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DO conditions. Such effects were likely due to an 
inhibition of the nitrification–denitrification coupling 
process for DIN and a reductive dissolution of Fe (III) 
oxides for phosphates. Following this increased nutri-
ent availability, algal growth in the bioassays was the 
highest in water collected from microcosms exposed 
to anoxic conditions. Under both oxic and anoxic 
conditions, the percentage of fine sediment parti-
cles led to decreasing DIN and phosphates fluxes by 
reducing the nutrient diffusion rate from sediments 
to the water column. Finally, both DO and sediment 
grain size controlled the contribution of sediments to 
reservoir eutrophication.

Keywords  Sediment–water interface · Oxygen 
conditions · Sediment grain size · Nitrogen · 
Phosphorus · Eutrophication

Introduction

Excessive nutrient [nitrogen (N) and phosphorus (P)] 
loading in lakes and reservoirs classically results in 
the eutrophication of the water column and associated 
environmental problems, such as the excessive growth 
of toxin-producing cyanobacteria, oxygen depletion 
of the water column, or biodiversity loss (see Amorim 
& do Nascimento Moura, 2021 for a review). The 
nutrient enrichment of the water column is associated 
with external inputs (tributaries, soil run-off, ground-
water supplies, atmospheric deposition) and sediment 

Abstract  Dissolved oxygen (DO) level at the sedi-
ment–water interface is one key factor controlling 
redox-sensitive processes, such as nutrient cycling. 
Microcosm experiments with sediment collected 
from three reservoirs were performed to quantify 
the influences of water column oxygenation (oxic, 
anoxic, oxygen fluctuation), sediment characteris-
tics (grain size distribution, total nitrogen and total 
phosphorus contents, microbial activities), and their 
interactions on nutrient fluxes from sediments to the 
water column. Algal growth bioassays were also per-
formed using water from the microcosms to deter-
mine which conditions produced the most favorable 
growth conditions. Anoxic conditions increased the 
release of dissolved inorganic nitrogen (DIN), mainly 
as ammonium and phosphates, compared to the other 
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internal loadings (e.g., Meinikmann et al., 2015; Yang 
et al., 2020). Much effort has been made to reduce the 
external inputs of N and P to improve the water qual-
ity of eutrophic lakes and reservoirs, but this strategy 
is often not efficient enough when there is also sedi-
ment internal loading (Forsberg, 1989; Welch & Den-
niscooke, 2005; Nürnberg et al., 2012; Watson et al., 
2016). For example, it has been shown for P (e.g., 
Søndergaard et al., 2003) and N (e.g., Jeppesen et al., 
2005) that internal sources associated with a massive 
accumulation of nutrients in sediments can maintain 
eutrophication for more than 10 years after the reduc-
tion of external inputs. Assessing the internal nutri-
ent loading is a main issue to mitigate eutrophication 
problems and efficiently restore the water quality of 
eutrophic water bodies (e.g., Li et al., 2023).

Dissolved oxygen (DO) concentration in the 
water column has been recognized as the main fac-
tor influencing the dynamics of dissolved inorganic 
nitrogen (DIN) and P at the sediment–water inter-
face-SWI- (Boström et al., 1988; Moore et al., 1992; 
Wetzel, 2001; Beutel, 2006; Ekeroth et  al., 2016; 
Rapin et  al., 2019). Oxic/anoxic fluctuations may 
strongly influence N availability in the water column. 
For example, N–NH4

+ produced by organic matter 
(OM) mineralization in sediments was nitrified into 
N–NO3

− when DO was available to microorganisms, 
whereas N–NH4

+ accumulated under anoxic condi-
tions (Gautreau et  al., 2020). Therefore, fluxes of 
inorganic N from the sediment to the water column 
were expected to be dominated by N–NO3

− fluxes in 
oxic conditions and by N–NH4

+ in anoxic conditions. 
Anoxic conditions do not allow nitrification and then 
nitrification–denitrification coupling that would favor 
N loss from the ecosystem (i.e., transformation of 
NO3

− to gaseous N2). Consequently, anoxic condi-
tions would limit N loss, favoring the accumulation of 
DIN in the water column of reservoir and lakes.

The reductive dissolution and oxidative precipita-
tion of Fe/Mn oxyhydroxides are considered as essen-
tial to control P mobility at the oxic/anoxic interface 
(Rydin, 2000). Oxic conditions favor the formation 
of insoluble Fe(III) and Mn(IV) oxides with high 
PO4

3− sorption capacity and limited P availability 
in the water column (Bortleson & Lee, 1974; Giles 
et  al., 2016). At the opposite, the dissolution of Fe/
Mn oxyhydroxides under anoxic conditions induces 
the release of PO4

3− at the SWI (Søndergaard et al., 
2003). Moreover, it has been reported that Fe content 

largely controlled P mobility at the sediment–water 
interface of lakes and reservoirs (e.g., Jensen et  al., 
1992; Beutel et al., 2008).

Factors other than oxic–anoxic conditions at the 
SWI may modulate the role of internal nutrient load-
ings on water column eutrophication (Rapin et  al., 
2019). First, molecular diffusion is classically con-
sidered as the main mechanism influencing nutrient 
fluxes from sediments to the water column (Berner, 
1980; Anschutz et  al., 2012). Sediment character-
istics, such as particle size distribution, that deter-
mine efficient porosity are major for diffusion rates 
of dissolved solutes and nutrients from sediments to 
the water column according to the Fick’s First law 
(Lavery et al., 2001). Second, the contents and forms 
of nutrients accumulated in sediments determine their 
ability to be released to the water column (Ruban 
et  al., 1999; Huang et  al., 2018). For example, by 
comparing P release rates from sediments collected 
in four sites of Mona Lake, Steinman et  al. (2009) 
showed that the sediment characterized by the highest 
P content produced the highest P release rates to the 
water column under oxic conditions. The mineraliza-
tion of OM by microbial activities also contributes to 
the recycling of P and N accumulated under organic 
forms in sediments (Hupfer & Lewandowski, 2008). 
Therefore, both nutrient stocks and microbial activi-
ties in sediments would contribute to the production 
of DIN and PO4

3− that could be released to the water 
column (Rydin, 2000; Joshi et al., 2015).

The aim of this study was to quantify the influ-
ence of DO conditions on nutrient fluxes at the SWI 
in interaction with sediment characteristics (e.g., 
grain size distribution, concentrations of total N- TN- 
and total P-TP-, and microbial activities). A factorial 
approach using three DO conditions (oxic, anoxic, 
daily DO fluctuations) and sediments collected from 
three reservoirs that varied in grain size distribu-
tion, TN content, TP content, and microbial activities 
(Gautreau et al., 2023) was used to evaluate how sedi-
ment characteristics and DO may interact to deter-
mine fluxes of DIN and PO4

3− at the SWI and the 
resulting influence on algal growth. Nutrient fluxes 
were quantified using laboratory microcosms and 
their effects on algal growth were assessed using bio-
assays on water collected from the microcosms (as in 
Cymbola et al., 2008). As previously measured with 
one of the three reservoir sediments selected for the 
present study (Puyvalador sediments, Gautreau et al., 
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2020), anoxic conditions at the SWI were expected to 
increase NH4

+ and PO4
3− releases in the water col-

umn in comparison with other DO conditions in all 
tested sediments. DIN concentrations (mainly as 
NH4

+) should be the highest under anoxic conditions 
because nitrification of NH4

+ into NO3
− should be 

reduced/inhibited under low DO availability (Gilbert 
et  al., 2016) compared to oxic and DO fluctuation 
conditions, which would favor NO3

− releases from 
sediments. Under daily fluctuations of DO, nitri-
fication was expected to start rapidly after oxygen 
re-introduction (Pett-Ridge et  al., 2013) and denitri-
fication should be stimulated during low oxygenated 
conditions, reducing the accumulation of DIN in the 
water column in comparison with the other treat-
ments. Algal growth should be the highest in water 
collected from microcosms under anoxic conditions, 
because this DO treatment was expected to produce 
the highest nutrient enrichments of the water column.

