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Algal blooms (ABs) can affect the migration of phosphorus (P) among sediments, interstitial water and overlying
water. It is important to analyze the characteristics of P and their interactions in the three media during ABs. A 5month field study (June to October in 2016) was conducted in Zhushan Bay of Lake Taihu. P fractions, P
adsorption characteristics and P diffusion fluxes at the sediment-water interface (SWI) were investigated. During
the outbreak period of ABs from June to August, labile P concentrations in the sediment measured by diffusive
gradients in thin films (DGT-labile P) and its diffusion fluxes across the SWI increased significantly. The equi
librium P concentration (EPC0) of the sediment was higher than the PO43--P concentration in the overlying water.
During the period of decline of ABs from September to October, the concentrations and diffusion fluxes of DGTlabile P sharply decreased. However, the sediment total P (TP), overlying water TP, total dissolved P (TDP) and
PO43--P concentrations increased. These results show that the ability of sediment solids to supplement interstitial
water labile P was significantly enhanced by the outbreak of ABs. Labile P was then intensively released into the
overlying water by interstitial water. Degraded algae became a crucial P source during the period of decline of
ABs. P from the degraded algae was re-released to the sediment and overlying water. The observed DGT-labile P
and DGT-labile Fe coupling in June, September and October confirmed the Fe redox-driven P release mechanism
in sediment during these periods. The decoupling of DGT-labile P and DGT-labile Fe was observed in July and
August and was probably caused by algal decomposition, labile organic P degradation and/or sulfate reduction in
sediment stimulated by the ABs outbreak.

1. Introduction
Phosphorus (P) is recognized as the major limiting factor in eutro
phic lakes (Daniel, 1999). An excess of P in lakes can induce the
excessive growth of algae, triggering ABs, which can threaten ecological
functions and services, as well as drinking water supplies (Bláha et al.,
2009; Carmichael and Boyer, 2016). Although a wide range of measures
have been implemented to reduce external nutrient loading (Ding et al.,
2018; Xu et al., 2016), a decrease in P concentrations in overlying water
is not apparent, and it is primarily attributed to the internal loading of P
from sediments (Daniel et al., 2009; Qin, 2020; Søndergaard et al., 2007;
Yang et al., 2020). The dynamic process of P is affected by dissolved
oxygen (DO), pH and temperature, amongst other factors (Ma et al.,
2013; Yang et al., 2007). In a lake with low DO concentrations, the redox

potential of sediments remains at a low value, subsequently enabling the
release of P that is bound to iron (Fan et al., 2006). OH− can compete
with PO43− for adsorption sites, thereby promoting P release with an
increase in pH (Jin et al., 2004). The physicochemical properties of
water and sediment (light transmittance, DO, pH, etc.) can be altered by
the occurrence and decline of ABs (Diao et al., 2015; Wu et al., 2017),
directly or indirectly affecting the release of P from sediments. The
process of ABs formation can be divided into four stages: (i) dormancy,
(ii) resuscitation, (iii) biomass increase (growth), and (iv) floating and
aggregation (Kong and Gao, 2005). The physiological characteristics of
algae and their dominant environmental factors vary significantly in
each stage, resulting in different effects on the lake ecosystem. The pH,
DO and chlorophyll-a (Chl-a) in the water increased initially and then
decreased during ABs (Ma et al., 2013), and the intensity of P released
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from the sediments was significantly enhanced (Chen et al., 2018; Xie
et al., 2003b). Additionally, the decomposition of algae will release large
amounts of P into the water during the decline of ABs (Zhang et al.,
2018; Zhu et al., 2013b).
Previous studies predominantly just focused on a particular charac
teristic of P when they examined the P released from sediments during
ABs. Some studies only analyzed changes in the P forms in overlying
water or sediments (Wang et al., 2015; Xie et al., 2003b; Zhu et al.,
2013a), while others studied the adsorption and desorption of P (Jin
et al., 2008; Li et al., 2020). In addition, the distributions of labile Fe and
labile P in sediment profiles during ABs have been measured using
diffusive gradients in thin films (DGT) samplers (Chen et al., 2018; Ding
et al., 2018). In contrast, few studies have focused on the whole process
of P migration in the lake ecosystem. The migration of P involves the
overlying water, the interstitial water and the sediment, where close
relationships exist among P in these three media. To more comprehen
sively and systematically investigate sediment P release characteristics
during ABs, it is necessary to analyze P present in the three media, and to
explore their interactions.
In this study, we conducted monthly field investigations (June to
October 2016) and analyses in Zhushan Bay, Lake Taihu, China, using
the Standard Measurements and Testing (SMT) sequential extraction
method, the DGT technique and adsorption experiments. The objectives
of this study were (1) to reveal the release mechanism of P from the
sediment using an in-situ, high-resolution DGT technique during the
outbreak and decline of ABs, and (2) to elucidate the overall effects of
ABs on the dynamic processes of P among sediment, interstitial water
and overlying water.

