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A B S T R A C T   

Extensive algal bloom in the surface water is a pressing issue in Lake Dianchi that causes lake restoration to be 
difficult owing to complex and variable phosphorus (P) sources in the water column. P released from algae, 
suspended particles (SS), and sediment can provide sustainable P sources for algal blooms. However, little is 
known regarding the dynamic of P speciation in these substances from different sources. In this study, solution 
31P nuclear magnetic resonance (31P NMR) and chemical sequential extraction were employed to identify P 
speciation in algae, SS, and sediment during different periods. Results showed that dissolved inorganic P (Pi) 
directly accumulated in algae in the form of orthophosphate (ortho-P) and pyrophosphate (pyro-P). Algae 
preferentially utilized Pi, followed by organic P (Po) in the water column when the Pi was insufficient during 
growth and reproduction. The 31P NMR spectra demonstrated that ortho-P, orthophosphate monoesters (mono- 
P), orthophosphate diesters (diester-P), and pyro-P dominated the P compounds across the samples tested. 
Increasing remineralization of SS mono-P driven by intense alkaline phosphatase activities was caused by 
increasing P needs of algae and pressure of P supply in the water column. The higher ratios of diester-P to mono-P 
in sediment (mean 0.55) than those in algae (mean 0.07) and SS (mean 0.11 in surface water, 0.14 in bottom 
water) suggested that the degradation and regeneration occurred within these P compounds during or after 
sedimentation. Pi content in algae during growth and reproduction was controlled by its P absorption and uti-
lization strategies. Results of this study provide insights into the dynamic cycling of P in algae, SS, and sediment, 
explaining the reason for algal blooms in the surface water with low concentrations of dissolved P.   

1. Introduction 

Lake Dianchi (102◦36’− 102◦47′ E, 24◦40’− 25◦02′ N) is a typical 
eutrophic lake in the Yunnan Province, southwest China. In the last 50 
years, elevated nutrient loading in the lake has led to extensive algal 
blooms in the surface water (Ma et al., 2015; Wu et al., 2017; Xie et al., 
2019; Zhang et al., 2020). The higher annual (1988–2018) average 
molar ratio of total nitrogen (TN) to total phosphorous (TP) compared to 
the Redfield ratio (e.g., 16 for N/P) (Gao et al., 2021) indicates that 
phosphorus (P) is the limiting nutrient in the lake. However, the sources, 
transformation, and cycling of P in the water column are more compli-
cated than those of other nutrients, mainly because (1) soluble reactive P 
(SRP) concentrations are lower than those of TP in the water column; (2) 
the transformations of organic P (Po) and inorganic P (Pi) in the water 

column are active and variable; and (3) P uptake and cycling strategies 
of organisms vary at different compositions and concentrations of Po and 
Pi compounds. These complexities not only hinder the identification of P 
compounds and their transformation processes but also restrict the 
design of effective strategies for lake nutrient management. 

The concentrations of TP in the water column of Lake Dianchi 
(0.1–0.2 mg L− 1) were 10 times greater than those of SRP (<0.01 mg 
L− 1) and dissolved Po (<0.01 mg L− 1) (He et al., 2014; Wang et al., 
2018). Furthermore, in the last 10 years, external P inputs to the Lake 
Dianchi watershed have been effectively controlled. However, algal 
blooms still occurred annually in the surface water of the lake (Bai et al., 
2017; Wu et al., 2017; Feng et al., 2020). This can be attributed to the 
release of internal P (e.g., from suspended particles (SS), algae, and 
sediment) (Shinohara et al., 2012; Feng et al., 2020). Studies of internal 
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P in lakes have mainly focused on sediment P, such as the mechanisms 
driving sediment P release, P species, and P compounds (Zhu et al., 
2013; Wu et al., 2017; Chen et al., 2018), whereas little is known about 
the P dynamic of SS and algae. Similar to sediment, SS and algae can also 
release P due to oxidation-reduction potential (ORP) changes and en-
zymes (Shinohara et al., 2012; Feng et al., 2020; Wang et al., 2021a). 
Therefore, identifying P compounds in SS, algae, and sediment is 
indispensable because these compounds collectively determine the 
mechanisms of P release (Zhu et al., 2013; Yang et al., 2020). 

