underscor-
ing their relevance for monitoring and managing reef health.

Given the diversity and complexity of tropical aquatic 
ecosystems, it is increasingly evident that bioindication 
approaches must be tailored to specific environmental con-
texts [5, 92, 93]. The initial step toward effective microbial 
bioindication involves defining microbial baselines—estab-
lishing the diversity, composition, and structure of natural 
microbial communities across the most relevant reef com-
partments under a range of environmental conditions. This 
foundational data is critical for distinguishing between natu-
ral variability and stressor-induced shifts. A subsequent step 
is characterizing temporal variability, as seasonal changes 
have been shown to significantly influence coral reef micro-
biomes [26]. Both steps are essential for identifying reliable 
bioindicators that reflect the ecological state and resilience 
of reef systems.

In contrast to the findings of Laroche et al. [94], where a 
number of the putative indicators identified with eDNA in 
their study exhibited strong site specificity, we were able to 
eliminate this problem with Bayesian analyses: statistical 
analyses, including both classical and Bayesian approaches, 
showed no significant differences in community structure 
across sites, whether by community type or by compartment. 
Moreover, the focus on finding compartment- or season-
specific indicator ASVs with this type of statistical analysis 
and their comparison with the ASVs found in the guard safe 
analysis (the six initial conditions, allowing specific ASV 
patterns to be found) showing no overlap between the dif-
ferent ASVs perfectly demonstrates the power and relevance 
of this type of analysis here. Nevertheless, we agree with 
the conclusions of Laroche et al. [94] that some taxa (taxo-
nomic assignment, not ASVs) were recurrent under certain 
conditions, and others reflected very specific responses to 

given conditions (compartments or season), underlining the 
importance of establishing spatial and temporal baselines 
to improve the robustness of bioindicator-based monitoring 
strategies.

In this study, we applied a holistic and intensive approach 
to characterize the microbiome of the La Saline fringing 
reef, integrating three ecosystem compartments (seawater, 
sediment, and coral rubble), two seasons (austral summer 
and winter), and four genetic markers targeting bacteria, 
fungi, protists, and microalgae. This multi-faceted approach 
allowed us for the first time for each kingdom targeted to (i) 
Document microbial diversity, composition, and structure 
for each taxonomic kingdom in the La Réunion reef ecosys-
tem; (ii) assess variability across compartments and seasons; 
and (iii) identify taxa, classes, and genera with potential as 
bioindicators to enhance reef health monitoring and man-
agement strategies. By leveraging eDNA-based bioindica-
tors, this study aims to enhance coral reef monitoring with 
a framework tailored to ecosystem-specific and temporal 
dynamics, emphasizing their crucial role in advancing reef 
management and conservation efforts.

Bacteria

The marine bacterial microbiome in La Réunion Island’s 
fringing reef exhibited a varying diversity among the stud-
ied compartments and seasons. Consistent with studies by 
[26] and [76], the highest bacterial diversity was observed in 
sediments during the austral winter. Phylogenetically distant 
bacterial species in coral rubble during austral summer and 
seawater during austral winter suggest that substrate type 
influences microbiome composition [7, 95].

The distribution and relative abundance of certain micro-
bial groups are strongly influenced by the characteristics of 
specific reef compartments. Endolithic Cyanobacteria, for 
instance, are predominantly more abundant in hard sub-
strates such as coral rubble compared to sediment or sea-
water. In seawater, they typically occur as sparse spores or 
filaments, resulting in a lower genetic signature due to prob-
able dilution effects [14, 96, 97]. Conversely, in sediments, 
the abundance of endolithic Cyanobacteria is significantly 
reduced, as most of these species are photophilic, requir-
ing high light availability [14, 17]. Sediments, being more 
mobile than rubble, present a less stable substrate for their 
colonization, except species like Plectonema terebrans, 
which is sciaphilic and adapted to lower light conditions 
[14, 96]. In seawater, only planktonic Cyanobacteria are 
naturally expected, while benthic Cyanobacteria dominate 
in sediment environments. Interestingly, some species may 
exhibit ubiquity, being present across all compartments, 
although their relative abundances and ecological roles 
may vary significantly. Such observations underscore the 
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compartment-specific dynamics that shape the presence 
and functional distribution of microbial groups within reef 
ecosystems.

