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cedure. The results showed the synchronous desorption and release of PO4 3- , S2- and Fe2+
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from the solid soil-originated sediment. This trend indicated that the significant reduction
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of Fe-P and SO4 2- occurred in the pore water during the inundation. The concentrations of
PO4 3- in the overlying water and pore water increased to more than 0.1 and 0.2 mg/L at the
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beginning of the incubation experiment. Decreased NO3 - concentrations from more than
1.5 mg/L to less than 0.5 mg/L combining with increasing NH4 + concentrations from less
than 1 mg/L to more than 5 mg/L suggested the remarkable NO3 - reduction via dissimilatory
nitrate reduction to ammonia (DNRA) pathway over time. High NH4 + concentrations in the

Fe2+

pore water aggravated the release of Fe2+ through reduction of Fe(III)-P as electric acceptors

Microcosmic incubation

under anaerobic conditions. This process further stimulated the remarkable releasing of la-

Experiment, Peeper and DGT
Peeper and DGT

bile PO4 3- from the solid phase to the solution and potential diffusion into overlying water.
Additionally, high S2- concentration at deeper layer indicated the reduction and releasing of
S2- from oxidation states, which can stimulated the NO3 - reduction and the accumulation
of NH4 + in the pore water. This process can also provoke the reduction of Fe-P as electric
acceptors following the release of labile PO4 3- into pore water. Generally, inundation potentially facilitate the desorption of labile P and attention should be paid during the reclaiming
lake from polder.
© 2022 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.
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Introduction
Eutrophication induced by extensive nutrient inputs is an
especially severe concern in aquatic ecosystems due to
the threat to the humans. Polders around the aquatic environments including lakes distribute worldwide due to
the demand of farming, fishery and mitigating flood risk
(Lindenschmidt et al., 2009). Intensive anthropogenic activities result in the extensive inputs and accumulation of nutrients including N and P in the soil in polder systems
(Martín et al., 2020). Polder can act as both sink of nutrients from fertilization and/or irrigation and export source
which can increase the risk of eutrophication problems
in downstream water bodies (Yan et al., 2018). Reclaiming
lake from polder is one of the important ecological engineering of restoring lacustrine ecosystems and reducing lake eutrophication (Wang et al., 2016). This strategy using inundating measures effectively enlarges the lake surface area and
reduces the disturbance of anthropogenic factors. However,
potential releasing of nutrients because of the variation of hydrologic condition can pose a serious threat to the lakes with
eutrophication problem during the inundating and deserves
special attention when this strategic option is implemented
around the lakes (Reijneveld and Oenema, 2012).
P is considered as the crucial limiting factor for primary productivity in fresh-water lacustrine ecosystems
(Schindler et al., 2016; Yuan et al., 2021). Different fractions
of P discharged into the lake water from various exogenous
sources can bury in sediment as P reservoirs via adsorption
and/or coprecipitation with different solid minerals such as Fe
(oxy)hydroxides and authigenic carbonate (Tian et al., 2021).
The buried P can release from the sediment again as endogenous source with the change of physicochemical factors
such as water depth, pH and dissolved oxygen DO content,
which can further contribute PO4 3- to the overlying waters
across water sediment interface (Ruban et al., 1999; Rippey
et al.,2021). Inundation of polder results in the sharp change
of not only geomorphology but also burial environment of
soil as “neonatal” sediment (named soil-originated sediment)
during short-time scale. Oxygen penetration depth is obviously changed by the overlay of lake water, which can regulate the DO concentration and the accomplishing switch of
dynamic process of nutrients including P in the soil-originated
sediment over time (Li et al., 2021). Keddy (2010) proposed
that increased soil moisture following inundating decreased
soil Eh accompanied by the consumption of alternative electron acceptors such as NO3 - , iron, and sulfate. Microbial activities were also influenced by the changes in soil moisture, and induced the adjustment of pH (Jiao et al., 2019).
Picek et al. (2000) indicated that the duration for reaching a
steady state within short time varying from hr to days after
inundating. Simultaneous N and P enrichment in the aquatic
environments displayed significantly positive synergistic responses, suggesting the potential regulation of N on P cycles (Elser et al., 2007). These biotic and/or abiotic effects can
concurrently dissolve or precipitate P and result in the redistribution of P from one phase to another, which link to the
aggravating or alleviating the P load in the changed aquatic
ecosystems.

