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HIGHLIGHTS 

● Martinique’s mangroves face human pressures, which cause pollutant accumulation in 

sediments. 

● Regulatory thresholds for DDT, dieldrin, Cu, Ni, and As were exceeded in all samples. 

● Microbial biomass and bacterial/archaeal abundance were higher in less-impacted stations. 

● A total of 65 potential microbial bioindicators of human pressures were identified. 

● 9 taxa abundant in high-impacted stations (e.g., Spirochaeta, Pseudolabrys, Truepera). 

 

 

 



Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof

2 

 

ABSTRACT 

Martinique's mangroves, which cover 1.85 hectares of the island (<0.1% of the total area), 

are considerably vulnerable to local urban, agricultural, and industrial pollutants. Unlike for 

temperate ecosystems, there are limited indicators that can be used to assess the anthropogenic 

pressures on mangroves. This study investigated four stations on Martinique Island, with each 

being subject to varying anthropogenic pressures. An analysis of mangrove sediment cores 

approximately 18 cm in depth revealed two primary types of pressures on Martinique 

mangroves: (i) an enrichment in organic matter in the two stations within the highly urbanized 

bay of Fort-de-France and (ii) agricultural pressure observed in the four studied mangrove 

stations. This pressure was characterized by contamination, exceeding the regulatory 

thresholds, with dieldrin, total DDT, and metals (As, Cu and Ni) found in phytosanitary 

products. The mangroves of Martinique are subjected to varying degrees of anthropogenic 

pressure, but all are subjected to contamination by organochlorine pesticides. Mangroves within 

the bay of Fort-de-France experience notably higher pressures compared to those in the island's 

northern and southern regions. In these contexts, the microbial communities exhibited distinct 

responses. The microbial biomass and the abundance of bacteria and archaea were higher in the 

two less-impacted stations, while in the mangrove of Fort-de-France, various phyla typically 

associated with polluted environments were more prevalent. These differences in the microbiota 

composition led to the identification of 65 taxa, including Acanthopleuribacteraceae, 

Spirochaetaceae, and Pirellulaceae, that could potentially serve as indicators of an 

anthropogenic influence on the mangrove sediments of Martinique Island. 

 

1. INTRODUCTION 

Mangrove forests are salt-tolerant tree assemblages in tropical and subtropical zones 

(Bunting et al., 2018), that cover 137,000 km² of the worldwide coastal areas and provide 

numerous ecological services. The one hundred and twenty million people who live within or 
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around mangrove areas (UNEP, 2014) closely depend on mangrove resources in terms of 

provisioning services such as firewood, charcoal, and construction materials (Baba et al., 2013), 

nutritive feeds for farm animals (Kathiresan, 2012), fisheries (Nagelkerken et al., 2008), and 

medicines (Bunyapraphatsara et al., 2003). Mangroves contribute to reducing the “greenhouse 

effect” by removing CO2 from the atmosphere (Kathiresan, 2012), protect the coast against 

cyclones and tsunamis (Kathiresan and Rajendran, 2005), trapp suspended sediments, recycle 

nutrients (Furukawa et al., 1997), and slow down coastal erosion (Harada et al., 2002). 

Mangroves also serve as feeding, breeding, and nursery areas for fishes, and the leaves are a 

food resource for insects and crabs (Nagelkerken and Van Der Velde, 2004). These forests 

benefit the adjacent ecosystems (e.g., seagrass, coral reef) since they provide these ecosystems 

with nutrients and organic matter (OM; Kathiresan, 2012).  

Despite their importance, mangrove areas have experienced degradation and losses in 

recent decades due to human activities (Hamilton and Casey, 2016; Cuny et al., 2020). Models 

and indicators have been developed over several years to evaluate and follow the health of 

mangrove ecosystems around the world, integrating several mangrove components such as trees 

and mollusks (Faridah-Hanum et al., 2019; Wang et al., 2021). Similarly, benthic organisms 

(such as crabs, meiofauna, bivalves, mollusks, and microorganisms) could be proposed as 

bioindicators in relation to the types and levels of anthropogenic pressure (inorganic or organic 

contamination or pollution) exerted on mangroves (Zuloaga et al., 2009; Debenay et al., 2015; 

Torres et al., 2019; Hong et al., 2020; Lavezzo et al., 2020; Michelet et al., 2021; Fiard et al., 

2022). Among them, bacteria and archaea (referred to herein as microorganisms) are of 

particular interest for bioindication, as they are highly sensitive to environmental changes, 

which can result in the disappearance, appearance, or change in abundance of specific taxa 

(Tiralerdpanich et al., 2021). Microbial bioindicators have already proven to be valuable tools 

in the evaluation of the impacts of heavy metal contamination (De La Rosa-Acosta et al., 2015; 
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Fernandez-Cadena et al., 2020), aquaculture effluents (Erazo and Bowman, 2021), land use 

changes (Dinesh and Ghoshal Chaudhuri, 2013; Gong et al., 2019), and enrichment with OM, 

organochlorines, or polycyclic aromatic hydrocarbons (Fiard et al., 2022). 

Coastal ecosystems in the Caribbean islands are highly vulnerable to agricultural effects, 

i.e., the cultivation of sugarcane, bananas, and other tropical fruits. Historically, these islands 

have been reliant on monocrop agricultural economies that heavily rely on the use of fertilizers 

and pesticides. Martinique, a lesser French Indies Island located in the eastern Caribbean Sea, 

is no exception to this trend. The island’s primary economic activities include the production 

of bananas and sugarcane, which has led to significant soil and water pollution (Clostre et al., 

2014). To control banana crop predation, several organochlorine insecticides, including the 

persistent chlordecone (commercialized as Curlone and Kepone), have been widely used for 

over twenty years (1972 – 1993). Besides agriculture, tourism is another significant source of 

income for Martinique, with several hotel complexes situated along the island’s west coast. 

These various sources of pressure have adversely affected the Martinique mangroves. Given 

their proximity to contamination sources on the island and their ability to concentrate pollutants 

(Tam and Wong, 1995), mangroves are an ideal area for identifying microbial bioindicators of 

urban and agricultural pressures. 

This study aimed to evaluate the response of the mangrove sediment microbiota to the 

environmental context of Martinique mangroves in order to identify potential microbial 

bioindicators of specific pressures. A focus was placed on the level of organic (e.g., pesticides, 

polychlorobiphenyl and HAP) and inorganic (e.g., trace metals and metalloids) contamination 

in mangrove sediments.  

 

2. MATERIALS AND METHODS 

2.1. Study area and sampling stations 
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Martinique is a volcanic island located in the French West Indies, situated between the 

Atlantic Ocean and the Caribbean Sea (Figure 1). The island has a tropical climate with a dry 

season from December to June and a rainy season from July to November that favors cyclones. 

The mangroves in Martinique are dominated by red mangrove (Rhizophora mangle), black 

mangrove (Avicennia germinans), and white mangrove (Laguncularia racemosa). 

In this study, four sampling stations (S4, S5, S6, and S7 hereinafter) were selected from 

four watersheds with varying anthropization pressures (Figure 1). Watershed delineation and 

land identification were performed using advanced GIS techniques, leveraging an array of data 

sources. Precise bathymetric and topographic data, obtained through a continuous land-sea 

digital elevation model known as Litto3D, were used. This model provided detailed information 

about both underwater and terrestrial terrain features. Additionally, we incorporated 

orthophotos (DB Ortho 2017) to map various environmental settings, including agricultural 

areas, open natural spaces, forested regions, and specific aquatic habitats. The spatial 

identification of surface aquatic habitats across Martinique was achieved by the CarTHAgE® 

database. The exact extent of each study site's watersheds was ascertained by meticulously 

tracing the contour lines of altimetry data derived from the MNT. Delimiting agricultural zones 

involved the utilization of BD_Culture DAAF 2008, which was subsequently refined with the 

latest orthophotography data. To ensure the precision of these delineations, on-site observations 

were conducted for thorough verification.  

Station 4 (S4; Baie du Trésor; 60.88°E; 14.81°N) was in the less-anthropized zone in the 

north-east of the island. This colluvial mangrove is situated in the Caravelle nature reserve and 

is a natural zone of ecological interest for fauna and flora. The watershed is small (42.1 ha) and 

is mostly composed of natural zones (Table 1). As no direct pressure was detected for the 

mangrove in S4, it served as the reference station for this study. 
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Station 5 (S5; Pointe Marin; 60.87°E; 14.44°N) was in Marin Bay in the south of the island 

(Figure 1). The watershed (67.9 ha; Table 1) is minimally impacted from an industrial or 

agricultural standpoint, but the colluvial mangrove forest is under direct pressure from the larger 

marina of the Lesser Antilles and is located near the outflow of a wastewater treatment plant 

(Belfond). 

The alluvial mangrove forest located at Station 6 (S6; Pointe Merle; -61.01°E; 14.56°N) in 

the Fort-de-France Bay (Figure 1) is fed by multiple watersheds and situated in an agricultural 

area (245 ha; Table 1) and artificial area (271 ha; Table 1). Fishing is prohibited due to the 

presence of a high concentration of chlordecone in the food webs (prefectorial decision, decree 

n°2012335-0003). 

Lastly, Station 7 (S7; Cohé du Lamentin; -61.02°E; 14.60°N) was the largest and most 

impacted watershed of this study (Table 1). This station was in an agricultural and artificialized 

area near the bigger city of the island Fort-de-France (Figure 1; Table 1). The alluvial mangrove 

forest is surrounded by several industrial activities (e.g., food industry, chemical industry), a 

refinery, and a domestic discharge and is near the main airport of the island. 

 

2.2. Core sampling 

During the dry season at low tide in June 2018, three sediment cores were collected from 

each station using plexiglass tubes measuring 10.4 cm in diameter and 20.0 cm in height. Each 

core was sliced into 0.5 cm thick layers for the first two centimeters and 1 cm thick layers 

thereafter, until the end of the core. Random subsamples were taken from these layers to create 

three composite samples representing different sediment depth horizons: 0 to 2 cm, 2 to 10 cm, 

and 10 cm to the end of the core. In each layer of each core, we measured the pH and redox 

potential (Eh) with a multi-parameter probe (WTW Multi 3500i) and the pore water salinity 

with a hand refractometer (ATAGO S-28). The instrument precision was 0.01 Eh and 0.001 
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pH, and the latter was calibrated with NBS buffers. Subsamples of the slices were taken and 

allocated for laboratory analyses to determine the grain size, total organic carbon (TOC), total 

nitrogen (TN), organic contaminants, and trace metals and metalloids (TMMs), and to conduct 

microbial analyses. The samples were frozen and stored at -80°C until the analysis. 

 

2.3. Laboratory analyses 

2.3.1. Grain size, TOC, and TN measures 

The sediments were freeze-dried for 24 h, crushed, and gently homogenized. The grain size 

(0.011 to 3000 microns) was analyzed using a laser beam diffraction analyzer (Partica LA-

950V2; Horiba Instruments, Inc.) at the EcoLab-LEFE Platform for Physical and Chemical 

Analyses (PAPC, Univ Toulouse UPS, INPT, CNRS). The TOC and TN were analyzed through 

combustion at 930°C using a CHN carbon analysis (Flash-2000; ThermoFisher Scientific Inc., 

Milan, Italy). The TOC and TN were used as proxies of the organic matter, and the molar 

TOC:TN ratio (mol:mol) was calculated to infer a proxy of the refractory versus labile nature 

of the organic matter. 

 

2.3.2. Analysis of trace metals and metalloids and organic contaminants 

Analyses of Al, Ag, As, Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb, Se, V and Zn were performed with 

an Agilent 5800VDV ICP-OES and an Agilent 8900 ICP-MS. To this end, 0.25 g of each 

sample were digested using a 3:1 (v/v) 67–70% HNO3/34–37% HCl mixture (Fisher, trace 

metal quality). Acidic digestion of the samples was carried out overnight at room temperature 

and then in a Milestone microwave oven (30 min with constantly increasing temperature up to 

120 °C, then 15 min at this maximal temperature). Each sample was made up to 50 mL with 

ultrapure quality water (Milli-Q). Four certified reference materials (CRMs) were treated and 

analyzed in the same way as the samples. CRMs, from the National Research Council Canada 
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(NRCC), were DOLT-5 (dogfish liver), TORT-3 (lobster hepatopancreas), PACS-1 (marine 

sediment) and PACS-2 (marine sediment). For Total Hg, samples ranging from 5 to 10 mg of 

dried material were directly analysed in an Advanced Mercury Analyser spectrophotometer 

(Altec AMA 254). Hg determination involved evaporation of the metal by progressive heating 

until 800 °C was reached and then held under oxygen atmosphere for 3 min, and subsequent 

amalgamation on a gold-net. Afterwards, the net was heated to liberate the collected Hg, which 

was then measured by atomic absorption spectrophotometry. Accuracy was checked using a 

certified reference material DOLT-5 (dogfish liver), from the National Research Council 

Canada (NRCC).  

