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Macrophyte-dominated eutrophication (MDE) lakes have attracted wide attention due to
the high phosphorus (P) loading in sediments that poses a wide spread risk for P release
and pollution management. However, because of the superior productivity characteristics,
the role of organic P mineralization in sediments in the internal P loading of MDE lake is still
under debate. This study investigated the release dynamic of P in the sediments of Lake
Caohai, a MDE lake in southwest of China, using a combination of the modified Huffer
sequential extraction method, 31P nuclear magnetic resonance spectroscopy (NMR), and
composite diffusive gradient in thin films (DGT) technology. Results showed that the
apparent P diffusion flux at the sediment-water interface was remarkably high, with a mean
value of 0.37 mgm−2 d−1. The phosphate ester organophosphorus components
(i.e., Mono-P and Diester-P) continuously deposited and degraded in the sediments
maintained the high productivity of the lake, and the mineralization process plays a critical
role in the release of internal P. Although the content of inorganic P in sediment is relatively
high (accounting for approximately 60% of total P), the reductive mechanism based on
P-containing iron oxide/hydroxide has a low contribution to the internal P loading, as was
indicated by the low release rate of P-combination iron-manganese (Fe-Mn)/iron-
aluminum (Fe-Al) (BD-P and NaOH-P) and the insignificant positive correlations
between DGT-labile P and DGT-labile Fe in the sediment cores. Additionally, organic P
in sediments could transfer to P-combination Fe-Al/Fe-Mn. However, in severely
expropriated environments, the enrichment of P-combination Fe-Al/Fe-Mn in surface
sediments inhibited the mineralization of monophosphate to some degree. Taken
together, this study emphasized the impact of sediment organic P loading on the
release of internal P in lake, highlighting that organic P is also the valuable objects for
avoiding eutrophication of MDE lakes.
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1 INTRODUCTION

Phosphorus (P), as a limiting nutrient, is very important to lake
ecosystems, but its excessive enrichment leads to eutrophication
(Álvarez et al., 2017; Lin et al., 2021). Sediments is an important
source and sink of P in water, and plays a critical role in the
deposition, transformation, and recycling of nutrients in the lake
system (Chen et al., 2020; Pu et al., 2020). Studies have
substantiated that the release of P in sediments significantly
affected the concentration of P in the lake water as well as the
migration and transformation of P at the sediment-water
interface (SWI) (Recknagel et al., 1995; Wang et al., 2021).
Even when the input of external P is reduced, the internal P
loading could lead to continuous eutrophication of the lake
(Zhang et al., 2013; Wang et al., 2021). Therefore,
understanding the biological availability and release dynamic
of sediment P is of profound significance for the management
and restoration of eutrophic lake ecosystems.

Different P forms in sediments have different bioavailability,
and are released by changes in lake environmental conditions, to
become a potential source contributing to lake eutrophication.
Typically, sediment P can be divided into inorganic P (Pi) and
organic P (Po) (Hupfer et al., 1995; Pu et al., 2020). Among these,
biologically available P and detrital Po are considered as potential
P reservoirs of phosphate in water, and their migration and
transformation at the SWI have been the focus of research
(Rydin 2000; Yang et al., 2020). However, although Po is the
main component of lake sedimentary P, it has received much less
attention than Pi in the past owing to the limitations of state-of-
the art measurement methods (Bai et al., 2009; Lü et al., 2016).
Therefore, a thorough understanding of the chemical dynamic of
Po and Pi in sediments is vital for predicting the eutrophication
process of lakes and the biogeochemical cycle of P.

The biogeochemical process of P at the SWI of macrophyte-
dominant shallow lakes (a shallow lake aquatic ecosystem
dominated by submerged plants) is controlled by the stability
of different forms of P that was affected by various physical,
chemical, and biological processes (Slomp et al., 2013; Barik et al.,
2019). Prior studies documented that the reductive dissolution of
P-containing iron oxide/hydroxide was the main mechanism
controlling P migration in sediments (Spears et al., 2007;
Tammeorg et al., 2020). However, due to the large amounts of
organophosphorus components in the sediments of macrophyte-
dominant shallow lakes, the degraded Po may also be an
important source of P in the overlying water (Ryuichiro et al.,
2017; Zhu et al., 2018). The combination of sequential P
fractionation and solution 31P NMR spectroscopy proved that
soluble organophosphates (mainly phosphate esters and
phospholipids), which are susceptible to biological or chemical
decomposition, are the preferred source of P for algae and
bacteria in water (Bai et al., 2009; Zhu et al., 2018). Although
the release of internal P in macrophyte-dominant shallow lakes
has been studied, there is still a lack of quantitative understanding
of the source of P released from the sediments and the
contribution of P to the overlying water.