The prevalence of Firmicutes underscores their ecologi-
cal importance in coral ecosystems. Indeed, [98] and [99] 
showed the important role of those taxa in reef nutrient 
cycling, nitrogen fixation, and overall reef resilience, sup-
porting coral health and ecosystem stability. Similarly, as 
observed in previous research [24, 100, 101], Proteobacteria 
dominated our studied bacterial communities, highlighting 
probable specialization within ecological niches [102].

The relative abundance of Proteobacteria shows that it 
is the most abundant phylum (except in summer seawater) 
and variable among reef compartments and seasons, with 
no significant structuration. Cyanobacteria, the second 
abundant phylum, were mostly abundant in coral rubble 
during winter, and Firmicutes, the third abundant phylum, 
in seawater in austral summer. These findings suggest that 
microbial community composition in coral reefs is highly 
dynamic [103] and influenced by both seasonal changes and 
specific microhabitats [26], reflecting the adaptive responses 
of different bacterial phyla to environmental fluctuations and 
their potential functional roles in maintaining reef ecosys-
tem stability [102, 104]. Indeed, as an example, Zubia et al. 
[104] demonstrated a significant shift in the diversity and 
composition of benthic epilithic bacterial communities in 
degraded reefs compared to pristine reefs in Moorea, French 
Polynesia.

By grouping all compartments, we observed significant 
seasonal changes in bacterial microbiome composition, with 
distinct taxa dominating respectively in austral summer and 
winter. During the austral winter, Proteobacteria such as 
Aestuariibacter, Ahrensia, Cognatishimia, Filomicrobium, 
and Photobacterium were more abundant, indicating their 
ecological importance in colder months. Indeed, Aestuari-
ibacter likely plays a role in organic matter degradation 
(nutrient cycling) [105, 106] and Ahrensia is involved in 
sulfur oxidation (sulfur cycling) [107]. These processes, 
potentially more active in winter, suggest a crucial role for 
Aestuariibacter and Ahrensia in maintaining ecosystem 
function during this season, particularly by contributing to 
nutrient and sulfur cycling under conditions that may favor 
organic matter accumulation and reduced sulfur compound 
availability. Cognatishimia’s ability to thrive across a wide 
temperature and salinity range suggests a role in maintaining 
coral homeostasis under varying environmental conditions 
[108], Filomicrobium participates in denitrification (contrib-
uting to nitrogen removal and balancing nitrogen levels in 
the ecosystem) [109], and Photobacterium are known for 
nitrate reduction (supports nutrient cycling) [110]. While 
Filomicrobium and Photobacterium play key roles in nitro-
gen cycling through denitrification and nitrate reduction, 
their hypothesized higher abundance in austral winter aligns 

with increased nutrient inputs and organic matter from sea-
sonal rainfall. This seasonal nutrient influx likely intensifies 
microbial recycling processes, underscoring the importance 
of these taxa in sustaining ecosystem nutrient balance during 
periods of heightened biogeochemical activity. In contrast, 
Caldalkalibacillus (Firmicutes), Propionigenium (Fusobac-
teriota), Acidobacteriota Subgroup_10, and Zeaxanthinibac-
ter (Bacteroidota) are over-represented during the austral 
summer, indicating their adaptation to warmer conditions 
(or maybe it is also linked to the fact that the others are 
eaten by predators that are there in the summer) [111, 112]. 
These findings underscore the impact of seasonality on the 
marine microbiome’s composition and function, warrant-
ing further research into the ecological roles of seasonally 
abundant taxa.

