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ABSTRACT

Ecological baselines for the structure and functioning of ecosystems in the absence of human activity can provide
essential information on their health status. The Glorieuses islands are located in the Western Indian Ocean
(WIO) and can be considered as “pristine” ecosystems that have not been subjected to anthropogenic pressure.
Their nutrient context and the microbial assemblages were assessed by determining the abundance of hetero-
trophic prokaryotes (archaea and bacteria), picocyanobacteria, picoeukaryotes, microphytoplankton and pro-
tozooplankton communities in five stations, during two contrasted periods (November 2015 and May 2016).
Chlorophyll-a concentrations were always under 1 pg/L and associated to very low levels in orthophosphates,
nitrate and dissolved organic carbon, revealing an ultra-oligotrophic status for the Glorieuses waters. Picocya-
nobacteria confirmed the ultra-oligotrophic status with a predominance of Synechococcus. Zeaxanthin associated
with the presence of picocyanobacteria represented the major pigment in both surveys. Three indices of diversity
(species richness, Shannon and Pielou indexes) from microscopy observations highlighted the difference of di-
versity in microphytoplankton between the surveys. A focus on a 16S metabarcoding approach showed a high
dominance of picocyanobacteria, Alpha- and Gammaproteobacteria, regardless of station or period. Multivariate
analyses (co-inertia analyses) revealed a strong variability of ecological conditions between the two periods, with
(i) high nutrient concentrations and heterotrophic nanoflagellate abundance in November 2015, and (ii) high
heterotrophic prokaryote and picoeukaryote abundance in May 2016. The impact of a category 5 tropical cyclone
(Fantala) on the regional zone in April 2016 is also advanced to explain these contrasted situations. Relative
importance of top-down factors between bacterial and heterotrophic nanoflagellates was observed in November
2015 with an active microbial food web. All the results indicate that three microbial indexes potentially can be
considered to assess the ecological change in Glorieuses marine waters.

1. Introduction

worldwide over the three last decades. What is more, these latter
constitute a natural shelter for the myriad organisms living there, such

Coral reef environments are generally recognized among the most
threatened and vulnerable marine ecosystems, and are highly suscepti-
ble to stress and disturbance, especially from anthropogenic pressure
(Costanza et al., 1997; Mellin et al., 2008) and climate change (Miller
et al., 2009). Recently, Barbier (2017) alerted the scientific world as to
coastal development and the loss or degradation of 30% of coral reefs

as reef fish and invertebrates (Barbier et al., 2011). Tropical pelagic
habitats (such as mangrove wetlands, seagrass meadows and corals
reefs) are highly socio-economically and ecologically essential (Nagel-
kerken, 2009), providing goods and services to human welfare and
economies, including greenhouse gas dynamics and pollution filtration
processes such as carbon storage and cycling (e.g. in mangrove habitats,
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Fujimoto et al., 1999; Balmford et al., 2002).

Ecological indicators are seen as a way to reduce the complexity of
ecosystems to a small number of key criteria that could retain the
essential information needed for tracking changes in the state of the
environment, as pointed out by Hayes et al. (2015). These authors cited
several international studies on a global scale, including those mandated
in 2008 by the European Marine Strategy Framework Directive (EC,
2008). Microbial planktonic communities encompass a great diversity of
organisms such as bacteria, phytoplankton and protozoa (ciliates and
nanoflagellates). The composition and structure of microbial commu-
nities are basic indicators of the state of the ecosystem, including the
type of factors regulating the dynamics of these communities (Suttle,
2005; Estrada and Vaqué, 2014). Phytoplankton, roughly defined as the
autotrophic component of the planktonic food web, are considered as
having an important ecological function as primary producers that
directly and indirectly fuels the food webs (Domingues et al., 2008).
Recently, Gittings et al. (2019) evaluated tropical phytoplankton
phenology using satellite data. They proposed to categorize phyto-
plankton as an “ecosystem indicator” to assess “ecosystem health” in
response to environmental and climatic disturbances.

In their review, Varkitzi et al. (2018) proposed a subset of indicators
for each biodiversity component to be tested for use in the assessment of
good environmental status of the water column in Mediterranean Sea,
phytoplankton being the unique biological variables tested. While some
indicators are available for phytoplankton such as diversity indices
(based essentially on individuals of size greater than 10 pm, micro-
algae), indicators are much less numerous for other components, and
almost non-existent for picophytoplankton (size smaller than 2 pm) and
prokaryotes (Varkitzi et al., 2018). The differences can be attributed to
the fact that phytoplankton is listed as a key biological element in Water
Framework Directive (EC, 2008). Other studies highlighted the
approach based on a composition index built with phytoplankton pig-
ments (HPLC) gathered during interannual samplings in French coastal
water masses, providing information on the seasonality of disturbances
(Lampert and Hernandez-Farinas, 2018). Autotrophic picoplankton
(including picoeukaryotes), with a cell size comprised between 0.2 and
2 pm, have been discovered as a major phytoplankton component,
contributing to 60% of the total primary production in an open ocean
ecosystem, located in the north tropical oligotrophic Indian Ocean (Platt
et al., 1983). Picoplankton communities are dominated by two genera of
Chroococcales (Cyanophyceae): Synechococcus, cosmopolite organisms in
coastal waters, and Prochlorococcus commonly found in the open ocean
between 40°N and 40°S (Johnson et al., 2006). As a result, they can
contribute up to 80% of total daily or annual carbon production, that
will subsequently be transferred to higher trophic levels through grazing
by microzooplankton (Dupuy et al., 2016; Armengol et al., 2019).

Interactions between anthropogenic and climatic stressors represent
a serious challenge for managing and predicting the water quality and
ecological status of interface ecosystems (estuaries, coastal lagoons)
(Hemraj et al., 2017). However, the effects of climate change can lead to
constantly changing ocean dynamics, and so an understanding of bio-
logical indices would be appreciable to follow the ecological status of
fragile ecosystems such as coral-reef systems (Burke et al., 2001).
Generally, it is extremely difficult to identify the effects of climate
change among other forcing stressors, mainly because ecosystems that
are isolated from human pressure are rare. Glorieuses islands (Grande
Glorieuse, Ile du Lys), belonging to the Iles Eparses and part of the TAAF
(Terres Australes et Antartiques Francaises), located in the Western In-
dian Ocean (WIO), display an extraordinary and rich biodiversity in
terms of marine species (Durville et al., 2003; Poupin et al., 2014;
Conand et al., 2014; Chabanet et al., 2015; Bouvy et al., 2016; Dupuy
et al., 2016; Quetel et al., 2016). These islands are associated with a
tropical wet climate (Quod et al., 2007; Quetel et al., 2016) and are
recognized as being uninhabited (other than a limited military presence)
as well as geographically isolated (located 222 km north of Madagascar
and 253 km north of Mayotte). As a result, Glorieuses islands can be
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considered as equivalent tropical pristine ecosystems, only being
touched by natural disturbances such as climatic actions. Geographi-
cally, the Mozambique Channel and the Western Indian Ocean (WIO)
are dominated by a series of southward drifting anti-cyclonic and
cyclonic eddies, which cause the upwelling of cooler, nutrient-rich wa-
ters, resulting in an elevated phytoplankton biomass (Barlow et al.,
2014; Lamont et al., 2014). In addition, the WIO is also subjected to
periodical extreme weather events such as cyclones, with serious impact
on shorelines and sediment transport, as described by Duvat et al. (2017)
on Farquhar Atoll (Seychelles), after the passage of a category 5 tropical
cyclone (Fantala) in April 2016. There is a limited understanding of the
influence of mesoscale eddies and cyclones on pelagic biological com-
partments in the WIO and Mozambique Channel, essentially focusing on
phytoplankton (Barlow et al., 2014; Ternon et al., 2014). Nevertheless,
cyclones can cause a dramatic change in the ecological functioning of
tropical coastal lagoons in Australia (McKinnon et al., 2003) and in
Bengal Bay (Srichandan et al., 2015), with drastic effects on phyto-
plankton assemblages, caused by modifications in turbidity and nutrient
regime.

In 2012, the Glorieuses lagoon was classified as a Marine Protected
Area, protecting 10% of the fish-species richness of Iles Eparses in the
WIO, using international measures such as fishing bans within a 12
nautical miles-limit, so as to minimize the human impact of fisheries on
the archipelago (Quetel et al., 2016). Indeed, the biodiversity of these
ecosystems has been particularly threatened by overfishing in local
fisheries from both Mayotte and Madagascar over the past years (Cha-
banet et al., 2015; Quetel et al., 2016). Therefore, the TAAF decided to
set up monitoring and management tools to efficiently protect the
biodiversity of the Glorieuses islands.

In this context, the “SIREME” research program (Suivi et inventaire
des récifs coralliens de Mayotte et des Iles Eparses) aimed to assess the
quality of coral reef ecosystems by studying reef fish, coral and plankton
biodiversity, in the knowledge that a comprehensive evaluation of mi-
crobial communities may be important to provide a qualitative baseline
for coral reef communities in pristine environments, compared to other
reef ecosystems (Dinsdale et al., 2008).

Our main goal in the SIREME program was to assess ecological in-
dicators (from both biological and chemical parameters) as a future
reference point, in order to monitor the state of the coral reefs over time,
by comparing results between stations and seasons (beginning and end
of the wet period).

In this study, we address objectives focused on microbial commu-
nities in Glorieuses marine waters through three ecological questions: (i)
What biological groups (bacterioplankton, phytoplankton, proto-
zooplankton) could be used as potential variables to evaluate the
ecological change of marine waters? (ii) Are there seasonal differences
in microbial planktonic communities that could be explained by the
variations in environmental conditions (trophic status)? (iii) Could the
tropical cyclone have contributed, after its passage in April 2016 in the
regional zone, to the ecological context in May 2016?

To answer these questions, the abundance of microbial planktonic
communities (heteroprokaryotes, phytoplankton, protozooplankton)
and the bacterio- and microphytoplankton diversity (metabarcoding and
microscopy approaches) in five marine sites around Glorieuses islands
were determined at two periods (November 2015 and May 2016). So as
to gain insight into the ecological status of the ecosystem, pigment
biomarkers by HPLC were determined to follow the dynamics of func-
tional and taxonomic phytoplankton groups.

2. Material and methods
2.1. Study site and samplings
The Iles Eparses are small coral reef islands, located in the Western

Indian Ocean (WIO) close to Madagascar, and became the 5th district of
the French Southern and Antarctic Lands (TAAF) in February 2007. The
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Glorieuses archipelago (11°33'S to 12°21'S and 46°26'E to 47°17'E)
consists in two islands, Grande Glorieuse and Ile du Lys, forming a coral
reef and lagoon (Fig. 1). Grande Glorieuses is roughly circular and
measures approximately 3 km across. Five locations were sampled
during two periods (November 19 to 21, 2015 and May 23 to June 2,
2016) (Table 1; Fig. 1). The choice of the sampling sites followed the
Global Coral Reef Network (GCRMN) guidelines (Conand et al., 1998):
stations were representative of coral reef geomorphology and habitats
(fore-reef, terraces, lagoon, pinnacles, etc.): GLO1, GLO2 and GLO6 are
located on external slope, GLO5 on a high horizontal underwater floor
and GLO7 on the internal slope of the lagoon. Sampling sites were
associated with the highest possible coral vitality according to the
general state of the reef studied; they had low exposure to confounding
factors such as tides and heavy swells (Chabanet et al., 2015). Maximal
depths of stations varied between 3 and 14 m (Table 1). Water samples
were taken at a depth of 2 m using a Niskin bottle, transferred imme-
diately to acid-washed polyethylene bottles, and kept in the dark at in
situ temperatures until being processed in the laboratory within 2 h.

2.2. Physical-chemical variables

At each sampling site, a CTD profiler (YSI 600 XLM) was deployed to
record temperature, depth, pH, and dissolved oxygen concentrations.
Dissolved organic carbon (DOC) analyses were performed on 30 mL sub-
samples collected in pre-combusted (450 °C overnight) glass vials,
preserved with 35 pL of 85% phosphoric acid. Samples were stored in
the dark until analysis, using a Shimadzu TOC VCPH analyzer (Rochelle-
Newall et al., 2008). Samples for measuring dissolved nutrients (NH4-N,
NO3-N, NO2-N, PO4-P) were filtered onto Whatman GF/F fiberglass fil-
ters, stored at —20 °C and analyzed as described by Strickland and
Parsons (1968).
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2.3. Biological variables

For archaeal and bacterial abundance (heterotrophic prokaryotes:
HPROK), samples were fixed with prefiltered (0.2 pm) buffered form-
aldehyde (2% final concentration), stored in liquid nitrogen (—196 °C)
and analyzed upon return to Montpellier University. HPROK cells were
enumerated by flow cytometry, according to the protocol described by
Marie et al. (1997), slightly modified with the use of a higher fluo-
chrome concentration (Bouvy et al., 2016). One milliliter of fixed sub-
samples was incubated with SYBR Green I (Molecular Probes, Eugene,
OR, USA) at a final concentration of 1/375, for 15 min at 4 °C in the
dark. For each subsample, three replicate counts were performed using a
FACSCalibur flow cytometer (Becton Dickinson, San Jose, CA, USA)
equipped with an air-cooled argon laser (488 nm, 15 mW). Stained
bacterial cells, excited at 488 nm, were enumerated according to their
right angle light scatter (RALS), and the green fluorescence (FL1) was
measured using a 530/30 nm filter. These cell parameters were recorded
on a four-decade logarithmic scale mapped onto 1024 channels. Fluo-
rescent beads (1-2 pm, Polysciences, Warrington, PA, USA) were sys-
tematically added to each sample. True count beads (Becton Dickinson,
San Jose, CA, USA) were added to determine the volume analyzed.
Standardized RALS and FL1 values (cell RALS and FL1 divided by 1 pm
beads, RALS and FL1 respectively) were used to estimate the relative size
and the nucleic acid content of bacterial cells respectively (Troussellier
et al,, 1999). List-mode files were analyzed using BD Cellquest Pro
software (ver.5.2.1). HPROK cells with High Nucleic Acid (HNA) con-
tent were identified and considered as active cells in the HPROK com-
munity (Gasol et al., 1999).

