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The main aim of this study was to investigate the dynamic of extracellular enzyme activities within estuarine intertidal mudflats and to explore their potential environmental driving factors. Estuarine slikkes of the main rivers of French Guiana were sampled during two annual contrasted hydro-climatic seasons (wet and dry) over a two-year period (n = 38). The spatio-temporal variability of four enzyme activities (alkaline phosphomonoesterase, arylsulfatase, β-glucosidase, urease) was assessed and physico-chemical analyses (dry bulk density, salinity, pH, carbon, nitrogen and sulfur content) of sediments were carried out. Results showed that the hydrosedimentary specificities of each estuary, combined with the alternation of hydro-climatic seasons, had a strong influence on sediment physico-chemical characteristics. They revealed a gradient of mudflats under mainly continental versus marine influence. Mudflats under mainly continental influence were characterized by oligohaline pore-waters, more acidic pH and relatively high organic matter content, and conversely for slikkes under mainly marine influence. Crossing of physico-chemical and functional data showed that the main factor associated with enzyme activities was the total nitrogen content. To a lesser extent, pH and organic carbon content were also related to enzyme activities, but these relationships could not be generalized to all enzymes. Moreover, relationships between enzyme activities and physico-chemical variables were not dependent on the mudflat types, except for the β-glucosidase which showed higher activity under mainly marine influence. Finally, relationships between enzyme activities and physico-chemical variables were not dependent on the seasons, except for alkaline phosphomonoesterase and urease activity, which showed opposite patterns according to seasons.

Introduction

Along the whole of the 1600 km of coastline extending from the Guiana Shield to the Orinoco Delta, the coastal oceanic currents are responsible for vast inputs of sediments (1.5 10 8 t y -1 ; [START_REF] Eisma | Recent and sub-recent changes in the dispersal of Amazon mud[END_REF], carried down by the Amazon River, then discharged into the Atlantic Ocean where they form mobile mud banks [START_REF] Froidefond | Migration of mudbanks and changing coastline in French Guiana[END_REF][START_REF] Allison | Origin of Amazon mudbanks along the northeastern coast of South America[END_REF]. In the upper part of the intertidal zone of French Guiana, the deposition and maturation of these sediments lead to the formation of consolidated mud banks [START_REF] Froidefond | Migration of mudbanks and changing coastline in French Guiana[END_REF][START_REF] Allison | Sediment exchange between Amazon mudbanks and shore-fringing mangroves in French Guiana[END_REF][START_REF] Lefebvre | Geomorphic evolution of a coastal mudflat under oceanic influences: an example from the dynamic shoreline of French Guiana[END_REF][START_REF] Anthony | The Amazon-influenced muddy coast of South America: a review of mud-bankshoreline interactions[END_REF]. In this general context of southeasterly-northwesterly sedimentary transport, the swells and tidal cycles towards the coast are the cause of intensive re-mobilization of these mud deposits, generating high hydrosedimentary instability at regional-scale [START_REF] Aller | Mobile deltaic and continental shelf muds as suboxic, fluidized bed reactors[END_REF][START_REF] Lefebvre | Geomorphic evolution of a coastal mudflat under oceanic influences: an example from the dynamic shoreline of French Guiana[END_REF]. The alternation of hydro-climatic seasons and the geomorphological characteristics of the various estuaries of French Guiana are additional sources of temporal and spatial variability of this hydro-sedimentary dynamic at estuary-scale. The physico-chemical characteristics of sediments and the biogeochemical processes within estuarine mudflats can therefore show strong spatio-temporal variations that derive from 1) alternations of bank exposure and immersion phases related to semidiurnal (low/high water), diurnal, and synodic (low/high astronomical tide) tidal cycles, 2) the intertidal mudflat dynamic impacted by seasonal cycles which determine rainfall regimes [START_REF] Allison | Timescale and volumes of sediment exchange between the mangrove fringe and shelf in French Guiana[END_REF], and thus river and estuarine hydrology, and modulate the angle of incidence and intensity of swell to the coast [START_REF] Guiral | Guyane Océane[END_REF], and 3) the import/export balance of mineral, organic, dissolved and particulate materials from sedimentary deposits, modulated by the hydrological cycles of the rivers and tides [START_REF] Aller | Coupling between sedimentary dynamics, early diagenetic processes, and biogeochemical cycling in the Amazon-Guianas mobile mud belt: coastal French Guiana[END_REF][START_REF] Allison | Sediment exchange between Amazon mudbanks and shore-fringing mangroves in French Guiana[END_REF][START_REF] Lam-Hoai | Seasonal change of community structure and size spectra of zooplankton in the Kaw River estuary (French Guiana)[END_REF][START_REF] Anthony | The role of fluvial sediment supply and river-mouth hydrology in the dynamics of the muddy, Amazon-dominated Amapá-Guianas coast, South America: a three-point research agenda[END_REF] The heterotrophic microbial communities and their extracellular enzymes are central actors in biogeochemical processes [START_REF] Alongi | The dynamics of benthic nutrient pools and fluxes in tropical mangrove forests[END_REF][START_REF] Dinesh | Soil enzymes in the mangroves: activities and their relation to relevant soil properties[END_REF][START_REF] Holguin | The role of sediment microorganisms in the productivity, conservation, and rehabilitation of mangrove ecosystems; an overview[END_REF][START_REF] Sjöling | Benthic bacterial diversity and nutrient processes in mangroves: impact of deforestation[END_REF][START_REF] Liu | Studies of glucosidase activities from surface sediments in mangrove swamp[END_REF]. The enzymes support essential functions of the transformation and recycling of organic matter (OM) in ecosystems. In particular, they play a major role in their functioning by ensuring the regulation of the bioavailability of many nutrients. Initially, the organic polymers are broken down into oligo-and monomers by the extracellular enzymes produced by the living cells, or released during cell death and lysis. These steps, requiring numerous hydrolytic enzymes, depend on the capabilities of heterotrophic microbial communities, and are considered as the most limiting in the bioelement cycles within marine sediments [START_REF] Meyer-Reil | Seasonal and spatial distribution of extracellular enzymatic activities and microbial incorporation of dissolved organic substrates in marine sediments[END_REF]. These enzyme activities provide microbial cells with the opportunity to acquire the necessary energy and mineral elements, in an assimilable form, for energy supply and biomass production [START_REF] Rejmankova | Wetland macrophyte decomposition under different nutrient conditions: relationships between decomposition rate, enzyme activities and microbial biomass[END_REF]. Thus, the multiple enzymatic systems are collectively involved in syntrophic interactions linking energy resource quality to microbial community metabolisms. In addition, these enzymes are involved at all trophic levels of ecosystems by allowing the organisms to ensure the essential functions of fixation, transformation and mineralization of the various bioelements constituting the living matter. The proliferation of saprotrophic microorganisms from particulate or dissolved OM determines the establishment of a food chain based on microbes (picoplankton) [START_REF] Hoppe | Ecological significance of bacterial enzymes in the marine environment[END_REF]. This chain has a greater number of trophic levels and its involvement in food webs is particularly important in nutrient-poor environments such as oceans, marine sediments, freshwater lakes and streams. Therefore, the extracellular enzymes constitute a key component for the understanding of ecological functions and ecosystem services provided by estuarine environments. Therein, the study of enzyme activities involved in the biogeochemical cycles of carbon, nitrogen, phosphorus and sulfur offers the means to provide information on the dynamics of OM breakdown processes, nutrient recycling and energy flows in estuarine systems. Furthermore, while studies have been devoted to the microbial functional ecology of intertidal sediments, rarer are those focused on mangrove-fringed mudflats [START_REF] Liu | Studies of glucosidase activities from surface sediments in mangrove swamp[END_REF][START_REF] Luglia | Functional patterns of microbial communities of rhizospheric soils across the development stages of a young mangrove in French Guiana[END_REF].

