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Abstract
Purpose Internal phosphorus (P) input has been proven to be an important cause of eutrophication. The purpose of this study is to
explore the process and mechanism of P release from sediments in seasonal hypoxic reservoirs.
Material and methods Six sediment cores were collected fromHongfeng Reservoir, one of the largest reservoirs in southwestern
China. Incubation experiments were conducted using the sediment cores under aerobic and anaerobic conditions. The diffusion
gradients in thin films (DGT) technique was employed to determine the concentration profiles and release characteristics of
labile-P and labile-Fe at the sediment–water interface. The microbial community structure in surface sediments was determined
by 16S rRNA sequencing.
Results and discussion Compared with the aerobic condition, the P release flux was ~3.75 times under anaerobic condition,
which mainly came from BD-P and NaOH-P. In addition, DGT-P and DGT-Fe were significantly positively correlated (R2 >
0.66, p < 0.001). From 16S rRNA sequencing, SRB and PSB were shown to promote P release through sulfate reduction and P
dissolution in sediments. Moreover, the control measures of internal P release are discussed due to the potential risk of it in deep-
water reservoirs.
Conclusion Dissolved oxygen is the key control factor of P release; thus, anaerobic conditions promoted the release of P from
sediments. Fe-P reduction and dissolution are the main processes. SRB and PSB played an important role in the P cycle of
sediments. It is necessary to increase oxygen in seasonal hypoxic reservoirs to reduce the risk of internal P release.

Keywords Internal phosphorus . Seasonal hypoxic reservoir . Sediments . Dissolved oxygen . Diffusive gradients in thin films
technique (DGT) . 16S rRNA

1 Introduction

Reservoirs are one of the most important storage and utiliza-
tion forms of freshwater resources in the world. Artificial

reservoirs built along the river usually have large water depth
(average water depth > 15 m) (Lehner et al. 2011; Maavara
et al. 2017). There are more than 45,000 large reservoirs
worldwide—defined as reservoirs with dams of more than
15 m (Nilsson et al. 2005). By 2013, 98,002 reservoirs had
been built in China with a total capacity of 9.32 × 1010 m3

(MWR 2013). Relevant research show that the contribution of
reservoirs to the total surface area in China (0.29%) is much
larger than the global average (0.17%), and the total capacity
of reservoirs (794 km3) is triple that of lakes (268 km3) (Yang
and Lu 2014). Therefore, it is very crucial to understand the
environmental problems in reservoirs for the regulation and
management of water resources.

Eutrophication is one of the most prominent environmental
problems in water resources and China’s reservoirs are facing
increasing eutrophication. Phosphorus (P) is a factor that
limits eutrophication in water bodies (Carpenter 2005;
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Schindler et al. 2016). Therefore, effectively controlling P
input into water bodies is essential to addressing the eutrophi-
cation problem. The sources of P in water bodies are catego-
rized as external sources (e.g., industrial wastewater, domestic
sewage, agricultural non-point sources) and internal sources
(sediments release) (Markovic et al. 2019; Ruttenberg 2019;
Yang et al. 2020). Under conditions such as hypoxia and wind
wave disturbances, P is continuously releasing from sedi-
ments to the overlying water, which can become an important
“source” of P in water bodies (Ahlgren et al. 2011; Kwak et al.
2018). When the external input is effectively controlled, the
continuous input of internal P can maintain the high concen-
tration of P in water (Paytan et al. 2017;Markovic et al. 2019).
Therefore, understanding the flux, mechanism, and key con-
trol factors impacting how P release from sediments into water
bodies. Also, it is of practical significance for internal pollu-
tion treatment and eutrophication management in reservoirs.

The coupling between iron (Fe) and P cycles was first
proposed by Einsele (1936). It was proposed that P release
from sediments is related to the redox of Fe. Many studies
have shown that the reduction and dissolution of Fe-P is an
important mechanism for the migration and transformation of
P in sediments (Smith et al. 2011; Ding et al. 2015; Gao et al.
2016). However, the previous studies on the release process
and mechanism of P mainly focused on natural lakes, but few
on artificial deep-water reservoirs. Due to its physical struc-
ture characteristics, vertical thermodynamic stratification of-
ten occurs in deep-water reservoirs. A thermocline forms at a
depth of several meters (Henry 1999). In deep-water reser-
voirs, organic matter, such as algae, that is produced in the
surface water continuously sinks to the lower water. When
accompanied by organic matter degradation and other
oxygen-consuming processes, the DO levels gradually de-
crease in the bottom water, resulting in an hypoxic state in
the deep water (Dutton et al. 2018). In addition, the thermo-
cline hinders the mass transfer process of oxygen to the lower
water body, further aggravating the hypoxic condition of the
lower static water layer. This positive feedback effect may
accelerate the recycling of P and maintain the eutrophication
in deep-water reservoir. Therefore, hypoxia has become a
common problem in deep-water reservoirs. In these deep-
water reservoirs with seasonal hypoxic, the source, migration
process, and mechanism of P release needs to be studied.

