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Abstract: In mangrove ecosystems, strong reciprocal interactions exist between plant and
substrate. Under semi-arid climate, Rhizophora spp. are usually predominant, colonizing the
seashore, and Avicennia marina develops at the edge of salt-flats, which is the highest zone
in the intertidal range. Along this zonation, distribution and speciation of C, Fe, S, N, and P
in sediments and pore-waters were investigated. From the land-side to the sea-side of the
mangrove, sediments were characterized by I/ increase in: (i) water content; (ii) TOC;
(ii1) mangrove-derived OM; II/ and decrease in: (i) salinity; (ii) redox; (iii) pH; (iv) solid Fe
and solid P. Beneath Avicennia and Rhizophora, TS accumulated at depth, probably as a
result of reduction of iron oxides and sulfate. The loss of total Fe observed towards the
sea-side may be related to sulfur oxidation and to more intense tidal flushing of dissolved
components. Except the organic forms, dissolved N and P concentrations were very low
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beneath Avicennia and Rhizophora stands, probably as a result of their uptake by the root
systems. However, in the unvegetated salt-flat, NH4" can accumulate in organic rich and
anoxic layers. This study shows: (i) the evolution of mangrove sediment biogeochemistry
along the intertidal zone as a result of the different duration of tidal inundation and
organic enrichment; and (ii) the strong links between the distribution and speciation of the
different elements.
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1. Introduction

Mangroves are the dominant ecosystems of tropical and subtropical coastlines, covering nearly
140,000 km? [1]. Beyond their ecological, sociological, and economical roles [2—4], mangroves are of
great interest for the study of biogeochemical cycles, notably because of marine and fresh water mixing,
and because large amount of carbon accumulation [5,6]. Pathways of organic matter decomposition in
mangrove sediments are diverse, from aerobic respiration to anaerobic sulfate reduction, through
denitrification, manganese respiration and iron respiration, leading to a high variability of elements
distribution and speciation [7]. In addition to the quality and the quantity of organic inputs, sedimentation
rates, and biological activities, other parameters have to be taken into account to understand mangrove
sediments biogeochemistry, e.g., the tree species and their age, tides and bioturbation [§—11]. Additionally,
strong interactions between mangrove plants and substrate geochemistry were demonstrated, resulting
in the zonation of the ecosystem [12—14]. Extension, secretion and absorption of nutrients by the root
system, as well as the oxygenation capacity of the soil, are characteristic of each plant species [10,15].
Consequently, concentration and fractionation of major elements may depend on mangrove stands. In
New-Caledonia, mangrove forests are developed over 35,000 ha, fringing on about 80% and 15% of the
western and the eastern coastline of the island, respectively [16]. Previous studies [17,18] suggested that
the main factor controlling the distribution of mangrove species in New Caledonia was soil salinity,
which in turn was controlled by the duration of tidal inundation and thus by the soil elevation [19]. Thus,
our hypothesis are that towards the sea-side: (i) the sediment will be enriched in organic matter because
of higher productivity resulting from less stressing conditions; (ii) the sediments will be more reducing
because of longer waterlogging and higher organic content; (iii) and the concentrations of key nutrients
will be lower because of plant uptake. The main objective of the present study was to understand how
the distribution of the different mangrove vegetation along the intertidal zone may influence the
distribution and the speciation of C, N, P, Fe, and S in mangrove sediments and pore-waters.