The expression and conservation of enzyme activities in soils and sediments vary in space and time [START_REF] Burns | Enzyme activity in soil: some theoretical and practical considerations[END_REF]. Numerous environmental factors, such as water content, OM, substrate type and availability, texture, adsorption surfaces, temperature, pH, nature of primary producers or seasonality, are known to significantly influence enzyme expression in terrestrial and freshwater ecosystems [START_REF] Cébron | Biological functioning of PAH-polluted and thermal desorption-treated soils assessed by fauna and microbial bioindicators[END_REF][START_REF] Arnosti | Extracellular enzymes in terrestrial, freshwater, and marine environments: perspectives on system variability and common research needs[END_REF]. However, significant associations of these factors with enzyme activities in marine ecosystems have still not been evidenced [START_REF] Arnosti | Extracellular enzymes in terrestrial, freshwater, and marine environments: perspectives on system variability and common research needs[END_REF]. Thus, the driving forces behind the observed variability in enzyme activity of microbial communities in marine ecosystems remain to be established [START_REF] Arnosti | Extracellular enzymes in terrestrial, freshwater, and marine environments: perspectives on system variability and common research needs[END_REF]. Furthermore, while such approaches are conventionally deployed for the assessment of soil fertility and health [START_REF] Dick | Soil enzyme activities as integrative indicators of soil health[END_REF][START_REF] Masto | Alternative soil quality indices for evaluating the effect of intensive cropping, fertilisation and manuring for 31 years in the semi-arid soils of India[END_REF], they are seldom used for the study of estuarine slikkes [START_REF] Duarte | Sediment microbial activities and physicchemistry as progress indicators of salt marsh restoration processes[END_REF], especially in the intertropical context.

This study fits into this conceptual framework, the aim being to investigate and understand the variability of microbial extracellular enzyme activities involved in the main biogeochemical cycles of estuarine systems of French Guiana. In a major effort to take into account spatial and seasonal variabilities, a wide range of estuaries were sampled during two annual contrasted hydro-climatic seasons (i.e. wet and dry) over a two-year period. This extended sampling campaign provided the opportunity to measure changes in microbial activity in the estuaries in relation with environmental factors across large spatial and seasonal scales. In particular, we sought to explore to what extent changing environmental factors may affect OM and nutrient cycling assessed through the activity of extracellular enzymes.

Materials and methods

Study sites

The study sites were established in 7 of the 9 estuaries of the major rivers of French Guiana. They extend from the Suriname border to that of Brazil (ca. 350 km), thus covering the entire coastal zone affected by the dispersal of freshwater and sediment inputs from the Amazon River, the estuary of which is situated about 400 km from the eastern border. From west to east, these estuaries are: Maroni (MR), Mana (MN), Sinnamary (S), Kourou (K), Cayenne (C), Mahury (MH), and Oyapock (O) (Fig. 1). In the near-coastal zone, 12 stations were chosen among these 7 estuaries to include the various land-use effects of rivers (agricultural, urbanization and industrial impact), as well as the gradient from a freshwater to a marine ecosystem. They correspond to fringing intertidal mudflats (slikkes) of mangrove stands at various stages of development. From west to east and by estuary, these stations are: MR; MN1 and MN2; S; K1 and K2; C1 and C2; MH1, MH2 and MH3; O (Fig. 1).

Sediment sampling

The sampling campaign took place over a two-year period (2009)(2010) during two annual contrasted hydro-climatic seasons characterizing the wet equatorial climate: a wet season (W, May to July) and a dry season (D, September to November). Locations and sampling dates of stations are given in Online Resource 1. Each sediment sample (n = 38) was constituted of 5 sub-samples randomly collected from a 100 m 2 plot and pooled to form a composite sample. Each sub-sample corresponded to 1 m 2 from 0 to 0.5 cm sediment depth (surface sediment). Following sampling and homogenization, all composite samples were stored at 25 °C in darkness, except those for enzyme activity (4 °C), ammonium content (4 °C), and acid-volatile sulfide content (-20 °C) measurements.

Physico-chemical analyses of sediments

Dry bulk density and in situ water content

The sediment dry bulk density (ρ) and in situ water content were determined after drying 100 mL of sediment at 50 °C in a ventilated oven to a steady dry mass (DM). Then, the dry sediments were ground to 200 μm and stored at 25 °C before use. The ρ is expressed in grams DM per milliliter of sediment.

pH, conductivity, and salinity

pH and conductivity were measured (inoLab ® pH and Cond Level 2, WTW) in supernatant of a 1/2.5 (v/v) sediment/distilled water suspension. The salinity was measured using the Practical Salinity Scale. The salinity of in situ sediment pore-water was extrapolated from the slope of the linear regression between chloride concentration (automated colorimetric dosage with a continuous flow autoanalyzer Technicon II, mercuric thiocyanate reagent) and conductivity, and then adjusted to the initial sediment water content.

C, N, and S elemental analyses

20-50 mg DM of sediment (<200 μm) was used for the determination of total C, N (TN) and S (TS) content carried out on a CHNS elemental analyzer (AS2100, ThermoQuest). Due to the almost total lack of carbonates in coastal sediments of French Guiana, total C can be attributed to the total organic C (TOC) [START_REF] Marchand | Pore-water chemistry in mangrove sediments: relationship with species composition and developmental stages (French Guiana)[END_REF][START_REF] Walcker | Control of ''blue carbon'' storage by mangrove ageing: evidence from a 66-year chronosequence in French Guiana[END_REF]. The results are expressed in grams per kilogram DM of sediment (TOC, TN, and TS). The C:N molar ratio was computed from these contents.

Ammonium and acid-volatile sulfide content

The ammonium (NH 4 +

) content was measured according to the method of [START_REF] Koroleff | Direct determination of ammonia in natural waters as indophenol blue[END_REF] as modified by [START_REF] Grasshoff | A new sensitive and direct method for the automatic determination of ammonia in seawater[END_REF]. 2 mL of sediment sample were suspended in 10 mL of 1 M acidified KCl solution, then agitated for 30 min at 3.8 Hz to extract NH 4 + ions, and finally centrifuged for 20 min at 2000 g. The dosage of NH 4 + was done on 2.5 mL of supernatant with 1 mL of phenol-prussiate reagent and 1 mL of alkaline dichloroisocyanurate reagent. At 6 h later in darkness, the absorbance was measured at 660 nm (spectrophotometer Specord 205, Analytik Jena).

The acid-volatile sulfide (AVS) content was measured according to the methods of [START_REF] Chaudhry | Determination of sulphide in water-logged soils[END_REF][START_REF] Chaudhry | Determination of sulphide in water-logged soils[END_REF][START_REF] Rodier | L'analyse de l'eau -Eaux naturelles, eaux résiduaires, eau de mer, 6 ème édition[END_REF]. 20 mL of frozen sediment and 100 mL of degassed distilled water were placed in a glass flask under helium stream and heated at 60 °C during 1.5 h. After 5 min, 2 mL of a 4 M HCl solution were added.