In austral summer seawater, Vibrio, a gram-negative 
bacteria genus [113], is the most abundant among Proteo-
bacteria. Although most Vibrio species are harmless, some 
can cause diseases in humans, animals, and plants [114], 
making biomonitoring relevant for this genus. Vibrio are 
well-established indicators of marine fecal contamination, 
reflecting water quality issues linked to anthropogenic pres-
sures [115]. In coral reefs, Vibrio serves as a marker of tem-
perature increases and stress events, such as coral bleaching, 
which are closely tied to global warming [6, 116]. Their 
prevalence often escalates in response to rising sea surface 
temperatures and deteriorating reef health. Vibrio collec-
tively represents pressures from pollution, global warming, 
and ecological disruptions [117]. Some species, such as 
Vibrio coralliilyticus and Vibrio shilonii, are well-docu-
mented coral pathogens. For instance, Vibrio coralliilyticus 
is a temperature-sensitive opportunistic pathogen that infects 
multiple coral species and poses a global threat, particularly 
when temperatures exceed 27 °C [118, 119]. Cyanobacte-
ria play a vital role in contemporary coral reef ecosystems, 
dominating communities and microbial mats [98]. Cyano-
bacteria play also important roles in reef primary production 
[120, 121], nutrient cycling (especially within coral tissues, 
in sediments and dead corals), nitrogen fixation, and overall 
coral health and ecosystem stability [9]. Our data indicate a 
seasonal shift in their abundance among reef compartments, 
with a higher abundance in coral rubble, particularly in aus-
tral winter, then shifting toward a higher relative abundance 
in austral summer sediments [26]. In austral summer, Act-
inobacteria, notably abundant in seawater, contrasts with the 
seasonal pattern observed in the Pearl River Estuary (China) 
which becomes dominant only in austral winter [122]. Also 
in austral summer, considering Firmicute’s potential as a 
bioindicator in polluted areas and its association with coral 
disease [123, 124] maintaining this phylum as a bioindica-
tor is relevant. Additionally, Glasl et al. [26] have detected a 
shift in the Firmicutes:Bacteroidota ratio (F:B) over summer, 
underscoring how seasonal changes in dominant microbial 
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taxa reshape the functional repertoire of host-associated 
and seawater microbiomes, thereby illustrating the impact 
of environmental perturbations on microbially mediated pro-
cesses within coral reef ecosystems. Indeed, an increase in 
Firmicutes relative to Bacteroidetes may indicate eutrophi-
cation or anthropogenic pollution [125, 126], as Firmicutes 
are often associated with environments impacted by organic 
enrichment [127, 128]. In our results, we observe a higher 
F:B ratio in sediments and seawater during the austral sum-
mer (same findings as in Glasl et al. [26] for the summer 
period). This suggests that the sediment microbial commu-
nity may reflect the increased organic input during warmer 
periods, possibly due to enhanced microbial metabolism and 
runoff. Targeted analysis revealed the significative presence 
of four Photobacterium in austral winter, which are known 
to be an emerging pathogen often associated with fish, some-
times leading to the death of many fish on the shore [129, 
130]. As was recently the case on the beaches of La Réunion 
Island, bio-monitoring, therefore, seems appropriate. Two 
significant occurrences of Cognatishimia were noted, and 
according to [131], the abundance of this species is associ-
ated with the good health of some marine life, potentially 
serving as a positive environmental indicator.

Fungi

As in previous studies [132, 133], Ascomycota and Basidi-
omycota were the dominant phyla, with Ascomycota consist-
ently prevailing in corals year-round. Specific genera, such 
as Aspergillus, Cladosporium, and Rhinocladiella, exhibit 
varying degrees of abundance in different conditions, as in 
[134]. The seasonal presence of Chytridiomycota in sedi-
ment and seawater during summer hints at their ecological 
roles in nutrient cycling and organic matter decomposition, 
as in summer, there are more terrigenous inputs due to pre-
cipitations (wet season) in the lagoon, enriched in nutrients 
and organic matter [135, 136]. In contrast to distinct seawa-
ter and sediment community structures among seasons, coral 
rubble communities were more stable, echoing prior studies 
on environmental influences on microbial fungal dynamics 
[29, 30, 134]. Indeed, coral rubble condition was stable year-
round, probably because fungi present in this type of hard 
carbonate substrates are bioeroding (cryptic) fungi [96, 137, 
138]. Bioeroding communities in dead reef carbonates are 
known to be relatively mature (stable) after 6 to 12 months 
of colonization [14, 139]. Moreover bioeroding fungi rely 
on the organic matter provided by the matrix of the coral 
itself and from other bioeroding microbes, especially the 
bioeroding microalga Ostreobium sp. [137, 140], which frees 
themselves from the presence of organic matter in the water 
column.

