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A B S T R A C T   

In shallow lakes, eutrophication leads to a shift of the macrophyte-dominated clear state towards an algae- 
dominated turbid state. Phosphorus (P) is a crucial element during this shift and is usually concentrated in 
the suspended particulate matter (SPM) in water. However, the dominant processes controlling internal P release 
in the algae- (ADA) and macrophyte-dominated (MDA) areas under the influence of P-concentrated SPM remains 
unclear. In this study, we conducted monthly field observations of P exchange across the sediment-water 
interface (SWI) with the deposition of SPM in the ADA and MDA of Lake Taihu. Results revealed that both 
algae- and macrophyte-originated SPM led to the depletion of oxygen across the SWI during summer and 
autumn. Redox-sensitive P (Fe-P) and organic P (Org-P) were the dominant mobile P fractions in both areas. High 
fluxes of P across the SWI were observed in both areas during the summer and autumn. However, the processes 
controlling P release were quite different. In MDA, P release was mostly controlled by a traditional Fe-P disso
lution process influenced by the coupled cycling of iron, sulfur, and P. In the ADA, Org-P control was intensified 
with the deterioration of algal bloom status, accompanied with the dissolution of Fe-P. Evidence from the current 
study revealed that the dominant process controlling the internal P release might gradually shift from Fe-P to a 
coupled process of Fe-P and Org-P with the shift of the macrophyte- to an algae-dominated state in shallow 
eutrophic lakes. The differentiated processes in the MDA and ADA should be given more attention during future 
research and management of internal P loadings in eutrophic lakes.   

1. Introduction 

Harmful algal blooms and loss of aquatic vegetation are typical 
ecological disasters faced by numerous lakes worldwide (Ho et al., 2019; 
Zhang et al., 2017). The increased algal blooms and decrease of mac
rophytes result in the shift of a clear state dominated by macrophytes to 
a turbid state dominated by algae, which is considered a key process in 
the evolution of eutrophic shallow lakes (Scheffer and Van Nes, 2007). 
Several factors facilitate such alternative regimes, including climate, 
nutrients, water depth, and lake size (Coops et al., 2003; Scheffer and 
Van Nes, 2007). Among these, nutrients have attracted widespread 
attention owing to their limited availability and assimilation to algae 
and macrophytes (Andersen et al., 2020). Nitrogen (N) and phosphorus 
(P) are major concerns subject to debate for decades, with some re
searchers describing algal growth as limited by both (Conley et al., 2009; 
Cotner, 2017). Others believe that P or the N/P ratio is more important 

than N (Qin et al., 2020; Schindler et al., 2016). Regardless, P is estab
lished as a crucial element in this context. 

Owing to its sedimentation characteristics, P is usually concentrated 
in suspended particulate matter (SPM) and sediments (Ji et al., 2022; 
Liu et al., 2019a). Concentrated P is deposited in the sediment through 
the deposition of SPM, then mobilized and released to the overlying 
water again through diffusion, resuspension, and other diagenetic pro
cesses (Taguchi et al., 2020). Persistent internal P release might increase 
P concentrations and promote algal blooms even after the reduction of 
external loads (Nürnberg et al., 2012). During these sedimentation, 
dissolution, and release processes, the composition and transformation 
of P fractions are essential. Sedimentary P is commonly divided into 
loosely adsorbed P (Ex-P), redox-sensitive P (Fe-P), aluminum-bound P 
(Al-P), organic P (Org-P), apatite, other inorganic P (Ca-P), and residual 
P (Res-P) (Lukkari et al., 2007). Among these fractions, Ex-P, Fe-P, and 
Org-P are considered more mobile (Rydin, 2000). The dissolution of 
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these forms of P has been widely accepted to control P release across the 
sediment-water interface (SWI). 

Previous studies revealed that most of the P in water is present in 
particulate form (Shinohara et al., 2016), especially in some eutrophic 
areas where the particulate P (Par-P) ratio can reach 90% or higher (Zhu 
et al., 2020). The P-concentrated SPM in the algae-dominated area 
(ADA) was rich in both Fe-P and Org-P (Liu et al., 2019a; Yang et al., 
2020). In the macrophyte-dominated area (MDA), a large portion of the 
P pool was discovered to be in the SPM originated from calcite crusts on 
macrophytes (Sand-Jensen et al., 2021; Wang et al., 2022). Such 
P-concentrated SPM aggravates P release from the sediment in both 
areas (Liu et al., 2019a; Zhao et al., 2019). The differential distribution 
of P fractions in SPM and the sediment increased the complexity of P 
exchange across the SWI in the two areas. The dissolution of Fe-P under 
anoxic conditions has been widely accepted as a typical means for in
ternal P release (Hupfer and Lewandowski, 2008). However, greater 
dissolution of Fe-P under aerobic conditions was discovered in MDA 
than in ADA (Kisand and Nõges, 2003). In addition, a series of recent 
studies have revealed that Org-P is another key factor that controls the 
release of P, especially in eutrophic shallow lakes with serious algal 
blooms (Alam et al., 2020; Song et al., 2018). Therefore, there may be 
different processes that control P release in these two areas. 