The AVS, displaced in the form of H 2 S by the helium stream, was trapped in a 2 M zinc and sodium acetate solution and assayed by iodometry (potentiograph E 536, dosimat 665, Metrohm).

The results are expressed in milligrams per kilogram DM of sediment (NH 4 + and AVS).

Activities of extracellular enzymes

The enzyme activities assayed were alkaline phosphomonoesterases (AlP, EC 3.1.3.1, phosphate monoester mineralization, P cycle), arylsulfatases (ArylS, EC 3.1.6.1, sulfate ester mineralization, S cycle), βglucosidases (β-glu, EC 3.2.1.21, cellobiose degradation, C cycle), and ureases (Ure, EC 3.5.1.5, urea mineralization, N cycle). The enzyme assays were performed in 3 replicates and one control (substrate added after incubation) for each sample. A unit (U) of enzyme activity was defined as micromoles of hydrolyzed substrate per minute. Results were obtained from calibration curves performed under the same experimental conditions as for incubations, and are expressed in mU (nmol.min -1 ) per gram DM of sediment.

The AlP activity was assessed by measuring the p-nitrophenyl phosphate hydrolysis to p-nitrophenol (p-NP) according to the method of [START_REF] Tabatabai | Use of p-nitrophenyl phosphate for assay of soil phosphatase activity[END_REF], using a modified universal buffer (MUB) pH 11 [START_REF] Tabatabai | Soil enzymes[END_REF]. The ArylS activity was assessed by measuring the p-nitrophenyl sulfate hydrolysis to p-NP according to the method of [START_REF] Tabatabai | Arylsulphatase activity of soils[END_REF]. The β-glu activity was assessed by measuring the p-nitrophenyl β-D-glucopyranoside hydrolysis to p-NP according to the method of [START_REF] Eivazi | Glucosidases and galactosidases in soils[END_REF]. The Ure activity was assessed by measuring the urea hydrolysis to NH 4 + according to the method of [START_REF] Kandeler | Short-term assay of soil urease activity using colorimetric determination of ammonium[END_REF]. Full details are given in [START_REF] Luglia | Functional patterns of microbial communities of rhizospheric soils across the development stages of a young mangrove in French Guiana[END_REF].

Statistical analyses

A principal component analysis (PCA) was carried out to explore relationships among physico-chemical variables, and to display the distribution of observations (n = 38) along these variables. For the similarity matrix calculation, the Pearson correlation coefficient was used. From PCA, a mudflat typology was defined using TN, TOC, pH and salinity data. The clustering of stations (mudflat type) was done by the pam function of the cluster package version 2.0.6 [START_REF] Maechler | Cluster: Cluster Analysis Basics and Extensions[END_REF], using the square root of a Manhattan distance matrix after data standardization performed by the daisy function of the cluster package. The number of clusters was previously determined using the clvalid function of the clvalid package version 0.6-6 [START_REF] Brock | clValid: an R package for cluster validation[END_REF]. Thereafter, a permutational multivariate analysis of variance (permanova), using the adonis2 function of the vegan package version 2.5-2 [START_REF] Oksanen | Vegan: Community Ecology Package. R package version 2[END_REF], was performed on this matrix to test the effect of mudflat type factor on physico-chemical characteristics, with a permutation test (n = 9999) at a significance level of p < .05. Then, another permanova was performed to test the effect of season factor on physico-chemical characteristics, using mudflat types as strata within which permutations were constrained, with a permutation test (n = 9999) at a significance level of p < .05. Tests for homogeneity of multivariate dispersions were first done at a significance level of p < .05, using the betadisper function of the vegan package, which compare within-group spread among groups using average distances between individual observations and their own group centroid.

The Pearson correlation coefficients were used to assess the degree of linear relationship among physico-chemical variables and extracellular enzyme activities of mudflats (n = 38), at a significance level of p < .05.

In order to explore and to rank the environmental factors having potential influences on extracellular enzyme activities of mudflats, linear models for each enzyme activity were built and estimated from quantitative (i.e. physico-chemical; ρ, pH, salinity, TOC, TN, NH 4 + , TS, AVS) and qualitative (i.e. mudflat type and season factors; two levels each: CI and MI mudflats, and W and D seasons, respectively) variables. Beforehand, assumptions of linear models and collinearity among variables were checked. To select the 'best' subsets of explanatory variables and to obtain parsimonious and explanatory models, heuristic methods were used. To this end, stepwise selection procedures of variables were applied by minimization of a penalized criterion using the Akaike (AIC) or Bayesian (BIC) Information Criterion. The range of models examined in the stepwise search was from null model to full model without interaction.

All of these analyses were conducted using XLSTAT software version 2018.6 (Addinsoft), RStudio software version 1.1.453, and R software version 3.5.0 (R Core Team, 2018).

Results

Characteristics of estuarine systems

Hydrological (Table 1) and physico-chemical (Online Resource 2) data were used to determine the spatial and seasonal patterns of environmental characteristics of the seven estuaries, and to investigate the relationships between extracellular enzyme activities and estuary characteristics over time.

Hydrological characteristics indicate two distinct groups of rivers. Related to significant catchment area and length of rivers, the average discharges of the Maroni, Mana, Sinnamary and Oyapock rivers are far higher than those of the Kourou, Cayenne and Mahury rivers (Table 1). The alternation of wet and dry seasons, corresponding to flood and low water periods, results in major changes in the hydrological regime of rivers. In particular, the Kourou, Cayenne and Mahury rivers show extremely low discharges during the dry season and low water (Table 1).

Physico-chemical characteristics of intertidal mudflats showed broad patterns across spatial and seasonal scales (Figs. 2 and3). The PCA highlighted a physico-chemical gradient depicted on PC1, accounting for 36.8% of total variance (Fig. 2a). It contrasted the sediment OM, represented by its TOC and TN content, with the pH and pore-water salinity. The TOC corresponded to the most contributive variable to this axis (27.9%) and was negatively correlated with the pH (r = -0.66, p < .001) and salinity (r = -0.51, p < .01) (Fig. 4). Strong positive correlations were observed between TN and TOC (r = .85, p < .001), and between salinity and pH (r = .73, p < .001) (Fig. 4). The station of Maroni, and to a lesser extent those of Mana, Sinnamary and Oyapock generally exhibited higher TOC and TN content, as well as higher C:N ratios than the stations of Kourou, Cayenne and Mahury (Figs. 2b and3, Online Resource 2). Conversely, this distinction also occurred concerning pH and was far more marked for pore-water salinity (Figs. 2b and3, Online Resource 2). The stations of Maroni, Mana, Sinnamary and Oyapock generally showed acid pH or close to neutrality and salinities from strictly continental to oligohaline waters (Fig. 3, Online Resource 2). In contrast, the stations of Kourou, Cayenne and Mahury generally presented alkaline pH or close to neutrality and salinities from meso-to ultrahaline waters. In addition, for the stations of Mana, Kourou, Cayenne and Mahury, an upstream-downstream gradient was observed. The upstream stations generally exhibited higher TOC and TN content, as well as higher C:N ratios, and lower pH and salinities than downstream stations (Fig. 3, Online Resource 2). Therein, physico-chemical characteristics of the station farthest upriver in the Mahury River (MH3) were quite similar to those of stations of Mana, Sinnamary and Oyapock. The clustering performed on physicochemical characteristics evidenced two distinct groups of estuarine mudflats, depending on major continental versus marine influence (permanova, pseudo-F 1,36 = 13.3, p < .001). A first group under mainly continental influence (CI mudflats, n = 16) was composed by MR, MN1, MN2, S, MH3, and O stations, and a second one under mainly marine influence (MI mudflats, n = 22) was composed by K1, K2, C1, C2, MH1, and MH2 stations (Fig. 2b).

