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were analyzed. P regeneration pathway was dominated by iron-bound P desorption and
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phosphorus-solubilizing bacteria solubilization in severe-bloom and slight-bloom area re-
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spectively, which both resulted in high soluble reactive phosphorus (SRP) accumulation
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in interstitial water. However, in severe-bloom area, higher P release potential caused the

Nitrogen

strong P release and algal growth, compared to slight-bloom area. In spring, P limitation

Cyanobacteria bloom

and N selective assimilation of Dolichospermum facilitated nitrate accumulation in surface
water, which provided enough N source for the initiation of Microcystis bloom. In summer,
the accumulated organic N in Dolichospermum cells during its bloom was re-mineralized as
ammonium to replenish N source for the sustainable development of Microcystis bloom. Furthermore, SRP continuous release led to the replacement of Dolichospermum by Microcystis
with the advantage of P quick utilization, transport and storage. Taken together, the succession from Dolichospermum to Microcystis was due to both the different forms of N and P in
water column mediated by different regeneration and transformation pathways as well as
release potential, and algal N and P utilization strategies.
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Introduction
Harmful cyanobacterial blooms, reflecting advanced eutrophication, are spreading globally and threating to the sustainability of freshwater ecosystems (Paerl et al., 2011), which is partly
attributed to excess enrichment of nitrogen (N) and phosphorus (P) from both internal and external loading (Paerl et al.,
2015; Xu et al., 2017; Wan et al., 2020). Cyanobacterial blooms
are influenced more by combined N and P enrichment than
by N or P alone (Su et al., 2019). Reducing cyanobacterial
blooms by controlling both N and P simultaneously rather
than N alone or P alone may be the most effective management strategy in seriously eutrophic freshwater ecosystems
(Conley et al., 2009; Paerl and Otten, 2016; Wang et al., 2018).
Studies showed that in Lake Rotorua, reductions in sediment nutrient fluxes would be more effective in reducing
cyanobacterial biomass than similar proportional reductions
in catchment fluxes, due to the coincidence of large sediment
nutrient release events with high cyanobacterial biomass
(Burger et al., 2008). In Lake Dianchi, where the water body was
much more eutrophic, there can be more potentially available P in the corresponding sediments, which can intensively
be released from sediment to water and consequently promote cyanobacterial blooms (Hu et al., 2007). The cyanobacteria growth phase was associated with the depletion of available N and sediment P release (Isles et al., 2015); and internal N and P regeneration of previously loaded nutrients
can sustain Microcystis-dominated blooms under the condition of N-limited (Paerl et al., 2015). Dredging, reducing N and
P from internal inputs, is effective for mitigating cyanobacterial blooms; after dredging, the abundance and diversity of
the bacterioplankton community decreased significantly, the
composition and interaction of the bacterioplankton community dramatically changed, and the bacterioplankton community function (e.g., N, P-cycling-related enzymes and proteins)
down regulated (Wan et al., 2020). Therefore, the contribution
of sediment N and P regeneration and release to algal bloom
should not be ignored.
Lakes experiencing frequent cyanobacterial blooms undergo succession of dominant species (Li et al., 2020;
Shan et al., 2019). The N and P levels were the main factors driving algal succession, and affected cyanobacterial
bloom intensification, diversity, and toxicity (Yao et al., 2020;
Jennifer et al., 2019). Different N and P regimes promoted the
growth of different algal species (Li et al., 2020; Yao et al., 2020).
Cyanobacterial proliferation in Lake Taihu was caused by the
combined effects of N and P inputs, with P availability controlling algal production during spring, and N availability controlling production during the summer-fall when Microcystis were
most severe (Xu et al., 2010; Paerl et al., 2011). Furthermore, Microcystis aeruginosa blooms occurred when ammonium (NH4 + N) concentrations and water temperature increased, and total nitrogen: total phosphorus ratios were low; in nitrate-rich
conditions, Planktothrix showed as a superior competitor for
Microcystis aeruginosa (Wood et al., 2017; Zhang et al. 2021).
Soluble reactive phosphorus (SRP) production also triggered
the Microcystis bloom appearance due to an energy saving and
competitive advantage for Microcystis to rapidly uptake and
store inorganic P when it is relatively scarce, which put the