As an essential element for eutrophication and algal blooms, P 
release in both the ADA and MDA influences the cycle of P throughout 
the whole lake. However, information on the differences of dominant 
processes for P release between these two areas remains limited. 
Further, whether a shift in the dominant processes controlling P release 
also occurs during the two states remains unclear. In the current study, 
monthly field observations of the deposited SPM and P exchanges across 
the SWI in both the ADA and MDA were carried out in Lake Taihu. The 
influence of P exchange by deposited SPM originating from the two 
areas was studied. We sought to reveal the distinct and dominant pro
cesses for internal P release in the ADA and MDA of eutrophic lakes. 

2. Materials and methods 

2.1. Study site and field sampling of the water, sediment, and SPM 

Lake Taihu is a typical large shallow eutrophic lake with an area of 

2338 km2 and a mean depth of 2 m. An increase in algal blooms and loss 
of macrophytes has affected the lake for decades. The maximum algal 
bloom coverage was reported at 1208 km2 (Duan et al., 2015). Mean
while, macrophyte coverage has reduced to only 10.6% of the lake area 
(Fig. 1). In the past five years, the total phosphorus (TP) concentration in 
water has continuously increased, with 70% being Par-P (Zhu et al., 
2020). Field observations were carried out monthly from May 2018 to 
April 2019 for both the ADA (T1) and MDA (T2 and T3). The bloomed 
algae in the ADA were mostly cyanobacteria Microcystis spp. (Qin et al., 
2019). The dominant macrophytes in the MDA were Potamogetom crispus 
in spring and Potamogeton malaianus, Vallisneria natans, Hydrilla verti
cillata, Potamogeton pectinatus, Trapa bispinosa, and Myriophyllum spica
tum in summer according to our field observation and other studies 
(Zhang et al., 2022). During each sampling period, three sediment cores 
were collected from each site using a gravity corer (90 mm diameter, 
500 mm length; Rigo Co., Ltd., Japan). Approximately 1 L of lake water 
from each site was simultaneously sampled. All the sediment columns 
and water samples were preserved at 4 ◦C, transported to the laboratory 
within 3 h, and then analyzed immediately. In parallel to the sampling of 
water and sediment columns, deposited SPM at each site was also 
collected using self-designed sediment traps. Each trap had 16 channels 
of plexiglass tubes (90 mm diameter, 500 mm length). On each sampling 
period, two sets of traps were deployed at each sites in Fig. 1. Details of 
the SPM collection are described in the Supplementary Material. SPM 
from the same site was homogenized, preserved at 4 ◦C, and immedi
ately transported to the laboratory for analysis. For each site, the sedi
mentation rate of SPM was calculated by freeze drying the fresh SPM in 
three tubes to a constant weight under vacuum conditions. 

2.2. Profile analysis and calculation 

Immediately after the sediment columns were transported to the 
laboratory, the vertical profiles of oxygen (O2) across the SWI were 
analyzed using a micro-profiling system (Unisense, Aarhus, Denmark). 
Thereafter, the pore water profiles of soluble reactive P (SRP) and 
ferrous iron (Fe(II)) were obtained using a series of mini-peepers 
(Fig. S1). After obtaining the profile characteristics, the O2 uptake rate 
was calculated based on Fick’s second law assuming zero-order kinetics 
(Rasmussen and Jorgensen, 1992). The diffusive fluxes of SRP and Fe(II) 
across the SWI were calculated using Fick’s first law of diffusion (Ull
man and Aller, 1982). The details of profile analysis and calculation are 
provided in the Supplementary Material. 

2.3. Chemical analysis 

The total suspended solids, TP, total dissolved P, SRP, Par-P, organic 
P (Org-P), and chlorophyll a (Chla) concentrations in water were 
analyzed. The sediment columns were segmented at 2-cm intervals. The 
sediment and SPM samples were analyzed for reduced inorganic sulfur 
fractions (acid volatile sulfide, Cr(II)-reducible sulfur, and elemental 
sulfur), P fractions, typical metals that usually precipitate with P 
(aluminum (Al), iron (Fe), and calcium (Ca)), and total organic carbon 
(TOC). The details of these chemical analyses are described in the 
Supplementary Material. 