Sediment characteristics were also expected to 
mediate DIN and PO4

3− at the SWI. First, the release 
of DIN and PO4

3− would be higher in coarse than in 
fine-grained sediments because the percentage of clay 
and silt (< 63 µm) would reduce the efficient poros-
ity and then the diffusion of solutes and dissolved 
nutrients from sediments to water column (Huettel & 
Webster, 2001). Second, N content, P content, OM, 
and associated microbial activities were expected to 
increase DIN and PO4

3− releases in the interstitial 
water and subsequent releases to the water column 
(e.g., Kristensen, 2000; Glud, 2008). Highest DIN 
and PO4

3− fluxes were expected from sediments char-
acterized by the highest nutrient contents and micro-
bial activity.

Materials and methods

Sediment collection and preparation

Studied sediments were collected from Puy-
valador (42°38′47.4″N, 2°07′28.9″E), Villerest 
(45°59′07.1″N, 4°02′44.3″E), and Grangent 
(45°27′58.2″N, 4°14′56.5″E) reservoirs to obtain 
contrasted sediment grain sizes, TN contents, TP 
contents, and microbial activities (as measured in 
Gautreau et al., 2023). For each reservoir, 15 l of sed-
iments were collected with an Ekman grab and frozen 
(− 18°C) for several weeks to kill the ambient fauna 

that could influence nutrient fluxes by excretion and 
bioturbation (e.g., Fukuhara & Sakamoto, 1987). As 
freezing could alter microbial communities in sedi-
ments (Tolhurst et  al., 2012), a subsample of fresh 
sediment was kept at 15°C to preserve the micro-
bial activity and to be used as an inoculum for the 
experiment. This subsample was sieved at 80 μm to 
remove the ambient fauna and thoroughly mixed with 
defrosted sediments for microbial colonization for 
15 days before microcosm preparation. This incuba-
tion time of 15 days followed by a stabilization period 
of 14 days in microcosms (see below and Fig. 1) was 
long enough to recover and stabilize sediment oxygen 
uptake rates (see Fig. 4 in Gautreau et al., 2020).

Microcosms and experimental set‑up

The experiment was performed in 36 microcosms 
consisting in Plexiglas cylinders with an internal 
diameter of 10  cm and a height of 20  cm (Fig.  1). 
For each reservoir sediment, 12 microcosms were 
filled with a layer of sediments (10 cm) overlaid with 
synthetic water (10  cm) [composition of synthetic 
water: 96-mg l−1 NaHCO3; 39.4-mg l−1 CaSO4·2H2O; 
60-mg l−1 MgSO4·7H2O; 4-mg l−1 KCl; pH 7.5; (US 
EPA, 1991)] in a 15°C temperature-controlled room. 
Oxic conditions were maintained in the water column 
by bubbling water with atmospheric air. Microcosms 
were equipped with peristaltic pumps for a continu-
ous recirculation of the water column at a gentle flow 
rate of 6 mL min−1 to avoid DO stratification but also 
sediment re-suspension due to a gentle flow rate. 
Oxygen probes were placed on the recirculation sys-
tem of peristatic pumps to monitor DO concentrations 
in the water column of the microcosms (Fig. 1A).

After a 14-day period of stabilization under oxic 
conditions, the water column of each microcosm was 
gently removed and renewed, with minimum distur-
bance of sediment, by synthetic water to eliminate the 
initial flush of nutrients due to sediment manipula-
tion. At the same time, 9 microcosms (3 microcosms 
per reservoir sediments) were used to determine ini-
tial sediment characteristics (Fig.  1B). The other 27 
microcosms (9 microcosms per reservoir sediment) 
were used to quantify how DO concentrations and 
dynamics in the water column interacted with sedi-
ment characteristics to influence nutrient fluxes from 
the sediment to the water column. For each reser-
voir sediment, three DO treatments were applied in 
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the water column of microcosms (3 microcosms per 
sediment, Fig. 1B): (1) oxic treatment with the water 
column saturated in DO, (2) DO fluctuation treatment 
with the water column of the microcosms experienc-
ing DO supply followed by DO decrease every 12 h 
(aeration turn on and off every 12  h, according to 
Gautreau et al. 2020), and (3) anoxic treatment with 
a non-aerated water column experiencing anoxic 
conditions.

For the nine microcosms dedicated to the deter-
mination of initial conditions before the application 
of DO treatments (Fig.  1B), incubations were per-
formed to evaluate initial oxygen uptake rates. After-
ward, the central area of the nine microcosms were 
cored with cut-off syringes (i.e., 1  cm in diameter, 
9 cm in height) and analyzed for measuring sediment 
grain size distributions, total organic carbon (TOC), 
total nitrogen (TN), and total phosphorus (TP) con-
tents. As P binding in ferric (oxi)hydroxides play 

a key role in PO4
3− dynamics in sediments (Jensen 

et  al., 1992), iron (Fe) content was also measured 
for each reservoir sediment. For the 27 microcosms 
used to evaluate the influences of DO conditions, 
sediment characteristics, and their interactions on 
nutrient dynamics, dissolved nutrients (NH4

+, NO3
−, 

NO2
−, and PO4

3−) were measured at 7 times during 
the 15 days of the experiment: on day 0 (just before 
DO treatment application) and on days 3, 6, 8, 10, 13, 
and 15 after treatment application. At each sampling 
date, 30 ml of water was collected from the top of the 
water column, filtered through GF/F filters (0.7  µm, 
Whatman) and kept at 4°C until chemical analy-
ses. During the experiment, the sampled volume of 
water for analyses (30  ml) was replaced with 30  ml 
of synthetic water to keep a constant volume of water 
column in each experiment unit. To prevent the oxy-
genation of anoxic microcosms during sampling, the 
water collected from the microcosms was replaced 

Fig. 1   Schematic representation of one microcosm (A) and experimental design (B)
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with synthetic water without introducing air into the 
microcosms. On day 15, the water column from each 
of the 27 microcosms was collected, filtered through 
GF/F filters (0.7 µm, Whatman) and kept at 4°C. This 
water served later as the medium for the algal growth 
bioassays (Fig. 1B).