Within this CI-MI mudflat distinction, a secondary differentiation occurred along this physico-chemical gradient depending on seasons (permanova, pseudo-F 1,36 = 2.3, p < .001) (Fig. 2b). The TOC and TN content, as well as C:N ratios, generally decreased during the dry season, while the pH and salinities increased during this period (Fig. 3, Online Resource 2). For salinity, TOC and TN, this seasonal trend was differentiated between and within some estuaries. While a lack of variation (Maroni and Oyapock stations) or slight increases (Mana and Sinnamary stations) of salinity were observed between wet and dry seasons, huge seasonal salinity variations were recorded in the stations of Kourou, Cayenne and Mahury (Fig. 3, Online Resource 2). Concerning the TOC and TN content of Kourou, Cayenne and Mahury stations, this seasonal trend was not always evident due to generally low variations (Fig. 3, Online Resource 2). With higher TOC and TN content Table 1 Hydrological characteristics of the seven rivers of French Guiana investigated and the Amazon River, the estuary of which is situated about 400 km from the eastern border of French Guiana. in dry than in wet seasons, the seasonal pattern even seemed to be reversed in downstream stations of Kourou (K1) and Mahury (MH1) and in both stations of Cayenne (C1, C2).

The PCA also contrasted the NH 4 + content with the dry bulk density (ρ) on PC2, accounting for 20.6% of total variance (Fig. 2a). The NH 4 + corresponded to the variable most strongly contributive to this axis (44.3%) and was weakly and negatively correlated with the ρ (r = -0.45, p < .01) (Fig. 4). This axis, disconnected from spatial and seasonal patterns depicted on PC1, mainly highlighted relatively very high NH 4 + content, ranging from 163 to 305 mg kg -1 DM, in stations C1, C2, MH1 and MH2 of Cayenne and Mahury estuaries during the year 2009 (Fig. 2b, Online Resource 2).

Extracellular enzyme activities

Significant positive correlations were observed among enzyme activities, the ArylS and β-glu showing the highest correlation (r = .64, p < .001) (Fig. 4). However, the Ure was not significantly correlated with the ArylS and AlP. Results showed that the average activity levels varied among enzymes in the order Ure » AlP » ArylS ≈ β-glu (Fig. 5). Ure and AlP activities also exhibited higher variations than the other two (Fig. 5). Extracellular enzyme activities of intertidal mudflats showed broad patterns across spatial and seasonal scales (Fig. 5). Overall, the average activity levels were similar between CI and MI mudflats (Fig. 5). The Maroni station stood out from the others with the highest average ArylS and β-glu activity levels (Fig. 5, Online Resource 3). For Mana, Kourou, Cayenne and Mahury stations, an upstreamdownstream gradient was observed for all enzyme activities. The upstream stations generally exhibited higher enzyme activities than downstream stations (Fig. 5, Online Resource 3). Overall, seasonal trends were also evidenced. The ArylS, β-glu and Ure activities were generally higher in dry than in wet seasons, this trend being far more marked for Ure (Fig. 5, Online Resource 3). In contrast, the AlP activity was frequently lower in dry than in wet seasons, especially varying widely for the stations MR and MN2 of Maroni and Mana estuaries. If these seasonal trends were evident for the Mana, Sinnamary and Mahury estuaries, they were far less so for the other estuaries, especially the Maroni which showed consistently lower activities in dry than in wet season (Fig. 5, Online Resource 3).

Extracellular enzyme activities versus environmental factors

Firstly, simple linear correlations between enzyme activities and physico-chemical variables were performed (Fig. 4). The AlP was significantly and positively related with the TN (r = .55, p < .001) and NH 4 + (r = .40, p < .05) content. The ArylS showed significant positive correlations with the TOC (r = .82) and TN (r = .87) content (both p < .001) and the C:N ratio (r = .43, p < .01), as well as a significant negative correlation with the pH (r = -0.34, p < .05). Significant and positive relationships were observed between the β-glu and TOC (r = .53) and TN (r = .65) content (both p < .001). Finally, no significant association between the Ure and physico-chemical variables was observed. Secondly, results obtained from multivariate linear models showed that the TN content was significantly and positively related with all enzyme activities (Table 2). It was also the factor most strongly contributive to the variance explained by the models of AlP, ArylS and βglu. The TOC was also significantly and positively related with the ArylS, as well as the pH with the AlP and ArylS. Spatially, results showed that the relationships between AlP, ArylS, and Ure and physicochemical variables were not dependent on the mudflat type under mainly continental (CI) versus marine influence (MI). In contrast, results indicated that after controlling for the effect of the TN, there was a significant difference between CI and MI mudflats with respect to the activity level of β-glu (F 1,35 = 4.2, p < .05); the MI mudflats showing a higher β-glu activity level than the CI mudflats (Table 2). Seasonally, results showed that the relationships between ArylS and β-glu and physico-chemical variables were not dependent on the season. In contrast, results indicated that after controlling for the effects of the physico-chemical variables, there was a significant difference between dry and wet seasons with respect to the activity levels of AlP (F 1,34 = 5.2, p < .05) and Ure (F 1,35 = 13.0, p < .001) (Table 2). However, this seasonal effect resulted in opposite patterns of enzyme activities, the dry season showing a lower AlP and a higher Ure activity level than the wet season. 

Discussion

Typology and dynamic of estuarine intertidal mudflats

The study of physico-chemical characteristics of mudflat surface slurries made it possible to identify two types of estuarine intertidal mudflats in French Guiana. The first type of mudflats showed oligohaline pore-waters (median of 1) and sediments close to neutrality (6.9) with relatively high OM content (17.6 and 1.6 g kg -1 DM for TOC and TN). In contrast, the second type of mudflats exhibited meso-to ultrahaline pore-waters ( 22) and alkaline sediments (7.6) with relatively low OM content (10.9 and 1.4 g kg -1 DM for TOC and TN). This broad spatial distinction reflected different degrees of influence of marine and continental inputs to estuarine systems. At estuary scale, this was naturally modulated according to the location of mudflats along the upstream-downstream gradient. These degrees of influence mainly depended on river hydrology and estuary geomorphology. The mudflats identified as being mainly under continental influence (CI mudflats) actually belonged to the Maroni, Mana, Sinnamary and Oyapock rivers, which exhibited significant catchment areas and lengths and therefore high average discharges. Conversely, the mudflats located in estuaries of the Kourou, Cayenne and Mahury rivers, of relatively short length, draining smaller areas and therefore of very low discharges, were mainly under marine influence (MI mudflats).

The alternation of wet and dry seasons, corresponding to flood and low water periods, resulted in profound changes in the hydrological regime of rivers, and consequently seasonal shifts in the physico-chemical characteristics of mudflats. The impact of these hydro-climatic seasons on the physico-chemistry of CI and MI mudflats was similar. In contrast, the amplitude of the induced variations was different according to the type of mudflats and was primarily determined by the level of river discharge; the Kourou, Cayenne and Mahury rivers of the MI mudflats exhibited extremely low discharges during the dry season and low water.