decreased from 2007 to 2013, and the development of cyanobacterial
blooms was initially curbed (Zhu et al., 2018). However, the concen
tration of TP in Lake Taihu began to fluctuate and rebound after 2014,
and cyanobacterial blooms expanded (Zhu et al., 2020a ). Zhushan Bay,
situated in the northeastern area of Lake Taihu, is located in the
downwind direction of the prevailing southeast wind, resulting in the
accumulation of algae in this bay (Fang et al., 2019; Zhou et al., 2016).
Previous research indicates that blooms regularly occur from spring to
late fall in Lake Taihu (Chen et al., 2003; Xu et al., 2015).
Sediment samples were collected from June to October 2016 in
Zhushan Bay (31◦ 27′ 24′′ N, 120◦ 2′ 37′′ E) (Fig. 1), which covers the pe
riods of growth and decomposition of phytoplankton (Bai et al., 2017).
Six sediment cores and overlying water were collected each month.
Sediment cores were stratified into 0–0.5 cm, 0.5–1 cm, 1–2 cm, 2–4 cm,
4–6 cm, 6–10 cm, 10–15 cm and 15–20 cm sections and parallel samples
with the same depth were evenly mixed before being stored in refrig
erated boxes at 4 ◦ C.
2.2. Analysis of P forms in water and sediment

2. Materials and methods

The concentrations of TP, total dissolved P (TDP) and orthophos
phate (PO43--P) in the water were determined using the molybdenum
blue method (Murphy and Riley, 1962). The analytical methods for
water quality are shown in the Supplementary Material.
Concentrations of different forms of P in the sediment were deter
mined by the SMT method as previously described (Ruban et al., 2001).
The P fractions were characterized as TP, inorganic P (IP), organic P
(OP), P associated with Ca (HCl–P), P bound to Fe, Al and Mn oxides and
hydroxides (NaOH–P). The details of the extraction procedure are
shown in the Supplementary Material.

2.1. Study area and sample collection

2.3. Sediment P adsorption equilibrium experiments

Lake Taihu, the third largest freshwater lake in China (2340 km2), is
located in the highly developed and densely populated Yangtze Delta.
Since the 1960s, a large volume of domestic sewage and industrial
wastewater has been discharged into the lake, resulting in serious
problems with eutrophication (Qin, 2009; Qin et al., 2016; Yuan et al.,
2010). A wide range of measures have been implemented by local and
central governments to reduce external nutrient loading into the lake in
recent years (Qin, 2020). The total P (TP) concentration in Lake Taihu

Sediment P adsorption equilibrium experiments were undertaken by
adding 0.5 g dried surface sediment (0–0.5 cm) into acid washed
centrifuge tubes containing 50 mL PO43--P solution (prepared with 0.01
mol/L KCl), having a concentration range of 0, 0.05, 0.1, 0.5, 1.0, 2.0,
5.0, 10.0, 25.0 and 50.0 mg/L. The centrifuge tubes were capped and
placed in an orbital shaker at 25 ◦ C for 24 h, followed by centrifugation
at 5000 rpm for 15 min. The suspension was then filtered through a 0.45
μm membrane, and the PO43--P concentration was determined using the

Fig. 1. Sampling site in Lake Taihu.
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molybdenum blue method (Murphy and Riley, 1962). The quantity of
sorbed phosphate was calculated as:
(C0 − Ce ) × V
Q=
W

ions accumulated by the DGT fixed membrane (μg). M was calculated as:
M=

(1)

F = φ⋅Ds

(2)

Ds = φD0

φ < 0.7

Ds = φ2 D0

φ > 0.7

(7)
(8)

where, D0 is the ideal diffusion coefficient for labile P and labile Fe in
infinite dilution solution (Ullman and Sandstrom, 1987).