In this study, parallel sediment column cores were collect-
ed from Hongfeng Reservoir, a deep-water and seasonal hyp-
oxic reservoir with periodic eutrophication issues in south-
western China. Using simulated aerobic and anaerobic condi-
tions, experiments assessed the P release process at the
sediment–water interface (SWI). The diffusive gradients in
thin films technique (DGT) and traditional chemical sequen-
tial extraction were used to measure the chemical composi-
tion, profile distribution, and temporal variations in P and Fe
in sediments and pore water. At the same time, 16S rRNA

amplicon sequencing technology was used to analyze the mi-
crobial community composition of surface sediments. The
objectives of this study were to (1) identify the process and
mechanism involved in the release of P from sediments in a
seasonal hypoxic reservoir, (2) explore the role and influence
of microorganisms in sediments P cycling, and (3) explore the
engineering measures that could control internal P release
from sediment.

2 Materials and methods

2.1 Study area

Hongfeng Reservoir (26° 30′ N, 106° 23′ E) is one of the
largest artificial reservoirs in southwestern China. It was built
in the 1960s, and has a water surface area of 57.2 km2, a water
storage capacity of 6.01 × 108 m3, and an average water depth
of 10.5 m (the deepest depth is 45 m). The drinking water
source is provided by Hongfeng Reservoir for Guiyang city,
with a population ofmore than 4.8 million. Since the construc-
tion, Hongfeng Reservoir has experienced the transformation
from eutrophication to mesotrophic. However, in recent years,
abnormal partial water quality occurs usually (Guo et al.
2020). Field monitoring showed that the reservoir’s water
body experiences seasonal stratification, with DO concentra-
tion in the bottom water at levels below 1 mg L−1 from late
spring to early autumn. In other seasons, the bottomwater is in
an aerobic state (the average DO concentration is approxi-
mately 6 mg L−1) (Wang et al. 2016). Due to seasonal hypox-
ia, internal P input has become an important source of in-
creased P concentrations in the Hongfeng Reservoir (Wang
et al. 2016; Chen et al. 2019b).

2.2 Sample collection and simulation experiment

In September 2019, six sediment column cores were collected
from the Dam of Hongfeng Reservoir (DM, 23 m of water
depth, Fig. S1) using a gravity sampler (the inner diameter and
height of the column core were 11 cm and 50 cm, respective-
ly). The collected column cores were wrapped in aluminum
foil to protect them from the light and were brought back to
the laboratory. After the cores stabilized, the overlying lake
water was siphoned off, and Milli-Q water was slowly added.
The ratio of the sediment column core thickness to the over-
lying water thickness was approximately 2:3 for all the col-
umn cores. The conventional physical and chemical parame-
ters of the water profile were detected in situ using a multi-
parameter water quality monitor (YSI6600V2, YSI Inc.,
USA) at 1-m intervals.

The sampled parallel column cores were analyzed using
laboratory simulation experiments. They were divided into
two groups, the aerobic group and anaerobic group, and each
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group had three individual column cores. The overlying water
was controlled in anaerobic (DO <1 mg L−1) and aerobic (DO
>6 mg L−1) states by continuously injecting pure nitrogen or
air. During the experiment, the incubation temperature was
controlled at 22 °C ± 1 °C to simulate the temperature of the
lake bottom water (Fig. S2). The simulation experiment lasted
for 16 days, with the simulation device was maintained in dark
condition. During the 16-day experimental period, 200-mL
water samples were collected from the overlying water on
days 1, 2, 5, 7, 13, and 16. Due to the large sampling volume,
a replacement volume of Milli-Q water was added after each
sampling event. These volume cores were modified in subse-
quent calculations. On days 1, 5, 10, and 15, the ZrO-chelex
DGT device (Easysensor Ltd., Nanjing, China) filled with
nitrogen and oxygen was inserted into the sediment core ver-
tically and slowly, and kept 3 cm in the overlying water for 24
h. At last, the sediment column cores were sampled at 1-cm
intervals after the overlying water was extracted. The sedi-
ment samples were freeze-dried (FDU-2100, Shanghai Bilon
Instrument Co., Ltd.) and ground to particle sizes of below
200 meshes for chemical analysis.

2.3 Analysis of hydrochemistry and sediment
component

After the ZrO-Chelex DGT was removed, the surface of the
ZrO-Chelex gel was rinsed with Milli-Q water. The gel layer
was then removed, and cut into small pieces at 2-mm intervals
with a ceramic knife (Easysensor Ltd., Nanjing, China). The
thin film slices were then transferred to a 1.5-mL centrifuge
tube, and were extracted using 1.0 M HNO3 and 1.0 M NaOH
for a 16-h elution period to extract the liable-Fe (DGT-Fe) and
liable-P (DGT-P) (Ding et al. 2015). The Fe and P concentra-
tions in the eluate were measured using the phenanthroline
colorimetric method (Tamura et al. 1974) and the molybde-
num blue method (Murphy and Riley 1962), respectively,
using an Epoch microplate spectrophotometer (BioTek,
USA). The concentration of soluble reactive phosphorus
(SRP) in the overlying water sample was measured using the
molybdenum blue method (Murphy and Riley 1962).