The higher pH and pore-water salinities observed during the dry season reflected lower freshwater contributions to estuaries by (i) the rivers while in low water period, and by (ii) the reduced rainfall at that time of the year, which also contributed to higher evaporation during the intertidal mudflat exposure phase at low tide. The TOC content, of which the range was very wide, was on average higher than that observed for Amazonian muds transiting along the coastline of French Guiana [START_REF] Aller | Carbon remineralization in the Amazon-Guianas tropical mobile mudbelt: a sedimentary incinerator[END_REF]. The C:N ratios of CI mudflats (median of 12.2) denoted detrital OM of mixed origin, with both marine and continental inputs by tides and rivers. However, the low C:N ratios of MI mudflats (9.4) characterized detrital OM predominantly of marine origin and enriched with proteinaceous material (Meyer-Reil, 1987). This OM resulted from the sedimentation and sequestration of pelagic plankton, and from the presence of biofilms at the water/air-sediment interface of mudflats. Thereby, these values were slightly higher than those assessed within mud banks migrating along the coasts of French Guiana (C:N ratio of 8.5; [START_REF] Aller | Remineralization rates, recycling, and storage of carbon in Amazon shelf sediments[END_REF]. For both CI and MI mudflats, the C:N ratios were higher during the wet than the dry season, reflecting inputs by the rivers of OM of continental origin with relatively low N content. These C enrichments of estuarine sediments were indicators of a spatially and seasonally variable contribution of OM inputs from fringing mangroves and, further upstream, from forest stands drained by the rivers. In a context of mainly marine sedimentation, these quantitative and qualitative variations of OM sources at local scale were assumed to control the activity of hetero-chemoorganotrophic microbial communities involved in the decomposition processes of sediment OM [START_REF] Middelburg | Organic matter mineralization in intertidal sediments along an estuarine gradient[END_REF].

Extracellular enzyme activities in relation with environmental factors

The study of extracellular enzyme activities involved in the biogeochemical cycles of carbon, nitrogen, phosphorus and sulfur offers the means to provide information on the dynamics of OM breakdown processes, nutrient recycling and energy flows in various ecosystems. The expression and conservation of enzyme activities in soils and sediments vary in space and time [START_REF] Burns | Enzyme activity in soil: some theoretical and practical considerations[END_REF], and numerous environmental factors are known to influence enzyme expression in terrestrial and freshwater ecosystems [START_REF] Cébron | Biological functioning of PAH-polluted and thermal desorption-treated soils assessed by fauna and microbial bioindicators[END_REF][START_REF] Arnosti | Extracellular enzymes in terrestrial, freshwater, and marine environments: perspectives on system variability and common research needs[END_REF]. However, significant associations of these factors with extracellular enzyme activities in marine ecosystems have still not been evidenced and remain to be established [START_REF] Arnosti | Extracellular enzymes in terrestrial, freshwater, and marine environments: perspectives on system variability and common research needs[END_REF]. With this aim, this study focused on sampling a broad range of sites across an extended time period in an effort to investigate some of the complexities of these interactions in highly dynamic estuarine systems specific to French Guiana. In this context, the study did not take into account the microbial communities, in terms of productivity and/or composition, which may respond to factors that change on timescales far shorter than the length of time between our sampling dates [START_REF] Bullock | A multiseason investigation of microbial extracellular enzyme activities in two temperate coastal North Carolina rivers: evidence of spatial but not seasonal patterns[END_REF]. Otherwise, a lack of or weak correlations between microbial communities and enzyme activities could be expected since the enzyme activities measured are the outcome of the enzyme kinetics and active lifespans in sediments, as well as the quantity of enzymes produced [START_REF] Bullock | A multiseason investigation of microbial extracellular enzyme activities in two temperate coastal North Carolina rivers: evidence of spatial but not seasonal patterns[END_REF]. Furthermore, measurements of standing stock concentrations rather than flux rates were performed to generally assess the main controlling factors of extracellular enzyme activities across wide spatial and seasonal scales. In particular, total amounts of organic carbon and nitrogen measured provide information about the general characteristics of the OM and its potential effects on enzyme activities [START_REF] Souza | Vertical profiles of major organic geochemical constituents and extracellular enzymatic activities in sandy sediments of Aransas and Copano Bays[END_REF].

On average, the urease and alkaline phosphomonoesterase activities were far greater than those of arylsulfatase and β-glucosidase. This finding may suggest deficiencies of inorganic nitrogen and phosphorus directly assimilable by the microorganisms in such coastal environments, known to be limited in these nutrients. Therein, the lack of significant correlation between urease activity and ammonium concentration may suggest the existence of a rapid turnover of ammonium released by the urease activity, or any other ammonifying activity, through direct assimilation, nitrification mechanisms [START_REF] Alongi | The dynamics of benthic nutrient pools and fluxes in tropical mangrove forests[END_REF][START_REF] Kristensen | Aspects of nitrogen cycling in sediments of a southeast Asian mangrove forest[END_REF][START_REF] Kristensen | Carbon and nitrogen mineralization in sediments of the Bangrong mangrove area, Phuket, Thailand[END_REF] or even anammox pathway in intertidal mudflats. As a result of deficiencies in the environment, the microorganisms could induce the synthesis of urea and organophosphatedegrading enzymes in order to optimize their nitrogen and phosphate uptake [START_REF] Criquet | Effects of organic and mineral amendments on available P and phosphatase activities in a degraded Mediterranean soil under short-term incubation experiment[END_REF]. Some urease and phosphatase are also constitutive cell enzymes, and microorganisms through a regular synthesis of these enzymes can respond to high cellular demands for nitrogen and phosphate. Moreover, other organisms, such as benthic microalgae, are also known to produce extracellular enzymes in aquatic environments [START_REF] Vrba | Are bacteria the major producers of extracellular glycolytic enzymes in aquatic environments?[END_REF]. For example, the urease is widespread in chromophytic algae, which dominate the bulk of phytoplankton assemblages in estuarine and coastal environments [START_REF] Falkowski | The evolution of modern eukaryotic phytoplankton[END_REF], and the urease activity appears to be constitutive in a number of marine diatoms [START_REF] Peers | Assay optimization and regulation of urease activity in two marine diatoms[END_REF]. Higher urease and alkaline phosphomonoesterase activities observed could be also related to sediment OM characteristics and availability [START_REF] Waldrop | Microbial community response to nitrogen deposition in northern forest ecosystems[END_REF]. In fact, substantial enrichments of carbon and/or nitrogen could lead to changes of C:N:P ratios and greater deficiencies of N and/or P, resulting in increased activities of N and P-cycling extracellular enzymes [START_REF] Hoppe | Phosphatase activity in the sea[END_REF][START_REF] Criquet | Effects of organic and mineral amendments on available P and phosphatase activities in a degraded Mediterranean soil under short-term incubation experiment[END_REF]. The relationships observed between urease and alkaline phosphomonoesterase activities and total nitrogen content are consistent with the existence of such a functional link.