Methods of analyses

Physical and chemical analyses on sediment samples

Grain size distribution was determined by laser dif-
fractometry (Malvern Mastersizer 2000G, Malvern 
Products) on fresh sediments obtained by coring on 
day 0. The percentage of fine particles (i.e., silt and 
clay, < 63 μm) was calculated using package rysgran 
v2.1.0 (Ronael Gilbert et  al., 2014) in R software 
v3.3.2. Sediment samples were dried (at 60°C for 
72 h), ground in a mortar, and analyzed to determine 
their TOC, TN, and TP contents (in % per sediment 
dry mass) of TOC, TN, and TP. TOC and TN con-
tents were determined by high-temperature in  situ 
combustion on pre-acidified (i.e., HCL 2  mol  l−1) 
dry samples using an elemental analyzer (FlashEA, 
Thermo Electron Corporation). The method of Mur-
phy & Riley (1962) was used to determine TP. For 
each reservoir sediment, Fe content was measured per 
sediment dry mass by Inductively Coupled Plasma-
Atomic Emission Spectroscopy (ICP-AES) after sedi-
ment mineralization with nitric acid and hydrochloric 
acid.

Oxygen uptake rates

Before core collections, measures of dissolved oxy-
gen concentrations were made on the 9 microcosms 
(3 microcosms per sediment) used to assess sediment 
characteristics on day 0 of the experiment (Fig. 1B). 
These measurements were performed to evaluate 
oxygen uptakes from the 3 sediments. According to 
Gautreau et al. (2020), aeration of the water column 
of the microcosms was stopped and each unit was 
sealed to avoid contact with the atmosphere. Using 
the water recirculation system equipped with an oxy-
gen probe (Fig.  1A) connected to a Pocket Oxygen 
Meter FireStingGO2 (Pyroscience GmbH), decrease 
in DO concentration was measured every hour for an 
incubation of 4 h in each microcosm. DO uptake rates 
in the microcosms were calculated from the linear 

decrease of DO over time and expressed as μmol of 
O2 consumed per hour and m2 of water–sediment 
interface.

Nutrient analyses on water samples and calculation 
of nutrient release rates

For all filtered water samples collected at 7 times dur-
ing the experiment, N–NH4

+, N–NO2
−, N–NO3

−, and 
P–PO4

3− concentrations were determined by standard 
colorimetric methods (Grasshoff et  al., 1983) using 
a sequential analyzer (SmartChem200, AMS Alli-
ance). Thereafter, nutrients were presented as DIN, 
N–NH4

+ and N–NO3
− (where N–NO3

− corresponded 
to N–NO3

− + N–NO2
− because N–NO3

− concentra-
tions ≫ N–NO2

− concentrations). For each micro-
cosm and nutrient, release rate from sediment to the 
water column was estimated from the changes in 
nutrient concentration between the start (day 0) and 
the end (day 15) of the experiment. Nutrient release 
rates (mg day−1 m−2) are calculated using the follow-
ing formula (Steinman et al., 2004):

where,
Cday 0 and Cday 15 are nutrient concentrations 

(mg  l−1) in the water column at day 0 and day 15, 
respectively;

V is the volume of the water column in micro-
cosms (0.785 l);

A is the sediment surface area in the microcosms 
(0.00785 m2);

15 is the time interval in days between day 0 and 
day 15.

Due to an analytical problem for the measurement 
of P–PO4

3− concentrations on day 15 in microcosms 
with Puyvalador sediments and experiencing anoxic 
conditions, PO4

3− release rates were calculated for 
these microcosms with PO4

3− concentrations meas-
ured on day 13 (i.e., Cday 15 was replaced by Cday 13 
and the time interval of 15 was replaced by 13 in the 
formula).

Algal growth bioassays

According to the approach developed by Cymbola 
et al. (2008), algal bioassays were performed to evalu-
ate the ability of the filtered water collected from each 

Nutrient release rate =
((

Cday 15 − Cday 0

)

× V
)

∕ (A × 15),
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microcosm on day 15 (Fig. 1B) to sustain phytoplank-
tonic growth. The planktonic unicellular green alga 
Raphidocelis subcapitata (Korshikov) Nygaard et al., 
formerly known as Pseudokirchneriella subcapitata 
(Korshikov) Hindak and Selenastrum capricornutum 
Printz, was used for these bioassays due to its higher 
growth rates and greater sensitivity to various sub-
stances than other algae (e.g., Prata et al., 2022). This 
ubiquitous freshwater planktonic species was chosen 
because it is readily available from culture collections 
and easy to maintain under laboratory-controlled 
conditions (e.g., Venãncio et al., 2017; Suzuki et al., 
2018). R. subcapitata specimens were acquired from 
the Culture Collection of the French National Natu-
ral History Museum and maintained in batch cultures 
in Chu growth medium (composition of Chu #10 
medium: 40-mg  l−1 Ca(NO3)2; 5-mg  l−1 K2HPO4; 
25-mg  l−1 MgSO4∙7H2O; 20-mg  l−1 Na2CO3; 
25-mg  l−1 Na2SiO3; 0.8-mg  l−1 FeCl3 (Chu, 1942; 
Andersen, 2005). Cultures were maintained in a tem-
perature-controlled room at 21°C with artificial day/
night cycle of 16 h/8 h (60-µmol photons−1 m−2 s−1) 
and were continuously agitated at a speed sufficient 
to prevent sedimentation and cell aggregation. Algae 
were sub-cultured in Chu medium weekly for several 
weeks with a starter culture of 106 cell ml−1 to ensure 
a healthy and reproducible culture and maintain a 
supply of cells in the exponential growth phase.

Growth bioassays were performed in cotton-stop-
pered Nalgene Erlenmeyer flasks of 120  ml with 
30 ml of medium and an inoculum of 106 cell  ml−1 
of algae harvested in culture medium on day 5 (i.e., 
during the exponential growth phase, Moreira-Santos 
et  al., 2004). Bioassays were performed under the 
same conditions (light, temperature, and shaking) 
as cultures. A total of 30 growth tests were set up 
to measure the ability of surface waters collected in 
the 27 microcosms on day 15 (Fig.  1B) to promote 
algal growth in comparison with 3 positive control 
replicates that contained Chu medium with the algae 
R. subcapitata. The aim of this test was to evaluate 
which experimental treatments (9 treatments: 3 sedi-
ments * 3 oxygen conditions) could favor eutrophi-
cation in the water column. Based on preliminary 
tests (data not shown), a duration of 96 h commonly 
used for this type of bioassay (e.g., Ma et al., 2006; 
Paquet et al., 2019; Gebara et al., 2020) was selected 
to observe potential differences in algal growth rates 
among experimental treatments. Thus, after 96  h, 

samples were collected and fixed with glutaralde-
hyde (0.25% final concentration) and Pluronic® F- 
68 0.01% final concentration). Algal cell concentra-
tions were then determined by flow cytometry using 
an Attune NxT cytometer (Thermo Fisher) equipped 
with an air-cooled argon laser (488  nm, 50 mW). 
To optimize the individual counting of algal cells, 
samples were diluted (1/10000) in focusing fluid 
and analyses were performed at low flow speed 
(12.5 µl min−1). Algal populations were distinguished 
from cytometric and sample noises using light scat-
tering (SSC) and red fluorescence from chlorophyll-a 
(550–735  nm, BL3). Algal concentrations measured 
in the water columns of microcosms were expressed 
in relationship with algal concentrations measured in 
the Chu medium used for algal cultivation to deter-
mine the significance of algal growth in the water 
columns compared to the culture medium. Therefore, 
proportions of algae concentration in the water col-
umn for each of the 27 microcosms (i.e., 3 sediments 
* 3 oxygen conditions * 3 replicates) over average 
algae concentration in positive control medium (i.e., 
3 replicates with Chu medium) measured after 96 h of 
algal growth in bioassays were calculated.