coexisting Dolichospermum into P stress and therefore gain the
competitive advantage (Wan et al., 2019). Microcystis might
have developed different strategies to adapt to environment
with low or variable inorganic P concentrations (e.g. reducing their P-requirements (Giovannoni et al., 2005; Van Mooy
et al., 2006), increasing the affinity and rate of uptake for dissolved inorganic phosphorus (Mazard et al., 2012)), and effectively competed for regenerated N from sediments and the
water column (McCarthy et al., 2007). Dolichospermum blooms
usually occurred in high nitrate (NO3 − -N) concentrations and
high N/P ratios in Lake Erie (Chaffin et al., 2019). As a consequence, cyanobacteria bloom succession was closely related
to the forms and concentration of nitrogen and phosphorus,
but the mechanism of cyanobacteria bloom and succession
caused by N and P regeneration and release process is still unclear.
In this study, samples (including surface water and sediment) from 7 sites in Lake Chaohu with different bloom
degree were collected every two months from February to
November 2018, and were analyzed for total organic matter (TOM) and labile organic matter (including proteins (PRT),
carbo-hydrates (CHO) and lipids), total organic carbon (TOC),
total nitrogen (TN), total phosphorus (TP), fractionation and
sorption behaviors of phosphorus, extracellular enzymatic
activities (EEA), dehydrogenase activity (DHA), abundance of
phosphorus-solubilizing bacteria (PSB), ferrous iron (Fe2+ ) and
total iron (TFe) in sediment, N and P species and chlorophyll
a (Chl. a) in surface water, as well as N and P species in interstitial water. Furthermore, the whole bacteria community
and functional microorganisms related to P solubilization in
sediments were analyzed. The objective of this study was to
1) clarify the differences of N and P regeneration pathway
and release potential in areas with different bloom degree, 2)
illuminate the contribution of this process to cyanobacteria
bloom, 3) reveal the effects of water nutrient forms and concentration on cyanobacterial bloom succession and its feedback mechanism.

1.

Materials and methods

1.1.

Study sites and sample collection

Samples (including surface water and sediment) from 7 sites
in Lake Chaohu were collected every two months from February to November 2018. Lake Chaohu, which is located in the
middle of Anhui Province, China (117°116 46 –117°151 54 E,
30°143 28 – 31°125 28 N, Fig. 1), is the fifth-largest shallow
freshwater lake in China, and is one of the most severely eutrophic lakes in China. It covers an area of approximately 760
km2 but varies according to the hydrologic conditions and a
catchment area of about 9,200 km2 , with a mean depth of 3.1
m and a maximum depth of 7.0 m (Shan et al., 2019; Zhou et al.,
2016). Lake Chaohu is in a state of severe eutrophication, and
cyanobacteria blooms (primarily Microcystis and Dolichospermum) have dominated this lake over the past few decades
(Jiang et al., 2014; Zhang et al., 2016). The lake is commonly divided into three parts: western lake, central lake and eastern
lake. The western lake is evaluated as hypereutrophic status
while the central and eastern lake stays in mesotrophic sta-

journal of environmental sciences 103 (2021) 255–267

257

Fig. 1 – Map of the study lakes showing the sampling sites.

tus (Yu et al., 2014; Shang and Shang, 2007; Yu et al., 2011). The
mean nutrient levels and Chl. a concentrations at the western
lake were significantly higher than those at the eastern and
central lake (Yu et al., 2014; Yang et al., 2013). In 2018, Dolichospermum was the dominant bloom species from February to
May, followed by Microcystis from May to October. Depending
on the Chl. a concentrations, we divided Lake Chaohu into
slight-bloom area (the central and eastern lake) and severebloom area (western lake).
Surface water samples were taken by an organic glass
hydrophore, and surface sediments samples were taken using a Peterson grab sampler. All the samples were immediately stored in cooling boxes for transportation to the laboratory. The sediment samples for DNA extraction and molecular
analysis were frozen at -80°C. The interstitial water was separated from the sediment particles by centrifugation at 3000
r/min for 20 min. The supernatants and water samples were
then filtered through a 0.45 μm membrane filter for analysis
of soluble nutrients. The sediment analysis can last for 2 to
4 days, sediment samples must be saved at 4°C, in the dark
before all analyses were completed.