In this study, we hypothesized that P released from SS during or after 
sedimentation can provide an important P source for algal growth and 
reproduction. To test this, we combined solution 31P NMR with chemical 
sequential extraction to identify and quantify the P speciation in algae, 
SS, and sediment. The objectives of this study were to (1) investigate the 
strategies of P absorption and utilization in algae; (2) identify the 
compositions and differences of P compounds from different substances; 
and (3) reveal the differences of bioavailable P in different substances. 
Results gained from this study provide important insights into the 
degradation and regeneration of P speciation in algae, SS, and sediment 
in response to algal blooms in the surface water where is low concen-
trations of dissolved P in the water column. 

2. Materials and methods 

2.1. Study sites 

Lake Dianchi is the sixth largest lake in China, with a surface area of 
330 km2 and a mean depth of 5.0 m (Zhu et al., 2013; Wang et al., 
2021b). Several rivers flow into the lake but there is only one outlet. 
Furthermore, the residence time of water is three to eight years, which 
accelerates the internal nutrient cycle in the water column. The water in 
the lake is completely mixed because of the subtropical monsoon climate 
and wind disturbances (Zhu et al., 2013; Wu et al., 2017). Sampling sites 
are shown in Fig. 1. 

2.2. Sample collection, physicochemical properties, and preparation 

SS, algae, and sediment were collected from the same sample sites in 
2021 (January, April, and July). To obtain sufficient SS for P speciation 
analysis, a large volume of water (60 L) was collected from the surface 
water (0.5 m below surface water) and bottom water (0.5 m above 
sediment) using a Niskin sampler. SS were collected by filtrating lake 
water with precombusted (450 ◦C, 4 h) and preweighted glass-fiber 

filters (GF/F, 0.7 μm Whatman, UK) (note: one filter was used to filter 
10 L of water). The filters were then stored in precombusted (450 ◦C for 
4 h) aluminium foil (Yu et al., 2020). An additional 2 L of water was 
collected from the same sites (including surface water and bottom 
water), of which 1.5 L was used for algae abundance analysis after 
adding 3–5 mL of formaldehyde and another 0.5 L was used for physi-
cochemical properties analysis. Algae (0.5 m below surface water) was 
collected by using a phytoplankton net (200 mesh, pore diameter 0.064 
mm) (Feng et al., 2020) and stored in clean polyethylene bottles. Sedi-
ment core samples were obtained from the same sites by using a gravity 
core sampler, and surface sediment samples (0–2 cm) were collected by 
slicing the top of core and stored in centrifuge tubes. All samples were 
stored at 4 ◦C and immediately transferred into the laboratory for 
analysis. Water temperature (T), dissolved oxygen (DO), pH, and ORP 
were measured by using a multi-parameter water quality monitor 
(YSI6600–V2, YSI Co, USA). TP in water samples was digested with 
potassium persulfate and analyzed by using the molybdenum blue 
method (Huang et al., 1999). Algae abundance, water alkaline phos-
phatase activities, and SS concentrations were determined by optical 
microscopy counting, the p-nitrophenyl phosphate disodium colori-
metric method, and the gravimetric method, respectively (Gage and 
Gorham., 1985; Boon, 1989; Hu and Wei., 2006; Ji et al., 2022). Algae 
samples were repeatedly and carefully washed with ultra-pure water 
and impurities were removed as much as possible (Feng et al., 2016; 
Feng et al., 2018) (Fig. S1). Algae, SS, and sediment samples were 
freeze-dried (− 80 ◦C). Lyophilized algae and sediment were ground, 
sieved through a 200− mesh, and stored at − 20 ◦C until analysis. 
Lyophilized SS were also stored at − 20 ◦C until analysis. 