Data analysis

The initial sediment characteristics (volumetric per-
centages of particles < 63 µm, TOC, TN, TP, and Fe 
contents, DO uptake rates) were compared among 
the three sediments using a 1-way ANOVAs. Tuk-
ey’s post hoc tests were performed when significant 
ANOVA results were obtained. For chemical (NH4

+, 
NO3

−, DIN, and PO4
3−) variables measured at differ-

ent times, the effects of DO and sediments were tested 
by 2-way RM ANOVAs with time (days 3, 6, 10, 
13, and 15) as the repeated factor and DO treatment 
(i.e., oxic, DO fluctuation and anoxic conditions) and 
sediment treatment (i.e., Puyvalador, Villerest, and 
Grangent sediments) as the fixed factors. For nutrient 
release rates, we performed 2-way ANOVA with DO 
treatment and sediment treatment as the fixed factors. 
Tukey’s post hoc tests were performed when signifi-
cant ANOVA results were obtained. For all variables 
and before statistical analyses, the normality and 
homoscedasticity of the residues were verified using 
the Shapiro–Wilk’s test and the Bartlett’s test, respec-
tively. Sphericity assumption for RM ANOVA was 
verified using Mauchly’s sphericity test.
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For the proportions of algal concentrations 
obtained from algal growth bioassays, the effects of 
DO treatment (i.e., oxic, DO fluctuation and anoxic 
conditions) and sediment treatment (i.e., Puyvalador, 
Villerest, and Grangent sediments) were tested using 
a 2-way ANOVAs. Before analysis, proportions 
were logit transformed to normalize data (verified 
by the Shapiro–Wilk’s test). The homoscedasticity 
of the residues was also verified using the Bartlett’s 
test. When 2-way ANOVAs were significant (i.e., 
P < 0.05), Tukey’s post hoc tests were performed to 
determine which treatments (“oxygen * sediment” 
treatments) differed.

In addition, we used generalized linear models to 
evaluate the influence of sediment characteristics on 
DIN and P–PO4

3− release rates from sediment to the 
water column for oxic and anoxic conditions. Each 
model (one per released nutrient and DO treatment) 
focused on three factors that represented (1) the load-
ing of the studied nutrients in sediments (TN for 
evaluating DIN released to the water column or TP 
for evaluating PO4

3− released to the water column), 
(2) the microbial activity in sediments (total oxygen 
uptake rate), and (3) the proportion of fine sediments 
(clay and silts < 63 µm). We checked for multi-collin-
earity among the three variables (TN or TP, total oxy-
gen uptake rate, and the proportion of fine particles 
in sediments) using variance inflation factors (VIF, 
Zuur et al., 2010) and found them to be in acceptable 
range (all VIF < 12). As the three factors could influ-
ence release rates of nutrients, we performed a proce-
dure of model selection based on information theory 
(Burnham & Anderson, 2002) and the ranking of 
models according to Akaike’s Information Criterion 
corrected for small sample size (AICc, “car” R pack-
age), starting from the most comprehensive model 

(including all factors). The adjusted McFadden’s 
pseudo-R2 (McFadden, 1974) was computed for all 
tested models to provide for a comparable estimation 
of the amount of explained variance among models 
with different number of parameters. All statistical 
analyses were done with the R v.3.3.2 software.

Results

Initial characteristics of the reservoir sediments

As expected, the sediments from the three reservoirs 
were characterized by different grain size distribu-
tions, chemical composition and microbial activities 
(Table 1). More precisely, the volumetric percentages 
of fine particles (i.e., silt and clay < 63  µm) in sedi-
ments were significantly different among reservoirs 
with percentages varying from 75.7% for Villerest 
sediments to 82.4% for Puyvalador sediments, respec-
tively (1-way ANOVA, P < 0.001, Table  1). Moreo-
ver, Puyvalador sediments presented a unimodal 
distribution with a peak around 20 µm (Fig. 2A). Sed-
iments of Villerest also presented a unimodal distri-
bution with a peak around 20 µm but the distribution 
of sediment grain sizes around the mean was more 
dispersed than sediments of Puyvalador (Fig.  2B). 
Grangent sediments had a more heterogeneous dis-
tribution with two main modes: a first mode around 
20 µm and a second mode around 300 µm (Fig. 2C).

TOC, TN, and TP contents were significantly dif-
ferent among sediments (Table  1, 1-way ANOVAs, 
P value < 0.05). For TOC and TN, an increasing gra-
dient was observed from Grangent sediment (4.47% 
for TOC and 0.61% for TN) to Villerest sediment 
(5.90% for TOC and 0.76% for TN) with intermediate 

Table 1   Characteristics of Puyvalador, Villerest, and Grangent sediments before application of oxic, anoxic, and DO fluctuations 
treatments (mean ± standard error, N = 3)

Different exponent letters (#, §, and ¤) show significant differences among sediments (Tukey post hoc tests following significant one-
way analyses of variance, p < 0.05). Modified from Gautreau et al. (2023)

Sediments Puyvalador Villerest Grangent

Fine particles < 63 µm (%) 82.4 ± 0.41# 75.7 ± 0.58§ 79.5 ± 0.86¤

Total Organic Carbon (% of sediment dry mass) 5.65 ± 0.02# 5.90 ± 0.01§ 4.47 ± 0.07¤

Total Nitrogen (% of sediment dry mass) 0.66 ± 0.008# 0.76 ± 0.007§ 0.61 ± 0.007¤

Total Phosphorus (mg g−1 dry sediment) 0.896 ± 0.090# 0.957 ± 0.138#§ 1.260 ± 0.149§

Fe (g kg−1 dry sediment) 30.86 ± 0.41# 29.76 ± 0.13# 36.64 ± 0.32§

Dissolved Oxygen uptake rate (µmol per hour and m2) 1406.53 ± 56.84# 1847.99 ± 00.43§ 2022.39 ± 7.75§
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values for Puyvalador sediment (5.65% for TOC and 
0.66% for TN). TP contents were significantly higher 
in Grangent (1.260  mg  g−1 dry sediment) than in 
Puyvalador (0.896  µg  g−1 dry sediment) sediments 
(Tukey’s post-hoc test, P < 0.05). Villerest sediments 
had TP concentrations that were not significantly dif-
ferent from those measured in the two other reservoir 
sediments (Table  1). Concentrations in Fe were sig-
nificantly higher in Grangent sediments than in Puy-
valador and Villerest sediments (Tukey’s post hoc 
tests, P < 0.05, Table 1). No significant difference in 
Fe concentration was found between Puyvalador and 
Villerest sediments (Tukey’s post hoc test, P > 0.05, 
Table  1). Microbial DO uptake rates were signifi-
cantly contrasted among the three reservoir sedi-
ments (1-way ANOVAs, P value < 0.01, Table 1) with 

values increasing from Puyvalador and Villerest to 
Grangent sediments.

