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ABSTRACT

Sediment phosphorus (P) release and retention are important in controlling whole-system P dynamics and budget
in eutrophic lakes. Here we combine short- (seasonal) and long-term (years to decades) studies to quantify the
internal P loading and P release potential in the sediments of Lake Chaohu and explore their controlling
mechanisms. In the west region of the lake, short-term P diffusive fluxes ranged from 0.2 mg/m%d ! to 6.69 mg/
m2.d~! (averaged 2.76 mg/m2.d 1) and long-term net P release ranged from 2.25 mg/m2.d ! to 8.94 mg/m2.d?
(averaged 5.34 mg/m?.d™1); in the east region, short-term P diffusive fluxes varied from 0.73 mg/m2.d~! to 1.76
mg/m?d ! (averaged 1.05 mg/m?d~!) and long-term P release ranged from 0.13 mg/m?.d ! to 4.15 mg/m?2.d*
(averaged 1.3 mg/m?.d™1). Both short- and long-term P releases were in the same order of magnitudes as the
external P inputs (3.56 mg/m2.d~1). Comparison of the long-term and short-term sediment P release indicates
that while the high summer P release in the east might only represent a snapshot value, the sediments in the west
contribute to large P release for years or even decades, impeding water quality recovery under lake management.
Mobilization of surface sediment legacy P accounted for 81% of short-term P release. The long-term release was
dominated by remobilization of iron bond P (BD-P) (average 52.1%) at all sites, while Aluminium-bound P
(NaOH-rP) exhibited partly reactive and potentially mobile, releasing P to the water column in most sites in the
west. Our study demonstrates the importance of sediments as P sources in lake Chaohu. The combination of
short- and long-term P release studies can help understand the roles of sediments in regulating the water quality
and eutrophication.

1. Introduction

dissolution of iron oxyhydroxide close to the SWI. Both processes can
increase P concentrations in the overlying waters and induce extensive

Phosphorus (P) is an essential macronutrient supporting primary
productivity and is one of the possible limiting elements that can induce
lake eutrophication (Schindler et al., 2016). Even when external P
loadings are under control, the high concentrations of P accumulated in
sediment, often termed as “legacy P”, can be released into the water
column for many decades, delaying the recovery of the ecosystems
(Sondergaard et al., 2003). It is important to quantify sediment P
retention and release and understand how they responds to changing
conditions, as they help to guide lake restoration management practices.

Phosphorus fluxes across the sediment-water interface (SWI) are
driven by processes including the degradation of organic debris and the
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algal bloom and other water quality problems, especially in the summer
(Ingall and Jahnke, 1994, Katsev S. et al., 2006, Matisoff and Carson,
2014, Ribeiro et al., 2008). Phosphorus fluxes across SWI are often
quantified using Fick’s first law, a common method to quantify sediment
P release (Ding et al., 2018; Dittrich et al., 2013; Matisoff et al., 2016;
Tammeorg et al., 2015; Zhang et al., 2006). However, this estimate only
quantifies the short-term P release through transient processes, on daily
and/or seasonal time scales (Dittrich et al., 2013; Hupfer and Lew-
andowski, 2008; Markovic et al., 2019). In shallow eutrophic lakes, P
released from sediment processes may redistribute among different P
binding pools and accumulate as sediment legacy P, which can be
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released over the long term (Parsons et al., 2017).

The long-term P release can be determined considering the mass
balance among P supply, binding, and burial on scales of years to de-
cades, which are controlled by sediment mineralogical composition and
diagenetic processes (Depew et al., 2018; Dittrich et al., 2013; Kim et al.,
2013; Matisoff et al., 2016; Ozersky et al., 2013). During sediment
diagenesis, while some labile (reactive) P forms can be released to dis-
solved bioavailable forms, some labile P can also transfer into inert P
forms that can be permanently buried (Alam et al., 2020; Dittrich et al.,
2013). The rates of sediment burial and the sediment P content can be
used to quantify the long term P retention, and its decrease with depth
represents the potential long-term P release of the P pools (Dittrich et al.,
2013; Hupfer M. and Lewandowski 2005; Rydin et al., 2011). While
short-term P releases calculated from the dissolved concentration gra-
dients at the SWI reflect the transient fluxes, the long-term sediment P
retention and release calculated from the solid P forms regulate the
ecosystem health for years and decades. Short-term fluxes need to be
estimated to understand the role of sediment on short-term processes
such as summer algal bloom, and long-term fluxes predict P dynamics
over the long term.