It’s crucial to clarify the dynamic process of P in the soiloriginated sediment water system with high resolution for
the potential side-effect during the inundating of polder near
the lakes. However, continuous investigations of nutrients in
shallow-flooded soil-originated sediment are scarce and it’s
still unclear how the flooded areas act as a sink or source
of P for the new aquatic environment owning to the limitation of measuring techniques. The development of measuring techniques can facilitate the clarification of the processes
of P cycle during the shift of wet and dry environments. The
Peeper sampling technique can allow the simultaneous sampling of different analytes in pore water at a resolution of
as low as 2.0 mm based on dialysis and diffusive equilibration in thin films (Johnston et al., 2009). Additionally, DGT,
a passive sampling technique, can detect the labile form of
analytes in soil/sediment and characterise the diffusion process of ions from solid phase to solution at a 2D level and
high spatial resolution at the microscale (submillimeter level)
(Zhang and David, 1995; Wu et al., 2018). As a big challenge for
routine analyses of chemical analytes, the in-situ Peeper and
DGT techniques have innovatively on the measurement of the
distributions of mobile ions in the soils and sediments with
high resolution (Jacobs 2002; Wang et al., 2019). The purposes
of this study by using microcosm incubation experiments are
to 1) characterise the distribution of analytes including N, P,
Fe, and S fractions after inundating with high resolution using
Peeper and DGT techniques; 2) obtain the diffusion process of
analytes across the water sediment interface of polder on the
process of the inundating; and 3) clarify the triggered process
of different analyte fractions on P release in the soil-originated
sediment. The results are expected to supply useful insight on
eutrophication management in P-limited lakes when ecological engineering measures such as reclaiming lake from polder
are taken.

1.

Material and methods

1.1.

Sampling and measurement

Soil samples were taken from the three sites of a farmland
with about 5 cm in the polder (31°18 15.33 , 118°55 28.65 ) adjacent to Guchenghu Lake, which is located in Eastern China.
The samples were mixed immediately after the collection
and transferred into the lab for the subsequent incubation
experiments. This lake has been experiencing the deterioration of water quality due to the disturbance of human activities (Wang et al., 2018). Some ecological engineering including reclaiming lake from polder are being performed for the
restoration of lake ecosystems and water quality. The lake water sample near the polder area was also taken using clean
polyethylene containers from the lakeside following immediate filtration with 0.45 μm filter membrane (Waterman USA)
after being transformed to the lab. Some parameters of the
lake water including Eh, pH, and DO were obtained using a
multi-parameter water quality analyzer in field (HACH SL1000,
Japan). The soil samples (about 5,000 kg) were ground with an
agate mortar after freeze-drying, then were homogenized by
sieving with a 100-mesh sieve for subsequent implementation
and incubation experiment.
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The concentrations of TP and PO4 3- of overlying water
after filtration through 0.45 μm filter were acquired with
molybdenum blue colorimetry. Additionally, spectrophotometric method was used to measure the concentrations of
NO3 - , NO2 - , and NH4 + (Hou et al., 2013). The concentrations of
Fe, Al, Ca, and Mn in the polder soil were detected using ICPAES (Profile DV, USA) after digestion using mixed acid (HCl,
HNO3 , andHClO4 ).

1.2.

Incubation experiment using the microcosm system

The ground polder soil samples were transferred and homogeneously paved in a rectangular acrylic container (50 cm × 50
cm× 80 cm), which meaning the character were same at the
beginning of the incubation experiment. The filtered lake water was carefully poured into the container and fully soak
the soil without he disturbance of the interface. The depth
of overlying water in the microcosm was 30 cm, and was
remained stable by the covering with preservative film to
stop the evaporation of the water during the incubation period. After standing for 24 hr, the Peeper and the integrated
double-sided ZrO–CA DGT and ZrO DGT devices developed by
Ding et al. (2013) were vertically inserted into the sediment in
the microcosm with constant temperature (25◦ C). These devices were taken from the microcosm after another 48 hr (two
days, denoted as D2) and the surfaces of the gels were rinsed
with DI water for subsequent measurement. The insertion and
removal of the Peeper and DGT were carefully carried out to
avoid the disturbance of the water-sediment interface. Similar deployments were performed on day 5, 9, 13,19, 23, and 30
(D5, 9, 13, 23, and 30), respectively. The values of DO and pH
of the overlying water in the microcosm were detected every
day and continued 30 days.