DO concentrations in the water column of the 
microcosms

The experimental design allowed us to generate con-
trasting DO conditions in the water column depend-
ing on the treatment. DO concentrations were main-
tained between 7 and 9  mg  l−1 in the water column 
for the oxic treatment and were below 0.05 mg l−1 for 
the anoxic treatment during the whole experiment in 
all tested sediments. In the DO fluctuation treatment, 
daily variations of DO concentrations differed among 
sediment treatments with values comprised between 
7 and 9 mg l−1 at the end of the aeration period and 
between 0.4 and 5 mg l−1 at the end of the no-oxygen 
supply period (Supplementary Material 1). After 12 h 
without oxygen supply, the water column of micro-
cosms experienced DO concentrations of 0.44 mg l−1, 
1.11 mg l−1, and 5 mg l−1 for Grangent, Villerest, and 
Puyvalador sediment treatments, respectively.

Influences of DO and sediment treatments on DIN 
dynamics

Under oxic and DO fluctuation conditions, N–NH4
+ 

and N–NO3
− concentrations in the water column of 

all microcosms varied during the first days of the 
experiment to reach relatively stable values after 
8  days of experiment (Fig.  3, 2-way RM ANOVAs, 
“time” effect, P < 0.001 for N–NH4

+ and N–NO3
−, 

Supplementary Material 2 for detailed statistical 
results). Under anoxic conditions, N–NH4

+ concen-
trations continuously increased during the experi-
ment in all sediment treatments (Fig.  3). The DO 
treatment had a significant influence on the main 
forms of DIN measured in the water column (2-way 
RM ANOVAs, “DO” treatment, P < 0.001 for 
N–NH4

+ and N–NO3
−): N–NO3

− was the dominant 
form in the microcosms experiencing the oxic treat-
ment, whereas N–NH4

+ was the dominant form in 
the microcosms under anoxic conditions (Fig.  3). 
The effects of the DO fluctuation treatment on DIN 
dynamics depended on the sediment treatment (2-way 
RM ANOVAs, interaction between “DO” and “sedi-
ment” treatments, P < 0.001 for DIN). N–NH4

+ and 
N–NO3

− concentrations in microcosms exposed to 
the DO fluctuation treatment were comparable to 

Fig. 2   Grain size distribution of Puyvalador (A), Villerest (B), 
and Grangent (C) sediments. Note that the X-axis of sediment 
grain sizes is log scale displayed
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those measured in microcosms experiencing the oxic 
treatment with Puyvalador and Villerest sediments 
(Fig.  3). In contrast, N–NO3

− concentrations meas-
ured in microcosms with Grangent sediments were 
significantly lower under the DO fluctuation condi-
tions (0.81  mg  l−1 on day 15) than under oxic con-
ditions (3.7  mg  l−1 on day 15). Grangent sediments 
produced the lowest DO concentrations (0.44 mg l−1) 
among the three sediments after stopping the aera-
tion of the water column during 12 h under the DO 
fluctuation treatment (Supplementary Material 1). 
DIN enrichment in the water column of microcosms 
was significantly influenced by DO treatments (2-way 
RM ANOVAs, “DO” treatment, P < 0.001 for DIN). 
Higher concentrations of DIN were measured in the 
water column of microcosms under anoxic conditions 
than under oxic or DO fluctuation conditions for all 
tested sediments (Fig.  3). DIN concentrations meas-
ured on day 15 under anoxic conditions were 5.5-fold, 

2.3-fold, and 1.9-fold higher compared to the oxic 
conditions for Puyvalador, Grangent and Villerest, 
sediments, respectively.

For all DO treatments, microcosms filled with Vil-
lerest sediments exhibited significantly higher DIN in 
the water column than the two other sediments at the 
end of the experiment (2-way RM ANOVAs, “sedi-
ment” treatment, P < 0.001). For example, under oxic 
conditions, N–NO3

− concentrations measured in the 
water column on day 15 were around two-fold and 
seven-fold higher in Villerest treatment (7.2 mg  l−1) 
compared to Grangent (3.7  mg  l−1) and Puyvalador 
(1.1 mg l−1) treatments, respectively (Fig. 3). In con-
trast, Puyvalador sediments produced the lowest con-
centrations of N–NO3

− under oxic conditions and 
concentrations of N–NH4

+ under anoxic conditions 
(Fig.  3). Consequently, DIN concentrations in the 
water column under both oxic and anoxic conditions 
increased from Puyvalador to Grangent and Villerest 

Fig. 3   Concentration of N-NH4
+ (A, B, C), N–NO3

− as sum 
of N–NO3

− and N–NO2
− concentrations (D, E, F), and DIN 

(N–NH4
+  + N–NO2

− + N–NO3
−) (G, H, I) in the water col-

umn during the experimentations for oxic, DO fluctuation and 
anoxic treatments of Puyvalador, Villerest, and Grangent sedi-
ments (mean ± standard error, N = 3)
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sediments (2-way RM ANOVAs, “sediment” treat-
ment, P < 0.001 for DIN). No significant difference in 
DIN concentration was detected between Puyvalador 
(1.58 mg l−1) and Grangent (1.47 mg l−1) treatments 
under the DO fluctuation treatment (Tukey post hoc 
test, P > 0.05).

Calculations of DIN fluxes showed that N–NH4
+ 

release rates were positive only in microcosms 
under anoxic conditions (Fig.  4A, 2-way ANOVA, 
“DO” treatment, P < 0.001). N–NH4

+ release rates 
were significantly lower in Puyvalador microcosms 
(mean value: 3.98  mg  day−1  m−2) than in Vil-
lerest (mean value: 8.38  mg  day−1  m−2) or Gran-
gent (mean value: 5.99 mg day−1 m−2) microcosms 
(2-way ANOVA, “sediment” treatment, P < 0.001). 
In contrast, only oxic and DO fluctuation condi-
tions produced significant releases of N–NO3

− into 
the water column (Fig.  4B, 2-way ANOVA, “DO” 
treatment, P < 0.001). Oxic and DO fluctuation 

treatments produced comparable N–NO3
− release 

rates for Puyvalador and Villerest sediments, but 
N–NO3

− release rate was lower under DO fluc-
tuation conditions (0.40 mg  day−1  m−2) than under 
oxic conditions (2.57  mg  day−1  m−2) for micro-
cosms filled with Grangent sediments (2-way 
ANOVA, interaction between “DO” and “sediment” 
treatments, P < 0.001). Significant differences in 
DIN release rates were found among sediment and 
DO treatments (Fig.  4C, 2-way ANOVA, interac-
tion between “DO” and “sediment” treatments, 
P < 0.05). Release rates of DIN in microcosms filled 
with Villerest sediments were significantly higher 
for all DO conditions than release rates measured 
in microcosms with Puyvalador and Grangent sedi-
ments (Fig.  4C). Microcosms filled with Grangent 
sediments presented intermediate release rates 
of DIN between microcosms filled with Villerest 
and Puyvalador sediments for all DO treatments 
(Fig. 4C).