1.2.

Nutrients forms in water samples

Chl. a was measured using the ethanol extraction method
(Golterman et al., 1978). SRP concentration was detected by
the molybdate blue method (Murphy and Riley, 1962). TP and
dissolved total phosphorus (DTP) was determined following
digestion by K2 S2 O8 according to (GB11893-89) issued by State
Environmental Protection Administration of China. Dissolved
organic phosphorus (DOP) was calculated as DTP-SRP, and particulate phosphorus (PP) was calculated as TP-DTP. NH4 + -N
was determined by the indophenol-blue method described by
Aminot et al. (1997) and Solórzano (1969), NO3 − -N was deter-

mined by a UV - spectrophotometry determination method,
and nitrite (NO2 − -N) was determined by the α-naphthylamine
method (Xu et al., 2005). Dissolved inorganic nitrogen (DIN)
was calculated as the sum of NO3 − -N, NO2 − -N and NH4 + -N.
TN and dissolved total nitrogen (DTN) was determined after
digestion by persulfate (K2 S2 O8 +NaOH) (GB11894-89) issued
by State Environmental Protection Administration of China.
Dissolved organic nitrogen (DON) was calculated as DTN- DIN,
and particulate nitrogen (PN) was calculated as TN-DTN.

1.3.

Nutrients forms in sediments

Sediment TN was determined with Kjeldahl after digestion by
concentrated sulphuric acid. TP was measured by the molybdate blue method after digestion by concentrated sulphuric
acid and perchloric acid (Bao, 2008).
Sediment P fractionation was carried out according to
Golterman (1996). This method groups sediment P into ironbound P (Fe(OOH)˜P), calcium-bound P (CaCO3 ˜P), acid-soluble
organic P (ASOP) and hot NaOH-extractable organic P (Palk ).
Fe2+ and TFe was extracted from sediment by HCl and was
determined according to the 1, 10 phenanthroline spectrometric method (Hauck et al., 2001). Before TFe was measured, all
iron was reduced to the ferrous state with hydroxylamine hydrochloride (Stookey, 1970). Ferric iron (Fe3+ ) was calculated as
TFe-Fe2+ .
TOM was determined by loss-on-ignition in a muffle furnace (Auer and Yingst, 1980). PRT analysis was conducted
following extraction with NaOH (0.5 mol/L, 4 hr) and was
determined according to Hartree (1972) and modified by
Rice (1982) to compensate for phenol interference and expressed as bovine serum albumin equivalents. CHO were analyzed according to Gerchacov and Hatcher (1972) and expressed as glucose equivalents. Lipids were extracted by di-
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rect elution with chloroform-methanol according to Bligh and
Dyer (1959) and Marsh and Weinstein (1966). Sediment TOC
was determined by TOC Analyzer (multi N/C 3100, Analytikjena, Germany).

1.4.

P sorption in sediments

Phosphorus sorption characteristics of sediments were studied by batch incubation experiments. Specific methods of the
experiment were expatiated in Li et al. (2014). Phosphorus
sorption parameters of sediments were estimated by nonlinearly fitting the sorption data obtained from batch incubations
into adsorption isotherms, and equations including modified Freundlich equation and Langmuir equation are given
in Xiao et al. (2012). Equilibrium phosphorus concentration
(EPC0 ) was measured by modified Freundlich equation, where
no P sorption or desorption occurs. The phosphorus sorption
maximum (Qmax ) was measured by the modified Langmuir
equation.

1.5.

