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Abstract
Purpose Marine mangrove sediments in the Manche-à-Eau
lagoon (Guadeloupe, Caribbean Sea) harbor locally extensive,
white microbial mats. These mats cover the surface of reduced
sediments near the roots of red mangrove trees, Rhizophora
mangle, and are mainly composed of sulfur-oxidizing bacteria
belonging to the Beggiatoaceae family, with some filamen-
tous cyanobacteria. The goal of this study was to investigate
the possible influence of sediment characteristics on the pres-
ence of these microbial mats.
Materials and methods Four push cores were collected in
April 2013, two from zones with microbial mats and two from
zones without mats. Sediment characteristics (grain-size

distribution, mineralogy, total organic carbon (TOC) and total
nitrogen (TN) contents, atomic TOC/TN ratios, and organic
matter (OM) δ13C values) were compared for all four cores.
Results and discussion Significant differences were observed
between sediments below microbial mats and those without
mats. Sediments with microbial mats contained greater
amounts of clay, and higher TOC, TN, and TOC/TN ratios,
with lower total carbonate content and δ13C values. The
higher clay content most likely results from lower fluid flow
velocity near to mangrove roots, while higher TOC/TN ratios
and lower δ13C values indicate higher inputs of OM from
mangrove trees. These results are consistent with the fact that
microbial mats were observed near the roots of mangrove
trees, which trap OM from terrestrial vegetation and fine
sediments.
Conclusions The grain-size distribution of sediment particles,
the total carbonate content, and the δ13C values are the main
parameters discriminating between zones with microbial mats
and those without mats. Variations in total carbonate content,
which is mainly of biogenic origin, result from conditions that
are more favorable for benthic organisms in zones without
microbial mats. Variations of the TOC/TN ratios are con-
trolled by the presence of a non-negligible amount of inorgan-
ic nitrogen bound to surface clay mineral particles and/or by
microbial processes.

Keywords AtomicTOC/TN ratios .Grain size .Mineralogy .

Organic matter sources . Stable carbon isotopes

1 Introduction

Mangrove forests, predominant in the intertidal zone of tro-
pical and subtropical coastlines, are highly productive ecosys-
tems that efficiently trap material suspended in the water
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column (Jennerjahn and Itterkkot 2002; Adame et al. 2010).
Sediments in such environments receive higher organic matter
(OM) inputs, remineralized to a large extent by microbially
mediated processes, leading to nutrient regeneration (Bouillon
et al. 2008). Microbial activity is thus crucial for these coastal
ecosystems, playing a key role in carbon and nutrient cycling.
Complex dynamic ecosystems may develop at the sediment-
water interface, forming microbial mats, often observed in
shallow habitats (e.g., Canfield and Des Marais 1993; Al-
Thukair et al. 2007; Delfino et al. 2012).

Microbial mats typically have a community structure dri-
ven by vertical micro-gradients of oxygen, hydrogen sulfide,
and light (e.g., van Gemerden 1993; Meysman et al. 2015).
These thin-layered structures are composed not only of
phototrophic, heterotrophic, and chemolithoautotrophic bac-
teria but also of archaea and eukaryotic microalgae (Stolz
2000). The extracellular polymeric substance (EPS), princi-
pally produced by oxygenic phototrophic cyanobacteria
(Decho 1990), may potentially be a structuring agent in mi-
crobial mats and may also enhance sediment stabilization and
resistance to erosion (Stal 2010).

Microbial mats are characterized by awide range ofmetabolic
processes resulting in coupled reactions; primary production by
cyanobacteria fuels the metabolism of sulfate-reducing bacteria,
and the resulting sulfide is then oxidized by anoxygenic
phototrophic bacteria and by colorless sulfur bacteria. Studying
these unique ecosystems can lead to better understanding of bio-
geochemical cycles (C, N, S) and their interactions (Canfield and
Des Marais 1993; Seckbach and Oren 2010). The influence of
environmental (hydrological conditions) and physicochemical
factors (light, temperature, salinity, pH, oxygen, and electron
donor acceptors) on the structure and dynamics of modern mi-
crobial mats has been extensively studied (e.g., Al-Thukair et al.
2007; Seckbach and Oren 2010; Delfino et al. 2012), but the
influence of sedimentary parameters (grain-size distribution,
mineralogy, and OM geochemistry) remains largely unexplored.
Extensive white microbial mats have recently been identified at
the edge of the Manche-à-Eau lagoon colonized by mangrove
trees (Guadeloupe, Lesser Antilles, French West Indies; Fig. 1a,
b). Push cores from this Caribbean lagoon were therefore studied
to identify the sedimentary characteristics of zones at the
sediment-water interface where microbial mats have developed,
in comparison with sediments from zones without mats.

2 Materials and methods

2.1 Study sites and field sampling

The Manche-à-Eau lagoon (16° 15′N, 61° 35′W), covering an
area of 0.26 km2, is located on the northern coast of the
Guadeloupe archipelago, in the French West Indies (Fig. 1a).
It is linked to the Grand Cul-de-Sac Marin lagoon by a narrow

sea channel, the Rivière Salée, which separates the volcanic
island of Basse-Terre and the limestone-dominated island of
Grande-Terre (Guilcher and Marec 1978; Fig. 1a).
Guadeloupe has a humid tropical climate, with a dry season
from December to May and a rainy season from June to
November. The annual average air temperature ranges from
20 to 31 °C, and the annual rainfall ranges from 1500 to
1800 mm yr−1.