2. Material and methods
2.1. Study Site

Mangroves in New Caledonia are dominated by Rhizophora spp. (55% of the total mangrove area),
and Avicennia marina (14%). Salt-flat represents 26% of the total mangrove area. The study was
conducted in a fringing mangrove located in Saint Vincent Bay, New Caledonia (Figure 1). This mangrove
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(21°54' S, 166°04" E), covering 20 ha, does not receive any significant freshwater runoff, and was free
of anthropogenic influences. This forest exhibits the typical zonation of mangroves in New Caledonia [18]:
(1) at the back side of the mangrove swamp, the area is occupied by the salt-flat, a highly saline zone,
only submerged during high spring tide and covered sporadically in the most downstream stretches with
bushes of Sarcocornia quinqueflora; (ii) a second stand of vegetation, downstream, is occupied by
Avicennia marina; (ii1) finally, the seaward edge is occupied by Rhizophora stylosa, which is submerged
at each tide. Tides are semidiurnal, and mangroves were fully drained at each low tide, except during
neap tides where parts of the Rhizophora area remain flooded. The landward Avicennia was sparsely
distributed, bush-like and never exceeded 1 m in height. The seaward Rhizophora zone had a relatively
low density and individual trees rarely exceeded 3 m in height. Fiddler crabs, Uca spp., were present in
the salt-flat and Avicennia stands with high density of burrows. Density was estimated using photography
of sampling sites, and was about 20 and 30 burrows-m? for the salt-flat and Avicennia, respectively. In
the Rhizophora forest, the main crab specie present was a Grapsidae with an estimate density of about
40 burrows-m 2. Three sampling sites were chosen corresponding to the three vegetation stands (Figure 1).
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Figure 1. Map showing the location of the studied mangrove in Saint Vincent Bay on the
west coast of New Caledonia, with vegetation zonation and the location of sampling sites in:
(S) Salt-flat with Sarcocornia quinqueflora, (A) Avicennia marina and (R) Rhizophora stylosa.
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2.2. Sampling Collection

Sediment cores (50 cm) were collected in June 2009. Considering the low tidal range in New
Caledonia, this sampling depth allowed us to reach the redox boundary between the unsaturated zones
(evolving with tides) and the saturated zone. In addition, we were interested in the possible role of the
root system; the latter mainly develop in the upper 50 cm considering the limited development of trees
in this semi-arid climate. Cores were sampled in triplicate during low tide using an Eijkelkamp gouge
auger in each mangrove stand. Core locations were chosen close to the vegetation but carefully avoiding
the presence of main roots in samples. After being collected, cores were wrapped in plastic film and
aluminum foil to prevent oxidation and photo-oxidation, and were transported to an air conditioned
laboratory within 10 min. Samples were collected every 5 cm from 0 to 50 cm depth. Sediment
sub-samples were taken and immediately sealed in a pre-weighed vial, and frozen for analyses of Fe and
P solid fractions, and water content determination. A second sediment sub-sample was taken and was
freeze-dried for analyses of total organic carbon (TOC), organic matter characterization (stable isotope
composition: §'3C and §'°N) and total sulfur (TS). Pore-waters were collected using soil moisture
samplers Rhizon® (Eijkelkamp Agrisearch Equipment, Giesbeek, The Netherlands) [20,21]. This
method allowed us to extract 20 mL from 5 cm long sediment section. After filtration through 45 pm
cellulose acetate syringe-filter, one aliquot was acidified with HNO3 and store refrigerated for Fe analysis
(Fe?" and Fe*"), a second was frozen at —25 °C for nutrient analysis (NH4", NOx, DON; DIP, DOP).

2.3. Analytical Methods
2.3.1. Salinity, pH, Redox Potential and ) H>S Measurements

Salinity, pH, redox and ) H2S were measured in an air-conditioned laboratory within 30 min after
the core sampling [17]. pH and redox were measured using a WITW pH/mV/T meter. Redox data are
reported relative to a standard hydrogen electrode after adding 202 mV to the original mV values
obtained with an Ag/AgCl reference electrode at 25 °C. A Wilcoxon—Mann—Whitney (WMW) test
was used to compare mean values for pairs (Salt-flat vs. vegetated zone, Rhizophora vs. Avicennia).
An Atago manual refractometer was used to determine salinity from pore-water extracted with Rhizon.
The determination of the total sulfide concentration (TS, S?>~, H2S and HS™, [22]) was done with a WTW
sulfide ion specific electrode ((log(S*) = —0.024 x E(V) — 0.878), [10]).

2.3.2. Pore-Water Analysis

Dissolved iron (Fe*" and Fe*") were determined by colorimetric procedures with a precision of
+ 5% [23,24]. A nephelometric method adapted from [25] was used to determine sulfate (with a precision
of about 5%). NH4" concentrations were measured with a TD700 fluorimeter (TurnerDesigns,
Sunnyvale, CA, USA) following the method of Holmes et al. [26]. The method of Bendschneider and
Robinson (1952, [27]) was used to determine NOx (nitrate + nitrite) concentrations, using an
Autoanalyzer III (Bran+Luebbe, Norderstedt Germany). Dissolved inorganic phosphorus (DIP)
concentrations were determined using the autoanalyzer III (Bran+Luebbe, Norderstedt, Germany) [28].
Following a persulfate wet-oxidation in low alkaline condition, total dissolved nitrogen (TDN) and
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phosphorus (TDP) concentrations were determined as NOx and DIP according to the method of
Raimbault (1999, [29]). Dissolved organic fractions (DON and DOP) concentrations were calculated by
difference between the measured TDN and TDP and the measured inorganic nitrogen (NH4" and NOx)
and phosphorus (DIP).