Pico and nano-phytoplankton samples were fixed with prefiltered
(0.2 pm) formaldehyde (2% final concentration), and counted using a
FACSAria Flow cytometer (Becton Dickinson, San Jose, CA, USA)
equipped with a HeNe air-cooled laser (633 nm, 20 mW). Picocyano-
bacteria cells (CYAN) represented by Prochlorococcus sp. (PRO) and
Synechococcus sp. (SYN), as well as autotrophic picoeukaryote (PICO)
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Fig. 1. Location of the Glorieuses Islands (Grande Glorieuse and Ile du Lys) in the Mozambique Channel, Western Indian Ocean. The five stations are indicated by a
blue star. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Table 1
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List of stations studied in Glorieuses islands in West Indian Ocean in November 2015 and May 2016.
Sampling data, station code, geographical coordinates, station maximal depth and physico-chemical parameters (temperature, salinity, dissolved oxygen concentration

and pH) are reported as averaged over the water column (undet: not determined).

All water samples were taken at 2 m depth.

Code Latitude Longitude Max depth Sampling Temp Salinity Oxygen pH
South East m Date °C mg/L

GLO 1 11° 33.673' 47° 17.474 3 26/11/2015 27.4 35.02 undet 7.67
19/05/2016 27.6 34.95 6.15 7.98

GLO 2 11° 34.880' 47° 16.862 8 20/11/2015 27.0 35.06 7.33 8.26
20/05/2016 27.7 35.19 7.06 undet

GLO 5 11° 32.388' 47° 20.458' 6 23/11/2015 27.8 35.07 undet 8.11
18/05/2016 28.4 34.97 5.80 7.99

GLO 6 11° 32.973' 47° 17.755 14 22/11/2015 27.8 34.99 6.88 8.07
19/05/2016 27.9 34.97 6.05 7.97

GLO 7 11° 32.227' 47° 22.402 4.5 25/11/2015 27.3 35.02 6.56 7.52
17/05/2016 28.6 35.48 6.74 8.11

cells, were excited at 633 nm and enumerated depending on their FALS
and RALS properties, and by their orange fluorescence (576,/26 nm) and
red fluorescence (>650 nm) from phycoerythrin and chlorophyll pig-
ments, respectively. Fluorescent beads (1-2 pm for picoplankton cells
and 2-6 to 10-20 pm diameter for nanoplankton cells) were systemat-
ically added to each sample. True count beads (Becton Dickinson, San
Jose, CA, USA) were added to determine the volume analyzed. List-
mode files were analyzed using BD FACSDiva software. In order to
enumerate heterotrophic nanoflagellates (HNF; cell size comprised be-
tween 2 and 20 pm), water samples were fixed with paraformaldehyde
(4% final concentration) and stored at 4 °C in the dark. Twenty-five
milliliters of preserved water samples were then stained with DAPI
(final concentration of 2.5 pg/mL) for 15 min, filtered onto a black
Nuclepore filter (0.8 pm), stored at 4 °C, and counted using an epi-
fluorescence microscope (Olympus AX 70 microscope, magnification
x1000) with UV excitation (Bouvy et al., 2016).

For protozooplankton (ciliates) and microphytoplankton (i.e. cells or
colonies larger than 20 pm) abundance, water samples (500 mL) were
concentrated by gravity filtration onto a Nuclepore filter (5 pm pore-
size), and fixed with alkaline lugol iodine (2% final concentration)
(Bouvy et al., 2016). The remaining 30 mL were then stored at 4 °C in
the dark until analysis in the laboratory. Microorganisms were
enumerated in a Utermohl settling chamber (Hydro-Bios combined plate
chamber) using a reverse microscope (Zeiss Axiovert, magnification
400) for ciliates, and an inverted microscope (Olympus IX70), equipped
with a digital camera (Motic Moticam Pro) for microphytoplankton. The
ciliates were identified with and without lorica (aloricates and lor-
icates). Microphytoplankton species abundances were used to calculate
three diversity indices: species richness (number of taxa per station),
Shannon-Wiever diversity index (Shannon and Wiever, 1963), and
Pielou's evenness index (Pielou, 1966).

2.4. Photosynthetic pigments

The identification and quantification of photosynthetic pigments
included in phytoplankton (total and below 3 pm fraction) was per-
formed through HPLC (High Performance Liquid Chromatography),
using Waters D600 equipment and an ODS C-18 column only with UV-
detection (Wright et al., 1991). Pigments were detected by a Waters
2996 photo-diode detector (optic resolution 1.2 nm) from 400 to 700 nm
for chlorophylls and carotenoids, and by a 2475 Multi A fluorescence
detector (Leruste et al., 2016). Photosynthetic pigments composition in
samples was determined by using Empower Pro3 (Waters) software. For
each sample, 200 to 300 mL, depending on phytoplankton biomass,
were filtered onto Whatman GF/F filters (47 mm diameter) and stored in
liquid nitrogen (—196 °C) until analysis. A chromatogram was extracted
at 440 nm, which is considered as being a threshold for obtaining the
average of the pigment peak. Each peak was attributed to a pigment,

checking the elution order and its retention in time, and comparing its
associated spectrum between 400 and 700 nm with a library of pigment
spectra. A background noise line, due to the age of the column used or to
the HPLC device itself, could be detected on the chromatogram.
Therefore, a readjustment was realized on the peak areas in order to
minimize the impact of this noise on the results. Pigments were quan-
tified using the slope of the regression line of their corresponding
standards and their peak areas to obtain their concentrations (expressed
in pg/L). The regression line for each standard was determined through
the quantity of 4 aliquots and their peak areas.

Photosynthetic pigments that are dominant in phytoplanktonic cells
can be seen as fingerprint markers of algal groups: chlorophyll-a (CHL-
A) is a biomarker of the total phytoplankton biomass, peridin (PERI) for
Dinophytes, fucoxanthin (FUCO) for fucoxanthin-rich diatoms. Dia-
dinoxanthin (DIAD) is typical to marine planktonic diatoms (Levaux
et al., 2002). Alloxanthin (ALLO) is then used as a biomarker for Cryp-
tophytes, whereas prasinoxanthin (PRAS) is typical to Prasinophytes
(Bustillos-Guzman et al., 2004). Violaxanthin (VIOL), neoxanthin
(NEO), and chlorophyll b (CHL-B) are found in Chlorophytes, also
known as green algae (Roy et al., 2011). Zeaxanthin (ZEAX) is mainly
found in cyanobacteria especially in coastal tropical water ecosystems,
but can also be found in Chlorophytes and Prasinophytes (Vidussi et al.,
2001). Finally, 19'But-fucoxanthin (BUTF) and 19'Hex-fucoxanthin
(HEXF) were used to identify Haptophytes (Roy et al., 2011).

2.5. Sequence processing — bacterial diversity

Water subsamples (100 mL) were filtered through 0.22 pm pore-size
polycarbonate filters (Nuclepore, pressure < 10 kPa) and stored at
—20 °C until nucleic acid extraction. DNA extractions were conducted
using the PowerWater DNA isolation Kit (Mo Bio Laboratories), as
described by the manufacturer for maximum yield. Amplification of the
V4-V5 region of the 16S rRNA genes was performed for bacteria using
the 515F (5-GTGYCAGCMGCCGCGGTA-3') and the 928R (5'-
CCCCGYCAATTCMTTTRAGT-3') primers (Wang and Qian, 2009).
Amplicon sequencing was carried out with Illumina MiSeq technology
(2 x 250 pb), in collaboration with the GeT core facility (Toulouse,
France). Bacterial 16S rRNA paired-end reads were merged with a
maximum of 10% mismatches in the overlap region using FLASh (Magoc
and Salzberg, 2011). Denoising procedures consisted in discarding reads
with no expected length and the ones containing ambiguous bases (N).
After de-replication, the clusterization tool was run with SWARM (Mahé
et al., 2014), which uses a local clustering threshold. Chimeras were
then removed using VSEARCH (Rognes et al., 2016) and low abundance
sequences were filtered at 0.005% (Bokulich et al., 2013), discarding
singletons from the datasets. Taxonomic affiliation was performed with
both RDP Classifier (Wang et al., 2007) and Blastn+ (Camacho et al.,
2009) against the 128 SILVA database (Quast et al., 2013). Samples were
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randomly resampled to the lowest number of retrieved bacterial se-
quences per sample, that is, 9909 sequences to allow comparisons be-
tween samples. This procedure was automated in the FROGS pipeline
(Escudié et al., 2018). Raw data is available under Sequence Read
Archive (SRA) format within the BioProject PRINA720390. The varia-
tion of OTU microbial sequences was determined by Non-metric Multi-
Dimensional Scaling (NMDS). An OTU sequence/station matrix was
created for sequence data to estimate station similarity using the Bray
Curtis metric. The similarity matrix was then ordinated by NMDS. A
SIMPER (similarity percentage) analysis was performed to determine
which sequence contributed most to the similarity or dissimilarity be-
tween stations.

2.6. Data processing - co-inertia analysis

The differences between sites for all variables were tested using the
non-parametric Mann-Whitney U test. Differences were considered as
significant at p < 0.05 (Sigma Stat version 3.5). The relationships be-
tween environmental parameters and biological variables were studied
using multivariate analyses, with data from the 5 sampling stations. All
the data were log (x + 1) transformed. Principal component analysis
(centered PCA) was performed for each of the two following data sets: an
Environmental System based on 10 parameters, and a Biological System
based on 12 variables. The results of the two analyses were associated
using a co-inertia analysis, which allows two tables with a different
number of variables to be compared (Doledec and Chessel, 1994). Two
sets of factor scores were obtained for the sampling points: scores of the
rows “seen by the environmental parameters”, and scores of the rows
“seen by the biological variables”. The significance of the co-inertia
analysis was tested after randomizing the results, using a repeated
random permutation of the rows of both tables, and a comparison of
these results obtained with a standard PCA. The resulting distribution of
2000 replicated matches of the two arrays gave an estimated signifi-
cance of p < 0.001 for the difference with the original value. All data
processing was performed using ADE-4 software (Thioulouse et al.,
1997).

3. Results
3.1. Environmental parameters

Physico-chemical conditions were similar for every site during the
two surveys with no significant differences (p > 0.05) between the two

seasons (November and May) whatever the station (Table 1). The

Table 2
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vertical profiles of values obtained by the CTD profiler did not show
significant differences (p > 0.05) along the profile. The surface tem-
perature ranged from 27.0 °C (GLO2 in November) to 28.6 °C (GLO7 in
May) whereas the salinity ranged from 34.95 (GLO1 in May) to 35.19
(GLO2 in May). The dissolved oxygen concentrations ranged from 5.80
mg/L (GLO5 in May) to 7.06 mg/L (GLO2 in May). The pH values varied
little with the season, with values comprised between 7.52 and 8.26.
Significant differences were found for phosphorus (PO4) and dissolved
organic carbon (DOC) concentrations, with the greatest values reported
in November, whereas ammonia and nitrate concentrations were not
significantly different between the two periods (U test, p < 0.05;
Table 2). Concentrations of chlorophyll-a (CHL-A) were significantly
higher in November than in May (U test, p = 0.028), and the difference
was more marked with the values based on cell-size inferior to 3 pm
(CHL < 3; U test, p = 0.001), with the highest concentrations for the
GLO2 site. CHL < 3 pm contribution to total pigment concentrations was
78% in November and 59% in May.

Accessory pigment concentrations of the total fraction were domi-
nated by four pigments: chlorophyll-b (CHL-B), fucoxanthin (FUCO),
diadinoxantin (DIAD) and zeaxanthin (ZEAX), and their concentrations
were always higher in November than in May. However, no significant
difference in means was observed between the two surveys (Table 2).
Accessory pigments diversity was higher in May (11 pigments without
CHL-A) than in November (6 pigments without CHL-A), (Fig. 2). The
GLO5 and GLO7 stations exhibited the lowest concentrations of pig-
ments in May and November, associated with an absence of CHL-B in
November (Table 2). Zeaxanthin concentrations were detected in all
stations whatever the season, with an important contribution in May
(between 30% and 60% of total pigments, except at GLO1; Fig. 2).
Fucoxanthin concentrations (FUCO) were also detected in all stations,
especially at GLO2 and GLO5 in November. It was obvious that GLO-1
(oceanic site) showed higher pigment diversity than GLO7 (coral reef
site), whatever the season. The GLO7 station was characterized by the
marked contribution of 19'Hex-fucoxanthin (HEXF) in May and
November (almost 30% of total accessory pigment). Peridinin (PERI)
contribution was only detected at GLO2 in May.