Six groups of organic contaminants were analyzed: 16 polycyclic aromatic hydrocarbons 

(PAHs; acenaphthene, acenaphthylene, anthracene, benzo[ghi]perylene, benzo[a]anthracene, 

benzo[b]fluoranthene, benzo[b+k]fluoranthene, benzothiophene, biphenyl, chrysene, 

dibenzothiophene, fluoranthene, fluorene, naphthalene, phenanthrene, and pyrene), 12 

organochlorines (2,4-DDT, 2,4-DDD, 2,4- DDE, 4,4-DDD, 4,4-DDE, 4,4-DDT, aldrin, 

chlordecone, dieldrin, endrin, hexachlorobenzene, and isodrin), 6 polychlorinated biphenyls 

(PCBs; PCB-7, PCB 28, PCB-52, PCB-105, PCB-156, and PCB-169), 2 alkylphenols (4-

nonylphenol and 4 tert-octylphenol), 7 polybrominated diphenyl ethers (PBDEs; BDE 28, BDE 

47, BDE 99, BDE 100, BDE 153, BDE 154, and BDE 183), and 6 phtalates (DMP, DEP, DBP, 

BBP, DEHA, and DEHP). The extraction, clean-up, and analysis of the sediment were 

performed by following Munschy (2005) method by Alzaga et al. (2004). Two reference 

materials were used for quality control: the WEPAL SETOC 767 reference material (LGC 

Standard, Germany) and SRM 1941b (National Institute of Standards and Technology, US). To 

increase the sensitivity, a GC-MS/MS was used as the analytical equipment. The analytical 

method used described by Lacroix et al. (2014). 
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All values for the certified materials used for trace elements and organic compounds are 

provided in Supplementary Materials 2 and 3. 

 

2.3.3. Total DNA extraction and quantification 

The samples were freeze-dried (48 h) and crushed into a powder with a sterilized mortar 

and pestle. The total DNA was extracted with a DNeasy PowerSoil Kit (Qiagen) according to 

the supplier’s recommendations for 0.25-0.30 g of dried sediment. The DNA was quantified 

with a Quantifluor dsDNA system kit (Promega) using a fluorometric dosage according to the 

manufacturer’s protocol with the Qubit 4 Fluorometer (Invitrogen). The measured DNA 

quantity (molecular microbial biomass) was used as a proxy of the microbial biomass in the 

sediment (Dequiedt et al., 2011). 

 

2.3.4. Quantitative Polymerase Chain Reaction (qPCR) 

The bacterial and archaeal abundances in the sediment were determined by quantifying the 

16S rRNA genes (rrs) using qPCR with GoTaq qPCR Master Mix (Promega). Specific bacterial 

(300F: 5’-GCCTACGGGAGGCAGCAG and univ516R: 5’-

GTDTTACCGCGGCKGCTGRCA-3’) and archaeal (931F: 5’-

AGGAATTGGCGGGGGAGCA-3’ and m1100R: 5’-BTGGGTCTCGCTCGTTRCC-3’) 

primers sets were used (Klindworth et al., 2013). The thermal cycle for bacteria was composed 

of a step of initial denaturing that lasted 2 min at 98°C, followed by 30 cycles of (1) initial 

denaturation (5 s at 98°C), (2) primer hybridization (10 s at 55°C) and (3) elongation (12 s at 

72°C). For archaea, the cycles consisted of initial denaturing (3 min at 98°C), followed by 35 

cycles composed of (1) denaturation (10 s at 98°C), (2) primer hybridization (10 s at 62°C) and 

(3) elongation (20 s at 72°C). The final elongation was performed at 95°C for 10 s and the melt-
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curve was built between 65 °C and 95 °C (0.5 °C per 5 s). The DNA standards used came from 

Pseudomonas stuzeri for bacteria and a euryarchaeal species for the archaea. 

 

2.3.5. Amplification and sequencing of 16S rRNA genes   

The variable regions V4-V5 of the 16S rRNA genes were amplified using PCR with the 

following primer set (Wang and Qian, 2009; Parada et al., 2016): 515f (5’-GTG YCA GCM 

GCC GCG GTA A-3’) and 928r (5’-CCG YCA ATT CMT TTR AGT-3’). The reaction mixes 

were composed of 1-10 ng of DNA, 10 µM of 512f forward primer, 10 µM of 928r reverse 

primer, 10 mM of dNTPs, 0.4 µL of Pfu DNA polymerase (Promega), and 2.5 µL of Pfu buffer 

(Promega). The PCR amplifications were performed using a T100 Thermal Cycler (Biorad) and 

consisted of denaturing (2 min at 94°C) followed by 35 cycles of (1) denaturation (20 s at 94°C) 

(2) primer hybridization (20 s at 50°C) and (3) elongation (25 s at 72°C). The amplicons were 

checked using agarose gel electrophoresis (1.5 % w/v), purified with the Agencourt AMPure 

XP system, and quantified with QuantIT PicoGreen. The 16S rRNA genes were sequenced on 

an Illumina MiSeq platform (Genotoul, Toulouse, France). The raw sequence data set was 

deposited in the National Center for Biotechnology Information database under the 

PRJNA874590 BioProject and the BioSample accession Nos. from SRX17300545 to 

SRX17300510. 

 

2.3.6. Sequence analysis 

The reads and the sequences analysis were performed with the Rstudio interface (v3.2.3) 

and the dada2 package (v.3.9) using the workflow proposed by Callahan et al. (2016). The 

amplicon sequence variants (ASV) obtained were affiliated with the Silva database, v.132 

(Quast et al., 2013). The ASVs affiliated with chloroplastic and mitochondrial sequences were 

excluded from the dataset. The phyloseq package (v3.9; McMurdie and Holmes, 2013) was 
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used to rarefy the dataset at an even number of sequences (8,638 reads) and calculate the 

diversity indices. 

 

2.3.7. Statistical analysis 

Statistical analyses were performed with the RStudio interface (v3.2.3). A multiple factor 

analysis (MFA), an extension of principal component analyses (PCA), was performed to 

compare the mangrove stations (Escofier and Pagès, 1994) by following the custom function 

bc.mfa (https://github.com/Hubas-prog/BC-MFA). An MFA enables the analysis of complex 

data tables with distinct groups of variables. Rather than using all the variables simultaneously, 

an MFA focuses on examining the relationships between these variable groups. This 

methodology is particularly well suited for situations where tables contain numerous 

explanatory variables while sharing the same statistical individuals. An MFA assigns weights 

to these variables, ensuring that imbalanced groups do not disproportionately influence the 

analysis. Variables within each group receive identical weights, although these weights can 

vary from one group to another. Importantly, these weights are chosen to standardize the 

maximum axial inertia of each group to 1. Four groups of variables were constituted in this 

study (physicochemical parameters, OM, organic contaminants, and TMMs) to determine the 

characteristics of each station and depth (statistical individuals). The FactoMineR package (Lê 

et al., 2008) was used to run the MFA. Only variables that exhibited significant differences in 

their concentrations between stations (Kruskal – Wallis test; p<0.05), as well as those that 

exceeded the regulatory thresholds (ERLs), were plotted using the factoextra package 

(Kassambara and Mundt, 2020).  

To compare the difference in the microbiota compositions and the environmental 

parameters, non-parametric tests (SRH – test and Wilcoxon pairwise test) were performed using 

the R companion packages (Mangiafico, 2021).  
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A heat tree was constructed with the Metacoder package (Foster et al., 2017) for the top 30 

phyla of the dataset. The abundances of these phyla were determined and compared using a 

Wilcoxon test. The heat tree highlights the significant differences in archaeal and bacterial 

abundances with a log2 ratio of median proportions. Finally, Spearman correlations were 

determined between the taxa abundance and environmental parameters. 

 

3. RESULTS  

3.1. Physicochemical characteristics of sampling stations 

Overall, the sediments from the four study stations had rather similar physicochemical 

characteristics. The pH was slightly acidic, with the vertical average values ranging from 5.4 ± 

0.1 (S6) to 5.8 ± 0.3 (S5). The redox potentials varied between -200 mV and -318.3 ± 55.7 mV 

indicating reduced conditions that would be suitable for anaerobes. The granulometry of the 

sediments was dominated by silt, which accounted for 77.2 – 37.3 % of the grain size, while a 

higher clay content (1.1 ± 0.4 %, p<0.05) was found at S5.  Finally, the pore water salinities 

were similar (32.5 ± 3.3 ‰) across all stations, except at S5 (24.1 ± 6.9 ‰; Supplementary Data 

1). The MFA allowed for the identification of the environmental parameters that discriminated 

between the stations. For example, the first axis of the MFA (44.1 % explained inertia) showed 

discrimination between the samples from S4 – S5 and S6 – S7 (Figure 2). Indeed, S4 – S5 had 

higher levels of TOC (15.6 ± 5.7 %) and TN (0.7 ± 0.2 %) compared to the other stations (TOC 

= 6.0 ± 1.8 %; TN = 0.2 ± 0.7 %; Supplementary Data 1). The results showed that stations S4 

– S5 had sediment concentrations 7.5 ± 2.0 µg. g-1 for Co, 187.8 ± 127.5 µg. g-1 for Mn, 43.2 ± 

9.5 µg. g-1 for Zn, 0.07 ± 0.01 µg. g-1 for Ag and 0.1 ± 0.02 µg. g-1 for Cd which were 1.3-fold 

to 3.5-fold higher compared to S6 – S7 (Supplementary data 1). Compared to S4 – S5, the 

sediments in S6 and S7 were characterized by the presence of higher concentrations of organic 

contaminants (Figure 2), including pyrolytic PAHs such as phenanthrene and anthracene. The 
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concentration of phenanthrene, which was not detected in S4 – S5, was found to be 

0.4 ± 1.1 ng. g-1 in S6 and 0.7 ± 1.3 ng. g-1 in S7 (Supplementary Data 1). Anthracene was 

detected in S6 (a maximum value of 57.06 ng. g-1 in surface sediments; a mean concentration 

of 6.3 ± 8.8 ng. g-1), in S7 (a maximum value of 19.23 ng. g-1 in the deeper sediments of >10 cm; 

a mean concentration of 7.5 ± 8.9 ng. g-1), and only once in S5 (14.17 ng. g-1 in subsurface 

sediments of 2 – 10 cm). Furthermore, S6 and S7 were found to have high mean levels of several 

organochlorine pesticides, including aldrin (4.5 ± 0.01 ng. g-1), HCB (1.8 ± 1.8 ng. g-1), 

chlordecone (6.3 ± 5.0 ng. g-1), endrin (8.8 ± 4.9 ng. g-1), total DDT (14.0 ± 4.4 ng. g-1), and 

dieldrin (9.2 ± 4.5 ng. g-1; Supplementary Data 1). These compounds were found in the other 

stations at concentrations 2 to 10 times lower. Notably, the concentrations of total DDT (min 

of 5.4 ± 3.2 ng. g-1, S4; max of 14.3 ± 4.8 ng. g-1, S6) and dieldrin (min of 5.0 ± 1.6 ng. g-1, S4; 

max of 10.4 ± 3.2 ng. g-1, S6) exceeded the ERL values (total DDT = 1.58 ng. g-1; dieldrin = 

0.02 ng. g-1) in all samples (Buchman, 2008). The sediment samples from S4, S5, S6, and S7 

contained mean chlordecone concentrations of 4.6 ± 1.5 ng. g-1, 4.9 ± 2.5 ng. g-1, 9.5 ± 3.2 ng. 

g-1, and 3.4 ± 4.6 ng. g-1, respectively. 

The second axis of the MFA (14.1 % explained inertia) discriminated stations based on the 

biphenyl, Al, Cu, Pb, Ni, and, As concentrations (Figure 2). Biphenyl was only detected in S4 

(3.6 ± 2.4 ng. g-1).  The aluminum concentrations were higher in S7 and reached 15.57 ± 3.86 

µg. g-1. The arsenic concentrations were similar in S4 (12.5 ± 2.9 µg. g-1), S6 (10.2 ± 3.2 µg. 

g-1) and S7 (9.3 ± 2.2 µg. g-1) but were lower in S5 (2.2 ± 0.6 ng. g-1). The copper quantities 

were higher in S6 – S7 (31.3 ± 8.4 µg. g-1) than S4 – S5 (28.2 ± 5.0 µg. g-1), and the Ni content 

was higher in S4 (20.1 ± 6.8 µg. g-1) and S7 (22.2 ± 10.8 µg. g-1; Supplementary Data 1).  