2.3.3. Sediment Solid Phase Analysis
2.3.3.1. Total Organic Carbon, Total Sulfur

Total organic carbon (TOC), hydrogen index (HI) and oxygen index (OI), were determined using a
Rock-Eval 6 pyrolysis [30,31]. Briefly, samples are first pyrolysed under an inert N2 atmosphere and
the residual carbon is subsequently burnt in an oxidation oven. The amount of hydrocarbons (HC)
released during pyrolysis is detected with a flame ionization detector (FID) (Vinci Technology, Nanterre,
France), while online infrared detectors measure continuously the released CO and COz. Classical
Rock-Eval parameters are calculated by integration of the amounts of HC, CO and CO: produced during
thermal cracking of the OM, between well-defined temperature limits. HI corresponds to the quantity of
HC released relative to TOC (in mg-HC-g !-TOC) and correlating with the H/C ratio. OI corresponds to
the quantity of oxygen released as CO and COz during pyrolysis, relative to TOC (in mg-HC-g - TOC)
and correlating with the O/C ratio. A CNS-2000 LECO apparatus was used to determine total nitrogen
and total sulfur (TS) concentrations (combustion at 1100 °C).

2.3.3.2. Stable Isotope Analysis

Sediment samples for stable-isotope analysis (3'°C and §'°N) were freeze-dried before being ground
with a mortar. Analysis were made with a PDZ Europa ANCA-GSL elemental analyzer (Sercon Ltd.,
Cheshire, UK)) interfaced to a PDZ Europa 20-20 isotope ratio mass spectrometer (Sercon Ltd.,
Cheshire, UK) at the UC Davis Stable Isotope Facility laboratory. After sample combustion at 1000 °C
in a reactor packed with chromium oxide and silvered cobaltous/cobaltic oxide, oxides were removed in
a reduction reactor (reduced copper at 650 °C). Then, helium carrier flows through a water trap
(magnesium perchlorate) and an optional CO: trap (for N-only analyses). Eventually, N2 and CO2 were
separated on a Carbosieve GC column (65 °C, 65 mL-min ') before entering the IRMS.

2.3.3.3. Particulate Iron and Phosphorus Extractions

The water content of sediments was determined by weight loss after freeze-drying, sea salt correction
was applied. Particulate iron and phosphorus extractions were conducted like previously described in
Deborde et al. [32]. An ascorbate reagent was added to the dried solid sample to remove the most reactive
Fe (IIT) phases (Feasc) and the associated phosphorus (Pasc) from the sediment [33,34]. Acid-soluble
iron (Fenci) and phosphorus (Puci) extraction was carried out with 1M HCI, which dissolves amorphous
Fe oxides, FeS, Fe phyllosilicates and carbonates [34]. Puci originated from detrital and authigenic
phosphate minerals, as well as carbonates [34,35]. For both extractions, about 100 mg of dry sample was
leached with 10 mL of solution. Solutions were shaken continuously during 24 h at room temperature.
Samples were centrifuged after extraction, and Fe and P contents of the supernatant were determined
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spectrophotometrically using the ferrozine and molybdate methods. Blank solutions experienced the

same treatment. The precision estimated from replicates was + 5% for P and + 7% for Fe.
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Figure 2. Mean values (n = 3) and standard deviation of redox potential, pH, salinity and

water content measured in the sediment from surface to 50 cm depth of the three mangrove

vegetation stands.
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Figure 3. Mean C/N and 8'*C values of surface sediment for each mangrove stand, and values
of organic matter source identified in the mangrove. The range of values typically encountered
in the literature for vascular mangrove plants (Bouillon ef al., 2003, Marchand et al., 2005)
and micro-algae (Meyers, 1994) were indicated by the dotted rectangles.