In the current study, we aimed at improving the
understanding of the mechanisms responsible for the

sediments P release in a macrophyte-dominant shallow lake,
Lake Caohai. To this end, we collected 22 surface sediments
and 3 core samples from Lake Caohai to identify whether
sediment P release caused by the mineralization and
degradation of Po, using a combination of modified Huffer
sequential extraction method and 31P nuclear magnetic
resonance spectroscopy (NMR). We further used in-situ,
dynamic, high-resolution composite diffusive gradient in thin
films (DGT) technology to quantify the release rate of internal P
and evaluate the effectiveness of P released into lake water.

2 MATERIALS AND METHODS

2.1 Study Area
Lake Caohai (26°47’∼26°52’N, 104°10’∼104°20’E) is located at the
top of the central plateau of the foothills of the GuizhouWumeng
hinterland, with Guizhou being the largest natural freshwater lake
in China (Figure 1). The area of the lake is about 25 km2, and the
water storage capacity is about 0.6 × 108 m3 (Sun et al., 2020). The
surface sediments environment of different lake areas is relatively
stable, and the carbon-nitrogen ratio in the sediment cores profile
change little (Yang et al., 2017). Lake Caohai is situated in a
subtropical humid monsoon climate, with prevailing
southwesterly wind, average annual rainfall of about
950.9 mm, and a relative humidity of 79%. Maximum lake
depth is 5.3 m, with an average of 1.6 m. The organic matter
content in the sediments is rich (average: 233.0 mg g−1), and the
underlying bedrock is composed of Carboniferous carbonate rock
(Yin et al., 2020).

The selection of Caohai because the aquatic ecosystem of Lake
Caohai is gradually transformed into an algae-type lake aquatic
ecosystem, and the content of organic matter in the sediments is
higher (Xia et al., 2020b; Xia et al., 2021). The eastern part of Lake
Caohai (including the upper reaches of the river into the lake) is a
turbid water area with serious eutrophication, while the west
(including the outlet) is a macrophyte-dominant area with
abundant aquatic plants. There is serious pollution from heavy
metals such as Pb, Zn and Cd in the sediments, which is mainly
concentrated in the southern part of the lake (Xia et al., 2020a).
Most of the rivers entering the lake are in the east and west, and
the only outlet is located in the northwest. Among them,
upstream Zhonghe River and Baima River are the main
sources of external pollution (domestic and sewage
production). Slow-dissolved mounds of the semi-closed
plateau lead to a longer retention time (85.6 days), meaning
that pollutants are more likely to be adsorbed and precipitated
into sediments (Cao et al., 2016).

2.2 Sampling and Analysis
In July 2020, a stainless-steel water sampler was used to collect 22
water samples (Sl∼S22) from the surface of Lake Caohai (0.5 m
below the surface). All water samples were stored in clean
polyethylene bottles and kept at low temperature (<4°C)
before being sent to the laboratory for analysis as soon as
possible. The network method is used for the layout of sample
points, and GPS is used to determine the coordinates of the
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sample points on site. Water quality parameters such as pH,
Dissolved oxygen (DO) and Conductivity (EC) needed to be
measured in situ using a portable multi-parameter water quality
analyzer (model YSI EXO-2).

Surface sediments (S1∼S22) were collected with a Petersen
grab sampler, and sediment cores were collected with the
undisturbed lake SWI barycenter sampler (120 cm in length,
5.9 cm in diameter) and DGT columnar sediment sampler
(Easy Sensor Ltd., Nanjing, China, Zr-Oxide fixed membrane
(membrane length: 15 cm; width: 2 cm; thickness: 0.04 cm),
agarose diffusion membrane (membrane length: 15 cm; width:
2 cm; thickness: 0.08 cm)) in the western macrophyte-dominant
area (S2), the central transition area (S11) and the eastern
eutrophic area (S13). The cylinder cores were cut on site at
1 cm interval, and all sediment samples were packed in 50 ml
centrifuge tubes at low temperature (<4°C). After transforming to
the laboratory, a portion of surface sediment samples were taken
in order to determine the porosity, and the remaining sediments
were centrifuged (MKE-VCK-22R, 4000 r/min) to obtain
sediments pore water. The resulting solid samples were freeze-
dried (Techconp FD-3-85-MP) followed by grinding to a powder
using an agate mortar (below 120 meshs). For DGT
measurements, the Zr-Oxide-DGT membrane probe was
inserted into the DGT cores. After 24 h of reaction the
membrane was removed, washed with ultrapure water, sealed
at 4°C, and sent to the laboratory for analysis.