1.3.

Peeper and DGT analysis

The Peeper sampler’s surface was covered with plastic membrane to avoid the oxidation and evaporation of the water
sample after rinsing with DI water before analysis (Xing et al.,
2018). After removal of the membrane, a total volume of
0.4 mL pore water sample was taken by piercing filter membrane with a plastic micropipette tip from the chambers of
devices at 0.5 cm interval. The collected pore water sample from each chamber was injected into polystyrene centrifuge tube and diluted into 5 mL for the analyses of different N, P, and Fe fractions in different incubation periods.
The concentrations of NO3 - Peeper and NO2 - Peeper was measured using UV spectrophotometric method, N-(I-naphthalin
group) diaminoethane photometric method (Solorzano, 1969).
NH4 + Peeper concentrations were measured using Nash reagent
spectrophotometry (Takeda and Fujiwara, 1993). Additionally,
Fe2+ Peeper and PO4 3- Peeper were obtained using phenanthroline
colorimetric methods and the molybdenum blue colorimetry
(Xu et al., 2013), respectively.
The integrated Double-side DGT assembly was divided to
independent ZrO–CA DGT and ZrO DGT units after retrieval.
The surface of gel in the ZrO–CA DGT device was scanned with
a flat-bed scanner after rinsing using DI water (Can divided
to on 5600F, Japan) at resolution of 600 dpi. The grayscale intensity was obtained by the conversion of scanned image us-
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ing ImageJ software (1.46r, Japan), and then calibrated into 2D
S2− DGT concentrations using calibration equations (Ding et al.,
2013). After this step, the gel surface was rinsed again and slice
into small strips at the interval of 2 mm. The small strip was
extracted with HNO3 (1.0 mol/L) for 24 hr in the centrifuge tube
(Chen et al., 2018). Similar to Fe2+ Peeper , the concentration of
Fe2+ DGT in the extracting solution was also obtained using
phenanthroline colorimetric methods.
After separation, the gel surface of ZrO DGT was cleaned
with DI water and heated on a hot plate for 24 hr at 80◦ C, then
dyed by infusion with the mixed molybdenum reagent at 35◦ C
for 1 hr (Ding et al., 2015). Subsequently, the surface of the dyed
gel was scanned at the resolution of 600 dpi with the flat-bed
scanner to get grayscale intensities after rinsing and soaking
using cool DI water (4◦ C) to stop the further development of
color. The obtained grayscale intensities were obtained using
ImageJ software (1.46r, Japan) and converted into 2D PO4 3- DGT
concentration using calibration equations (Ding et al., 2013).

1.4.

Sequential extraction of P pools in soil and sediment

Individual P pools in polder soil and soil-originated sediment
cores after incubation in the microcosm were sequentially extracted using modified SMT protocol (Ruban, 1999). In brief,
freeze-dried sediment (0.2 g) after incubation was sequentially
extracted using different extractants. The individual P pools
in solid phase were categorized into six categories, MgCl2 -P
(extracted with 1 mol/L MgCl for 4 hr); Fe-P (extracted using
1 mol/L NaOH for 16 hr); Ca-P (extracted using 1 mol/L HCl for
another 16 hr for the residue from last step); Pi (extracted using 1 mol/L HCl for 16 hr); Po (extracted using 1 mol/L HCl for
another 16 hr for the residue following calcination from last
step); and TP (extracted with 3.5 mol/L HCl for 16 hr after calcination at 550◦ C for 3 hr). All the phosphate concentrations
in the extracting solution were obtained using molybdenum
blue colorimetry. LOI, which can represent the values of OM,
was computed as the difference of the weight of the samples
with ignition at 105◦ C and 450◦ C in a muffle furnace for 16 hr,
respectively (Beaudoin 2003).