2.3. 31P NMR analysis 

Solution 31P NMR was used to identify the P compounds in the 
samples. Algae (0.2 g), sediment (2 g), and SS (SS from 40 L lake water 
collected on four glass-fiber filters) were extracted for 16 h using NaOH- 
EDTA (0.25 M NaOH and 50 mM EDTA) solution (40 mL) (Cade-Menun 
and Preston., 1996; Ahlgren et al., 2006; Doolette et al., 2009; Shinohara 
et al., 2012; Yang et al., 2020). After extraction, the samples were 
centrifuged at 14000 rpm (4 ◦C) for 15 min. Subsequently, the super-
natants were filtered by glass-fiber filters (GF/F), and 1 mL of super-
natants were collected to conduct triplicate TP contents. The method 
used for analyzing TP contents of the NaOH-EDTA extracts was identical 
to that used for the water samples. The filtrates were then freeze-dried 
for 31P NMR measurement. 

Fig. 1. Sampling sites. Sites A, B, and C are located in the south, middle, and north of the Lake Dianchi, respectively.  
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Immediately before 31P NMR analysis, the lyophilized powder was 
re-dissolved with 0.1 mL of 10 mol L− 1 NaOH. Subsequently 0.6 mL D2O 
was added to each sample to lock the signals. The samples were trans-
ferred into a 5 mm NMR tube. 31P NMR spectra were obtained by using a 
Bruker Avance NEO 600 MHz NMR Spectrometer (Bruker Corporation, 
USA) operating at 129.5 Hz for 31P. Other NMR parameters were 12.00 
usec pulse, pulse 3.00 dB power, 2 s relaxation delay, 20,000 scans 
(10–15 h), and 20 ◦C. Chemical shifts were indirectly referenced an 
external standard (85% H3PO4, δ = 0 ppm, Tianjin Kemiou Chemical 
Reagent Co., Ltd, Tianjin, China) (Ahlgren et al., 2006; Li et al., 2015). 

Peaks were identified by comparing with the chemical shifts from 
previous studies (Turner et al., 2003; Cade-Menun, 2005; Shinohara 
et al., 2012; Feng et al., 2018; Yang et al., 2020). Compared with pre-
vious findings (Cade-Menun, 2005; Yang et al., 2020), approximately 
0.5 ppm difference was observed in this study. Each P compound had its 
corresponding chemical shift: orthophosphate (ortho-P, 5.5–7.0 ppm), 
orthophosphate monoesters (mono-P, 3.0–5.5 ppm), orthophosphate 
diesters (diester-P, − 1.5–2.5 ppm), pyrophosphate (pyro-P, − 3.0 to 
− 5.0 ppm). The content of each P compound was calculated by multi-
plying its corresponding percentage of the 31P NMR spectra with the 
contents of the corresponding NaOH-EDTA TP. 

2.4. Analysis of P species in algae, suspended particles, and sediment 

The P species in algae, SS, and sediment were analyzed by using the 
modified sequential extraction method (Hedley et al., 1982; Liu et al., 
2019). Briefly, algae (0.2 g), SS (SS were collected from filtered 10 L lake 
water), and sediment (0.2 g) were sequentially extracted for 16 h using 
ultra-pure water, 0.5 M NaHCO3 (pH = 8.50), 0.1 M NaOH, and 1 M HCl 
solution (solid:liquid = 1:60). These samples were centrifuged at 4390 g 
for 15 min after extraction, and the obtained supernatants were filtered 

through glass-fiber filters (GF/F). The Pi concentrations of the super-
natants were determined by using the molybdenum blue method 
(Murphy and Riley, 1962). The combustion method (Aspila et al., 1976) 
was used to determine TP contents of algae (0.2 g), SS (SS were collected 
from filtered 10 L lake water), and sediment (0.2 g). Po contents of algae, 
SS, and sediment were calculated based on the difference between TP 
and Pi (Tang et al., 2018; Yang et al., 2021). All samples were measured 
at least in triplicate. 