2.4. Statistical analysis 

Pearson’s or Spearman’s correlations between various characteris
tics in the sediment and SPM were analyzed. The differences of various 
characters between different sites and times were evaluated using paired 
t-test or one-way analysis of variance (ANOVA) tests. Significance was 
reported at p < 0.05 and p < 0.01 levels. These tests were carried out 
using SPSS software (version 26.0; IBM, New York, NY, USA). Correla
tion plots and other data figures were generated using Origin software 
(version 2021; OriginLab, Northampton, MA, USA). 

Fig. 1. Locations of the sampling sites and macrophyte distribution in 
Lake Taihu. 
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3. Results 

3.1. Monthly water quality variations in the algae- and macrophyte- 
dominated areas 

Water TP, SRP, Par-P, and Org-P concentrations in the ADA were 
generally higher than those in the MDA throughout most of the study 
period (Fig. S2). TP concentrations in T1 reached a peak of 0.70 mg L− 1 

in August, accompanied by high SRP (0.18 mg L− 1), Par-P (0.52 mg L− 1), 
total dissolved P (0.19 mg L− 1), Chla (228.1 μg L− 1), and total suspended 
solids (84.0 mg L− 1) concentrations. Two small peaks in TP concentra
tions in T2 and T3 occurred in June (0.09 mg L− 1) and February (0.09 
mg L− 1), respectively. The dominant P fraction in the water of both areas 
was Par-P, with the highest ratios of 86% and 94% for ADA and MDA, 
respectively. While the Par-P concentrations in the ADA were much 
higher than those in the MDA, especially during summer. For the ADA, 
Par-P and other fractions of P in the water were considerably higher in 
summer as was Chla concentration. Significantly positive correlation 
(Pearson’s r = 0.935, p < 0.01) was discovered between the Par-P and 
Chla in water. For the MDA, no significant correlations were discovered 
between the Par-P and Chla. 

3.2. Properties of the deposited SPM 

3.2.1. Development of sedimentation rate of the SPM 
The sedimentation rate in ADA was much higher than that in MDA 

throughout the investigation (Fig. S3(a), p < 0.01, ANOVA). The highest 
sedimentation rate of 978.8 g dw m− 2 d− 1 for T1 was observed in 
September, close to that in August. After April, the sedimentation rate of 
T1 increased dramatically and was significantly positively correlated 
with Chla in water (Pearson’s r = 0.580, p < 0.01). The trends of sedi
mentation rate were quite similar between T2 and T3 (p = 0.122, paired 
t-test), with two increase periods in spring and early winter, when the 
withering of Potamogetom crispus and other submerged macrophytes 
occurred, respectively. These trends indicated that the sedimentation rate 

in T1 might be related to the algal bloom, whereas that in T2 and T3 
might be related to macrophyte withering. 

3.2.2. TOC contents in the SPM 
The TOC content of T1 was significantly lower than of T2 and T3 

(Fig. S3(b), p < 0.01, ANOVA). The highest TOC (5.90%) in T1 was 
recorded in July, when a serious algal bloom occurred. The TOC for T2 
and T3 (p = 0.677, paired t-test) increased from March to September, 
gradually decreasing from September to February. During the high 
macrophyte growing and withering seasons (July to January), the TOC 
of T2 and T3 were both higher than 5%, peaking at 6.42% and 6.87%, 
respectively. The TOC of T1 was significantly positively correlated with 
Chla (p < 0.01, Fig. S4(a)). The TOC of T2 and T3 was negatively 
correlated with Chla, yet not significantly (Fig. S4(b)). The bloomed 
algae at T1 might have had a significant influence on TOC content in the 
SPM, while the TOC of T2 and T3 might be influenced by macrophyte. 

3.2.3. Phosphorus fractions in the SPM 
Generally, TP concentrations in the SPM of T1 were higher than 

those of T2 and T3 (Fig. 2, p < 0.01, ANOVA). The Ex-P concentrations of 
T1 were higher than those of T2 and T3 at most times throughout the 
year. Ex-P was much lower than the other P fractions for all sites. Fe-P 
and Org-P were the dominant mobile P fractions. The Fe-P concentra
tions of T1 were close to those of T2 and T3, whereas the Org-P of T1 
increased dramatically after May and peaked in August, at 489.2 mg 
kg− 1. The trend was consistent with Chla increase during this period 
(Fig. S2). In the other months, the Org-P of T1 was similar to that of T2 
and T3. Al-P and Ca-P were also the dominant fractions of inorganic P in 
SPM. The ratios of Ca-P to TP for T2 and T3 were higher than those of T1. 