Fig. 4   Release rates of 
N–NH4

+ (A), N–NOx
− (B), 

DIN (C), and P–PO4
3− 

(D) from the sediment to 
the water column for the 
three oxygen and sediment 
treatments (mean ± stand-
ard error, N = 3). For each 
panel, different symbols (#, 
§ and ¤) show significant 
differences among treat-
ments (see axis label, Tukey 
post hoc test, p < 0.05). 
Release rate of P-PO4

3− in 
the anoxic treatment was 
calculated at day 13 for 
Puyvalador under anoxic 
conditions due to an 
analytical problem for this 
measurement at day 15
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Influences of DO and sediment treatments on P–
PO4

3− dynamics

P–PO4
3− concentration in the water column sig-

nificantly varied during the course of the experi-
ment in all conditions (2-way RM ANOVA, “time” 
effect, P < 0.001, Supplementary Material 2 for 
detailed statistical results) but in the oxic and DO 
fluctuation treatments they remained lower than 
100  µg  l−1 throughout the experiment (Fig.  5AB). 
In contrast, P–PO4

3− concentration in the water col-
umn of the anoxic treatment continuously increased 
to more than 1  mg  l−1 at the end of the experi-
ment  (Fig.  5C). Anoxic conditions significantly 
increased P–PO4

3− concentrations in the water col-
umn in comparison with the other oxygen conditions 
(2-way RM ANOVA, “DO” treatment, P < 0.001). In 
the presence of Villerest sediments, P–PO4

3− concen-
trations reached 3.66 mg l−1 on day 15 in the anoxic 
treatment, which were higher by 66-fold (55.4 µg l−1) 
and 100-fold (36.2 µg  l−1) compared to the oxic and 
DO fluctuation treatments, respectively. Significant 
differences among sediment treatments were also 
observed (2-way RM ANOVA, “sediment” treat-
ment, P < 0.001) with Villerest sediments producing 
higher P–PO4

3− concentrations in the water column 
under anoxic conditions than the two other sedi-
ments (Fig.  5C). For example, P–PO4

3− concentra-
tions measured on day 13 under anoxic conditions in 
microcosms with Villerest sediments (3.24  mg  l−1) 
were more than 2.5-fold higher than those meas-
ured with Puyvalador (1.03  mg  l−1) and Grangent 
sediments (1.17  mg  l−1). Consequently, calculated 
release rates of P–PO4

3− were the highest in anoxic 

conditions, compared with the two other oxygen con-
ditions (2-way ANOVA, “DO” treatment, P < 0.001; 
Fig.  4D). Under anoxic conditions, P–PO4

3− release 
rates from Villerest sediments (2.42  mg  day−1  m−2) 
was significantly higher that rates measured with 
Puyvalador (0.69  mg  day−1  m−2) and Grangent 
(0.95  mg  day−1  m−2) sediments (2-way ANOVA, 
“sediment” treatment, P < 0.001).

Influence of sediment characteristics on DIN 
and P–PO4

3− release rates from sediment 
to the water column

From the three sediment predictors (proportion of 
fine sediment particles, total nutrient content, and 
total oxygen uptake), generalized linear model selec-
tions showed that the proportion of fine particles 
in sediments (clay and silts < 63  µm) was the best 
predictor of nutrient release rates (both DIN and 
P–PO4

3− release rates) in both oxic and anoxic con-
ditions (Table  2). Whatever the studied nutrient and 
oxygen conditions, nutrient release rates decreased 
with the proportion of fine particles (Fig.  6, gener-
alized linear models, F(1,7) > 31, P < 0.001, adjusted 
R2 > 0.79 for the four relationships presented in 
Fig. 6).

Algal growth bioassays

Bioassays showed higher algal growth rates in the water 
collected from microcosms under anoxic treatment 
than in the water of microcosms that experienced oxic 
or DO fluctuation treatments (2-way ANOVA, “DO” 
treatment, P < 0.001). Algal growth rates were around 
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Fig. 5   Concentration in P–PO4
3− in water column during the 

experimentation for oxic (A), DO fluctuation (B), and anoxic 
(C) treatments for the three sediment treatments (Puyvalador, 

Villerest, and Grangent sediments) (mean ± standard error, 
N = 3). *Concentrations of P–PO4

3− in the anoxic treatment at 
day 15 for Puyvalador are lacking due to an analytical problem
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Table 2   Model selections for estimating the influences of sediment characteristics on DIN (A, B) and P–PO4
3− (C, D) concentra-

tions released to water column under oxic (A, C) and anoxic (B, D) conditions

Models are ranked by decreasing Akaike’s information criterion corrected for small sample size (AICc). A difference of AICc 
between two models is considered as a significant improvement in favor of the model with the lowest AICc. The ‘adjusted R2’ (modi-
fied R2 that has been adjusted for the number of factors included in the model) is indicated here as an estimation of the proportion of 
variance explained by the corresponding model
DIN Dissolved Inorganic Nitrogen, FineSed logit transformed (proportion of particles < 63 µm in sediments), TOU Total Oxygen 
Uptake in sediments, TN Total Nitrogen, TP Total Phosphorus

(A) DIN release to water column under oxic conditions

General linear models AICc Adjusted R2

DIN release ~ FineSed 27.80 0.914
DIN release ~ FineSed + TN 29.14 0.948
DIN release ~ FineSed + TOU 30.89 0.936
DIN release ~ FineSed + TN + TOU 41.11 0.937
DIN release ~ TN + TOU 41.25 0.799
DIN release ~ TOU 44.25 0.465
DIN release ~ TN 48.03 0.186

(B) DIN release to water column under anoxic conditions

General Linear models AICc Adjusted R2

DIN release ~ FineSed 31.96 0.922
DIN release ~ FineSed + TOU 39.15 0.909
DIN release ~ FineSed + TN 39.09 0.910
DIN release ~ TN + TOU 44.38 0.838
DIN release ~ TN 50.29 0.403
DIN release ~ FineSed + TN + TOU 50.76 0.896
DIN release ~ TOU 51.99 0.279

(C) PO4
3− release to water column under oxic conditions

General Linear models AICc Adjusted R2

PO4
3− release ~ FineSed 73.44 0.896

PO4
3− release ~ FineSed + TOU 78.47 0.905

PO4
3− release ~ FineSed + TP 79.69 0.891

PO4
3− release ~ TP + TOU 88.81 0.701

PO4
3− release ~ TOU 88.89 0.423

PO4
3− release ~ FineSed + TP + TOU 89.84 0.894

PO4
3− release ~ TP 94.67 − 0.096

(D) PO4
3− release to water column under anoxic conditions

General Linear models AICc Adjusted R2

PO4
3− release ~ FineSed 148.79 0.790

PO4
3− release ~ FineSed + TP 150.70 0.864

PO4
3− release ~ FineSed + TOU 154.44 0.794

PO4
3− release ~ TP + TOU 155.46 0.769

PO4
3− release ~ FineSed + TP + TOU 158.39 0.899

PO4
3− release ~ TOU 162.19 0.068

PO4
3− release ~ TP 163.73 − 0.105
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two-fold higher in the water collected from microcosms 
filled with Puyvalador and Grangent sediments under 
anoxic conditions in comparison with the two other DO 
treatments (Fig. 7). This influence of the anoxic treat-
ment on algal growth in bioassays was more marked 
with water column collected from Villerest micro-
cosms (2-way ANOVA, interaction between “DO” and 
“sediment” treatments, P < 0.001): growth rates were 
increased by nine-fold and 4.5-fold in waters collected 
from the anoxic treatment compared with the waters 
from microcosms that experienced oxic or DO fluctua-
tion treatments, respectively. Significant differences in 
algal growth rate were detected among sediment treat-
ments (2-way ANOVA, “sediment” effect, P < 0.001). 
For microcosms that experienced anoxic conditions, 

algal growth rates in waters collected from Villerest 
microcosms were four- and three-fold higher than 
rates measured in waters collected from Puyvalador 
and Grangent microcosms, respectively. Algal growth 
measured in the water collected from Villerest micro-
cosms under anoxic condition was the only treatment 
resulting in higher (× 1.9, Fig. 7) algal growth rate com-
pared to the algal culture medium (i.e., in Chu medium 
used as positive control).