3. Results 

3.1. Physicochemical properties in water and the relationship between 
them 

The water chemistry parameters are shown in Fig. S2− S4. Specif-
ically, T, DO, ORP, and pH ranged from 11.0 to 24.3 ◦C, from 0.71 to 
9.75 mg L− 1, from − 177.0 to 172.0 mV, and from 7.25 to 9.39, 
respectively (Fig. S2). The concentrations of SS and TP ranged from 4.53 
to 29.39 mg L− 1 and from 0.07 to 0.20 mg L− 1, respectively (Fig. S3a, b). 
Alkaline phosphatase activities ranged from 6.24 to 50.34 nmol (L 
min)− 1 (Fig. S3c). Algae abundance ranged from 43 × 104 to 1800 × 104 

cells L− 1 (Fig. S4). 
The correlations among water chemistry, P compounds, and P spe-

cies in algae and SS (Pearson’s correlation coefficients) are shown in 
Tables S1 - S2. Significant correlations were found among TP concen-
trations and DO, pH, and T in the water column (Table S1). A significant 
negative correlation was observed between alkaline phosphatase activ-
ities and TP concentrations in the water column (Table S1). TP con-
centration was positively correlated with H2O-Pi, ortho-P, mono-P, 
diester-P, and pyro-P concentrations of algae (Table S1 - S2). Significant 
positive correlations were observed among ortho-P, mono-P, diester-P, 

Fig. 2. Contents of TP, and NaOH-EDTA TP, and the extraction ratios of NaOH-EDTA TP (calculated as NaOH-EDTA TP/TP) in algae, suspended particles (SS), and 
sediment. Note: Panel a, b, c, and d represent algae, SS from surface water, SS from bottom water, and sediment, respectively. Error bar represents standard de-
viations of triplicated measurements. Where error bars are not visible, they are smaller than the data symbols. 
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and pyro-P of algae extracted by NaOH-EDTA, as well as those of SS 
(Table S1). 

3.2. P compounds extracted from algae, suspended particles, and 
sediment using NaOH-EDTA 

Contents of NaOH-EDTA TP and their extraction ratios (calculated as 
NaOH-EDTA TP/TP) for all samples are shown in Fig. 2. NaOH-EDTA TP 
contents in algae, SS, and sediment ranged from 614 to 4042 mg kg− 1. 
The NaOH-EDTA TP extraction ratios of all samples changed dramati-
cally (from 25.6% to 108.3%, Fig. 2), likely due to wind-wave distur-
bance, sediment resuspension, and SS from tributaries (Yang et al., 
2020). Similar changes in NaOH-EDTA TP extraction ratios (e.g., from 
42.0% to 102.0% for algae, from 51.9% to 97.4% for SS, and from 20.0% 
to 61.3% for sediment) have been reported previously (Shinohara et al., 
2012; Feng et al., 2016; Xie et al., 2019; Yang et al., 2020). 

Ortho-P, mono-P, diester-P, and pyro-P from all samples were 
determined by using solution 31P NMR (Figs. 3 and 4, and Fig. S5− S6). 
Ortho-P and pyro-P were the main Pi compounds in all samples (Figs. 3 
and 4). Mono-P was comprised of many compounds, which included 
α-glycerophosphate (4.6 ppm), β-glycerophosphate (4.3 ppm) and un-
known mono-P compounds (e.g., 4.2 ppm and 3.9 ppm) (Fig. 3 and 
Fig. S6). Diester-P was comprised of DNA, RNA, and phospholipids 
(Fig. 3 and Fig. S6). Multiple peaks of mono-P and diester-P in all 
samples were observed in the 31P NMR spectra, which highlighted their 
complex compounds (Fig. 3 and Fig. S6). 

P compound contents and their percentages from all samples 
extracted by using NaOH-EDTA are shown in Fig. 4 and Fig. S5. Sig-
nificant differences were observed in the contents and percentages of 
ortho-P and biogenic P (including mono-P, diester-P, and pyro-P, Shi-
nohara et al., 2012) in algae, SS, and sediment (Fig. 4). The contents of 

ortho-P in algae (mean 1232 mg kg− 1) and SS (mean 1032 mg kg− 1) 
were higher than those in the sediment (mean 647 mg kg− 1). However, 
the percentages of ortho-P to their corresponding TP in algae (mean 
46.8%) and SS (mean 50.6%) were lower than those in the sediment 
(mean 85.8%) (Fig. 4 and Fig. S5). The contents and percentages of 
biogenic P in algae (mean 1516 mg kg− 1 and 53.2%) and SS (mean 945 
mg kg− 1 and 49.4%) were higher than those in the sediment (mean 105 
mg kg− 1 and 14.2%) (Fig. 4 and Fig. S5, and Table 1). 