Quantifiying the sediment P speciation and their vertical distribu-
tions helps to understand their potential mobility and contributions to
long-term P release. By looking at the variations in the solid P phases,
one can distinguish the long-term buried P and the P temporarily
stocked in sediment (e.g., during seasonal variations in dissolved oxy-
gen, pH, redox conditions), which can be released and/or redistributed.
It also helps evaluate the potential mobilization of various P fractions
that are considered inert. For example, apatite (HCI-P) and aluminum-
bound P (NaOH-rP) are often regarded as inert and can be buried in
sediment over a long time (Carey and Rydin, 2011; Malmaeus et al.,
2012; Matisoff et al., 2016), but they can become mobile under certain
environmental conditions (such as high pH) as suggested by many
studies (Lukkari et al., 2007; Markovic et al., 2019; Yang et al., 2020).

Lake Chaohu is a typical large shallow lake in China that has been
suffering from severe eutrophication and algal blooms for decades. Re-
searchers have made efforts to understand the internal P loading in Lake
Chaohu in recent years. Internal loading in surface sediments and
diffusive fluxes have been determined at a few locations in the west of
the lake (Yang et al., 2020). Sediment P geochemistry showed that the
distribution of organic P fractions and their relative contribution to total
P exhibited strong spatial variability responding to exogenous pollution
input (Zan et al., 2011). However, lake-wide internal phosphorus
loading from sediments and its contributions to lake-wide P cycling
remain poorly constrained. Here, we (1) investigate the sediment P
speciation, their vertical distributions and spatial variability in Lake
Chaohu, (2) quantify the sediment mobile P pools and estimate the
short-term and long-term P release and retention, and (3) investigate the
roles of sediment P release to the lake-wide P cycle and how sediment P
release respond to and affect water quality management.

2. Materials and method
2.1. Site description

Lake Chaohu is the fifth largest freshwater lake in China
(117°16'54"-117°51'46"E, 31°25'28"-31°43'28"N), with a surface area
of 768 km? and a mean depth of 2.7 m (Fig. 1). The Laoshan Island
(117°25'50.84"-117°26'45.11"E, 31°33'41.43"- 31°34'10.15"”N) divides
the lake into two regions, the west (S1, S2, S3, S4, S5; area 250 km?) and
the east (S6, S7, S8, S9, S10, S11, S12; area 518 km?). The lake has ten
main tributaries (Fig. 1), of which Yuxi River was the only outflow river
that exchanges water between Lake Chaohu and the Yangtze River. Five
other major inflowing rivers (Nanfei, Pai, Hangbu, Baishitian, and
Zhegao Rivers), account for more than 90% of runoff in the Chaohu
basin (Tu et al., 1990). The lake played an important role in flood
control, water supply, irrigation, transportation, fishery and tourism
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Fig. 1. Map of sampling sites in Lake Chaohu.

before the 1960s. Since 1995, with the rapid economic growth, agri-
cultural runoff and industrial wastewater have seriously contaminated
the inflowing rivers. The severe eutrophication and harmful algal bloom
then have been a major and consisting environmental problem in Lake
Chaohu, although pollution treatment projects of more than 20 years
have been conducted to improve the water quality (e.g., sewage emis-
sion reduction and ecological restoration).

2.2. Water and sediment sampling handling and chemical analyze

The samples were collected in July 2019 (location shown in Fig. 1).
Surface water samples of 500 mL were collected into pre-cleaned poly-
ethylene bottles and brought back to the laboratory to analyze for sol-
uble reactive phosphorus (SRP), total phosphorous (TP) and
chlorophyll-a (Chl-a) as quickly as possible. The concentrations of SRP
were determined using molybdenum blue methods (Murphy and Riley,
1962). Total phosphorus were extracted using alkaline potassium per-
sulfate followed by analysis of SRP concentrations in the extracts using a
UV-2550 spectrophotometer (Chinese EPA, 2002). The concentration of
Chlorophyll-a (Chl-a) was measured using acetone method with a fluo-
rescence spectrophotometer (RF-5301PC) (Ritchie, 2006). Three sedi-
ment cores per site were collected using an 85-mm diameter,
600-mm-long core sampler (Rigo Co., Ltd., Tokyo, Japan) and trans-
ported to the laboratory within 3h after the collection without disturb-
ing the SWI. These sediment cores were then incubated in a thermostatic
circulator bath in the laboratory to deploy a high-resolution Peepers
(HR-Peeper), by slowing inserting the HR-Peepers into the sediments to
incubate for 24h under the same temperature as the in-situ water to
reach equilibrium for measurement of porewater chemistry. (Ding et al.,
2018). After incubation, the HR-Peepers were slowly and vertically
removed from sediments to avoid the destruction of the sediment
integrity. The porewaters obtained from HR-peepers were analyzed for
concentrations of PO43’, Fe2+, NH4' and the diffusive fluxes of the
measured speciese were calculated (methods for chemical analyses of
the porewaters and calculations of diffusive fluxes are shown in the
supplementary material). The sediments after peeper retrieval were
sliced vertically with increasing depth-intervals (at 2-cm intervals close
to the SWI, at 3-cm intervals after 2 cm, at 5-cm intervals after 5 cm, and
at 10-cm intervals after 10 cm) for analyses of porosity, organic matter,
total nitrogen (TN), P binding forms, and total P (TP) (sum of six P
binding forms). Organic matter was measured using potassium dichro-
mate oxidation followed by heating with an oil bath (Qian et al., 2011).
TN in sediment was extracted using alkaline potassium persulfate and
then analyzed with a UV-VIS spectrophotometer (Chinese EPA, 2002).
The sediments were oven-dried and sequentially extracted into six P
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fractions (labile P (NH4CI-P), redox-sensitive P  (BD-P),
aluminum-bound P (NaOH-rP), the organic P (NaOH-nrP), other inor-
ganic P (HCI-P) and residual P (Res-P)). Detailed sequential extraction
methods are shown in the supplementary material.