(3)

3. Results
3.1. Overlying water properties in Zhushan Bay
The overlying water properties in Zhushan Bay show that DO and
Chl-a had opposite variation trends (Table 1), with the lowest DO con
centration appearing in August (2.94 mg/L) and the highest concen
tration appearing in October (7.60 mg/L). The concentration of Chl-a
increased from 44.50 μg/L in June to 425.53 μg/L in August. The con
centration of Chl-a sharply decreased to 9.90 μg/L from August to
October. The trend in variation of suspended solids (SS) and perman
ganate index (CODMn) was similar to that of Chl-a.
TP concentration recorded a trend of increase from June (0.20 mg/L)
to August (0.57 mg/L), a decline in September (0.21 mg/L), and an in
crease in October (0.28 mg/L). A similar trend was recorded for TDP and
PO43--P concentrations.

2.4. DGT probe deployment and chemical analysis
Details of the DGT theory have been previously described in Ding
et al. (2012). The DGT was established based on Fick’s First Law. DGT
probes equipped with ZrO-Chelex gel as a binding layer were used to
simultaneously measure the labile P and labile Fe in the sediment (Wang
et al., 2016). The application of DGT to monitor sediment P can achieve
the following purposes: measurement of labile P concentration, obser
vation of heterogeneous distribution of labile P on a small scale and
assessment of the resupply capacity of labile P from sediment solids to
porewater (Li et al., 2019). The DGT probes used in this study were
manufactured by EasySensor, Ltd. (www.easysensor.net). After deoxy
genation with nitrogen, the probes were transported to the sample site
and then inserted into the sediment cores. After 24 h the DGT probes
were retrieved, cleaned and immediately marked for the sediment-water
interface (SWI) position. The probes were then wrapped in foil and
transported to the laboratory for processing.
ZrO-Chelex binding gel was sliced vertically at 2-mm intervals using
a ceramic blade. Each slice was eluted in 0.4 mL of 1 mol/L HNO3 for 16
h before being eluted in 0.4 mL of a mixed solution (V [0.4 mol/L
NaOH]: V [1.0 mol/L H2O2] = 1:1) for 4 h at 4 ◦ C (Wang et al., 2017).
The HNO3 eluent and the mixed solution were used to analyze the
DGT-labile Fe and DGT-labile P, respectively.

3.2. Different P fractions in sediments
The results for the distribution of P fractions indicate that the TP
concentrations increased from June to August (Fig. 2), peaking with a
mean value of 2.04 mg/g (Table S2). The TP concentrations declined
sharply in September and then increased to 1.64 mg/g in October. IP, OP
and NaOH–P recorded similar trends to that of TP. The concentration of
HCl–P increased slightly from June to July, peaking with a mean value
of 0.35 mg/g (Table S2). While the concentration of HCl–P tended to
decrease from July to September, it was followed by an increase to 0.27
mg/g in October. NaOH–P was the dominant form of TP, accounting for
40.9%–80.9% of the TP (Fig. S1) and having the highest value in August.
The percentage of HCl–P ranged from 12.9% to 34.1%. The percentage
of OP remained relatively constant (around 10%) from June to
September, followed by an increase to 13% in October.
The TP content in sediment from the 0–6 cm depth was significantly
higher than that between the 6–20 cm depth in June. The TP content
between 6 and 20 cm depth increased dramatically in July and August,
narrowing the concentration difference between the 0–6 cm and 6–20
cm depths. The TP content in the vertical profile significantly decreased
in September, with the TP concentration in the 0–1 cm depth being
relatively higher. Although TP content in the vertical profile increased in

2.5. Data processing
The concentrations of labile P and labile Fe measured by the DGT
probes were calculated as:
M × Δg
D×A×t

(6)

∂C|
∂x x=0

where, Q is the P adsorption capacity of the sediment (mg/g); C is the
equilibrium concentration (mg/L); Qmax is the maximum adsorption
capacity (mg/g); K is the equilibrium adsorption coefficient.