After the simulation experiment, the surface sediment in
the upper 5 cm was sampled at 1-cm intervals. The Hupfer
methodwas used to extract and measure the relative content of
P forms of in the sediments (Hupfer et al. 1995). The TP
content in sediment was measured using the HClO4-H2SO4

digestion method (Frankowski et al. 2002). Mixed acid
(HNO3-HCl-HF) was used to digest the sediments; then, an
inductively coupled plasma optical emission spectrometer
(ICP-OES; Vista MPX, Varian, USA) was used to analyze
iron (Fe), aluminum (Al), calcium (Ca), and manganese
(Mn) contents in the sediments. All samples were treated over-
night with 1 M HCl to remove carbonate (Midwood and
Boutton 1998). The total organic carbon (TOC) and total

nitrogen (TN) were measured using an element analyzer
(Elementar , Vario MACRO cube, DEU).

2.4 DNA extraction and microbial community analysis

Fresh surface sediment samples, at 1 cm in size each, were
collected and placed in sterile centrifuge tubes. The refriger-
ated samples were tested by Sangon Biotech Co., Ltd.
(Shanghai, http://www.life-biotech.com/). After DNA
extraction, PCR amplification, and 16S sequencing, the
microbial community structure was obtained. The DNA was
extracted using an OMEGA kit EZNA Mag-Bind Soil DNA
Kit extraction kit. Then, the DNA integrity and concentrations
were tested using agarose gel. The qubit 2.0 DNA detection
kit was used to accurately quantify the genomic DNA, and
then it was sequenced after mixing with the same amount of 1:
1. When the same amount of DNA was mixed, the DNA
volume of each sample was 10 ng, and the final sequencing
concentration on the computer was 20 pmol. Then, samples
were used for PCR amplification; the amplified region was the
V3–V4 region of 16S rRNA. After PCR, the PCR products
were detected using electrophoresis using agarose gel. Clean
reads were generated after sequencing using the Misdq
platform.

To study the species composition of each sample, the se-
quences were clustered into operational taxonomic units
(OTUs) at a similarity level of 97%. Clean reads with a uni-
form sequencing depth were used to annotate classification
information of microbial species based on OTUs using
QIIME platform. A RDP Classifier algorithm was used to
annotate species classification information from the phylum
level to the genus level. Based on the species abundance in
each sample, the software Mothur was used to calculate the
population richness indexes (Chao index and ACE index) and
the community diversity indexes (Shannon index and
Simpson index).

2.5 Data analysis

To quantify the P release from sediments, the internal P input
flux in the sediment column cores of the aerobic and anaerobic
groups were calculated using a method based on changes in
the P concentration in the overlying water over time. This was
done by calculating the P release rate from sediments (mg m−2

day−1, Eq (1)) (Fisher and Reddy 2001) using the changes in
the P concentration in the overlying water of the sediment
column cores over time, as follows:

F ¼
h
V Cn−C0ð Þ þ ∑n

j¼1V j−i C j−1−Ca
� �

A� t
ð1Þ

In which, V denotes the volume of the overlaying water (L)
of the bottom sludge column; Vj-1 denotes the volume (L) of
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the water sample taken at j-1 time; C0, Cn, and Cj-1 denote the
P concentration (mg L−1) of the water sample taken at 1, n and
j-1 time, respectively;Ca denotes the P concentration (mg L−1)
in the supplement water; A denotes the surface area (m2) of the
sediments; and t denotes the temporal cycle (d).

The concentration of liable-P and liable-Fe (II) in the sed-
iments obtained using DGT was calculated (Xu et al. 2013)
using Eq (2) as follows:

CDGT ¼ MΔg

DΔt
ð2Þ

whereM denotes the cumulative amount of P in the fixed film
(ng); Δg denotes the thickness of the diffusion layer (cm); D
denotes the diffusion coefficient of P in the diffusion layer
(cm2 s−1);A denotes the area of each strip film (cm2, resolution
width is 1 cm × 2 cm); and t denotes the placement time of the
DGT device.

2.6 Statistical analysis

SPSS 23.0 (IBM Corp. USA) was utilized to complete the
statistical analysis. The analysis included determining the
Pearson correlation coefficient and analyzing the correlation
between DGT-P and DGT-Fe. Origin 2017 (Origin Lab Inc.,
USA) and R (Version 3.1) were used for the plotting process.
Userach software (Uparse Version 5.2.236) was used for the
cluster analysis of the clean reads. Mothur software (Version
1.30.1) was used to calculate the diversity index.