EEA in sediments

The EEA, including leucine aminopeptidase activity (LAP), βD-glucosidase activity (GLU) and lipase activity, were measured fluorometrically according to Boetius and Lochte (1994),
using the methylumbelliferone (MUF) labelled substrates
MCA-leu (L-leucine-4-methylcoumarinyl-7-amid HCl), MUFglu (MUG-Beta-D-glucopyranoside) and MUF-stearate, respectively. Alkaline phosphatase (AP) was analyzed spectrophotometrically as p-nitrophenol (p-NP) resulting from the
cleavage of phosphate from p-nitrophenylphosphate (p-NPP)
(Sayler et al., 1979). DHA was determined by UV spectrophotometry according to Neto et al. (2007), with triphenyltetrazolium chloride as substrates.

1.6.

Abundance of PSB in sediments

Inorganic phosphate-solubilizing bacteria (IPB) and organic
phosphate-mineralizing bacteria (OPB) were counted using the traditional colony forming unit (CFU) method
(Nautiyal, 1999). The procedural details of the analysis method
were described in Liu et al. (2017).

1.7.

Microbial community composition in sediments

To examine the whole bacteria community and functional
microorganisms related to P solubilizing, DNA samples of
the freeze-dried sediments were extracted using Minkagene soil DNA kit (mCHIP, Guangzhou, China) according to the manufacturer’s instructions. The concentration and purity were measured using the NanoDrop One
(Thermo Fisher Scientific, MA, USA). The V4-V5 region of
the bacterial 16S rRNA genes was amplified using the specific primers 515F (5 -GTGCCAGCMGCCGCGGTAA-3 ) and
907R (5 -CCGTCAATTCMTTTRAGTTT-3 ), moreover, phosphorus functional microorganisms communities were
through phoD gene amplified by the primers of phoDF733 (5 -TGGGAYGATCAYGARGT-3 ) and phoD-R1083 (5 CTGSGCSAKSACRTTCCA-3 ). A previously described protocol
for DNA amplification was followed (Caporaso et al., 2011).

The amplified fragment length was 420 bp for 16S rRNA
genes and 370 bp for phoD gene. Purified PCR amplicons were
sequenced on an IlluminaHiseq2500 platform and 250 bp
paired-end reads were generated (Magigene, China).
After this, sequences analysis was performed by usearch
software (V10, http://www.drive5.com/usearch/) and the sequences with ≥97% similarity were assigned into the same
Operational Taxonomic Units (OTU). Chimera sequence and
singleton OTU were removed during the clustering by usearch. For each representative sequence, the silva database was
used to annotate taxonomic information (set the confidence
threshold to default to ≥0.5). In the end, normalized OTU table was formed based on the sample with the least sequences,
and the community structures were obtained according to this
table.

1.8.

Statistical analysis

All samples were analyzed in triplicate and the data are expressed as the average. Independent sample T tests was performed using the SPSS 18.0 package (SPSS, Chicago, IL), with
a value of 0.05 or 0.01 selected for significance. Based on the
relative abundance of species at genus level in OUT table, the
top 30 genera were analyzed, and the changes in abundance at
the genus level were visualized on a heatmap by R software.
To understand key bacterial genera associated with nutrient
cycles, R software was used to calculate the spearman correlation coefficient between the top 30 genera and various environmental factors, and to draw heatmaps for display.

2.

Results and discussion

2.1.