2.3. Statistic analyses

Data were all ploted using Origin 8.5 software (OriginLab, North-
ampton, MA, USA). The IBM SPSS Statistics, ver. 19.0 (IBM, New York,
NY, USA) was used to analyze the significant differences among pa-
rameters with one-way analysis of variance (ANOVA) followed by
Duncan’s test; The significance of the differences was reported at p <
0.05 and p < 0.01.

2.4. Potential mobile P pool

We estimate the potential mobile P pools using a mass balance
approach. Sediment P content commonly shows the highest P concen-
trations in the surface layers that decrease with depth (Carey and Rydin,
2011; Markovic et al., 2019). The depth below which the P content no
longer decreases represents the stabilization depth of P, below which P
can be assumed to be permanently buried (Markovic et al., 2019) and
the average P concentrations there can be regarded as burial P con-
centrations. Assuming steady-state accumulation, in the sediments
above the stabilization layer, the P concentrations that exceed the burial
P concentration can be assumed to be mobile, and its integral along the
whole sediment column represent the potential capacity of long-term
sediment P mobilization (Carey and Rydin, 2011; Markovic et al.,
2019; Puttonen et al., 2014; Rydin, 2000; Rydin et al., 2011), which can
be calculated as (Markovic et al.,(2019):

Pmobilc (g/mz) = ZACip,'-xi
i=1

where Ac; (g/kg) represents the differences between P binding forms at
stabilization depth and each layer i above it; p; (kg/m>) represents dry
bulk density, and x; (m) represents the thickness of each layer. We used
this formula to the calculate P release of all P fractions and the sum of
them to quantify the contribution of each P form to the total P release.

2.5. Sedimentation rates and long-term P release

Sediment cores were sampled at different locations in Lake Chaohu
for dating (33-76 years from surface to deepest sediments in this study)
and estimating sedimentation rates. Sediments were sliced into 2 cm
intervals for analyses of 2!1°Pb activity using a high purity germanium
well-type detector (HPGe GWL-120-15; EG & G Ortec, USA) at the State
Key Laboratory of Lakes and Environment, Nanjing Institute of Geog-
raphy and Limnology, Chinese Academy of Sciences. The sediment ages
and mass accumulation rates were calculated using the accumulated
excess 21Pb activity and dry bulk density with the constant rate of
supply (CRS) model. The detailed method can be found in the Supple-
mentary Material. Assuming steady-state P sedimentation, the long-term
P release can be calculated as the difference between P accumulation at
the sediment surface and P burial at its stabilization depth (Markovic
et al., 2019):

Prelmw(g/mz'yil):CO x Uy — Cs x Us

where Cy (mg/g) and Uy (g/m2y 1) represent dry sediment P concen-
tration and dry sedimentation (accumulation) rate in the top layer,
respectively, while C; and U represent the P concentration and sedi-
mentation (burial) rate at the stabilized layer, respectively (Alam et al.,
2020; Markovic et al., 2019). For better comparasin between short- and
long-term P release, the unit were unified into “mg/m2d~'" in our
calculations and graphs. The P retention efficiency was also calculated
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with the ratio between the accumulation rate at surface sediment and
burial rate at stabilized depth (Ingall and Jahnke, 1994).

3. Result
3.1. Sediment and water properties

The physicochemical properties of the water column and surface
sediment are shown in Table S1. SRP in the water column ranged be-
tween 0.004 mg/L to 0.26 mg/L (averaged 0.049 mg/L) and TP con-
centration ranged between 0.082 mg/L to 0.742 mg/L (averaged 0.215
mg/L). Concentrations of SRP and TP in the west Lake Chaohu (averaged
0.09 mg/L and 0.29 mg/L respectively) were higher than those in the
east Lake Chaohu (averaged 0.02 mg/L and 0.17 mg/L respectively),
with the highest SRP and TP concentrations at site S1. Similarly, the Chl-
a concentrations were higher in the west (95.6 pg/L) than that in the east
(18.6 pg/L) and ranged from 2 pg/L to 290.3 pg/L (averaged 48.2 pg/L)
in the whole lake; the organic matter content in surface sediment was
higher in the west (1.97%) than that in the east (1.83%), ranging from
0.57% to 2.99% (averaged 1.9%) in the whole lake.