The total nitrogen content of sediments was found to be positively related with all enzyme activities. To a lesser extent, positive associations with total content of organic carbon were also observed, but only for arylsulfatase and β-glucosidase activities. Other studies also evidenced a similar trend in relation to sediment OM content and characteristics [START_REF] Köster | Microbiological studies along a gradient of eutrophication in a shallow coastal inlet in the southern Baltic Sea (Nordrügenshe Bodden)[END_REF][START_REF] Dinesh | Soil enzymes in the mangroves: activities and their relation to relevant soil properties[END_REF][START_REF] Caravaca | Microbial activities and arbuscular mycorrhizal fungi colonization in the rhizosphere of the salt marsh plant Inula crithmoides L. along a spatial salinity gradient[END_REF][START_REF] Costa | CLPP and EEA profiles of microbial communities in salt marsh sediments[END_REF][START_REF] Liu | Studies of glucosidase activities from surface sediments in mangrove swamp[END_REF][START_REF] Richardson | Bacterial abundance and aerobic microbial activity across natural and oyster aquaculture habitats during summer conditions in a northeastern Pacific estuary[END_REF][START_REF] Souza | Vertical profiles of major organic geochemical constituents and extracellular enzymatic activities in sandy sediments of Aransas and Copano Bays[END_REF]. This may reflect a dependence on energy and nitrogen resources, which, for example, has already been shown by [START_REF] Klose | Arylsulfatase activity of microbial biomass in soils[END_REF] for arylsulfatase activity. Unsurprisingly, as the amount of organic matter increases, enzyme activity generally increases in relation with the bioavailability of their natural substrates and enzyme production by heterotrophic communities. For instance, β-glucosidases, involved in the poly-and oligosaccharide breakdown, are known to be preferentially associated with the metabolism of heterotroph bacteria [START_REF] Bagwell | Physiological diversity of the rhizosphere diazotroph assemblages of selected salt marsh grasses[END_REF][START_REF] Criquet | Endoglucanase and β-glycosidase activities in an evergreen oak litter: annual variation and regulating factors[END_REF][START_REF] Reboreda | Enzymatic activity in the rhizosphere of Spartina maritima: potential contribution for phytoremediation of metals[END_REF][START_REF] Oliveira | Effects of monospecific banks of salt marsh vegetation on sediment bacterial communities[END_REF] and are indeed abundant within the sediments, especially for the intertidal zones colonized by vegetation (here, the mangroves), where rhizodeposits exacerbate their synthesis by microorganisms [START_REF] Cunha | Bacterial extracellular enzymatic activity in globally changing aquatic ecosystems[END_REF]. However, the fact that consistent relationships between total nitrogen content and enzyme activities were observed is intriguing. One can hypothesize that total concentrations of nitrogen could relate to relatively more labile organic matter, reflecting internal production of N-rich organic matter, while total organic carbon would include both labile and refractory organic compounds of various origins in estuarine systems. Moreover, the OM of mudflats under mainly marine influence was found to be predominantly of marine origin and enriched with proteinaceous material, while an OM of mixed origin with both marine and continental inputs from tides and rivers was observed for mudflats under mainly continental influence.

As a corollary, another interesting result was that the functional relationship between β-glucosidase activity and total nitrogen content was dependent on the mudflat types; the mudflats under mainly marine influence showing higher activity levels than those under mainly continental influence. This finding may suggest a control of β-glucosidase activity by the sediment OM quality, as observed in the supratidal part of mudflats [START_REF] Luglia | Functional patterns of microbial communities of rhizospheric soils across the development stages of a young mangrove in French Guiana[END_REF]. In such marine environments, the OM quality shows a wide diversity of initial carbon structures [START_REF] Wakeham | Molecular indicators of diagenetic status in marine organic matter[END_REF] along with a significant imprint of primary producers [START_REF] Luglia | Functional patterns of microbial communities of rhizospheric soils across the development stages of a young mangrove in French Guiana[END_REF]. In French Guiana, the intertidal mudflat surfaces are colonized at low tide mainly by microphytobenthic diatoms [START_REF] Sylvestre | Modern diatom distribution in mangrove swamps from the Kaw Estuary (French Guiana)[END_REF][START_REF] Debenay | Biological origin of rhythmites in muddy sediments of French Guiana[END_REF]. These communities are known to produce large amounts of extracellular polymeric substances (EPS), consisting of polysaccharides and glycoproteins [START_REF] Smith | Exopolymer production by intertidal epipelic diatoms[END_REF][START_REF] Underwood | Predicting epipelic diatom exopolymer concentrations in intertidal sediments from sediment chlorophyll-a[END_REF][START_REF] Taylor | The quantitative variability and monosaccharide composition of sediment carbohydrates associated with intertidal diatom assemblages[END_REF][START_REF] Haynes | Diatom-derived carbohydrates as factors affecting bacterial community composition in estuarine sediments[END_REF], resulting in the formation of biofilms at the water/ air-sediment interface. Because of life traits of these microalgae, this OM is found exclusively concentrated within the surface sediments of intertidal mudflats [START_REF] Decho | Microbial exopolymer secretions in ocean environments: their role(s) in food webs and marine processes[END_REF][START_REF] Decho | Microbial biofilms in intertidal systems: an overview[END_REF][START_REF] Underwood | The measurement of microbial carbohydrate exopolymers from intertidal sediments[END_REF][START_REF] Goto | Biodegradation of photosynthetically produced extracellular organic carbon from intertidal benthic algae[END_REF][START_REF] Debenay | Biological origin of rhythmites in muddy sediments of French Guiana[END_REF]. Thus, the β-glucosidase substrates may originate in part from EPS produced by mobile phytobenthic diatoms during the daytime bank exposure phases. Moreover, it has been shown that the EPS produced by the diatom biofilms could induce similar effects to rhizodeposits, leading to an increase of β-glucosidase activity in the sediments [START_REF] Hiroki | Enzymatic evaluation of decomposition in mosaic landscapes of a tidal flat ecosystem[END_REF]. These labile compounds, readily biodegradable, did indeed constitute preferred energy and carbon sources for the microbial communities [START_REF] Sala | Functional diversity of bacterioplankton assemblages in western Antarctic seawaters during late spring[END_REF][START_REF] Sala | Metabolic diversity of heterotrophic bacterioplankton over winter and spring in the coastal Arctic Ocean[END_REF][START_REF] Oliveira | Effects of monospecific banks of salt marsh vegetation on sediment bacterial communities[END_REF]. Conversely, the mudflats more subjected to continental inputs from fringing mangroves and, further upstream, from forest stands drained by the rivers, generally exhibit an OM of lower quality and more recalcitrant to microbial degradation (i.e. low nitrogen content, high tannin amount), and therefore the expression of mineralizing functions can be considerably slowed down in such environments. Thereby, the qualitative variations of energy and carbon sources observed would explain this distinction of β-glucosidase activity levels depending on the mudflat type. Enzyme activities (dependent variables) were normalized (n-1) and physico-chemical data (independent variables) were centered; R 2 , R-squared; df, degrees of freedom; SS III , type III sum of squares; MS, mean square; F, F-ratio; p, p-value; ω 2 /ω 2 p , omega-squared and partial omega-squared (size effect); Conf Int, confidence interval; SE, standard error; t, t-ratio; TN, total nitrogen; TOC, total organic carbon; W, D, wet and dry seasons, respectively; CI, MI, types of mudflats under mainly continental or marine influences, respectively; bold values, significant at p < .05; a , b , significant difference in mean enzyme activity between seasons or mudflat types at p < .05; c , this parameter is set to zero because it is redundant.