1.5.

Calculation of diffusion flux

The apparent diffusive flux in aquatic enviromments can be
used to exhibit the diffusion direction and extent of involved
analytes across the water sediment interface (O’Connell et al.,
2015). In this study, the fluxes of different N, P, Fe fractions
measured using Peeper in different incubation periods were
calculated using Eqs. (1) and 2 (Boudreau 1996) according to
Fick’s first law:
F=−

ϕD0
θ2



∂C
∂x



θ 2 = 1 − ln ϕ 2
(mg/(cm2 •hr))

(1)

(2)

where F
represents the diffusion flux of ions in
the pore water with concentration C (mg/L) determined using
Peeper at depth x (mm); Dimensionless ϕ and θ are the sediment porosity and tortuosity, respectively; D0 refers to the molar diffusion coefficient of analytes in the water depending on
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Table 1 – Physicochemical parameters in overlying water and pristine soil from polder.
sample

Polder soil

parameter

Al
(g/ kg)

Fe

Ca

Mn

TN

TOC

Lake water
pH

Eh
(mV)

DO
NO3
(mg/ l)

NO2 -

NH4 +

TN

PO4 3-

TP

7.6
±0.4

5.8
±0.3

8.6
±1.6

1.0
±0.2

0.7
±0.1

14.6
±1.2

5.9
±0.2

366.0
±18

12.2
±3.3

0.04
±0.01

0.16
±0.10

1.56
±0.22

0.03
±0.01

0.05
±0.01

0.9
±0.1

Fig. 2 displays the variation of different P pools in polder
soil and soil-originated sediment profiles in microcosm after incubation treatment. Significant change was found before and after incubation. Fe-P occupied the largest proportion
(86.3%) of Pi in the pristine soil, following Ca-P and MgCl2 -P.
After incubation with 30 days, the MgCl2 -P concentrations in
the sediment core in the microcosm sharply decreased to less
than 10 mg/kg, which was about the half of the pristine substrate. Fe-P concentrations in the whole sediment profile also
significantly reduced to less than 160 mg/kg and accounted for
lower proportion of Pi relative to that in pristine soil. It’s interesting that the Ca-P in the sediment profile significantly increased to more than 110 mg/kg with the highest value about
two-fold magnitude of pristine soil sample. Similarly, Pi concentrations rose with highest value up to 294.2 mg/kg, which
generally accounted for higher proportions than Po. General
downward decrease was detected for Po concentrations to less
than 200 mg/kg except for few outlier. Finally, LOI on the sediment core after incubation downward decreased from about
6.7% to 4.4% at the bottom layer.

2.2.

Fig. 1 – The day-by-day DO and pH variations of the
overlying water in the microcosm.

porosity and temperature;

refers to the concentration

gradient obtained using the slope of the fitted line at the water
sediment interface.

2.

Results

2.1.
Parameters in water and P fraction in soil-originated
sediment in different incubation periods
Table 1 lists the physicochemical parameters including the
contents of various N and P fractions in pristine lake water and
soil from polder. Higher NH4 + concentration occurred when
both NO3 - and NO2 - had the low values. The variations of DO
and pH in the overlying water of the microcosm during the incubation period of 30 days are illustrated in Fig. 1. In general,
DO concentrations didn’t show obvious fluctuation during the
incubation process. pH slightly increased from less than 8 to
higher values over time.

