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Abstract 

In freshwater systems, sediment can be an important source for the internal loading of 

phosphate (PO4). The limiting character of this element in such system leads to consider this 

phenomenon in terms of eutrophication risks and water quality stakes. A four-months follow-

up (January, March, April and May 2019) was carried out in a strong PO4 limited secondary 

channel from an artificial irrigation system of Charente Maritime (France) to link the 

mobilization of remineralization products in the upper 6 cm layer of sediment (conventional 
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core slicing/centrifugation and DET probes) and the phytoplankton biomass dynamics in the 

water column. Results showed congruent patterns between the temporal succession of the 

organic matter mineralization processes in the sediment and the primary biomass dynamics in 

the water column. In January and March (considered in winter), PO4 proved to be retained by 

adsorption onto iron oxides in anoxic sediment since pore water nitrate inhibited for about a 

month the respiration of metal oxides in the first cm of sediment, thus limiting PO4 

availability and the phytoplankton growth. In April and May (early spring), after exhaustion 

of pore water nitrate, the dissolutive reduction of iron oxides released PO4 into pore water 

generated a significant diffusive outgoing flux from the sediment to the water column with a 

maximum in April (-1.10E-04±2.81E-05 nmol cm
-2

 s
-1

). This release coincided with the 

nanophytoplankton bloom (5.50 µg Chla L
-1

) and a potential increase of PO4 concentration in 

the water column. This work provides some insight on the importance of benthic-pelagic 

coupling in anthropogenic systems. This conceptual model has to be deployed on other sites 

of interest where internal loading of P takes precedence over external inputs and nitrate 

mitigation drives its benthic recycling and ultimately its bioavailability. This is to be essential 

to characterize the aquatic environment quality in order to limit eutrophication risks. 

 

Keywords: Freshwater marsh, phytoplankton, early diagenesis, nutrient fluxes, nitrogen, iron, 

phosphorus  

 

1. Introduction 

 

The importance of wetland ecosystems has been widely recognized for services such as 

carbon catchment control (Chmura et al., 2003; Sousa et al., 2010) or water purification led by 

primary producers (Smith, 2003). Phytoplankton structure and dynamics has been well 



studied in both marine environments (Legendre and Rassoulzadegan, 1995; Hlaili et al., 2014) 

and freshwater ecosystems (Tortajada et al., 2011; Masclaux et al., 2014; David et al., 2020a, 

2020b). Its development can depend on bottom-up factors such as water temperature, light 

penetration or nutrient availability (Reid et al., 1990) and/or top-down factors such as grazing 

or parasitism (Reid et al., 1990; Lynn, 2003), or macrophyte competition (Barrow et al., 

2019). The variations of the physical-chemical parameters in the water column and their 

consequences on phytoplankton dynamics are well documented in marine coastal zones 

(Justić et al., 1995; Dupuy et al., 2011) and continental freshwater environments (Soballe and 

Kimmel, 1987; Søndergaard et al., 2017). Temporarily, two blooms are generally mentioned 

in saline environments, in early spring and late summer (Morais et al., 2003; Toompuu et al., 

2003). However, little is known about marsh ecosystems. Research focusing on the variation 

of water column settings on these dynamics shows a close relation to physical and chemical 

parameters of the environment both in freshwater or brackish environments. While the 

phytoplankton dynamics seems to depend less on the season in brackish environments but 

more on the renewal of water (Tortajada et al., 2011), significant temporal succession has 

been highlighted in freshwater marshes (Masclaux et al., 2014). 

By their position in the watershed, marshes receive huge amounts of nutrients coming 

from the continent by soil leaching, such as nitrogen (N) and phosphorus (P), essential for 

primary producers’ growth (Redfield, 1958; Søndergaard et al., 2017). Among these elements, 

P is widely recognized as the principal factor of phytoplankton growth, especially in 

freshwater systems (Schindler, 1974; Søndergaard et al., 2000; Kraal et al., 2015). Human 

activities can alter the growth-limiting nutrients, especially through wastewater or various 

surfaces runoff (Withers and Jarvie, 2008) and can cause eutrophication (Schindler, 1974; 

Smith, 2003). The reduction of external growth-limiting nutrients as P from shift in 

management framework would lead to an increase in the importance of sediment as an 



internal source (Perkins and Underwood, 2001). In some lowland river systems, P released 

from organic matter (OM) remineralization in the sediment may even be the main source of P 

in the water column (van Dael et al., 2020) and thus for the phytoplankton productivity. This 

loading from sediment could also determinate the P limitation in freshwater ecosystems such 

as lakes (Wu et al., 2017). 

Many techniques exist for calculating diffusive fluxes at the sediment-water interface 

(SWI), such as the in situ use of benthic chambers, or ex situ measures through the use of 

Fick's law (Grenz et al., 1991,Viollier et al., 2003). The latter allow an evaluation of redox 

processes in the sediment through the modelling of sediment profiles (Grüneberg et al., 2015). 

More recent techniques such as the use of 2D gel probes provide results (flux and profile 

modeling) with better vertical and horizontal resolution (Jézéquel et al., 2007; Santner et al., 

2015; Thibault de Chanvalon et al., 2017). They make it possible to document the intense 

gradients that can be expected during P remobilization. 

Benthic phosphorus dynamics is well documented, in both marine and freshwater systems 

(Boström et al., 1988; Caraco et al., 1990; Anschutz et al., 1998; Ekholm and Lehtoranta, 

2012), and depends on the evolution of the oxide stocks in the sediment. The iron cycle is of 

particular interest in understanding the phosphate (PO4) remobilization, having the capacity of 

forming relatively stable Fe(OOH)-P complexes preventing its dissolution (Herzsprung et al., 

2010). The dynamics of elements interacting with the iron cycle in sediment and influencing 

its mobilization, such as oxygen, nitrates, manganese, and sulphur, is therefore a major issue 

in understanding the mechanisms governing the release of PO4 into the water column 

(Borggaard et al., 1990; Caraco et al., 1990; Herzsprung et al., 2010; Xiao et al., 2015). 