This shallow, semiclosed marine lagoon is elongated
(reaching 910m long and 425mwide) with a maximumwater
depth of 2 m (Mantran et al. 2009). It is fringed by red man-
grove trees, Rhizophora mangle, and flooded continuously.
The white mats recently observed at the sediment-water inter-
face in several locations around the lagoon are composed of
colorless filamentous free-living sulfur-oxidizing bacteria, be-
longing to two new species (Candidatus Isobeggiatoa and
Candidatus Maribeggiatoa) of the Beggiatoaceae family
(Jean et al. 2015; Fig. 1b). Some filamentous cyanobacteria
belonging to the Oscillatoriales family (Guidi-Rontani et al.
2014) has also been observed within the Beggiatoa mats.

Water circulation is slow and complex, driven by the inter-
action between southeasterly trade-wind currents, semidiurnal
tidal flow, and continental freshwater inflow. Mantran et al.
(2009) calculated a water renewal rate of 14.8 % at each tide,
by estimating the mean volume of input and output water du-
ring the flood and ebb tides. This high renewal rate, associated
with active hydrodynamism, results in well-mixed, homoge-
neous lagoon water (Mantran et al. 2009). Water temperature
(∼28 °C) and salinity (∼35‰) are relatively constant below 0.5
m depth (Pascal et al. 2014). Tidal periodicity is semidiurnal
and the tidal amplitude in the lagoon oscillates between 30 and
40 cm (tide gauge of Pointe-à-Pitre, REFMAR®).

Sampling was carried out in April 2013, during the dry
season. Sediment samples were collected from four sites
in the Manche-à-Eau lagoon, in water depths of 0.5 m
(Fig. 1c). At each site, one plastic core tube (70 mm in
diameter and 60 cm long) was manually pushed into the
sediment, during low tide, by snorkeling. Cores A (16°
16′ 33.75″ N, 61° 33′ 18.07″ W) and B (16° 16′ 33.44″ N,
61° 33′ 17.69″ W) were collected from sites 1.4 m apart,
in the zone characterized by the presence of microbial
mats, while cores C (16° 16′ 33.72″ N, 61° 33′ 18.06″
W) and D (16° 16′ 33.73″ N, 61° 33′ 18.04″ W) were
collected from the zone not colonized by Beggiatoa,
0.2 m from core A and 1.3 m from core B.

Sedimentation rates determined using the 210Pb tech-
nique on three of the cores (A, B, and C) ranged from
0.91 to 1.0 cm yr−1 (Crémière et al. submitted). As mea-
sured under mesocosm conditions by Jean et al. (2015),
dissolved sulfide concentrations in the top 5 mm-depth
sediments were generally higher in sediments collected
below microbial mats (from ca. 1 to 8 mM) than in
uncolonized sediments (ca. 1 mM).
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In the laboratory, each core was sliced into ∼5 cm layers.
Each of the resulting slices was then divided into two subsam-
ples; one of whichwas kept wet for grain-size analysis, while the
other was frozen at -20 °C, lyophilized, and stored until required
for analysis to investigate mineralogy and OM geochemistry.

2.2 Laboratory analysis

Grain-size analysis from 0.375 to 2000μm for all wet samples
used a Particle Size Analyzer Beckman-Coulter™ LS 230
(gallium arsenide, 750 nm wavelength; Brea, USA). The
coarse fraction (>2000 μm) of all samples was removed by
wet sieving prior to analysis; it was mainly composed of man-
grove vegetation debris and carbonate shells. One subsample
from each core and depth was treated by ultrasounds to disrupt
aggregation structures prior to grain-size analysis. Another
subsample was left in a natural state for aggregate analysis.
All samples were analyzed in triplicate, and the relative error
of triplicate samples was less than 3 %. In all grain-size dis-
tributions obtained with and without treatment, particle size
classes were assigned according to the Wentworth (1922)
grain-size scale, 0.2–4.0 μm for the clay fraction, 4.0–
62.5 μm for the silt fraction, and 62.5–2000 μm for the sand
fraction. In all grain-size distributions obtained without treat-
ment, the following three different aggregate sizes were used:
clay/silt fraction (<62.5 μm), micro-aggregates (62.5–
250 μm), and small macro-aggregates (250–2000 μm). For
each site and depth, the difference was calculated between
the relative percentages of each size fraction obtained after

ultrasonic treatment and those obtained without treatment.
The positive values indicated the sizes and the relative per-
centages of particles involved in aggregation structure.