CDGT =

∂C
|
∂x x=0

where, F is the flux across the SWI (mg/m2⋅s); φ is sediment porosity;
is the concentration gradient in the vicinity of the SWI in con
centration vs depth data (typically 20 mm or less); Ds is the labile P and
labile Fe diffusion coefficient in the sediments (cm2/s), calculated using
φ as described by Ullman and Sandstrom (1987) as:

where, Ce is the adsorption equilibrium concentration (mg/L); NAP is
native adsorbed P (mg/g); m is the slope (L/g). This equation was used
to measure P adsorption efficiency of the sediments. Equilibrium P
concentration (EPC0) of sediments refers to the concentration of PO43--P
measured in water, at which was no net PO43--P adsorption or release
from the sediments, i.e., when Q is 0, and the P equilibrium concen
tration is EPC0, calculated using Eq. (2).
The adsorption isotherm parameters were obtained by fitting the
results with the Langmuir model, as (Pang et al., 2004):
Qmax × K × C
Q=
1+K×C

(5)

where, Ce is Fe or P concentration in the elution solution (mg/L); Vg and
Ve are the gel and elution solution volumes (mL), respectively; fe is
elution efficiency (Wang et al., 2017).
The release fluxes of labile P and labile Fe across the SWI were
calculated according to Fick’s First Law (Ullman and Sandstrom, 1987),
as:

where, Q is the adsorption capacity (mg/g); C0 is the initial concentra
tion (mg/L); Ce is the equilibrium concentration (mg/L); V is the volume
of solution added to the sample (L); W is the dry weight of the sediment
(g) (Jin et al., 2008).
In this study, a significant linear relationship between P adsorption
capacity (Q) and initial P concentration (C0) was recorded when C0 was
in the range of 0–1.0 mg/L. The linear equation was (Wang et al., 2007):
Q = m × Ce − NAP

Ce × (Ve + Vg )
fe

(4)

where, Δg is the thickness of the diffusive layer (cm); D is the diffusion
coefficient of target ions in the diffusion layer (6.40 × 10− 6 cm2/s for Fe,
6.86 × 10− 6 cm2/s for P at 25 ◦ C); A is the exposed area of the DGT
binding gel (cm2); t is the deployment time (s); M is the amount of target
3

J. Wang et al.

Environmental Pollution 296 (2022) 118761

Table 1
Overlying water properties in Zhushan Bay.
Month

Chl-a

DO

(μg/L)

(mg/L)

June
July
August
September
October

44.50
81.61
425.53
79.49
9.90

5.03
4.09
2.94
4.08
7.60

CODMn

SS

LOI

TP

TDP

PO43--P

6.45
7.84
14.00
6.23
4.96

27.36
39.80
68.53
45.96
48.90

8.28
21.96
41.53
14.44
11.35

0.20
0.24
0.57
0.21
0.28

0.12
0.11
0.19
0.08
0.19

0.10
0.08
0.18
0.07
0.18

Fig. 2. Distribution of different P fractions from June to October in Zhushan Bay sediments.

October, the vertical concentration difference was small. Vertical vari
ations of IP and OP were similar to that of TP. The NaOH–P content in
sediments from 0 to 6 cm depth decreased from June to July, while the
NaOH–P content in the sediments at the 6–20 cm depth increased
significantly. The NaOH–P content in the whole sediment profile
significantly increased in August, recording an increasing trend with
increasing depth. The NaOH–P content significantly decreased in
September and then increased again in October. In contrast, the differ
ences of HCl–P content in the vertical profile were small, with concen
trations in the 0–0.5 cm layer being relatively higher from June to
October.