3.2. Microbial community characteristics 

The microbial molecular biomass (total DNA extracted from the sediment) was six times 

higher for S4 – S5 (p< 0.05) than for S6 and S7, with mean values of 10.8 ± 7.6 µg. g-1 and 1.8 
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± 1.9 µg. g-1, respectively (Table 2). Similarly, the mean bacterial population size was found to 

be significantly higher at stations S4 and S5 (1.63 x 109 ± 2.0 x 109 rrs gene copies. g-1) 

compared to S6 and S7 (1.7 x 108 ± 2.0 x 108 rrs gene copies. g-1; p<0.05; Table 2). The archaea 

abundance followed a similar trend, with a mean number of rrs gene copies. g-1 in the sediment 

of 8.6 x 107 ± 5.0 x 107 for S4 and S5 compared to 2.7 x 107 ± 3.5 x 107 for S6 and S7, 

respectively (Table 2).  

 

3.3. Microbial diversity and composition 

The filtering and trimming process allowed the identification of 11,463 ASVs (751 ± 167 

ASVs per sample), and the Shannon index varied between 4.7 and 7 (p-value > 0.05). Within 

the 11,463 ASVs, 67 phyla were identified in the mangrove sediments of the four stations. The 

dominant phyla observed in this study were Proteobacteria (20.5 – 28.8%), Chloroflexi (17.9 – 

25.5%), Bacteroidetes (11.3 – 19.4%), Planctomycetes (3.4 – 10.5%), Calditrichaeota (3.3 – 

5.7%), Acidobacteria (2.9 – 5.6%), Actinobacteria (0.7 – 5.3%), Crenarchaeota (1.1 – 5.8%), 

Euryarchaeota (1.6 – 4.1%), and Spirochaetes (1.3 – 3.1%).  

To identify the taxa that exhibited differential responses to the contamination levels, the 

stations were divided into two groups (S4 – S5 and S6 – S7) based on the level of pressure in 

each station, as identified previously. A heat-tree clustering analysis was performed specifically 

on these groups (Figure 3). Several taxa were found to be more abundant in the stations with 

the lowest levels of anthropization (S4 – S5) or were totally absent in these sediments. This was 

notably the case for Crenarchaeota (the group formerly called the Miscellaneous Crenarchaeotal 

Group is now known as Bathyarchaeota), the taxa of which were more abundant in the S4 – S5 

group, and the very diversified Acidobacteria phylum (subgroup 18), the taxa of which were 

four times more abundant in the stations with the lowest levels of anthropization. In contrast, 

nine taxa had a higher abundance (Deinococcus-Thermus, Mariprofundus, Latescibacteria, 
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Calditrichaeota, Planctomycetes, Dragonibacterium, Spirochaeta, Acanthopleuribacteraceae 

and Pseudolabrys) in the most contaminated stations (S6 – S7).  Another particularly interesting 

taxon was the Thermodesulfovibrionaceae family (Nitrospirae), which was totally absent from 

S6 – S7. Similarly, a lower abundance of the Desulfobacteraceae (7.2 – 2.6%), 

Desulfobulbaceae (1.0 – 0.4%), and Desulfarculaceae (4.4 – 3.1%) families were observed in 

stations S6 and S7.   

 

3.4. Correlations between taxa and environmental variables 

To assess the relationships between all the identified taxa and the environmental variables 

of concern, including the total organic carbon, organochlorine compounds, and total metal 

concentrations exceeding the effects range low (ERL) values, Spearman’s rank-order 

correlations were performed. The correlations were conducted at the family level due to the 

taxonomic assignment of 60% of the sequences at this level, whereas only 30% of the sequences 

could be identified at the genus level. Furthermore, by working at the family level, we were 

able to analyze groups of organisms that exhibited a greater similarity in terms of their 

functioning and physiology, in contrast to higher taxonomic levels such as order, class, and 

phylum. The analysis revealed that 65 families showed positive or negative correlations with 

these six environmental variables (Figure 4). First, thirty-seven families showed a positive 

correlation with the TOC in the analysis (Figure 4), including Acetobacteraceae, 

Acidobacteraceae and Gemmataceae (p-value < 0.05); Balneolaceae, Hydrogenedensaceae, and 

Mariprofundaceae (p-value < 0.01); Acanthopleuribacteraceae, Devosiaceae, Micropepsaceae 

(p-value < 0.001). Regarding pesticides, thirty-one families were positively correlated with 

dieldrin and total DDT (Figure 4): Chromatiaceae, Magnetospiaceae, and Pianococaceae (p-

value < 0.05); Beggiatoaceae, Mycobacteraceae, and Thermoanaerobaculaceae (p-value < 

0.01); and Devociaceae, Nocardioidaceae, and Rhodobacteraceae (p-value < 0.001). Finally, 
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thirteen families were positively or negatively correlated with the three TMMs (As, Cu, and Ni; 

Figure 4), whereas only four families were positively correlated with these metals 

(Moduliflexaceae, Rhodomicrobiaceae, Pirellulaceae, and Kineosporiaceae). 

 

4. DISCUSSION 

4.1.Characteristics and anthropization levels of sampling stations 

A seen previously, the sediment characteristics were globally similar except for the pore 

water salinity, which was lower in S5. This difference may be attributed to the discharge of 

freshwater effluents from the upstream wastewater treatment plant of Belfond, located near the 

station. One other dissimilarity was the higher OM content in S6 and S7. Indeed, these two 

stations had significant leaf litter deposits (field observation), possibly due to the natural 

characteristics of the alluvial mangroves in these areas, which receive regular nutrients and OM 

inputs from the agricultural and artificialized watershed basins of the Lézarde and the 

Longvilliers rivers, respectively. Although S5 was near a wastewater treatment plant, the 

sampling period corresponded to a less touristy period, and the plant had the capacity to treat 

all water inputs, making it less likely for the wastewater treatment plant to be the source of the 

enriched OM in this mangrove. 

Another difference between the stations was the higher concentration of pyrolytic PAHs 

(phenanthrene and anthracene) in S6 – S7. These contaminants are released into the 

environment particularly during accidental oil release or during combustion activities, such as 

power production, residential heating, incineration, refineries, and traffic (Pereira et al., 2019; 

Pichler et al., 2021). More specifically, the high concentrations of PAHs detected in S6 and S7 

could have been due to the urban context of these stations (industries and vehicular and air 

traffic). Biphenyl was only detected in S4, but its concentration was lower than the ERL value 

(73 ng. g-1). Usually, this PAH is found in crude oils and refined products (diesel, lubricants, 
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and heavy oils). The origin of this benzenoid aromatic compound in this station is unclear. 

Although the production of PCBs is prohibited, they remain a toxic legacy as they were widely 

used from the 1930s to the 1980s in various applications, such as in PCB-filled transformers, 

paints, capacitor fluids, fire retardants, and extenders in pesticides (De Boer, 2005). The illegal 

use of pesticides or the dumping of waste containing PCBs could be possible explanations. 

Despite higher quantities of organochlorine pesticides in S6 – S7, the omnipresence of 

pesticides in all stations underscores the widespread prevalence of agricultural activity in 

Martinique. The presence of dieldrin and total DDT highlights the past legacy of agricultural 

practices on the island. DDT was widely used as an insecticide between the 1940s and the 1950s 

(Kim et al., 2016) to fight banana weevils, even after its harmful effects were known. Despite 

its banishment in the 1970s, it can still be detected in the environment, along with its 

biodegradation products. Similarly, dieldrin is a persistent organic pollutant (POP) listed in the 

Stockholm convention (2001) and was used as an alternative to DDT for many years before 

being banned in France in 1972. An interesting fact is that the chlordecone content, a pesticide 

used during many years in the French Lesser Antilles, was found below the regulatory threshold 

(19.9 ng. g-1) in this study (INERIS, 2021). These findings are consistent with those of a 

previous study (Bocquené and Franco, 2005) that reported the leaching of this pesticide from 

Martinique soil and the consequent contamination of nearby waters (Dromard et al., 2022). 

The concentrations of Co, Zn, Ag, and Mn were higher in S4 – S5; these differences may 

have been due to variations in the natural inputs between watersheds, since the TMM 

concentrations were below the regulatory thresholds (Buchman, 2008). In the same way, the 

sediment of S7 had a higher Al content. This station was in Le Lamentin Bay, which is the 

second most populated town in Martinique and the island’s economic and industrial center. Le 

Lamentin has various industries, an oil refinery, landfills, and waste incinerators, which could 

be responsible for the inputs of Al in S7. In contrast, the concentrations of As, Cu, and Ni were 
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higher than the corresponding ERL values (Buchman, 2008). These TMMs are commonly 

found in the composition of fertilizers, herbicides, and pesticides (Defarge et al., 2018). Their 

presence, along with that of organochlorine compounds, most likely indicates intense 

agricultural activity on the island. Some of the zinc may have also been derived from the 

widespread use of metal sheet roofs on the island; however, this aspect requires further 

investigation (SDAGE, 2022). 

The Martinique mangroves studied in this work can be categorized into two levels of 

anthropization. Although all four stations were polluted with dieldrin, total DDT, As, Cu, and 

Ni, S6 and S7 showed higher levels of anthropization than the other stations. The sediments of 

S6 and S7 were exposed to PAH contamination and had higher eutrophication levels with a 

higher TOC and TN than that in S4 and S5. These differences can be attributed to the watershed 

basins of S6 – S7, which are more anthropogenic than those of the other two stations. 

 

4.2. Microbiota of mangroves in Martinique 

4.2.1. Microbial community characteristics 

The total DNA extracted from the mangrove sediment samples was used to estimate the 

microbial molecular biomass, a parameter that has been employed as a bioindicator of soil 

quality in metropolitan France for several years (Dequiedt et al., 2011; Terrat et al., 2012; 

Horrigue et al., 2016). A higher microbial biomass in soils is generally linked to better soil 

quality (Horrigue et al., 2016). The quality of soil corresponds to the monitoring of its proper 

functioning, such as the biomass production or the support of habitats and biodiversity (Ritz et 

al., 2009). In this study, the significantly higher microbial biomass at S4 – S5 may, therefore, 

suggest a better sediment quality than that at the other two stations. Furthermore, the molecular 

biomass measured at S6 – S7 was lower than the range that has been reported for other 

mangrove sediments (3.1 to 19.8 µg. g-1; Jiang et al., 2011; Fernandes et al., 2014; Fiard et al., 



Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof

19 

 

2022), probably because they are less impacted by anthropogenic pressures. Indeed, Jiang et al. 

(2011) conducted their research within the confines of the mangrove national nature reserve in 

China. Similarly, Fiard et al. (2022) delved into the microbial realm of French Guyana’s 

mangroves, recognized for their relatively robust protection against human disturbances.  

In the same way, the higher bacterial and archaeal populations observed in S4 and S5 

compared to S6 and S7 suggest that the environmental conditions at S4 and S5 are more suitable 

for the growth and development of these populations. This is consistent with previous studies, 

which have shown that mangrove sediments enriched in OM can support larger bacterial 

populations (Fiard et al., 2022). However, in the case of S6 and S7, which were the most 

anthropized stations, the inhibitory effects of large amounts of PAHs and organochlorines 

appear to have outweighed the stimulatory effects of OM enrichment on the bacterial and 

archaeal populations. 

 

4.2.2. Microbial diversity and composition 

The alpha diversity values obtained in this study fell within the lower range of the diversity 

indices observed in other mangroves worldwide. For example, studies by Gomez-Acata et al. 

(2023), Gong et al. (2019), and Liu et al. (2023) reported Shannon indices of around 9-10. In 

contrast, other investigations on sediment samples from mangroves in Kenya (Muwawa et al., 

2021), Brazil (De Santana et al., 2021), and Malaysia (Mai et al., 2021) have obtained alpha 

diversity values more similar to those observed in this study on Martinique mangroves (4.7 to 

7). Furthermore, a previous study by Fiard et al. (2022) examined well-preserved mangroves in 

French Guiana and found Shannon index values ranging from 5.1 to 6.3, which aligns perfectly 

with the range of values obtained in Martinique using identical bioinformatics methods. The 

specific richness ranged from 717 to 909, while the Shannon index ranged from 5.8 to 6.4. A 

systematic review on the microbial diversity of preserved and disturbed mangrove forests 
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showed that impacted mangroves tend to exhibit a higher microbial diversity compared to that 

of sediments from preserved forests (Taketani et al., 2009; Fernandes et al., 2014; Fernández-

Cadena et al., 2020; Yang et al., 2020). However, in the Martinique mangroves investigated in 

this study, no significant differences were observed in the richness or diversity index among 

the different sampling stations (p-value > 0.05). It is important to note that all the stations under 

investigation were exposed to pressures, primarily due to the presence of organochlorine 

pesticides (dieldrin and total DDT). The widespread and persistent occurrence of these 

pollutants throughout the island could explain the lack of a significant difference in the richness 

and diversity among the studied mangroves. 