The total carbonate content of bulk sediments, expressed as
dry sediment weight (wt.%), was determined using a manual
calcimeter (OFITE, Houston, USA) calibrated with pure car-
bonate. It was estimated by reaction of 100 mg of fine pow-
dered sediment with 0.4 cm3 of HCl 8 N, with an absolute
error of 1 %. Mineral composition was identified by X-ray
powder diffraction (XRD) on dried ground sediment subsam-
ples. Measurements were run on a D2 Phaser X-ray diffrac-
tometer (Cu Kα, Ni-filtered, radiation; Bruker AXS instru-
ment, Kalsruhe, Germany), scanning 2°–64° 2θ at a rate of
0.02° 2θ per second. The main mineral phases were identified
using the DIFFRAC.SUITE EVA v4 software. This identifi-
cation was coupled with observation of dried bulk sediments
using a Stemi 2000 ZEISS stereomicroscope.

Total organic carbon (TOC) and total nitrogen (TN) were
measured in bulk sediments using a Vario EL III elemental
analyzer (Elementar, Hanau, Germany). Before analysis,
freeze-dried sediments were finely ground in an agate mortar
and homogenized. They were then acidified with 1 M HCl to
remove carbonates, washed with distilled water, centrifuged
until a pH of ∼7 was reached, and dried at 40 °C overnight.
Uncertainties on these measurements were 0.14 % for TOC
and 0.02 % for TN. In this study, the TOC/TN ratio refers to
the atomic ratio, which is obtained by multiplying the weight
TOC/TN ratio with the (nitrogen atomic mass (14.0067)/car-
bon atomic mass (12.0107)) ratio.
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Fig. 1 a Map showing the
Manche-à-Eau lagoon and its
connection to the Grand Cul-de-
Sac Marin lagoon. b Underwater
picture of patches of white
microbial mats on the R. mangle
mangrove sediments. c Schematic
representation showing the
position of the sampling sites
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Stable carbon isotopes were determined in an aliquot of
each carbonate-free sample by thermal decomposition in an
Elemental Analyzer (Elementar, Hanau, Germany) coupled to
a continuous-flow isotope ratio mass spectrometer (Isoprime,
Manchester, UK). Carbon isotope values were expressed in
the usual δ notation, which was determined as

δ13C ¼ Rsample

Rstandard
−1

! "
" 1000

where R is the isotopic ratio (13C/12C). The international stan-
dard is Vienna Pee Dee Belemnite for carbon with a 13C/12C
ratio of 0.01112372. Calibrations used various international
and laboratory standards for carbon and nitrogen, cellulose
(IAEA-CH-3 δ13C = -24.724 ‰) and caffeine (IAEA-600
δ13C = -27.771 ‰). Tyrosine (δ13C = -23.2 ‰, laboratory
standard) was used to ensure the accuracy and precision of
the isotopic compositions obtained. Analytical precision was
about ± 0.1 ‰ for δ13C.

2.3 Statistical analysis

The mean and standard deviation of the sediment parameters
were calculated from the values obtained for the two sediment
cores collected within each zone. Five statistical parameters were
calculated from the grain-size distribution of untreated sediments
using the GRADISTAT software (Blott and Pye 2001) to char-
acterize their variability, following the Folk and Ward (1957)
graphical method, mode (the most abundant grain-size class),
mean (the weighted average grain-size class), sorting (the spread
of sizes around the average), and skewness (the symmetry or
preferential spread to one side of the average). Correlations be-
tween grain size and OM geochemical characteristics were
assessed by applying Pearson’s correlation tests combined with
Student’s t tests (n = 10). The test results were reported with a
confidence level of 95 or 99 % (P values of 0.05 and 0.01,
respectively). Principal component analysis (PCA), a multivari-
ate analytical tool, was used to study the relationship of the
sedimentary parameters measured to highlight their similarities
and differences. All statistical analyses used the free R statistical
software (version 2.14.1).

3 Results

3.1 Comparison of the four sediment cores

Cores A and B, collected from sites 1.4 m apart, were remark-
ably similar in appearance, with black peat-like sediment in the
first 20 cm and dark brown sediment below this depth. In con-
trast, cores C and D were characterized by homogeneous dark
brown sediment and also contained several worm burrows
(Arenicola brasiliana).

For each core, results for grain-size distribution, mineralo-
gical composition, and OM characteristics are shown in
Table 1. All sediments studied corresponded to sandy silt or silt
(Folk’s sediment classification method; Folk 1954), character-
ized by predominance of the silt fraction (65–82 %), associated
with sand (9–28 %) and clay (4–14 %). The only sand fraction
observed in all cores was fine sand grains (63–250 μm).

The XRD patterns of the sediments revealed the presence of
calcium carbonate, pyrite, and clay minerals (mostly halloysite
and kaolinite) associated with minor amounts of quartz,
cristobalite, and feldspars (Fig. 2a). The total calcium carbonate
content showed great variation, ranging from 7 to 70 %.
Aragonite (35 to 93 % of the total carbonate content) and stoi-
chiometric calcite (6 to 62 % of the total carbonate content) were
the dominant carbonate phases. These two carbonate phases
were sometimes associated with minor quantities of magnesium
calcite (0 to 9 % of the total carbonate content). Morphological
observations of sediments showed that these carbonates origina-
ted predominantly from numerous biogenic elements (Fig. 2b).
The sieved fraction was mainly composed of fragments of ara-
gonitic green algae Halimeda, together with other calcareous
remains of bivalves and gastropods (mainly aragonitic shells of
Caecum species; Fig. 2c). Minor amounts of benthic foramini-
feral tests, sea urchin spicules, and ostracod valves were also
observed. Pyrite was associated with debris of ligneous organic
components (mostly from mangrove trees), as well as biogenic
carbonate elements.