3.2. Porewater profiles of SRP, NH,"-N, Fe*' and their fluxes

The vertical distributions of SRP in the porewaters were shown in
Fig. 2 (a). Most profiles exhibited similar patterns with SRP concentra-
tions increasing rapidly with depth until reaching a peak, followed by a
gradually decreasing trend with depth, except at sites S5, S6, S8, and
S12, the SRP concentrations were relatively steady with depth after
reaching a peak value (Fig. 2 (a)). In the west lake except for S5, the SRP
peaks appeared at around 2 cm below the SWI, with concentrations
varied from 0.53 mg/L to 3.9 mg/L (averaged 2.17 mg/L). While in the
east lake, the peaks appeared deeper, at around 3 cm below the SWI, and
the concentrations varied between 0.84 mg/L to 1.19 mg/L (averaged
1.08 mg/L), which was half of that in the west lake.

The porewater profiles of NH4+ and Fe?* were also shown in Figs. 2
(b) and Fig. 3 (c). Fe?' concentration increased rapidly below the SWI
and stayed relatively constant in the deep sediments (mostly 4 cm below
SWI). The Fe>™ concentrations varied from 0.55 mg/L to 2.3 mg/L
(averaged 1.12 mg/L) in the west and from 0.83 mg/L to 1.96 mg/L
(averaged 1.41 mg/L) in the east lake. The porewater NH," gradually
increased with depth below SWI at all sites, reaching values between
NH4*- N of 3.37 mg/L to 49.08 mg/L in the sediments (average NH;"
porewater column concentrations of all depths measured was 13.51 mg/
L and 6.89 mg/L in the west and east lake, respectively).

Table S2 summarizes the average porewater concentrations of SRP,
NH4"-N, and Fe?* at all sites and their diffusive fluxes at the SWI: SRP
ranged between 0.5 mg/L to 1.65 mg/L and 0.7 mg/L to 0.99 mg/L in
the west lake (averaged 1.07 mg/L) and the east lake (averaged 0.86
mg/L), respectively; the diffusive fluxes of SRP in the west lake (0.2 mg/
m2d! to 6.69 mg/m2.d~}, averaged 2.76 mg/m>d 1) were more than
two times higher than those in the east lake (0.73 mg/m2~d’1 to 1.76
mg/m?.d !, averaged 1.05 mg/m2.d~1). The Fe?" fluxes were in the
range of 0.15 mg/m2.d ! and 26.3 mg/m?-d~! and were highest at S1, at
which the highest Fe?* concentration in pore water was also found. The
average Fe?" flux in the west lake (9.98 mg/mz-d’l) was two times that
in the east lake (4.5 mg/mz-d’l). The fluxes of NH4"-N varied between
2.25 mg/m?-d~! and 128.1 mg/m?2.d~!, with an average value of 33.54
mg/m2d ! in the west lake compared with 5.43 mg/m?d ! in the east
lake (Table S2).