Discussion

The prediction that anoxic conditions would produce 
higher concentrations of NH4

+ and PO4
3− and lower 
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Fig. 6   Regression analyses showing the adjustment of measured release rates of DIN and P–PO4
3− in anoxic and oxic conditions 

predicted from the percentage of particles < 63 µm in the three sediments
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concentrations of NO3
− in the water column than oxic 

conditions was verified by the experimental results. 
We also validated that anoxic conditions would lead 
to higher total DIN concentrations in the water col-
umn compared with the oxic conditions. As classi-
cally observed (e.g., Carignan et  al., 1985; Fenchel 
et  al., 2012), NH4

+ that was produced by OM min-
eralization via ammonification in the sediment envi-
ronment diffused into the water column for all oxygen 
and sediment treatments. However, biogeochemical 
processes involved in the N cycling were different in 
oxic and anoxic conditions. Oxic conditions favored 
the nitrification process at the SWI (i.e., transforma-
tion of NH4

+ into NO2
− then NO3

−), whereas nitrifi-
cation was inhibited in anoxic conditions (Rysgaard 
et  al., 1994; Malecki et  al., 2004). Consequently, 
the accumulation of NH4

+ in the water column was 
favored in anoxic conditions, whereas NO3

− was the 
dominant form of DIN in the water column in oxic 
conditions. Release rates of NH4

+ were the highest in 
anoxic conditions (between 3.9 and 8.4 mg day−1 m−2 
for Puyvalador and Villerest, respectively) than in 
oxic conditions for all tested sediments. These results 
were comparable to release rates of NH4

+ in meso/
eutrophic lakes (between 5.5 and 10 mg  day−1  m−2) 
measured under anoxic conditions, while they were 
negligible in oxic conditions (Beutel, 2006).

For P dynamics, PO4
3− concentrations in the 

water column were higher in anoxic than in oxic 
conditions (× 550 for Puyvalador, × 66 for Villerest, 
and × 40 for Grangent sediments). Anoxic condi-
tions probably caused the reductive dissolution 
of Fe/Mn/Al oxides and the release of associated 
PO4

3− (e.g., Steinman et  al., 2016). This reduction 
mechanism increased PO4

3− concentration into the 

interstitial water and consequently, the molecular 
diffusion of PO4

3− from the interstitial water to the 
water column (Mortimer, 1941; Boström et al., 1988; 
Boudreau, 1996; Rapin et al., 2019). The release rates 
of PO4

3− were also significantly higher in anoxic 
conditions than those measured under oxic condi-
tions (between × 87 for Grangent and × 811 for Puy-
valador sediments). These values were comparable to 
those reported in the review of Nürnberg (1988) for 
meso/eutrophic lakes (from 0.8 to maximum release 
rate of 32  mg  day−1  m−2). DO availability modi-
fied PO4

3− dynamics through adsorption/desorption 
mechanisms with Fe/Mn/Al oxides, which was in 
accordance with the measured concentrations of Fe 
in sediments (Table 1) that might have adsorbed P in 
oxic conditions. Total iron to total phosphorus ratios 
(Fe:P by weight) in the three sediments (i.e., 34.7, 
31.5, and 29.4 for Puyvalador, Villerest, and Gran-
gent sediments, respectively) were largely higher 
than 15, which is the Fe:P ratio index (by weight) 
proposed by Jensen et  al. (1992) above which Fe 
content is expected to control PO4

3− release from 
oxic sediments. Generalized linear models showed 
that the percentage of fine particles (< 63  µm) also 
appeared as a main factor influencing the release rate 
of PO4

3− (but also DIN) from sediments to the water 
column in both oxic and anoxic conditions. Differ-
ences in rates of diffusive transport of solutes at the 
SWI of control microcosms among sediment treat-
ments were probably due to contrasting sediment 
properties (i.e., porosity and both pore connectiv-
ity and tortuosity) (Boudreau, 1996; Shen & Chen, 
2007) associated with differences in particle grain 
size distribution among sediments. It seemed from 
the present experiment that the proportion of clay 

Fig. 7   Ratios between 
algal growth in the water 
collected from the micro-
cosms and algal growth in 
the positive control (Chu 
medium) for the three 
sediment treatments (i.e., 
Puyvalador, Villerest, and 
Grangent sediments) and 
the three oxygen treatments 
(i.e., oxic, DO fluctuation, 
and anoxic conditions) 
(mean ± standard error, 
N = 3)
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and silt particles in reservoir sediments reduced the 
release rates of PO4

3− by limiting molecular diffusion 
between sediment and surface water compartment. In 
contrast, the stock of phosphorus in sediments and 
the microbial mineralization of organic P had low 
influences on PO4

3− fluxes at the SWI. The general-
ized linear model selection did not indicate that total 
phosphorus and total oxygen uptake were the main 
factors influencing PO4

3− fluxes at the SWI in both 
oxic and anoxic conditions. However, this lack of link 
between TP and PO4

3− fluxes at the SWI was prob-
ably due to the narrow range of TP content of the res-
ervoir sediments tested (from 0.89 to 1.26 mg of total 
phosphorus per g of dry sediment). Positive relation-
ships between the concentration of TP in sediments 
and P release rates from sediments to the water col-
umn were classically observed when wider ranges of 
TP content were considered (e.g., Jensen et al., 1992).

While DIN forms measured in the water col-
umn depended on the oxygen treatment (NH4

+ and 
NO3

− in anoxic and oxic conditions, respectively), 
total DIN concentrations measured on day 15 in the 
anoxic conditions were 5.5-fold, 2.3-fold, and 1.9-
fold higher compared to the oxic conditions for Puy-
valador, Grangent, and Villerest sediments, respec-
tively. These differences were probably linked to 
contrasted microbial activities involved in N cycles 
depending on oxygen availability. Under oxic con-
ditions, NH4

+ released in water column was succes-
sively nitrified (transformation of NH4

+ to NO3
−) and 

then denitrified (transformation of NO3
− to gaseous 

N2) after diffusion of NO3
− from oxic water column 

to anoxic layers of the sediment compartment. This 
denitrification process resulted in a net loss of N in 
all oxic treatments. Under anoxic conditions, NH4

+ 
concentrations continuously increased in the water 
column, suggesting that NH4

+ transformation into 
NO2

− and NO3
− was limited in the absence of oxy-

gen. Consequently, denitrification process was inhib-
ited under anoxic conditions, limiting the loss of DIN 
from water column by gaseous N2 production. No 
volatilization of NH3 associated with NH4–NH3 equi-
librium could occur because pH (~ 7.2) was markedly 
lower than 10 in microcosms under anoxic treatment 
(Reddy & DeLaune, 2008). Moreover, NO2

− con-
centrations measured in water column were very low 
(mean between 15 µg l−1 for Puyvalador and 26 µg l−1 
for Villerest on day 15) in anoxic treatments, leading 
to no or very low anammox activity (transformation 

of N–NH4
+ and N–NO2

− to gaseous N2) (Mulder 
et  al., 1995; Thamdrup & Dalsgaard, 2002). Differ-
ences in N loss by denitrification between anoxic 
(inhibition of denitrification) and oxic (nitrification 
of released NH4

+ from sediment followed by a deni-
trification of the produced NO3

−) treatments could 
explain the lower concentrations of DIN measured in 
water column of microcosms under oxic conditions 
than under anoxic conditions. As demonstrated by 
Jenkins & Kemp (1984) in estuarine sediments, oxy-
gen availability had control over nitrification process 
and associated denitrification in the present study.