3.2. Biological variables

The abundance of heterotrophic prokaryotes (bacteria and archaea;
HPROK) was similar between the two seasons (mean of 7.28 + 3.14 x
108/L in November and 8.78 + 1.40 x 10%/L in May; Table 3). The
percentage of active cells with high nucleic acid content (% HNA) was
not significantly different between November and May (U test, p >

Values, mean and standard deviation (Std) of chemical parameters from the 5 studied sites during the two surveys (November 2015 and May 2016). Differences
between surveys were tested using the non-parametric Mann-Whitney U test (*: p < 0.05).

Abbreviations: POy: dissolved phosphorus; NOg: nitrate; NH,: ammonium; DOC: dissolved organic carbon; CHL-A: chlorophyll-a; CHL < 3: chlorophyll-a of cell size <3
pm; CHL-B: chlorophyll-b; FUCO: fucoxanthin; DIAD: diadinoxanthin; ZEAX: zeaxanthin.

Parameters Code PO, NO3 NH4 DOC CHL-A CHL < 3 CHL-B FUCO DIAD ZEAX
Units uM pM pM uM pg/L pg/L pg/L pg/L pg/L pg/L
November 2015 GLO1 0.130 0.133 0.409 126 0.368 0.281 0.211 0.066 0.052 0.219
GLO2 0.114 0.307 0.261 149 0.396 0.278 0.272 0.195 0.001 0.138
GLO5 0.142 0.444 0.303 117 0.262 0.242 0.001 0.087 0.007 0.069
GLO6 0.199 0.117 0.365 117 0.269 0.221 0.588 0.048 0.001 0.164
GLO7 0.216 0.268 0.223 140 0.206 0.144 0.001 0.029 0.014 0.066
Mean 2015 0.160 0.253 0.312 130 0.300 0.233 0.215 0.085 0.015 0.131
Std 2015 0.044 0.134 0.075 14 0.079 0.056 0.241 0.065 0.021 0.065
May 2016 GLO1 0.100 0.160 0.123 87 0.028 0.030 0.061 0.061 0.025 0.060
GLO2 0.105 0.130 0.165 93 0.319 0.143 0.097 0.037 0.008 0.142
GLO5 0.109 0.196 0.332 95 0.079 0.034 0.061 0.015 0.004 0.091
GLO6 0.130 0.182 0.089 95 0.163 0.076 0.041 0.053 0.012 0.088
GLO7 0.099 0.213 0.251 98 0.077 0.084 0 0.009 0 0.049
Mean 2016 0.104 0.174 0.188 94 0.133 0.074 0.052 0.035 0.010 0.086
Std 2016 0.015 0.030 0.101 4 0.114 0.045 0.035 0.022 0.009 0.036
Test (2015-2016) 0.027* 0.256 0.059 0.008* 0.028* 0.001* 0.421 0.145 0.498 0.215
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Table 3

Values, mean and standard deviation (Std) of biological parameters from the 5 studied sites during the two surveys (November 2015 and May 2016). Differences between surveys were tested using the non-parametric

Mann-Whitney U test (*: p < 0.05).

Abbreviations: HPROK: heterotrophic prokaryotes; HNA: percentage of heterotrophic prokaryotes with high nucleic acid content. PICO: picoeukaryotes; NANO: nanophytoplankton; CYAN: picocyanobacteria; SYN/PRO:

ratio Synechococcus/Prochlorococcus; HNF: heterotrophic nanoflagellates; HNA: heterotrophic prokaryotes with high nucleic acid level. ALOR: aloricate ciliates; LOR: loricate ciliates; ALG: microphytoplankton and 3

diversity indices: RICH: Species richness; SHAN: Shannon diversity index; EVEN: Pielou's evenness index.

LOR

HPROK/HNF ALOR

ALG HPROK HNF HNA

EVEN

NANO CYAN SYN/PRO RICH SHAN

PICO

Code

Parameters

/L

/L

%

10%/L

10%/L

10%/L

10%/L 107/L

10%/L

Units

16
20
16
24
16

1030
255
5041

41.3

8.62
10.8

8.88
2.75

10.9

1.70

0.832
0.902
0.746
0.720
0.889
0.818

2.532
3.231

21.0

7.95
8.25
5.59
8.36
6.93
7.43
1.12
4.80
5.19
5.16
5.69

12.17

5.71
3.99
2.92
5.30
0.93
3.77
1.93
2.32
2.21
0.82
2.54
1.10
1.80
0.78

2.17
1.87
2.04
1.62
1.61
1.86
0.25
0.12
0.09
0.68
0.10
0.76
0.09
0.02

1.22

2.14

GLO1

November 2015
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4.1
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6.22
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465
1514
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5.64
7.28
3.14

10.0

3.09
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16

58.8

121

0.78

2.616

19.0

10.0

18.4
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8.85
3.95
5.40
0.38
0.84
0.71
1.56
1.78
2.07

2.20

2.732
0.126
2.653
2.514

29.4

Mean 2015
Std 2015

3.6 6.6

1993
1860
24,582

10.2

0.99
3.98

0.082
0.709
0.646
0.776
0.718

8.6
42

58.1
4

.0

1
1

GLO1
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2.824
2.594
2.567
2.631

38.0
37

10

46.1
45.6
4

.0

4701
10,753

64
02

2.

0.711
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3.2
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2.7
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3.13

7.23
4.98

Mean 2016
Std 2016

4.1

8974

0.046 0.65

0.036*

0.119
0.690

5.1

0.088

0.008*

0.049*

0.008* 0.985

0.357

0.154

0.037*

0.008* 0.067 0.067

0.016*

Test (2015-2016)
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0.05), with a mean of 55.2 + 10.2% and 48.9 + 5.44%, respectively.

Among phytoplankton, the dominant groups in terms of abundance
were the picocyanobacteria (CYAN), represented by the Synechococcus
(SYN) and Prochlorococcus (PRO) genus, with no significant difference
between the two surveys. SYN was the most represented with a SYN/
PRO mean ratio of 7.43 + 1.12 in November and 6.60 + 3.13 in May.
Significant differences in nanophytoplankton (NANO) abundance were
reported between the two surveys, with the greatest values noted in
November (mean of 1.86 + 0.25 x 10°/L versus 0.09 + 0.02 x 10°/L; U
test, p = 0.008). Inversely, picoeukaryote (PICO) abundance was
significantly higher in May (mean of 7.23 + 4.98 x 10*/L; U test, p =
0.016), with the highest values observed in GLO2. The last autotrophic
group identified as phytoplankton was microphytoplankton (ALG), with
a total of 30 different species belonging to 3 algal classes considered as
dominant (with a selected occurrence above 2%) during the two surveys
(Table 4). No significant difference in the mean values of micro-
phytoplankton abundance was observed between the surveys (Table 3).
Although the number of species per station (RICH) was significantly
higher in May (mean of 40.6) than in November (mean of 29.4) (U test,
p = 0.037), no significant difference was observed in terms of diversity
through the Shannon-Wiever index (U test; p = 0.690; Table 3). How-
ever, species evenness index (EVEN), referring to how close in numbers
each species in an environment is, showed significant difference be-
tween the two surveys (U test, p = 0.036; Table 3) with mean values of
0.818 in November and 0.712 in May. Bacillariophyceae were the most
diverse with 66% of total species, followed by Dinophyceae (Table 4).
Centric Bacillariophyceae were largely represented by Coscinodiscus sp.,
Chaetoceros sp., and Cocconeis spp. Most of the abundance was repre-
sented by two species (present at each station throughout the surveys)
belonging to Bacillariophyceae: Cylindrotheca closterium and an un-
identified species of Navicula spl, representing >20% of total microalgal
abundance. The genus Pseudo-Nitzschia was also present with a density
greater than 2%, except at GLO6 in November. Globally, Dinophyceae
exhibited higher species richness (number of species) in November than
in May, except for one station (GLO5).

The mean abundance of heterotrophic nanoflagellates (HNF) was
significantly higher in November than in May (U test, p = 0.008) (mean
of 8.85 & 3.95 x 10°/L versus 1.78 + 2.07 x 10°/L). The ratio of het-
erotrophic prokaryotes and heterotrophic nanoflagellates (HPROK/
HNF) was thus significantly higher in May (mean ratio of 10,753 +
8974) than in November (mean ratio of 1514 + 1993) (U test, p =
0.049), with the highest ratio observed in GLO2 (Table 3). The ciliate
community was identified as two groups (aloricates and loricates) and
their abundance were very low for all the stations for both surveys
(Table 3). As for HNF, aloricate abundance (ALOR) were significantly
higher in November (mean of 18.4 + 3.6 ind/L) than in May (mean of
1.2 + 2.7 ind/L) (U test, p = 0.008), and were absent in 4 stations. Thus,
the protozooplankton community was very poorly represented in May
compared to November.

3.3. Bacterial diversity by sequence processing

A mean value of 327 (std = 49) OTU sequences per station was
discriminated using sequence processing. The taxonomic composition of
the bacterial assemblages within the surveys was dominated by three
phyla: cyanobacteria, alpha- and gammaproteobacteria, with means of
25%, 26% and 21%, respectively (Fig. 3). Bacteroides represented
37.3% of total sequences at GLO2 in May and clearly dominated the total
microbial assemblage. This class represented low values in November
(mean of 9%). Inversely, GLO2 was characterized by the lowest per-
centage of cyanobacteria in May (16%). Other microorganisms such as
eukaryotes were detected, with the presence of chloroplasts, repre-
senting 9% in November and 10% in May of the total sequences on
average. The spatial variation of the OTU microbial sequences by station
and by survey was determined using Non-Metric Multi-Dimensional
Scaling (NMDS), with a stress value of 0.01 indicating a strong
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Table 4

: Heatmap of the contribution of the dominant microalgal species (>2%) at each station in November (Nov)
2015 and May 2016. Shading in the boxes indicates the percentage of total microalgal density represented by
each dominant taxon. Identification was made at the highest level possible, numbers after genus indicate
different but unidentified taxa. Shading legend is indicated on bottom.

Period Nov  May Nov May | Nov May | Nov May | Nov May
Station GLO1 GLO1| GLO2 GLO2 | GLO5 GLOS5 | GLO6 GLO6 | GLO7 GLO7
Bacillariophyceae

Amphora sp.
Bacteriastrum sp.
Cerataulina pelagica
Cylindrotheca closterium - - - -
Chaetoceros spl
Chaetoceros sp2
Cocconeis spp.
Coscinodiscus spp.
Dactyliosolen sp.
Leptocylindrus danicus
Leptocylindrus minimus
Licmophora sp.
Navicula sp2

Navicula sp3

Nitzschia spl

Nitzschia sp2

Pennate spp. (5 %40 um)

Pseudonitzschia spp. - - -

Skeletonema spl

Dinophyceae
Prorocentrum cordatum -
Scrippsiella spp.
Protoperidinium spp.
Dinophyceae sp.
Oxytoxum laticeps
Heterocapsa niei
Gymnodinium spl
Gymnodinium sp2

Gymnodinium sp3

Cyanophyceae

Oscillatoriales spp.

Colour scale >20% 20% 15% 10% 2-5%
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Fig. 3. Relative abundance (% of sequences) of microbial phyla in the five stations during the two periods (November 2015 and May 2016). No data for GLO1 in

May 2016.
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ordination (Fig. 4). A clear difference was observed with a cluster
including only the stations sampled in May 2016, with a similarity of
78%. Interestingly, similarity between GLO5 and GLO6 was high in
November 2015 (72%), while the similarity at the survey level was only
60.15%. Dissimilarity between stations sampled in November 2015 and
May 2016 was 46.43%.

3.4. Link between environmental and biological variables: co-inertia
analysis

The two PCAs on environmental and biological variables were per-
formed on the grouped data sets of the two seasons (5 stations; 10
environmental parameters and 12 biological variables). The first two
eigenvalues of the co-inertia analysis accounted for 90.9% of the total
variability (Figs. 5 and 6), therefore the analysis focused on the first 2
axes. The values of the projected variables on the environmental and
biological tables on the axes (F1, F2) of the co-inertia analysis (Iner E
and Iner B) were close to the values of projected variables on the same
axes of the standard (PCA) analysis (Var E and Var B) (Table 5). The co-
inertia analysis demonstrated a co-structure between the two data sets.
The correlation between the new environmental and biological ordina-
tion of the stations, reflecting the degree of association between the
scores of the sampling points (stations-periods) on the first two axes of
the two systems (Axis F1 Environment/Axis F1 Biology; Axis F2 Envi-
ronment/Axis F2 Biology), demonstrated the high and significant degree
of association between Environmental and Biological systems, with R-
values of 0.886 and 0.955 (Table 5). Figs. 5 and 6 show the plots of the
variables and stations, in November 2015 and May 2016, in the first
factorial plane for the Environmental and the Biological Systems,
respectively.