3. Results and Discussion

3.1. Influence of Mangrove Zonation on Sediment Physico-Chemical Properties and
Organic Matter Content

From the salt-flat to the Rhizophora stand, sediment water content increased, with mean values of
49% =+ 2% and 71% =+ 3%, respectively, while mean salinity value decreased, from 55 to 42 (Figure 2a—c).
In addition, both parameters increased with depth in every stands, particularly in the salt-flat area, where
salinity reached more than 60. This depth increase may result from convection processes leading to high
and stable salinity along the year as suggested by Marchand et al. [10]. The water content and salinity
gradients most likely resulted from differences in tidal inundation between stands, which is the main
factor controlling mangrove zonation in New Caledonia [17,19]. Pore-water salinity decreased towards
the Rhizophora stand, where evaporation processes are limited due to the rare periods of emersions.
Mangrove plants have different abilities to cope with pore-water salinity, Avicennia trees are better
adapted to high salinities than Rhizophora trees, explaining thus its higher tidal position. However, the
energy cost of this adaptation limits the tree development of Avicennia, which only form dwarf
stands in New Caledonia. Consequently, we suggest that such a zonation and adaptation may also have
an influence on mangrove productivity and thus on organic carbon accumulation in the sediment. C/N
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and 8"°C values of the main organic matter sources are displayed in Figure 3. C/N and §'°C values
were 24.5 £ 5.6 and —28.5%o £ 0.5%o for Salicornia, 22.9 + 2.7 and —27.2%0 £ 0.8 %o for Avicennia, 54.1+
11.3 and —28.8%o £ 2.4%0 for Rhizophora, respectively. C/N values measured for diatoms and cyanophyceae
were 8.2 = 2.1 and 9.5 + 0.2, respectively, and their §'°C values were —25.1%o + 0.8%o and —17.9%o +
2.1%o, respectively. C/N and 8'*C values of the leaves of the two studied mangrove species and
Salicornia are consistent with those found in the literature [36,37]. TOC, C/S, HI and OI measured in
sediment cores of the different stands are displayed in Figure 4. In the upper sediment, TOC increased
from the salt-flat (2%) to the Rhizophora stand (19%). Mangrove TOC values usually range between
0.5% and 15%, with a median TOC around 2.2% [7]. The sedimentary organic matter has C/N and §'°C
values ranging between those of the leaves and those of micro-algae (Figure 3). Mean §'*C value in
salt-flat sediments was —22.5%o0 + 1.1%0, and was lower beneath Avicennia and Rhizophora: —25%o +
0.2%0 and —25.3%0 & 0.4%o, respectively (Figure 3). C/N values increased from the land-side to the
sea-side of the mangrove: 12.5 £ 0.6 beneath Sarcocornia, 17.6 £ 0.6 beneath Avicennia, and 20.1 £ 1.7
beneath Rhizophora (Figure 3). Consequently, the contribution on mangrove-derived OM to the
sedimentary organic pool increased towards the seaside. Due to its low intertidal position, the
Rhizophora zone receives more nutrients, which favor both tree development and organic accumulation
in sediments. In addition to leaf litter and micro-algae, a strong input of OM derived from root systems
was evidenced with the increase of HI values from surface to mid-depth from 150 to 220, and from 200
to 250 mg-HC-g '-TOC beneath the Avicennia and the Rhizophora stands respectively. Fresh mangrove
tissues are characterized by HI values ranging from 400 to 600 mg-HC-g '-TOC, and OI values ranging
from 100 to 200 mg-O2-g - TOC [30]. OM decomposition induces its dehydrogenation and oxidation,
and thus a decrease of HI values and an increase of OI values. In the present study, HI values ranged