3.2.4. Typical metals in the SPM 
As per Section 3.2.3, Fe-P, Al-P, and Ca-P represented key fractions of 

inorganic P in the SPM. Fe (p = 0.037) and Al (p < 0.01, ANOVA) 
concentrations of T1 were slightly higher than those of T2 and T3, 
particularly in autumn and winter (Fig. S5). The Fe and Al concentration 

Fig. 2. Monthly variations of phosphorus fractions in suspended particulate matter.  
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of T1 were relatively stable, while decreased obviously for T2 and T3 
from summer to winter. The Ca concentration of T1 was also quite stable 
throughout and obviously lower than for T2 and T3 (p < 0.01, ANOVA, 
Fig. S5). 

3.3. Properties of the sediment columns 

3.3.1. Vertical distributions of TOC in the sediment columns 
TOC concentrations in the sediment columns of all three sites were 

lower than those in the SPM of corresponding sites (Section 3.2.2), 
especially T2 and T3. The TOC concentration in the sediment of T1 was 
significantly lower than that of T2 and T3 (p < 0.01, ANOVA), similar to 
that of SPM (Fig. S6). The TOC in the surficial 2 cm sediment of T1 

experienced a slight increase in July and August, which might have been 
caused by the significant increase in TOC in the SPM during this period 
(Section 3.2.2). There was no obvious increase in the TOC of T2 and T3 
surficial sediments. The influence of the deposited SPM on sediment 
TOC concentration in ADA was more obvious than for MDA during the 
serious algal bloom season. 

3.3.2. Phosphorus fractions in the sediment columns 
The TP concentration in the sediment of T1 was higher than those of 

T2 and T3 (p < 0.01, ANOVA, Fig.3), all were lower than those in the 
SPM. Similar to the P fraction in SPM, Fe-P and Org-P were also the 
dominant mobile P in the sediment. Ex-P was quite low compared to the 
other fractions. A significant increase in Org-P in T1 was observed from 
May to October, especially in the surficial 2 cm of the sediment, with the 
highest value of 150.8 mg kg− 1 in July. The increase of P in the MDA 
mostly occurred in winter, with a slight increase in Fe-P and Org-P. Fe-P 
concentrations in T2 and T3 remained low during the summer and 
autumn, when temperatures are highest. 

3.3.3. Typical metals in the surficial sediment 
The concentrations of Fe and Al in the sediment of T1 were signifi

cantly higher than those of T2 and T3 (p < 0.01, ANOVA, Fig. S7). The Fe 
and Al concentrations of T1 increased from December to March and 
were similar to those in the SPM (Section 3.2.4). Similar to concentra
tions in the SPM, Ca in the sediment of T1 remained stable and lower 
than in T2 and T3 (p = 0.016, ANOVA). A trend of increase in Ca con
centrations was observed for both T2 and T3 from October to January, 
potentially caused by high levels of Ca in the SPM during this period 
(Fig. S5). 

3.3.4. Reduced inorganic sulfur fractions in the surficial sediment 
Acid volatile sulfide and Cr(II)-reducible sulfur were the dominant 

fractions of reduced inorganic sulfur in the sediments of both ADA and 

Fig. 3. Vertical distributions of phosphorus fractions in the sediment.  

Fig. 4. Oxygen penetration depth (OPD) and oxygen uptake rate (OUR) across 
the SWI. 
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Fig. 5. Soluble reactive phosphorus (SRP) concentrations in the pore water.  

Fig. 6. Ferrous iron (Fe(II)) concentrations in the pore water.  
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MDA (Fig. S8). Acid volatile sulfide and Cr(II)-reducible sulfur concen
trations in the sediments of T2 and T3 increased from May to September 
and were significantly higher than those in T1. Generally, the reduced 
sulfur concentrations in the MDA were higher than those in the ADA 
during summer and autumn, probably caused by the high TOC (Section 
3.3.1) induced sulfate reduction rates in the area (Kim et al., 2017). 