Vertical oxidant successions in the first stages of biotic OM mineralization in sediment, called 

early diagenesis, are well known in marine environments (Froelich et al., 1979; Aller, 2004). 

However, temporal succession of these processes is poorly documented (Thibault de 



Chanvalon et al., 2016). Moreover, retrospective reports on the response of pelagic nutrient 

and biota are quite frequent (Jeppesen et al., 2005; Welch and Cooke, 2005), but rarely 

combined with the in situ sediment analysis (Grüneberg et al., 2015; Liu et al., 2016).  

The high productivity of the Marans’ site already observed despite the strong P limitation 

(Masclaux et al., 2014) testifies to the importance of internal P recycling in this system. The 

objective of this study is to propose for the first time an interdisciplinary seasonal benthos-

pelagos in situ monitoring in a strong P-limited coastal freshwater marsh. It is of interest to 

target such P limited site as environmental policies focuses on limiting P release into natural 

aquatic systems which consequence is the increase of water bodies characterized by high N/P 

ratios. The main hypothesis of this work lies on the importance of temporal variation of 

benthic mineralization processes for the phytoplankton development through generated 

nutrient fluxes at the SWI. Benthos-pelagos coupling was assessed through a combined 

ecological and biogeochemical approach, with temporal phytoplankton biomass 

measurements and nutrient and metal oxides profiling. Diffusive fluxes were obtained from 

porewater chemical gradients from core slicing (0.5 cm resolution) and 2D-DET gel 

deployment (submillimeter resolution). 

2. Material and methods  

2.1. Study site  

 

The Charente Maritime marshes (French Atlantic west coast) present a high diversity of 

freshwater marsh types, differing by their locality, their role and the way they are managed. A 

eutrophic freshwater marsh, based on Tortajada classification (2011), used for anthropogenic 

activities (e.g. field irrigation) was chosen to carry out this work. Among the artificial 

hydrographic networks, the study site took place in a secondary channel of the Sèvre Niortaise 



River marshes (46.282°, 0.969°) located closed to the commune of Marans (Fig. S1 as 

supplementary material). The station is surrounded by crops and cattle lands, and the 

management (i.e. replenishment, drainage and dredging) is provided by a trade union 

association. 

 

2.2. Sampling strategy and parameters studied  

 

The sediment and the water column compartments were sampled simultaneously and 

monthly from winter to early spring 2019. The sampling campaigns were realized in January 

(the 30
th

), March (the 5
th

), April (the 2
nd

) and May (the 1
st
).  

 

2.2.1. Water column  

 

 Abiotic parameters 

 

At each campaign, in situ temperature, salinity and oxygen concentration in the water 

column were measured with multiparametric sensors (VWR). In addition, these three 

parameters were monitored continuously (one measurement per 15 minutes) between January 

(the 30
th

) and May (the 1
st
) with HOBO U-26 sensor.  

 

 Phytoplankton compartment 

 

A volume of 15 L of surface water was collected for the phytoplankton sampling in the 

middle of the channel. The Chlorophyll a biomass (Chla) was evaluated for three-size classes 

of phytoplankton: micro-: >20 µm, nano-: 3 to 20 µm and picophytoplankton: <3 µm. Filters, 



made in triplicate (20 µm, 3 µm and 0.7 µm), were used to separate the 3 different size 

fractions by fractional filtration. The biomass of Chla of each size class was determined by 

fluorimetry according to the Yentsch and Menzel method (1963).  

 

2.2.2. Sediment compartment 

 

 Core sampling and processing 

 

Four cylindrical cores were collected using PVC tubes (8.2 cm diameter, 20 cm long) 

with taking care to keep a water thickness of at least 5 cm above the sediment to preserve the 

sediment-water interface and for bottom water chemistry. Three cores were sliced every 5 mm 

to a depth of 6 centimetres (i.e. 12 layers) under nitrogen atmosphere. Porewater was 

extracted from each sediment layer by centrifugation (20 minutes at 2 700g and at in situ 

temperature) then filtered through 0.2 µm filters. Overlying and pore waters were conserved 

at -20 °C for nutrients analyses, an aliquot was conserved at 5°C for silica analysis in both 

bottom and pore waters. Aliquots were immediately used for alkalinity measurement and 

HNO3 acidification (0.01 mol L
-1

; Suprapur Merck) for metal analysis. Nutrients i.e. nitrates 

(NO3
-
), nitrites (NO2

-
), soluble reactive phosphorus (SRP), ammonium (NH3) and silica (Si) 

concentrations were determined by a colorimetric autoanalyser Scalar Seal (whit a detection 

limit of 0.02 µmol L
-1

). The acidified aliquot was analyzed by ICP-AES (Thermo Scientific 

iCAP 6300 Radial) to measure dissolved iron (Fed), manganese (Mnd) and sulphur (Sd). 

Alkalinity was determined according to the colorimetric Sarazin et al., (1999) method. 

Absorbance measurements were carried out with a spectrophotomer (SPECTROstar Nano, 

BMG LABTECH).  



The remaining sediment (from centrifugation) was then frozen at -20°C. Samples were 

freeze-dried and manually grounded for solid phase analyses. Once the samples have been 

reweighed, the porosity ( ) was determined for use in fluxes modeling (see next section). 

An aliquot (~100 mg) was used for the ascorbate extraction of reactive manganese (Mn
3+

 

and Mn
4+

), iron (amorphous Fe
3+

) and P according to the method used in Kostka and Luther 

(1994) and Anschutz et al. (1998). 

 

 High resolution methods  

 

- Microprofiling 

 

A core was placed in an aquarium thermoregulated at the in situ temperature and air was 

injected at the overlying water to maintain O2 saturation and keep a thin benthic boundary 

layer. Oxygen was analysed with Clark-type electrodes (50 µm tip diameter, Revsbech, 1989) 

connected to a Unisense multimeter and a motorized vertical micromanipulator. A two-point 

calibration was made from saturated overlying water and anoxic sediment. 