Urease and alkaline phosphomonoesterase activities were also found to be related to seasonality but interestingly this resulted in opposite patterns in enzyme activities. The dry season, featuring reduced rainfall and minimum river discharge, is conducive to marine ingress and therefore to inputs by sedimentation of OM essentially of marine origin, mainly proteinaceous [START_REF] Mayer | Extracellular proteolytic enzyme activity in sediments of an intertidal mudflat[END_REF][START_REF] Wakeham | Molecular indicators of diagenetic status in marine organic matter[END_REF], and of relatively high nitrogen content. In this context, a stimulation of urease activity was observed; urea being one of the intermediates of amino-acid degradation (urea cycle), including the amino-acids of proteins and nitrogenous bases of nucleic acids, as energy and nitrogen sources for the microorganisms. The same seasonal pattern was also reported from another estuarine system where, moreover, the urease activity exhibited a negative correlation with the C:N ratio, and was found to relate closely with the gross nitrogen mineralization rate [START_REF] Li | Primary effects of extracellular enzyme activity and microbial community on carbon and nitrogen mineralization in estuarine and tidal wetlands[END_REF][START_REF] Lin | Gross nitrogen mineralization in surface sediments of the Yangtze estuary[END_REF]. Thus, it appears that the variability in urease activity observed may relate to changes in nutrient availability and OM characteristics (as discussed above), which are mediated by the alternation of seasons through its impact on estuarine hydrology. On the other hand, in response to changes in hydro-climatic conditions (e.g. longer bank exposure phase) and OM characteristics during the dry season, the structure and composition of benthic communities (e.g. microbial, algal) may fluctuate and potentially affect the activity of urease (as discussed above) and other enzymes [START_REF] Costa | CLPP and EEA profiles of microbial communities in salt marsh sediments[END_REF]. During the wet season, high rainfall and river discharge occur, leading to significant inputs of organic, inorganic, dissolved and particulate materials to estuaries by river runoff and flood, which also cause intensive re-mobilization of mud deposits. In this context, higher alkaline phosphomonoesterase activities were observed; the organic phosphorus compounds serving as energy and phosphate sources for the microorganisms through enzyme hydrolysis of phosphate monoesters into orthophosphate and OM. This suggests an important seasonal contribution to phosphate estuarine production and enrichment of coastal waters by alkaline phosphomonoesterase activities. This is an interesting result, given that production of phosphate by microbial mineralization of organic phosphorus compounds is rarely considered as a potential source of phosphate in estuaries, studies rather focusing on physico-chemical processes especially concerning the mineral particulate phases of phosphate [START_REF] Labry | High alkaline phosphatase activity in phosphate replete waters: the case of two macrotidal estuaries[END_REF]. Without data on the phosphate concentrations in estuaries, alkaline phosphatases being a mainly inducible enzyme for which the induction or repression mechanisms of their synthesis are regulated by substrates or end-product availability or depletion [START_REF] Chróst | Microbial ectoenzymes in aquatic environments[END_REF], the factors underlying these variations remain uncertain. However, one can hypothesize that higher alkaline phosphomonoesterase activities could be related to high amounts of suspended material during the wet season, with particleattached bacteria. The importance of particle-attached bacteria in the occurrence of high alkaline phosphomonoesterase activities has been reported from other marine environments [START_REF] Smith | Intense hydrolytic enzyme activity on marine aggregates and implications for rapid particle dissolution[END_REF][START_REF] Zoppini | Extracellular enzyme activity and dynamics of bacterial community in mucilaginous aggregates of the northern Adriatic Sea[END_REF][START_REF] Labry | High alkaline phosphatase activity in phosphate replete waters: the case of two macrotidal estuaries[END_REF]. Moreover, the attachment of bacteria to particulate OM is thought to be an important factor in the induction of alkaline phosphatase synthesis, and more broadly the starting point for synthesis of enzyme pools to decompose OM, leading to an enrichment of the surrounding waters in hydrolysates supporting the productivity of estuarine systems [START_REF] Smith | Intense hydrolytic enzyme activity on marine aggregates and implications for rapid particle dissolution[END_REF][START_REF] Labry | High alkaline phosphatase activity in phosphate replete waters: the case of two macrotidal estuaries[END_REF]. Similarly, the adsorption of phosphatases onto mineral surfaces, especially clays, may also have contributed to high alkaline phosphomonoesterase activities in estuaries during the wet season.

Finally, alkaline phosphomonoesterase and arylsulfatase activities were also related with the pH. Concerning the alkaline phosphomonoesterase activity, a positive correlation was observed, as reported in other studies [START_REF] Turner | Phosphatase activity in temperate pasture soils: potential regulation of labile organic phosphorus turnover by phosphodiesterase activity[END_REF][START_REF] Wang | Coupled response of soil carbon and nitrogen pools and enzyme activities to nitrogen and water addition in a semi-arid grassland of Inner Mongolia[END_REF]. pH can act as a control factor of microbial activity and enzyme synthesis [START_REF] Frankenberger | Effect of pH on enzyme stability in soils[END_REF] along with microbial diversity [START_REF] Bååth | Comparison of soil fungal/bacterial ratios in a pH gradient using physiological and PLFA-based techniques[END_REF][START_REF] Fierer | The diversity and biogeography of soil bacterial communities[END_REF]. The effect of pH on the activity kinetics of phosphomonoesterases in alkaline soils has been demonstrated by [START_REF] Eivazi | Phosphatases in soils[END_REF]; the pH effect of the soil-buffer mixture ranging from 4 to 12, leading to an increase in activity until reaching an optimum for a pH close to 10. For arylsulfatase activity, the relationship with the pH, a proxy of marine influence closely associated with salinity, was unclear since both positive and negative correlations were observed. This enzyme catalyze the hydrolysis of phenolic sulfate esters; substrates widespread within sediments and which may represent up to 30% of total sulfur content [START_REF] King | Sulfhydrolase activity in sediments of wintergreen lake, kalamazoo county, Michigan[END_REF]. A negative relationship with the pH was expected as it is well known that with regard to the sediment pore-water quality, in particular, the increase of pH and salinity may exert a negative feedback both on the enzyme and its synthesis by microorganisms [START_REF] Fitzgerald | The occurrence of an inducible arylsulphatase in Comamonas terrigena[END_REF][START_REF] King | Sulfhydrolase activity in sediments of wintergreen lake, kalamazoo county, Michigan[END_REF][START_REF] Ash | Kinetics of arylsulphatase repression in Pseudomonas C12B and stimulation of derepression by acetate[END_REF][START_REF] Roy | The sulphatase of Helix pomatia. Purification and kinetic properties[END_REF][START_REF] Ganeshamurthy | Arylsulphatase and the biochemical mineralization of soil organic sulphur[END_REF].

Conclusions

This study addresses a conceptually important topic as understanding the dynamic of extracellular enzyme activities involved in the main biogeochemical cycles and their relationships with environmental factors is a crucial factor in organic matter and nutrient cycling, food webs and productivity of coastal regions. In this framework, our aim was to investigate and understand some of the complexities of these interactions in highly dynamic estuarine systems specific to French Guiana across wide spatial and seasonal scales.

For the whole set of descriptive variables studied, wide spatiotemporal variations in the physico-chemical characteristics of estuarine mudflats have been recorded. Results showed that the hydro-sedimentary specificities of each estuary, combined with the alternation of hydro-climatic seasons, were environmental factors having strong influences on physico-chemical characteristics of mudflats and are the basis for their distinction in two types according to a continental versus marine influence gradient. Mudflats under mainly continental influence were characterized by oligohaline pore-waters, more acidic pH and relatively high organic matter content, and conversely for slikkes under mainly marine influence.