Nutrients regeneration patterns

The Chl. a concentration in severe-bloom area (CH4-7) was
significantly higher than that of slight-bloom area (CH1-3) in
July and September (P<0.05, Fig. 2a). However, the corresponding SRP concentration of surface water and interstitial water in severe-bloom area did not manifest distinctive advantage (Fig. 2b and 2d). TP (P<0.01, Fig. 3b), Fe(OOH)˜P (P<0.01,
Fig. 4a) and Fe2+ (P=0.054, Fig. 4c) in sediments of severebloom area were significantly higher than that of slight-bloom
area. Moreover, the significantly higher levels of GLU, Lipase
and DHA (Fig. 6c, 6d and 6e) suggested the obvious anaerobic status and the resulting P regeneration from Fe(OOH)˜P in
bottom layer of severe-bloom area. Even though Fe(OOH)˜P in
sediment of slight-bloom area was obviously lower (P<0.01,
Fig. 4a), the AP activity and PSB abundance showed the similar or even higher levels, compared to that of severe-bloom
area (such as the abundance of PSB in sediment of CH2-3
higher than that of CH5-7) (Figs. 6a and 7). In addition, the
functional microbial community composition related to phosphatase hydrolysis between severe-bloom (CH4 and CH6) and
slight-bloom area (CH1 and CH2) varied significantly and classified into different group through clustering analysis (Fig. 8),
leading to the different contribution of enzymatic hydrolysis in these two areas. The dominant community compositions of PSB in sediments of slight-bloom area, such as Xanthomonas, Burkholderia, Mesorhizobium (Fig. 8), have been ver-
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Fig. 2 – The comparison of chlorophyll a (Chl. a), nitrogen (N) and phosphorus (P) species in surface water and interstitial
water at different sampling sites. SRP: soluble reactive phosphorus; PP: particulate phosphorus; DOP: dissolved organic
phosphorus; NH4 + -N: ammonium; NO2 − -N: nitrite; NO3 − -N: nitrate; DON: Dissolved organic nitrogen; PN: particulate
nitrogen. F: February; M: May; J: July; S: September; N: November. Stars indicate significant differences (P<0.05) between
CH1-3 and CH4-7 in the Chl. a concentration of July and September.

ified to be effectively and specifically hydrolyze organic P
(Zheng et al., 2019; Busato et al., 2012). However, in severebloom area, Bacillus and Pseudomonas were the dominated PSB
species, which was considered to be universal and have multiple functions. Furthermore, the dominant PSB community
composition was positive with parameters related with carbon (C), N and P in severe-bloom area, but negative in slightbloom area (Fig. 9). This fact suggested that PSB in slightbloom area mainly targeted the P regeneration through induction mechanism mediating organic C, N and P. Thus, in
slight-bloom area, PSB played the more crucial role on P regeneration. Therefore, high SRP existed in interstitial water
of both severe-bloom and slight-bloom area based on different P regeneration pathways. In the eutrophic lakes, it is often
suggested that the mechanism behind oxygen-controlled P release is the reduction of Fe(III) oxyhydroxides resulting in the
dissolution and release of orthophosphate (Chen et al., 2019;
Loh et al., 2013). In mesotrophic or oligotrophic lakes, the release and availability of P may be attributed to multiple mechanisms such as dissociation of iron and aluminum bound P
as well as enzymatic hydrolysis driven by microorganisms
(Amirbahman et al., 2003).Therefore, desorption of Fe(OOH)˜P
was mainly responsible for P regeneration in severe-bloom

area, whereas in slight-bloom area, P solubilization by PSB
contributed a higher proportion.

2.2.

Nutrients release potential

Different P regeneration patterns resulted in the same high
SRP in interstitial water of severe-bloom and slight-bloom
area (Fig. 2d), thus the huge difference Chl. a concentration in
these two areas should be attributed to P release potential but
not P regeneration ability. The P release potential (expressed
as EPC0 ) in sediments of slight-bloom area was significantly
lower than that of severe-bloom area (P<0.01, Fig. 5a), and the
maximum sorption capability (Qmax ) was similar (Fig. 5b), indicating that the P enriched in sediment and interstitial water
of severe-bloom area had significantly higher release potential to water column than that of slight-bloom area. The abundant of released P in severe-bloom area was quickly absorbed
and utilized by algae in terms of higher Chl. a concentration
(P<0.05, Fig. 2a) and the almost undetectable SRP level in surface water (Fig. 2b). EPC0 has been proved as a key index to
indicate the P release potential and flux rate from sediments
to the overlying water (Dong et al., 2011). Furthermore, EPC0
could be judged as sediment P source or pool, which directly
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Fig. 3 – The comparison of total nitrogen (TN), total phosphorus (TP), total organic matter (TOM), and total organic carbon
(TOC) in sediment at different sampling sites. F: February; M: May; J: July; N: November.

affecting the abundance, size and diversity of phytoplankton
(Chen et al., 2016). Therefore, in addition to temperature, light
and nutrients in water column, the key factors for controlling algal growth should also include the P regeneration intensity and sustainable release potential (as EPC0 ) in sediments,
which of the latter is more critical.