In the Environmental System (Fig. 5), the first axis (F1) clearly
showed an opposition in the parameters studied between November
2015 and May 2016, with higher concentrations of all the parameters
analyzed in 2015, such as dissolved organic matter and chlorophyll-a
concentrations (DOC, CHL-A, CHL < 3), with significant correlations
between them (Table 6). The location of stations sampled in 2015 was
clearly differentiated by the second axis (F2), with a marked opposition
between GLO2 and GLO7. The highest concentrations of zeaxanthin
(ZEAX) were significantly correlated with the majority of chlorophyll
variables (CHL-A and CHL < 3) (Table 6).

Marine Pollution Bulletin 174 (2022) 113218

In the Biological System (Fig. 6), the F1 axis also showed the clear
opposition between the stations sampled in 2015 versus in 2016, with
grouped sites in 2016 characterized by higher abundance of heterotro-
phic prokaryotes (HPROK, HNA, HPROK/HNF) and autotrophic
picoeukaryotes (PICO). A significant positive correlation was observed
between HPROK/HNF and PICO (r = 0.635, p < 0.05; Table 7).
Inversely, picocyanobacteria variables (CYAN, SYN/PRO), nano-
phytoplankton (NANO), heterotrophic nanoflagellates (HNF) and cili-
ates (LOR, ALOR) exhibited higher abundance in 2015. The
nanoplanktonic variables (HNF, ALOR, LOR, NANO) were significantly
correlated to each other (Table 7). The F2 axis revealed large discrep-
ancies between the stations sampled in 2015 (Fig. 6), with a marked
opposition between GLO2 and GLO7, as reported in the Environmental
System (Fig. 5). It was clear that stations sampled in 2016 were more
strongly characterized by a dominance of picoplankton compared to the
situation in 2015, with a dominance of nanoplankton. Otherwise,
abundance of microphytoplankton (ALG) and Shannon index (SHAN)
revealed no significant difference between the two situations with an
opposite contribution of these two variables to Axis 1 (ALG: —0.56;
SHAN: +0.70).

The relationship between the normalized coordinates of the stations
on the first axis of the two systems (“Environmental” and “Biological”),
reflecting the degree of association between Biology and Environment,
mostly in terms of time variation (i.e. opposition between 2015 and
2016), was highly significant (r2> = 0.79). Fig. 7 shows the plots of the
stations with most of them sampled in 2015 situated close to the equality
line, whereas the position of some stations sampled in 2016 are far from
the equality line. The same relationships between the coordinates from
the second axis of the two systems, mostly reflecting the space vari-
ability, was also highly significant (r> = 0.91) but much more explained
by the plots of 2015 (r2 = 0.94) than by those of 2016 (r? = 0.39).

4. Discussion
4.1. Context

Coral reef environments are generally recognized as being among the
most threatened of the fragile marine ecosystems (Mellin et al., 2008),

and ecological changes take place slowly, driven by anthropogenic
pressure and climate change (Costanza et al., 1997). However, it is

3 : Fig. 5. Co-inertia analysis with the position of the environ-
| mental variables on the F1 x F2 plane. Position of the sites
| (red colour) was linked to biological variables co-inertia
} weights. The number refers to the label of the station and

2 | GLO7-15 the year (November 2015 and May 2016). See abbreviations
| in Table 1 for the sites.

} Abbreviations: POy4: dissolved phosphorus; NOg: nitrate; NH,:

14 | GLOA-15 ammonia; DOC: dissolved organic carbon; CHL-A: chloro-
| PO phyll-a; CHL < 3: chlorophyll-a of cell size <3 pm; CHL-B:
} DIAD chlorophyll-b; FUCO: fucoxanthin; DIAD: diadinoxanthin;
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Fig. 6. : Co-inertia analysis with the position of the biological
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|
} GLO6-15

Axis 2

SHAN

HNF
ALOR
————SYNPRO — —0R

CYAN

variables on the F1 x F2 plane. Position of the sites (red
colour) was linked to biological variables co-inertia weights.
The number refers to the label of the station and the year
(November 2015 and May 2016). See abbreviations in Table 1
for the sites. Abbreviations: HPROK: heterotrophic pro-
karyotes; PICO: picoeukaryotes; NANO: nanophytoplankton;
CYAN: picocyanobacteria; SYN/PRO: ratio Synechococcus/
Prochlorococcus; HNF: heterotrophic nanoflagellates; HNA:
heterotrophic prokaryotes with high nucleic acid level. ALOR:
aloricate ciliates; LOR: loricate ciliates; SHAN: Shannon index;
ALG: microphytoplankton. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to
the web version of this article.)

NANO

GLO2-15

-2
Axis 1

Table 5

Comparison of inertia from the 2 data sets based on Environmental (E) and
Biological (B) variables resulting from the co-inertia analysis.

Two co-inertia axes (F1 and F2) are selected. Var E and Var B: inertia of each
table projected on the co-inertia axes. Iner E and Iner B: maximal projected
inertia of each table.

Covar: covariance of the 2 sets of coordinates projected on the co-inertia axes.
R-value represents the correlation between the 2 new sets of coordinates
resulting from the co-inertia analysis.

Axis Var E Var B Iner E Iner B Covar R-value
F1 4.268 5.56 4.471 5.742 4.318 0.8863
F2 1.089 1.863 2.057 2.311 1.361 0.9551

extremely difficult to distinguish the effects of climate change from
other forcing forces. As a place that is remote from human activities, the
Iles Eparses are considered as “pristine” ecosystems with respect to
anthropogenic pressures (Bouvy et al., 2016), allowing us to establish
ecological baselines for coral reef ecosystems. Previous regional studies
conducted in the Iles Eparses provided preliminary insights into the
spatial distribution of the plankton community (Bouvy et al., 2016), and
the trophic relationships between communities (Dupuy et al., 2016). So
far as we are aware, studies of microbial communities conducted in
these islands are few (Riaux-Gobin et al., 2011; Bouvy et al., 2016;

Table 6

Dupuy et al., 2016; Bouvy et al., 2021), and in a context of global
change, it is necessary to assess water quality and their changes through
potential planktonic components linked to these fragile coral-reef
environments.

Our study reveals a high stability of the water column, based on non-
significant differences in parameters between surface and bottom sam-
ples confirming the data obtained in 2011 (Bouvy et al., 2016) and the
qualification of these islands as a relatively stable environment by
Quetel et al. (2016). Environmental conditions were characterized by
very low nutrient levels, consistent with previous observations (Bouvy
et al., 2016, 2021). Chlorophyll-a concentrations (CHL-A) were always
under 1 pg/L, revealing the classification of Glorieuses waters as being
ultra-oligotrophic. This status was confirmed by very low levels of dis-
solved nutrients (especially orthophosphates, nitrate, dissolved organic
carbon) similar to data acquired in 2011 (Bouvy et al., 2016).

4.2. Biological components of the water column

Regarding biological variables, heterotrophic prokaryotes (bacteria
and archaea; HPROK) were the major component of plankton commu-
nities both in November 2015 and May 2016, with abundance values
comparable to those occurring in coral-reef systems (Seymour et al.,
2005; Dinsdale et al., 2008; Patten et al., 2011; Bouvy et al., 2012).
Picocyanobacteria ~ (CYAN;  particularly = Prochlorococcus  and

Mann-Whitney rank correlations between the 10 chemical descriptors studied at the 5 stations. Significant values are given in bold (*p < 0.05; **p < 0.01; ***p <

0.001).

Abbreviations: POy4: dissolved phosphorus; NOs3: nitrate; NH4: ammonium; DOC: dissolved organic carbon; CHL-A: chlorophyll-a; CHL < 3: chlorophyll-a with a cell
size <3 pm; CHL-B: chlorophyll-b; FUCO: fucoxanthin; DIAD: diadinoxanthin; ZEAX: xeaxanthin.

PO4 NO3 NH4 DOC CHL-A CHL < 3 CHL-B FUCO DIAD ZEAX
PO, 1.000 0.107 0.250 0.545 0.256 0.334 0.379 —0.063 0.001 0.121
NO3 1.000 0.061 0.433 0.140 0.316 —0.375 0.438 —0.305 —0.437
NH4 1.000 0.448 0.391 0.592 0.483 0.056 0.180 0.543
DOC 1.000 0.682* 0.764** 0.314 0.614* 0.063 0.332
CHL-A 1.000 0.895%** 0.469 0.606 0.176 0.756*
CHL < 3 1.000 0.503 0.622* 0.196 0.646*
CHL-B 1.000 0.295 —0.063 0.681*
FUCO 1.000 —-0.037 0.277
DIAD 1.000 0.470
ZEAX 1.000
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Table 7
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Mann-Whitney rank correlations between the 12 biological descriptors studied at the 5 stations. Significant values are given in bold (*p < 0.05; **p < 0.01; ***p <

0.001).

Abbreviations: HNF: heterotrophic nanoflagellates; ALOR: aloricate ciliates; LOR: loricate ciliates; NANO: nanophytoplankton; PICO: picoeukaryotes;; SYN/PRO: ratio
Synechococcus/Prochlorococcus; HPROK: heterotrophic prokaryotes; HNA: heterotrophic prokaryotes with high nucleic acid content; HPROK/HNF: ratio heterotrophic
prokaryotes/heterotrophic nanoflagellates; CYAN: picocyanobacteria; SHAN: Shannon index; ALG: microphytoplankton.

HNF ALOR LOR NANO PICO SYN/PRO HPROK HNA HPROK/HNF CYAN SHAN ALG
HNF 1.000  0.849**  0.687*  0.712* ~0.479 0.251 ~0.567  —0.446 —0.732* 0.476 0.302 -0.324
ALOR 1.000 0.517 0.914**  _0.563 0.184 ~0.324  —0.006 —0.687* 0.678* 0.289 ~0.247
LOR 1.000 0.531 —0.454 0.018 —0.607 —0.428 —0.369 0.209 0.503 —0.303
NANO 1.000 ~0.632* 0.173 ~0.255  —0.048 ~0.601 0.647* 0.226 ~0.471
PICO 1.000 ~0.259 0.329 0.068 0.635* ~0.317 —0.284 0.543
SYN/PRO 1.000 —0.413 —0.417 —0.402 0.141 0.024 —0.155
HPROK 1.000 0.839%* 0.383 0.056 —0.744* 0.240
HNA 1.000 0.176 ~0.023 —0.493 0.037
HPROK/HNF 1.000 ~0.312 ~0.319 0.258
CYAN 1.000 0.055 0.145
SHAN 1.000 0.170
ALG 1.000
2
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Fig. 7. Co-inertia analysis: relationship between the normalized coordinates of the stations on the first axis of the two systems (“Environment” and “Biology™); The
line represents the equality between the coordinates on the two systems. The number refers to the label of the station and the year (November 2015 and May 2016).

Synechococcus) dominated the phytoplankton community, due to their
efficiency in integrating nutrients available in their lowest concentra-
tions (Karl et al., 2001). This dominance also confirmed the ultra-
oligotrophic status of Glorieuses islands, with a predominance of
Synechococcus characterizing the coastal coral reefs in Iles Eparses
(Bouvy et al., 2016, 2021). SYN/PRO ratios were always between 12.2
and 4.8, confirming that Prochlorococcus can be considered as being an
oceanic marker in nutrient-low waters (Charpy, 1996). Indeed, Syn-
echococcus was found numerically dominant in coastal waters in the
Mozambique Channel, followed by Prochlorococcus and then picoeu-
karyotes in lower abundance (Zubkov and Quartly, 2003). Bidigare et al.
(1992) reported that accessory pigments accounted for 60% of the light
absorbed in the surface, and 90% at the base of euphotic zones (low-light
depth) in the Sargasso Sea. Zeaxanthin associated with cyanobacteria
(Prochlorococcus and Synechococcus; Vidussi et al., 2001) represented the
major pigments in both surveys; other specific pigments of green algae
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(CHL-B, Violaxanthine, Neoxanthine), also detected, confirmed the
presence of Chlorophyceae. Haptophytes presence was detected by
19'Hex-Fucoxanthin and 19’But-Fucoxanthin (Paerl et al., 2003),
confirmed by microscopic observation with the identification of the
coccolithophoride Emiliania huxleyi, known as a paleoclimatic display.
The life cycle of E. huxleyi is complex, involving several different phases
such as haploid and diploid stages with many cell sizes (Laguna et al.,
2001). The smallest forms of the flagellate can be detected with auto-
trophic picoeukaryotes in the Deep Chlorophyll Maximum (DCM) in the
Mozambique Channel, also contributing to surface populations (Barlow
etal., 2014). Adaptive mechanisms were required by these communities
in low light environments with low absorption efficiency by chlorophyll-
a, corresponding to environmental conditions in the DCM (at 40-110 m
depth) (Barlow et al., 2014). The elevated proportion of photosynthetic
carotenoids (PSC) would have enabled the picoeukaryotes to adapt to a
range of irradiance conditions in the euphotic zone like the Haptophytes
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(Bricaud et al., 2004; Bouman et al., 2011), and it is obvious that
picoeukaryotes (PICO) had an advantage over picocyanobacteria
(CYAN) in more turbulent environment. Thus, the large significant dif-
ference in picoeukaryote abundance between November and May (p =
0.016) can be explained by the drastic environmental modifications
linked to a climatic event (such a cyclone, see below), with high tur-
bulence activities inducing greater turbidity and lower light availability
in May.