Fungi represent an overlooked kingdom in marine stud-
ies [141], and the seasonal variations of their distribution 

and abundance need to be more studied [30, 137, 142]. Our 
results suggest distinct seasonal dynamics in different fungal 
taxa. For example, the over-representation of Aureobasidium 
leucospermi and Cladosporium dominicanum during austral 
summer is contrasted by a significant proliferation of well-
known species like Aspergillus baarnensis or Periconia bys-
soides during austral winter. Though these species are still 
poorly studied, their change in abundance between seasons 
suggests that important ecological factors may significantly 
modulate their abundance. Targeted analysis further revealed 
interesting patterns, including the presence of multiple 
closely related but distinct species of Malassezia sympodia-
lis in austral winter and the abundance of Simplicillium lano-
soniveum strains during the same season, extending to previ-
ous studies [143, 144]. In austral summer, seawater exhibits 
the fewest ASVs compared to coral and sediments, while in 
austral winter, it surpasses both. This statistically significant 
seasonal effect is also noted in fungal alpha diversity in sea-
water and sediment samples in Norway [142]. Our results 
indicate that the dominant species of marine fungi (mainly 
Ascomycota and Basidiomycota) are not unique to corals 
and are frequently found in terrestrial environments [145]. 
Marine communities, however, include a few specific genera 
such as Rhodotorula and Chytridiomycota [141, 145, 146], 
although no ASVs belonging to Rhodotorula were detected 
in our study, Chytridiomycota were found in sediment and 
seawater. Moreover, in terms of interactions, coral fungi do 
not differ fundamentally from the symbiotic, ubiquitous, or 
pathogenic interactions observed for terrestrial fungi [146]. 
However, variations in their diversity can be used as envi-
ronmental indicators [147], for example, during bleaching 
episodes. A recent study showed that, during a bleaching 
episode, pathogens such as those in the Apiotrichum genus 
thrive, while other genera with probiotic roles, such as Fusi-
colla, regress [147]. This reinforces the importance of moni-
toring fungal community dynamics in coral reefs.

The Ascomycota:Basidiomycota (A:B) ratio shifts 
between austral summer and winter in seawater and sedi-
ments, as noted previously by [142] between March and Sep-
tember, albeit to a lesser extent. This shift may be attributed 
to a marine dinoflagellate bloom, disrupting the environ-
ment. It is established that inferred changes in community 
composition reveal potential interactions among taxa [148]. 
The A:B ratio is already used for terrestrial bio-monitoring 
with eDNA technics [66], but using this in the marine envi-
ronment will probably need repeated sampling through time 
to validate this bioindicator [149]. Indeed, the A:B ratio, 
while primarily well studied in terrestrial environments [66, 
150], could gain recognition in marine systems as a poten-
tial bioindicator. Similarly, to land, Ascomycota dominance 
often reflects high nutrient availability and adaptability to 
variable conditions, as well as in degraded environments [66, 
151], while Basidiomycota dominance is linked to organic 
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matter degradation and healthy environment [149, 152]. 
For example, Rosenberg and Ben-Haim (2005) [153] noted 
shifts in Ascomycota species in response to stress events, 
such as coral bleaching, particularly genera like Aspergil-
lus, increased disproportionately. In our study, the A:B ratio 
varied across reef compartments and seasons, with Ascomy-
cota dominating in coral rubble and sediments, especially 
during the austral summer. So, we observed that Ascomy-
cota’s adaptive capacity allows it to thrive under fluctuat-
ing environmental conditions, highlighting its utility as a 
potential bioindicator in reef ecosystems. Within Ascomy-
cota, Aspergillus dominates in relative abundance, except in 
austral winter sediment where Cladosporium prevails. Given 
the pathogenicity of some Aspergillus to gorgonians [154] 
and the strong pathogenic effect of some Cladosporium on 
shoreline plants [155], their biomonitoring may be relevant, 
notably in the context of marine pollution [156]. The third 
phylum, Chytridiomycota, is abundant in austral summer 
sediments and present in austral winter sediments and sea-
water. As a species-rich phylum of basal fungi, Chytridiomy-
cota plays vital roles in terrestrial and aquatic ecosystems, 
but its diversity and richness are largely unknown [157]. 
The species matching our data is Dinomyces arenysensis, the 
first chytrid identified to infect marine dinoflagellates [158]. 
Since the importance of coral–dinoflagellate symbiosis is 
no longer in question [159], specific monitoring of this spe-
cies over time could be relevant. Targeted analyses revealed 
the prominence of the Malassezia taxon. Multiple strains/
subspecies/varieties of M. sympodialis are present in austral 
winter, with one being highly significant in austral summer. 
The role of this yeast fungus commonly found on human 
skin, is controversial as it occurs on both healthy and dis-
eased skin [160], suggesting potential applications for health 
monitoring. The genus Rhinocladiella is notably abundant 
in austral winter, with R. similis identified significantly by 
at least two strains/subspecies/varieties during this period. 
Considering their increasing reports in healthcare settings 
[161], bio-monitoring of this species could be relevant in 
future studies.