3 Results

3.1 The effects of DO on the concentration of in
overlying water

Figure 1 shows the change of SRP in the overlying water of
sediment column cores with time under different treatment

conditions. For the anaerobic group, the SRP concentration
in the overlying water increased continuously from 0.08 ±
0.01 mg L−1 on 1 day to 0.15 ± 0.05 mg L−1 on 16 days.
The SRP concentration of the aerobic group increased slightly
to 0.03 ± 0.02mg L−1, but it was significantly lower compared
to the anaerobic group. Based on the temporal variation in the
SRP concentration in the overlying water the column cores,
the internal P release flux (Eq (1)) in the sediment column
cores was calculated under the two different conditions. The
release flux of sediments P in the column cores of the aerobic
group was significantly smaller compared to the anaerobic
group, which was 0.69 ± 0.43 mg m−2 day−1 and 2.59 ±
1.34 mg m−2 d−1, respectively. These results indicate that an-
aerobic conditions facilitate P release from sediments.

3.2 Changes in P content of different forms in
sediments

To study the potential of P release from sediments, the chang-
es in the content of P forms in the 0–5 cm surface sediments
under different treatment conditions were determined (Fig. 2,
Table 1). Under different conditions, the content of P forms
was ranked as follows: NaOH-P > residual-P > HCl-P > BD-P
> NH4Cl-P. The NaOH-P was dominant, at content of
569.77–707.62 mg kg−1 in the aerobic samples and 488.99–
543.85 mg kg−1 in the anaerobic samples, accounting for
42.23 ± 2.2% and 38.32 ± 4.3% of TP, respectively. Then, it
was residual-P at content of 218.58–245.73 mg kg−1 (aerobic)
and 214.86–233.37mg kg−1 (anaerobic), andHCl-P at content
of 172.31–224.64 mg kg-1 (aerobic) and 194.45–259.36 mg
kg−1 (anaerobic). The NH4Cl-P content was lowest in all
cores, with an average level of 5.35 mg kg−1 (aerobic) and
10.54 mg kg−1 (anaerobic). This accounted for only approxi-
mately 1% of the TP.

After the simulation experiment, the TP content of the aer-
obic group was higher compared with the anaerobic group
(1478.14 > 1352.86 mg kg−1, ave). The content of BD-P
and NaOH-P in the anaerobic sample group was significantly
lower compared with those of the aerobic sample group. The
content of NH4Cl-P and HCl-P exhibited an opposite trend. In
addition, there were no significant changes in the P forms in
the different layers.

3.3 Temporal variation of DGT-P and DGT-Fe concen-
tration profiles

The concentration profiles of DGT-P/Fe (according to Eq (2))
with time and depth under the two conditions (aerobic and
anaerobic) is presented in Fig. 3. DGT-P (Fe) increased as
the depth increased. At the same time, the DGT-Fe value
was higher that the DGT-P. Under the aerobic condition
(DO >6 mg L−1), the changes of DGT-Fe and DGT-P became
increasingly stable as the cultivation time increased; a similar

Fig. 1 Changes in the SRP concentration in overlying water under
different DO conditions
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outcome was seen under anaerobic condition (DO <1 mg
L−1). The correlation between DGT-Fe and DGT-P was stron-
ger in the anaerobic condition compared to aerobic (0.83 >
0.74, ave). Figure 3 shows that under anaerobic condition, as
the depth and time changed, the DGT-Fe concentration in-
creased significantly, and it was much higher than under the
aerobic condition. The change of DGT-Fe was smaller under
the aerobic condition. Under the two conditions, the DGT-P
concentration changed little with time. The DGT-P (Fe) con-
centration changed on the vertical profile as follows: 20–10
mm was the stable stage, and 10–200 mm was the increasing
stage. At the same time, the SWI of the anaerobic group had a
higher concentration of DGT-P compared to the aerobic group
(0.142 > 0.009 mg L−1, 15 days). At the same time, the

linearity of DGT-P and DGT-Fe showed a significant positive
correlation between the DGT-P and DGT-Fe concentrations
(R2 > 0.66, p < 0.001, Fig. 4).

3.4 Analysis of microbial community structure

A bacterial community analysis was performed on the six
sediment column cores. After quality screening and cutting,
they were assigned to 30,823OTUs. At a 97% similarity level,
a sample OTU, goods coverage, richness, and diversity of the
bacterial community are shown in Table 2. The average se-
quencing coverage rate exceeded 91%, indicating that se-
quencing covered all microbial communities. There were 36
phylum, 83 classes, 128 orders, 226 families, and 350 genera

Table 1 Basic parameters of surface sediment samples under aerobic and anaerobic conditions

Condition Depth
(cm)

TOC
(%)

TN
(%)

Fe
(g kg−1)

Al
(g kg−1)

Ca
(g kg−1)

Mn
(g kg−1)

NH4Cl-P
(mg kg−1)

BD-P
(mg kg−1)

NaOH-P
(mg kg−1)

HCl-P
(mg kg−1)

Residual-
P
(mg kg−1)

Total-P
(mg kg−1)