Microphytoplankton presented a very high diversity of taxa observed
as confirmed by Shannon index value and species richness i.e. more than
150 taxa identified for both surveys at the 5 stations sampled. Their
abundance exhibited no significant difference between May and
November, whereas changes in the community composition were evi-
denced. Pielou's evenness index (EVEN) showed significant differences
between the two periods also suggesting that the station grouping was
due to the presence or absence of certain key factors rather differences in
abundances of several species. The survey in May 2016 was mainly
characterized by pennate Bacillariophyceae (diatoms) taxa, whereas the
November 2015 survey revealed more Dinophyceae (dinoflagellates)
taxa. Among the Bacillariophyceae, the occurrence of Cylindrotheca
closterium, Navicula spp. (2-5 x 8-15 pm) and Pseudo-Nitzschia spp. were
dominant at all stations. It is important to note that Cylindrotheca clos-
terium is considered to be responsible for harmful algal blooms (HAB) in
many regions (Najdek et al., 2005); however, HAB events have not been
reported in Glorieuses marine waters, certainly explained due to the
absence of nutrient inputs from the islands. The genus Pseudo-Nitzschia
contains several harmful species that are well recognized as potential
producers of the domoic acid toxin (Kudela et al., 2010). Pigment fea-
tures confirmed this diatom dominance with mean ratios of fucoxanthin:
Chl-A of 0.283 and 0.263, respectively in 2015 and 2016. Diadinox-
anthin pigment (DIAD) is a protecting pigment in diatoms, minimizing
photoinhibitory damage due to high-light intensity (Levaux et al.,
2002), and no difference of mean concentration was noted between the
two surveys. Lower fucoxanthin:Chl-A ratios (0.18) were reported for
Prymnesiophyceae than for diatoms (0.31) (Descy et al., 2009). The low
availability of nitrate did not favor the growth of the Prymnesiophyceae,
and this smaller phytoplankton is generally well adapted to low light
and dominates in turbulent waters (Sarma et al., 2020). The non-
identified dinoflagellate called « Dinophyceae sp.» (Table 4) was
detected at a same level in all stations, with occurrence percentages
always under 7%. Other dinoflagellates species characterized some
stations and included heterotrophic species such as Protoperidinium bipes
and Protoperidinium quiquecorne, as well as the mixotrophic dinoflagel-
late Gymnodinium spp. However, peridinin, a pigment marker for auto-
trophic dinoflagellates, was only significantly detected in GLO2 in May.
Zeaxanthin (ZEAX) is considered as being a protecting pigment of cya-
nobacteria (Brunet et al., 2011), but Chlorophytes can also contain
zeaxanthin along with Chl-B (Jeffery and Vesk, 1997). Indeed, Chl-B is
an indicator pigment for Chlorophytes and was observed in higher
concentrations in November 2015 (0.588 pg/L at GLO6), whereas it was
totally absent in GLO7 (lagoon site).

The high significant correlations observed between CHL-A, CHL < 3,
CHL-B and ZEAX suggested a dominance of picocyanobacteria (Pro-
chlorococcus and Synechococcus) in Glorieuses, especially in 2015, as also
demonstrated by the co-inertia analysis (Fig. 5). These results confirmed
that the small cells of picocyanobacteria (CYAN) are more efficient in
synthesizing high levels of zeaxanthin (ZEAX) compared to diadinox-
anthin (DIAD) synthesis in eukaryotes such as Bacillariophyceae as also
demonstrated by Barlow et al. (2017).

Overall, very low concentrations of total ciliates were observed in
Glorieuses, with aloricate forms (ALOR) being more abundant than
loricate ones (LOR), supporting the data reported by Bouvy et al. (2016).
In May 2016, a very low presence of ciliates and heterotrophic nano-
flagellates was detected, presumably affecting the flow of organic matter
in the microbial food web. This hypothesis might explain the high sus-
ceptibility to stress and disturbance of these fragile marine ecosystems
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(Mellin et al., 2008). The microbial food web can be characterized by the
trophic relationships between bacteria and their predators (Berglund
et al., 2007), and it is now recognized that protozoa, and especially
heterotrophic nanoflagellates (HNF), are the most important grazers on
bacteria in most environments (Sanders et al., 2000). Experimental ap-
proaches conducted in Iles Eparses showed a wide range of bacterial
growth rates and grazing rates by HNF, with the lowest values observed
in Glorieuses and Tromelin islands (Bouvy et al., 2016). Nevertheless,
low concentrations of HNF were recorded in Glorieuses, confirming the
data reported for the Mayotte reef (Houlbreque et al., 2006), the great
reef of Toliara, Madagascar (Bouvy et al., 2015), and the Iles Eparses
systems (Bouvy et al., 2016). Moreover, the ratio between HPROK and
HNF can provide insight into trophic food webs, with a low ratio sug-
gesting a high grazing pressure exerted by HNF, implying that organic
biomass passes through active microbial food webs (Bouvy et al., 2010).
That was likely the case in November with a significantly lower HPROK/
HNF ratio than in May (means of 1514 and 10,753, respectively, t-test:
0.049), indicating a drastic modification of the pelagic trophic food web
towards less HNF predation pressure. It is obvious that the protist
community (ciliates and HNF) was very sparsely represented in May,
highlighting the cascading effect generated by zooplankton predators
(Bouvy et al., 2006), or linked to an exceptional climatic event such as a
cyclone.

The molecular approach (16S rRNA) revealed dominant phyla, with
cyanobacteria and proteobacteria (alpha and gamma), without signifi-
cant differences between the stations. The unique study considering
molecular studies on bacterial diversity on the scale of Iles Eparses
showed a clear difference for archaea, bacteria and picoeukaryotes
(from DGGE analysis) between the islands studied, with a great homo-
geneity between stations within each island (Bouvy et al., 2016). Large
ubiquitous distribution seems uncommon among marine bacter-
ioplankton, with a dominance of alpha-proteobacteria and picocyano-
bacteria in the tropical open ocean (Chisholm et al., 1988; Morris et al.,
2002). In the tropical lagoon of Ahe atoll (Tuamotu Archipelago), the
OTUs belonged to Cyanobacteria and to heterotrophic groups with
proteobacteria (alpha and gamma) and Flavobacteria (Michotey et al.,
2012). The microbial distribution defined by the integrative approach,
using co-inertia analysis, is further corroborated by the NMDS ordina-
tion based on bacterial OTU sequences (Fig. 4), where the OTU distri-
bution was found to be significantly different in May 2016 versus
November 2015. It is obvious that the environmental and biological
context encountered in May 2016 shows a great homogeneity in the
stations, compared to the context in November 2015, with greater di-
versity of habitats. Co-inertia analysis confirmed this spatial pattern of
microbial components linked to the habitat, with a clear opposition
between GLO2 (located on oceanic site) and GLO7 (located on a coral
reef lagoon), especially in November 2015. The absence of CHL-B, the
very low concentration of FUCO (diatoms) and lower concentrations of
PICO (Prochlorococcus and Synechococcus) confirmed the location of
GLO7 in an enclosed lagoon compared to GLO2 on the outer slopes of the
lagoon. In term of habitat, one of the main differences between the two
stations is the absence of soft coral in GLO7 (Chabanet et al., 2016).
These authors reported great differences between stations in fish
biomass and diversity in the Glorieuses, with the highest fish abundance
in GLO2 due to the presence of planktivores, consuming the planktonic
communities present in the water column.

4.3. Characterization of the Glorieuses marine waters

Overall, the microbial distribution defined by the integrative
approach, using co-inertia analysis, demonstrated that the differences in
environmental conditions explained the relative abundance of biological
components in Glorieuses island, with two distinct situations (May and
November). Fig. 7 stressed the relationship between the stations and the
two systems (Environmental and Biological), suggesting (i) a clear op-
position between the two situations (May and November) and (ii) a
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distinct spatial zonation of stations in November 2015, with the bio-
logical components strongly related to those stemming from environ-
mental variables. On the other hand, the “Biological system” seemed
more independent from the “Environmental system” in May 2016,
corroborating the data reported using the metabarcoding approach
(Fig. 4). Thus, the analysis revealed a reef system characterized by a
richer nutrient context and higher algal pigment concentrations, in
November 2015, associated with a higher abundance of protozoa and
nanophytoplankton; whereas in May 2016, the reef system was domi-
nated by a high abundance of active heterotrophic prokaryotes (H-
PROK) and picoeukaryotes (PICO), in a poorer nutritive context. The
significant correlation between H-PROK and HNA cell abundance (r =
0.839; p < 0.001; Table 7) confirmed the dominant contribution of HNA
cells in the remineralization of organic matter, as already demonstrated
by Servais et al. (2003) and Bouvy et al. (2010). Thus, the complexity of
reef systems in Glorieuses results in a fluctuating availability of growth
limiting resources and light, with a large mineralization of organic
matter in May 2016 versus an active microbial food web with the
presence of bacterial predators in November 2015. Our results illustrate
the relative importance of top-down dynamics, based on the observed
relationships between bacterial and HNF abundance (Gasol, 1994;
Sanders et al., 2000), and demonstrate a large modification of the
environmental context, with a very low active microbial food web in
May 2016 compared to November 2015.

4.4. Potential influence of Fantala cyclone on plankton structure

It is important to note that reef islands are widely acknowledged to
be highly vulnerable to extreme climate events, such as tropical and non-
tropical cyclones (Hoeke et al., 2013), the frequency and intensity of
which might be affected by climate change. These processes can displace
biological communities such as phytoplankton along isopycnal gradi-
ents (Liccardo et al., 2013).

The Mozambique Channel and the Western Indian Ocean (WIO) are
subjected to periodical extreme weather events such as cyclones, with
serious impact on shoreline and sediment transport, as described by
Duvat et al. (2017) on Farquhar Atoll (Seychelles), after the passage of a
category 5 tropical cyclone (Fantala) in April 2016. To the best of our
knowledge, there is no available study in literature concerning the
impact of cyclones on plankton structure in an isolated coral-reef sys-
tem, whereas numerous studies pertain to the influence of cyclones on
coastal lagoons positioned at the interface between rivers and the sea
(McKinnon et al., 2003; Tsuchiya et al., 2013; Srichandan et al., 2015).
Very few studies considered the influence of mesoscale eddies on pelagic
biological compartments in the WIO and Mozambique Channel, and
generally concluded to a drastic effect on turbidity and nutrient regime,
which play a role in phytoplankton assemblage (Barlow et al., 2014;
Ternon et al., 2014).

As already mentioned above, the drastic ecological modification
reported in May can probably be linked to the passage of Fantala cyclone
in April 2016. The absence of relationships between the environmental
and biological contexts encountered in May 2016 (see Fig. 7) can be
explained by the impact of the Fantala cyclone, linked to the high tur-
bulence of lagoon and oceanic waters, disturbing the habitats and
modifying the trophic interactions inside the trophic food web. No in-
crease of nutrient concentration was observed after the cyclone, as
generally mentioned after cyclonic eddies in the Mozambique Channel
(Tew Kai and Marsac, 2009) and in the South West Indian Ocean (Noyon
et al., 2019). Due to the absence of tide gauges on Glorieuses and on
nearby islands, both the wave height and the storm surge remain un-
known. Nevertheless, Duvat et al. (2017) clearly described the track
direction and increasing intensity of the Fantala cyclone when
approaching Farquhar atoll (Seychelles islands), with the maximum
wind speed reaching 352 km/h and rain falling close to 300 mm/h on
the southwestern side of the cyclone eye (NASA, 2016). Duvat et al.
(2017) concluded on a high contrast in the cyclone's impact, both
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spatially and in terms of ecological-morphological impacts, and reported
continued sediment transfer to islands four months after the cyclone.
This study corroborates previous conclusions with regard to distur-
bances (eddies, cyclones, seamounts), whereby the impacts of these
turbulences can contribute to the changes and disequilibrium we
observed in WIO microbial community (Rocke et al., 2020).

4.5. Potential variables reflecting the change of ecological status in
Glorieuses islands

Plankton communities are often used to alert scientists and stake-
holders about ecological changes in aquatic systems, due to their rapid
response to multiple environmental stressors (Lemley et al., 2016). Mi-
crobial communities provide sensitive, meaningful and quantifiable in-
dications of ecological changes (Hayes et al., 2015). With the weakness
of our database, it is not reasonable to apply standard indexes and
bioindicators developed by many authors (e.g. Cozzoli et al., 2017;
Lampert and Hernandez-Farinas, 2018; Varkitzi et al., 2018). Moreover,
the Glorieuses marine waters are not submitted to anthropic pressures,
eutrophication, chemical pollution (Quetel et al., 2016); thus, water
quality assessment using regional reference values of indicator variables
is not appropriate. Index values are generally likely to be associated with
a relative contribution of local and regional forcing functions (Herrera-
Silveira and Morales-Ojeda, 2009; Varkitzi et al., 2018). Finally, in
agreement with Goffart (2020), the relationships between phytoplank-
tonic variables and proxies (diversity indices) are difficult to establish
mainly due to (i) the ultra-oligotrophic nature of marine waters in the
region and (ii) the low amplitude of seasonal variations in nutrient
concentrations.