Microalgae

The highest microalgal diversity was observed in sediment 
compartments during the austral summer, while coral rub-
ble exhibited lower diversity compared to seawater in the 
same season (as indicated by Faith’s PD results). These 
findings suggest the presence of evolutionarily distant spe-
cies across compartments, reflecting distinct ecological 
niches and adaptation strategies [162–164]. Analysis of the 
microalgae composition highlighted the dominance of three 
major phyla: Rhodophyta, Chlorophyta, and Ochrophyta, 
with the two first being the most abundant. Rhodophyta is 
the most abundant phylum in sediment and seawater, while 

Chlorophyta dominates in coral rubble. Ostreobiaceae was 
the most abundant family within Chlorophyta. Most of the 
ASVs were assigned to Ostreobium sp., which is a genus of 
bioeroding algae that are commonly found in reef environ-
ments [41, 165]. The genus-level analysis focused on Chlo-
rophyta revealed Ostreobium sp. as the most abundant genus, 
followed by Dichotomosiphon and Chlorella. Ostreobium 
sp. exhibits high relative abundance in various conditions, 
including coral rubble, sediment, and seawater. Notably, dur-
ing austral winter, Ostreobium sp. accounted for 100% of the 
relative abundance in coral rubble and sediment, and 53.4% 
in seawater, while in austral summer, it represented 55.7% in 
coral rubble and 98.1% in sediment. These findings highlight 
for the first time the presence of these bioeroding microalgae 
in different reef compartments both in winter and summer. 
Only Grange [166] showed previously the dynamics of dead 
coral colonization by Ostreobium sp. over several months 
during both seasons. This author showed that the coloniza-
tion of dead coral blocks by Ostreobium sp. was delayed in 
winter compared to summer probably due to lower light con-
ditions, as well as lower temperature and nutrient concentra-
tions. The fact that tufA sequences of Ostreobium sp. were 
also present in great abundance within microalgae com-
munities in both coral rubble and sediments suggests that 
those compartments are “reservoir” and that this genus is 
well present year-round in coral reefs [166, 167]. Moreover, 
its presence in seawater in winter (> 50%) confirms Massé 
et al.’s [168] results.

Microalgae show more diverse abundant algae classes 
in corals in austral summer. While the Rhodophyta are not 
necessarily well-assigned taxonomically in this study case, 
the Chlorophyta are well documented. Ostreobiaceae is the 
most abundant family in Chlorophyta. Most of the ASVs are 
assigned to Ostreobium sp., which is a genus of green algae 
that is commonly found in marine and estuarine environ-
ments [169]. Effective management strategies are necessary 
to balance the ecological benefits of Ostreobium sp. with 
its potential negative impacts and to ensure the health and 
sustainability of marine ecosystems [9].

Those microboring algae are known to play important 
roles in reef functioning including benthic primary produc-
tion [170], carbonate dissolution [33], and nutrient recycling 
[9]. Furthermore, Ostreobium sp. can contribute to biomin-
eralization, producing calcium carbonate that aids in forming 
and stabilizing marine structures, including coral reefs, and 
assisting in coral bleaching recovery [22]. Ostreobium sp. 
can sometimes become overabundant and form dense mats 
or coatings that can smother other organisms and reduce bio-
diversity [171]. Additionally, it can contribute to the build-
up of organic matter, which can lead to the development 
of hypoxic or anoxic conditions in many skeletal zones of 
corals [19]. They are greatly influenced by environmental 
factors such as ocean acidification [33], ocean temperature 
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[166], and eutrophication [34]. They can also bloom within a 
few days inside skeletons of living corals that are under ther-
mal stress due to ocean warming or marine heat waves (e.g., 
[21]). Thus, monitoring their relative abundance in coral 
reefs, in seawater, sediments, and coral rubble or dead corals 
may be of interest to detect possible environmental changes 
that may greatly impact coral survival such as marine heat 
waves. But before being able to reach this goal it is impor-
tant to better understand the natural dynamics of microbor-
ing communities dominated by Ostreobium sp., in various 
places, and at different time scales. Overall, Ostreobium sp. 
is an interesting and important group of green algae, and 
ongoing research is helping us to better understand its eco-
logical and evolutionary significance, as well as its potential 
impacts on marine ecosystems [22, 169, 171].