The concentrations of total P (TP) and soluble reactive P
(SRP) in the lake’s overlying water and surface sediments pore
water were determined by ammonium molybdate
spectrophotometry (Murphy and Riley 1962), with the
instrument detection limit of 0.01 mg L−1. The sediment P
components were extracted by the modified Huffer sequential
extraction method (Hupfer et al., 1995), which included 1) loosely

adsorbed P (NH4Cl-P); 2) iron-manganese combined state P
(BD-P); 3) iron-aluminum combined state P (NaOH-Pi); 4)
calcium-bound P (HCl-P); 5) biological detrital organic P
(NaOH-Po); and 6) residual P (Res-P). To ensure the
reliability of the data in the determination process, we tested
the samples by inserting standard materials with the results
suggested that the extraction recovery rate of the standard
materials and sediment samples was both greater than 86%.
The P content in these extracts was determined by ammonium
molybdate spectrophotometry after the samples had been
centrifuged and filtered through a 0.45 m acetate fiber
membrane (Murphy and Riley 1962). The porosity of the core
sediments is determined based on the wet weight and dry weight
of the top sample, and the specific method is referred to (Crusius
and Anderson 1991). The concentrations of one-dimensional
labile P (DGT-labile P) were determined by fixed film section-
extraction microcalorimetry method, and the one-dimensional
labile Fe (DGT-labile Fe) were determined using the
phenanthroline colorimetric method, with an average error of
less than 4% (Ding et al., 2015).

In 31P NMR, sediment samples were analyzed at room
temperature with 0.25 mol L−1 NaOH and 50 mmol L−1 EDTA
mixed solution was extracted; the sediments mass ratio of the
extraction and the extraction time were 1:10 and 16 h,
respectively. After the extract was refrigerated and centrifuged
for 40 min, part of the supernatant (5 ml) was diluted to
determine the concentration of TP and inorganic P (Pi) in the
extract (Murphy and Riley 1962), and the concentration of
organic P (Po) was determined by the difference between TP
and Pi. The remaining extracted liquid was freeze-dried, and
weighed 2 g of the sample was dissolved in a mixed solution of
10 mol L−1 NaOH and D2O, followed by ultrasound treatment at
room temperature (frequency 40 kHz, time 5 min) and high-

FIGURE 1 | Sampling sites in Lake Caohai.
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speed centrifugation (speed 8000 r/min, time 40 min), before
being sent to the Center for Nuclear Magnetic Resonance of
Peking University (BRKERAV 400) for testing (Cade-Menun and
Lin 2013).

The pulse of the 31P NMR spectrum was 12 usec, the cycle
delay was dl � 3.6 s, the measurement temperature was 25°C, the
sweep was about 20,000 times, and the resonance frequency was
242.925 MHz. All 31P-NMR chemical shifts were based on 85%
orthophosphate acid.

2.3 Estimation of P Release Flux at the SWI
According to Fick’s first law, the concentration of labile P at the
SWI measured by DGT was calculated using the equation:

CDGT � MΔg
DAt

, (1)

where CDGT is the concentration of target matter (mg·L−1); M
is the accumulated amount of ZrO-Chelex DGT thin film
within the sampling time (μg); Δg is the thickness of the
diffusive layer (cm); D is the molecular diffusive coefficient of
the phosphate in the diffusion layer (cm2 s−1); A represents
the sampling area (cm2); and t is the sample standing time (s)
(Chen et al., 2019).

According to the concentration profile of DGT-labile P in the
vicinity of the SWI, the apparent diffusion flux of P (Fd) in the
sediments can be calculated as follows:

Fd � Jw + Js � −Dw(δCDGT

δXw
)

X�0
− φDs(δCDGT

δXs
)

X�0
, (2)

where Jw and Js are the diffusive fluxes of P from the overlying
water to the SWI and from the sediments to the SWI, respectively;
Dw and Ds are the diffusion coefficients of phosphates in the
overlying water and sediments, respectively; φ is the porosity of
the Lake surface sediments; and (δCDGT

δXw
)X�0 and (δCDGT

δXs
)X�0 are the

concentration gradients of DGT-labile P in the overlying water
and sediments, respectively, where Dw is calculated based on the
measured temperature (Li and Gregory 1974).

In order to obtain an accurate diffusion flux value, we used the
concentration rake ratio of DGT-labile P at the SWI to fit the
concentration gradients. The Ds can be calculated as following:

Ds � Dw

φF
, (3)

where F is the resistivity coefficient of the stratum; and the F can
be determined by the φ calculation, when φ ≥ 0.7, F � 1 /φ3; φ <
0.7, F � 1 /φ2 (Ullman and Aller 1982).

2.4 Analysis of Sediments P Loading in Lake
Caohai
Assuming that molecular diffusion is the main transport pathway
of phosphate release in the sediments of Lake Caohai, and the
water in the basin is well mixed (Ding et al., 2018), the total
dissolved phosphate concentration (Mp) and contribution rate (f)
from the sediments interstitial water to the overlying water can be
calculated as follows:

Mp � 365FdA, (4)

f � FdTw

CH
, (5)

where Fd is the release flux of P in sediments; A is the lake area
represented by each sediments core; Tw is the residence time of
the water; C is the concentration of total dissolved phosphate in
the water; and H is the water depth.