The TOC content in sediment samples ranged from 4.9 to
19.8 %, while the TN content ranged from 0.3 to 1.4 %. The
plot of TOC versus TN contents illustrates a strong positive
correlation between these two parameters (Pearson’s correlation
coefficient, r = 0.954, n = 10, P < 0.01). The interception of the
linear correlation between TOC and TN contents, with a slight-
ly positive value of 0.0356, reveals the presence of a non-
negligible amount of inorganic nitrogen in sediments (Goñi
et al. 1998). Sedimentary [TOC/TN]atomic ratios for all four
sediment cores ranged from 13.8 to 23.7, and δ13C values
ranged from -26.7 to -24.4‰.

PCAwas used to evaluate the relationships between sediment
characteristics (clay and sand percentages, total carbonate con-
tents, [TOC/TN]atomic ratios, and OM δ13C) for all four cores
(Fig. 3). The first two factors explained 86.7 % of the total va-
riance. Factor 1, with 64 % of the variance, grouped all clay and
sand percentages, total carbonate contents, and OM δ13C values.
Factor 2, representing 22.7 % of the variance, grouped [TOC/
TN]atomic ratios. While factor 2 separated the superficial sedi-
ments from the deeper sediments, for all four cores, factor 1
divided the sediment samples into two separate groups, based
on the presence or absence of microbial mats.

Thus, the factors used to discriminate between zones with
microbial mats and those without mats are clay and sand percen-
tages, total carbonate content, andOMδ13C values. Therefore, in
the following sections, results are presented by zone type,
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classified as Bwith microbial mats^ combining the results for
cores A and B (zone AB) and Bwithout mats,^ combining results
for cores C and D (zone CD).

3.2 Comparison of the two zones (zone AB, with microbial
mats, and zone CD, without mats)

Results for grain-size distribution show that, while silt content
was roughly the same for both zones (mean 73 ± 4%), zone AB,
below microbial mats, had a higher clay content and generally
lower sand fraction than zone CD, without microbial develop-
ment (Table 1). The mean grain size (MGS) was therefore lower
in zone AB (20.8 ± 3.0 μm) than in zone CD (27.1 ± 1.4 μm)
(Table 2). Furthermore, sediments below microbial mats were
poorly sorted (sorting 2.9 to 3.4) and displayed a tri- or poly-
modal distribution (Fig. 4a), with a tailing effect skewing towards
the fine-grained end (skewness -0.31 to -0.17) except for
22.5 cm depth (skewness -0.07 ± 0.02) (Table 2). Sediments
without microbial mats are characterized by lower values of
sorting (2.6 to 3.0), a uni- or bi-modal (major mode at 34.6–
38 μm, corresponding to coarse silt; Fig. 4b) symmetrical distri-
bution (skewness -0.09 to -0.03) (Table 2).

Between 6 and 29 % of the sedimentary particles, especial-
ly clay- to coarse silt-sized particles, were involved in the
formation of aggregates (Table 2 and Fig. 5). Higher percen-
tages of aggregated particles were observed in the zone with
microbial mats (21 ± 5 %) than in the zone without microbial
development (12 ± 3 %) in the first 15 cm of depth. Figure 5
also shows predominance of clay/silt-sized aggregates,
representing 60 to 76 % of the total aggregates. Varying
amounts of micro-aggregates (24–33 %) and macro-
aggregates (0–13 %) were also observed.

Mineralogical composition showed no variation between
zones or depths, except for clay minerals and carbonates.
While clay minerals were more abundant in sediments from
zone AB (below mats), lower abundances in carbonates were
observed in those sediments (12 ± 3 %) than in sediments
from zone CD (without mats) (39 ± 18 %) (Fig. 6). In both
zones, higher percentages of aragonite were observed in
deeper sediments, while total calcite content showed higher
values at 7.5 cm depth.

At all depths, TOC and TN contents were generally cha-
racterized by higher values in sediments from zone AB, below
microbial mats (TOC = 16.5 ± 2.0 %; TN = 1.1 ± 0.2 %) than

Table 1 Mean physicochemical characteristics (grain-size percentages, total carbonate contents, and OM geochemical parameters) for the four cores

Mean depth
(cm)

Particle-size distribution (%) Total carbonate
content (%)

TOC (%) TN (%) Atomic TOC/TN
ratio

δ13Corg (‰)

Clay Silt Sand

Core A 2.5 11.0 ± 2.0 76.4 ± 2.1 12.7 ± 0.1 10 ± 0 18.7 ± 1.2 1.4 ± 0.0 16.0 ± 1.0 -26.4 ± 0.3
7.5 12.9 ± 1.1 76.4 ± 0.1 10.7 ± 1.2 11 ± 0 17.5 ± 0.2 1.2 ± 0.0 17.4 ± 0.7 -26.3 ± 0.1
12.5 12.5 ± 1.2 74.6 ± 0.8 12.9 ± 2.0 14 ± 2 16.5 ± 1.1 1.1 ± 0.0 17.5 ± 1.4 -25.7 ± 0.3
17.5 10.0 ± 0.1 69.0 ± 0.1 21.0 ± 0.2 13 ± 3 17.6 ± 0.3 1.1 ± 0.1 19.0 ± 1.4 -25.6 ± 0.1
22.5 10.1 ± 1.7 68.6 ± 3.9 21.3 ± 5.6 11 ± 2 17.3 ± 0.3 1.1 ± 0.0 19.3 ± 1.0 -25.4 ± 0.0