2.3.

Nutrients transformation pattern

Dolichospermum was the dominant bloom species from February to May, followed by Microcystis from May to October. The
intensity of Microcystis-dominated blooms was significantly
higher than that of Dolichospermum-dominated blooms (characterized by Chl. a) (Fig. 2a). In spring, higher TN (Fig. 3a) and
PRT (Fig. 4b) induced higher LAP activity (Fig. 6b), further fuelling the NH4 + -N production in interstitial water by ammonification. Subsequently, NH4 + -N was released into water column and simultaneously transformed into NO3 − -N in surface
water in terms of low NH4 + -N in interstitial water (Fig. 2e) and
high NO3 − -N in surface water (Fig. 2c) in spring. Dolichospermum blooms usually occurred in high NO3 − -N concentrations
and high N/P ratios in Lake Erie (Chaffin et al., 2019). The possible season was the low availability of Fe in water column
(Havens et al., 2012), or selective assimilation of different N
forms, or low NO3 − -N demand due to P limitation or physiological property. In spring, SRP production was limited in
spring according to low SRP in surface and interstitial water

as well as low EPC0 in sediments (Fig. 2b, 2d and 5a). Dolichospermum could hydrolyze organic P into SRP through the excretion of AP to relieve P deficiency, but Microcystis could not
(Wan et al., 2019). The consequence was that from February to
May, NO3 − -N in surface water and organic N in Dolichospermum
cells was accumulated due to low assimilation, which might
provide enough N source for the breakout of Microcystis bloom.

2.4.

Algal utilization strategies

From spring to summer, TOM, TOC, Lipid and CHO gradually
decreased (Figs. 3c, 3d and 4b), while GLU and Lipase reached
their peak in summer (Fig. 6c, 6d), indicating increased organic
carbon decomposition with temperature. In this process, the
bottom anaerobic status was formed expressed as high DHA
(Fig. 6e). As mentioned above, a large amount of SRP was gradually regenerated through the desorption of Fe(OOH)˜P and released into the interstitial water based on the data of the decrease of Fe(OOH)˜P and Fe3+ as well as the increase of Fe2+
(Fig. 4a and 4c). At the same time, EPC0 reached its peak in
summer (Fig. 5a), leading to the release of a large amount SRP
into surface water to meet algal growth. SRP production triggered the Microcystis bloom appearance due to an energy saving and competitive advantage for Microcystis to rapidly uptake and store inorganic P when it is relatively scarce, which
put the coexisting Dolichospermum into P stress and therefore
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Fig. 4 – The comparison of different P forms, iron (Fe), and labile organic matter in sediment at different sampling sites.
Fe(OOH)˜P: iron-bound P; CaCO3 ˜P: calcium-bound P; ASOP: acid-soluble organic P; Palk : hot NaOH-extractable organic P;
PRT: protein; CHO: carbo-hydrates, F: February; M: May; J: July; S: September; N: November. Stars indicate significant
differences (P<0.01) between CH1-3 and CH4-7 in sediments Fe(OOH)˜P.

gain the competitive advantage (Wan et al., 2019). Microcystis might have developed different strategies to adapt to environment with low or variable inorganic P concentrations
(Giovannoni et al., 2005; Van Mooy et al., 2006), and effectively competed for regenerated N from sediments and the
water column (McCarthy et al., 2007). Coupled with accumulated NO3 − -N in surface water in spring, Microcystis bloom was
initiated in summer.
On the other hand, accumulated organic N during Dolichospermum bloom was mineralized into NH4 + -N with Dolichospermum collapse from spring to summer. Additionally, anaero-

bic condition limited the nitrification, resulting in the NH4 + N accumulation in interstitial water in summer (Fig. 2e). Although SRP and NH4 + -N concentration in surface water were
very low in summer, it should be believed that abundant of
SRP and NH4 + -N released into surface water were quickly
utilized by algae in terms of high SRP and NH4 + -N in interstitial water and high PP and PN in surface water (Fig. 2b,
2c, 2d, 2e). Thus, NH4 + -N accumulation due to strong mineralization and weak nitrification and continuous SRP regeneration driven by anoxia jointly supported the Microcystis development in summer. Obviously, in order to maintain
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Fig. 5 – The comparison of phosphorus sorption parameter of sediment at different sampling sites. EPC0 : equilibrium
phosphorus concentration; Qmax : phosphorus sorption maximum. F: February; M: May; J: July; S: September; N: November.