 

- 2D-DET probes 

 

In April, two supplementary cores were collected for a 2D-DET probes deployment. This 

method uses a Diffusive Equilibrium in Thin films (DET) probe (Davison et al., 1991), 

coupled with a colorimetric technique to visualize in two-dimensions the repartition of 

dissolved nitrite iron and P concentrations along the core (Jézéquel et al., 2007, Pagès et al., 

2011, Metzger et al., 2016). Firstly, a DET gel probe which samples the dissolved chemical 



species from the pore water at high resolution fixed to a Plexiglas plate was introduced into 

the sediment core.  

This probe was made of a 185 mm×125 mm×0.8 mm polyacrylamide thin film (Krom et 

al., 1994) laid on an acrylic support and a PVDF porous (0.2 µm) membrane that maintained 

and protected the gel in order to minimize lateral heterogeneity. For a single support, 2 gels 

were placed back to back to make a double-faced probe. The first probe had a gel dedicated to 

nitrite and another to iron, the second had a probe dedicated to P, the other to iron. After 5-

hours equilibrium time, gel probes were quickly processed to minimize lateral diffusion 

within the sampling gel and subsequent loss of 2D resolution. It consisted in superimposing 

each gel into a specific reagent gel previously equilibrated with NO2, PO4 and Fe colorimetric 

reagents (Griess, molybdate, ferrozine reagents, see references cited above). Twenty minutes 

after contact, a picture was taken with a standard scanner. Images were analyzed by 

densitometry of different RGB spectral bandwidths using ImageJ software. The iron was 

treated in the blue channel. This channel was chosen despite its lower sensibility compared to 

the green one in order to avoid saturation (range between 0 and 500 µmol L
-1

 for the blue 

channel, between 0 and 200 µmol L
-1

 for the green one). Phosphates and nitrites were 

analyzed in the red and green channel respectively. 

 

 Diffusive fluxes modeling 

 

NO3
-
, NO2

-
, ƩNH3, SRP, Si, Fed and oxygen (O2) diffusive fluxes at the SWI were 

determined using the Profile software (Berg et al. 1998). Based on a transport-reaction model, 

this software allowed to describe the sedimentary column as a succession of layers with a 

specific reaction rate for a dissolved chemical species and the fluxes above and below that 

sediment column (modeling vertical domain). This work focused on the vertical diffusion and 



the transport was assumed to be dominated by molecular diffusion (without bioturbation), as 

described in Lewandowski et al., (2002), since the sediment is impermeable (silt-clay). The 

flux (F) was calculated at the SWI thanks the Fick Law as: 

 

(1)                   

with   the sediment porosity, Ds the diffusion coefficient, C the element concentration and z 

the depth of calculation. In Profile, Ds was calculated using Rasmussen and Jorgensen (1992), 

as below: 

(2) Ds = D/(1+3(1- ))   

Diffusion coefficient D was determined with previous studies varying with temperature. 

O2 fluxes modeling were made using data from microprofiling, D was taken from the 

Unisense gas table. The NO3
-
, NO2

-
, ƩNH3 and SRP coefficient diffusion were taken from Li 

and Gregory (1974), and the Si one from Rebreanu et al. (2008). Modeling was based on data 

from the core slicing and 2D-DET profiles. In case of too few points with quantified 

concentrations a linear model was used to calculate the flux “manually” (Boudreau, 1997) 

using the formula (1) and Ds as : 

(3) Ds = D/(1-ln(
2
)) 

In this work, the negative flux values corresponded to fluxes leaving the sediment, the 

positive values to fluxes entering the sediment. O2, NO3
-
, ƩNH3 and Si fluxes were calculated 

through profiles obtained with the core slicing method. NO2
-
, SRP and Fe fluxes were 

calculated through both core slicing method profiles and 2D-DET probes. The fluxes 

calculated from the 2D-DET probes represented the width-integrated average fluxes of the gel 

at three interfaces positioning: 0 (SWI), SWI+1 mm and SWI-1mm. The flux was modeled 

from the mean concentrations per gel line. The overlying water was not used for the 



calculation of the gradients at the interface, because of the very strong chemical gradients near 

the diffusive boundary layer (DBL) and not reflecting its chemical properties. 

 

2.3. Statistical tests 

 

All statistical tests were made with the software R studio (1.2.1335). Analyses of 

Variance (ANOVA) and Tuckey post hoc tests (threshold α = 0.05) were made to determinate 

significant differences between replicates. To respect the validity of this statistical test, data 

could be log transformed. If residuals did not followed normality, Kruskal Wallis and 

Wilcoxon post-hoc tests were made.  

 

3. Results 

 

3.1. Physical-chemical parameters of the water column 

 

Temperature increased regularly between the end of January and May, rising from 8°C to 

15°C on average in the channel (Fig. 1). Discrete sampling points indicated (measured with 

WTW sensor) 7.5, 10, 14 and 14°C for January, March, April and May respectively. 

Conductivity was relatively stable around 850 µS cm
-1

, which represents a salinity around 0.5. 

Dissolved oxygen increased between late January and late February (approximately 5 to 17 

mg L
-1

). From April to May, it decreased on average from about 17 to 10 mg L
-1

. Discrete 

sampling indicated subsequently 9, 11, 14.5 and 11.3 mg L
-1

 for January, March, April and 

May respectively. 