Protista

The observed variations in diversity metrics, such as the 
Chao1 index and Simpson evenness index, further empha-
sized the importance of considering both rare and abundant 
protist species in understanding the overall diversity and 
ecological dynamics of microbiomes [172]. The abundance 
of protists in marine environments is linked to their cru-
cial ecological roles such as primary producers, symbiotic 
relationships, oxygen production, or again indicator species 
[173, 174]. The dominance of Dinoflagellata and Diatomea, 
within the protists community is not surprising as Dinoflag-
ellata form a major group of endosymbionts in living corals 
[175] and Diatomea are very commonly found within sedi-
ments [176]. Surprisingly a relatively unknown phyla, Pro-
talveolata, was also found in great abundance in the present 
protists community [99, 177]. Analysis of key genera in the 
Dinoflagetella phylum, including Symbiodinium, Pelagod-
inium, and Cochlodinium, highlighted their prevalence in 
the tropical lagoon’s marine microbiome. Symbiodinium, in 
particular, stands out, underscoring its crucial role in coral 
physiology and other organisms and in general in ecosystem 
dynamics [178].

During austral summer, several ASVs belonging to the 
Diatomea phylum, such as Navicula sp. and Bacillariophy-
ceae, were significantly over-represented. Additionally, 
ASVs from the Dinoflagellata phylum, including Margale-
fidinium polykrikoides and Gymnodiniphycidae, showed 
higher abundance during this season, as well as other phyla, 
such as Apicomplexa, Ciliophora, Labyrinthulomycetes, 
and MAST-12. In contrast, austral winter was characterized 
by an abundance of Dinoflagellata ASVs, particularly from 
the Suessiaceae family and Symbiodium species. In austral 
winter, ASVs from Apicomplexa, Ciliophora, Diatomea, and 
Protalveolata phyla are more abundant, aligning with previ-
ous studies on seasonal variations in protista marine micro-
biomes. This underscores the importance of understanding 

the ecological dynamics [179] and highlights the necessity 
for further investigations into the functional roles and eco-
logical implications of these taxa in the marine environment.

Protista is increasingly used in eDNA studies as a bioin-
dicator [180–182]. One of the major interests of the marker 
we used is its ability to capture sequences relating to the 
Kingdom of Chromista phytoplankton. The usefulness of 
Dinoflagellata, Diatomea, Kathablepharidae, Protalveolata, 
and Peronosporomycetes as a bioindicator is no longer a 
question [31, 183, 184]. A deep look into the abundant Dino-
flagellata showed that some pathogenic genera were found 
in the La Réunion Island lagoon. Alexandrium is a genus of 
marine dinoflagellates that includes several species of harm-
ful algae, also known as “red tide” algae. While most species 
of Alexandrium are harmless, some can produce potent neu-
rotoxins that can cause serious health problems in humans 
and marine animals [185] and can have devastating impacts 
on ecosystems [186]. Pelagodinium, a genus found abundant 
in sediment here, exhibits resilience through the formation 
of dormant cysts [187], enabling survival in fluctuating 
environments and potentially contributing to harmful algal 
blooms [188]. Cochlodinium, a marine dinoflagellate genus 
that can generate harmful algal blooms, posing environ-
mental and human health risks [189], is abundant in austral 
winter seawater in this study. Biomonitoring may be relevant 
for future assessments. Marine stramenopiles (MAST12 
phyla) are becoming more and more studied as bioindica-
tors [190, 191]. As heterotrophic protists, they play a pivotal 
role in microbial food webs, particularly in the recycling of 
organic matter and the regulation of bacterial populations. 
Their distribution and abundance are often tightly linked to 
specific environmental conditions, such as nutrient avail-
ability, temperature, and hydrodynamic processes, making 
them effective proxies for assessing ecosystem health and 
detecting shifts in ecological balance [190, 191]. They are 
highly abundant in La Réunion lagoon’s seawater in austral 
winter, and 600 times less so in sediment at the same time. 
In contrast, they are not detected in corals or elsewhere in 
austral summer. So, their seasonal and compartment-specific 
patterns further underscore their potential as indicators of 
biogeochemical processes and habitat quality.