3.3. Phosphorus fraction in sediment

Vertical distributions of P binding forms were shown in Fig. 3. The
TP content in sediment showed the highest value in the layer within the
top 10 cm (419.13 mg/kg at S9 to 1134.76 mg/kg at S3) and decreased
in the deeper layer (262.62 mg/kg in S1 to 742.19 mg/kg S2) (except for
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S11 where there was a deeper peak at 15 cm). The concentrations of TP
at most sites in the west lake (except S1) stabilized at or below 15 cm,
while in the east lake, the TP content generally stabilized at 10 cm or
even shallower (except S9, S10) (Fig. 3a). The aluminum-bound P
(NaOH-rP) was the dominant P binding form in both surface sediment
(127.08 mg/kg at S9 to 615.52 mg/kg at S3) and deep sediments (91.31
mg/kg at S1 to 289.71 mg/kg at S3) at most sites except S12 (Fig. 3b);
aluminum-bound P was significantly higher than other P forms (p <
0.01) (Table S3) and contributed to 32.4%-56.4% of the TP content
(Fig. 3c). The relative proportion of NaOH-rP in most sites in the west
lake (except S5) decreased with depth (from 49.4% to 56.4% of TP in
surface sediments to 34.8%-48.6% of TP in the deep sediments (Fig. 3c).
On the contrary, at most sites in the east lake (except S12), the fraction
of NaOH-rP increased with depth (from 31.1% to 36.1% of TP in the
surface sediment to 35.7%-44.1% of TP in the deep sediments; Fig. 3c).
The redox-sensitive P (BD-P) was the second most abundant P binding
form in the surface sediment (ranged from 99.09 mg/kg at S10 to
248.19 mg/kg at S2) but decreased substantially with depth and became
less important in the deep sediments (ranged from 55.94 mg/kg at S9 to
156.25 mg/kg in S12; Fig. 3b), but still significantly higher than other P
forms except HCl; p < 0.01) (Table S3). The proportion of BD-P also
decreased with depth at all sites from a higher value in the surface
sediments (18.3%-28.8% of TP) to a lower value in the deepest sedi-
ments (13.3%-29.2% of TP) (Fig. 3c). Contrary to BD-P, the concen-
trations of carbonate-bound P (HCI-P) in the surface sediment (ranged
from 34.09 mg/kg at S1 to 344.66 mg/kg at S12) was lower than BD-P,
but became more important in the deep sediments (higher than BD-P;
ranged from 43.87 mg/kg at S1 to 371.14 mg/kg at S12) (Fig. 3a): the
percentage of HCI-P at all sites increased with depth from a lower value
in the surface sediments (from 6.4% to 49.8% of TP) to a higher value in
the deep sediments (from 16.7% to 57.8% of TP) (Fig. 3c). The NaOH-
nrP, NH4Cl-P and Res-P were the P forms that contributed least to the
TP in the sediments (Three forms are significantly different from other P
forms, p < 0.01, NaOH-nrP appeared not significantly different from the
other two forms respectively). Both P forms showed a decreasing trend
from surface to deeper sediment layer: NaOH-nrP decreased from 3.14
(S12) - 89.43 (S3) mg/kg (0.5-14% of TP) in the surface sediments to
1.27 (S2) - 30.76 (S7) mg/kg (0.2-6.7% of TP) in the deep sediments;
NH4CI-P decreased from 0.33 (S12) - 2.49 (S2) mg/kg (0.05-0.6%% of
TP) in the surface sediments to 0.34 (S11) - 1.27 (S5) mg/kg (0.07-0.5%
of TP) in the deep sediments. The residual P (Res-P) was the most stable
P form and showed a relatively homogeneous vertical distribution,
26.35 mg/kg (S2) to 93.3 (510) mg/kg (2.7%-19.2% of TP) in the sur-
face sediments and 17.34 (S1) mg/kg to 86.81 (S10) mg/kg (4.5%—
15.8% of TP) in the deepest sediments.

3.4. Long-term net phosphorus release and potentially mobile P pool

The short-term and long-term net P release rates were shown in
Fig. 4. The long-term net P release ranged from 0.41 mg/m?.d ! to 8.94
mg/m?.d~! (averaged 2.98 mg/m?-d~!) and the average long-term net P
release rate in the west lake (5.34 mg/m2~d_1) was 4 times higher than
that in the east lake (1.3 mg/mz-d’l). In the west lake and two sites in
the east lake that are close to riverine input (S11 and S12), the long-term
P release rate was comparable to or even higher than the short-term P
release rate, while the trends are opposite at other sites (most of the east
lake except S11 and S12).

The potential mobile P pools and P fractions release rates were
shown in Fig. 5. The composition of potential mobile P pools varied
among sites. At most sites in the west (S1, S2, S3, S4) and S12 in the east,
the potential mobile P pools consisted of NH4Cl-P, BD-P, NaOH-rP and
NaOH-nrP, while at the other sites (most sites in the east and S5 in the
west) NaOH-rP was not mobile. The BD-P was the dominant P form at
most sites in the east that contributed to P releasem, ranging from 0.08
g/m? to 3.35 g/m? (averaged 1.46 g/m?) and released between 0.03 mg/
m?d~! to 2.23 mg/m?d ! (averaged 0.98 mg/m2.d1) of P in the long
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Fig. 4. Short-term (a) and long-term P (b) release in Lake Chaohu.

term. NaOH-rP contributed more at most sites in the west lake (except
S5) and varied from 1.08 g/m? to 3.47 g/m? (averaged 2.45 g/m?) and
released between 2.36 mg/m2d ™! to 4.65 mg/m2.d~! (averaged 3.59
mg/mz-d’l). P immobilization due to formation of HCI-P varied from
0.03 g/m? to 1.84 g/m? (averaged 0.6 g/m?) and its rate ranged from
0.01 mg/m?d ! to 0.1 mg/m?d ™! (averaged 0.05 mg/m?d~1). In the
east lake, NaOH-rP, varied from 0.5 g/m? to 2.65 g/m? (averaged 1.32
g/m?), also contributed to immobilization at some sites with rates
ranging from 0.01 mg/m2d~! to 0.36 mg/m2.d~! (averaged 0.16 mg/
m2d ). The P retention efficiency of TP varied between 16% and 96%,
with a higher average value of 80% in the east lake than the average of
36% in the west lake (Table 1).