High-resolution 2D characteristic of P and S

Figs. 3 and 4 respectively display the high-resolution 2D distribution characteristics of PO4 3- DGT and S2− DGT concentrations
obtained using the Double-sided DGT devices across the sediment water interface experiencing different incubation periods. Spatial heterogeneity of these two analytes was clearly
shown in the sediment profiles with some plaque meaning
high values in the sediment. Significant downward increases
in PO4 3- DGT and S2− DGT concentrations were found from the
upper layer toward the bottom layer at all the incubation period. Obvious increase in PO4 3- DGT concentrations was detected at the D2 when the incubation experiment started.
The concentrations of PO4 3- DGT rapidly rose and reached high
value at D5 with highest value of 0.006 mg/L at the deep sediment depth. The peak values of PO4 3- DGT decreased over time
and reduced to about 0.004 mg/L at D13. The values kept relative stable until the end of the incubation experiment. Similar variation trend for S2− DGT was also found during the incubation period. The S2− DGT concentrations increased from the
sediment water interface to the down layer at the beginning
of the incubation experiment (D2) and further rose over time
until D9 with highest value up to about 0.07 mg/ l, following
remaining relatively stable until D30 of the incubation experiment.
Fig. 5 illustrats the high-resolution 1D curves of mean concentrations of PO4 3- DGT, S2− DGT and Fe2+ DGT across the water
sediment interface. Different from PO4 3- DGT, S2− DGT , increasing concentrations of Fe2+ DGT were detected until D13 with
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Fig. 2 – Concentrations of different P fractions in polder soil and soil-originated sediment after incubation with 30d
incubation. The red box refer to the values of soil from polder; the dashed vertical line showed the similar values of
individual P fractions on the sediment profile.

Fig. 3 – High-resolution variations of 2D PO4 3- concentrations across the water sediment interface obtained using DGT in
different incubation experiment periods. The colors refer to different PO4 3- concentrations using the RGB-imaging method
(Ding et al., 2015). The dashed line refers to the water sediment interface (WSI).

Fig. 4 – High-resolution variations of 2D S2- concentrations across the water sediment interface detected using DGT on
different incubation experiment periods.
highest value reaching up to 0.12 mg/L near the bottom layer.
Subsequently, the values of Fe2+ DGT vibrated in the sediment
from D13 to the end of the incubation (D30). However, the values significantly increased from the upper layer to the bottom
after incubation with 13 days and generally exceeded the preliminary stage of the incubation.

2.3.
Vertical distribution of different N, P, and Fe fractions
in the pore water
Fig. 6 illustrats the concentrations of different N, Fe, and P fractions in pore water obtained using Peeper samplers with high
resolution during different incubation periods. NO3 - concentrations increased two folds magnitude of pristine lake water
and kept stable on the whole incubation period. However, the
values in the pore water sharply reduced to less than 0.5 mg/L
at D30. NO2 - concentrations obviously increased from D2 until
D9 with the highest value of approximate 0.6 mg/L in the overlying water. NO2 - concentrations in the upper sediment layer

simultaneously increased at D9 following dramatic decreasing to about 5 cm layer and remained stable until the bottom.
Along with the incubation progress, NO2 - concentrations in
the overlying water and pore water significantly decreased to
about 0.02 mg/L which was lower than the pristine lake water
from D13 over time. As an important reductive fraction, the
NH4 + in the overlying water generally remained unchanged
with values lower than pristine lake water during the incubation periods. It’s intriguing that the NH4 + concentrations in
the pore water were significantly elevated until D19 with the
highest value up to 10 mg/L at the deep layer, then remained
high value until the end of the incubation experiment.
The Fe2+ concentrations in pore water at the sub-surface
of the sediment (about 5–7 cm depth) slightly increased from
the D2 to D9 with the highest value of 0.52 mg/L during
the incubation. Noted that the values sharply rose to about
2.2 mg/L at D13, following the significantly decreasing again
until less than 0.4 mg/L at the end of the experiment. In addition, the concentrations of PO4 3- in the overlying water of

152

journal of environmental sciences 118 (2022) 147–157

Fig. 5 – High-resolution 1D PO4 3- -, S2- , and Fe2+ concentrations detected using DGT across the water sediment interface.

Fig. 6 – Different N, P, and Fe fractions on the soil-originated sediment profile detected using peeper during the different
flooding periods.

microcosm increased to 0.007 mg/L at D2, and further increased to high values more than 0.1 mg/L at D5, following
decreasing to 0.05 mg/L at the end of the incubation experiment again. Downward increased PO4 3- concentrations from
the water sediment interface to about 7 cm depth layer was
detected following decreasing until the bottom layer of the

sediment. In addition, the concentrations of PO4 3- in the pore
water increased from the initiation to D5, then gradually reduced to lower than 0.1 mg/L until the end of the experiment
(D30) in the whole sediment profile.
The diffusion fluxes of different N, P, and S fractions detected using Peeper is illustrated in Fig. 7. Significant down-
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Fig. 7 – Apparent diffusion fluxes of individual N, P, and Fe fractions across the water sediment interface. The solid lines
refer to fitting curves based on nonlinear fitting.