11.3 ± 1.8 73.0 ± 4.0 15.7 ± 5.3 12 ± 2 17.5 ± 1.0 1.2 ± 0.1 15.9 ± 1.3 -25.9 ± 0.4
Core B 2.5 12.8 ± 0.4 77.8 ± 2.3 9.4 ± 0.3 12 ± 5 17.8 ± 1.1 1.2 ± 0.1 17.6 ± 2.0 -25.9 ± 0.2

7.5 11.7 ± 0.8 70.2 ± 1.0 18.1 ± 1.8 13 ± 2 16.9 ± 0.8 1.1 ± 0.0 18.6 ± 1.2 -25.7 ± 0.2
12.5 13.8 ± 0.4 76.0 ± 2.3 10.3 ± 0.3 21 ± 5 15.1 ± 1.0 1.0 ± 0.1 18.6 ± 1.9 -25.6 ± 0.1
17.5 13.5 ± 0.2 69.6 ± 2.1 16.9 ± 0.5 23 ± 11 13.9 ± 1.9 0.9 ± 0.1 19.1 ± 4.1 -25.4 ± 0.0
22.5 7.2 ± 0.1 75.6 ± 0.8 17.1 ± 0.9 27 ± 10 13.5 ± 1.7 0.8 ± 0.1 19.8 ± 3.9 -25.6 ± 0.1

11.8 ± 2.4 73.8 ± 3.8 14.4 ± 3.8 19 ± 9 15.4 ± 2.1 1.0 ± 0.2 17.7 ± 2.3 -25.6 ± 0.2
Core C 2.5 4.5 ± 0.2 76.9 ± 0.4 18.6 ± 0.6 19 ± 0 13.7 ± 0.0 1.1 ± 0.0 14.4 ± 0.0 -25.2 ± 0.0

7.5 4.4 ± 0.0 72.7 ± 0.3 22.9 ± 0.3 19 ± 0 14.2 ± 0.0 1.2 ± 0.0 13.8 ± 0.0 -25.2 ± 0.0
12.5 5.0 ± 0.2 72.6 ± 0.9 22.4 ± 1.1 42 ± 0 10.1 ± 0.0 0.7 ± 0.0 17.3 ± 0.0 -25.0 ± 0.0
17.5 5.3 ± 0.2 73.8 ± 0.4 20.9 ± 0.5 47 ± 0 8.8 ± 0.0 0.6 ± 0.0 17.4 ± 0.0 -24.9 ± 0.0
22.5 6.0 ± 0.3 70.1 ± 0.1 24.0 ± 0.2 69 ± 1 4.9 ± 0.0 0.3 ± 0.0 16.7 ± 0.0 -24.4 ± 0.0

5.0 ± 0.6 73.2 ± 2.3 21.8 ± 2.0 39 ± 19 10.3 ± 3.4 0.8 ± 0.3 13.7 ± 1.3 -24.9 ± 0.3
Core D 2.5 4.2 ± 0.1 79.9 ± 2.4 15.9 ± 0.5 17 ± 0 13.9 ± 0.0 1.1 ± 0.0 15.2 ± 0.0 -24.9 ± 0.0

7.5 4.9 ± 0.1 72.9 ± 2.2 22.2 ± 0.7 28 ± 0 12.3 ± 0.0 0.9 ± 0.0 16.7 ± 0.0 -25.0 ± 0.0
12.5 5.3 ± 0.2 73.1 ± 2.2 21.6 ± 0.6 44 ± 0 8.6 ± 0.0 0.6 ± 0.0 16.7 ± 0.0 -24.7 ± 0.0
17.5 4.0 ± 0.1 73.1 ± 2.2 22.9 ± 0.7 33 ± 0 11.7 ± 0.0 0.8 ± 0.0 17.7 ± 0.0 -25.0 ± 0.0
22.5 5.5 ± 0.4 69.0 ± 2.4 25.5 ± 2.6 68 ± 1 5.2 ± 0.0 0.3 ± 0.0 17.8 ± 0.0 -24.9 ± 0.0

4.8 ± 0.6 73.6 ± 4.2 21.6 ± 3.4 38 ± 17 10.3 ± 3.1 0.7 ± 0.2 14.4 ± 0.8 -24.9 ± 0.1

Bold data are the average value
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from zone CD, not colonized by microbial mats (TOC =
10.3 ± 3.3 %; TN = 0.8 ± 0.3 %) (Table 1). There was,

however, a decreasing trend with depth, in particular for sed-
iments not colonized by microbial mats (zone CD). At all