Ten dominant phyla were consistently found in high abundance in mangrove sediments, 

regardless of various factors such as the pressure level, location, season, or forest type. Among 

these, Proteobacteria taxa were the most dominant, with random reports of Firmicutes and 

Chloroflexi (see review by Lai et al., 2022). They constitute the core microbiome of mangroves 

(Andreote et al., 2012; Haldar and Nazareth, 2018; Santana et al., 2019; Fiard et al., 2022). 

Firmicutes taxa were indeed present in the sediments of Martinique mangroves; however, their 

abundance was lower (0.1% to 1.1%) than the abundance typically found in mangroves and 

therefore they were not among the top 10 most abundant phyla. 

The heat-tree clustering analysis allowed for the identification of taxa that were more 

abundant in the two groups of stations (S4 – S5 and S6 – S7). Within these taxa, the 

Thermodesulfovibrionaceae family was completely absent from the most anthropized stations. 

However, this family is known to be highly abundant in mangrove sediments (Cao et al., 2017; 

Santana et al., 2019; Fiard et al., 2022). The contamination level in S6 – S7 seemed to inhibit 

Thermodesulfovibrionaceae in Martinique mangrove sediments. Additionally, Crenarchaeota 

and the very diversified Acidobacteria phylum were both less abundant in S6 – S7. The first 

one is often dominant in anoxic sediments (Farag et al., 2020; Zhou et al., 2018) and its phylum 
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are known for their ability in dissimilatory nitrite/nitrate reduction to ammonium (DNRA), 

sulfur reduction, and can degrade a wide range of OM such as plant-derived carbohydrates, 

detrital proteins, and refractory organic matter (Meng et al., 2014; Lazar et al., 2017; Zhou et 

al., 2018). In addition, the Acidobacteria phylum, (subgroup 18) is typically found in soil 

(Naether et al., 2012) and has been shown to be abundant in pasture soils with an acidic pH 

(Navarrete et al., 2015; De Chaves et al., 2019). Interestingly, the distribution of this taxon was 

shown to be mainly driven by the sediment grain size and by the Cu and Cr concentrations in 

Mediterranean coastal sediments highly contaminated with PAHs and heavy metals (Dell’Anno 

et al., 2021). The environmental conditions at Stations 6 and 7 should, therefore, have allowed 

for a more significant development of these two taxa. However, a higher level of anthropization 

appears to have a negative effect on these organisms. Similarly, Desulfobacteraceae, 

Desulfobulbaceae, and Desulfarculaceae were found in sediments with high OM content but 

also low levels of organic contaminants. This suggests that these taxa may be sensitive to 

organic contaminants detected in these stations.  

On the contrary, some taxa showed higher abundances in the two most impacted stations. 

Within these taxa, the Deinococcus-Thermus phylum was represented by the Truepera genus, 

which is known to contain chemoorganotrophic bacteria commonly found in polluted 

mangroves (Albuquerque et al., 2018). Truepera has been implicated in the degradation of 

several environmental contaminants such as PAHs, bisphenol, and microplastics in sediments, 

soils, and water (Guo et al., 2020; Shabbir et al., 2020; Chen et al., 2021; Tong et al., 2021). 

The lower abundance of Deinococcus – Thermus in S4 and S5 suggests that this taxon may 

prefer the environmental conditions of the two contaminated stations. Another notable taxon 

was the chemolithoautotroph Mariprofundus genus, which belongs to the Zetaproteobacteria 

class, and which was totally absent in the S4 – S5 sediments. It can participate in the degradation 

of PAHs (Guo et al., 2016), and it has been found in polluted sediments (Obi et al., 2017; Torres 
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et al., 2019). Similarly, Acanthopleuribacteraceae, a family in the Acidobacteria phylum, is 

known to degrade organic compounds and is used for bioremediation purposes in the 

environment (Falkiewicz-Dulik et al., 2015). Due to its affinity for PCBs, it is also a potential 

bioindicator of PCB contamination in mangrove sediments (Fiard et al., 2022). The 

Spirochaetes phylum, particularly the Spirochaeta genus, was two time more abundant, is 

known to utilize detrital biomass and recycle necromass in coastal anoxic polluted 

environments (Dong et al., 2018), and is a frequent member of contaminated-sediment 

microbial communities in coastal areas (Quero et al., 2015). Within the Alphaproteobacteria 

class, some taxa are known to degrade organic pollutants, such as bisphenol A as well as other 

organic compounds (Falkiewicz-Dulik et al., 2015). One such taxon is the Pseudolabrys genus, 

which is a nitrogen-fixing and nitrifying bacterium (Yu et al., 2022). It is commonly found in 

hydrocarbon-rich soils and is considered a hydrocarbon degrader (Medina et al., 2018; 

Manucharova et al., 2021).  

 

4.3. Mangrove microbial bioindicators of anthropic pressures 

To identify indicator organisms that reflect the primary urban and agricultural pressures 

affecting the mangroves of Martinique, we performed Spearman correlations between 

microorganism families and the various variables linked to these pressures. A positive 

correlation may indicate that the taxon can degrade the compound or tolerate the recorded 

concentration of OM or the pollutant. Conversely, a negative correlation may suggest that the 

taxon is sensitive to the pollutant or the measured concentration of OM. Out of the 65 identified 

families, 31 are particularly interesting, as a link has been established among the total organic 

carbon, organochlorines, and total metal concentrations, as documented in the literature (refer 

to Tables 3, 4, and 5). Therefore, these families have therefore the potential to serve as microbial 

bioindicators of the environmental pressures present in the mangroves of Martinique. 
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4.3.1. Potential bioindicators of OM enrichment (urban pressures) 

The quantified TOC and TN values at Stations 6 and 7 indicated an enrichment of 

organic matter sourced from the urbanized watershed of Lamentin Bay. Out of all the families 

correlated with the TOC, only 13 of them have been described in the literature for their marked 

response to OM enrichment (Table 3). These heterotrophic taxa, which can be either aerobic or 

anaerobic, are found in various environments, such as marine sediments, soils, plant 

rhizospheres, seawater, and mangrove sediments (Huang et al., 2014; Lino, 2014; Shivani et 

al., 2016; Fiard et al., 2022; Krohn et al., 2022; see Table 3). In contrast, 54 other families also 

showed significant correlations with OM enrichment (higher TOC content; Figure 4). However, 

there is limited knowledge about these organisms, and further research is needed to understand 

their behavior towards OM. Nonetheless, these families warrant special attention as potential 

indicators of OM enrichment. 

 

4.3.2. Potential bioindicators of agricultural practices (pesticides) 

As mentioned earlier, agricultural practices in Martinique are causing pressures on 

mangroves, leading to high levels of organochlorine pesticides (dieldrin and total DDT) and the 

associated TMMs (As, Cu, and Ni).  

Thirty-one families were positively correlated with dieldrin and total DDT (Figure 4), 

and among them, 13 taxa are already known as bioindicators of agricultural activities in soils 

or sediments (Table 4). These families have representatives that are resistant to or can degrade 

organochlorine compounds (e.g., Acanthopleuribacteraceae, Chromatiaceae, 

Xanthobacteraceae, Gallionellaceae and Trueperaceae), and some are even used in 

bioremediation processes (Acanthopleuribacteraceae, Nocardioiaceae and 

Sphingomonadaceae) (Table 4). Therefore, these families are promising candidates for the 

bioindication of agricultural pressures in mangrove ecosystems, particularly for dieldrin and 
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total DDT contamination. However, the lack of knowledge about the ecology of the remaining 

18 taxa prevents us from understanding the observed correlations, which may be directly or 

indirectly related to the contamination levels (Figure 4). 

 

4.3.3. Potential bioindicators of agricultural practices (TMM) 

 

It may sometimes be difficult to define whether a metal is a contaminant or whether its 

strong concentrations are due to the geochemical background of the study site. The 

concentrations of As, Cu, and Ni in Martinique mangroves were found to be higher than the 

corresponding ERL guideline values, providing strong evidence that they are pollutants 

introduced into the environment through agricultural practices on the island (Defarge et al., 

2018). These metals can have harmful effects on the environment and the health of living 

organisms, including mangroves and their associated microbiota (Bayen et al., 2012). The 

consequences of these effects may lead to various outcomes, such as changes in the physical 

features of the microbiota (Kruitwagen et al., 2006; Paixão et al., 2011), alterations in their 

behavior (Mackey and Hodgkinson, 1996), or even their mortality (Cannicci et al., 2009).  

Therefore, understanding the behavior of microbial communities in the presence of these 

pollutants is important for the development of effective strategies for their remediation and the 

conservation of mangrove ecosystems. Seventeen taxa were found to be correlated with As, Cu, 

and Ni (Figure 4), but only five of them have established links with TMMs and could most 

likely serve as bioindicators of As, Cu, and Ni (Table 5). Among these families, 

Rhodomicrobiaceae is particularly interesting because it has been found in As-rich sediments 

and have been shown to be resistant to As (Table 5). Similarly, Caldilineaceae is known to be 

inhibited by metals, which seems to be the case in mangrove sediments as well (Kou et al., 

2018). However, for the other families, further research is needed to determine the reasons for 

the observed correlations. 
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5. CONCLUSION 

Our study highlights the significant influence of agricultural and urban pressures on 

Martinique's mangroves. It demonstrates organic matter enrichment in the two stations within 

the Fort-de-France Bay, as well as concentrations of pesticides (dieldrin and total DDT) and 

trace metal elements (As, Cu, and Ni) that exceed the ERL reference values across all four 

island stations. Despite the presence of organochlorine compounds across all four stations, the 

mangroves in the Fort-de-France Bay (S6 and S7) face a greater impact due to their proximity 

to Martinique's largest urban areas. In this context of contrasting levels of impact, the mangrove 

microbiota showed significant responses on multiple levels, including the molecular microbial 

biomass and the bacterial and archaeal population sizes which were lower in the two most 

impacted stations. The sensitivity and preferences of microbial taxa have led to shifts in the 

microbial community composition across the various pressure levels experienced by the 

stations. For instance, organisms commonly found in polluted environments were identified in 

the mangroves of Fort-de-France. These differences enabled us to identify interesting taxa at 

the family level that serve as bioindicators, reflecting the significant agricultural and urban 

pressures on Martinique's mangrove forests. Our identification of bioindicator taxa for the 

agricultural pressure in Martinique’s mangroves constitutes a unique database of microbial taxa 

in mangroves and presents a promising approach for bioindication in these particular 

ecosystems, although further investigations are needed to confirm their applicability on a global 

scale. Overall, our findings emphasize the importance of monitoring and managing agricultural 

practices to protect the ecological integrity of mangrove ecosystems. 

 

Acknowledgments  



Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof

26 

 

This study was funded by the French Biodiversity Agency. First, we would like to 

warmly thanks Olivier Monnier for the global coordination of the project. We also extend our 

appreciation to the French Agricultural Research Centre for International Development 

(CIRAD) of Martinique for providing laboratory support. The authors further greatly 

acknowledge Corinne Pautot of the EcoLab-LEFE Platform for Physical and Chemical 

Analyses (PAPC, Univ Toulouse UPS, INPT, CNRS) and the Littoral Environment and Society 

(LIENSs) platform and more precisely Carine Churlaud for the TMMs analysis. Last but not 

least, we would like to thank François Fromard, Pierre-Alain Maron, Cristiana Cravo-Laureau, 

Valerie Michotey and Claire Gollety for the constructive discussions during several phases of 

this study.   