Nitrogen was mainly represented by NO3
-
 with the highest concentration (668 µmol L

-1
) 

observed in March (Tuckey test, F(3) = 7.58, p < 0.05) (Table. 1). NO2
-
 concentration was the 



highest in April (20.43 µmol L
-1

) (Tuckey test, F(3) = 14.06, p < 0.05). ƩNH3 concentration 

was higher in April (79 µmol L
-1

) than those of January and March (Kruskal-Wallis test, 2
(3) 

= 8.66, p < 0.05). SRP increased over time, from 0.00 to 0.37 µmol L
-1

 in March and May 

respectively. However, no significant differences were noted despite the increase (Kruskal-

Wallis test, 2
(3) = 5.64, p < 0.05). Finally, Si concentration in April (154 µmol L

-1
) was 

higher than for March (Kruskal-Wallis test, 2
(3) = 3.17, p = 0.05). According to Redfield 

ratio calculations (Fig. S2 as supplementary material), the study site was only phosphate-

limited for planktonic primary producers, all along the survey.  

 

3.2. Phytoplankton dynamics 

 

From January to March, the phytoplankton biomass was between 1 and 3.4 µg Chla L
-1

 

depending on the size class, and dominated by the microphytoplankton (Fig. 2). However, no 

significant difference was observed between the three size classes neither in January 

(ANOVA, F(2) = 1.21, p > 0.05) nor in March (ANOVA, F(2) = 3.55, p > 0.05). In April, a 

significant nanophytoplankton development was observed with 5.5 µg Chla L
-1

 (Tuckey post 

Hoc test, p < 0.001). A similar pattern was observed in May, with a dominant 

nanophytoplankton biomass, four times higher than that of the other two size classes (4 and 1 

µg Chla L
-1

 respectively) (Tuckey post Hoc test, p < 0.001). 

Within each size class, the April nanophytoplankton and picophytoplankton biomasses (5 

and 3 µg Chla L
-1

 respectively) were higher than in January, March and May (Tuckey post 

Hoc test, p < 0.03 and p < 0.001 respectively). 

 

 3.3. Sediment geochemistry 

 



In late January, NO3
-
 mean concentration was around 200 µmol L

-1
 with high spatial 

variability between 0 and 2 cm depth and decreased sharply to reach about 5 µmol L
-1

 at 3.5 

cm depth (Fig. 3). Same pattern was observed for NO2
-
 with a maximum mean concentration 

in the top layer (43 µmol L
-1

) which decreased rapidly to reach the detection limit at 3.5 cm 

depth. Early in March, only the first sediment layer showed detectable nitrate and nitrite with 

37 and 6 µmol L
-1

 respectively. Then, no sample showed detectable concentrations.  

Mnasc showed a maximum concentration in late January in the first layer of sediment (3.2 

mmol kg
-1

) and remained constant downwards at 1.5 mmol kg
-1

. For March, April and May, 

values ranged between 1.0 to 1.5 mmol kg
-1

. Mnd presented a linear increase along the core in 

January, April and May between 1 to 60 µmol kg
-1

. A peak was observed in March between 0 

and 3 cm, with a maximum of 35 µmol kg
-1

.  

Feasc was higher in January and May around 25 mmol kg
-1

 and lower in March and April 

around 20 mmol kg
-1

, until 4 cm depth. In late January, Fed was near the detection limit from 

0 to 5 cm, and in March a first peak was observed at 1.5 cm (47 µmol kg
-1

) at the same depth 

as the manganese one. In April, a strong mobilization was detected between the surface and 4 

cm deep with a peak of 152 µmol kg
-1

. It then increased to 238 µmol kg
-1

 in the deepest 

layers. In May, at the same depth dissolved iron peaked at 70 µmol kg
-1

, to then reach 232 

µmol kg
-1 

at 6 cm depth. In April and May, Fed increased from 4 and 3 cm depth respectively 

to reach more than 200 µmol L
-1

 at the core bottom.  

Pasc ranged between 4 and 5 mmol kg
-1 

in January, March and May, without any real trend 

with depth. It was higher in April to reach between 5 and 6 mmol kg
-1

. SRP was under 

detection limit in January. A first peak of 3 µmol L
-1

 appeared at 1.5 cm depth in March 

(concomitant with manganese and the first iron peak) to increase in April, with a strong 

mobilization in the first 2 cm with a maximum of 32 µmol L
-1

. In May, a weaker and deeper 

peak was observed (3 cm depth, 22 µmol L
-1

). These two peaks seemed to coincide with the 



globally increase of dissolved iron mobilization in the first 4 cm of sediment, especially in 

April. 

Sulphate profiles showed generally increasing concentrations with depth, with the highest 

concentrations observed in January (2 to 8 mmol kg
-1

 at surface and depth respectively).  In 

March, April and May, concentrations ranged from about 0.5 mmol kg
-1

 at the surface to 3 

mmol kg
-1

 at depth. Concentrations in April were the lowest and showed the smallest gradient 

(between 0.5 and 1.5 mmol kg
-1

) along the sediment. 

For both January and March, ƩNH3 concentrations ranged from nearly 50 µmol L
-1

 to 130 

µmol L
-1

 between top layer and 6 cm deep respectively, with a slight increase in the last 

centimeter. ƩNH3 concentrations in April and May were about 4 times higher than those 

obtained in winter in the surface layer (193 and 175 µmol L
-1

 respectively), and presented a 

maximum peak in May at 3 cm depth to reach 439 µmol L
-1

. 

Si had the same vertical trend for every month with a slightly increasing concentration 

along both the core column and time. Maxima observed were at around 5 cm depth, with 411, 

496, 583 and 682 µmol L
-1

 for January, March, April and May respectively.  

The alkalinity increased over months and was positively correlated with ƩNH3 

concentration in porewater (p < 0.001, r
2 

= 0.76). In January, it ranged between 6.5 and 7.7 

mmol kg
-1

 at the surface and core bottom layer respectively, with a slight increase in the last 

centimeter. It then increased from Marsh (between 7.0 and 8.9 mmol kg
-1

) to April (between 

10.5 and 13.5mmol kg
-1

). 