Conclusions

The present study is one of the first to mine the microbi-
ome of bacteria, fungi, microalga, and protists simultane-
ously in a fringing reef ecosystem. The lagoon ecosystem 
of La Réunion Island revealed variable microbial diversities, 
compositions, and community structuration among all three 
compartments (coral rubble, seawater, and sediment), dur-
ing both austral summer and winter, highlighting the poten-
tial for a multi-taxa bioindication of the ecological state of 
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this ecosystem. The fact that no significant variation was 
observed between the studied sites suggests the reef microbi-
ome is influenced by more contrasted environmental changes 
than those observed at La Saline fringing reefs. Indeed, the 
absence of this variation between stations separated by a few 
kilometers is somewhat unexpected, as spatial heterogene-
ity in marine microbiomes is typically observed over such 
distances due to localized environmental factors, such as 
variations in hydrodynamics, nutrient gradients, and habitat 
structure. This suggests that microbial communities within 
the reef may be well integrated across the study area, pos-
sibly facilitated by water movement, which could act as a 
dispersal mechanism. However, it is also possible that the 
spatial resolution of sampling, or temporal variability in 
environmental conditions, may have obscured finer-scale dif-
ferences in community structure. Future studies with higher-
resolution sampling or incorporating temporal dynamics 
could provide further insights into the drivers of microbial 
distribution at this scale (Table 5).

Austral winter sediments show elevated diversity and 
unique phylum-level patterns, shaped by seasonal shifts 
and reef compartments, emphasizing the significance of 
substrate-specific bacterial taxa in the marine environment. 
Over-represented species in corals play crucial roles in 
coral health, symbiosis, sediment degradation, and organic 
matter recycling. Conversely, under-represented species in 

sediments have important ecological roles in that habitat. 
Seasonal fluctuations add complexity to the marine bacterial 
microbiome, with distinct taxa dominating during austral 
summer and winter, indicating their ecological relevance 
in specific seasons. Notably, potentially pathogenic genera 
like Vibrio and Photobacterium are present and underscore 
the importance of implementing biomonitoring strategies 
to ensure environmental safety [193]. Furthermore, the sea-
sonality of certain bacterial phyla, including Cyanobacteria, 
Actinobacteria, and Firmicutes, highlights the need to con-
sider seasonal variations when using them as bioindicators. 
The presence of Cognatishimia also suggests its potential as 
a positive indicator of the environment.

Marine fungal communities, primarily Ascomycota 
and Basidiomycota, display probable dynamic responses 
to environmental factors, necessitating further research on 
their ecological roles and dynamics. As confirmed by [145], 
Ascomycota and Basidiomycota are ubiquitous in a wide 
range of ecosystems, including marine and terrestrial envi-
ronments, where they play essential roles in nutrient cycling 
and decomposition. In addition, [29] and [146] have docu-
mented the presence of these large fungal groups, particu-
larly in coral reefs, highlighting their importance in marine 
ecosystem dynamics, including in tropical areas where reefs 
are present. Our study highlights the potential of fungi, par-
ticularly Aspergillus and Cladosporium, as bioindicators of 

Table 5   List of potential bio-indicators

Kingdom Potential bio-indicators Role Sources

Bacteria Vibrio Potentially pathogenic for environment and human’s health [6, 115–117, 192]
Photobacterium Potentially pathogenic [129, 130]
Cyanobacteria Consider seasonal variations when using them as bio-indicators [98]
Actinobacteria Consider seasonal variations when using them as bio-indicators [122]
Firmicutes Consider seasonal variations when using them as bio-indicators [123, 124]
Firmicutes:Bacteroidota Increase in stress [26, 125, 126, 128]
Cognatishimia Positive indicator of the environment [131]

Fungi Ascomycota:Basidiomycota Increase in stress [66, 150–153]
Aspergillus Potentially pathogenic to gorgonians, bio-indicator in polluted area [154]
Cladosporium Potentially pathogenic to shore plants [155]
Dinomyces arenysensis Potentially pathogenic to marine dinoflagellates [158]
Malassezia sympodialis Potentially pathogenic for human’s health [143, 144]
Simplicillium lanosoniveum Potentially pathogenic for human’s health [143, 144]
Rhinocladiella Potentially pathogenic for human’s health [161]

Microalgae Ostreobium Depending of abundance, need more studies [22, 169, 171]
Protista Symbiodinium Seasonal variations underscore the need for further investigations [178]