The total nitrogen content, relating to relatively more labile OM, appeared as the main environmental factor related to all enzyme activities involved in the sediment OM mineralization, and thus, more broadly, in the CNPS biogeochemical cycles. The organic carbon content and pH have been also identified as factors potentially involved in the regulation of these enzyme functions, but they could not be generalized to all enzymes studied. Moreover, it has been shown that the relationship between β-glucosidase activity and total nitrogen content was dependent on the mudflat type, the mudflats under mainly marine influence showing higher activity levels than those under mainly continental influence. This finding may suggest the control of β-glucosidase activity levels by the sediment OM quality. In particular, the phytobenthic communities, via their EPS production, and more broadly the benthos (phytobenthos, meio-and macrofauna), via their biomass and bioturbation activity, would be expected to be directly involved in these dynamics and qualitative variations of sediment OM. Finally, it has been shown that the relationships between alkaline phosphomonoesterase and urease activities and physico-chemical variables were dependent on the seasons; alkaline phosphomonoesterase activity being lower during the dry season, and conversely for the urease activity.

Fig. 1 .

 1 Fig. 1. Location of the study area, the 7 estuaries referred to as Maroni, Mana, Sinnamary, Kourou, Cayenne, Mahury, and Oyapock, and the 12 stations investigated in French Guiana (see also Online Resource 1). Sources: www.geoportail.gouv.fr; www.google.fr; Google Earth Pro.

Fig. 2 .

 2 Fig. 2. Principal component analysis (Pearson) on physico-chemical characteristics of mudflats accounting for 57.3% of total variance. (a) Factorial map of variables with correlation circle; hatched arrow, illustrative variable (C:N); ρ, dry bulk density; TOC, total organic carbon; TN, total nitrogen; TS, total sulfur; AVS, acid-volatile sulfide. (b) Factorial map of observations (n = 38); circle, 2009; diamond, 2010; white font, wet season; black font, dry season; blue outline, mudflats under mainly continental influence (CI, n = 16), orange outline, mudflats under mainly marine influence (MI, n = 22); numbering corresponds to observations; 1-2, MR station; 3-6,MN1 station;[7][8][9][10] MN2 station;[START_REF] Allison | Sediment exchange between Amazon mudbanks and shore-fringing mangroves in French Guiana[END_REF][12] S station;[13][14][15][16] K1 station;[17][18][19][20] K2 station;[21][22] C1 station;[23][24][25][26] C2 station;[27][28][29][30] MH1 station;[31][32][33][34] MH2 station;[35][36] MH3 station;[37][38], O station (see also Online Resource 2). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 3 .

 3 Fig. 3. Total organic carbon (TOC) and nitrogen (TN) concentrations, C:N ratio, pH and pore-water salinity of mudflats over time. Lines connect consecutive sampling periods (seasons); DM, dry mass; W, D, wet and dry seasons, respectively.

Fig. 4 .

 4 Fig. 4. Correlation plot among physico-chemical data and extracellular enzyme activities of mudflats. Values are correlation coefficients of Pearson; bold values are significant at p < .05; *, **, ***, significant at p < .05, .01, 0.001, respectively; ρ, dry bulk density; Sal, pore-water salinity; TOC, total organic carbon; TN, total nitrogen; TS, total sulfur; AVS, acid-volatile sulfide; AlP, alkaline phosphomonoesterase; ArylS, arylsulfatase; β-glu, β-glucosidase; Ure, urease; n = 38.

Fig. 5 .

 5 Fig. 5. Extracellular enzyme activities of mudflats over time. Symbols depict means (n = 3) with standard deviations (in brackets); lines connect consecutive sampling periods (seasons); AlP, alkaline phosphomonoesterase; ArylS, arylsulfatase; β-glu, β-glucosidase; Ure, urease; mU, nanomoles of hydrolyzed substrate per minute; DM, dry mass; W, D, wet and dry seasons, respectively.
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Table 2

 2 Results of linear models on extracellular enzyme activities of mudflats.

	AlP	Source	df	SS III	MS	F	p	ω 2 /ω 2 p
	R 2	Model	3	20.9	7.0	14.8	< .0001	.521
	.566	pH	1	9.3	9.3	19.6	< .0001	.329
		TN	1	19.6	19.6	41.4	< .0001	.515
		Season	1	2.4	2.4	5.2	.030	.099
		Error	34	16.1	.5			
		Corrected total	37	37.0				
		Parameter	Estimate [95% Conf Int]		SE	t	p
		Intercept	-.269	[-.600;	.061]	.163	-1.7	.107
		pH	1.028	[.556;	1.499]	.232	4.4	< .0001
		TN	1.727	[1.181;	2.272]	.268	6.4	< .0001
		Season-D	0 c					
		Season-W	.539	[.057;	1.021]	.237	2.3	.030
		Season	Mean [95% Conf Int]		SE		
		D a	-.269	[-.600;	.061]	.163		
		W b	.269	[-.061;	.600]	.163		
	ArylS	Source	df	SS III	MS	F	p	ω 2 /ω 2 p
	R 2	Model	3	29.9	10.0	47.6	< .0001	.786
	.808	pH	1	1.2	1.2	5.8	.021	.113
		TOC	1	2.1	2.1	9.8	.004	.189
		TN	1	2.4	2.4	11.6	.002	.219
		Error	34	7.1	.2			
		Corrected total	37	37.0				
		Parameter	Estimate [95% Conf Int]		SE	t	p
		Intercept	.000	[-.151;	.151]	.074	.0	1.000
		pH	.442	[.070;	.815]	.183	2.4	.021
		TOC	.060	[.021;	.099]	.019	3.1	.004
		TN	1.058	[.428;	1.688]	.310	3.4	.002
	β-glu	Source	df	SS III	MS	F	p	ω 2 /ω 2 p
	R 2	Model	2	17.7	8.9	16.1	< .0001	.442
	.479	TN	1	17.2	17.2	31.3	< .0001	.443
		Type	1	2.3	2.3	4.2	.049	.077
		Error	35	19.3	.6			
		Corrected total	37	37.0				
		Parameter	Estimate [95% Conf Int]		SE	t	p
		Intercept	-.334	[-.747;	.079]	.203	-1.6	.109
		TN	1.660	[1.057;	2.262]	.297	5.6	< .0001
		Type-CI	0 c					
		Type-MI	.578	[.002;	1.153]	.283	2.0	.049
		Type	Mean [95% Conf Int]		SE		
		CI a	-.334	[-.747;	.079]	.203		
		MI b	.243	[-.101;	.587]	.170		
	Ure	Source	df	SS III	MS	F	p	ω 2 /ω 2 p
	R 2	Model	2	12.7	6.4	9.2	.001	.300
	.343	TN	1	3.2	3.2	4.6	.040	.086
		Season	1	9.0	9.0	13.0	.001	.240
		Error	35	24.3	.7			
		Corrected total	37	37.0				
		Parameter	Estimate [95% Conf Int]		SE	t	p
		Intercept	.488	[.100;	.876]	.191	2.6	.015
		TN	.613	[.030;	1.195]	.287	2.1	.040
		Season-D	0 c					
		Season-W	-.976	[-1.526;	-.427]	.271	-3.6	.001
		Season	Mean [95% Conf Int]		SE		
		W a	-.488	[-.876;	-.100]	.191		
		D b	.488	[.100;	.876]	.191		
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