3.4. Profile characteristics and fluxes across the SWI 

3.4.1. O2 profiles and uptake rates across the SWI 
The O2 profiles showed significantly differences between different 

sites and sampling periods (p < 0.01, ANOVA, Fig. S9). From May to 
August, the oxic sediment zone of T1 narrowed gradually (Fig. S9), with 
the O2 penetration depth (OPD) decreasing from 3.0 mm to 0 (Fig. 4). An 
extreme anoxic condition of the SWI was observed in August when O2 in 
the bottom water decreased to 0. Significantly negative correlations 
were discovered between the Chla in water and OPD (Pearson’s r =
− 0.346, p = 0.039). The OPD remained lower than 2 mm until 
December. From December to April, the OPD of T1 gradually increased 
to approximately 7 mm (Fig. 4). O2 concentrations across the SWI for T2 
and T3 were also low from May to August (Fig. S9). However, the OPD of 
both T2 and T3 (p = 0.231, paired t-test) exhibited a slow increase from 
May 2018 to March 2019. The lowest OPD for T2 and T3 were observed 
from April to May. Notably, negative O2 uptake rate values for T2 and T3 
were detected from June to September, especially in August (Fig. 4), 
when the highest biomass of submerged macrophytes was recorded 
(Fig. 1). 

3.4.2. Pore water profiles of SRP and Fe(II) across the SWI 
The pore water SRP concentrations were generally higher from May 

to October, with those of T1 being higher than for T2 and T3 (p < 0.01, 
ANOVA, Fig. 5). After November, the SRP concentrations at all three 
sites decreased sharply, especially for T1. This decrease in SRP at T1 
occurred slightly earlier than that at T2 and T3, resulting in lower SRP 
concentrations in the former site from November to April. The vertical 
distributions of SRP remained relatively constant from the overlying 
water to the deeper sediment for all three sites, under the low winter 
temperatures from December to March. 

The Fe(II) concentrations of T1 were relatively higher from May to 
October (Fig. 6) and were slightly higher than those of SRP during the 
same period, which did not allow for Fe and P co-precipitation in the 

oxic sediment zone (Lehtoranta et al., 2009). From November to April, 
the Fe(II) concentrations of T1 decreased sharply to under 0.5 mg L− 1 or 
even close to 0. The concentrations of Fe(II) for T2 and T3 were 
remarkably higher than those for T1 (p < 0.01, ANOVA), which could be 
noticed during most of the year. In particular, significant increases in Fe 
(II) for T2 and T3 were observed after September when the temperature 
began to decline and the Fe(II) of T1 began to decrease. Even in winter 
(December to February), the Fe(II) concentrations of T2 and T3 were 
significantly higher than those of T1 and the corresponding SRP con
centrations (p < 0.01, ANOVA). 

3.4.3. Fluxes of SRP and Fe(II) across the SWI 
The SRP fluxes of T1 remained stable between 1.50 and 2.23 mg m− 2 

d− 1 from May to August, which were already within the range of high P 
fluxes in many eutrophic lakes (Gibbons and Bridgeman, 2020; Nürn
berg et al., 2012). The highest SRP fluxes of T1 reached 16.79 mg m− 2 

d− 1 in September and then decreased quickly. The SRP fluxes of T2 and 
T3, however, increased gradually after May and peaked in July and 
August, with fluxes of 14.90 and 13.57 mg m− 2 d− 1, respectively. 
Similarly, the P fluxes of all three sites decreased sharply after November 
and remained low until the following April. The Fe(II) fluxes of T1 
increased gradually after May and peaked in July at 158.77 mg m− 2 d− 1, 
decreasing gradually thereafter, down to below 0.2 mg m− 2 d− 1 after 
November. The highest values of T2 and T3 reached 1097.24 and 
423.46 mg m− 2 d− 1 in October and July, respectively. These values were 
considerably higher than for T1 and the SRP fluxes at these two sites. 
Further analysis revealed significant positive relationships between Fe 
(II) and SRP fluxes in T2 and T3 (both p < 0.01), but not in T1 (Fig. 7). 
The simultaneous release of Fe(II) and SRP in T2 and T3 was more 
evident than in T1. 

4. Discussion 

4.1. Deposition of algae- and macrophyte-originated SPM induced 
differential environmental changes across the SWI 

Previous studies have shown that the decomposition of algae and 
macrophytes could lead to O2 depletion as well as the release of P and 
other elements (Liu et al., 2015; Shen et al., 2014). The deposition and 
decomposition of algae- and macrophyte-derived SPM may play vital 
roles during these processes. However, the time periods of SPM 