ward diffusion was detected for NO3 - during the whole inundating periods. NO2 - showed the slight diffusion downward, following the obvious diffusion from the sediment upward to the overlying water. NH4 - had the high diffusion flux
and orientation from the sediment upwards. Similarly, Fe2+
and PO4 3- also had the upward diffusion fluxes to the water from the sediment. However, the peak values of diffusion
fluxes of Fe2+ and PO4 3- was found at different incubation
periods.

3.

Discussion

3.1.
Inundating induced the release of P in the
soil-originated sediment
PO4 3- is both the most common and biologically available
form of P in aquatic ecosystems (Young et al., 2009). However, massive researches indicated that the majority of sedimentary P was bound with Al/Fe (oxy)hydroxides, and with
Ca-containing minerals in the soil and sediment, all of which
were considered to be poorly available to organisms (Roberts
et al., 2015). Obvious decrease in MgCl2 -P and Fe-P in the solid
sedimentary particles relative to pristine soil indicated the release of these two fractions from the solid phase to the water after experiencing the inundating. MgCl2 -P, as the most labile P phase, was linked to the surface solid particles through
weak physical and chemical interactions (Aminot and Andrieux, 1996). This suggested the remarkable resupply potential of mobile PO4 3- to the pore water due to the dissolution of
loosely adsorbed P after inundating based on the decreasing
compared to the pristine soil in the polder. Simultaneously,
obvious decreasing of Fe-P compared to the pristine soil was
also found, which indicating the generally release of Fe-P in
the sediment after inundating with 30 days. Significantly re-

duced Eh detected in our previous experiment (Yuan et al.,
2020) in sediment core in microcosms was speculated to be responsible for the desorption of solid Fe-P in the soil-originated
sediment. Re-wetting resulted in the reducing of DO in the
interval of soil after the inundating and induced the sediment in reducing scenario. Under the anaerobic condition,
ferric iron (Fe(III)) as electron acceptor was reduced into ferrous specie (Fe(II)) (Schippers and Jørgensen, 2002). This process resulted in the desorption and release of P bound to ferric
(oxy)hydroxides and decreasing of Fe-P in the sediment. Additionally, increased pH over time suggested that inundating
induced the elevation of OH- in the overlying water (see Fig 1).
Biological removal of NOX (mentioned below) by both assimilatory and dissimilatory reduction contributed greatly to the
generation of total alkalinity and to the increase in water pH
(Kopáček et al., 2000). Labile OH- can complete with PO4 3- for
sorption sites on solid ferric hydroxide, which can induce the
desorption of fractional PO4 3- into solution (House and Denison, 2000). We speculated this was associated with the more
distinct decreasing of Fe-P at upper sediment layer after inundating.
Different from Fe-P, Ca-P concentrations in the sediment
after inundating with 30 days obviously increase relative pristine soil. Ca-P was normally considered to be originated from
detrital minerals and to remain stable on the processes of the
sedimentation (Ruban et al., 1999). However, Van Cappellen
and Burner (1988) proposed that the desorption of Fe-P and
degradation of Po could both promote the generation of Ca-P
in the solid particles. Similar result was also found in Taihu
Lake, even the mobilization of this P fraction appeared less
important than Fe-P (Zhu et al., 2013). Decreased Po concentrations in the sediment was detected relative to pristine soil,
suggesting the remarkable mineralization during the incubation after inundating to an important pool as potentially
bioavailable P under anoxic conditions (Rydin, 2000). This re-
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Fig. 8 – Correlations among PO4 3- , Fe2+ and Fe2+ detected using DGT on different incubation periods with flooding. The
colors represent different correlation coefficient. The flatness refers to the degree of Correlations.