Fig. 2 a An example of a X-ray
diffractogram (core D, 15 cm
depth) with the main observed
diffraction peak intensities in a
sediment from the Manche-à-Eau
lagoon. b The >250 μm sieved
fraction of sediment (core C at
10 cm depth). Carbonates
correspond to numerous green
algae Halimeda fragments and to
some shells of mollusks; brown
fragments correspond to OM
remains. c Close-up of a
gastropod belonging to Caecidae
family

Fig. 3 Bi-dimensional rotated
plot of factor 1 and factor 2
obtained by factor analysis for 20
samples (from two cores collected
in each zone), using data for
percentages of clay, sand, and
total carbonate contents as well as
the [TOC/TN]atomic ratios and
δ13C values
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depths, sediments below microbial mats (zone AB) were
mostly characterized by higher TOC/TN ratios and lower
δ13C values (Table 1). Significant differences in TOC/TN ra-
tios and δ13C values were observed with depth.

4 Discussion

Differences in grain-size distributions between the two zones
indicate variations in sedimentation environments, including

Fig. 4 Typical grain-size
frequency distributions in
different sediment samples from a
the zone below microbial mats
(zone AB) and b the zone without
microbial mat development (zone
CD)

Table 2 Mean and standard deviation (SD) of the grain-size parameters and percentage of aggregated particles for the two zones

Mean
depth
(cm)

Distribution
type

Mean
(μm)

Sorting Skewness Kurtosis Aggregated
particles
(%)

Zone with
microbial
mats (zone AB)

2.5 Polymodal 19.3 ± 2.4 3.0 ± 0.1 -0.25 ± 0.06 0.93 ± 0.06 27 ± 2

7.5 Polymodal 19.1 ± 2.3 3.3 ± 0.1 -0.21 ± 0.03 0.90 ± 0.03 15 ± 2

12.5 Polymodal 18.3 ± 1.9 3.1 ± 0.0 -0.23 ± 0.06 0.90 ± 0.03 22 ± 2

17.5 Polymodal 24.6 ± 0.4 3.3 ± 0.1 -0.26 ± 0.04 0.98 ± 0.06 18 ± 1

22.5 Trimodal 22.5 ± 0.1 3.0 ± 0.0 -0.07 ± 0.02 0.95 ± 0.02 9 ± 2

20.8 ± 3.0 3.2 ± 0.2 -0.20 ± 0.08 0.94 ± 0.05 18 ± 6

Zone without
microbial mats
(zone CD)

2.5 Unimodal 25.3 ± 0.6 2.7 ± 0.1 -0.07 ± 0.02 0.98 ± 0.01 13 ± 2

7.5 Bimodal 28.3 ± 0.5 2.9 ± 0.0 -0.06 ± 0.01 0.96 ± 0.00 9 ± 3

12.5 Unimodal 27.2 ± 0.8 2.9 ± 0.0 -0.06 ± 0.01 0.96 ± 0.01 15 ± 1

17.5 Unimodal 27.0 ± 1.3 2.9 ± 0.1 -0.07 ± 0.01 0.96 ± 0.00 16 ± 3

22.5 Bimodal 27.8 ± 1.5 3.1 ± 0.1 -0.05 ± 0.02 0.92 ± 0.01 8 ± 2

27.1 ± 1.4 2.9 ± 0.2 -0.08 ± 0.05 0.96 ± 0.02 12 ± 4

Bold data are the average value
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the characterization of sediment sources, as well as their trans-
port and deposition patterns (Folk and Ward 1957; Pedreros
et al. 1996; Le Roux and Rojas 2007). The relationships be-
tween clay and sand percentages,MGS and sorting, and skew-
ness and sorting distinguish the sediments below microbial
mats (zone AB) from those not colonized by mats (zone

CD) (Fig. 7a–c). Higher clay content and lower MGS indicate
lower fluid flow velocity in zone AB, favoring the deposition
of finer sediment particles. As this zone is closer to the lagoon
edges and thus to the mangrove trees, complex root systems
may play a dominant role in the dissipation of current and
wave energy as well as in flow directions (Adame et al.
2010; Zhang et al. 2015). Moreover, the MGS decreases from
the bottom to the top of sediments from the zone AB, below
microbial mats (Table 2), indicating a decrease in current ve-
locity over the past 20 years, probably linked to mangrove
development throughout the lagoon (Crémière et al.
submitted). In contrast, for sediments without surface micro-
bial development (zone CD), the MGS shows higher values
and remains fairly constant with depth, revealing that the tidal
current velocity is higher and more constant through time. The
lower values of sorting and the uni- or bi-modal symmetrical
distribution observed in sediments without microbial mats are
also in agreement with better sediment sorting in zone CD,
probably due to the greater influence of tidal currents at this
site further away from lagoon edges (Table 2 and Fig. 7b, c).