Aerobic −1 7.93 0.92 40.26 56.77 34.22 0.77 4.68 144.12 569.77 172.32 226.28 1310.61

−2 7.75 0.89 37.90 53.84 32.96 0.75 5.17 157.04 678.67 174.37 229.26 1541.88

−3 7.01 0.80 29.97 42.79 26.18 0.60 7.85 173.37 707.62 207.34 218.58 1612.64

−4 6.93 0.77 34.08 48.35 28.68 0.70 4.54 197.09 577.30 205.60 227.23 1478.89

−5 6.62 0.77 57.15 77.65 43.52 1.13 4.52 182.63 589.21 224.64 245.73 1446.66

Ave 7.25 0.83 39.87 55.88 33.11 0.79 5.35 170.85 624.51 196.85 229.42 1478.14

Anaerobic −1 8.05 0.86 23.17 34.12 22.21 0.49 12.27 133.27 526.34 194.45 221.81 1187.21

−2 7.43 0.85 30.00 40.69 27.75 0.58 7.94 140.59 499.99 195.53 214.86 1411.07

−3 7.51 0.83 43.78 60.54 33.87 0.86 8.74 144.46 488.99 211.77 229.07 1487.90

−4 7.29 0.80 36.35 50.42 28.50 0.74 9.42 188.62 510.80 219.10 233.37 1389.78

−5 7.13 0.72 38.65 52.68 29.09 0.79 14.31 156.76 543.85 259.36 226.69 1288.33

Ave 7.48 0.81 34.39 47.69 28.28 0.69 10.54 152.74 513.99 216.04 225.16 1352.86

Fig. 2 Changes in sediment P levels under different treatment conditions
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detected, demonstrating the diversity of microbial communi-
ties. The community richness of the anaerobic group exceeded
that of the aerobic group (Chao, ACE). The Shannon and
Simpson indexes indicated there was not much difference in
the community diversity between the aerobic and anaerobic
groups.

The bacterial community composition was detected of dif-
ferent samples at the phylum level (Fig. 5). A total of 36 phyla
were detected. Among all samples, Proteobacteria was the
most abundant phylum, accounting for 33% (ave). The re-
maining phylum at abundances over 1% were as follows:
Planctomycetes (12.48%), Chlorof lex i (11.3%),
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Fig. 3 Profile changes for DGT-P and Fe concentrations with time and depth under different treatment conditions

Fig. 4 Correlation analysis between DGT-P and DGT-Fe
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Verrucomicrobia (9.46%), Acidobacteria (7.57%),
Bacteroidetes (6.27%), Actinobacteria (5.58%), Firmicutes
(4.31%), Chlamydiae (2.32%), Parcubacteria (1.31%), and
Aminicenantes (1.11%). There was no obvious difference be-
tween the aerobic group and the anaerobic group with respect
to microbial species; however, there were differences in the
relative proportions of specific bacterial species (Fig. 5). The
bacteria present were closely related to the nutrient cycle of
sediments.

The bacterial communities associated with P cycling in
sediments were analyzed (Table 3). A total of 350 genera were
detected in the sediments. A total of 21 genera were found by
searching for desulfurization bacteria within the monitored
genera (Table 3). The relative abundance of bacteria did not
significantly difference between the anaerobic and aerobic
groups. At the same time, it was found that there were 8
genera of phosphate-solubilizing bacteria (PSB): Geobacter,
Pseudomonas, Acinetobacter, Achromobacter, Rhizobium,
Flavobacterium, Azospirillum, Bacillus.

4 Discussion

4.1 The effect of DO on phosphorus release from
sediments

In this study, different concentrations of DO have different
effects on P release from sediments. The P concentrations in
the overlying water and the P release flux from the core under
anaerobic condition were significantly higher than those under
aerobic condition (Fig. 1), indicating that anaerobic promoted
the release of P from sediment to the overlying water. This is
mainly because at low DO levels, the Fe (III) is reduced to Fe
(II) in the surface sediments at the SWI, accompanied by the
reduction and dissolution of Fe-P in the sediments. Thus, free
SRP diffuses to the SWI, increasing the overlying water SRP
concentration (Fig. 1). Under aerobic condition, Fe(II) is eas-
ily oxidized to Fe(III) to form Fe(OOH) compounds. This
process provides a large number of free adsorption sites for
P ions (PO4

3−) in water and sediment, thus forming Fe(OOH)-
P complexes, which hinder the release of internal P (Och et al.
2012; Nóbrega et al. 2014; Markovic et al. 2019). The signif-
icant correlation between DGT-Fe and DGT-P in sediments
(R2 > 0.66, p < 0.001) (Figs 3, 4) indicated that liable-P and
liable-Fe in the sediments were simultaneously released from
sediments. This indicates that the release of P from Hongfeng
Reservoir sediments is mainly controlled by the reduction and
dissolution of Fe-P, which is consistent with the results of in
situ experiments (Chen et al. 2019b). The release of P from
sediments is mainly characterized by the change of P forms
(Jin et al. 2006; Tang et al. 2013). NH4Cl-P, BD-P, and
NaOH-P are considered to be unstable forms of P and are