Fig. 7. Fluxes of soluble reactive phosphorus (SRP) and Fe(II) across the sediment-water interface and their correlations.  
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deposition were significantly different. The deposition of 
algae-originated SPM was mostly observed from late spring to autumn 
with high sedimentation rates (Section 3.2.1), especially in the summer, 
when Lake Taihu faced the most severe algal bloom (Qin et al., 2019). 
The algae-derived SPM resulted in high concentrations of TOC in the 
SPM and the surficial sediment (Sections 3.2.2 and 3.3.1), as well as high 
levels of protein-like organic matter (Liu et al., 2019a). Consequently, a 
rapid decomposition process occurs after SPM deposition, especially 
during summer and autumn with high temperatures (Derrien et al., 
2019; Diaz and Rosenberg, 2008). Our previous study in Lake Taihu 
revealed that the decomposition of algae-originated SPM generally took 
place within 5 days, and O2 was depleted within 2 days (Liu et al., 
2019b, 2015). In the current study, O2 across the SWI in the ADA 
decreased to 0 from May to August and remained at low levels until the 
end of autumn (Section 3.4.1). The decomposition of algae-originated 
SPM led to low O2, low OPD, and a high consumption of O2 across the 
SWI. 

As shown in Section 3.2.1, the deposition of SPM in the MDA was 
influenced by the two withering periods of different macrophytes. The 
withering of Potamogetom crispus resulted in a short period of O2 
depletion in late spring, which has also been observed in previous 
studies (Shen et al., 2014). While in summer, although high TOC in the 
SPM and sediment of T2 and T3 (Sections 3.2.2 and 3.3.1) might have 
led to the intense mineralization and consumption of O2 at high tem
peratures (Derrien et al., 2019; Li et al., 2018), the depletion of O2 across 
the SWI was not as drastic as that of T1. The radial O2 losses effect 
usually increases the depth of the oxic sediment zone around the 
rhizosphere (Han et al., 2018; Koop-Jakobsen et al., 2017). Thus, 
increased OPD from May to September, and negative O2 uptake rates 
were observed in the MDA under high macrophyte coverage (Section 
3.4.1). Comparing ADA and MDA, algae-originated SPM led to the sharp 
depletion of O2 across the SWI during summer and autumn, while 
macrophyte-originated SPM mostly led to O2 depletion in late spring. 
These environmental changes may further influence P exchange across 
the SWI (Hupfer and Lewandowski, 2008; Søndergaard et al., 2003). 

4.2. Deposited SPM led to discrepant P sedimentation processes in the 
ADA and MDA 

As revealed in Sections 3.2.3 and 3.3.2, Ca-P, Fe-P, and Al-P were the 
dominant inorganic P fractions in the SPM and sediment. The dominant 
status of Ca-P in the MDA was more evident than that in the ADA. During 
the fast growth season, large quantities of calcite crusts can frequently 
form on the leaves and stems of submerged macrophytes during daytime 
photosynthesis (Blindow, 1992; Dong et al., 2014; Kisand and Nõges, 
2003; Pełechaty et al., 2013; Sand-Jensen et al., 2021). The 
co-precipitation of Ca and P through calcite crusts resulted in higher 
ratios of Ca-P in the MDA than in the ADA (Dierberg et al., 2002; Wang 
et al., 2022). Unlike Ca distribution, the Fe and Al concentrations in the 
SPM and sediment in the ADA were generally higher than those in the 
MDA, resulting in high concentrations of Fe-P and Al-P (Section 3.3.2). 
Among these two fractions, Al-P was considered more stable than Fe-P 
by many researchers (Rönicke et al., 2021; Rydin, 2000). Aluminum 
treatment was also considered more efficient over longer time series in 
many lakes (Rönicke et al., 2021; Yin et al., 2018). Therefore, high 
concentrations of redox-sensitive Fe-P may be more important for in
ternal P release (Gu et al., 2019; Hupfer and Lewandowski, 2008). An 
increased Fe/P ratio is usually considered to increase stability of the P 
pool in the sediment (Jensen et al., 1992). With regard to Fe/P, T2 and 
T3 were quite close in both SPM (p = 0.126, paired t-test) and the 
sediment (p = 0.427, paired t-test), being generally higher than T1 
values at most times of the year, especially in summer (Fig. S10(a) and 
(b)). The Fe/P ratio of the sediment was significantly positively corre
lated with that of SPM (Pearson’s r = 0.564, p < 0.01, Fig. S10(c)), 
demonstrating the direct influence of SPM on the sedimentation of Fe 
and P in surficial sediments. From May to August, Fe/P in both areas 

decreased sharply, accompanied by a decrease in Fe-P. The obvious 
decrease in Fe-P at all three sites indicated a potential influence of Fe-P 
on the internal P cycle in both areas, which has already been described 
as the dominant process for internal P release in many lakes (Alam et al., 
2020; Tammeorg et al., 2020). 