between 60 and 230 mg HC-g - TOC, evidencing that even in the upper sediment, OM was already well
decomposed. Higher OI values in the upper layer than at depth may be related to the redox conditions.
In fact, the deeper layers were strongly anoxic and C/S ratios close to 2, showing intense sulfuration
processes, and thus, probably less efficient oxidation. Eventually, below 30 cm depth of three studied
stands, sediments presented an organic carbon rich layer (8% to 16%), characterized by higher C/N ratios
(29.9 to 41.7) and lower §'*C and 8"°N values, below —25.2 and 1.8 respectively (Table 1), typical of
higher plant debris. These layers were visually enriched with red Rhizophora tissues. This organic-rich
sediments may be related to a sudden change in sea level coupled with a massive sedimentary deposit
that had buried a former mangrove as previously reported in New Caledonia [18] or in Guadeloupe
mangroves [38]. To summarize, in the upper layers from the land-side to the sea-side of the mangrove,
the sediment was characterized by gradients in water content, salinity, TOC, and mangrove derived-OM.
The gradients above are also associated with redox and pH values. Redox values decreased from the
land-side to the sea-side, and with depth. Within the salt-flat, redox potential was high and stable in the
upper 10 cm, with a maximum value of 255 = 29 mV that decreased to 60 mV at depth (Figure 2a).
Sediments of Avicennia and Rhizophora had significantly lower redox potentials for all depths than the
salt-flat (WMW test, p < 0.05), while difference was not significant between Avicennia and Rhizophora
sediments (WMW test, p > 0.05). Beneath Rhizophora, redox values decreased rapidly with depth, from
213.9 £ 13 to —92 + 18 mV. Salt-flat sediments presented the less reducing conditions of the three
vegetation stands because of the short tidal inundation associated with desiccation mud cracks that
allowed inflow of atmospheric oxygen, and of the presence of crab burrows, which can promote oxygen
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penetration ([39,40], Figure 2). The higher OM concentrations in Avicennia sediments led to lower redox
values compare to salt-flat (Figure 2). Nevertheless, suboxic conditions (high redox potential and
presence of dissolved iron) remained in the upper 15 cm. These suboxic conditions were favored by the
high oxygenation capacity of the radial cable roots of Avicennia [10,12,41], and Uca sp. activity, which
were also present in this stand. Within the Rhizophora stand, redox condition became rapidly anoxic
with depth due to the high OM content, the high water content, and the low oxygenation capacity of
Rhizophora roots [10,41]. Eventually, there was also a gradient of pH values from the land-side to the
sea-side of the mangrove, 6.9 + 0.1 in the Sarcocornia stand (Figure 2a), 6.5 + 0.1 beneath Avicennia
(Figure 2b), and 6.0 £ 0.1 in the Rhizophora stand (Figure 2¢). Acidity of mangrove sediments can derive
from organic matter decomposition, TOC concentrations increasing towards the sea, and/or sulfide
oxidation (see next chapter).
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Figure 4. Total Organic Carbon (TOC%), Hydrogen Index (HI), C/S Ratios and Oxygen
Index (OI) values in sediments of the three vegetation stands.
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Table 1. Mean C/N ratios, §'°C and 8'°N values of sediments in Avicennia marina stand.
Standard deviations are indicated in italics. (Isotopic data were not available for sediments
collected beneath the salt-flat and the Rhizophora stand).