lease of Po caused by the degradation of OM was testified by
the decreasing values of LOI in the sediment experiencing inundating. Isotope data of authigenic phosphate (primarily carbonate fluoroapatite) also implied that the regeneration of Pi
from OM degradation was the predominant source for Ca-P in
the sediment (Joshi et al., 2015). Gomez et al. (1999) proposed
that a part of phosphate bound to the Fe (oxy)hydroxides was
converted to organic phase when pH increased from 7 to 8
with the intermedium of PO4 3- . Generally, inundation provoked the conversion of both Fe-P and Po. However, the process and predominance which fraction has in P resupply for
solution were unclear and need further evidence.

the pore water on anaerobic conditions. Weak correlations
(Fig. 8) between Fe2+ DGT and S2- DGT existed at the preliminary stage (from D2 to D9) were attributed to the weak release of Fe2+ from the solid phase. Higher Fe2+ DGT and S2- DGT
concentrations indicated the anabatic reduction and releasing under anaerobic episode induced by inundating that triggered the generation and precipitation of FeSx (Norgbey et al.,
2020). This reaction can further induce the reduction and subsequent desorption of Fe-P because of the depletion of Fe(II)
toward the interstitial water.

3.2.

N fractions in the pore water displayed significant difference
on the progress of inundating within 30 days. NO3 - was an important contributor for the fueling eutrophication because of
significant promotion for primary productivity in the aquatic
ecosystem. Higher NO3 - concentrations in the overlying water
than pristine lake water was speculated to originate from the
desorption of solid NO3 - -N in the sediment via diffusion. However, lower NO3 - concentrations was detected in the pore water, which indicating the occurrence of denitrification action.
The removal of NO3 - in freshwater was dominated by denitrification, anammox, and DNRA under anaerobic condition
(Domangue and Mortazavi, 2018). Denitrification activity was
the common pathway and can reduce NO3 - to NO2 - , which
can be proved by the elevation of NO2 - concentration and flux
in the pore water at about D13 after inundating. DNRA competes with denitrification for NO3 - , with end-products of NH4 +
which can improve the eutrophication in the aquatic environment (Mohan et al., 2004). With the decreasing of Eh in the
soil-originated sediment, DNRA pathway which can transfer
NO3 - to highly bioavailable NH4 + dominated the NO3 - reduction under anaerobic conditions after inundating with about
13 days (Bonaglia et al., 2016). Similarly downward increase
in NH4 + concentrations was also detected in Chaohu Lake
(Liu et al., 2009). This predominance of NO3 - reduction pathway was presented as the significant decrease in NO3 - and increase in NH4 + concentrations and fluxes in the pore water
during the whole inundating period.
NO3 - reduction in the sediment was also connected to the
denitrifying bacteria using Fe(II) and sulfide to act as electron donors (Handley et al., 2013). Higher Fe2+ peeper concentrations than Fe2+ DGT during the inundating period suggested
the releasing and accumulation in the pore water from the
solid particles. Noted that the Fe2+ peeper concentrations gen-

Resupply characteristic of P from the solid sediment

Simultaneously release of labile Fe2+ DGT and PO4 3- DGT from
solid phase to solution phase was commonly detected in both
soil and sediment (Gao et al., 2016; Wang et al., 2019). Fig 8 illustrats the correlation among Fe2+ DGT , PO4 3- DGT and S2- DGT
at different incubation periods. Significantly positive correlation was not surveyed at the beginning of the inundating occurrence. Low and negative correlations between Fe2+ DGT and
PO4 3- DGT suggested the out-of-step release from the solid sediment particles to the water in the short time with the shift of
environment from soil to soil-originated sediment. The peak
values of PO4 3- DGT occurred earlier than Fe2+ DGT , indicating
more multiple sources of PO4 3- DGT in the sediment water system. Different from soil and sediment, the quick mineralization of Po in soil-originated sediment was speculated to be responsible for the high PO4 3- through overlapping with that released from P bound to Fe (oxy)hydroxides. Additionally, the
desorption of Fe-containing minerals without P in the soil of
polder could result in the continuous release of Fe2+ from the
solid sediment particle and improved the Fe2+ DGT concentrations in the DGT gel via the change of sedimentary environment. Significantly positive correlations were found after D13
(R2 =0.56–0.77, p<0.01), which indicating the synchronous release of Fe2+ DGT and PO4 3- DGT from the sediment particles
when the sedimentary environment after inundating tended
to be more stale on anoxic/anaerobic episode.
Sharply increase in S2- DGT downwards from the sediment
water interface toward the bottom sediment indicated the
quick release of S2- from the solid sediment pellets experiencing the inundating. Higher S2- DGT concentrations at
deeper layer of the sediment during the whole incubation
periods suggested the stronger reduction of SO4 2- to S2- in

3.3.