Under daily fluctuation of DO, we expected that 
nitrification and denitrification at the SWI would be 
stimulated alternately by high and low oxygen con-
centrations in the water column, reducing the accu-
mulation of NO3

− in the water column in comparison 
with the oxic treatment. This prediction has been vali-
dated for microcosms filled with Grangent sediments 
in which NO3

− concentrations in water column were 
around three-fold lower in the DO fluctuation treat-
ment than in the oxic treatment. The microbial activ-
ity and oxygen uptake rate measured in Grangent 
sediment were high enough to produce large DO fluc-
tuations at the SWI that favored nitrification process 
during aeration (7–8  mg  l−1 of DO) and denitrifica-
tion process after the turn off of air source for 12 h 
(0.44  mg  l−1 of DO). However, this stimulation of 
nitrification and denitrification alternately by low and 
high DO concentrations was not observed in the two 
other sediments characterized by lower oxygen uptake 
rates (−  40% for Puyvalador sediments and −  30% 
for Villerest sediments) than in Grangent sediments. 
Because of these lower respiration rates, DO concen-
trations never dropped below 1 mg l−1 under DO fluc-
tuation treatments for Puyvalador (5.08  mg  l−1) and 
Villerest (1.11 mg l−1) sediments. Consequently, DO 
fluctuations did not stimulate the nitrification–denitri-
fication coupling and DIN dynamics were comparable 
in the DO fluctuation and oxic treatments for these 
two sediments. The DO fluctuation treatment showed 
that the microbial respiration rate in sediment might 
have regulated N cycling by determining oxic/anoxic 
conditions in the water column. This conclusion 
would be consistent with several works (Kemp et al., 
2009; Howarth et al., 2011; Steinsberger et al., 2019) 
indicating that biogeochemical feedbacks associated 
with OM mineralization and oxygen uptake rates in 
sediments determined the availability of N in aquatic 
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ecosystems. The selection of generalized linear mod-
els also showed that the percentage of fine particles 
(< 63 µm) was a main factor determining DIN release 
rate in both oxic and anoxic conditions. As observed 
for PO4

3−, DIN release rates decreased with the per-
centage of clay and silt particles, suggesting that 
fine particles significantly reduced the diffusion rate 
of dissolved nutrients from sediments to the water 
column. Nevertheless, it is worth noting that such 
physical effect of sediment characteristics on nutri-
ent diffusion from sediments to the overlying water 
was observed in absence of bioturbating fauna, which 
could increase sediment porosity at the SWI (Berg 
et al., 2001). By creating biogenic structures in sedi-
ments, bioturbating fauna can increase the water and 
solute exchanges at the SWI in a wide range of sedi-
ments. Using the three reservoir sediments of the pre-
sent experiment, Gautreau et al. (2023) demonstrated 
that the highest release rates of P–PO4

3− were meas-
ured in microcosms filled with Grangent sediments 
when the SWI was bioturbated by tubificid worms 
or chironomid larvae. The present study showed 
that, without bioturbation, the highest release rates 
of P–PO4

3− were measured in the water column of 
microcosms filled with Villerest sediments. So, the 
release rates measured in the present study cannot be 
directly transferred to reservoir sediments inhabited 
by bioturbating fauna (Mulsow et al., 1998).

Algal growth bioassays showed that the highest 
algal growth rates were measured in the water col-
umn of microcosms containing the highest concentra-
tions of PO4

3− (i.e., water collected from microcosms 
exposed to anoxic conditions). P availability for algae 
was higher in the water column of microcosms expe-
riencing anoxic conditions than in other DO con-
ditions. Following the Redfield ratio of 16 as the 
optimal molar N:P ratio for algal growth (Redfield, 
1958; Goldman, 1980) and especially for the growth 
of Raphidocelis subcapitata (Silva et al., 2015), cal-
culations of ratios from DIN and PO4

3− concentra-
tions measured at the end of the experiment indicated 
that N:P ratios were not P-limited in waters collected 
from microcosms under anoxic conditions, whereas 
N:P ratios suggested P-limited conditions in water 
from microcosms exposed to DO fluctuation or oxic 
treatments. Ratios measured under anoxic conditions 
were 8.2, 14.2, and 14.1 for Villerest, Puyvalador, and 
Grangent sediments, respectively. In contrast, molar 
N:P ratios in oxic and DO fluctuation treatments 

were comprised between 65 and 1450, suggesting 
a strong P limitation and reduced algal growth rate 
(Guildford & Hecky, 2000). As observed in many 
eutrophic lakes during the summer and early autumn 
(Kowalczewska-Madura & Gołdyn, 2012; Sønder-
gaard et al., 2017), our results confirmed that anoxic 
conditions at the SWI produced a comparatively 
higher release of PO4

3− than a release of DIN from 
sediments to water column, stimulating phytoplank-
ton growth by relaxing P limitation. Under anoxic 
conditions, DIN was mainly as N–NH4

+, which was 
likely more readily assimilated by Raphidocelis sub-
capitata than N–NO3

− (Silva et al., 2015). This differ-
ence in nitrogen form availability could explain why 
the algal growth measured in the water collected from 
Villerest microcosms under anoxic condition was 
1.9-fold higher than the growth rate measured in Chu 
medium characterized by nitrate as the sole source of 
inorganic nitrogen.

Conclusion

The first main conclusion of this study was that 
anoxic conditions at the SWI had a major influence 
on the release of DIN and PO4

3− from sediments to 
the water column. In all tested sediments, the anoxic 
treatment showed the largest release of DIN, as NH4

+ 
and PO4

3−, compared to the oxic and DO fluctuation 
treatments. Sediment grain size distribution had also 
a major role in DIN and PO4

3− fluxes at the SWI in all 
DO conditions. By reducing the porosity, the percent-
age of silt and clay probably limited the diffusion rate 
of dissolved nutrients from sediment to water column. 
This physical effect on nutrient release rates is prob-
ably not dominant in sediments inhabited by biotur-
bating fauna but it should be in sediment systems 
characterized by anoxic conditions which are unfa-
vorable for benthic fauna (e.g., Real & Prat, 1992). 
Under anoxic conditions, sediment grain size such 
as the percentage of fine particles could be used as 
a proxy to evaluate nutrient release rates at the SWI 
of reservoirs. These findings suggested to develop 
field works on a wide range of lakes and reservoirs 
to determine whether redox changes at the SWI asso-
ciated with sediment characteristics could be used as 
early-warning indicators of algal blooms in eutrophic 
freshwater ecosystems.
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