3 RESULTS AND DISCUSSION

3.1 Water Properties
Since the water depth of Lake Caohai is relatively shallow
(1.6 m on average) and the hydrodynamic effect is strong, the
profile change of lake water quality parameters is not obvious
(Table 1). The high DO and pH in the lake are mainly due to
the intense photosynthesis of aquatic plants in summer
(Welch and Cooke 2005). The eastern lake area (S7, S13,
S19) had higher EC and lower DO and pH, which were
associated to the direct discharge of domestic sewage in the
lake area. Concentrations of TP and SRP in the overlying
water and pore water of surface sediments were higher in the
east and lower in the west (Figure 2), which was consistent
with the water quality report of Liu et al. (2020). It is worth
noting that there was a large difference in TP and SRP between
the overlying water and pore water, showing the sharp
gradient diffusion of P at the sediment-overlying water
interfaces. This creates the necessary conditions for the
release of internal P into the overlying water.

In addition, we used the modified Fick’s first diffusion law and
the static release calculation method of P at the SWI to estimate
the interstitial P diffusion rate in the surface sediments of Lake
Caohai (see Ullman and Aller (1982); Tammeorg et al. (2020) for
detail calculations, giving the diffusion value of 5.0 ×
10–6 cm−2 s−1). Results showed that the interstitial P diffusion
rate of Lake Caohai surface sediments to the overlying water was
0.03–0.28 mg m−2 d−1, and the average flux of TP and SRP were
0.09 mg m−2 d−1 and 0.07 mg m−2 d−1, respectively. The
significant positive correlation between the internal P flux and
the overlying water TP (r � 0.84, p < 0.05) and SRP (r � 0.74, p <
0.05) indicates that surface sediments are mainly one of the
sources of P in the P cycle of Lake Caohai. Simultaneously, the
differences in internal P fluxes between different aeras also indicate
that the internal P load in the lake is related to the nutrient status of
the lake, and high nutrient areas are usually accompanied by higher
internal pollution (Supplementary Table S1). However, since we

TABLE 1 | Water quality parameters of Lake Caohai in July 2020.

Water quality parameters Surface water Bottom water

Range Average Range Average

T (°C) 20.0–23.0 21.6 19.5–22.7 20.8
DO (mg·L−1) 8.1–16.3 12.8 6.8–16.0 11.1
pH 8.1–10.3 9.0 8.1–9.9 8.8
EC (μs·cm−1) 185–504 291 182–503 300
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neglected the vertical difference of P concentration in the lake
overlying water and the depth of the water in the calculation
process, the result was far lower than the DGT technology
described later (see Section 3.5).

3.2 Fractionation and Distribution of P
Synchronous variations were found between surface sediments
TP and overlying water TP and SRP in the spatial distribution
(Figure 3A). The eutrophic lake area in the eastern was

FIGURE 2 | Concentrations and spatial distribution of TP and SRP in overlying waters and surface sediment pore waters of Lake Caohai. (A, B) are the overlying
water TP and SRP, respectively. (C, D) are the surface sediment pore water TP and SRP, respectively.

FIGURE 3 | (A, B) are the content and spatial distribution of TP and Po in the surface sediments of Lake Caohai, respectively. Po is the sum of biological detrital
organic P (NaOH-Po) and residual P (Res-P).
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significantly higher than other areas of the lake, with the
maximum of 1236.8 mg kg−1, and the average content of the
entire lake is 692.9 mg kg−1. Although the mean content of TP in
sediments was much lower compared to shallow lakes in
southwest China such as Dianchi Lake (2050.0 mg kg−1) and
Erhai Lake (999.0 mg kg−1) (Zhang et al., 2013; Chen et al.,
2020), the sediment TP content of most sample sites of Lake
Caohai was higher than the minimum toxicity value
(600.0 mg kg−1) of P in the sediment quality assessment
standard of Ontario, Canada, which is a moderate pollution
level. Pi components of NH4Cl-P, BD-P, NaOH-Pi and HCl-P
are the main P forms, accounting for about 66% of the TP in the
sediments, these four major P concentrations reached
15.4 mg kg−1, 227.2 mg kg−1, 207.2 mg kg−1 and 49.5 mg kg−1,
respectively. The mean contents of NaOH-Po and Res-P
organophosphorus components were 117.1 mg kg−1 and
138.9 mg kg−1, respectively, amounting to 15 and 18% of TP in
sediments (Figure 4).

Bioavailable P (BAP), composed of NH4Cl-P, BD-P and
NaOH-Pi, can characterize the content of internal-P available
to primary producers in the lake (Kwak et al., 2018; Mu et al.,
2020). The content of BAP in the surface sediments of Lake
Caohai ranged from 335.7 mg kg−1 to 628.4 mg kg−1, accounting
for about 60% of the TP in the sediments. Since BAP is relatively
easy to release and is easily bio-utilized, the content of BAP is
relatively lower in the sediments of macrophyte-dominant lakes
with better water quality. However, in eutrophic lakes greatly
affected by human activities, the content of BAP in the sediments
is relatively high (Supplementary Figure S1), indicating that
BAP content is related to the degree of disturbance by human
activities and the type of aquatic ecosystem in the lakes. In other
words, the more polluted the lake, the higher the TP content in
the sediments, and the higher the content of BAP. It is worth
noting that the spatial distribution of BD-P and NaOH-Pi in Lake
Caohai showed a similar pattern, with high concentrations
mainly distributed in the middle and on the south bank of the
lake (Supplementary Figure S2). This distribution pattern is very
similar to the variation of P (BD-P and NaOH-Pi) in the