 

Credit authorship contribution statement  

Maud Fiard: Conceptualization, Software, Formal analysis, Investigation, Writing – original 

draft, Writing – review & editing, Visualization. Cécile Militon: Conceptualization, 

Methodology, Field work, Formal analysis, Resources, Writing – original draft, Writing – 

review & editing, Supervision, Funding acquisition. Léa Sylvi: Resources, Field work, 

Investigation. Jonathan Migeot: Field work, characterization, and selection of field stations; 

Emma Michaud: Conceptualization, Methodology, Resources, Writing – review & editing, 

Project administration, Funding acquisition. Ronan Jézéquel: Investigation. Franck Gilbert: 

Methodology, Investigation. Isabelle Bihannic: Resources, Investigation. Jeremy Devesac: 

Investigation. Guillaume Dirberg: Conceptualization, Methodology, Field Work, Resources, 

Writing – review & editing, Project administration, Funding acquisition. Philippe Cuny: 

Conceptualization, Methodology, Field work, Resources, Writing – original draft, Writing – 

review & editing, Supervision, Project administration, Funding acquisition. 

 



Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof

27 

 

Data availability:  The environmental parameters data were available in the supplementary 

material of this paper. The raw sequence data set was deposited in the National Center for 

Biotechnology Information database under the PRJNA874590 BioProject and the BioSample 

accession nos. from SRX17300545 to SRX17300510.  

 

REFERENCES 

 

Acosta-González, A., Martirani-von Abercron, S.M., Rosselló-Móra, R., Wittich, R.M., Marqués, S., 

2015. The effect of oil spills on the bacterial diversity and catabolic function in coastal 

sediments: a case study on the Prestige oil spill. Environmental Science and Pollution Research, 

22, 15200–15214.  

Albuquerque L., Rainey F.A., Da Costa M.S., 2018. The genus Truepera in Bergey’s Manual of 

Systematics of Archaea and Bacteria, 4th Edition (Ed. William B. Whitman), Wiley, 1-8. 

https://doi.org/10.1002/9781118960608.gbm01328 

Alzaga, R., Montuori, P., Ortiz, L., Bayona, J.M., Albaigés, J., 2004. Fast solid-phase extraction-gas 

chromatography-mass spectrometry procedure for oil fingerprinting: Application to the Prestige 

oil spill. Journal of Chromatography A 1025, 133–138. 

https://doi.org/10.1016/j.chroma.2003.10.080 

Andreote, F., Jiménez, D., Chaves, D., Dias, A., Luvizotto, D., Dini-Andreote, F., Fasanella, C.C., 

Lopez, M., Baena, S., Taketani, R., de Melo, I., 2012. The microbiome of Brazilian mangrove 

sediments as revealed by metagenomics. PLoS One 7(6), e38600. 

https://doi.org/10.1371/journal.pone.0038600 

Andres, J., Arsène-Ploetze, F., Barbe, V., Brochier-Armanet, C., Cleiss-Arnold, J., Coppée, J.Y., 

Dillies, M.A., Geist, L., Joublin, A., Koechler, S., Lassalle, F., Marchal, M., Médigue, C., 

Muller, D., Nesme, X., Plewniak, F., Proux, C., Ramírez-Bahena, M.H., Schenowitz, C., 

Sismeiro, O., Vallenet, D., Santini, J.M., Bertin, P.N., 2013. Life in an arsenic-containing gold 

mine: Genome and physiology of the autotrophic arsenite-oxidizing bacterium Rhizobium sp. 

NT-26. Genome Biology and Evolution 5, 934–953. https://doi.org/10.1093/gbe/evt061 



Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof

28 

 

Baba, S., Chan, H.T., Aksornkoae, S., 2013. Useful products from mangrove and other coastal plants. 

ISME Mangrove Educational Book Series No. 3. International society for mangrove ecosystems 

and International tropical timber organization, 98. 

Bárta, J., Tahovská, K., Šantrůčková, H., Oulehle, F., 2017. Microbial communities with distinct 

denitrification potential in spruce and beech soils differing in nitrate leaching. Scientific Reports 

7, 1–15. https://doi.org/10.1038/s41598-017-08554-1 

Bastakoti, U., Robertson, J., Marchand, C., Alfaro, A.C., 2019. Mangrove removal: Effects on trace 

metal concentrations in temperate estuarine sediments. Marine Chemistry 216, 103688. 

https://doi.org/10.1016/j.marchem.2019.103688 

Bayen, S., 2012. Occurrence, bioavailability and toxic effects of trace metals and organic 

contaminants in mangrove ecosystems: A review. Environmental International 48, 84–101. 

https://doi.org/10.1016/j.envint.2012.07.008 

Bocquené, G., Franco, A., 2005. Pesticide contamination of the coastline of Martinique. Marine 

Pollution Bulletin 51, 612–619. https://doi.org/10.1016/j.marpolbul.2005.06.026 

Buchman, M.F., 2008. NOAA Screening Quick Reference Tables, NOAA OR&R Report 08 – 1, 34 

pages. 

Bunting, P., Rosenqvist, A., Lucas, R.M., Rebelo, L.M., Hilarides, L., Thomas, N., Hardy, A., Itoh, 

T., Shimada, M., Finlayson, C.M., 2018. The global mangrove watch - A new 2010 global 

baseline of mangrove extent. Remote Sensing 10, 1669. https://doi.org/10.3390/rs10101669 

Bunyapraphatsara, N., Jutiviboonsuk, A., Sornlek, P., Therathanathorn, W., Aksornkaew, S., Fong, 

H.H.S., Pezzuto, J.M., Kosmeder, J., 2003. Pharmacological studies of plants in the mangrove 

forest. Thai Journal of Pharmaceutical Sciences 10, 1–12. 

Callahan, B.J., McMurdie, P.J., Rosen, M.J., Han, A.W., Johnson, A.J.A., Holmes, S.P., 2016. 

DADA2: High-resolution sample inference from Illumina amplicon data. Nature Methods 13, 

581–583. https://doi.org/10.1038/nmeth.3869 

Cannicci, S., Burrows, D., Fratini, S., Smith, T.J., Offenberg, J., Dahdouh-Guebas, F., 2008. Faunal 

impact on vegetation structure and ecosystem function in mangrove forests: A review. Aquatic 

Botany 89, 186–200. https://doi.org/10.1016/j.aquabot.2008.01.009 



Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof

29 

 

Cao, Q., Wang, H., Chen, X., Wang, R., Liu, J., 2017. Composition and distribution of microbial 

communities in natural river wetlands and corresponding constructed wetlands. Ecological 

Engineering 98, 40–48. https://doi.org/10.1016/j.ecoleng.2016.10.063 

Clostre, F., Letourmy, P., Thuriès, L., Lesueur-Jannoyer, M., 2014. Effect of home food processing 

on chlordecone (organochlorine) content in vegetables. Science of the Total Environment 490, 

1044–1050. https://doi.org/10.1016/j.scitotenv.2014.05.082 

Chen, J., Tong, T., Yang, Y., Ke, Y., Chen, X., Xie, S., 2021. In-situ active Bisphenol A-degrading 

microorganisms in mangrove sediments. Environmental Research 206, 112251. 

https://doi.org/10.1016/j.envres.2021.112251 

Cuny, P., Jezequel, R., Michaud, E., Sylvi, L., Gilbert, F., Fiard, M., Chevalier, C., Morel, V., 

Militon, C., 2020. Oil Spill Response in Mangroves: Why a Specific Ecosystem-Based 

Management Is Required? the Case of French Guiana - a Mini-Review. Vie et Milieu - Life and 

Environment 70, 69–76.  

Dealtry, S., Nour, E.H., Holmsgaard, P.N., Ding, G.C., Weichelt, V., Dunon, V., Heuer, H., Hansen, 

L.H., Sørensen, S.J., Springael, D., Smalla, K., 2016. Exploring the complex response to linuron 

of bacterial communities from biopurification systems by means of cultivation-independent 

methods. FEMS Microbiology Ecology 92, 1–12. https://doi.org/10.1093/femsec/fiv157 

Debenay, J.-P., Marchand, C., Molnar, N., Aschenbroich, A., Meziane, T., 2015. Foraminiferal 

assemblages as bioindicators to assess potential pollution in mangroves used as a natural 

biofilter for shrimp farm effluents (New Caledonia). Marine Pollution Bulletin 93, 103-120. 

https://doi.org/10.1016/j.marpolbul.2015.02.009  

De Boer, J., 2005. Polychlorinated biphenyls, in: Encyclopledia of Analytical Science. pp. 214–225. 

https://doi.org/10.1201/9781315149882  

DeBruyn, J.M., Mead, T.J., Sayler, G.S., 2012. Horizontal transfer of PAH catabolism genes in 

Mycobacterium: Evidence from comparative genomics and isolated pyrene-degrading Bacteria. 

Environemental Science & Technology 46, 99–106. https://doi.org/10.1021/es201607y 

De Chaves, M., Silva, G., Rossetto, R., Edwards, R., Tsai, S., Navarrete, A., 2019. Acidobacteria 

subgroups and their metabolic potential for carbon degradation in sugarcane soil amended with 



Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof

30 

 

vinasse and nitrogen fertilizers. Frontiers in Microbiology 10, 1680. 

https://doi.org/10.3389/fmicb.2019.01680 

Defarge, N., Spiroux de Vendômois, J., Séralini, G.E., 2018. Toxicity of formulants and heavy metals 

in glyphosate-based herbicides and other pesticides. Toxicology Reports 5, 156–163. 

https://doi.org/10.1016/j.toxrep.2017.12.025 

Dell’Anno, F., Rastelli, E., Tangherlini, M., Corinaldesi, C., Sansone, C., Brunet, C., Balzano, S., 

Ianora, A., Musco, L., Montereali, M.R., Dell’Anno, A., 2021. Highly Contaminated Marine 

Sediments Can Host Rare Bacterial Taxa Potentially Useful for Bioremediation. Frontiers in 

Microbiology 12, 1–15. https://doi.org/10.3389/fmicb.2021.584850    

De La Rosa-Acosta, M., Jiménez-Collazo, J., Maldonado-Román, M., Malavé-Llamas, K., Carlos 

Musa-Wasil, J., 2015. Bacteria as potential indicators of heavy metal contamination in a tropical 

mangrove and the implications on environmental and human health. Journal of Tropical Life 

Science 5, 110–116. https://doi.org/10.11594/jtls.05.03.01 

Dequiedt, S., Saby, N.P.A., Lelievre, M., Jolivet, C., Thioulouse, J., Toutain, B., Arrouays, D., Bispo, 

A., Lemanceau, P., Ranjard, L., 2011. Biogeographical patterns of soil molecular microbial 

biomass as influenced by soil characteristics and management: Biogeography of soil microbial 

biomass. Global Ecology and Biogeography 20, 641–652. https://doi.org/10.1111/j.1466-

8238.2010.00628.x 

De Santana, C.O., Spealman, P., Melo, V.M.., Gresham, D., De Jesus, T.B., Chinalia, F.A., 2021. 

Effects of tidal influence on the structure and function of prokaryotic communities in the 

sediments of a pristine Brazilian mangrove. Biogeosciences 18, 2259–2273. 

https://doi.org/10.5194/bg-18-2259-2021    

Desrosiers, A., Gassama, N., Grosbois, C., Lazar, C.S., 2022. Laboratory-controlled experiments 

reveal microbial community shifts during sediment resuspension events. Genes (Basel). 13, 

1416. https://doi.org/10.3390/genes13081416 

Di Gregorio, S., Azaizeh, H., Lorenzi, R., 2013. Biostimulation of the autochthonous microbial 

community for the depletion of polychlorinated biphenyls (PCBs) in contaminated sediments. 



Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof

31 

 

Environmental Science and Pollution Research 20, 3989–3999. https://doi.org/10.1007/s11356-

012-1350-x 

Dinesh, R., Ghoshal Chaudhuri, S., 2013. Soil biochemical/microbial indices as ecological indicators 

of land use change in mangrove forests. Ecological Indicators 32, 253–258. 

https://doi.org/10.1016/j.ecolind.2013.03.035 

Dromard, C.R., Devault, D.A., Bouchon-Navaro, Y., Allénou, J.P., Budzinski, H., Cordonnier, S., 

Tapie, N., Reynal, L., Lemoine, S., Thomé, J.P., Thouard, E., Monti, D., Bouchon, C., 2022. 