4. Discussion

4.1. Short-term phosphorus fluxes contributed by organic P degradation
and release of legacy P

Short-term phosphorus release reflects the transient P recycled from
sediment to water column and is strongly sensitive to the dynamics of
oxygen, redox conditions, pH, temperature, bioturbation and hydrody-
namic conditions (Hupfer and Lewandowski, 2008; Jensen and Ander-
sen, 1992; Reed et al., 2011). The calculated diffusive fluxes in the
summer might underestimate the real release rate if other processes are
important (such as hydrodynamic disturbance, sediment resuspension
(Yang et al., 2020) and bioturbation), but they provide useful insights
for understanding short-term P release rates and have been used to
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Table 1
P accumulation and retention and long term release.

Sampling P accumulation P burial Retention Long term P
sites (g/m%y 1) (g/m>y™1)  total P (%) release (g/
m2y )

S1 1.88 + 0.28 0.53 + 28 +8 1.35+0.34
0.08

S2 3.41 £0.67 0.78 & 23+10 2.63 £ 0.86
0.13

S3 3.88 £ 0.97 0.62 + 16 £ 9 3.26 +£1.02
0.15

S4 3.52 +£0.38 1.85 + 53+7 1.67 £ 0.48
0.08

S5 1.93 £0.21 111+ 58 £13 0.82 +0.28
0.14

S6 1.92 + 0.09 1.63 + 85+8 0.29 £+ 0.06
0.07

S7 1.99 £ 0.08 1.65 £ 83+5 0.35 + 0.06
0.04

S8 2.03 £ 0.07 1.92 £ 95+ 4 0.11 +0.01
0.02

S9 1.66 £ 0.11 1.44 £ 87 +8 0.21 + 0.04
0.08

S10 2.06 £+ 0.05 2.01 + 96 +3 0.05 +0.01
0.02

S11 0.43 + 0.08 0.2 + 0.02 47 +£12 0.34 £ 0.07

S12 4.84 + 0.57 3.33 &+ 69 +13 1.51 +£0.47
0.17

represent seasonal P release in many studies (Alam et al., 2020; Mar-
kovic et al., 2019; Yang et al., 2020). The P diffusive fluxes in Lake
Chaohu in 2019 summer (0.2 mg/m2.d~! to 6.69 mg/m?d !, averaged
2.09 mg/m2d™') are relatively high compared with other eutrophic
systems around the world (Table S4; Di et al., 2015; Matisoff et al., 2016;
Li et al., 2008; Kowalczewska-Madura et al., 2015; Stefan Markovic
et al., 2019; Beutel and Horne, 2018; Alam et al., 2020; Miao et al.,
2006). Our results of P flux averaging 3.54 mg/m>d~" in the west in
summer 2019 (3.3 times higher than the P flux of 1.05 mg/mz-d*1 in the
east) are consistent with estimates previously in the same area using
similar methods, 2.55 mg/m2-d~! in summer 2018 and 3.34 mg/m>2.d !
in autumn 2018 (Yang et al., 2020). On the other hand, the fluxes
estimated at one of the most polluted areas in the west lake (S2, 4
mg/m?d™1) showed certain recovery from eutrophic (average flux of
5.28 mg/m>2.d ! was estimated in March 2011 and 5.32 mg/m?.d ! was
estimated in August 2013 around the same area of S2) (Liu et al., 2014;
Li et al., 2015), although the site is still suffering from heavy eutrophi-
cation. This might suggest that decades of lake restoration (such as the
control of nonpoint pollution and point pollution and ecological reha-
bilitation projects around the lake) might have help to some extend. The

timescale of lake recovery is controlled by the balance between P sedi-
mentation and sediment P recycling (P internal loading) (Katsev, 2017).
Therefore, the estimate of sediment P release on both short- and
long-terms and their temporal trends is key to the development of mass
balance models that can predict P dynamics in water column and guide
management practices (Li et al., 2021).