sediments of Lake Erie, and may be related to the interaction
of the external P loading and the lake circulation model (Wang
et al., 2021). In addition, the abundant accumulation of heavy
metals such as Pb and Zn in the sediments of the southern lake
area may also be an important reason for this phenomenon,
because the P components adsorbed by such heavy metals are
mainly in the form of Fe-Al/Fe-Mn combined P in the fractional
extraction of sediments (Liang et al., 2018; He et al., 2019). As a
calcium-bound type of P, HCl-P has strong stability and can be
published to a certain extent under acidic conditions (Rydin 2000;
Wang et al., 2021). Lake Caohai is a weakly alkaline water (pH >
8.8), and it is difficult for HCl-P to participate in the P cycle in the
lake system. The high content of HCl-P in the sediments of the
eastern lake area is mainly due to the co-precipitation of a large
amount of calcium ions and phosphate caused by man-made
discharge (Barik et al., 2019; Mu et al., 2020) (Supplementary
Figure S2).

Organic phosphate mineralization has been shown to be one
of the main mechanisms for P release from lake sediments and
plays a critical role in the release of internal P in some lakes
(Torres et al., 2014; Tu et al., 2019). The content of NaOH-Po and
Res-P in sediments can be used to characterize the degree of
incomplete mineralization and humification of organic matter
loading deposition in water environments (Kleeberg and Dudel
1997). In this study, content distribution of the NaOH-Po and
Res-P was also consistent with the nutritional level of the lake
area, reflecting the influence of human activities and organic
matter accumulation (Figure 3B). These Po components are a
potential source of P concentration in the overlying water of the
lake, because Po types such as magnolias and diesters of
orthophosphate under anoxic conditions degraded to inorganic
P that were subsequently sorbed and utilized by organisms (Joshi
et al., 2015; Tu et al., 2019). In conclusion, the content differences
in P forms between sediments of different lakes and different
points in the same lake area are closely related to the nutrient state
of the lake and the type of aquatic ecosystem in the lake area, and
aquatic plants have a good controlling effect on the activity of P in
sediments.

3.3 Release and Variation of P Fraction
The biogeochemical cycle of P in lake sediments and overlying
water is closely related to the change in different P forms in
sediments (Wang et al., 2006; Wang et al., 2021), and the content
of P (BAP and Po) potentially available for biological absorption
and utilization is considered to be the key factor affecting the P
cycle in the lake (Xiang and Zhou 2011). According to the average
deposition rate of Lake Caohai sediments (0.27 cm yr−1)
measured by Zhu et al. (2013), the sedimentary depth of
0–14 cm in the study area could be used to characterize the
sedimentary records of Lake Caohai since its impoundment in
1969. Our sediments TP data shows that the internal P loading of
Lake Caohai shows a trend of increasing (Supplementary
Figure S3).

The contents of NH4Cl-P, NaOH-Po, HCl-P and Res-P
decreased significantly with the increase in deposition depth,
and their average fast release and sedimentation rates (If the
release and sedimentation rates is positive, it indicates that this

FIGURE 4 | Variation of different forms of P contents in surface
sediments of Lake Caohai.
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form of P is mainly released; otherwise, it is mainly retained.),
which were calculated according to Hupfer and Lewandowski
(2005), were 2, 16, 0.5 and 5% respectively (Figure 5). These
results indicate that these P forms are to some extent engaged in
the P cycle of the lake. The contents of NaOH-Pi and BD-P in the
profile increased at first and then decreased or remained stable,
indicating that BD-P and NaOH-Pi were the main forms of P
deposition in the sediments of Lake Caohai. This may be related
to oxygen transport behavior of submerged plant roots to the
rhizosphere sediments and the DO and organic-rich environment
in Lake Caohai (Stephen et al., 1997; Xu et al., 2018). Because
oxygen secreted by plant roots can lead to the oxidation of low-
state metal compounds such as Fe and Mn into high-state
compounds in the rhizosphere sediments, insoluble high-state
metal oxides such as Fe/Al-P and Fe/Mn-P are more likely to
accumulate in the rhizosphere sediments (Søndergaard et al.,
2003). Further, the high DO concentration in the Lake water
(>6.0 mg L−1) will also inhibit the reduction of Fe/Al-P, Fe/Mn-P
and other metal oxides in the sediments (Stephen et al., 1997; Xu
et al., 2018), and the organic matter mineralization can also cause
changes in the redox conditions and pH values, thus affecting the
migration and transformation of BD-P and NaOH-Pi in
sediments (Joshi et al., 2015; Lü et al., 2016).