Depth (cm) C/N 313C 315N
SD SD SD
0-5 12.4 1.5 —-23.3 1.1 2.8 0.8
5-10 14.7 1.1 —24.1 0.2 2.3 0.1
15-20 16.4 2.1 -23.9 0.2 2.0 0.5
30-35 299 88 252 11 18 04
40-45 41.7 12.5 —26.1 0.6 1.7 0.2

3.2. Distribution and Speciation of Redox Sensitive Elements: Iron and Sulfur

Total iron (Feasc + Fenci) decreased from the salt-flat to the Rhizophora stand. In the sediments of
the Avicennia and Rhizophora stands, Feasc and Fenci concentrations showed the same trend: decreasing
from the top to mid-depth, and then slightly increasing, especially in the ascorbate fraction below 30 cm
deep. Total iron concentrations in sediments of the salt-flat were very high in the upper 30 cm reaching
123 +106 pmol-g ™! for Feasc and 232 + 83 pmol-g ™! for Fenci (Figure 5a). In New Caledonia, mangroves
act as a barrier between the largest lagoon in the world and lateritic soils exploited for their richness in
trace metals, mainly Ni and Cr. Lateritic soils are primarily composed of Fe(Ill)-bearing goethite and
phyllosilicates [42]. The mangrove studied here does not develop downstream an ultramafic watershed.
However, due to coastal current [43], some of these minerals may have been deposited in the mangrove,
explaining the high concentrations of Fe measured in the solid phase. Within the salt-flat, reduced
dissolved iron (Fe*") was very low (<8 umol-L™!) on the whole depth profile, while in Avicennia and
Rhizophora sediments, concentrations were maximum in the upper 20 cm, up to 100.0 pmol-L™!, and
decreased with depth (Figure 5). In the upper layers of the Avicennia and Rhizophora stands, the presence
of Fe*", Fe?" and reactive solid iron (Feasc) reflects the reduction of iron oxides during OM decay
processes. The absence of Fe®" and the very low Fe?" concentrations in the oxic upper layer of the
salt-flat may indicate that iron oxide reduction did not occur in these sediments, or that as soon as it
produced, Fe*" precipitated as ferrihydrite and lepidocrocite [44]. Presence of Fe(Ill) has an influence
on sulfur cycling in sediments because it is involved in the oxidation of reduced free sulfide,
sulphato-reduction being the main process of OM decomposition in mangroves [45,46]. In the three
vegetation stands, there is a significant increase in total particulate sulfur below the upper suboxic zone,
up to 10% beneath Avicennia, while free sulfides were only detected in Rhizophora sediments, reaching
a maximum value of 3.4 = 3.5 umol-L™! (Figure 5). Concentrations in free dissolved sulfides (H2S + HS™
+ S%7) are usually low in mangrove environment because they are rapidly precipitated as pyrite in
presence of dissolved iron [34]. In mangroves, TS is mainly composed of pyrite whose synthesis and
stabilization are favored in the most reduced sediment horizons [11]. Noel et al[44] showed that
goethite, the major Fe hosts in the upward horizons of a mangrove developing downstream lateritic soils,
progressively disappears with increasing depth, where Fe(Il)-bearing pyrite forms, as a result of a
sulfate-reduction process. In addition to reduction, intense re-oxidation of aqueous Fe(Il) and Fe-sulfides
are suspected, and can lead to the high dissolved iron concentrations as well as to the low measured pH.
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Such process was detected by Noel ef al. [44], which results in the formation of ferrihydrite, lepidocrocite
and likely goethite in Avicennia and Rhizophora sediments. In addition, these authors found that the
relative proportion of a newly formed and poorly ordered iron-oxyhydroxides was higher in the
Rhizophora mangrove stand, suggesting that tidal fluctuations may lead to uninterrupted Fe
reduction-oxidation cycles. The closer is the stand to the shore, the more intense are Fe
reduction-oxidation cycles. In addition, concentrations of solid Fe phases (Feasc and Fenci) decreased
from the land-side to the sea-side of the mangrove in this study, confirming Noel et al. [44] hypothesis
of a Fe loss from the salt-flat to the Rhizophora stand (i.e., from the land to the shore). The loss of Fe
with tides may also explain why dissolved sulfides were only detected in Rhizophora sediments. Those
sediments are the richest in organic matter, are not limited in sulfate due to the sea proximity and are
characterized by intense sulfide precipitation and dissolution. However dissolved Fe might be exported,
and the remaining amount cannot compensate for the production of free dissolved sulfides.
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Figure 5. Mean concentrations (n = 3) and standard deviation of dissolved iron species
(Fe** and Fe"), solid iron phases extracted by ascorbate (Feasc) and by HCI IN (Ferc).
Concentrations (n = 1) in SO4*” and total particulate sulfur (S) in sediments of the three
vegetation stands. Depth where total dissolved sulfide was detected is indicated by stars.

3.3. Distribution and Speciation of Limited Key Nutrients: Nitrogen and Phosphorus

Although low N and P availabilities, mangroves are a productive ecosystem [47], mainly as a result
of the high recycling capacity of the dissolved pool by vascular plants and micro-organisms [8,48]. N
and P limitations may be directly linked to soil elevation and nutrients inputs frequencies by tides or
river along the existing zonation [49—51]. Mangrove trees on river banks and on the shoreline can form
a strong and dense fringing stand, while mangroves developing at higher elevations usually form dwarf
stands [52] as it is the case in New Caledonia.