In this context, we propose the relevance of three potential variables
to assess the impact of environmental changes on ecosystem functioning
in the Glorieuses marine waters:

- Small flagellates such as picoeukaryotes (PICO) exhibit a large
variability between the two surveys, and dominate the microbial
community with heterotrophic prokaryotes in May, knowing that
PICO have moderate efficiency in light absorption, and have an
advantage over picocyanobacteria (CYAN) in more turbulent envi-
ronments (Bouman et al., 2011). Although picoplankton studies are
sparse in WIO, picoeukaryote communities can dominate the carbon
biomass, and characterize the microbial structure, as demonstrated
in the anticyclonic region of the Madagascar Ridge (Rocke et al.,
2020).

Pigment analyses could be good candidates as descriptors of com-
munity composition (Soane et al., 2011) and be incorporated into
environmental monitoring for the purposes of ecological status
(Lampert and Hernandez-Farinas, 2018; Goffart, 2020). Cyano-
bacterial pigment such as zeaxanthin (ZEAX), considered as the
biomarker for Synechococcus and Prochlorococcus which are the
dominant primary producers, seems to be a good candidate to assess
environmental change, with a high abundance in May compared to
November. The presence of this pigment may be attributed to high
levels of light and stable conditions (Barlow et al., 2017; Rii et al.,
2008).

The ratio of heterotrophic prokaryotes to heterotrophic nano-
flagellates (HPROK/HNF) can also be applied to detect changes in
microbial structure of the food web. This ratio is frequently used to
characterize environmental conditions and provides considerable
insight into the dominant trophic webs (Gasol, 1994; Bouvy et al.,
2010). The drastic modification of the microbial food web observed
in May can be explained by the very low ratio, implying a low active
microbial food web compared to November.

Of course, these biological variables, based upon floristic composi-
tion (species or pigment diversity), can be influenced by spatial vari-
ability among sites (rainfall, currents, eddies...), and may not be due to
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different ecological states, but rather to geographic and natural factors,
according to Degerlund and Eilertsen (2010). Nevertheless, these three
variables can potentially be considered to characterize the ecological
status in the Glorieuses islands, knowing that an exceptional event (a
category 5 tropical cyclone) occurred between May and November.

5. Conclusions

This study is the first report to describe the physico-chemical and
microbial components of the Glorieuses islands, considered as pristine
ecosystems similarly to the other Iles Eparses in WIO. The study will
provide useful insights into microbial structure (diversity, distribution,
and abundance), as well as their relationships with the environmental
conditions. The implementation of microbial variables for monitoring
the ecological status of Glorieuses islands can be highly beneficial for
studying the effects of severe climatic perturbations such as cyclones, as
well as helping face eventual anthropogenic events in these pristine
systems. However, given the limited information from two surveys, with
an exceptional event between them, long-term studies are required to
better evaluate the usefulness of the proposed biological variables for
assessing climatic perturbations, without forgetting the eventual
anthropogenic impacts on marine environments.

CRediT authorship contribution statement

Conceptualization: MB, CD, PC, LB

Data curation: MB, AB, CC, MP, CD

Formal analysis: MB, AB, CC, PG, MP, HA, BB, CR, CD
Field acquisition: MB, CC, PC, LB

Funding acquisition: PC, Parc Naturel Marin Mayotte
Methodology: MB, CC, PG, HA, CD, MP

Supervision: MB, CC, MP, CD

Validation: MB, AB, CC, PG, MP, HA, BB, CR, CD
Writing - original draft: MB

Writing - review & editing: MB, MP, CD

Declaration of competing interest

All authors submit that they have no actual or potential conflict of
interest that could inappropriately influence, or be perceived to influ-
ence, this study.

Acknowledgments

The SIREME program was financed by European Development Funds
(EDF), coordinated by the Departmental Council of Mayotte and the
TAAF. We thank the TAAF team for their support throughout the pro-
gram and the FAZSOI for their logistical support during the field trips.
We would also like to thank the Mayotte Marine Natural Park for their
facilities during the PANAMAG#2 campaign (May 2016), especially Eric
Brenner, the project manager of Water Quality Department. We
acknowledge the Molecular Core Facilities at LIENSs laboratory and the
GET core facility, (Toulouse, France (http://get.genotoul.fr)). Our
sincere thanks go to the Nicolas Tisné and the crew (Anne Tisné) of the
Antsiva schooner whose help contributed largely to the success of the
expedition in November 2015. We should like to thank Emma Rochelle-
Newall (IEESe Paris) for the DOC analysis, and Elise Hatey (Marbec Unit,
Montpellier) for the pigment analysis. English text was edited by
Dominique Bairstow. We thank the two anonymous reviewers and the
Editor for the helpful comments that have contributed to greatly
improve the manuscript.

References

Armengol, L., Calbet, A., Franchy, G., Rodriguez-Santos, A., Hernandez-Leon, S., 2019.
Planktonic food web structure and trophic transfer efficiency along a productivity

15

Marine Pollution Bulletin 174 (2022) 113218

gradient in the tropical and subtropical Atlantic Ocean. Sci. Rep. 9, 2044. https://
doi.org/10.1038/541598-019-38507-9.

Balmford, A., Bruner, A., Cooper, P., Costanza, R., Farber, S., Green, R.E., Jenkins, M.,
Jefferiss, P., Jessamy, V., Madden, J., Munro, K., Myers, N., Naeem, S., Paavola, J.,
Rayment, M., Rosendo, S., Roughgarden, J., Trumper, K., Turner, R.K., 2002.
Economic reasons for conserving wild nature. Science 297, 950. https://doi.org/
10.1126/science.1073947.

Barbier, E.B., 2017. Marine ecosystem services. Cur. Biol. 27, R431-R510.

Barbier, E.B., Hacker, S.D., Kennedy, C., Koch, E.W., Stier, A.C., Silliman, B.R., 2011. The
value of estuarine and coastal ecosystem services. Ecol. Monogr. 81, 169-183.
Barlow, R., Lamont, T., Morris, T., Sessions, H., van den Berg, M., 2014. Adaptation of
phytoplankton communities to mesoscale eddies in the Mozambique Channel. Deep

Sea Res. 1I 100, 106-118.

Barlow, R., Lamont, T., Gibberd, M.-J., Airs, R., Jacobs, L., Britz, K., 2017. Phytoplankton
communities and acclimation in a cyclonic eddy in the Southwest Indian Ocean.
Deep Sea Res. I 124, 18-30.

Berglund, J., Miiren, U., Bamstedt, U., Andersson, A., 2007. Efficiency of a
phytoplankton-based and a bacteria-based food web in a pelagic marine system.
Limnol. Oceanogr. 52, 121-131.

Bidigare, R., Prezelin, B., Smith, R., 1992. Bio-opticals models and the problem of
scaling. In: Falkowsky, P., Woodhead, A. (Eds.), Primary Productivity and
Biogeochemical Cycles in the Sea. Plenum Press, New-York, pp. 175-212.

Bokulich, N.A., Subramanian, S., Faith, J.J., Gevers, D., Gordon, J.I., Knight, R., et al.,
2013. Quality-filtering vastly improves diversity estimates from illumina amplicon
sequencing. Nat. Meth. 10, 57-59.

Bouman, H., Ulloa, O., Barlow, R., Li, W., Platt, T., Zwirglmaier, K., Scanlan, D.,
Sathyendranath, S., 2011. Water-column stratification governs the community
structure of subtropical marine picophytoplankton. Environ. Microbiol. Rep. 3,
473-482.

Bouvy, M., Pagano, M., Mboup, M., Got, P., Troussellier, M., 2006. Functional structure
of microbial food web in the Senegal estuary: impact of zooplankton predators.

J. Plankton Res. 28, 195-207.

Bouvy, M., Arfi, R., Bernard, C., Carré, C., Got, P., Pagano, M., Troussellier, M., 2010.
Estuarine microbial community characteristics as indicators of human-induced
changes (Senegal river West Africa). Estuar. Coast. Shelf Sci. 87, 573-582.

Bouvy, M., Dupuy, C., Pagano, M., Barani, A., Charpy, L., 2012. Do human activities
affect the picoplankton struture of the Ahe atoll lagoon (Tuamotu archipelago,
French Polynesia)? Mar. Pollut. Bull. 65, 516-524.

Bouvy, M., Got, P., Bettarel, Y., Bouvier, T., Carré, C., Roques, C., Rodier, M., Lope, J.,
Arfi, R., 2015. Importance of predation and viral lysis for bacterial mortality western
Indian coral reef ecosystem (Toliara, Madagascar). Mar. Freshw. Res. https://doi.
org/10.1071/MF14253.

Bouvy, M., Got, P., Domaizon, 1., Pagano, M., Leboulanger, C., Bouvier, C., Carré, C.,
Roques, C., Dupuy, C., 2016. Plankton communities of the five Iles Eparses (Western
Indian Ocean) considered to be pristine ecosystems. Acta Oecol. 72, 9-20.

Bouvy, M., Dupuy, C., Got, P., Domaizon, 1., Carré, C., Pagano, M., Debroas, D.,
Roques, C., Leboulanger, C., 2021. Rapid responses of pristine marine planktonic
communities in experimental approach to diuron and naphthalene (Juan de Nova,
Western Indian Ocean). Mar. Freshw. Res. 72, 1065-1085.

Bricaud, A., Claustre, H., Ras, J., Oubelkheir, K., 2004. Natural variability of
phytoplanktonic absorption in oceanic waters: influence of the size structure of algal
populations. J. Geophys. Res. 109, C11010.

Brunet, C., Johnsen, G., Lavaud, J., Roy, S., 2011. Pigments and photoacclimation
processes. In: Roy, S., Llewellyn, C., Egeland, E., Johnsen, G. (Eds.), Phytoplankton
Pigments: Characterization, Chemotaxonomy and Application in Oceanography.
Cambridge University Press, Cambridge, pp. 445-471.

Burke, L., Kura, Y., Kassem, K., Revenga, C., Spalding, M., McAllister, D., 2001. Pilot
Analysis of Global Ecosystems: Coastal Ecosystems. World Resources Institute,
Washington DC. http://www.wri.org/wr2000.

Bustillos-Guzman, J., Garate-Lizarraga, 1., Lopez-Cortes, D., Hernandez Sandoval, F.,
2004. The use of pigments “fingerprints” in the study of harmful algal blooms. Rev.
Biol. Trop. 52 (Suppl. 1), 17-26.

Camacho, C., Coulouris, G., Avagyan, V., Ma, N., Papadopoulos, J., Bealer, K., et al.,
2009. BLAST+: architecture and applications. BMC Bioinformatics 10, 421.

Chabanet, P., Bigot, L., Nicet, J.-B., Massé, L., Mulochau, T., Russo, C., Tessier, E.,
Obura, D., 2015. Coral reef monitoring in the Iles Eparses, Mozambique Channel
(2011-2013). Acta Oecol. 72, 62-71.

Chabanet, P., Bigot, L., Nicet, J.-B., Durville, P., Massé, L., et al., 2016. Coral reef
monitoring in the Iles Eparses, Mozambique Channel (2011-2013). Acta Oecol. 72,
62-71.

Charpy, L., 1996. Phytoplankton biomass and production in two tuamotu atoll lagoons
(French Polynesia). Mar. Ecol. Prog. Ser. 145, 133-142.

Chisholm, S.W., Olson, R.J., Zettler, E.R., Goericke, R., Waterbury, J.B., Welschmeyer, N.
A., 1988. A novel free-living prochlorophyte abundant in the oceanic euphotic zone.
Nature 334, 340-343.

Conand, C., Chabanet, P., Quod, J.-P., Bigot, L., 1998. Suivi de I'état de santé des récifs
coralliens du S-O de 1'Océan Indien. In: Manuel Méthodologique. Programme
Régional Environnement COI, 27 pp.

Conand, C., Mulochau, T., Chabanet, P., 2014. Holothurian (Echinoderma) diversity in
the glorieuses archipelago (Eparses islands, France, Mozambiique Channel). West.
Ind. Ocean J. Mar. Sci. 12, 71-78.

Costanza, R., d’Arge, R., de Groot, R., Farber, S., Grasso, M., Hannon, B., Limburg, K.,
Naemm, S., O’Neill, R.V., Paruelo, J., Raskin, R.G., Sutton, P., van den Belt, M.,
1997. The value of the world’s ecosystem services and natural capita. Nature 387,
253-260.


http://get.genotoul.fr
https://doi.org/10.1038/s41598-019-38507-9
https://doi.org/10.1038/s41598-019-38507-9
https://doi.org/10.1126/science.1073947
https://doi.org/10.1126/science.1073947
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292337447179
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292337466367
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292337466367
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292337485502
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292337485502
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292337485502
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292337496525
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292337496525
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292337496525
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292355520457
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292355520457
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292355520457
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292337539529
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292337539529
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292337539529
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292337553828
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292337553828
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292337553828
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292337562939
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292337562939
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292337562939
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292337562939
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf1005
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf1005
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf1005
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292355573329
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292355573329
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292355573329
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292338437882
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292338437882
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292338437882
https://doi.org/10.1071/MF14253
https://doi.org/10.1071/MF14253
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292356016874
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292356016874
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292356016874
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292353225864
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292353225864
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292353225864
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292353225864
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292339257107
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292339257107
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292339257107
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292340081407
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292340081407
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292340081407
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292340081407
http://www.wri.org/wr2000
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292340561068
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292340561068
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292340561068
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292356026372
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292356026372
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292340574681
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292340574681
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292340574681
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf1010
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf1010
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf1010
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292356153450
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292356153450
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292356297686
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292356297686
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292356297686
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292353477158
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292353477158
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292353477158
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292340584726
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292340584726
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292340584726
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292341015961
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292341015961
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292341015961
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292341015961

M. Bouvy et al.

Cozzoli, F., Stanca, E., Selmeczy, G.B., Francé, J., Varkitzi, L., Basset, A., 2017. Sensitivity
of phytoplankton metrics to sample-size: a case study on a large transitional water
dataset (WISER). Ecol. Indic. 82, 558-573. https://doi.org/10.1016/j.
ecolind.2017.07.022.