The Po mineralization of sediments may play a role in the
biogeochemical cycle of P in the lake. In general, due to Po
mineralization, the Po content in sediment decreases with
increasing sedimentary depth (Pu et al., 2020; Wang et al.,
2021). The average contents of NaOH-Po and Res-P in the
1–14 cm sediment of Lake Caohai were 211.7 mg kg−1 and
186.0 mg kg−1, respectively. The contents of potentially
reversible NaOH-Po and Res-P in the top two layers of the
cores (1 and 4 cm) accounted for about 55 and 14% of the
internal TP released in the lake. The eutrophic area even

reached 82 and 10%. In particular, the rate of Po
mineralization in sediment profiles of eutrophicated lakes is
significantly higher than that in macrophyte-dominant lakes
and transition areas, due to a positive feedback mechanism
between eutrophication-driven hypoxia and internal P release
(Carey and Rydin 2011). On the other hand, the variation of Pi
contents in the core could not explain the high internal P flux in
the lake (see Section 3.5 for details). Although about 78%NH4Cl-
P and 60% HCl-P in 1–14 cm sediments can be released into the
overlying water, their contents are relatively low, accounting for
only 7 and 13% of internal TP release on average. However, the
high content of BD-P and NaOH-Pi in the surface sediments
showed an accumulation trend, with average slow release and
sedimentation rates of −19% and −7%, respectively. It is worth
noting that the differences in BD-P and NaOH-Pi contents
between sediment with different depths (1–10 cm) increased
with increasing nutrient level. This difference is obviously
related to the distribution of aquatic plants and the difference
in hydrodynamic conditions for different lakes. In lakes with
abundant aquatic plants, macrophytes have a great demand for P
in the water and sediments during the growing season, which
leads to the available P in the sediments, such as BD-P and
NaOH-Pi, being absorbed by aquatic plants (Søndergaard et al.,
2003; Zhu et al., 2006). This suggests that aquatic plants play an
important role in the biogeochemical cycle of P in macrophyte-
dominant lakes such as Lake Caohai, and the release and
sedimentation rates of BD-P and NaOH-Pi in sediments may
be underestimated.

3.4 31P NMR Spectroscopy
As shown in Table 2, the low TP extraction rate (average 45%)
and high Po recovery rate (average 74%) in the extract
demonstrated that NaOH-EDTA could effectively extract Po

FIGURE 5 | Vertical profiles of P forms in the sediments from Lake Caohai. (A–C) represent the changes of P content in the macrophyte-dominant zone of Lake
Caohai, the central transition zone, and the eastern eutrophic zone in the high flux season, respectively.
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components from the sediments, and indicated that the
information on P forms extracted by NMR could basically
characterize the actual nature of the variation in Po in the
sediments of Lake Caohai. Almost all 31P NMR P in the
profile decreased with increasing deposition depth, indicating
that all forms of P mineralized, degraded or transformed in the
deep sediments (Golterman 1996; Zhu et al., 2018). However, the
increase of orthophosphate (Ortho-P, 5–7 ppm) content in deep
sediments may be related to the high contents of orthophosphate

monoester (Mono-P, 3–6 ppm), orthophosphate diester (Diester-
P, 2.5 to −1 ppm) and pyrophosphate (Pyro-P, −3 to −5 ppm) in
the sediment profiles as well as the mineralization rate (Figure 6).
Mono-P, Diester-P, and Pyro-P are rapidly converted to
orthophosphates under anoxic environments and released into
the overlying water (Golterman et al., 1998; Zhang et al., 2014;
Zhu et al., 2018).

Diester-P, which is composed of inositol phosphoric acid,
sugar phosphoric acid and phytic acid, and nucleic acid (DNA,

TABLE 2 | Content and proportion of different forms of phosphorus in Lake Caohai Sediments detected by 31P NMR spectroscopy.

Sites Sediment depth
(cm)

TP (mg·kg−1) OP (mg·kg−1) Po (%) Pi (%)

Mono-P Diester-P Phos-P Ortho-P Pyro-P Poly-P

S2 1 373.5 297.4 45 21 1 26 7 0.3
3 284.3 232.6 43 23 1 26 6 1
7 259.8 201.6 41 22 1 28 6 1
10 229.4 152.1 41 6 1 49 2 0.5
14 158.5 103.3 38 9 1 45 2 3

S11 1 417.2 289.2 49 23 1 18 9 1
3 388.7 323.7 44 20 0.2 23 10 2
7 281.3 203.5 47 22 0.2 24 4 2
10 226.7 159.9 54 16 1 27 3 1
14 227.2 159.1 53 9 1 33 0.3 3

S13 1 523.4 366.7 43 18 1 33 7 1
3 525.2 383.7 45 17 0.3 29 7 1
7 471.5 355.6 43 17 0.3 34 5 0.3
10 392.4 190.3 30 12 2 52 4 1
14 399.9 156.3 25 10 0.6 62 2 0.6