Table 2 The bacterial community diversity index of sediment samples
at 97% similarity level under different treatment conditions (SD-A, B, C
are the aerobic groups, SD-D, E, F are the anaerobic groups)

Sample OTU Shannon ACE Chao1 Coverage Simpson

SD-A 4781 7.05 11,845 8594 0.91 0.0033

SD-B 5213 7.02 12,461 9253 0.92 0.0043

SD-C 5321 7.14 12,042 9103 0.92 0.0041

SD-D 5117 7.16 12,900 9353 0.91 0.0036

SD-E 5088 7.12 12,492 9119 0.91 0.0031

SD-F 5302 7.19 12,119 9031 0.92 0.0030

Fig. 5 Column graphs of the relative abundance of species at the phylum level (SD-A, B, C represent the aerobic groups, SD-D, E, F represent the
anaerobic groups)
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easily released from sediments (Rydin 2000; Yang et al.
2020). The content of TP in sediment under anaerobic condi-
tion was lower than that under aerobic condition, which dif-
ference was mainly due to the BD-P and NaOH-P in the sed-
iments (Table 1, Fig. 2). In addition, the high content of liable-
P in SWI under anaerobic condition is an evidence of P release
from sediments (Fig. 3).

The release of P from sediments is a complex process in-
volving many microscopic physical, chemical, and biological
processes at the SWI, such as DO, temperature, pH, and mi-
crobial (Jin et al. 2006; Sinkko et al. 2013; Gibbons and
Bridgeman 2020; Gu et al. 2020). In lake ecosystems, many
studies have shown that DO and Fe redox reactions and are
important in P exchange between water and sediment (Wang
et al. 2008; Wu et al. 2014; Kang et al. 2018; Tammeorg et al.
2020).

Sulfate reduction process can promote the release of P from
the sediment, which comes from Fe-P (Chen et al. 2016; Wu
et al. 2018). Ca-P is easier to release in acid condition (pH <
7), while when pH > 7, the release of Fe-P usually occurs (Jin
et al. 2006). Fe but not Mn redox reactions should control
mobilization of P in Meiliang Bay sediments of Taihu Lake,
the third largest shallow freshwater lake in China (Chen et al.
2019a). However, the redox of Mn is more important for the
release of P, rather than Fe, in Aha Reservoir, a seasonal
hypoxic reservoir in southwest China (Sun et al. 2017) and
Chen et al. (unpublished data). In short, the dissolution of Fe-P
does not dominate the internal P loading in all seasonal hyp-
oxic reservoirs, but which is still the most widely recognized.

4.2 The influence of microorganisms on the release of
P from sediments

Dissolved oxygen is very important for P release from sedi-
ments. However, microorganisms are also key drivers to
shape the P cycle in the earth’s environment. Studies have
shown that microorganisms directly or indirectly affect the
release of P from sediments (Wu et al. 2008; Gu et al.
2020). Pomeroy et al. (1965) also noted that the release of P
from sediments under the presence of microorganisms is 50%
to 100% higher compared with the aseptic condition. The
level of P released by biological metabolism is more than five
times higher than the physical and chemical processes (Qian
et al. 2011). It shows that the role of microorganisms in the P
cycle of sediments cannot be ignored. The results of 16S
rRNA sequencing showed that the sediment microbial com-
munity was rich and contained many microorganisms related
to nutrient load (Fig. 5, Table 3).

Iron-reducing bacteria (IRB) and sulfate-reducing bacteria
(SRB) play an important role in sediment P cycling (Ma et al.
2017; Wu et al. 2019). Previous studies have shown that hyp-
oxia promotes the growth of IRB and SRB (Roden and
Zachara 1996). IRB such as Geobacter, Ferribacterium
l imn e t i c um , Pa l u d i b a c u l um f e rmen t a n s , a n d
Anaeromyxobacter dehalogenans speed up Fe(III) reduction
process in the sediments under hypoxic conditions (Lovley
et al. 1998; Cummings et al. 1999; Voordeckers et al. 2010;
Bai et al. 2019). However, in this study, the presence of IRB
was not observed. On the contrary, SRB was detected in the
sediment microbial community, such as Desulfovibrio,
Desulfobacterales, Desulfatiglans, Desulfuromonadales,
Desulfobacca, Desulfovibrionales, and Desulfobulbus
(Table 3). In this study, SRB may promote the reduction of
Fe(III). SRB anaerobic respiration dissimilates and reduces
sulfate to produce S2− and H2S. This facilitates the production
of iron sulfide (FeS), reducing Fe(III), and indirectly inducing
the desorption and release of Fe-P in the sediments (Sinkko
et al. 2013;Wang et al. 2016). Previous studies on the effect of
microorganisms on P release in sediments of Hongfeng

Table 3 Bacterial communities associated with the P cycle at the genus
level

Cycling processes Genus Aerobic (%) Anaerobic (%)