Environmental fate of chlordecone in coastal habitats: recent studies conducted in Guadeloupe 

and Martinique (Lesser Antilles). Environmental Science and Pollution Rechearch 29, 51-60. 

https://doi.org/10.1007/s11356-019-04661-w 

Erazo, N.G., Bowman, J.S., 2021. Sensitivity of the mangrove-estuarine microbial community to 

aquaculture effluent. iScience 24, 102204. https://doi.org/10.1016/j.isci.2021.102204 

Escofier, B., Pagès, J., 1994. Multiple factor analysis. Computational Statistics and Data Analysis 18, 

121–140. https://doi.org/10.1016/0167-9473(94)90135-X  

Falkiewicz-Dulik, M., Janda, K., Wypych, G., 2015. Microorganism Involved in biodegradation of 

materials. Handbook of material biodegradation, biodeterioration and biostabilization 7–32. 

https://doi.org/10.1016/b978-1-895198-87-4.50004-9 

Farag, I.F., Biddle, J.F., Zhao, R., Martino, A.J., House, C.H., León-Zayas, R.I., 2020. Metabolic 

potentials of archaeal lineages resolved from metagenomes of deep Costa Rica sediments. The 

ISME journal 14, 1345–1358. https://doi.org/10.1038/s41396-020-0615-5 

Faridah-Hanum, I., Yusoff, F., Fitrianto, A., Ainuddin, N., Gandaseca, S., Zaiton, S., Norizah, K., 

Nurhidayu, S., Roslan, M., Hakeem, K., Shamsuddin, I., Adnan, I., Awang Noor, A., Balqis, A., 

Rhyma, P., Siti Aminah, I., Hilaluddin, F., Fatin, R., Harun, N., 2019. Development of a 

comprehensive mangrove quality index (MQI) in Matang mangrove: Assessing mangrove 

ecosystem health. Ecological Indicators 102, 103–117. 

https://doi.org/10.1016/j.ecolind.2019.02.030 

Fernandes, S.O., Kirchman, D.L., Michotey, V.D., Bonin, P.C., Lokabharathi, P.A., 2014. Bacterial 

diversity in relatively pristine and anthropogenically influenced mangrove ecosystems (Goa, 



Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof

32 

 

India). Brazilian Journal of Microbiology 45, 1161–1171. https://doi.org/10.1590/S1517-

83822014000400006 

Fernández-Cadena, J.C., Ruíz-Fernández, P.S., Fernández-Ronquillo, T.E., Díez, B., Trefault, N., 

Andrade, S., De la Iglesia, R., 2020. Detection of sentinel bacteria in mangrove sediments 

contaminated with heavy metals. Marine Pollution Bulletin 150, 110701. 

https://doi.org/10.1016/j.marpolbul.2019.110701 

Fiard, M., Cuny, P., Sylvi, L., Hubas, C., Jézéquel, R., Lamy, D., Walcker, R., El Houssainy, A., 

Heimbürger-Boavida, L., E., Robinet, T., Bihannic, I., Gilbert, F., Michaud, E., Dirberg, G., 

Militon, C., 2022. Mangrove microbiota along the urban-to-rural gradient of the Cayenne 

estuary (French Guiana, South America): Drivers and potential bioindicators. Science of the 

Total Environment 807, 150667. https://doi.org/10.1016/j.scitotenv.2021.150667 

Foster, Z.S.L., Sharpton, T.J., Grünwald, N.J., 2017. Metacoder: An R package for visualization and 

manipulation of community taxonomic diversity data. PLOS Computational Biology 13, 1–15. 

https://doi.org/10.1371/journal.pcbi.1005404 

Furukawa, K., Wolanski, E., Mueller, H., 1997. Currents and Sediment Transport in Mangrove 

Forests. Estuarine, Coastal and Shelf Science 44, 301–310. 

https://doi.org/10.1006/ecss.1996.0120  

Goh, K., Chan, K., Lim, S., Liew, K., Chan, C., Shamsir, M., Ee, R., Adrian, T.G.S., 2016. Genome 

analysis of a new Rhodothermaceae strain isolated from a hot spring. Frontiers in Microbiology 

7, 1–10. https://doi.org/10.3389/fmicb.2016.01109 

Gołębiewski, M., Deja-Sikora, E., Cichosz, M., Tretyn, A., Wróbel, B., 2014. 16S rDNA 

pyrosequencing analysis of bacterial community in heavy metals polluted soils. Microbial 

Ecology 67, 635–647. https://doi.org/10.1007/s00248-013-0344-7 

Gomez-Acata, E.S., Teutli, C., Falcón, L.I., García-Maldonado, J.Q., Prieto-Davó, A., Yanez-

Montalvo, A., Cadena, S., Chiappa-Carrara, X., Herrera-Silveira, J.A., 2023. Sediment 

microbial community structure associated to different ecological types of mangroves in 

Celestún, a coastal lagoon in the Yucatan Peninsula, Mexico. PeerJ 11, e14587. 

https://doi.org/10.7717/peerj.14587  



Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof

33 

 

Gong, B., Cao, H., Peng, C., Perčulija, V., Tong, G., Fang, H., Wei, X., Ouyang, S., 2019. High-

throughput sequencing and analysis of microbial communities in the mangrove swamps along 

the coast of Beibu Gulf in Guangxi, China. Scientific Reports 9, 1–10. 

https://doi.org/10.1038/s41598-019-45804-w 

Goodfellow, M., 2014. The Family Nocardiaceae. In: Rosenberg, E., DeLong, E.F., Lory, S., 

Stackebrandt, E., Thompson, F. (Eds.), The Prokaryotes. Springer Berlin Heidelberg, 595–650. 

https://doi.org/10.1007/978-3-642-30138-4_404 

Guo, G., He, F., Tian, F., Huang, Y., Wang, H., 2016. Effect of salt contents on enzymatic activities 

and halophilic microbial community structure during phenanthrene degradation. International 

Biodeterioration and Biodegradation 110, 8–15. https://doi.org/10.1016/j.ibiod.2016.02.007 

Guo, J., Sun, Y., Mi, D., Qin, C., 2020. Differential responses of bacterial communities inhabiting 

pristine and industrially polluted sediment from oil spills along Dalian, China. Journal of 

Coastal Research 36, 218–227. https://doi.org/10.2112/JCOASTRES-D-19-00024.1 

Haldar, S., Nazareth, S.W., 2018. Taxonomic diversity of bacteria from mangrove sediments of Goa: 

metagenomic and functional analysis. 3 Biotech 8, 1–10. https://doi.org/10.1007/s13205-018-

1441-6 

Hamilton, S.E., Casey, D., 2016. Creation of a high spatio-temporal resolution global database of 

continuous mangrove forest cover for the 21st century (CGMFC-21). Global Ecology and 

Biogeography 25, 729–738. https://doi.org/10.1111/geb.12449 

Harada, K., Imamura, F., Hiraishi, T., 2002. Experimental study on the effect in reducing tsunami by 

the coastal permeable structures. Intenational Offshore and Polar Engineering Conference 12, 

652–658. https://doi.org/10.1142/9789812776969 

Hong, A.H., Hargan, K.E., Williams, B., Nuangsaeng, B., Siriwong, S., Tassawad, P., Chaiharn, C., 

Los Huertos, M., 2020. Examining molluscs as bioindicators of shrimp aquaculture effluent 

contamination in a southeast Asian mangrove. Ecological Indicators 115, 106365. 

https://doi.org/10.1016/j.ecolind.2020.106365 



Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof

34 

 

Horrigue, W., Dequiedt, S., Chemidlin Prévost-Bouré, N., Jolivet, C., Saby, N.P.A., Arrouays, D., 

Bispo, A., Maron, P.A., Ranjard, L., 2016. Predictive model of soil molecular microbial 

biomass. Ecological Indicators 64, 203–211. https://doi.org/10.1016/j.ecolind.2015.12.004 

Huang, X.F., Liu, Y.J., Dong, J.D., Qu, LY., Zhang, Y.Y., Wang, F.Z., Tian, X.P., Zhang, S., 2014. 

Mangrovibacterium diazotrophicum gen. nov., sp. nov., a nitrogen-fixing bacterium isolated 

from a mangrove sediment, and proposal of Prolixibacteraceae fam. nov. International Journal 

of Systematic and Evolutionary Microbiology 64, 875–881. 

https://doi.org/10.1099/ijs.0.052779-0 

Jiang, Y.X., Wu, J.G., Yu, K.Q., Ai, C.X., Zou, F., Zhou, H.W., 2011. Integrated lysis procedures 

reduce extraction biases of microbial DNA from mangrove sediment. Journal of Bioscience and 

Bioengineering 111, 153–157. https://doi.org/10.1016/j.jbiosc.2010.10.006 

Jiménez-Bueno, N.G., Valenzuela-Encinas, C., Marsch, R., Ortiz-Gutiérrez, D., Verhulst, N., 

Govaerts, B., Dendooven, L., Navarro-Noya, Y.E., 2016. Bacterial indicator taxa in soils under 

different long-term agricultural management. Journal of Applied Microbiolgy 120, 921–933. 

https://doi.org/10.1111/jam.13072 

Kassambara, A. and Mundt, F., 2020. Factoextra: extract and visualize the results of multivariate data 

analyses. R package version 1.0.7. https://cran.r-project.org/web/packages/factoextra/index.html 

Kathiresan, K., 2012. Importance of Mangrove Ecosystem. International Journal of Marine Science 2, 

70–89. https://doi.org/10.5376/ijms 

Kathiresan, K., Rajendran, N., 2005. Coastal mangrove forests mitigated tsunami. Estuarine, Coastal 

and Shelf Science 65, 601–606. https://doi.org/10.1016/j.ecss.2005.06.022 

Kim, J., Sun, Q., Yue, Y., Yoon, K.S., Whang, K.Y., Marshall Clark, J., Park, Y., 2016. 4,4’-

Dichlorodiphenyltrichloroethane (DDT) and 4,4’-dichlorodiphenyldichloroethylene (DDE) 

promote adipogenesis in 3T3-L1 adipocyte cell culture. Pesticide Biochemistry and Physiology 

131, 40–45. https://doi.org/10.1016/j.pestbp.2016.01.005 

Klindworth, A., Pruesse, E., Schweer, T., Peplies, J., Quast, C., Horn, M., Glöckner, F.O., 2013. 

Evaluation of general 16S ribosomal RNA gene PCR primers for classical and next-generation 



Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof

35 

 

sequencing-based diversity studies. Nucleic Acids Research 41, 1–11. 

https://doi.org/10.1093/nar/gks808 

Kou, S., Vincent, G., Gonzalez, E., Pitre, F.E., Labrecque, M., Brereton, N.J.B., 2018. The response 

of a 16S ribosomal RNA gene fragment amplified community to lead, zinc, and copper 

pollution in a Shanghai field trial. Frontiers in Microbiology 9, 1–23. 

https://doi.org/10.3389/fmicb.2018.00366 

Krohn, C., Zhang, P., Wood, J.L., Hayden, H.L., Franks, A.E., Jin, J., Tang, C., 2022. Biochar 

reduced extractable dieldrin concentrations and promoted oligotrophic growth including 

microbial degraders of chlorinated pollutants. Journal of Hazardous Materials 423, 127156. 

https://doi.org/10.1016/j.jhazmat.2021.127156 

Kruitwagen, G., Pratap, H.B., Covaci, A., Wendelaar Bonga, S.E., 2008. Status of pollution in 

mangrove ecosystems along the coast of Tanzania. Marine Pollution Bulletin 56, 1022–1031. 

https://doi.org/10.1016/j.marpolbul.2008.02.018 

Lacroix, C., Le Cuff, N., Receveur, J., Moraga, D., Auffret, M., Guyomarch, J., 2014. Development 

of an innovative and “green”stir bar sorptive extraction-thermal desorption-gas 

chromatography-tandem mass spectrometry method for quantification of polycyclic aromatic 

hydrocarbons in marine biota. Journal of Chromatography A 1349, 1–10. 

https://doi.org/10.1016/j.chroma.2014.04.094 

Laha, A., Bhattacharyya, S., Sengupta, S., Bhattacharyya, K., GuhaRoy, S., 2021. Rhizobium 

Leguminosarum: A model arsenic resistant, arsenite oxidizing bacterium possessing plant 

growth promoting attributes. Current World Environement 16, 84–93. 

https://doi.org/10.12944/cwe.16.1.09 

Lai, J., Cheah, W., Palaniveloo, K., Suwa, R., Sharma, S., 2022. A Systematic Review of the 

Physicochemical and Microbial Diversity of Well-Preserved, Restored, and Disturbed 

Mangrove Forests: What Is Known and What Is the Way Forward? Forests 1312, 2160 

https://doi.org/10.3390/f13122160  

Lavezzo, B., Kinoshita, A., Maria Figueiredo, A.G., Maezano Faita Pinheiro, M., Santana, W., 2020. 

Detection of rare-earth elements using fiddler crabs Leptuca leptodactyla (Crustacea: 



Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof

36 

 

Ocypodidae) as bioindicators in mangroves on the coast of São Paulo, Brazil. Science of the 

Total Environment 738, 139787.  