The 2D representation of dissolved iron, nitrite and SRP in the sediment pore water was 

made in April (Fig. 4). Both iron gels (probe 1 and 2) showed an increasing concentration 

with depth (Fig. 4), with mobilization starting at nearly 0.5 cm below the SWI and increased 

sharply from 15 to 170 µmol L
-1

 at 1.5 cm depth for probe 1 and from 30 to 170 µmol L
-1

 at 

2.5 cm depth for probe 2. The concentrations then increased slightly to reach a maximum of 



290 µmol L
-1

 and 240 µmol L
-1

 at 12 cm deep for probe 1 and probe 2 respectively. On probe 

1, nitrite was only present in a thin layer between the SWI and 1 cm depth (maximum 

concentrations of about 65 µmol L
-1

). The average SRP (probe 2) presented a strong 

mobilization between 1 and 6 cm with a maximum concentration about 90 µmol L
-1

. The 

lateral heterogeneity was more pronounced on probe 1(e.g. Fed-depleted and NO2-rich zones 

between 5-9 cm and 0-2 cm depth respectively, on a 2 cm width). 

The Feasc/Pasc ratio is an interesting indicator to understand the effects of the adsorption 

site saturation on the remobilization of P in the porewater (Anschutz et al. 1998, Thibault de 

Chanvalon et al 2016). Between 1 and 5 cm deep, in January and May Feasc/Pasc ratio was 

quite similar around 6. (Fig. 5). In March and April, this ratio was lower around 5 and 4 

respectively. 

 

3.4. Benthic fluxes and high spatial resolution consideration 

 

Incoming oxygen fluxes were observed (around 10
-2

 nmol cm
-2

 s
-1

), with maximum 

fluxes in May significantly higher than those of March (Kruskal-Wallis test, 2
(3) = 12.19, p 

= 0.03). The nitrogen nutrient fluxes were most heterogeneous, recording ingoing and 

outgoing fluxes depending on the element studied. Ingoing NO3
-
 and NO2

-
 fluxes were 

observed for each date with a significantly higher flux in January (4.53E
-03

 nmol cm
-2

 s
-1

; 

Tuckey test, F(3)= 6.48, p<0.05 and 5.06E
-04

 nmol cm
-2

 s
-1

; Tuckey test, F(3) = 5.87, p < 0.05 

for NO3
-
 and NO2

-
 respectively). Lastly, ƩNH3 fluxes tended to be outgoing for each date. No 

significant differences were noted between dates (Kruskal-Wallis test, 2
(3) = 4.59, p = 0.20). 

A slight SRP influx in January and efflux between March and May was observed. The 

outgoing flux in April (-1.10E
-04

 nmol cm
-2

 s
-1

) was significantly higher and 10 times greater 

compared to ones in March (Tuckey test, F(3) = 12.51, p < 0.005). The Si fluxes showed an 



outgoing flux for each date. No significant differences were noted (Tuckey test, F(3) = 2.06, p 

= 0.18). Finally, the iron flowed out regardless of the date. The February flux (-2.10E
-06

 nmol 

cm
-2

 s
-1

) was significantly lower than those of March, April and May (Tuckey test, F(3) = 

10.38, p <0.05). 

 

The fluxes calculations via the modeling of 2D gel concentrations showed the impact of 

the core scale heterogeneity on the fluxes and the importance of interface positioning (Table 

3). At the 0 interface, NO2
-
 and SRP presented an incoming flux of the order of 10

-5
 and 10

-6
 

µmol cm
-2

 s
-1

 respectively. A Fed efflux was observed around -2E
-04

 nmol cm
-2

 s
-1

.  

The change in the interface positioning generated variability in flux directions. For NO2
-
, 

a +/- 1mm positioning generated a mean outgoing (10
-5

 µmol cm
-2

 s
-1

) and incoming (10
-4

 

µmol cm
-2

 s
-1

) flux respectively. For SRP, these two positions produced an outgoing flux of 

the same magnitude order (10
-5

 µmol cm
-2

 s
-1

). Only the averaged iron fluxes were always 

outgoing whatever the interface considered, which showed a better homogeneity in the upper 

part of the gel. 

 

4. Discussion 

 

4.1. Phytoplankton dynamics and nutrients availability 

 

The phytoplanktonic dynamics observed at Marans can be qualified as relatively classic 

for a freshwater system (Tortajada et al., 2011). A poor development in winter regardless of 

the size classes was explained by the unfavorable physical conditions (low temperature and 

probably luminosity) despite huge nitrates values in March (Table 1) probably coming from 

near agricultural soil leaching (Tortajada et al., 2011). The nanophytoplankton bloom 



observed in April could be attributed to much more favorable physical conditions (increase in 

temperature and probably luminosity), but also in nutrient charging of the system, and 

especially in dissolved phosphorus (see below for link benthos/pelagos coupling) as strong 

limiting factor (Kraal et al., 2015; Horppila, 2019). These very weak concentrations of SRP, 

not exceeding 0.4 µmol L
-1

, were of the same magnitude order as those measured in the work 

of David et al (2020a) in a comparable environment.  Such weak concentration could suggest 

a constant upstream to downstream flow of water preventing its accumulation or a rapid 

withdrawal by autotrophic organisms (Masclaux et al., 2014). 

The P limitation at Marans could induce competition between different phytoplanktonic 

communities. The high surface area/volume ratio and the active metabolism of 

nanophytoplankton and picophytoplankton make them more efficient to uptake nutrients than 

larger cells (microphytoplankton) (Legendre et Rasoulzadegan 1995; Masclaux et al., 2014) 

which could explain the dominance of nanophytoplankton at early spring in this study. 

However, these dynamics over time was not entirely consistent to those observed in 

comparable systems. If a slight spring development of nano-microphytoplankton was 

observed in David et al. (2020a), the real difference appeared to occur in March, when a 

strong microphytoplankton development has been observed in other works, in addition to the 

pico-nanophytoplankton (Masclaux et al., 2014). The absence of such a development in this 

work would suggest that a possible bloom took place between sampling dates,  in line with the 

potential fast phytoplankton response to environmental changes (Thyssen et al., 2008). 