Sulfur Desulfatiglans 0.503 0.632

Desulfatirhabdium 0.542 0.468

Thiobacillus 0.558 0.460

Desulfomonile 0.190 0.172

Desulfonatronobacter 0.114 0.119

Desulfocapsa 0.109 0.108

Desulfobacca 0.101 0.103

Desulforhabdus 0.050 0.072

Desulfovirga 0.053 0.073

Desulfobulbus 0.052 0.064

Sulfurimonas 0.029 0.046

Desulfosarcina 0.037 0.030

Desulfatitalea 0.022 0.028

Desulfuromonas 0.017 0.021

Thermodesulfovibrio 0.009 0.010

Desulfovibrio 0.008 0.013

Desulfonema 0.009 0.008

Desulfobacula 0.007 0.007

Desulfoprunum 0.008 0.006

Desulfofaba 0.004 0.012

Desulfitobacterium 0.002 0.007

Phosphorus Geobacter 0.083 0.072

Pseudomonas 0.083 0.049

Acinetobacter 0.052 0.050

Achromobacter 0.003 0.011

Rhizobium 0.004 0.008

Azospirillum 0.003 0.003

Flavobacterium 0.107 0.124

Bacillus 0.051 0.052

Total 2.361 2.879
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Reservoir also focused on SRB rather than IRB (Wang et al.
2016; Chen et al. 2019b).

PSB have been considered to play vital role in the process
of P cycling in freshwater ecosystems (Qian et al. 2010; Liu
et al. 2017; Li et al. 2021), which can accelerate the P cycling
by degrading organic P and releasing inorganic P (Qu et al.
2013; Maitra et al. 2015; Liu et al. 2017; Li et al. 2019). In this
study, eight typical PSB, includingGeobacter, Pseudomonas,
Acinetobacter, Achromobacter, Rhizobium, Flavobacterium,
Azospirillum, and Bacillus, were observed at the genus level
(Table 3). For the lake environment, different kinds of PSB
have been isolated and identified, and the ability of P release
has been proved (Kim et al. 2005; Wu and Zhou 2005). The
common PSB in sediments are summarized in Table 4. The
results show that PSB can promote the release of P in sedi-
ments during P regeneration cycle (Qu et al. 2013; Maitra
et al. 2015; Li et al. 2021). PSB solubilizes P in sediments
of the Three Gorges Dam, the biggest water conservancy pro-
ject in the world, to improve recognization of its role in P
cycling in large reservoirs (Liu et al. 2017). Ca-P is considered
to be the main form of P solubilizes by PSB (Maitra et al.
2015). HCl-P can also be released from sediments by many
strains of inorganic PSB, showing a strong ability of P release
(Li et al. 2019). Moreover, inorganic PSB release more P than
organic PSB (Qian et al. 2010). There are many opinions
about the mechanism of phosphate solubilizing of PSB, the
production of organic acids has been focused. This reduces the
pH value of the environment, leading to the degradation of
insoluble phosphates into available P. Alternatively, organic
acids can chelate and dissolve metal ions in Fe-P, Al-P, and
Ca-P (Chen et al. 2006; Panda et al. 2016). At the same time,
PSB also has the characteristics of P mineralization. The com-
plex mechanism of phosphate-solubilizing leads to less atten-
tion, but the impact on P cycle cannot be ignored. In addition,

the composition of bacteria in sediments is a complex system.
In this study, it was found that there was a strong correlation
between bacterial community and different P forms at genus
level, such as Pseudomonas, Desulfobacca, Acinetobacter,
and Comamonas, and so on associated with NaOH-srp,
Desulfobulbus associated with HCl-P, Parachlamydia associ-
ated with BD-P and TP, and so on (Fig.S3). Therefore, the
specific effects of microorganisms on P cycling in sediments
need to be further studied.

4.3 Prevention and control measures for managing P
pollution from sediments in engineering applications

The release of internal P pollution in sediments should be
concerned. In this study, the fluxes from sediments (aerobic:
0.69 ± 0.43 mg m−2 day−1, anaerobic: 2.59 ± 1.34 mg m−2

day−1) was remarkably high than those from eutrophication
lakes, such as Dongting Lake (−0.027 mg m−2 day−1–
−0.197 mg m−2 day-1, mean: 0.086 mg m−2 day−1) and
Chaohu Lake (0.37 mg m−2 day−1–2.17 mg m−2 day−1) (Gao
et al. 2016; Li et al. 2020a), which indicating the seriousness
of the internal P pollution in Hongfeng Reservoir. Although
many shallow Lakes are facing serious eutrophication prob-
lems, the level of internal P pollution in lakes is lower than that
in deep-water reservoirs. For example, the TP content in sed-
iments of Chaohu Lake ranges from 343 to 1746 mg kg−1,
(mean: 898 mg kg−1). However, the TP content of deep-water
reservoirs in Southwest China is relatively high, such as
Hongfeng Reservoir (range: 766–4306 mg kg−1, mean:
1815 mg kg−1), AHa Reservoir (range: 1050–1960 mg kg−1,
mean 1415 mg kg−1) and Zipingpu Reservoir (range: 682.39–
1609.06 mg kg−1, mean: 1121.08 mg kg−1) (Wang et al. 2015;
Chen et al. 2018; Wang et al. 2019; Yang et al. 2020). These