Lazar, C.S., Baker, B.J., Seitz, K.W., Teske, A.P., 2017. Genomic reconstruction of multiple 

lineages of uncultured benthic archaea suggests distinct biogeochemical roles and 

ecological niches. The ISME Journal 11, 1118–1129. 

https://doi.org/10.1038/ismej.2016.189  

Lê, S., Josse, J., Husson, F., 2008. FactoMineR: an R package for multivariate analysis. Journal of 

Statistical Software 25, 1–18. https://doi.org/10.18637/JSS.V025.I01 

Lee, D.W., Lee, H., Lee, A.H., Kwon, B.O., Khim, J.S., Yim, U.H., Kim, B.S., Kim, J.J., 2018. 

Microbial community composition and PAHs removal potential of indigenous bacteria in oil 

contaminated sediment of Taean coast, Korea. Environmental Pollution 234, 503–512. 

https://doi.org/10.1016/j.envpol.2017.11.097 

Lino, T., 2014. The Family Ignavibacteriaceae, In: Rosenberg, E., DeLong, E.F., Lory, S., 

Stackebrandt, E., Thompson, F. (Eds.), The Prokaryotes. Springer Berlin Heidelberg 701–703. 

Liu, L., Wang, N., Liu, M., Guo, Z., Shi, S., 2023. Assembly processes underlying bacterial 

community differentiation among geographically close mangrove forests. mLife 2, 73–88. 

https://doi.org/10.1002/mlf2.12060   

Mackey, A.P., Hodgkinson, M., 1996. Assessment of the impact of naphthalene contamination on 

mangrove fauna using behavioral bioassays. Bulletin of Environmental Contamination and 

Toxicology 56, 279–286. https://doi.org/10.1007/s001289900042 

Mangiafico, S., 2021. rcompanion: functions to support extension education program evaluation. R 

package version 2.4.0. https://CRAN.Rproject.org/package= rcompanion.  

Mai, Z., Ye, M., Wang, Y., Foong, S.Y., Wang, L., Sun, F., Cheng, H., 2021. Characteristics of 

Microbial Community and Function With the Succession of Mangroves. Frontiers in 

Microbiology 12. https://doi.org/10.3389/fmicb.2021.764974  

Manucharova, N., Bolshakova, M., Babich, T., Tourova, T., Semenova, E., Yanovich, A., Poltaraus, 

A., Stepanov, A., Nazina, T., 2021. Microbial degraders of petroleum and polycyclic aromatic 



Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof

37 

 

hydrocarbons from sod-podzolic soil. Microbiology 90, 743–753. 

https://doi.org/10.1134/S0026261721060096 

Mc Murdie, P.J., Holmes, S., 2013. Phyloseq: an R package for reproducible interactive analysis and 

graphics of microbiome census data. PLoS One 8, e61217. 

https://doi.org/10.1371/journal.pone.0061217 

Medina, R., David Gara, P.M., Fernández-González, A.J., Rosso, J.A., Del Panno, M.T., 2018. 

Remediation of a soil chronically contaminated with hydrocarbons through persulfate oxidation 

and bioremediation. Science of the Total Environment 618, 518–530. 

https://doi.org/10.1016/j.scitotenv.2017.10.326 

Mendes, L.W., Tsai, S.M., 2018. Distinct taxonomic and functional composition of soil microbiomes 

along the gradient forest-restinga-mangrove in southeastern Brazil. International Journal of 

General and Molecular Microbiology 111, 101–114. https://doi.org/10.1007/s10482-017-0931-6 

Meng, J., Xu, J., Qin, D., He, Y., Xiao, X., Wang, F., 2014. Genetic and functional properties of 

uncultivated MCG archaea assessed by metagenome and gene expression analyses. The ISME 

Journal 8, 650–659. https://doi.org/10.1038/ismej.2013.174v  

Michelet, C., Zeppilli, D., Hubas, C., Baldrighi, E., Cuny, P., Dirberg, G., Militon, C., Walcker, R., 

Lamy, D., Jézéquel, R., Receveur, J., Gilbert, F., El Houssainy, A., Dufour, A., Heimbürger-

Boavida, L.E., Bihannic, I., Sylvi, L., Vivier, B., Michaud, E., 2021. First assessment of the 

benthic meiofauna sensitivity to low human-impacted mangroves in French Guiana. Forests 12, 

338. https://doi.org/10.3390/f12030338 

Munschy, C.; Tronczynski, J.; Heas-Moisan, K.; Guiot, N.; Truquet, I. 2005. Analyse de contaminants 

organiques (PCB, OCP, HAP) dans les organismes marins; Méthodes d’analyse en milieu 

marin; Ifremer/Ministère de l’écologie et du développement durable; Editions Quae: Versailles, 

France; ISBN 978-2-84433-144-1. 

Muwawa, E.M., Obieze, C.C., Makonde, H.M., Jefwa, J.M., Kahindi, J.H.P., Khasa, D.P., 2021. 16S 

rRNA gene amplicon-based metagenomic analysis of bacterial communities in the rhizospheres 

of selected mangrove species from Mida Creek and Gazi Bay, Kenya. PLoS One 16, 1–22. 

https://doi.org/10.1371/journal.pone.0248485 



Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof

38 

 

Navarrete, A., Venturini, A., Meyer, K., Klein, A., Tiedje, J., Brendan, B., Nüsslein, K., Tsai, S., 

Rodrigues, J., 2015. Differential response of Acidobacteria subgroups to forest-to-pasture 

conversion and their biogeographic patterns in the western Brazilian Amazon. Frontiers in 

Microbiology 6, 1–10. https://doi.org/10.3389/fmicb.2015.01443 

Naether, A., Foesel, B., Naegele, V., Wüst, P., Weinert, J., Bonkowski, M., Alt, F., Oelmann, Y., 

Polle, A., Lohaus, G., Gockel, S., Hemp, A., Kalko, E.K.V., Linsenmair, K.E., Pfeiffer, S., 

Renner, S., Schöning, I., Weisser, W., Wells, K., Fischer, M., Overmann, J., Friedrich, M., 

2012. Environmental factors affect acidobacterial communities below the subgroup level in 

grassland and forest soils. Applied and Environmental Microbiology 78, 7398–7406. 

https://doi.org/10.1128/AEM.01325-12 

Nagelkerken, I., Blaber, S.J.M., Bouillon, S., Green, P., Haywood, M., Kirton, L.G., Meynecke, J.O., 

Pawlik, J., Penrose, H.M., Sasekumar, A., Somerfield, P.J., 2008. The habitat function of 

mangroves for terrestrial and marine fauna: A review. Aquatic Botany 89, 155–185. 

https://doi.org/10.1016/j.aquabot.2007.12.007 

Nagelkerken, I., Van Der Velde, G., 2004. Relative importance of interlinked mangroves and seagrass 

beds as feeding habitats for juvenile reef fish on a Caribbean Island. Marine Ecology-Progress 

Series 274, 153–159. https://doi.org/10.3354/meps274153 

Obi, C., Adebusoye, S., Amund, O., Ugoji, E., Ilori, M., Hedman, C., Hickey, W., 2017. Structural 

dynamics of microbial communities in polycyclic aromatic hydrocarbon-contaminated tropical 

estuarine sediments undergoing simulated aerobic biotreatment. Applied Microbiology and 

Biotechnology 101, 4299–4314. https://doi.org/10.1007/s00253-017-8151-6 

Pagnout, C., Frache, G., Poupin, P., Maunit, B., Muller, J.F., Férard, J.F., 2007. Isolation and 

characterization of a gene cluster involved in PAH degradation in Mycobacterium sp. strain 

SNP11: Expression in Mycobacterium smegmatis mc2155. Research in Microbiology 158, 175–

186. https://doi.org/10.1016/j.resmic.2006.11.002 

Paixão, J.F., De Oliveira, O.M.C., Dominguez, J.M.L., Almeida, E. dos S., Correia Carvalho, G., 

Magalhães, W.F., 2011. Integrated assessment of mangrove sediments in the Camamu Bay 



Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof

39 

 

(Bahia, Brazil). Ecotoxicology and Environmental Safety 74, 403–415. 

https://doi.org/10.1016/j.ecoenv.2010.10.038 

Parada, A.E., Needham, D.M., Fuhrman, J.A., 2016. Every base matters: Assessing small subunit 

rRNA primers for marine microbiomes with mock communities, time series and global field 

samples. Environmental Microbiology 18, 1403–1414. https://doi.org/10.1111/1462-

2920.13023 

Pereira, G.M., Ellen da Silva Caumo, S., Mota do Nascimento, E.Q., Parra, Y.J., de Castro 

Vasconcellos, P., 2019. Polycyclic aromatic hydrocarbons in tree barks, gaseous and particulate 

phase samples collected near an industrial complex in São Paulo (Brazil). Chemosphere 237, 

124499. https://doi.org/10.1016/j.chemosphere.2019.124499 

Pichler, N., Maria de Souza, F., Ferreira dos Santos, V., Martins, C.C., 2021. Polycyclic aromatic 

hydrocarbons (PAHs) in sediments of the amazon coast: Evidence for localized sources in 

contrast to massive regional biomass burning. Environmental Pollution 268, 115958. 

https://doi.org/10.1016/j.envpol.2020.115958 

Quast, C., Pruesse, E., Yilmaz, P., Gerken, J., Schweer, T., Yarza, P., Peplies, J., Glöckner, F.O., 

2013. The SILVA ribosomal RNA gene database project: improved data processing and web-

based tools. Nucleic Acids Research 41, 590–596. https://doi.org/10.1093/nar/gks1219 

Quero, G.M., Cassin, D., Botter, M., Perini, L., Luna, G.M., 2015. Patterns of benthic bacterial 

diversity in coastal areas contaminated by heavy metals, polycyclic aromatic hydrocarbons 

(PAHs) and polychlorinated biphenyls (PCBs). Frontiers in Microbiology 6, 1053. 

https://doi.org/10.3389/fmicb.2015.01053 

Ritz, K., Black, H.I.J., Campbell, C.D., Harris, J.A., Wood, C., 2009. Selecting biological indicators 

for monitoring soils: A framework for balancing scientific and technical opinion to assist policy 

development. Ecological Indicators 9, 1212–1221. https://doi.org/10.1016/j.ecolind.2009.02.009  

Robertson, R., 2022. Mycobacterium spp., in: Encyclopedia of Dairy Sciences, Paul McSweeney, 

John McNamara (eds) 499–506. https://doi.org/10.1016/B978-0-08-100596-5.22990-9 



Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof

40 

 

Santana, C.O., Spealman, P., Melo, V.M.M., Gresham, D., Jesus, T.B., Chinalia, F.A., 2019. 

Microbial community structure and ecology in sediments of a pristine mangrove forest. bioRxiv 

2019814–833. https://doi.org/10.1101/833814 

Shabbir, S., Faheem, M., Ali, N., Kerr, P.G., Wang, L.F., Kuppusamy, S., Li, Y., 2020. Periphytic 

biofilm: An innovative approach for biodegradation of microplastics. Science of the Total 

Environment 717, 137064. https://doi.org/10.1016/j.scitotenv.2020.137064 

Shivani, Y., Subhash, Y., Sasikala, C., Ramana, C. V., 2016. Description of ‘Candidatus 

Marispirochaeta associata’ and reclassification of Spirochaeta bajacaliforniensis, Spirochaeta 

smaragdinae and Spirochaeta sinaica to a new genus Sediminispirochaeta gen. nov. as 

Sediminispirochaeta bajacaliforniensis comb. nov. International Journal of Systematic and 

Evolutionary Microbiology 66, 5485–5492. https://doi.org/10.1099/ijsem.0.001545 

Schutte, C.A., Teske, A., MacGregor, B.J., Salman-Carvalho, V., Lavik, G., Hach, P., De Beer, D., 

2018. Filamentous giant Beggiatoaceae from the Guaymas Basin are capable of both 

denitrification and dissimilatory nitrate reduction to ammonium. Applied and Environmental 

Microbiology 84, 02860-17. https://doi.org/10.1128/AEM.02860-17 

Taketani, R.G., Dos Santos, H.F., Van Elsas, J.D., Rosado, A.S., 2009. Characterisation of the effect 

of a simulated hydrocarbon spill on diazotrophs in mangrove sediment mesocosm. International 

Journal of General and Molecular Microbiology 96, 343–354. https://doi.org/10.1007/s10482-

009-9351-6 

Tam, N.F.Y., Wong, Y.S., 1995. Mangrove soils as sinks for wastewater-borne pollutants. 

Hydrobiologia 295, 231–241. 