FIGURE 6 | 31P NMR spectrums of NaOH-EDTA extracts from the different sediment profile in Lake Caohai. (A–C) are the 31P NMR vertical changes of the
sediment coresmacrophyte-dominant zone, the central transition zone, and the eastern eutrophic zone of Lake Caohai in the high flux season, respectively. The31P NMR
chemical shifts suggest the presence of phosphonate (7–20 ppm), orthophosphate (5–7 ppm), phosphate monoester (3–6 ppm), phosphodiester (−1–2.5 ppm), DNA
(0 to −1 ppm), pyrophosphate (−3 to −5 ppm) and polyphosphate (−20 to −5 ppm).
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RNA), phospholipids and teichoic acid, occupies an absolute
dominance in 31P NMR organophosphorus forms, with an
average content of 146.0 mg kg−1 and 58.4 mg kg−1, or 43 and
16% of the extracted TP, respectively. Although the spatial
variation of such P content in sediments in the basin was
consistent with the distribution of P in water, the overall
contents of Mono-P and Diester-P in sediments in Lake
Caohai were relatively high owing to the influence of water
quality and the distribution of aquatic organisms. This is
consistent with the large amount of bioclasts and DNA-P
deposited in surface sediments. The content of DNA-P (0 to
−1 ppm) in Diester-P can characterize the abundance of
microorganisms in the sediments (Reitzel et al., 2006; Zhang
et al., 2013). The vertical distribution and migration of P in the
sediment profiles indicated that the mineralization and
mineralization of Mono-P and Diester-P were the main
source of authigenic P in the lake sediments. The content of
Ortho-P in different sediment cores gradually became the
dominant component with the increase in deposition depth
(1–14 cm), and the average slow release and sedimentation
rates of Mono-P and Diester-P reached 44 and 28%,
respectively. According to the changes in P forms content,
the Po mineralization in the sediments of Lake Caohai was
mainly transferred to BD-P and NaOH-Pi. In the lake system,
Pyro-P was easily decomposed and released by
microorganisms (the average slow release and
sedimentation rates was 12%). Due to its low content,
which accounted for only 4% of TP, and had a maximum
of 38.7 mg kg−1, decomposition of Pyro-P in sediments
contributed little to the loading of internal P in the lake. In
addition, trace amounts of phosphonate (Phos-P, 7–20 ppm)
and polyphosphate (Ploy-P, −5 to −20 ppm) were detected,
which accounted for only 2% of TP, and there was no obvious
regular change in each column core. Since Phos-P and Poly-P
are mainly produced by biosynthesis or metabolism,
anaerobic conditions are not conducive to the
accumulation of such P (Carman et al., 2000; Dong et al.,
2012), so it was speculated that the hydrolysis of Po such as
Mono-P and Diester-P during the extraction and
concentration of NaOH-EDTA was the main reason for the
small amount of Phos-P and Poly-P in the extraction solution
(Cade-Menun 2005).

31P NMR results further suggested that the P content of almost
all 31P NMR increased significantly with the increase in
nutrient level in the lake, which was consistent with the
classification results of the Huffer method described above.
Except for a trace of Phos-P and Poly-P, the contents of various
31P NMR in surface sediments of eutrophication areas were
significantly higher than those in macrophyte-dominant and
transition areas, possibly due to the higher external P loading
and relatively lower release of P from sediments in the early
eutrophication period of the lake (Carey and Rydin 2011).
Interestingly, with the increase in nutrient level in the lake, the
release and sedimentation rates of various 31P NMRs in the
surface sediments (1–7 cm) of Lake Caohai changed
significantly, and the release and sedimentation rates of
Diester-P (28%) and Pyro-P (20%) in the eutrophic area

increased by 38 and 53%, respectively, compared with those
in the macrophyte-dominant lakes area. Ortho-P (5%) and
Mono-P (41%) decreased by 73 and 21%, respectively.
Combined with the migration and transformation
characteristics of P in the sediment profiles, it is suggested
that the abundant enrichment of Fe-Al/Fe-Mn oxides in
surface sediments at the severe eutrophication level may
inhibit the mineralization of Mono-P.

3.5 Biogeochemical Behavior of P in
Sediments
Vertical profile variations of the DGT-labile P (Fe)
concentrations at the SWI are summarized in Figure 7. All
DGT-labile P (Fe) in the cores showed the characteristics of
first increasing and then stabilizing or decreasing, and there was a
higher concentration gradient at the SWI. According to the DGT-
labile P diffusion model (see Section 2.3) to the SWI, the release
flux of DGT-labile P from sediments in the macrophyte-
dominant lake area, the transition area and the eutrophic lake
area were 0.23 mg m−2 d−1, 0.29 mg m−2 d−1 and
0.58 mg m−2 d−1, respectively. The contribution of sediments P
release to TP in the overlying water reached 21, 24 and 40%, and
the internal P flux was significantly higher than other lakes, such
as Lake Taihu (0.15 mg m−2 d−1) and Lake Dongting
(0.09 mg m−2 d−1) (Ding et al., 2015; Gao et al., 2016). But it is
also close to some shallow lakes, such as Lake Apopka (average
0.30–0.70 mg m−2 d−1) and Lake Beaver (average
0.48 mg m−2 d−1) (Olila et al., 1997; Bhadha et al., 2010). The
normal water storage area of Lake Caohai is about 25 km2, of
which the surface area of the eastern eutrophic lake is about
3 km2, and the water retention time of Lake Caohai is about
85.6 days (Cao et al., 2016). According to molecular diffusion
theory (see Section 2.4), the season of high internal P flux in Lake
Caohai was estimated to be 1.4 tons, of which the release amount
(0.3 tons) in the eutrophic parts of the lake (only 12% of the total
area of the lake), accounted for 23% of the total. This indicated
that highly eutrophic lakes are usually coupled with a high
intensity of internal P release. Similarly, many studies have
confirmed that higher nutrient levels in lakes were associated
with increased sediments P release (Torres et al., 2014; Tu et al.,
2019).