Table 4 Summary of common
phosphate solubilizing bacteria
(PSB) in sediments

Genus References Genus References

Enterobacter (Qian et al. 2010; Su et al. 2019) Micromonospora (El-Tarabily and
Youssef 2010)

Bacillus (Paul and Sinha 2013; Li et al. 2019) Aminobacter (Liu et al. 2017)
Paenibacillus Arthrobacter

Vibrio (kannapiran and Ramkumar 2011; Paul and
Sinha 2013; Su et al. 2019)

Aeromonas (Qian et al. 2010)
Micrococcus Pantoea

agglomerans

Flavobacterium Rhizobium

Corynebacterium Achromobacter

Alcaligenes Agrobacterium

Pseudomonas (Venkateswaran and Natarajan 1983) Burkholderia Lin et al. 2006, Qian
et al. 2010)

Azospirillum (Wu and Zhou 2005) Aeromonas (Paul and Sinha
2013)

Acinetobacter
haemolyticus

(Grangeasse et al. 1998) Enterobacter
aerogenes

(Lee et al. 2000)
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data indicate that internal P pollution has a huge environmen-
tal risk to deep-water reservoirs.

Several methods and measures are currently used to control
the input of internal P in lakes. However, P-releasing con-
trolled from sediments remains a challenging task. Sediment
dredging (Yu et al. 2017; Oldenborg and Steinman 2019; Li
et al. 2020b), in situ immobilization (Yin et al. 2020), aquatic
plant restoration (Zhao et al. 2012), in situ adsorption-microbe
combination technology (Liu et al. 2020), and aeration are
commonly used to control internal pollution. In this study, it
indicated that in deep-water reservoirs, the key factor control-
ling the release of P from sediments is the change in DO
levels. Once there is a significantly anoxic environment at
the SWI in a deep-water reservoir, there is a positive feedback
effect, where “oxygen-deficiency in the lower water → en-
hanced release of internal sediment pollutants → increased
primary productivity in lakes → aggravated oxygen-
deficiency in the lower water body” (Ingall and Jahnke
1997; Conley et al. 2009). Therefore, it is effective to control
internal P inputs by increasing the DO level at the SWI.

In response to P releases from sediments caused by SWI
oxygen deficiencies in deep-water reservoirs, many re-
searchers have conducted technology research and develop-
ment to address this problem. A common measure is artificial
aeration, which can increase the DO levels in the water body.
Widely used deep-water aeration technologies include Speece
conical technology (Speece 1971), bubble plume diffusion
technology (McGinnis et al. 2004), artificial de-layer technol-
ogy (Serra et al. 2007), and gas lift technology. These tech-
nologies focus on increasing the DO levels of the lower layers
of the water body. In recent years, some researchers have
developed new oxygenation materials (such as oxygen
nanobubble modified minerals) by focusing on the effective-
ness of oxygenation at the SWI (Shi et al. 2018; Zhang et al.
2018). By directly adding mineral material loaded with oxy-
gen nanobubbles to the sediment surface, the oxygenation can
be accurately increased at the SWI to control P releases from
sediments. Developing and applying efficient and
environment-friendly SWI oxygenation technologies, mate-
rials, and equipment could help achieve in situ control of
internal P pollution in deep-water reservoirs.

5 Conclusions

This study conducted a simulation experiment to investigate
flux in the release of P from sediments, and the associated
release mechanisms, in a deep-water reservoir. Do is the key
control factor of P release in seasonal hypoxic reservoirs, an-
aerobic conditions promoted the release of P from sediments.
The significant positive correlation between DGT-Fe and
DGT-P (R2 > 0.66, p < 0.001) suggested that the reduction
and dissolution of Fe-P dominate the sediment P release. The

changes of BD-P and NaOH-Pwere the main forms of internal
P release. 16S rRNA sequencing showed SRB and PSB
played an important role in the P cycle of sediments. Eight
typical PSB were detected, which were discussed in the pro-
cess of P cycling in sediments.

Compared with the natural shallow eutrophic lakes such as
Dongting Lake and Chaohu Lake, the TP content and release
flux in the sediments are relatively high. There is a higher P
loading, faster P release rate, and higher pollution potential in
deep-water reservoirs of southwest China, which highlights
the importance and urgency of controlling internal P pollution
in deep-water reservoirs. In addition, there were possible mea-
sures discussed for facilitating bottom water oxygenation and
internal P pollution control in deep-water reservoirs. The fu-
ture research and development of efficient and environment-
friendly SWI oxygenation technologies will help solve the
problem of sediment P pollution.
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