3.3.1. Distribution and Speciation of Nitrogen Species along the Mangrove Zonation

In the three vegetation stands, DON presented the highest concentrations of the whole dissolved
nitrogen species, ranging from 20 to 165 umol-L™! (Figure 6). Despite the differences in productivity
and organic accumulation in the sediment between the 3 stands, DON concentrations in their soils were
not statistically different. Our study demonstrates that from the land-side to the sea-side of the mangrove,
at least in the upper layer, the sediment was characterized by increases in water content, salinity and
TOC (Section 3.1). However, at depth in every stands, the sediment was rich of decaying Rhizophora
roots from a previous phase of mangrove colonization, resulting in high and homogenous organic
content. Alongi et al. [53] suggested that the burial and preservation of a dead root stock and little
degradation can be a nutrients conservation process in mangrove soils, and this is probably the case in
our studied site. We thus suggest that the stock of decaying Rhizophora roots may have induced the high
measured DON concentrations, up to 165.5 + 48 umol-L™!. The poorest layer in sedimentary organic
carbon, i.e., the upper horizon of the salt-flat, was also the poorest in DON. In addition, this horizon was
characterized by the highest redox conditions, as a result of the low organic enrichment and longer
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dry-period, which can favor ammonification and nitrification. DON production from decomposing
organic matter may promote bacterial ammonification processes [54]. In fact, in the salt-flat stand, NH4"
accumulates at depth within the organic-rich and anoxic sediments (31.0 = 2.1 pmol-L ™" at 50 cm depth,
Figure 6). This large amount may result (i) from its production linked to the high organic matter content;
(i1) and/or from the absence of a root system that can uptake it; (iii) and/or eventually from possible
dissimilatory nitrate reduction to ammonium (DNRA) processes. In some mangroves of New Caledonia,
DNRA can account for 10%—-60% of total nitrate reduction [55], and favors nitrogen retention, which
otherwise would have been denitrified to ammonium. In addition, organic enrichment and production of
dissolved sulfides favor DNRA by inhibiting denitrification. In the upper oxic zones, the absence of
NHs" may reflects nitrification processes [56]. NOx concentrations were the highest in this layer
reaching 4 umol-L™! (Figure 6). In addition, crab burrows, by increasing the surface area of sediment
available for diffusive oxygen exchanges, are privileged sites for nitrification [39,57,58]. Within the
vegetated stand, i.e., Avicennia and Rhizophora, NH4" and NOx concentrations in pore-waters were very
low at all depths (Figure 5), probably because they were subject to plant uptake as soon as they were
produced. Clough [59]) and Alongi [48] showed that 90% of the NH4" mangrove consumption is carried
through the root system. Vegetated zones are zones of consumption of DIN, which is facilitated by the

rapid turnover between producers and consumption.
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Figure 6. Mean concentrations (n = 3) and standard deviation of dissolved organic nitrogen
(DON), nitrate + nitrite (NOx) and NH4" in sediments of the three vegetation stands. Please
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Figure 7. Mean concentrations (n = 3) and standard deviation of dissolved organic and
inorganic phosphorus (DOP and DIP), and solid phosphorus phases extracted by ascorbate
(Pasc) and by HC1 1N (Puci) in sediments of the three vegetation stands.

3.3.2. Distribution and Speciation of Phosphorus Species along the Mangrove Zonation

The solid fractions of phosphorus (Pasc and Prci) decreased from the land-side to the sea-side of the
mangrove (Figure 7). In addition, concentrations decreased with depth, for instance within the salt-flat,
Pasc decreased from 1.8 £ 1.6 pmol-g ! to less than 0.5 pmol-g ™!, and Puci from 4.3 = 3.7 umol-g™! to
less than 1.5 umol-g ™! (Figure 7a). Indeed, iron oxides constitute an enormous trap of inorganic phosphorus
in oxic sediment zones, but their dissolution result in quick DIP release in pore-waters. Consequently,
we suggest that the decrease of total solid fractions of phosphorus can result from the iron oxide
dissolution evidenced earlier. In addition, the total phosphorus decreased from land-side to sea-side,
probably also resulted from the process of iron loss due to the gradient of oxidation-reduction processes
coupled to increased plant uptake. Dissolved phosphorus concentrations in pore-waters depends both on
biological activity (root exudation, bacterial decomposition and uptake by root systems, [60]) and on
abiotic factors as adsorption and desorption on iron hydroxides and oxyhydroxides [32,33,61]. DOP
concentrations were very low beneath each mangrove stand, but increased with depth beneath Avicennia
and Rhizophora, up to 5 and 3.0 pmol-L™!, respectively, probably as a result of root system development
and an increase of root exudates. In pore-waters, the presence of DOP is supplied by root-system
exudates and sedimentary OM decomposition (Figure 7). In the upper layer of the salt-flat, the poorly
developed root system of Sarcocornia and the low organic accumulation leads to low DOP concentrations
(<1 pmol-L™!, Figure 7). In parallel, DOP decomposition by bacteria should lead to an increase in DIP
concentrations. However, DIP concentrations were low except in the salt-flat, where they increased
below 30 cm depth (Figure 7a). In the anoxic zone of salt-flat, where the uptake by plants is negligible,
DIP concentrations increased with depth, up to 8 umol-L™!, and the dissolved Fe/P ratio remained low
(Table 2). However, according to high values of particulate Fe/P ratios calculated in this zone, P already
appears as a limiting nutrient comparatively to marine sediment where a Fe/P ratio about 10 + 4 is
evaluated [33,62]. In the vegetated mangroves, DIP concentrations remained always very low and the
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ratios Fe/P in dissolved phase exceeded 44 in upper sediments colonized by root systems (Table 2).
Moreover, Fe/P ratios in reactive particulate fraction are twofold higher than those calculated in the
salt-flat, highlighting a strong deficit of adsorbed P onto iron oxides in mangrove stands. This result may
evidences that in Avicennia and Rhizophora stands, as soon as DIP is released from iron oxide
reduction, there is a fast assimilation by the roots system, which does not exist in the salt-flat area. This
process may explain low DIP concentrations in pore-water of the vegetated zone and its accumulation
in the salt-flat.