EPC0 ranged from 0.37 to 0.42 mg/L from June to August and decreased
to 0.15 mg/L and 0.21 mg/L in September and October, respectively
(Table 2). The Qmax was relatively high from July to September, with the
highest value appearing in September (2.16 mg/g). K was relatively high
from August to October. m and NaOH–P were significantly negative
correlated (p < 0.01) (Table S3), and significant positive correlations
were found between EPC0 and TP, and EPC0 and IP (p < 0.05).
3.4. Vertical distribution of DGT-labile P and DGT-labile Fe in the
sediments
The vertical distributions of DGT-labile P and DGT-labile Fe in the
sediments from 20 mm above the SWI to 100 mm below the SWI are
shown in Fig. 3. The peak concentrations of DGT-labile P and DGT-labile
Fe were observed below the SWI each month. The peak concentrations
in sediment profiles sharply increased from June to August, and the
depth of peak concentration became shallower with time. The peak
values of DGT-labile P and DGT-labile Fe concentrations in June were
1.55 mg/L and 1.36 mg/L at a depth of − 50 mm (the minus denotes the
depth below the SWI), respectively. The local peak concentrations of
DGT-labile P and DGT-labile Fe in July sharply increased to 2.18 mg/L
and 4.67 mg/L at a depth of − 10 mm, respectively. The concentrations
of DGT-labile P and DGT-labile Fe in August also significantly increased
from the SWI to a depth of − 13 mm, recording local peak concentrations
of 2.20 mg/L (labile P) and 1.98 mg/L (labile Fe), after which the DGTlabile Fe consistently increased, and the DGT-labile P gradually
decreased. Opposite results were recorded from September to October,
when the peak concentration decreased significantly and had an in
crease in the peak concentration depth. The concentrations of DGTlabile P and DGT-labile Fe in September were recorded to be stable
from the SWI to a depth of − 17 mm, followed by a significant increasing
trend with depth. The peaks of concentration for the DGT-labile P (0.74
mg/L) and DGT-labile Fe (1.01 mg/L) were recorded at a depth of − 40

3.3. Characteristics of P adsorption equilibrium in surface sediments
As shown in Table 2, the NAP of surface sediments was relatively low
from August to October, and m was relatively low from June to August.
NAP and m in August were lower than those in the other months. The
Table 2
Parameters of the P adsorption isotherm for surface sediments in Zhushan Bay.
Month
June
July
August
September
October

M

NAP

EPC0

(L/g)

(mg/g)

(mg/L)

0.14
0.16
0.08
0.21
0.21

0.06
0.07
0.03
0.03
0.04

0.42
0.40
0.37
0.15
0.21

R2

Qmax

K

(mg/g)
0.992
0.994
0.992
0.989
0.999

1.28
1.96
1.61
2.16
0.92

0.13
0.08
0.28
0.22
0.60

m: the slope of P adsorption isotherms, which can be used to measure the P
adsorption efficiency of sediments. The P adsorption isotherms of surface sedi
ments in Zhushan Bay are shown in Fig. S2.
NAP: the native adsorbed P.
EPC0: the measured concentration of PO43--P in water when there is no net
adsorption or release of PO43--P from the sediments.
4
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Fig. 3. DGT-labile P and DGT-labile Fe distributions in sediment profiles of Zhushan Bay. Sediment-water interfaces are shown by the dashed lines.

0.04 mg/(m2⋅d) to 10.04 mg/(m2⋅d) and from 0.02 mg/(m2⋅d) to 8.38
mg/(m2⋅d), respectively (Fig. 5). An increasing flux trend was recorded
from June to August, followed by a significant decrease from August to
October. Labile P diffusion fluxes in July and August were much higher
than those in other months.

mm, followed by a synchronous decreasing trend to a depth of − 65 mm.
After − 65 mm, the DGT-labile P consistently decreased, while the DGTlabile Fe gradually increased. DGT-labile P and DGT-labile Fe recorded
low and stable concentrations from the SWI to a depth of − 40 mm in
October. The local peak concentrations of DGT-labile P and DGT-labile
Fe were 0.20 mg/L and 0.05 mg/L, respectively, followed by a syn
chronous increase to a depth of − 60 mm and a sharp increase from − 60
mm to − 100 mm.
During the sampling period, synchronous variations of DGT-labile P
and DGT-labile Fe were observed during the whole sediment profile in
June and October, and in the upper sediment profile in July, August and
September (Fig. 3). Other sediment profiles recorded an opposite trend,
where an increase in DGT-labile Fe occurred with a decreasing trend in
DGT-labile P. The linear fitting results indicated that a significantly
positive correlation was found between DGT-labile P and DGT-labile Fe
during the whole sediment profile in June (p < 0.01) (Fig. 4). DGT-labile
P and DGT-labile Fe negatively correlated in the bottom of the sediment
profile for July, and DGT-labile P and DGT-labile Fe recorded a signifi
cantly negative correlation during the whole sediment profile in August
(p < 0.01). Subsequently, DGT-labile P and DGT-labile Fe recovered to
record a positive correlation in the upper sediment profile in September.
A significantly positive correlation was again recorded between them
across the complete sediment profile in October (p < 0.01).