Nitrate reduction improved the release of P
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erally decreased from the beginning over time, which indicating the depletion of labile Fe2+ in the pore water under anaerobic episode. NH4 + retention in the environment can supply
substrates for other biochemical processes (Jiang et al., 2020).
Relatively stable NO3 - concentrations in the whole sediment
profile after inundating can supply enough electron acceptors
as oxidizer, even the concentrations tended to decrease under anaerobic condition at deeper sediment layer. NO3 - reduction via DNRA pathway can be also stimulated by other effective electron donors including Fe2+ and S2- except for OM
in freshwater ecosystems (Robertson et al., 2017; Zhu et al.,
2018). Increasing Fe2+ concentrations can provide more electron donors, which potentially improved this capacity in the
soil-originated sediment system after inundating. This process led to the both increasing NH4 + and reduced Fe2+ in the
pore water over time. The depletion of Fe2+ can simultaneously stimulate the desorption of Fe-P and replenishment of
Fe2+ , which directly resulted to the increase in PO4 3- in the
pore water and the lag of the peak values of Fe2+ vs. PO4 3- .
The investigation of Kieckbusch and Schrautzer (2007) found
that high NH4 + concentrations, DO depletion, and PO4 3- releasing simultaneously occurred in the pore water of polders.
Jensen et al. (1992) also surveyed that NO3 - additions increased
the P release from sediment. These results synergistically testified that DNRA stimulated the P release from solid phase to
solution due to the desorption of Fe-P under anoxic/anaerobic
condition in soil-originated sediment experiencing inundating.
In addition, NO3 - can mobilize SO4 2- by the oxidation of
S2- in the pore water, which lead to a decrease of NO3 - and
stimulates anaerobic decomposition of OM (Smolders et al.,
2010). Obvious increasing S2- concentrations detected using
DGT technique indicated the significant reduction of SO4 2over time after inundating. Similar result was also surveyed
in other lacustrine environment (Norgbey et al., 2020). Similar to Fe2+ , increased S2- concentrations can stimulate the
NO3 - reduction in the soil-originated sediment experiencing low redox potential as alternative electron donor and
the accumulation of NH4 + via DNRA-orienting NO3 − reduction (Murphy et al., 2020). High concentrations of NH4 + in the
pore water further induced the reduction and desorption of
Fe(III) (oxy)hydroxides, which resulted to the accompanying
PO4 3- release in the pore water. Generally, continuous release of Fe2+ and S2- from the solid sediment particles under
anoxic/anaerobic condition due to the inundating contributed
to the increase in labile PO4 3- in the water.

3.

Conclusion

Different N and P fractions synchronously detected using
high-resolution in-situ Peeper and DGT techniques were surveyed in microcosm experiencing inundating, and displayed
significant variation over time in the pore water of soiloriginated sediment. The desorption and release of Fe-P in the
solid soil-originated sediment induced the simultaneous increase of PO4 3- and Fe2+ concentrations under anaerobic condition after inundating. Additionally, decreased NO3 - and NO2 concentrations combining with increasing NH4 + in the pore
water suggested that DNRA was the predominant pathway
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of NO3 - reduction. High NH4 + concentrations further aggravated the release of Fe2+ through reduction of solid Fe(III)
(oxy)hydroxides as electric acceptors under anaerobic conditions, which led to the release of labile PO4 3- bound to Fecontaining minerals. Finally, high S2- concentration as electric
donors at deeper layer can also improve the NO3 - reduction
and the NH4 + accumulation. Generally, the ovelap of Fe reduction and S oxidation can synergistically provoke the desorption and release of Fe-P and potentially fueled the eutrophication. The stimulation effect of P release during reclaiming lake from polder is worthy of attention even the concentration and diffusion flux slightly decreased after inundating
over time.
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