In addition to these differences in grain-size distribution, the
abundance of sedimentary particles involved in aggregate struc-
tures varies between the two zones (Table 2 and Fig. 5). These
structures are formed by the agglomeration of mineral particles
(i.e., clay, silt, and sand), depending on a variety of binding
agents, such as roots, microbial polysaccharides, calcium brid-
ges, and various (hydro) oxides (Tisdall and Oades 1982; Six
et al. 2004). In this study, the percentage of aggregated particles
shows a significant correlation with the percentage of clay and
sand fractions (Pearson’s correlation coefficient, rclay con-

tent = 0.596, rsand content = -0.833, n = 10, P < 0.05). These
correlations indicate that sediment texture plays a key role in

Fig. 5 Vertical variations of the
percentage of aggregated particles
collected in sediments below
microbial mats (zone AB) and
those not colonized by microbial
mats (zone CD). The bar spaces
represent the standard deviation
of the relative percentages of
aggregated particles. For each
zone and depth, the relative
percentages of the three different
aggregate size fractions are also
shown

Fig. 6 Vertical repartition of the different carbonate phase (aragonite,
calcite) contents of the two zones. The bar spaces represent the
standard deviation in the total carbonate contents
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aggregate formation, as previously shown by Tisdall and Oades
(1982). Furthermore, TOC content is correlatedwith clay content
and sand content (Pearson’s correlation coefficient, rclay con-

tent = 0.733, rsand content = -0.796, n = 10, P < 0.01), indicating
that muddy sediments are the primary vectors controlling sedi-
mentary OM contents. Sediments below microbial mats (zone
AB) are characterized by higher content of finer sediment parti-
cles, which is generally well correlated with higher mineral sur-
face area (Mayer 1994; Goñi et al. 2003). This higher area might

result in higher adsorption of OM ontomineral surfaces, forming
a coverage of mineral surface that protects OM from microbial
degradation and enhances aggregate formation. The higher TOC
content observed in zone AB than in zone CD sediments in-
creases even more the OC adsorption onto sediment particles
and thus increases particle aggregation. The higher percentage
of aggregated particles observed in the first 15 cm of depth in
zone AB, characterized bymicrobial development, also indicates
that the organic material released by mangrove tree roots and the
EPS excreted by some of themicro-organisms formingmicrobial
mats might both contribute to particle aggregation (Greenland
et al. 1961).

The size of aggregate structures is also different in each of the
two zones. In sediments below microbial mats, the relative per-
centage of the clay/silt-sized aggregate fraction was significantly
higher below 10 cm deep, while that of micro-aggregate fraction
was significantly higher above 15 cm depth (Fig. 5). Lower
amounts of small macro-aggregates were always observed in
these sediments, partly resulting from the penetrating effect of
roots in macroporosity (Materechera et al. 1994). These diffe-
rences in aggregate structure abundance and size observed be-
tween the two zones might result in variations of sediment struc-
ture inducing modifications in porewater movement, gas ex-
change, sedimentary OM dynamics, and nutrient cycling
(Bronick and Lal 2005). In particular, aggregates might affect
microbial capacity to access material bound in aggregates but
also influence microbial community structure, limit oxygen dif-
fusion, and determine nutrient absorption and desorption
(Sexstone et al. 1995).

As carbonates are mostly of biogenic origin, the significant
variations in total carbonate content and in the distribution of
different carbonate phases between the two zones are linked to
the dynamics of calcified biological communities. Higher values
of total carbonate content in zone CD (Table 1 and Fig. 6) are
probably linked to the occurrence of more favorable conditions
for benthic organisms in sediments without microbial mats (Jean
et al. 2015). Sediment grain size and TOC content might repre-
sent limiting factors for these communities, as exhibited by the
significant relationship between them and the total carbonate
content (Pearson’s correlation coefficient, rclay content = -0.595,
rsand content = 0.694, rTOC content = -0.955, n = 10, P < 0.05).
Furthermore, even if Beggiatoamats are known to provide food
for meiofauna and macrofauna (McHatton et al. 1996; Pascal
et al. 2014), infauna can be influenced by the toxicity of these
mat environments. In particular, Beggiatoa grow in sulfide-rich
environments, which are toxic for many aerobic metazoans
(Bagarinao 1992), and can create anoxic conditions by consu-
ming up to 70 % of the total oxygen in sediment (Fenchel and
Bernard 1995). The presence of high dissolved sulfide concen-
trationsmeasured in porewaters from sediments belowmicrobial
mats and the absence of dissolved oxygen 2 cm abovemats (Jean
et al. 2015) are in agreement with the observation of pyrite. This
mineral precipitates in environments, where reactive iron species

Fig. 7 Relationships between clay and sand contents (a), sorting and
mean grain-size distribution (b), and sorting and skewness (c) of
sediments from the two zones
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are available and hydrogen sulfide is produced due to microbial
sulfate reduction under anoxic conditions (Berner 1972).

Sedimentary OM measured in the two zones shows lower
TOC/TN ratios and higherδ13C values than those reported earlier
in superficial sediments of an adjacent R. mangle mangrove
swamp located in the Grand Cul-de-Sac Marin in Guadeloupe
(TOC/TN : 19 to 43, δ13C values: -26.8 to -26.3 ‰; Lallier-
Verges et al. 1998). This difference probably results from the fact
that our study area is located within the Manche-à-Eau lagoon
and thus receives higher OM inputs derived from marine phyto-
plankton. The δ13C values show a strong negative correlation
with the TOC content (Pearson’s correlation coefficient,
r = -0.911, n = 10, P < 0.01), indicating that sediments mainly
receive OM derived from two potential sources. In the
Manche-à-Eau lagoon, the two main potential OM sources are
marine phytoplankton (which is the main component of the ma-
rine source) and C3 terrestrial plants, mostly composed of
R. mangle.