4. Discussion
4.1. Process of ABs outbreak and decline
The concentration of Chl-a is an established indicator for the pres
ence of phytoplankton biomass (Chen et al., 2007). Zheng et al. (2006)
proposed that the threshold limit values for mild and heavy ABs were 30
μg/L and 300 μg/L, respectively. Xu et al. (2015) considered that ABs
occurred in water when the Chl-a concentration exceeded 20 μg/L in
Lake Taihu. In this study, the Chl-a concentration in June (44.50 μg/L)
exceeded the threshold limit value of 20 μg/L, suggesting that blooms
occurred in Zhushan Bay in June (Table 1). The Chl-a concentration
dramatically increased in July and August, indicating that blooms pre
vailed in these periods. The Chl-a concentration decreased significantly
in September, suggesting that the ABs tended to decline in this month.
Chl-a concentration then recorded a consistent decrease to 9.90 μg/L in
October, confirming the degradation of most algae and a decline in ABs
during this period. These results are similar to trends recorded by Wang
et al. (2015) and Ding et al. (2018). Furthermore, the outbreak and
decline of ABs caused dramatic change in the concentration of DO in the
overlying water in this study (Table 1). The concentration of DO in the

3.5. Labile P and labile Fe diffusion fluxes across the SWI
The labile P and labile Fe diffusion fluxes across the SWI ranged from
5
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Fig. 4. Correlations among DGT-labile P and DGT-labile Fe across sediment-overlying water profiles.

the release fluxes of DGT-labile P and DGT-labile Fe across the SWI
significantly increased from June to August, indicating that the sediment
solids had a high ability to supplement labile P in the interstitial water,
and large amounts of labile P were released into the overlying water
from the sediment during ABs outbreak. The EPC0 in July and August
also confirmed this finding (Table 2).
As previously highlighted, the outbreak of ABs directly or indirectly
affected the release of P from sediments by altering the physicochemical
properties of the water and sediment (Diao et al., 2015; Wu et al., 2017).
Algal growth has previously been compared to a pump that sucks P from
sediments to maintain the outbreak process of the ABs by Xie et al.
(2003a). The concentration of Chl-a in the overlying water increased
from 44.50 μg/L in June to 425.53 μg/L in August. The increase in algal
biomass significantly enhanced the uptake of P, further promoting the
desorption of P from the sediment. The oxygen levels and pH were also
highly affected by the ABs outbreak (Ma et al., 2013). The concentra
tions of DO in the overlying water significantly decreased from June to
August (Table 1), and the pH of sediments increased (Fig. S3), pro
moting the release and desorption of NaOH–P in sediments. NaOH–P
represents the redox-sensitive P fraction bound to Fe, Al and Mn oxides
and hydroxides in the sediment, an important bioavailable P pool that
affects internal P resupply capacity (Han et al., 2020). NaOH–P was the
dominant P fraction in the Zhushan Bay sediments (Fig. S1). Therefore,
PO43--P produced by the bioavailable P pool in sediments is continu
ously transported from deep areas to the SWI by interstitial water and
then finally released to the overlying water. The NaOH–P content in
sediment was higher in August, which was followed by a dramatic
decrease in September, indicating that it was largely utilized during the
ABs outbreak. Furthermore, the moisture content of the surface sedi
ment significantly increased from June to August (Fig. S3), indicating
that loose surface sediment particles were more easily suspended (Zhu
et al., 2003), further promoting the release of P from sediment to
overlying water. Overall, the intensity of P released from the sediments
was notably enhanced during the ABs outbreak in this study.

Fig. 5. Fluxes of labile P and labile Fe at the sediment-water interface were
measured by DGT.