3.3. P species extracted from algae, suspended particles, and sediment 
using sequential extraction 

Contents of P species and the percentages relative to their corre-
sponding TP from all samples during observation are shown in Fig. 5 and 
Fig. S7. TP contents in algae, SS, and sediment ranged from 1441 to 
7427 mg kg− 1. The contents and percentages of bioavailable P 
(including H2O-Pi, NaHCO3-Pi, and Po) in algae (mean 2742 mg kg− 1 

and 92.8%) and SS (mean 3075 mg kg− 1 and 81.4%) were greater than 
those in the sediment (mean 750 mg kg− 1 and 37.0%) (Fig. 5 and 
Fig. S7). In contrast, the contents and percentages of NaOH-Pi + HCl-Pi 
in algae (mean 203 mg kg− 1 and 7.2%) and SS (mean 650 mg kg− 1 and 
18.6%) were lower than those in the sediment (mean 1320 mg kg− 1 and 
63.0%) (Fig. 5 and Fig. S7). 

4. Discussion 

4.1. The strategies of P absorption and utilization in algae 

The P absorption and utilization strategies in algae were investigated 
in the field. Variations of algae Pi contents (e.g., algae H2O-Pi, algae 
pyro-P) and alkaline phosphatase activities during observation (Figs. 4a 

Fig. 3. 31P NMR spectra of algae, SS, and sediment. Note: Panel a, b, c, and d represent algae, SS from surface water, SS from bottom water, and sediment, 
respectively. Ortho-P, orthophosphate; mono-P, orthophosphate monoesters; diester-P, orthophosphate diesters; pyro-P, pyrophosphate. 
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and 5a, and Fig. S4) demonstrated that dissolved Pi from Po remineral-
ization in the water column directly accumulated in algae in the form of 
ortho-P (e.g., H2O-Pi) and pyro-P, especially in January (Figs. 4a and 
5a). Moreover, algae preferentially utilized Pi (e.g., dissolved Pi in the 
water column, algae pyro-P, and algae H2O-Pi, Figs. 4a and 5a) during 
growth and reproduction (e.g., January to April). And then (e.g., April to 
July) algae secreted more enzymes (e.g., alkaline phosphatase, Fig. S3c) 
to utilize Po in the water column when these Pi was insufficient (Figs. 4a 
and 5a). Furthermore, alkaline phosphatase in the water column plays a 
vital role in regulating P supply for the growth and reproduction of algae 
(Fig. 5a and Fig. S3c). This fact was further supported by significantly 
negative correlations between Pi species of algae (e.g., H2O-Pi, NaHCO3- 
Pi, and NaOH-Pi) and alkaline phosphatase activities (Table S2). These 
results were further supported by previous indoor incubation experi-
ments, which suggested that Pi can quickly accumulate in algae and 
slowly utilize during subsequent growth and reproduction (Ren et al., 
2017; Feng et al., 2018; Yuan et al., 2019). The above information may 
be incomplete in terms of Pi released from Po remineralization in the 
water column due to the absence of the phosphodiesterase activity data 
in this study. 

4.2. Variability of P compounds in algae, suspended particles, and 
sediment 

P released from SS can also provide P sources for algal blooms, which 

should be emphasized as well as sediment P. Previous studies have 
mainly focused on sediment P because the P released from sediment 
increased the P concentrations in overlying water and triggered exten-
sive algal blooms (Chen et al., 2018; Ding et al., 2018; Yang et al., 2022). 
In contrast, the contents and percentages of ortho-P and biogenic P in 
algae and SS compared with those in the sediment (Fig. 4 and Fig. S5) 
demonstrated that ortho-P and biogenic P from algae and SS could be 
released or degraded during or after sedimentation. These results were 
further supported by previous laboratory simulation studies, demon-
strating that the percentages of Po hydrolyzed from algae were 
approximately 25 times greater than that from the sediment (Zhu et al., 
2016; Feng et al., 2018). 