Indeed, the decrease of nitrate in the water column from March to May (668 to 371 µmol L
-1

) 

as well as the increase of the dissolved O2 concentration (Fig 1) could indicate a nutrient 

uptake by primary producers as observed in April that would have started before (Masclaux et 

al., 2014). Moreover, P limitation in Marans did not allow a strong development with regard 



to the Redfield ratio (Justić et al., 1995), but shift in such limitation could be possible, 

attributed to the endogenous recycling of P (Wu et al., 2017) through diagenetic processes. 

 

4.2. Temporal succession of dominant diagenetic processes 

 

4.2.1.  Initial condition : winter situation 

 

 The high NO3
-
 concentration in the water column and the high NO3

-
-NO2

-
 concentration 

in January between the interface and 3 cm depth suggested water column as the main nitrate 

source for the sediment, rather than nitrification in the sediment of low-nitrate environments 

(Middelburg et al., 1996). The strong NO3
-
-NO2

-
 gradient in these sediment layers (Fig. 3) led 

to consider denitrification as the main process for nitrogen removal since the only slight 

reduction to ammonia (DNRA) occur in the sediment (Binnerup et al., 1992; Rysgaard et al., 

1993) 

Here, denitrification appeared to indirectly inhibit the SRP remobilization, by inhibiting 

the reduction of iron oxides (Wauer et al., 2005; Petzoldt and Uhlmann, 2006; Schauser et al., 

2006; Grüneberg et al., 2015) whereas Mn and Fe cycles quickly dominated early diagenetic 

processes in coastal marine sediment (Pastor et al., 2018). Indeed, the only trace-state 

presence of SRP congruent with the non-detection of Fed and the relatively large stock of iron 

oxide along the profile (Fig. 3) suggested a low iron oxide reactivity. The high NO3
-
 

concentration in the surficial sediment in winter, plus the probable thin oxic layer, could 

promote iron oxidation and explain the maximum Feasc values and the Mnasc peak at the 

sediment surface (Fig. 3) (Hansen et al., 2003; Burgin et al., 2011). These high oxides 

concentrations allow a great amount of adsorption sites for PO4, which would be immediately 

uptaken during OM mineralization. The deeper Feasc values could be explained by a ferrous 



fraction Fe
2+

 associated with iron monosulphide (Kostka and Luther, 1994; Anschutz et al., 

1999). The constant increasing gradient of Mnd could be generated by dissolutive manganese 

reduction during OM mineralization following the appearance of favourable redox conditions. 

Another possible source of dissolved manganese could be the reduction of manganese oxides 

by reduced iron diffusion from a deeper source. Moreover, the concomitant low Pasc (Fig. 3) 

and low SRP values in January could suggest that mineralization was still low at this time of 

the year. Moreover, in considering ƩNH3 and alkalinity in porewater as a tracer of anaerobic 

mineralization processes, their slight increase in the last cm seemed to indicate the occurrence 

of such processes under the sampling area (Fig. 3). 

 

4.2.2. Spring time evolution 

 

In March, the slight presence of nitrate and nitrite in sediment surface indicated that the 

denitrification became shallower. Overlying waters were more concentrated (Table 1) 

probably due to inputs from watershed, suggesting that denitrification was relatively fast, 

limiting diffusion of nitrate and nitrite downwards. Moreover, the non-accumulation of ƩNH3 

between January and March (Fig. 3) would be consistent with annamox reaction for the 

nitrogen removal, possible as long as NO3
-
 was not totally depleted (Canfield et al., 1993). 

However weak gradients of ƩNH3 in the surficial sediment made this hypothesis unlikely. The 

peak of Mnd also suggested a consumption of manganese oxides for mineralization of OM in 

the first 3 cm (Fig. 3) as evidenced by the decrease in Mnasc at the surface between January 

and March, which could lead to the first remobilization of phosphorus explained by the slight 

peak of SRP at 1.5 cm depth. The presence of a first Fe dissolved peak concurrent to the 

dissolved Mn one also suggested the beginning of the consumption of Fe
3+

 hydroxides as a 

terminal electron acceptor for the degradation of OM. This seemed to be consistent with the 



decrease of Feasc in the sediment at that time. This decrease could also be attributed to the 

non-efficient Fe
2+

 reoxidation due to the absence of NO3
-
 and the thin oxic layer. The 

quantities of oxides were certainly still too high to permit a significant diffusive P flux into 

water column (Table 2) as shown by the high ratio Feasc/Pasc (Fig. 5) and the rather weak 

mineralization. 

The total depletion of nitrate and nitrite in the sediment from April (Fig. 3) and the 

increase in temperature (Fig. 1) were favourable factors for triggering the chemical and 

microbial reduction of iron hydroxides (Jensen et al., 1995) as OM mineralization pathway. 

The sharp increase in Fed in the porewaters within the first 4 cm in April and the second peak 

in the first 3 cm in May was an evidence of the iron oxides consumption (Fig. 3). As a result, 

the phosphate sorbed onto iron hydroxides was released into interstitial waters and seemed to 

be the main route for SRP mobilization, rather than the dissimilatory sulphate reduction 

observed in estuarine systems (Pan et al., 2020). The phosphate mobilization attributed to the 

4 first cm in spring was the highest and most superficial in April, according to Pasc diminution 

in the first cm (Fig. 3). A significant SRP efflux was observed at that time (Table 2). 2D gels 

realization in April allowed to validate and strengthen the link between iron and P cycle 

observed via core slicing profile within the upper part of the sediment in Marans (Fig. 4) (Pan 

et al., 2019). Moreover, the overall trend of Fed to increase in depth, as for Mnd, suggested 

more favourable redox conditions for the OM mineralization via the iron reduction route.  