As per Section 3.1, the dominant P fraction in the water of both areas 
was Par-P, whereas the sources of these P-concentrated SPM were 
different. For the ADA, the bloomed algae were the most likely sources 
of Par-P in the water and the SPM (Sections 3.1 and 3.2.1). An increase 
in mobile P in the SPM was also observed with the increase of Par-P in 
summer (Section 3.2.3). The increase in Org-P in SPM was greater than 
those of Ex-P and Fe-P. Our previous field observations in the ADA of 
Lake Taihu also revealed that Org-P was the dominant fraction of P in 
the algae-originated SPM (Kong et al., 2020). A similar distribution of 
Org-P in SPM was also discovered in the ADA of Lake Chaohu (Liu et al., 
2019a; Yang et al., 2020). The increased Org-P content in the SPM gave 
rise to Org-P in the surficial sediment in summer (Section 3.3.2), which 
has also been considered a key factor influencing P release in many 
eutrophic areas (Amirbahman et al., 2013; Markovic et al., 2019). For 
MDA, there was no obvious increase of Org-P in the SPM and the sur
ficial sediment during summer. Therefore, the discrepant origins and 
elemental compositions of SPM led to differential P sedimentation pro
cesses in the ADA and MDA, which would further influence the internal 
P cycle in these two areas. 

4.3. Differences of dominant processes for P dissolution and exchange 
across the SWI in the ADA and MDA 

Differential P sedimentation processes caused by deposited SPM in 
the ADA and MDA resulted in differential distributions of mobile P in the 
sediment (Section 3.3.2). For both the areas, Fe-P and Org-P were the 
dominant mobile P fractions. For ADA, the anoxic conditions in summer 
(Section 3.4.1) induced the dissolution of Fe-P (Hupfer and Lew
andowski, 2008). In parallel, the concentrations of SRP and Fe(II) in 
pore water increased significantly (Section 3.4.2). Fe-P concentration in 
the sediment was also negatively correlated with temperature and Chla 
(Fig. S4). Therefore, Fe-P dissolution is believed to occur during the 
severe algal bloom season at high temperatures, which is consistent with 
previous studies (Gibbons and Bridgeman, 2020; Hupfer and Lew
andowski, 2008). In addition, the mineralization of organic matter 
would also lead to Org-P dissolution. This process is further enhanced by 
iron reduction (Markovic et al., 2019). During the algal bloom season, a 
significant increase in the Org-P difference between SPM and the surfi
cial sediment was observed (Fig. S11). The Org-P difference was 
significantly higher than the Fe-P difference during this period. In 
addition, the pore water Fe(II) concentrations in T1 were close to or 
slightly higher than those of SRP (Section 3.4.2), which did not allow for 
Fe and P co-precipitation in the oxic sediment zone (Lehtoranta et al., 
2009). These phenomena indicate that a large part of the deposited 
Org-P might have been mineralized and released in the ADA. The sub
sequent decrease in Org-P and the low OPD after September indicated 
further mineralization of Org-P in autumn (Markovic et al., 2019). For 
the MDA, Org-P in the surficial sediment and SPM was significantly 
lower than in the ADA during summer and autumn (Sections 3.2.3 and 
3.3.2). Moreover, the Org-P difference for T2 and T3 was significantly 
lower than that of T1 (p < 0.01, paired t-test) and the Fe-P difference 
during this period (p < 0.05, paired t-test, Fig. S11). The Fe-P differences 
of T2 and T3 exhibited a general increase from May to September, being 
mostly higher than that of T1 during summer and autumn. The pore 
water profiles also showed that Fe(II) concentrations in T2 and T3 were 
several times the corresponding SRP concentrations from May to 
December (Section 3.4.2). Therefore, the dissolution of Fe-P in MDA was 
more obvious than that in ADA. 