water reached its lowest point in August when the biomass of ABs
reached its highest. With the decline in blooms, the DO concentration in
the water increased significantly in October.
4.2. Characteristics of P migration at the SWI during ABs
The concentration measured by DGT reflects the bulk pore water
concentration and the ability of sediment solids to supplement analytes
when the target in interstitial water is transferred or consumed (Ding
et al., 2010). In this study, the concentrations of DGT-labile P and
DGT-labile Fe sharply increased from June to August (Fig. 3). Similarly,
6
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The growth and degradation of algae had the opposite influence on
the concentration of P in the overlying water by absorbing and releasing
P, respectively (Chen et al., 2018; Zhu et al., 2013b). In the early stage of
ABs, rapid algal growth requires a significant uptake of inorganic nu
trients, resulting in a temporary decrease of TDP and PO43--P in the
overlying water from June to July (Table 1). In addition, the outbreak of
ABs was accompanied by the death of some algae, and their decompo
sition directly released labile P (Han et al., 2015). Therefore, TDP and
PO43--P in the overlying water increased in August owing to the
decomposition of algae and the intense release of internal P from the
sediments. Moreover, the increase in algal biomass also significantly
promoted the increase of particle P in the water (Wang et al., 2015),
which results in an increase in the concentration of TP in the overlying
water from June to August, with this result supported by the positive
correlation of Chl-a with TP concentrations in the overlying water (p <
0.05) (Table S1). Furthermore, dead algae also carried P into the sedi
ments when they settled, resulting in an increase in the concentration of
P at the SWI during the ABs outbreak (Han et al., 2015). In addition, the
water level of Lake Taihu soared owing to the super typhoon “Nepartak”
during the sampling period. The highest water level reached 4.87 m in
July 2016 (Zhu et al., 2020b). A large amount of P was carried into Lake
Taihu by external runoff. Most of the external P in particle form grad
ually accumulated in the sediment as the water level subsided. As a
result, under the joint action of external P input and algal deposition, the
P content in sediments in July and August sharply increased rather than
decreased (Fig. 2), even though the internal P in sediments was
aggressively released to the overlying water.
The DGT-labile P concentration gradients and its diffusion fluxes at
the SWI drastically decreased in September and October, suggesting that
the ability to release P from the sediment was substantially reduced
during the decline of ABs. It is worth noting that while the P concen
tration in sediment drastically decreased in September and then
rebounded in October, the labile P diffusion fluxes at the SWI remained
at low levels. The precipitation and surface runoff in the study area
decreased in September, and the flood subsided (Zhu et al., 2020b).
Therefore, the amount of P imported from external sources decreased
drastically. Furthermore, a large amount of internal P of sediment was
released and utilized to support multiple bloom outbreaks in July and
August. The absence of a strong external input and the intense con
sumption of internal P led to a sharp decrease in the content of sediment
P in September. Compared with September, large-scale algal death
occurred in October (Chl-a = 9.90 μg/L), suggesting that a large number
of algae had decomposed and settled into the sediment (Jin et al., 2008),
thereby replenishing the sediment P (Deng et al., 2019; Zhu et al.,
2013b). Therefore, the concentrations of P in the overlying water
increased owing to the algal decomposition, and the mineralization
ability in the sediment was weak during this period, resulting in the
increase in content of P in the sediment in October (Fig. 2). The per
centage of OP in the sediment increased substantially in October
(Fig. S1). Additionally, the OP classes in surface sediments (0–1 cm)
showed that the content of orthophosphate monoester (Mono-P)
increased from September to October (based on unpublished data).
Mono-P is an important component of organophosphorus in algae (Feng
et al., 2016), further confirming that the algal decomposition was a
major source of sediment P during the decline of the ABs, and the
characteristics of P migration transformed into the deposition of P from
the overlying water to the sediment.