Degerlund, M., Eilertsen, H., 2010. Main species characteristics of phytoplankton spring
blooms in NE Atlantic and Arctic wayers (68-80°N). Estuar. Coast. Shelf Sci. 33,
242-269.

Descy, J.-P., Sarmento, H., Higgins, H.W., 2009. Variability of phytoplankton pigment
ratios across aquatic environments. Europ. J. Phycol. 44, 319-330. https://doi.org/
10.1080/096702608026-18942.

Dinsdale, E.A., Pantos, O., Smrigs, S., Edwards, R.A., Angly, F., 13 others, 2008.
Microbial ecology of four coral atolls in the northern line islands. PlosOne 3, 1-17.

Doledec, S., Chessel, D., 1994. Co-inertia analysis: an alternative method for studying
species-environment relationships. Freshw. Biol. 31, 277-294.

Domingues, R.B., Barbosa, A.B., Galvao, H.M., 2008. Constraints on the use of
phytoplankton as a biological uality element within the water frame directive in
Portuguese waters. Mar. Pollut. Bull. 56, 1389-1395. https://doi.org/10.1016/].
marpolbul.2008.05.006.

Dupuy, C., Pagano, M., Got, P., Domaizon, I., Chappuis, A., Marchesseaux, G., Bouvy, M.,
2016. Trophic relationships between metazooplankton communities and their
planktonic food sources in the Iles Eparses (Western Indian Ocean). Mar. Environ.
Res. 118, 18-31.

Durville, P., Chabanet, P., Quod, J.-P., 2003. Visual census of the reef fish in the natural
reserve of the Glorious Islands (West Indian Ocean). West. Ind. Ocean J. Mar. Sci. 2,
95-104.

Duvat, V.G.E., Volto, N., Salmon, C., 2017. Impacts of category 5 tropical fantala (April
2016) on farquhar atoll, Seychelles Islands, Indian Ocean. Geomorphology 298,
41-62.

EC, 2008. Marine strategy framework directive. Technical report. In: Directive 2008/56/
EC of the European Parliament and of the Council of 17 June 2008 Establishing a
Framework for Community Action in the Field of Marine Environmental Policy
(Marine Strategy Framework Directive), Luxembourg, 22 pp.

Escudié, F., Auer, L., Bernard, M., Mariadassou, M., Cauquil, L., Vidal, K., Maman, S.,
Hernandez-Raquet, G., Combes, S., Pasca, G., 2018. FROGS: find, rapidly, OTUs with
galaxy solution. Bioinformatics 34, 1287-1294.

Estrada, M., Vaqué, D., 2014. Microbial components. In: Goffredo, S., Dubinsky, Z.
(Eds.), The Mediterranean Sea: Its History and Present Challenges. The Springer
Science -+ Business Media, Dordrecht, pp. 87-111.

Fujimoto, K., Imaya, A., Tabuchi, R., Kuramoto, S., Utsingi, H., Murofush, T., 1999.
Belowground carbon storage of Micronesian mangrove forests. Ecol. Res. 14,
109-413.

Gasol, J.M., 1994. A framework for the assessment of top-down versus bottom-up control
of heterotrophic nanoflagellates abundance. Mar. Ecol. Prog. Ser. 113, 291-300.

Gasol, J.M., Zweifel, U.L., Peters, F., Fuhrman, J.A., Hagstrom, A., 1999. Significance of
size and nucleic acid contente heterogeneity as measured by flow cytometry in
natural planktonic bacteria. Appl. Environ. Microbiol. 65, 4475-4483.

Gittings, J.A., Raitsos, D.E., Kheireddine, M., Racault, M.-F., Claustre, H., Hoteit, L., 2019.
Evaluating tropical phytoplankton phenology metrics using contemporary tools.
Scientific reports 9, 674 doi:10,1038/s42598-018-37370-4.

Goffart, A., 2020. Projet & Indices phytoplanctoniques pour les eaux cotieres de la
Réunion, 27pp. In: Rapport Intermédiaire. Université de Liege, Belgique. http://hdl.
handle.net/2268/252030.

Hayes, K.R., Dambacher, J.M., Hosack, G.R., Bax, N.J., Dunstan, P.K., Fulton, E.A.,
Thompson, P.A., Hartog, J.R., Hobday, A.J., Bradford, R., Foster, S.D., Hedge, P.,
Smith, D.C., Marshall, C.J., 2015. Identifying indicators and essential variables for
marine ecosystems. Ecol. Indic. 57, 109-419.

Hemraj, D.A., Hossain, Md.A., Ye, Q., Qin, J.G., Leterme, S.C., 2017. Plankton indicators
of environmental conditions in coastal lagoons. Estuar. Coast. Shelf Sci. 184,
102-114.

Herrera-Silveira, J.A., Morales-Ojeda, S.M., 2009. Evaluation of the health status of a
coastal ecosystem in Southeast Mexico : assessment of water quality, phytoplankton
and submerged aquatic vegetation. Mar. Pollut. Bull. 59, 72-86.

Hoeke, R.K., Mclnnes, K.L., Kruger, J.C., McNaught, R.J., Hunter, J.R., Smithers, S.G.,
2013. Widespread inundation of Pacific islands triggered by distant-source wind-
waves. Glob. Planet. Chang. 108, 128-138. https://doi.org/10.1016/j.
gloplacha.2013.06.006.

Houlbreque, F., Delesalle, B., Blanchot, J., Montel, Y., Ferrier-Pages, C., 2006.
Picoplankton removal by the coral reef community of La Prévoyante, Mayotte Island.
Aquat. Microb. Ecol. 44, 59-70.

Jeffery, S.W., Vesk, M., 1997. Introduction to marine phytoplankton and their pigment
signatures. In: Jeffery, S.W., Mantoura, F.C., Wright, S.W. (Eds.), Phytoplankton
Pigments in Oceanography. UNESCO Publishing, Paris, pp. 85-126.

Johnson, Z.I., Zinser, E.R., Coe, A., McNulty, N.P., Woodward, E.M.S., Chisholm, S.W.,
2006. Niche partitioning among prochlorococcus ecotypes along ocean-scale
environmental gradients. Science 311, 1737-1740.

Karl, D.M., Bidigare, R.R., Letelier, R.M., 2001. Long-term changes in plankton
community structure and productivity in the North Pacific subtropical gyre: the
domain shift hypothesis. Deep Sea Res. 11 8-9, 1449-1470. https://doi.org/10.1016/
50967-0645(00)00149-1.

Kudela, R.M., Howard, M.D.A., Jenkins, B.D., Miller, P.E., Smith, G.J., 2010. Using the
molecular toolbox to compare harmful algal blooms in upwelling systems. Prog.
Oceanogr. 85, 108-112.

Laguna, R., Romo, J., Read, B.A., Wahlung, T.M., 2001. Induction of phase variation
events in the life cycle of the marine coccolithophorid emiliania huxleyi. Appl.
Environ. Microbiol. 67, 3824-3831.

16

Marine Pollution Bulletin 174 (2022) 113218

Lamont, T., Barlow, R., Morris, T., van den Berg, M., 2014. Characterisation of mesoscale
features and phytoplankton variability in the Mozambique Channel. Deep Sea Res. II
100, 94-105.

Lampert, L., Hernandez-Farinas, T., 2018. Application de ’'indice de composition
pigmentaire ICBC pour Manche-Atlantique aux masses d’eaux méditerranéennes. -
Rapport final - Action ONEMA - IFREMER n°23. Brest, France, 44 pp.

Lemley, D.A., Adams, J.B., Bate, G.C., 2016. A review of microalgae as indicators in
South African estuaries. South Afr. J. Bot. 107, 12-20.

Leruste, A., Malet, N., Munaron, D., Derolez, V., Hatey, E., Collos, Y., de Wit, R., Bec, B.,
2016. First steps of ecological restoration in mediteeanean lagoons: shifts in
phytoplankton communities. Estuar. Coast. Shelf Sci. 180, 190-203.

Levaux, J., Rousseau, B., van Gorkom, H.J., Etienne, A.-L., 2002. Influence of the
diadinoxanthin pool size on photoprotection in marine planktonic diatom
Phaeodactylum tricornutum. Environ. Stress Adapt. 129, 1398-1406. https://doi.
org/10.1104/pp.002014.

Liccardo, A., Fierro, A., Lucidone, D., Bouruet-Aubertot, P., Dubroca, L., 2013. Response
of the deep chlorophyll maximum to fluctuations in vertical mixing intensity. Prog.
Oceanogr. 109, 33-46. https://doi.org/10.1016/j.pocean.2012.09.004.

Magoc, T., Salzberg, S.L., 2011. FLASH: fast length adjustment of short reads to improve
genome assemblies. Bioinformatics 27, 2957-2963.

Mahé, F., Rognes, T., Quince, C., de Vargas, C., Dunthorn, M., 2014. Swarm: robust and
fast clustering method for amplicon-based studies. PrePrints Peer J. 2, €593. https://
doi.org/10.7717/peerj.593.

Marie, D., Partensky, F., Jacquet, S., Vaulot, D., 1997. Enumeration and cell cycle
analysis of natural populations of marine picoplankton by flow cytometry using the
nucleic acid stain SYBR green I. Appl. Environ. Microbiol. 63, 186-193.

McKinnon, A.D., Meekan, M.G., Carleton, J.H., Furnas, M.J., Duggan, S., Skirving, W.,
2003. Rapid changes in shelf waters and pelagic communities on the southern
northwest shelf, Australia, following a tropical cyclone. Cont. Shelf Res. 23, 93-111.
https://doi.org/10.1016/50278-4343(02)00148-6.

Mellin, C., Ferraris, J., Galzin, R., Hamelin-Vivien, M., Kulbicki, M., Lison De Loma, T.,
2008. Natural and anthropogenic influences on the diversity structure of reef fish
communities in the tuamotu archipelago (French Polynesia). Ecol. Model. 218,
182-187.

Michotey, V., Guasco, S., Beeuf, D., Morezzi, N., Durieux, B., Charpy, L., Bonin, P., 2012.
Spatio-temporal diversity of free-living and particle-attached prokaryotes in the
tropical lagoon of ahe atoll (Tuamotu Archipelago) and its surrounding oceanic
waters. Mar. Pollut. Bull. 65, 525-537.

Miller, J., Muller, E., Rogers, C., Waara, R., Atkinson, A., Whelan, K.R.T., Patterson, M.,
Witcher, B., 2009. Coral disease following massive bleaching in 2005 causes 60 %
decline in coral cover on reef in the US Virgin Islands. Coral Reefs 28, 925-937.

Morris, R.M., Rappé, M.S., Connon, S.A., Vergin, K.L., Stebold, W.A., Carlson, C.A.,
Giovannoni, S.I., 2002. SAR11 clade dominates ocean surface bacterioplankton
communities. Nature 420, 808-810.

Nagelkerken, I., 2009. In: Nagelkerken, I. (Ed.), Ecological Connectivity Among Tropical
Coastal Ecosystems. Springer Verlag, Dordrecht, Heidelberg, London, New York, 615

p.

Najdek, M., Blazina, M., Djakovac, T., Kraus, T., 2005. The role of the diatom
Cylindrotheca closterium in a mucilage event in the northern Adriactic Sea: coupling
with high salinity water intrusion. J. Plankt. Res 27, 851-862.

NASA, 2016. Data on TC Fantala’s Parameters. https://www.nasa.gov/feature/goddard/
2016/fantala-southern-indian-ocean.

Noyon, M., Morris, T., Walker, D., Huggett, J., 2019. Plankton distribution within a
young cyclonic eddy off South-Western Madagascar. Deep-Sea Res. II 166, 141-150.

Paerl, H.W., Valdes, L.M., Pinckley, J.L., Piehler, M.F., Dyble, J., Moisander, P.H., 2003.
Phytoplankton photopigments as indicators of estuarine and coastal eutrophication.
Bioscience 53, 953-964.

Patten, N.L., Wyatt, A.S.J., Lowe, R.J., Waite, A.M., 2011. Uptake of picophytoplankton,
bacterioplankton and virioplankton by a fringing coral reef community (Ningaloo
reef, Australia). Coral Reefs 30, 555-567.

Pielou, E.C., 1966. The measurement of diversity in different types of biological
collections. J. Theor. Biol. 13, 131-144.

Platt, T., Subba Rao, D.V., Irwin, B., 1983. Photosynthesis of picoplankton in the
oligotrophic ocean. Nature 301, 702-704.