Pelagodinium Seasonal variations underscore the need for further investigations [188]
Cochlodinium Seasonal variations underscore the need for further investigations [189]
Dinoflagellata Bio-indicators for water quality, harmful algal blooms, and overall ecosystem 

health
[185, 186]

Marine stramenopiles Bio-indicators for water quality, harmful algal blooms, and overall ecosystem 
health

[190, 191]
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water quality and environmental health in coral reef eco-
systems. These taxa exhibited significant variability across 
compartments and seasons, reflecting their sensitivity to 
changes in nutrient and organic matter inputs. Such patterns 
suggest that fungal bioindicators could be instrumental in 
detecting pollution, particularly from wastewater discharges, 
which may indicate deficiencies in sanitation infrastructure. 
These findings emphasize the relevance of fungal monitor-
ing for local managers and authorities, providing a valuable 
tool to inform decisions related to urban planning and waste-
water management to safeguard reef ecosystems. Seasonal 
variations underscore the importance of monitoring different 
strains and varieties for a comprehensive understanding of 
ecological roles and potential pathogenicity. These findings 
contribute to our knowledge of fungal diversity in marine 
environments, emphasizing the necessity of studying sea-
sonal shifts and community composition. The study high-
lights indicators for assessing fungal dynamics in marine 
environments. The Ascomycota:Basidiomycota (A:B) ratio 
exhibits seasonal shifts in seawater and sediments, poten-
tially serving as a bioindicator pending validation. Monitor-
ing pathogenic genera such as Aspergillus and Cladosporium 
is relevant for evaluating ecosystem health, while attention 
to Chytridiomycota, especially Dinomyces arenysensis, may 
offer insights into coral-dinoflagellate symbiosis. The detec-
tion of strains/subspecies/varieties such as M. sympodialis, 
Simplicillium lanosoniveum, and Rhinocladiella highlights 
emerging species with implications for human health and 
biological control.

The microalgae in La Réunion reef ecosystems are under-
scored by the dominance of Rhodophyta and Chlorophyta 
phyla, with Ostreobium as a prevalent genus. However, 
the absence of discernible patterns in microbial commu-
nity structure suggests a relatively homogeneous composi-
tion among the investigated conditions, aligning with the 
observed high spatial and temporal variability in marine 
ecosystems.

In brief, the study reveals the diverse abundance of algae 
classes in corals during austral summer, although the limi-
tation of missing data for one condition restricts interpreta-
tion. Effective management strategies are vital to balance the 
ecological benefits and potential negative impacts of Ostreo-
bium, emphasizing the need for further research to explore 
seasonal and compartmental variations. Ostreobium, as a 
diverse and ecologically significant group of green algae, 
plays a crucial role in primary production, biomineraliza-
tion, and ecosystem functioning in marine environments. 
However, its overabundance and potential impact on biodi-
versity and organic matter accumulation necessitate further 
investigation and monitoring for the health and resilience of 
marine ecosystems.

The ecological significance of protista in the marine eco-
system is evident through the dominance of Dinoflagellata 

and Diatomea phyla, featuring genera like Symbiodinium, 
Pelagodinium, and Cochlodinium. The consistent pres-
ence of certain ASVs among reef compartments hints at 
their potential ecological importance. Seasonal variations 
between austral summer and winter underscore the need for 
further investigations into the functional roles and ecological 
implications of key protista taxa. Dinoflagellata and marine 
stramenopiles emerge as promising bioindicators for water 
quality, harmful algal blooms, and overall ecosystem health, 
emphasizing the importance of ongoing research and bio-
monitoring efforts for a deeper understanding of protista in 
marine environments.

Monitoring the identified bioindicators over time pro-
vides a crucial perspective for understanding the ecological 
dynamics of marine ecosystems. Correlating these indica-
tors with lagoon physico-chemical parameters, including pH, 
salinity, temperature, and nutrients, offers a holistic view 
of the interplay between microbial communities and envi-
ronmental conditions. Analyzing these correlations helps 
unveil patterns, shedding light on the impact of seasonal 
variations and human activities on the lagoon ecosystem’s 
health and resilience. Integrating anthropogenic parameters, 
such as human occupation, enhances the analysis, provid-
ing insights into the potential influence of human activities 
on microbial diversity. This combined approach is vital for 
developing effective management and conservation strate-
gies that strike a balance between the ecological integrity of 
the marine environment and human needs.
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