As discussed in the current section and Section 4.2, Fe-P dissolution 
during summer and autumn was observed in both areas. However, large 
differences were noted, as Fe-P dissolution in the MDA was considerably 
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greater than that of other P fractions. The significant positive relation
ship between SRP and Fe(II) fluxes (p < 0.01) also indicated the 
simultaneous release of P and Fe(II) (Section 3.4.3). While for the ADA, 
no significant relationship was discovered between the fluxes of SRP and 
Fe(II) (Section 3.4.3). The simultaneous dissolution of Fe-P and Org-P 
during the algal bloom season would both influence the release of P. 
Consequently, different dominant processes for P release in ADA and 
MDA were deduced (Fig. 8). P release in the MDA is generally controlled 
by a traditional Fe-P dissolution process influenced by the coupled 
cycling of iron, sulfur, and P across the SWI, which has already been 
described in numerous previous studies (Lehtoranta et al., 2009; Rozan 
et al., 2002). The high concentrations of reduced sulfur in the MDA 
(Section 3.3.4) might facilitate the formation of iron sulfides, sequen
tially restraining the co-precipitation of Fe and P in the oxic sediment 
layer and enhancing the release of P after Fe-P dissolution (Lehtoranta 
et al., 2009). Therefore, the SRP fluxes of T2 and T3 were mostly higher 
than those of T1 during the summer and autumn (Fig. 7). In addition, 
there are still some other factors that might result in the higher P fluxes 
in the MDA, including the decaying of macrophyte debris in the sedi
ment (Shen et al., 2014), the lower concentrations of P in the overlying 
water of the MDA, or the artefact caused by the calculation of fluxes 
using Fick’s first law of diffusion (Ullman and Aller, 1982). These factors 
influencing the internal P release in the MDA still require further study. 
With the development of eutrophication and algal blooms, the tradi
tional Fe-P controlled process was shifted to a coupled process 
controlled by both Fe-P and Org-P in the ADA. Moreover, the control of 
Org-P might gradually intensify with the deterioration of algal bloom 
status. A widely accepted phenomenon for the evolution of eutrophic 
shallow lakes (Scheffer and Van Nes, 2007), the shift between the 
macrophyte- and algae-dominated status might also shift the dominant 
processes for internal P release controlled by Fe-P and Org-P. In addi
tion, due to the high Ca-P co-precipitation by the crust on macrophytes 
(Section 4.2), the sedimentation and dissolution of Ca-P might also play 
an important role in internal P cycling in the MDA (Dierberg et al., 2002; 
Kisand and Nõges, 2003; Wang et al., 2022). However, the Ca-P in the 
sediment was mostly higher than in the SPM. Sedimentation might still 
be the prevailing process for Ca-P. The dissolution of Ca-P in the MDA or 
other similar areas with high ratio of Ca-P requires further investigation. 

5. Conclusions 

A yearlong field investigation in the ADA and MDA of Lake Taihu 
revealed that both algae- and macrophyte-originated SPM led to the 
depletion of O2 across the SWI during summer and autumn. The 
different characteristics of deposited SPM resulted in differential P 
sedimentation and release processes in the two areas. A traditional Fe-P 
dissolution process influenced by the coupled cycling of iron, sulfur, and 
P was observed in the MDA. With the development of eutrophication 
and algal blooms, the control of Org-P might be intensified, and a 
coupled process controlled by both Org-P and Fe-P was discovered in the 
ADA. Therefore, we further deduced that the dominant process for in
ternal P release might gradually shift from Fe-P to a coupled process of 
Fe-P and Org-P with the shift of macrophytes to algae in eutrophic 
shallow lakes. Similar processes might occur in shallow freshwater lakes 
with the deterioration of eutrophic statuses. 
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Fig. 8. Dominant processes for P release in the algae- and macrophyte-dominated areas (concentrations and fluxes are the mean values during June 2018 to August 
2018 in Lake Taihu. The units of chemicals in the sediment were mg kg− 1. Black lines represent precipitation, assimilation, deposition or burial processes. Blue lines 
represent dissolution, mineralization, resuspension or release processes. SPM: suspended particulate matter; P: phosphorus; Ex-P: loosely adsorbed P; Fe-P: redox 
sensitive P; Al-P: aluminum-bound P; Org-P: organic P; Ca-P: apatite and other inorganic P; Res-P: residual P; SRP: soluble reactive phosphorus; TOC: total organic 
carbon; AVS: acid volatile sulfide; CRS: Cr(II)-reducible sulfur). 

C. Liu et al.                                                                                                                                                                                                                                      



Water Research 224 (2022) 119067

9

Supplementary materials 

Supplementary material associated with this article can be found, in 
the online version, at doi:10.1016/j.watres.2022.119067. 

References 

Alam, M.S., Barthod, B., Li, J., Liu, H., Zastepa, A., Liu, X., Dittrich, M., 2020. 
Geochemical controls on internal phosphorus loading in Lake of the Woods. Chem. 
Geol. 558, 119873. 

Amirbahman, A., Lake, B.A., Norton, S.A., 2013. Seasonal phosphorus dynamics in the 
surficial sediment of two shallow temperate lakes: a solid-phase and pore-water 
study. Hydrobiologia 701, 65–77. 
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