Poupin, J., Zubia, M., Gravier-Bonnet, N., Chabanet, P., Duhec, A., 2014. Crustacea
decapoda Glorieuses Islands, with notes on the distribution of the coconut crab
(Birgus latro) in the western Indian Ocean. Mar. Biodivers. Records 6, e125-e137.

Quast, C., Pruesse, E., Yilmaz, P., Gerken, J., Schweer, T., Yarza, P., Peplies, J.,
Glockner, F.O., 2013. The SILVA ribosomal RNA gene database project: improved
data processing and web-based tools. Nucl. Acids Res. 41, D590-D596.

Quetel, C., Marinesque, S., Ringler, D., Fillinger, L., Changeux, T., Marteau, C.,
Troussellier, M., 2016. Iles Eparses (SW Indian Ocean) as reference ecosystems for
environmental research. Acta Oecologica — Int. J. Ecol. 72, 1-8.

Quod, J.P., Barrere, A., Chabanet, P., Durville, P., Nicet, J.B., Garnier, R., 2007. The
status of the coral reefs of french scattered islands in the Indian Ocean. La situation
des récifs coralliens des Iles Eparses francaises de I'Océan indien. Rev. Ecol. (Terre &
Vie) 62, 3-16.

Riaux-Gobin, C., Witkowski, A., Saenz-Agudedo, P., Neveux, J., Oriol, L., Vétion, G.,
2011. Nutrient status in coral reefs of the Iles eparses (Scattered Islands): comparison
to nearby reefs subject to higher anthropogenic influences (Mozambique Channel
and mascarenes, Indian Ocean). Int. J. Oceanogr. Hydrobiol. 40, 84-90.

Rii, Y.M., Brown, S.L., Nencioli, F., Kuwahara, V., Dickey, T., Karl, D.M., Bidigare, R.R.,
2008. The transient oasis: nutrient-phytoplankton dynamics and particle export in
hawaiian lee cyclones. Deep Sea Res. II 55, 1275-1290.


https://doi.org/10.1016/j.ecolind.2017.07.022
https://doi.org/10.1016/j.ecolind.2017.07.022
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292341153505
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292341153505
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292341153505
https://doi.org/10.1080/096702608026-18942
https://doi.org/10.1080/096702608026-18942
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292353534174
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292353534174
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292356307975
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292356307975
https://doi.org/10.1016/j.marpolbul.2008.05.006
https://doi.org/10.1016/j.marpolbul.2008.05.006
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292341304665
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292341304665
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292341304665
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292341304665
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292341264865
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292341264865
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292341264865
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292341320621
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292341320621
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292341320621
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292354318721
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292354318721
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292354318721
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292354318721
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292341411696
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292341411696
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292341411696
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292342407400
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292342407400
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292342407400
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292343204867
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292343204867
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292343204867
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292356579925
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292356579925
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292356593834
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292356593834
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292356593834
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292347124393
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292347124393
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292347124393
http://hdl.handle.net/2268/252030
http://hdl.handle.net/2268/252030
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292347155502
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292347155502
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292347155502
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292347155502
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292357054846
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292357054846
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292357054846
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292357104157
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292357104157
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292357104157
https://doi.org/10.1016/j.gloplacha.2013.06.006
https://doi.org/10.1016/j.gloplacha.2013.06.006
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292357213152
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292357213152
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292357213152
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292347171421
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292347171421
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292347171421
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292357329395
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292357329395
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292357329395
https://doi.org/10.1016/50967-0645(00)00149-1
https://doi.org/10.1016/50967-0645(00)00149-1
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292347204420
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292347204420
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292347204420
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292347221670
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292347221670
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292347221670
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292347230080
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292347230080
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292347230080
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292347472023
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292347472023
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292347472023
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292348009771
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292348009771
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292357383885
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292357383885
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292357383885
https://doi.org/10.1104/pp.002014
https://doi.org/10.1104/pp.002014
https://doi.org/10.1016/j.pocean.2012.09.004
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292357404157
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292357404157
https://doi.org/10.7717/peerj.593
https://doi.org/10.7717/peerj.593
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292357547133
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292357547133
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292357547133
https://doi.org/10.1016/S0278-4343(02)00148-6
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292349535057
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292349535057
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292349535057
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292349535057
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292357555454
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292357555454
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292357555454
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292357555454
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292357590905
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292357590905
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292357590905
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292350066481
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292350066481
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292350066481
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292355307052
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292355307052
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292355307052
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292350153460
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292350153460
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292350153460
https://www.nasa.gov/feature/goddard/2016/fantala-southern-indian-ocean
https://www.nasa.gov/feature/goddard/2016/fantala-southern-indian-ocean
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292358052775
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292358052775
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292350161171
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292350161171
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292350161171
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292350257922
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292350257922
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292350257922
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292358088495
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292358088495
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292350262127
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292350262127
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292350350672
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292350350672
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292350350672
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292358162343
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292358162343
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292358162343
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202112131511252845
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202112131511252845
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202112131511252845
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292350439690
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292350439690
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292350439690
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292350439690
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292350453587
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292350453587
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292350453587
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292350453587
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292350575435
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292350575435
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292350575435

M. Bouvy et al.

Rochelle-Newall, E.J., Torréton, J.-P., Mari, X., Pringault, O., 2008. Phytoplankton-
bacterioplankton coupling in a subtropical South Pacific coral reef lagoon. Aquat.
Microb. Ecol. 50, 221-229.

Rocke, E., Noyon, M., Roberts, M., 2020. Picoplankton and nanoplankton composition on
and around a seamount, affected by an eddy dipole south of Madagascar. Deep Sea
Res. 11, 176. https://doi.org/10.1016/j.dsr2.2020.104744.

Rognes, T., Flouri, T., Nichols, B., Quince, C., Mahé, F., 2016. VSEARCH: a versatile open
source tool for metagenomics. Peer J. 4, e2584.

Roy, S., Llewellyn, C.A., Egeland, E.S., 2011. Phytoplankton Pigments: Characterization,
Chemotaxonomy and Applications in Oceanography. Cambridge University Press.

Sanders, R.W., Berninger, U.G., Lim, E.L., Kemp, P.F., Caron, D.A., 2000. Heterotrophic
and mixotrophic nanoflagellates predation on picoplankton in the Sargasso Sea and
Georges Bank. Mar. Ecol. Prog. Ser. 192, 103-118.

Sarma, V.V.S.S., Rajula, G.R., Durgadevi, D.S.L., Sampath Rumar, G., Loganathan, J.,
2020. Influence of eddies on phytoplankton composition in the bay of Bengal. Cont.
Shelf Res. 208, 10424.

Servais, P., Casamayor, E.O., Courties, C., Catala, P., Parthuisot, N., Lebaron, P., 2003.
Activity and diversity of bacterial cells with high and low nucleic acid content.
Aquat. Microb. Ecol. 33, 41-51.

Seymour, J.R., Pattern, N., Bourne, D.G., Mitchell, J.G., 2005. Spatial dynamics of virus
like particles and heterotrophic bacteria within a shallow coral reef system. Mar.
Ecol. Prog. Ser. 288, 1-8.

Shannon, C.C., Wiever, W., 1963. The Mathematical Theory of Communication. Illinois
University Press, Urbana, IL.

Soane, S., Garmendia, M., Revilla, M., Borja, A., Franco, J., Orive, E., Valencia, V., 2011.
Phytoplankton pigments and epifluorescence microscopy as tools for ecological
status assessment in coastal and estuarine waters. Mar. Pollut. Bull. 62, 1484-1497.

Srichandan, S., Yoon Kim, J., Kumar, A., Mishra, D.R., Bhadury, P., Muduli, P.R.,
Pattnaik, A.K., Rastogi, G., 2015. Interannual and cyclone-driven variability in
phytoplankton communities of a tropical coastal lagoon. Mar. Pollut. Bull. 101,
30-52.

Strickland, J.D.H., Parsons, T.R., 1968. A Practical Handbook of Seawater Analysis. In:
Bull. Fish. Res. Bd, Canada, p. 310.

Suttle, C.A., 2005. Viruses in the sea. Nature 437, 356-361.

17

Marine Pollution Bulletin 174 (2022) 113218

Ternon, J.-F., Bach, P., Barlow, R., Huggett, J., Jaquemet, S., Marsac, F., Menard, F.,
Penven, P., Potier, M., Roberts, M., 2014. The Mozambique Channel: from physics to
upper trophic levels. Deep-Sea Res. II 100, 1-9.

Tew Kai, E., Marsac, F., 2009. Patterns of variability of sea surface chlorophyll in the
Mozambique Channel : a quantitative approach. J. Mar. Sys. 77, 77-88.

Thioulouse, J., Chessel, D., Dolédec, S., Olivier, J.M., 1997. ADE 4: a multivariate
analysis and graphical display software. Stat. Comp. 7, 75-83.

Troussellier, M., Courties, C., Lebaron, P., Servais, P., 1999. Flow cytometric
discrimination of bacterial populations in seawater based on SYTO 13 staining of
nucleic acids. FEMS Microb. Ecol. 29, 319-330.

Tsuchiya, K., Yoshiki, T., Nakajima, R., Miyaguchi, H., Kuwahara, V.S., Taguchi, S.,
Kikuchi, T., Toda, T., 2013. Typhoon-driven variations in primary production and
phytoplankton assemblages in Sagami Bay, Japan: a case study of typhoon mawar
(TO511). Plankt. Benthos Res. 8, 74-87.

Varkitzi, I., Francé, J., Basset, A., Cozzoli, F., Stanca, E., Zervoudaki, S.,
Giannakourou, A., Assimakopoulou, G., Venetsanopoulou, A., Mozeti¢, P., Tinta, T.,
Skejic, S., Vidjak, O., Cadiou, J.-F., Pagou, K., 2018. Pelagic habitats in the
Mediterranean Sea: a review of good environmental status (GES) determination for
plankton components and identification of gaps and priority needs to improve
coherence for the MSFD implementation. Ecol. Indic. 95, 203-218. https://doi.org/
10.1016/j.ecolind.2018.07.036.

Vidussi, F., Claustre, H., Manca, B., Luchetta, A., Marty, J.-C., 2001. Phytoplankton
pigment distribution in relation to upper thermocline circulation in the eastern
Mediterranean Sea during winter. J. Geophys. Res. 106, 19939-19956.

Wang, Y., Qian, P.-Y., 2009. Conservative fragments in bacterial 16S rRNA genes and
primer design for 16S ribosomal DNA amplicons in metagenomic studies. PLoS One
4, €7401.

Wang, Q., Garrity, G.M., Tiedje, J.M., Cole, J.R., 2007. Naive bayesian classifier for rapid
assignment of rRNA sequences into the new bacterial taxonomy. Appl. Environ.
Microbiol. 73, 5261-5267.

Wright, S.W., Jeffrey, S.W., Mantoura, R.F.C., Llewellyn, C.A., Bjornland, T., Repeta, D.,
Welschmeyer, N., 1991. Improved HPLC method for the analysis of chlorophylls and
carotenoids from marine phytoplankton. Mar. Ecol. Prog. Ser. 77, 183-196.

Zubkov, M.V., Quartly, G.D., 2003. Ultraplankton distribution in surface waters of the
Mozambique channel - flow cytometry and satellite imagery. Aquat. Microb. Ecol.
33, 155-161.


http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292358173146
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292358173146
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292358173146
https://doi.org/10.1016/j.dsr2.2020.104744
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292358176624
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292358176624
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292351406338
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292351406338
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292358207453
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292358207453
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292358207453
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292351439059
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292351439059
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292351439059
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292358215624
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292358215624
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292358215624
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292351558069
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292351558069
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292351558069
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292352098175
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292352098175
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292352194653
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292352194653
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292352194653
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292352127810
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292352127810
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292352127810
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292352127810
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292352225705
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292352225705
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292358234245
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292352232703
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292352232703
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292352232703
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292352271024
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292352271024
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292352333309
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292352333309
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292358264968
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292358264968
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292358264968
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292352353442
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292352353442
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292352353442
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292352353442
https://doi.org/10.1016/j.ecolind.2018.07.036
https://doi.org/10.1016/j.ecolind.2018.07.036
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292352497357
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292352497357
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292352497357
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292358352140
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292358352140
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292358352140
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292358358310
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292358358310
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292358358310
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292358497253
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292358497253
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292358497253
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292358534633
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292358534633
http://refhub.elsevier.com/S0025-326X(21)01252-2/rf202111292358534633

	Do microbial planktonic communities reflect the ecological changes of Glorieuses coral reefs (Iles Eparses, Western Indian  ...
	1 Introduction
	2 Material and methods
	2.1 Study site and samplings
	2.2 Physical-chemical variables
	2.3 Biological variables
	2.4 Photosynthetic pigments
	2.5 Sequence processing – bacterial diversity
	2.6 Data processing - co-inertia analysis

	3 Results
	3.1 Environmental parameters
	3.2 Biological variables
	3.3 Bacterial diversity by sequence processing
	3.4 Link between environmental and biological variables: co-inertia analysis

	4 Discussion
	4.1 Context
	4.2 Biological components of the water column
	4.3 Characterization of the Glorieuses marine waters
	4.4 Potential influence of Fantala cyclone on plankton structure
	4.5 Potential variables reflecting the change of ecological status in Glorieuses islands

	5 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	References