Terrat, S., Christen, R., Dequiedt, S., Lelièvre, M., Nowak, V., Regnier, T., Bachar, D., Plassart, P., 

Wincker, P., Jolivet, C., Bispo, A., Lemanceau, P., Maron, P.A., Mougel, C., Ranjard, L., 2012. 

Molecular biomass and MetaTaxogenomic assessment of soil microbial communities as 

influenced by soil DNA extraction procedure: Soil DNA extraction impact on bacterial 

diversity. Microbial Biotechnology 5, 135–141. https://doi.org/10.1111/j.1751-

7915.2011.00307.x 



Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof

41 

 

Tiralerdpanich, P., Nasaree, S., Pinyakong, O., Sonthiphand, P., 2021. Variation of the mangrove 

sediment microbiomes and their phenanthrene biodegradation rates during the dry and wet 

seasons. Environmental Pollution 289, 117849. https://doi.org/10.1016/j.envpol.2021.117849 

Tong, T., Li, R., Chai, M., Wang, Q., Yang, Y., Xie, S., 2021. Metagenomic analysis of microbial 

communities continuously exposed to Bisphenol A in mangrove rhizosphere and non-

rhizosphere soils. Science of the Total Environment 792, 148486. 

https://doi.org/10.1016/j.scitotenv.2021.148486 

Torres, G.G., Figueroa-Galvis, I., Muñoz-García, A., Polanía, J., Vanegas, J., 2019. Potential bacterial 

bioindicators of urban pollution in mangroves. Environmental Pollution 255, 113293. 

https://doi.org/10.1016/j.envpol.2019.113293 

Ue, H., Matsuo, Y., Kasai, H., Yokota, A., 2011. Demequina globuliformis sp. nov., Demequina 

oxidasica sp. nov. and Demequina aurantiaca sp. nov., Actinobacteria isolated from marine 

environments, and proposal of Demequinaceae fam. nov. International Journal of Systematic 

and Evolutionary Microbiology 61, 1322–1329. https://doi.org/10.1099/ijs.0.024299-0 

UNEP, 2014. The importance of mangroves to people: a call to action. In: Van Bochove, J., Sullivan, 

E., Nakamura, T. (Eds.), Cambridge 128 pages. 

Yang, Y., Ding, J., Chi, Y., Yuan, J., 2020. Characterization of bacterial communities associated with 

the exotic and heavy metal tolerant wetland plant Spartina alterniflora. Scientific Reports 10, 1–

11. https://doi.org/10.1038/s41598-020-75041-5  

Yamazoe, A., Yagi, O., Oyaizu, H., 2004. Degradation of polycyclic aromatic hydrocarbons by a 

newly isolated dibenzofuran-utilizing Janibacter sp. strain YY-1. Applied Microbiology and 

Biotechnology 65, 211–218. https://doi.org/10.1007/s00253-003-1541-y 

Yu, F.M., Jayawardena, R.S., Thongklang, N., Lv, M.L., Zhu, X.T., Zhao, Q., 2022. Morel production 

associated with soil nitrogen-fixing and nitrifying microorganisms. Journal of Fungi 8, 299. 

https://doi.org/10.3390/jof8030299 

Yuan, J., Shentu, J., Feng, J., Lu, Z., Xu, J., He, Y., 2021. Methane-associated micro-ecological 

processes crucially improve the self-purification of lindane-polluted paddy soil. Journal of 

Hazardous Materials 407, 124839. https://doi.org/10.1016/j.jhazmat.2020.124839 



Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof

42 

 

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. 

https://doi.org/10.1371/journal.pone.0007401  

Wang, F., Cheng, P., Chen, N., Kuo, Y.M., 2021. Tidal driven nutrient exchange between mangroves 

and estuary reveals a dynamic source-sink pattern. Chemosphere 270, 128665. 

https://doi.org/10.1016/j.chemosphere.2020.128665  

Wiegand, S., Jogler, M., Jogler, C., 2018. On the maverick Planctomycetes. FEMS Microbiology 

Reviews 42, 739–760. https://doi.org/10.1093/femsre/fuy029 

Zhang, P., Luo, Q., Wang, R., Xu, J., 2017. Hydrogen sulfide toxicity inhibits primary root growth 

through the ROS-NO pathway. Scientific Reports 7, 1–11. https://doi.org/10.1038/s41598-017-

01046-2 

Zhou, Z., Meng, H., Liu, Y., Gu, J.D., Li, M., 2018. Stratified bacterial and archaeal community in 

mangrove and intertidal wetland mudflats revealed by high throughput 16S rRNA gene 

sequencing. Frontiers in Microbiology 8, 1–19. https://doi.org/10.3389/fmicb.2017.02148 

Zuloaga, O., Prieto, A., Usobiaga, A., Sarkar, S., Chatterjee, M., Bhattacharya, B., Bhattacharya, A., 

Alam, M., Satpathy, K., 2009. Polycyclic aromatic hydrocarbons in intertidal marine bivalves of 

sunderban mangrove wetland, India: An approach to bioindicator species. Water. Air and Soil 

Pollution 201, 305–318. https://doi.org/10.1007/s11270-008-9946-y 

 

  



Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof

43 

 

Table 1: General information about the four watersheds and wastewater treatment plants 

located near the study stations. 

 S4 S5 S6 S7 

Total surface (ha) 42.1 67.9 660 1823 

Agricultural area (ha) 0 31.2 245 392 

Artificial area (ha) 0.1 13.7 271 867 

Natural area (ha) 42 23 144 564 

Wastewater treatment plant (population equivalent) NA 

16 001  

–  

35 000 

16 001 

 –  

35 000 

35 001  

–  

60 000 
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Table 2: Values of the microbial biomass (total DNA extracted), and the bacterial and archaeal 

population sizes in the sediment of the four sampling stations (mean ± SD, n=9). 

Station S4 S5 S6 S7 

Microbial biomass 

(µg. g-1) 
9.0 ± 7.8 12.7 ± 7.4 1.33 ± 1.5 2.37 ± 2.2 

Bacterial abundance (number 

of rrs gene copies. g-1) 

2.2E+09 ± 

2.6E+09 

1.1E+09 ± 

1.2E+09 

2.7E+08 ± 

2.5E+08 

7.7E+07 ± 

7.3E+07 

Archaeal abundance (number 

of rrs gene copies. g-1) 

5.8E+07 ± 

3.0E+07 

1.1E+08 ± 

5.5E+07 

7.9E+06 ± 

1.0E+07 

7.9E+06 ± 

1.0E+07 
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Table 3: Short list of the thirteen potential bioindicator bacterial families of mangrove sediment 

OM enrichment. 

Family Known Ecology Reference 

Nocardioidaceae 
Chemoorganotrophic bacteria; 

implicated in OM turnover 
Goodfellow, 2014 

Sphingomonadaceae 
Recalcitrant organic compound 

degraders (lignocellulose or lignin) 

Di Gregorio et al., 

2013; Gołębiewski et 

al., 2014 

Xanthobacteraceae Use of decaying OM as carbon source Bárta et al., 2017 

Prolixibacteriaceae, 

Ignavibacteraceae, 

Cyclobacteraceae 

Chemo-organoheterotrophic bacteria 
Huang et al., 2014; 

Lino, 2014 

Demequinaceae Cellulose degrader Ue et al., 2011 

Mycobacteriaceae 
Use of decaying or detrital OM as 

carbon source 

Bastakoti et al., 2019; 

Robertson, 2022 

Mariprofundaceae, 

Spirochaetaceae 
Involvement in OM decomposition Shivani et al., 2016 

Gallionellaceae Denitrifying bacteria; carbon fixation 

Mendes and Tsai, 

2018; Torres et al., 

2019 

Beggiatoaceae Denitrifying and DNRA bacteria 

Schutte et al., 2018; 

Huang et al., 2021; 

Fiard et al., 2022 

Pirrelulaceae 

Found in sulfur-rich environments; 

OM mineralization; potentially 

involved in nitrogen cycle 

Muwawa et al., 2021 
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Table 4: Short list of the thirteen potential bioindicator bacterial families of mangrove 

sediments contaminated with organic compounds or subjected to pressures due to agricultural 

practices. 

Family 
Known ecology and/or bioindication 

potential 
Reference 

Acanthopleuribacteraceae 

Bioremediation of PCB polluted 

environments; potential bioindicator of 

agricultural activity 

Falkiewicz-Dulik et al., 

2015; Fiard et al., 2022 

Chromatiaceae Bioindicators of agricultural activity 
Jimenez-Bueno et al., 

2016 

Cyclobacteriaceae 

PAH and complex molecule degrader; 

involved in the catabolic routes of DDT 

and its metabolites 

Lee et al., 2018; 

Tiralerdpanich et al., 

2021 

Rhodobacteraceae PAHs degraders 

Lee et al., 2018; 

Tiralerdpanich et al., 

2021 

Intrasporangiaceae 
Pyrene degraders; use of dioxin and 

dibenzofuran as carbon sources 

DeBruyn et al., 2012; 

Yamazoe et al., 2004 

Rhizobiaceae 
Diazotroph bacteria; hexacyclohexane 

and lindane tolerance 
Yuan et al., 2021 

Micropepsaceae Acclimatization to lindane contamination Desrosiers et al., 2022 

Nocardioiaceae, 

Sphingomonadaceae 

Degradation of recalcitrant chemicals 

and xenobiotics; used in bioremediation 

Acosta-Gonzalez et al., 

2015 

Trueperaceae 
Bioindicator of organochlorine 

contamination 
Dealtry et al., 2016 

Mycobacteriaceae PAHs and organochlorine degraders 

Pagnout et al., 2007; De 

Schrijver and De Mot, 

1999 

Xanthobacteraceae 
Dieldrin degraders; bioindicators of 

agricultural activity 
Krohn et al., 2022 

Gallionellaceae Bioindicators of agricultural activity Torres et al., 2019 
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Table 5: Short list of the five potential bioindicator bacterial families of metal contamination. 

Family 
Known ecology and/or 

bioindication potential 
Reference 

Pirellulaceae 

Potential herbicide degraders; 

bioremediation of polluted 

environments 

Wiegand et al., 2018 

Kineosporiaceae Bioindicators of agricultural activity Jiménez-Bueno et al., 2016 

Rhodomicrobiaceae 

(Hyphomicrobiaceae) 
Resistant to As 

Andres et al., 2013; Laha et 

al., 2021 ; Zhang et al., 

2017 

Caldilineaceae Inhibited by metals Kou et al., 2018 

Rhodothermaceae 

Contain genes encoding proteins 

implicated in Cu and Ag 

transformation 

Goh et al., 2016 
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Figure 1. Location of the sampling stations in Martinique Island. S4 (blue green) was 

located at “Trésor” Bay, S5 (yellow) at “Marin” Bay in the south of the island, S6 (blue) at 

“Pointe Merle”, and S7 (red) at “Lamentin” Bay near the Fort-de-France city. 
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Figure 2: A multiple factor analysis (MFA) of the four groups of environmental variables: OM 

(pink), PAHs (blue), organochlorine (orange), and TMMs (purple). The individual factor plot 

(A) and the circle correlation plot (B) are represented. The dots correspond to the samples from 

the four sampling stations: S4 (green), S5 (yellow), S6 (blue), and S7 (red). The letters indicate 

replicates (A, B, C) and the last number represents the sediment depth: 0 – 2 cm (1), 2 – 10 cm 

(2), and >10 cm (3). 
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Figure 3: Heat tree of the bacteria and archaea community in the two groups of stations (S4 – 

S5 vs. S6 – S7). The two colors represent the difference in the log2 ratio of the median 

proportions of reads between S4 – S5 and S6 – S7. The purple nodes correspond to the taxa 

significantly more abundant in S4 – S5; the taxa significantly more abundant in S6 – S7 are 

represented by green nodes and the gray nodes indicate the absence of differences between both 

station groups. 
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Figure 4: Spearman’s rank correlation heatmap between variables of environmental concern 

(with the TOC, organochlorine compounds, and TMMs having concentrations higher than the 

ERL values) and selected families already known for their response to anthropogenic pressures. 

Significant Spearman correlations are highlighted (*p< 0.05; **p<0.01; and ***p<0.001). 
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HIGHLIGHTS 

● Martinique’s mangroves face human pressures, which cause pollutant accumulation in 

sediments. 

● Regulatory thresholds for DDT, dieldrin, Cu, Ni, and As were exceeded in all samples. 

● Microbial biomass and bacterial/archaeal abundance were higher in less-impacted stations. 

● A total of 65 potential microbial bioindicators of human pressures were identified. 

● 9 taxa abundant in high-impacted stations (e.g., Spirochaeta, Pseudolabrys, Truepera). 