Degradation of organic matter and desorption of P from ferric oxides
or hydroxides are often the main processes that drive the summer short-
term P release from sediment (Dittrich et al., 2013; Markovic et al.,
2019; Tammeorg et al., 2015). High rates of mineralization of organic
matter typically occur following phytoplankton blooms in summer,
leading to high rates of organic matter degradation in the surface sedi-
ments and consequently high rates of sediment SRP release and high
fluxes across the SWI (Fig. 2 and Table S2). This was also indicated by
the high NH4" fluxes across the SWI that came from the degradation of
organic matter. Redox-sensitive ron-associated P fractions in sediments
are also important sources of dissolved P: Iron (hydo)oxides can sorb
dissolved P under oxic conditions and release P back to dissolved forms
in anaerobic sediments (Malmaeus et al., 2012). Our results showed a
simultaneous increase of SRP and Fe?* concentration in the pore water
(Fig. 2), and a decrease of iron-bound P (BD-P) with depth (reduce
environment in deeper sediment) (Fig. 3), suggesting that P may be
partially released from the reduction of iron oxyhydroxides.

To determine the contributions of organic P and iron-bound P to
short-term P fluxes at the SWI, we can look at the N:P stoichiometry of
the fluxes (Table S5). The ratio of NH4" and SRP release from organic
matter degradation should be similar to the organic N:P ratio in sedi-
ment if we can assume that nitrification, sorption of NH4' can be
considered negligible. Our P flux: N flux ratio averaged 0.139 (mole:
mole ratio; Table S5), which was considerably larger than the sediment
organic P: N ratio (Table S5, P: N = 0.01 on average) and the Redfield
ratio (P:N = 0.0625). This indicates that, in Lake Chaohu, in addition to
the release of P from the degradation of organic matter, dissolved P also
comes from the mobilization of the legacy P (Yang et al., 2020). Based on
the organic P:N ratio of 0.01 and an average NH;" flux of 1.22
mmol/m?/d (17.14 mg/mz-d’l), we can estimate, in the short-term, that
0.01 mmol/m?/d of SRP (0.34 mg/m2~d’1) would release from the
degradation of organic matter, which only accounts for 19% of the total
P fluxes (Table S2), with the rest 81% of P fluxes contributed by the
release of other forms such as iron-bound P that likely has been stored in
the sediments as legacy P.

4.2. Long-term legacy P release compromised lake management

The long-term P release rates at sites S6- S9 (in the open waters of
the east lake) were lower than the short-term P release rates measured in
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the summer. In other seasons, organic P deposition and P mobilization
can be lower than those in the summer, leading to lower P fluxes over
the long term compared to summer transient P release. More data is
needed to understand whether the high P flux we measured represents a
typical summer transient flux that is higher than long-term P fluxes.
Nevertheless, our data suggested that to estimate the short-term P fluxes
and P retention and release, one may not rely on a transient value at the
time of measurement.

At sampling sites in the west lake and near the river outputs of the
east end (S11 and S12), the P release rates were much higher, and the
long-term P release rates appeared similar or higher than the short-term
P release rates (Fig. 4). This indicates that high internal P loading has
occurred for years and even decades. i.e., 29 years for most areas of the
west lake (an average sedimentation rate of 9.8 mg/m2.d ! and a depth
of 15 cm) and 6 years for sites S11 and S12 (an average sedimentation
rate of 14.32 mg/m>d ! and a depth of 5 cm), although seasonality
might still exist (Yang et al., 2020). This explains the long-lasting algae
bloom in west lake Chaohu for nearly a decade even after the reduction
of external P inputs (Yang et al., 2020). Notably, long-term P release at
S11 and S12 were higher compared with the other sites in the east lake,
likely due to the shallower water depth (about 1.5m) resulting in higher
P sedimentation (settled debris) as the algal debris take less time to settle
and decay before reaching sediments, as well as their proximity to the
river inlets. There, the fact that short-term release (in summer) is
marginally lower than the long-term release, which may suggest that the
lake had been suffering from severe eutrophication in the past but is now
in the process of slowly recovering. This is likely due to the increasingly
high standard for controlling external P input and the ecological reme-
diation in the basin. Nevertheless, the high long-term P release rate
suggests that sediment can serve as a long-term P source into the water
column, compromising lake management efforts.

4.3. P release and retention mechanisms

The vertical distributions of P binding pools reflect the P release
mechanism and diagenetic transformations processes (Fig. 3). For the
whole lake, the long-term release potential of iron bond P (BD-P)
(averaged 0.87 mg/m2.d 1) contributed most to the long term release
rate (averaged 52.1%) (Fig. 5; calculated by the difference between P
fraction accumulation at the sediment surface and P fraction buried at its
stabilization depth). Similarly, the degradation of organic P form
(NaOH-nrP, averaged 0.25 mg/m?d~!; decreased with depth and
mostly stabilized at the same depth with BD-P) in the surface sediment
also substantially contributed (averaged 34.3%). The long-term release
potential of BD-P and NaOH-nrP were both higher in the west (averaged
1 mg/m2.d ! and 0.27 mg/m2.d ! respectively) than that in the east
(averaged 0.59 mg/m?d~! and 0.18 mg/m?d ™! respectively). This is
likely because of the persistent external pollution from the inflowing
rivers into the west lake increasing organic P sedimentation and
consequently the accumulation of sediment legacy P.