Assuming that diagenetic reactions do not significantly alter
theOM δ13C values and that the δ13C values for eachOMsource
are constant, it is possible to use the two end-member mixing
equation based on these values and mass balance:

δ13Csed ¼ FT " δ13CT þ FM " δ13CM ð1Þ

1 ¼ FT þ FM ð2Þ

where FT and FM are the fractions of terrestrial and marine OM,
respectively. The δ13Csed, δ

13CT, and δ
13CM values represent the

carbon isotopic composition of the sediment samples, the δ13C
value of R. mangle soft parts measured previously in an adjacent
study site (-28.3 ± 0.3 ‰; Lallier-Verges et al. 1998), and the
δ13C value of marine phytoplankton end-members
(-19.3 ± 0.8 ‰; Gearing et al. 1977; Jasper and Gagosian
1990), respectively. As TOC/TN ratios correlate very poorlywith
δ13C (Pearson’s correlation coefficient, r[TOC/TN] ratio = -0.347,
n = 10, P < 0.05), they are not considered in the estimation of the
terrestrial contribution to marine OM. This lack of correlation is

probably due to the presence of a non-negligible amount of
inorganic nitrogen bound to surface mineral particles, espe-
cially on the claymineral species (Faganeli et al. 1991), and/or
to the preferential remineralization of nitrogen relative to car-
bon by microbiologically mediated OM diagenesis
(Hopkinson et al. 1997).

The calculated relative contributions shown in Fig. 8 varied
from 59 ± 4 to 76 ± 3 % for R. mangle and from 24 ± 3 to
41 ± 4 % for marine phytoplankton. In all zones, sedimentary
OM mainly originates from terrestrial plants. However, signifi-
cantly higher percentages of sedimentary OM derived from ma-
rine phytoplankton are observed in sediments without microbial
mats (mean of 38 ± 2 %) than in those with surface microbial
development (mean of 28 ± 3 %). In sediments below microbial
mats, the percentage of OM derived from terrestrial plants de-
creases slightly with depth, while it is quite stable in sediments
without microbial mats. The calculated relative contribution of
C3 terrestrial plants to sedimentary OM is strongly correlated
with the mean size of all sediments (Pearson’s correlation coef-
ficient, rmean = -0.900, n = 10,P < 0.01). This contribution is also
well correlated with skewness values for all sediments (Pearson’s
correlation coefficient, rskewness = -0.832, n= 10,P< 0.01). These
correlations between grain-size parameters and the percentage of
OM from terrestrial origin might indicate the influence of hydro-
dynamic effects on the accumulation of sedimentary OM in the
study area. In particular, in sites closer to lagoon edges with
microbial mats at the sediment-water interface, higher inputs of
more refractory terrestrial OM might exist, due to the fact that
mangrove debris is less regularly removed by the current and
remains trapped by mangrove roots.

5 Conclusions

In theManche-à-Eau lagoon, sediment characteristics in zones
below colorless microbial mats and those not colonized by
mats reveal significant differences. In particular, the grain-

Fig. 8 Vertical variations of relative percentages of OM derived from the two potential sources, including C3 terrestrial plants andmarine phytoplankton,
in the sediments from the two zones
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size distribution of the sediment particles, the total carbonate
content, and the δ13C values seem to represent the main pa-
rameters correlated with the occurrence of microbial mats at
the sediment-water interface. The abundance of carbonates,
mainly corresponding to biogenic remains, shows a wide
range of variation, probably linked to conditions in sediments
without mats that are more favorable for benthic organisms.
The variations in [TOC/TN]atomic ratios are mostly controlled
by the presence of a non-negligible amount of inorganic ni-
trogen bound to surface clay mineral particles and/or by mi-
crobial processes.

The results of this study indicate that microbial mats grow at
the surface of sediments characterized by lowerMGS values and
consequently with higher clay content. The deposition of greater
amounts of fine sediment particles results from low hydrodyna-
mic conditions favored by mangrove roots. These finer particles
can be involved in aggregate structures, in particular when clay
and TOC contents are higher. Aggregate formation may also be
induced by the organic material released by mangrove roots and
the EPS excreted by some of the micro-organisms forming the
mats. These aggregates result in modifications of sedimentary
OM dynamics and nutrient cycling. The input of more refractory
OM derived from C3 terrestrial plants seems to be greater in
sediments below microbial mats. It probably results from the
proximity of these sediments to the edges of the lagoon and the
capacity ofmangrove roots to avoid resuspension and removal of
mangrove debris by currents. An increase in terrestrial OM inputs
most likely induces an increase in the atomic TOC/TN ratios and
a decrease in the δ13C values of sedimentary OM. The abundant
presence of pyrite in the sediments suggests a major contribution
of sulfate reduction to the degradation of sedimentary OM. In the
future, a better understanding of the role ofmicrobial mats inOM
degradation and thus in biogeochemical cycles might be
achieved by coupling sediment characteristics with the characte-
rization of dissolved inorganic components in pore waters and
sulfur geochemistry.
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