observed between them at many sites, suggesting that P was released
following the reductive dissolution of Fe oxides. The results provide
additional direct evidence for the coupling between Fe and P in sedi
ments. In this study, significantly positive correlations of DGT-labile P
and DGT-labile Fe were also observed in some sediment profiles (Fig. 4),
which included the whole sediment profile in June and October and the
upper sediment profile in July and September. The correlation between
DGT-labile P and DGT-labile Fe was negative in other sediment profiles,
indicating that labile P concentrations in the sediment were decoupled
from Fe cycling during the ABs outbreak. The Fe redox-coupled remo
bilization of P is sensitive to changes in the concentrations of DO (Chen
et al., 2018). The concentration of DO in the overlying water signifi
cantly decreased owing to the ABs outbreak in July and August
(Table 1), indicating that the concentration of DO in the sediment
further decreased, resulting in the reductive dissolution of Fe(III) oxy
hydroxides and the release of Fe-bound P. In this study, the concentra
tions of DGT-labile Fe and DGT-labile P in the sediment profiles indeed
increased sharply in June and August (Fig. 3). However, there was a
negative correlation between DGT-labile Fe and DGT-labile P (Fig. 4).
This implies that the DGT-labile Fe and DGT-labile P in sediment profiles
could also be affected by other factors during the bloom period.
The decomposition of algae released labile P directly, and the
deposition of algal residues conveyed P into the sediment, which
increased the P concentration at the SWI (Han et al., 2015). In addition,
OP mineralization in sediments also released labile P (Hupfer and
Lewandowski, 2008). The result of OP classes indicated that the content
of orthophosphate diesters (Diester-P) in surface sediments was rela
tively higher in August 2016 (based on unpublished data on the same
sample site). Diester-P (phospholipids + DNA) primarily originate from
bacteria and hydrophytes (Ahlgren et al., 2006) and easily mineralize to
orthophosphate or are directly utilized by aquatic organisms (Bai et al.,
2017). It can be inferred that the bioavailability of OP in the sediments
in August was higher. Ding et al. (2019) also found that the DGT-labile P
concentration positively correlated with the OP in sediments. This im
plies that the labile P in sediment profiles can also be affected by the
degradation of labile organic P during the bloom period. Moreover, a
large amount of P was carried into Lake Taihu by external runoff during
the outbreak of ABs owing to the super typhoon “Nepartak” (Zhu et al.,
2020b). This further increased the P content in sediment and water.
These factors, together with the release of iron-bound P, contributed to
higher DGT-labile P concentrations in the sediment profiles in August.
Fe is the most prevalent redox-sensitive metal (Han et al., 2020).
Owing to an increase in the concentration of DO in the vicinity of the
SWI, labile Fe that had diffused to the SWI will be re-oxidized (Gao et al.,
2020). Furthermore, the enhancement of reduction promoted by the ABs
outbreak was conducive to the reduction of sulfate in sediment, resulting
in the release of S (-II) (Ma et al., 2017; Zhao et al., 2021), and a
simultaneous release of P and S occurred from the decomposition of
algae (Han et al., 2015). The reaction of S (-II) and Fe(II) formed
insoluble iron sulfide precipitates (FeS/FeS2) (Chen et al., 2018),
resulting in the decrease in the labile Fe concentration and diffusion
rates in the sediment. This could explain the phenomenon that the flux
of DGT-labile Fe was lower than that of DGT-labile P (Fig. 5). Moreover,
previous research showed that a stable complex would be formed by the
organic matter and Fe in water with high organic matter content
(Pollingher et al., 1995). In this study, the outbreak of ABs in August
coincided with a significant increase in organic matter content in the
overlying water (reflected by the LOI) (Table 1), possibly resulting in an
additional decrease in labile Fe at the SWI. The combined action of these
factors finally led to the decoupling of DGT-labile P and DGT-labile Fe in
August.

4.3. Analysis of decoupling between DGT-labile P and DGT-labile Fe
during ABs
The coupling between Fe and P cycles responsible for the retention
and mobilization of P in sediments was first proposed by Einsele in 1936.
This mechanism has also been found in other studies (Mortimer, 1941).
DGT probes were deployed by Ding et al. (2012) to simultaneously
measure labile Fe and labile P. Significantly positive correlations were

5. Conclusions
In this study, the outbreak and decline of ABs occurred from June to
August and from September to October, respectively. During the ABs
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outbreak period, the TP concentrations in sediments significantly
increased, and NaOH–P was the dominant form of TP. DGT-labile P
concentrations in sediment and its diffusion fluxes across the SWI
significantly also increased from June to August. The equilibrium P
concentration (EPC0) of sediment was much higher than PO43--P in
overlying water. The ABs outbreak promoted the release of P from the
bioavailable P pool in sediments by affecting the DO and pH. Therefore,
sediment solids had a high ability to supplement labile P in the inter
stitial water during the outbreaks of ABs, and large amounts of labile P
were released into the overlying water by interstitial water. Following
periods of algal decomposition from September to October, the con
centrations and diffusion fluxes of DGT-labile P sharply decreased, and
the decomposition of dead algae led to an increase in the concentrations
of TP, TDP and PO43--P in the overlying water. These changes subse
quently resulted in algae settling to the lakebed, and a corresponding
increase in sediment P. The DGT-labile P and DGT-labile Fe coupling
observed in June, September and October confirmed the mechanism of
Fe redox-driven P release in sediment during these periods. The
decoupling of DGT-labile P and DGT-labile Fe was observed in July and
August and was probably caused by algal decomposition, labile organic
P degradation and/or sulfate reduction in sediment stimulated by the
ABs outbreak.
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