Table 2. Mean Fe/P ratios in upper sediments (0—15 cm) and underlying sediments
(15-50 cm) of the three mangrove vegetation stands. This vertical limit at 15 cm was chosen
as a function of TOC content and redox conditions. The upper layer reflecting a more

active layer.

Ratio Fraction Depth (cm) Salt Flat  Avicennia Stand  Rhizophora Stand
. . . . 0-15 4 94 44
Dissolved inorganic fraction

15-50 9 20 19
. . . 0-15 73 121 70

Fe/P Particulate reactive fraction (Ascorbate)
15-50 79 147 191
) . 0-15 78 79 50

Particulate amorphous fraction (HCI)
15-50 71 77 70

4. Conclusions

Mangrove zonation, resulting from differences in soil elevation and thus differences in nutrient inputs
and soil salinity, leads to specific distribution and speciation of the studied elements, and may regulate
the ability of a mangrove ecosystem to be a source or a sink of these compounds. In upstream area, the
sediment is frequently emerged, leading to a high rate of evaporation and thus, in high salinities and low
pore-water content. In these conditions, only dwarfs’ stands develop, which lead to a low organic carbon
accumulation in sediment. However, TOC content as well as the contribution of mangrove debris to the
organic pool increased towards the sea-side of the mangrove. These increases in TOC and water content
led to decreasing redox values towards the sea-side. There were no clear gradients of dissolved inorganic
nutrients along the zonation. However, their accumulation in a deep, anoxic, and organic rich layer in
the salt-flat evidences their production from the sedimentary organic stock. While their absence in the
vegetated zone may result from their rapid uptake by mangrove trees as soon as they are produced. In
the three vegetation stands, there is a significant increase in total particulate sulfur below the upper
suboxic zone, evidencing iron oxide reduction as well as sulfate-reduction processes. In addition to
reduction processes, intense re-oxidation of aqueous Fe(Il) and Fe-sulfides are suspected, leading to the
high dissolved iron concentrations as well as low pH. The latter decreased from the land-side to the
sea-side as a result on the one hand on the increasing amount of organic matter to be decomposed and,
on the other hand on possible sulfide oxidation, due to frequent tidal inundation of Rhizophora stand.
Tidal fluctuations may be a major cause for continuous Fe reduction-oxidation cycles, which may be
thus more intense when the stand is closer to the shore. Additionally, concentrations of solid phase Fe
decreased from the land-side to the sea-side of the mangrove, confirming the hypothesis of a loss of Fe
from the salt-flat to the Rhizophora. These increased oxidation-reduction processes from the land to the
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sea may also explain the fact that total phosphorus, of which cycling is strongly linked to iron oxides
cycle, decreased along a land-sea gradient in the mangrove. Within a future research effort,
concentrations and speciation of Fe and P in the dissolved and in the particulate phases in a mangrove
tidal creek will be determined as a function of tides to confirm our hypothesis of elements loss towards
the coastal area as a result of frequent re-oxidation due to tidal cycles.
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