The ratios of diester-P to mono-P can provide evidences for P cycling. 
With increasing P needs of algae and pressure of P supply in the water 
column, SS mono-P remineralization was increasingly driven by 
increasing alkaline phosphatase activities. Variations in ratios of diester- 
P to mono-P in SS (SS from surface water, Table 1), algae abundance 
(Fig. S4), and alkaline phosphatase activities (Fig. S3c) from January to 
July suggested that the faster hydrolysis rate of mono-P than that of 
diester-P from SS occurred to meet P needs of algae. The average ratios 
of diester-P to mono-P in sediment were essentially higher than those in 
algae and SS (Table 1), suggesting that these compounds could be 
degraded and regenerated during or after sedimentation. The reasonable 
reasons for the shift ratios are as follows: (1) The low ratios of diester-P 
to mono-P in algae and SS suggested that diester-P (e.g., phospholipids) 

Fig. 4. Contents of P compounds in algae, SS, and sediment extracted by 0.25 M NaOH and 50 mM EDTA. Note: Panel a, b, c, and d represent algae, SS from surface 
water, SS from bottom water, and sediment, respectively. Ortho-P, orthophosphate; mono-P, orthophosphate monoesters; diester-P, orthophosphate diesters; pyro-P, 
pyrophosphate. 

Z. Jin et al.                                                                                                                                                                                                                                       



Environmental Pollution 311 (2022) 119964

6

in algae and SS might have been hydrolyzed to be mono-P (e.g., 
α-glycerophosphate, β-glycerophosphate) (Fig. 3 and Fig. S6) during 
pretreatment of samples due to alkaline extraction (Turner et al., 2005; 
Doolette et al., 2009; Shinohara et al., 2012). Alternatively, diester-P 
from algae and SS in situ could also be naturally hydrolyzed by sun-
light and phosphodiesterase (Ni et al., 2016; Li et al., 2019). (2) The 
observation of the increase of DNA-P in sediment probably suggested an 
increase in the percentage of diester-P (Fig. 3). In addition, the structure 
of DNA is more stable compared to RNA and phospholipids (Wang et al., 
2021c). The higher ratios of diester-P to mono-P in sediment than those 
in the SS were further supported by a previous report, demonstrating 
that an increase in DNA-P in sediment could increase the corresponding 
ratios of diester to mono-P (Shinohara et al., 2012). 

4.3. Variability of P species in algae, suspended particles, and sediment 

Significant differences in the contents and percentages of bioavail-
able P in algae, SS, and sediment were observed (Fig. 5 and Fig. S7). In 
contrast to NaOH-Pi and HCl-Pi (Zhu et al., 2013; Paytan et al., 2017), 
H2O-Pi, NaHCO3-Pi, and Po are generally considered as bioavailable P, 
which can be utilized by organisms (Zhou et al., 2000; Zhu et al., 2013; 
Ni et al., 2016; Feng et al., 2018). The lower contents and percentages of 
bioavailable P in sediment than those in algae and SS reflected that most 
of bioavailable P was released or degraded during or after sedimentation 
(Fig. 5 and Fig. S7). In contrast, the high contents of Po (mean 1066 mg 
kg− 1) and their corresponding percentages (mean 33.8%) in all samples 
(Fig. 5 and Fig. S7) suggested that most of the Po was contributed by 
algae or algae debris (Feng et al., 2020). As algae is an important 

component of SS, which increase the contents of SS Po. A high sediment 
Po content was also observed, which can be attributed to algae debris. 
Similar results have been reported for Po in algae and sediment in the 
same research area of Lake Dianchi. For example, the contents of Po in 
algae and sediment were up to 3646 mg kg− 1 and 1347 mg kg− 1, 
respectively, accounting for 70% and 56% of TP (Xie et al., 2019). 
Furthermore, the contents of particular organic P (POP) ranged from 
126 to 1026 μmol g− 1 (3906–31806 mg kg− 1) in a hypereutrophic 
freshwater estuary, and the percentages of POP to total particular P 
(TPP) ranged from 47% to 87% (Yang et al., 2021). 