Fig. 6 – The comparison of enzymatic activities in sediment at different sampling sites. AP: alkaline phosphatase; LAP:
leucine aminopeptidase; GLU: β-D-glucoside; and DHA: dehydrogenase activity, F: February; M: May; J: July; S: September; N:
November.
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Fig. 7 – The comparison of phosphorus-solubilizing bacteria in sediment at different sampling sites. IPB: inorganic
phosphate-solubilizing bacteria; OPB: organic phosphate-mineralizing bacteria. F: February; M: May; J: July.

Fig. 8 – Heatmap analysis of the dominant genera distribution about the functional microorganisms related to phosphatase
hydrolysis in the sediment samples. The shift of the bacterial community compositions are depicted by the color intensity
ranged from 3 to −3. The redder the square color, the higher the abundance of the genus among the samples.
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Fig. 9 – Spearman correlation heatmap of composting environmental variables and the top 30 dominant genera of the
functional microorganisms related to phosphatase hydrolysis in Lake Chaohu sediments. In the figure, red represents
negative correlation, blue represents positive correlation, and the darker the color, the higher the correlation. ∗ Significance
at P<0.05; ∗∗ significance at P<0.01.

growth, Microcystis needed more N and had no selectivity to N
forms. Microcystis could prefer to utilize NH4 + -N for its growth
(Kong et al., 2018). NH4 + -N from the river was the likely sole
source of the nitrogen for most of the Microcystis bloom in San
Francisco Estuary. Selective uptake of NH4 + -N may have further contributed to the magnitude of the Microcystis bloom
(Lehman et al., 2015). However, in Lake Mikata, high NO3 − N loading may be a significant factor promoting the growth
of Microcystis aeruginosa (Mitsuhiro et al., 2007).The disappearance of Microcystis blooms in Lake Tega could be due to the
decrease in NO3 − -N concentration based on high affinity to
NO3 − -N for Microcystis, and the lower N/P ratio seemed not
to relate to Microcystis blooms (Amano et al., 2012). Thus, it
could be deduced that in spring NO3 − -N accumulation initiated Microcystis blooms, and in summer NH4 + -N regeneration developed Microcystis blooms. Hence, the advantage of
various P utilization strategies and non-selectivity of N forms
utilization determined the intensity and scale of Microcystis
blooms.

3.

Conclusions

P regeneration pattern was dominated by the Fe(OOH)˜P desorption and PSB solubilization in severe-bloom and slight-

bloom area of Lake Chaohu respectively, which both resulted
in high SRP accumulation in interstitial water of these two areas. However, in severe-bloom area, higher P release potential caused the higher P release into water column and algal growth (expressed as Chl. a), compared to slight-bloom
area. The algal bloom succession from Dolichospermum to Microcystis existed in both severe-bloom and slight-bloom area.
In spring, P limitation and N selective assimilation of Dolichospermum facilitated the NO3 − -N accumulation in surface water,
which provided enough N source for the initiation of Microcystis bloom. In summer, SRP continuous release led to the replacement of Dolichospermum bloom by Microcystis bloom with
the advantage of P quick utilization, transport and storage.
The accumulated organic N in Dolichospermum cells during its
bloom was remineralized as NH4 + -N to replenish N source for
the sustainable development of Microcystis bloom. Taken together, the succession from Dolichospermum to Microcystis was
due to both the different forms of N and P levels in water column mediated by different regeneration patterns and release
potential, and algal N and P utilization strategies. We speculate that the succession has both a causal relationship (the
N accumulation during Dolichospermum bloom provided the
enough N source for Microcystis bloom) and a competitive relationship (in terms of phosphorus acquisition), which needs
further verification.
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