Interestingly, the pool of Al hydroxides bond P (NaOH-rP) in the two
regions exhibited contrary trends: NaOH-rP contributed to long-term P
burial at most sites in the east lake while contributed to long-term
release at most sites in the west lake (Fig. 5). The NaOH-rP is conven-
tionally regarded as a stable P sink (permanently buried), which is
insensitive to changes in redox conditions (Alam et al., 2020; Kopacek
et al., 2005). In the east lake, it contributed about 1%-36% to the total
burial (Fig. 5). However, several studies also highlighted the complex
nature of this binding pool (Lukkari et al., 2007; Markovic et al., 2019;
Yang et al., 2020) and suggested that may be partly reactive and
contribute to sediment P release. The studies showed that at pH > 8 or
when porewater Si concentrations were high, ligand exchange reactions
in Al hydroxides could induce dissolution of P (Golterman, 1977;
Koski-Vahala et al., 2001; Lijklema, 1980). This is consistent with the
high pH in the sediments in the west lake and the appeared long-term
release of NaOH-rP (Table S1). The calcium-bound P (HCI-P) is
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thought to contribute to permanent P retention, which increased with
depth at all sampling sites (for both HCI-P and the ratio of HCl-P: TP)
(Fig. 3c), accounting for 16.7%-57.8% of the TP in the deep sediments.
This indicates that liable P forms have switched to stable HCI-P form
contributing to P burial (average 23% of the potential mobilized P
pools), as the change of watershed HCI-P input influencing its vertical
distribution in sediments is unlikely: the dramatic changes of land use
(decrease of farm land and increase of construction land) in Chaohu
watershed occurred after 2000 (Huang et al., 2015), corresponding to
the sediment depth of <10 cm based on sediment dating, while no
obvious increase of HCI-P/TP input were likely to happen.

4.4. Implications for lake-wide P budget and lake eutrophication

Using the average long-term P release rates in both the east and west
and the area of Lake Chaohu (250 km? and 518 km? for the west lake and
east lake respectively), we estimate the total sediment long-term P
release from Lake Chaohu as 698 t P/year. The long-term sediment P
release in Lake Chaohu contributed as much as 69% of the external P
inputs (average annual P inputs of Lake Chaohu from 2014 to 2018 was
1011 t P/year) (Wang et al., 2020), of which the west lake (33% area of
the whole lake) contributed disproportionally, to 70% of the overall
sediment P release. The long-term P release offset the outputs of 526 t
P/year via outflow and exceeded the magnitude of the hydrodynamic P
retention (input — output = 485 t P/year).

The high magnitude of long-term P release and the low retention
efficiency of the west lake (average 36%) (Table S3) implicated that high
organic P deposition in shallow eutrophic lakes can lead to accumula-
tion of legacy P in sediment that can be released over the long term,
contributing to internal P loading (Markovic et al., 2019). Therefore, in
addition to the increasingly stricter limit of P external loading to control
lake eutrophications, we need to consider preventing internal P release
from sediments, particularly from legacy P. We propose exploring
various approaches, including large-scale sediment dredging while
avoiding sediment resuspension and re-settlement that may offset the
efforts (Liu et al., 2000; Zhong et al., 2021). As wind-induced sediment
resuspension might frequently occur in shallow lakes and increase P
fluxes, especially in sediments with high legacy P and dissolved P con-
centrations similar to those in Lake Chaohu, we also proposed applying
in-situ capping methods along the heavily polluted lakeshore.

5. Conclusion

Our study showed that, in Lake Chaohu, sediment internal P loading
was an important source of P in the water column, and the west lake
contributed disproportionally to both short-term and long-term P re-
leases. In the east lake, the summer P release was higher than the long-
term P release, therefore this snapshot measurement would over-
estimate sediment P release if taken as an average. On the contrary, in
the west lake, short-term summer P release now is comparable or even
lower than the long-term P release, indicating that water quality might
be slowly recovering in this most severely eutrophic region of the lake
after decades of management efforts, although the long-term release of
legacy P, partially via degradation of organic matter and more impor-
tantly reductive dissolution of iron-bound P, has likely impeded the
water quality recovery over years or even decades. Notably, while the
sediment Al oxides can adsorb P and increase P retention in the sedi-
ments in the east lake, P can be partly desorbed from Al-bound P that
acts as a long-term P source at most sites in the west lake, possibly due to
the high alkaline pore water and elevated Si concentrations. Our study
quantified the internal P loading in whole Lake Chaohu and demon-
strated that we can combine short-term and long-term studies of P
release to help understand P cycling in eutrophic lakes and guide lake
water quality management.
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