Variation of algae Pi might be controlled by the P absorption and 
utilization strategies of algae. Unlike the irregular variations in the 
contents of Pi species in SS from January to July, the contents of Pi 
species of algae in these periods gradually decreased (especially algae 
H2O-Pi, Fig. 5). The variations of Pi species in algae during growth and 
reproduction were likely attributed to its P absorption and utilization 
strategies (see section 4.1). Additionally, algal blooms led to increase 
algae P needs, as reflected by the lowest algae Pi content in July (Fig. 5a 
and Fig. S4). Moreover, the greater Pi contents of SS than that of algae in 
July suggested the possibility of competition between algae and SS for 
dissolved Pi in the water column (Fig. 5a and b). Consequently, 
increasing the pressure of P supply from water column may lead algae to 
increasingly rely on Po remineralization to meet its P needs. This prop-
osition was further supported by the increase of alkaline phosphatase 
activities in July (Fig. S3c). As for Pi species of SS, the possible factors 
included the mineral compositions of SS and SS concentrations (River 
and Richardson, 2018; Ji et al., 2022; Walch et al., 2022). More evi-
dences of the SS compositions and the ability of P absorbed by SS are 
needed in ongoing work. 

5. Conclusions 

This study suggested that P released from SS provide important P 
sources for algal blooms. Dissolved Pi in the water column directly 
accumulated in algae. Algae preferentially utilized Pi and subsequently 
utilized Po in the water column when the Pi was insufficient. Alkaline 
phosphatase in the water column plays a key role in regulating the P 
supply for algae during growth and reproduction. Ortho-P, mono-P, 
diester-P, and pyro-P in all samples were identified by solution 31P NMR. 
Ortho-P and biogenic P were the main P compounds in algae and SS, and 
ortho-P was the main P compound in sediment. SS mono-P reminerali-
zation was increasingly driven by increasing alkaline phosphatase ac-
tivities, which was attributed to increasing P needs of algae and pressure 
of P supply in the water column. The higher ratios of diester-P to mono-P 
in sediment than those in the algae and SS suggested that the degrada-
tion and regeneration occurred within these P compounds during or 
after sedimentation. H2O-Pi, NaHCO3-Pi, and Po were the main P species 
in algae and SS, whereas NaOH-Pi and HCl-Pi were the main P species in 
sediment. Contents of Pi in algae during growth and reproduction were 
controlled by its P absorption and utilization strategies. These results 
emphasize the high contribution of labile P from SS to sustain algal 
blooms in Lake Dianchi, which provides critical information on the 
understanding of algal blooms in the surface water with low concen-
trations of dissolved P and designment of appropriate nutrient man-
agement strategies. 
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Table 1 
Percentages of biogenic P and ratios of diester-P: mono-P in all samples.  

Sample sites Time biogenic P (%) diester-P/mono-P 

Algae A Jan 68.6 0.06 
Apr 62.7 0.05 
Jul 54.6 0.09 

B Jan 65.5 0.04 
Apr 58.5 0.04 
Jul 30.4 0.13 

C Jan 42.1 0.08 
Apr 51.3 0.07 
Jul 45.7 0.12 

Average 53.2 0.07 
SS in surface water A Jan 29.3 0.03 

Apr 64.4 0.08 
Jul 69.8 0.23 

B Jan 32.5 0.05 
Apr 34.6 0.10 
Jul 37.6 0.12 

C Jan 68.0 0.06 
Apr 40.7 0.15 
Jul 58.5 0.17 

Average 48.3 0.11 
SS in bottom water A Jan 41.0 0.11 

Apr 41.5 0.08 
Jul 74.8 0.31 

B Jan 67.2 0.08 
Apr 33.7 0.05 
Jul 39.1 0.13 

C Jan 47.0 0.11 
Apr 75.6 0.22 
Jul 33.7 0.14 

Average 50.3 0.14 
Sediment A Jan 15.8 0.54 

Apr 19.0 0.64 
Jul 15.3 0.34 

B Jan 9.4 0.59 
Apr 16.7 0.85 
Jul 8.1 0.44 

C Jan 13.2 0.55 
Apr 14.0 0.55 
Jul 16.3 0.45 

Average 14.1 0.55  
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