From the spatial perspective, the concentration of P in the
eutrophic area of Lake Caohai was much higher than that in
the macrophyte-dominant lake area and the transition area,
and the release flux of P in the sediments of this area was the
highest. This indicated that the release of P in the sediments
contributed significantly to the TP in the overlying water, and
was related to the degree of internal pollution in different area
of the lake. In previous studies, due to the limited depth of
oxygen penetration into the sediments (only a few
millimeters), the lower and middle sediments have been in
a state of hypoxia (Cui et al., 2018; Chen et al., 2019).
Therefore, the redox-controlled iron and P release
mechanism is considered to be the main pathway for the
dissolution and release of orthophosphates from anoxic
lake sediments (Christophoridis and Fytianos 2006;
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Chen et al., 2019). However, the significantly irrelevant
between DGT-labile P and DGT-labile Fe in the sediment
profiles (R2 < 0.4, p < 0.05) confirms that the reductive
dissolution of iron-bound P may not be the main source of
P release from the sediments, combined with the migration
and transformation characteristics of P in the sediment
profiles, and the significant correlation between the
concentrations of TP and SRP in the overlying water and
the different P forms in the surface sediments
(Supplementary Table S2, p < 0.05) indicate that the
mineralization of organophosphorus may play a vital role
in the release of internal P in Lake Caohai. This is similar to
the results of Joshi et al. (2015). The Mono-P and Diester-P
deposited and desorbed in the surface sediments effectively
compensated for the phosphate needed for the growth of
aquatic plants. At the same time, part of the residual
phosphate was released into the overlying water, and part
of the residual phosphate was adsorbed and stored by metal
compounds in the sediments. Further analysis showed that the
TP concentration in the overlying water of Lake Caohai was
significantly positively correlated with NH4Cl-P, HCl-P, Res-
P and NaOH-Po in the surface sediments (p < 0.05,
Supplementary Table S2). In the sediment profiles,
NH4Cl-P, HCl-P, Res-P and NaOH-Po were significantly
positively correlated with Mono-P, Diester-P and Pyro-P
(p < 0.05, Supplementary Table S3). In conclusion, the
forms of Pi and Po in sediments play different roles in the
MDE lakes. In comparison, the contribution of Po
mineralization in sediments to lake eutrophication is
greater than that of Pi in sediments. However, release flux

of different P forms in sediments and their contribution to the
TP in the overlying water needs further study.

4 CONCLUSION

This study reports the dynamic changes of P in the surface
sediments of MDE lakes with high DO and organic-rich
environment. A comparison the migration and transformation
of P forms in the sediment profiles indicated that these
compounds were involved in the P recycling to different
extents and diagenetic transformation in this lake. According
to the analysis of different P forms, the release and sedimentation
rates of P-combination iron-manganese (Fe-Mn)/iron-aluminum
(Fe-Al) (BD-P and NaOH-P) was low, and there are no
significant positive correlations between DGT-labile P and
DGT-labile Fe in the sediment profiles. In addition, the
mineralization of organic P in the sediments could transfer to
P-combination Fe-Al/Fe-Mn. However, in severely eutrophicated
environments, the enrichment of P-combination Fe-Al/Fe-Mn in
surface sediments inhibited the mineralization of
monophosphate to some degree. Even though the data
presented in this study are limited and cover a relatively
shallow lake sediment depths of the examined lake, some
useful conclusions can be drawn. The phosphate ester
organophosphorus components (i.e., Mono-P and Diester-P)
continuously deposited and degraded in the sediments
maintained the high productivity of the lake, and the
mineralization process plays a critical role in the release of
internal P. Therefore, the organic P loading in sediments

FIGURE 7 | Variations of the DGT-labile P (Fe) concentrations in sediments of Lake Caohai. (A–C) represent the macrophyte-dominant zone, the central transition
zone, and the eastern eutrophic zone DGT-labile P (Fe) concentration of Lake Caohai sediment cores during the high flux season, respectively. The location of the
sediment-water interface is represented by zero. R2 represents the linear correlation coefficient between DGT-labile P and DGT-labile Fe.
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should be paid attention to in the internal P restoration of
MDE lakes.
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