The OM mineralization could also be identified via the sharp increase in alkalinity 

(Sholkovitz, 1973) and mineralization products in sediment porewaters (ƩNH3, Si) until May 

(Fig. 3). The maximum concentrations of Pasc in April (Fig. 3) could be explained by SRP 

sorption on the hydroxides during their diffusion throughout the sediment. The minimum 

Feasc/Pasc ratio (Fig. 5), following the consumption of metal oxides, could indicate a kind of 

saturation of the Fe adsorption sites with respect to P (Anschutz et al., 1998). The excess in 



mobilisation of SRP in the upper part of the sediment could explain the diffusive flux into the 

water column in April and May (Table 2).  

However, an Feasc/Pasc ratio < 2 showed the non-sufficiency of FeOOH to prevent the 

diffusion of P into the water column in lake systems (Gächter and Müller, 2003). The constant 

Feasc/Pasc > 3 in this work could suggest the existence of another phase that precipitates with 

Fe
3+

 such as FeSx, which could be consistent with the potential sulphate reduction supposed 

by the decrease of soluble sulphur compounds over time (Fig 3). The increasing of Fed in 

depth in April and May (Figs 3, 4) could be coming from the Fe
2+

 resolubilisation following 

abiotic reduction between S
2-

 and a Fe
3+

 source or FeSx dissolution (Johnston et al., 2014) 

below the iron hydroxide respiration zone. 

The increase of Feasc concentrations in May in the first 3 cm may also suggest a highly 

crystallised ferric form that would not react with P and thus explain the non-correlation 

between Feasc and Pasc in this sediment layer. On this assumption, the probable non-saturation 

of the surface sites of iron oxides by phosphate ions, (high Feasc/Pasc ratio) could allow Fe
3+

 to 

recrystallize (Anschutz et al., 1998) and explained the slight SRP efflux observed in May 

(Table 2). Moreover, the more important residence time of dissolved P compared to Fed in 

sediment could explain this Feasc-Pasc phase shifting in May (Millero et al., 1987; Neupane et 

al., 2014; Giles et al., 2016; Smolders et al., 2017; Ding et al., 2018) and favor P mobilization 

(Thibault de Chanvalon et al., 2016).  

The chemical species distribution presented vertical and horizontal heterogeneity at 

centimeter scale and could make difficult the interpretation of their layering in the sediment 

column. This heterogeneity could be directly observed through 2D-DET probes, especially 

concerning iron and nitrite gels (Fig. 4). These distributions can be impaired by 

macroorganisms burrows or root systems in the sediment which can strongly influence its 

geochemistry by promoting O2 and nitrate inputs (Christensen et al., 1997; Frederiksen et 



Glud, 2006; Cesbron et al. 2014; Aller et al., 2019) or impacting the vertical and horizontal 

distribution of solids (Thibault de Chanvalon et al., 2016). Such heterogeneity is also 

evidenced at the station scale by the variability between core triplicates. 

 

4.3. Sediment and biochemical parameters retroaction of the water column 

 

The flux directions from profiles out of the core slicing method were relatively consistent 

with the surface gradients observed via mean nutrient profiles in the sediment, indicating a 

good fit between actual and modelled data. The high-resolution method tends to decrease 

fluxes by reducing the chemical gradients at the interface (Table 3). The heterogeneity in 

chemical species distribution (evidenced on the nitrite gel) (Fig. 4), makes the placement of 

the interface critical and explains the flux variations on a small scale (Table 3).  

The NO3
-
 increase in the water column in March in spite of its ingoing flux toward 

sediment seemed to be largely explained by allochthonous inputs. The influx in April and 

May could be in part explained by large nitrogen demand for denitrification in the upper 

layers of the sediment in winter. With regard to the degradation products of OM, the 

permanent ƩNH3 outflows coincided with the progressive loading of the water column until 

April. The reverse of this trend in May despite the strong remobilization of ammonium at 

depth, and the not significant increase in SRP in the water column despite the SRP efflux in 

March and April could reflect a vegetation pumping of ammonium and P (explaining the 

downward shift of the P peak during this period, Fig. 3) or even primary producer bloom 

(Sand-Jensen and Borum, 1990; Rozan et al., 2002). Moreover, forms of water stratification 

which can exist in pounds or even marshes (Condie and Webster, 2001; Chimney et al., 2006) 

could counteract the link between fluxes at the interface and water column response, 

especially through the phosphate availability (Crockford et al., 2015).  However, the shallow 



depth of the marshes, the site's windward catch and the variations in water level caused by 

management of marsh water may favour the mixing and thus allow efficient nutrient 

accessibility throughout the water column. 

However, this work strongly suggested the link between the outflow of SRP and the 

triggering of the nanophytoplankton development in April by reducing P limitation of this 

system, in addition to the physical parameters being favorable to such development. It 

highlighted the link between phytoplankton dynamics and mineralization processes by 

showing congruence between temporal patterns of benthic SRP regeneration and small 

phytoplanktonic cells (i.e. nano/picophytoplankton) development. Indeed, the evolution of 

N/P ratios strongly suggests a prevalence of internal recycling of P rather than external input 

for the development of phytoplankton. Although temporal patterns between benthic 

regeneration and planktonic production have potentially been shown in coastal environments 

(Kemp and Boyton, 1984; Cowan and Boyton, 1996), the high nitrate content at Marans 

influenced the dynamics of this system, both at the sediment compartment and the water 

column scale, which could decrease benthos-pelagos interactions (Kelly et al., 1985). Indeed, 

denitrification processes inhibited for about a month the respiration of metal oxides and thus 

the potential release of SRP into the water column. This phenomenon suggested a completely 

different behavior of the sediment compartment in lower nitrate systems, and therefore a 

different response of the chemical and biological parameters of the water column. However, 

the conceptual model presented in this work could be deployed in other sites of interest in 

order to propose new tools for observatories to characterize the aquatic environment quality 

and predict future trends. 

 

5. Conclusions and perspectives 



 The strong phosphate limitation and huge nitrogen content in water column suggested a 

high nitrate control on the temporal patterns of diagenetic processes and phytoplankton 

development. 

 Denitrification processes inhibited phosphates mobilisation in winter by preventing iron 

hydroxide reduction and seemed to be the main route for nitrogen removal in the 

sediment. 

 Depletion in nitrates in the sediment from early spring triggered iron hydroxide 

respiration and phosphate mobilisation on the upper part of the sediment. A significant 

phosphate efflux was observed in April, congruent with nanophytoplankton 

development. 

 The multiscale heterogeneity on chemical species distribution highlighted the 

importance of biotic parameters on the distribution and mobilisation of such species in 

the sediment. 

 The complexity in evaluating nutrient flux feedback on the water column leads to the 

necessity of a better understanding of the nutrient catchment control by autotrophs. 

 An annual monitoring in such anthropogenic environment, duplicated on less nitrate-

rich systems would provide a broader view of the importance and prediction of 

sediment-water column coupling in Charente Maritime freshwater marshes and 

temperate marshes in general. 
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Graphical abstract. Monthly in situ monitoring of the coupling between the sedimentary compartment and the water column in a temperate 

freshwater marsh. 
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Concentrations (µmol L-1) NO3
- NO2

- NH3 SRP Si  

January 368.61 7.84 17.46 0.10 100.57 

March 667.89 ± 66.44 4.93 ± 1.19 21.50 ± 2.49 BQL 70.29 ± 10.90 

April 401.97 ± 6.60 20.43 ± 0.77 78.63 ± 0.40 0.14 ± 0.14 154.26 ± 17.89 

May 370.78 ± 81.03 11.74 ± 3.30 70.14 ± 28.95 0.37 ± 0.02 124.33 ± 34.50 

            

Table 1 

Average nutrient concentrations (mean ± sd) in core bottom water in January, March, April 

and May 2019 at Marans. 
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Flux (nmol cm-2 s-1) O2  NO3
- NO2

- NH3 SRP Si Fe2+ 

January 1.67E-02 ± 1.45E-03 4.53E-03 ± 1.47E-03 5.06E-04 ± 1.71E-04 -1.30E-05 ± 6.11E-05 1.31E-06 ± 8.23E-07 -2.00E-04 ± 1.17E-04 -2.10E-06 ± 3.68E-06 

March 1.46E-02 ± 1.28E-03 7.59E-04 ± 7.71E-04 1.01E-04 ± 1.01E-04 -1.16E-04 ± 8.04E-05 -1.00E-05 ± 7.06E-06 -5.65E-04 ± 2.59E-04 -1.85E-04 ± 9.43E-05 

April 2.04E-02 ± 2.17E-03 9.19E-05 ± 7.01E-05 BQL -1.04E-03 ± 9.76E-05 -1.10E-04 ± 2.81E-05 -4.82E-04 ± 2.46E-04 -1.97E-04 ± 5.02E-05 

May 3.10E-02 ± 5.76E-03 1.56E-04 ± 1.14E-04 1.23E-06 ± 8.41E-07 -2.94E-04 ± 7.00E-04 -7.00E-06 ± 7.24E-06 -1.01E-03 ± 2.82E-04 -1.34E-04 ± 5.80E-05 

                

 

Table 2 

O2, average nutrient and iron (Fe
2+

) sediment-water interface fluxes (mean ± sd) at Marans in 

January, March, April and May 2019. For O2, values corresponded to averages of 10 fluxes 

estimated on one core per date. For nutrients and Fe
2+

, values correspond to averages of 3 

fluxes estimated on each individual core. BQL corresponded to values below quantification 

limit. 
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Table 3 

Integrated average NO2
-
 (probe 1), SRP and Fed (probe 2) fluxes at the 2D-gel interface as a 

function of the interface positioning (-1; 0; +1 mm).  
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Fig. 1. Water column temperature (Temp), conductivity (Cond) and dissolved oxygen (DO) of 

Marans monitored continuously from January to May. Black arrows corresponded to the field 

campaigns. The red lines represented the LOWESS smoother of the data (Clevelend, 1981). 
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Fig. 2. Barplot showing the average chlorophyll a (Chla) biomasses (mean ± sd) by size class 

(micro: microphytoplankton (> 20 µm), nano: nanophytoplankton (3-20 µm), pico: 

picophytoplankton (< 3 µm)) at Marans in January, March, April and May 2019. The letters 

highlighted the significant differences between the dates at fixed size class. The stars 

highlighted the significant differences between the size classes at fixed date (ANOVA and 

Tuckey post Hoc tests, α<0.05, p<0.001 : ***). 
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Fig. 3. Dissolved NO3
-
, NO2

-
, Mnd-Mnasc, Fed-Feasc, SRP (Pd)-Pasc, SO4 (Sd), ƩNH3, Sid, and 

alkalinity (Alk) profiles (mean ± sd) along the sediment column from 0 to 6 cm depth at 

Marans in January, March, April and May 2019. No data for alkalinity in May. The 

representation of standard deviation (n=3) indicates the spatial variability in the sediment. The 

arrows represented the concentration of the element under consideration in the water column. 
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Fig. 4. 2D pore water distribution of iron (Fed) (probe 1 and 2), nitrite (NO2) (probe 1) and 

soluble reactive phosphorus (SRP) (probe 2) concentrations of cores at Marans in April, and 

their associated 1D profile (black bold line represented the mean concentration, red lines, 

standard deviation). The horizontal black line represented the SWI. The color scale on the 

right of each image represented the concentrations in µmol L
-1

. The probes came from two 

different cores. 
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Fig. 5. [Fe]asc/[Pasc] ratio along the sediment column from 0 to 6 cm at Marans in January, March, 

April and May 2019.  
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Fig. S1. Study region and sampling site (red point). The satellite image highlights the presence of 

crops around the study site (Google Earth). Blue lines represent the principal hydrographic network. 
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Fig. S2. Potential nutrient limitation following the Redfield ratios for Marans in January, March, 

April and May 2019. The black lines represent the limitation thresholds of ratio pairs. The stations 

in the colored zones are N-limited (blue), P-limited (green) and Si-limited (pink). 
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