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Abstract
Phosphorus (P) has an important role in eutrophication and it is essential to explore the processes and
mechanisms of P mobility in natural waters. In this study, laboratory experiments were conducted to
simulate the SW system (sediment and water) and SAW system (sediment, algae and water) under four
hydrodynamic intensity conditions (static control, 50 rpm, 125 rpm and 200 rpm treatments), to
investigate P mobility. Results in SW system showed that, sediment was an important source of P for
overlying water, and the released total P (TP) increased with stronger hydrodynamic intensity, when P
associated with metal pools (redox-sensitive P [BD-P] and meta-oxides bound P [NaOH-P]) were the most
unstable and easier to migrate into the overlying water. Stronger hydrodynamic disturbances could
enhance the processes including sediment resuspension, dissolution of particles, and release of P, when P
mobility had a close relationship with redox conditions near sediment-water interface (SWI). Therefore,
the release of TP, BD-P and NaOH-P from sediment increased and decreased in the control and 50-200
rpm treatments over time. In SAW system, the release of TP signi�cantly increased from sediment
comparing to SW system, and the growth of Microcystis aeruginosa could selectively enhance the release
of BD-P, NaOH-P, and organic P (OP). Meanwhile, the released P from sediment was quickly accumulated
by algal cells. The maximum accumulation ability of P by cells, the highest photosynthetic e�ciency and
the best growth of M. aeruginosa were observed in 125 rpm treatment. But with excessively strong
hydrodynamic intensity (200 rpm treatment), the accumulation ability of P and alkaline phosphatase
activity (APA) of M. aeruginosa was suppressed, which might hinder algal utilization of P and inhibit
algal growth. Overall, our �ndings demonstrated the patterns of P mobility in natural ecosystems and
could contribute to the understanding of P cycling.

1 Introduction
Eutrophication has negatively affected aquatic ecosystems worldwide over the last several decades
(Smith 2003; Glibert et al. 2011; Paerl et al. 2011), and it was reported to be mainly driven by increasing
anthropogenic nutrient inputs from domestic sewage, agricultural and industrial wastewater (Smith et al.
1999; Xu et al. 2010; Wang et al. 2019). For a long time, harmful algal blooms (HABs) are a typical
troubling indicator of eutrophication, which could cause hypoxia, disrupt food webs, produce various
toxic secondary metabolites, etc. (Paerl and Scott 2010; Reynold 2006). As an important component of
HABs, cyanobacteria are of particular concern from the environmental degradation and human health
perspectives (Whitton and Potts 2002; Rigosi et al. 2014). Therefore, understanding nutrient cycling and
adopting management methods have been widely recognized as essential for reducing eutrophication
and the associated HABs in aquatic ecosystems (Carey et al. 2012).

Phosphorus (P) is an essential element for many organisms and its availability has a critical role in the
control of primary production in water (Smith et al. 1999; Deng et al. 2014). Although recent studies
showed that dual nutrient (nitrogen & P) reductions are essential to control HABs (Wang et al. 2014; Paerl
et al. 2016), it was indicated that cyanobacteria blooms in eutrophic lakes were often coincident with an
increase of total P (TP) concentration in the overlying water (Havens 2003; Zhu et al. 2013). As a result,
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external P input restrictions are widely implemented in the eutrophic systems, which have slowed
eutrophication and reduced HABs potentials in many regions (Schindler 1977; Carpenter 2008).
Meanwhile, internal P could also contribute to high P loadings in the overlying water and might affect the
magnitude, frequency and duration of HABs (Ding et al. 2018; Paytan et al. 2017). Since sediment
represented an important internal source and could release a lot of contaminants in aquatic ecosystems
(Luthy et al. 2004; Mozeto et al. 2014), the P cycling processes among sediment, water and
phytoplankton have been a hot research topic for many years.

Especially, the behaviors and mechanisms of P mobility between sediment and overlying water were
widely studied, which have a close relationship with the physico-chemical conditions (Cyr et al. 2009;
Katsev and Dittrich 2013). For example, iron (Fe) played a key role in controlling the release of P from
sediment and the accumulated P could be released more rapidly by reductive dissolution of Fe oxides in
anoxic waters (Chen et al. 2019). The mobility of P from sediment was signi�cantly affected by water
disturbances and sediment resuspension, which were common situations in eutrophic lakes in the middle
and lower reaches of Yangtze River are shallow lakes (Zhang et al. 2006). However, studies examining the
effects of different intensities of hydrodynamic conditions on P mobility are not su�cient. Moreover,
researches have less considered the roles of algae, particularly for cyanobacteria species, which had a
feedback on P mobility between sediment and overlying water (Cao et al. 2016; Xie et al. 2003). For
example, some P fractions in the sediment were available for cyanobacterial growth, which could in turn
cause the variations of physico-chemical properties of overlying water and sediment (Giles et al. 2016).
Additionally, hydrodynamic disturbance could directly affect the growth of phytoplankton (Huang et al.
2015), and it is crucial to study the multi-medium mobility of P under different hydrodynamic conditions.

In this study, sediments and overlying water in typical bloom areas were exposed to different
hydrodynamic intensity conditions using four rotation speeds in columnar beakers. A bloom-forming
cyanobacterium was also selected and introduced into the systems. The goals of our study were to: (1)
investigate the processes and mechanisms of P mobility among multi-mediums, (2) explore the
responses of cyanobacteria, (3) explain the effects of cyanobacteria on P mobility.

2 Materials And Methods

2.1 Sampling area and experimental design
Our research selected Meiliang Bay as the sampling area, which is located in the northern areas of Lake
Taihu (Fig. S1, 31o25’00’’N, 120o12’57’’E) and is one of the areas where HABs often broke out seriously
(Xu et al. 2010). Especially, this region has been suffered from cyanobacteria for a long time and water
quality was deteriorated ever since the early 1980s, switched to the eutrophic state in 1990s, and became
hyper-eutrophic in recent years (Zhang et al. 2020). Meanwhile, the resuspension of sediment often
occurred in this area caused by natural wind forces.
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After sampling, the overlying water and sediment were immediately pretreated and used in the incubation
experiment (Fig. S2). Detailed procedures of sampling and experimental setup can be seen in SI. Based
on rotation speed, four treatments were set (0 rpm control treatment, 50 rpm, 125 rpm and 200 rpm
treatments). Meanwhile, two incubation systems were de�ned, including SW system (containing
sediment and water) and SAW system (containing sediment, algae and water).

2.2 Analyses of water samples
Based on our preliminary experiments, the vertical distributions of turbidity under four hydrodynamic
conditions reached a relative stable stage after the withdrawal of stirring for 5 h, when turbidity showed
no signi�cant differences above the depth of 15 cm in the same treatment (Fig. S3; p > 0.05). Accordingly,
after the twice-daily stirring with different intensities (8:00–8:30 and 12:00–12:30), the overlying water
were collected from the sidewall of cylinders at 17:30 at a depth of 15 cm with syringe samplers (W-pore,
Fig. S2), for determining TP, total dissolved P (TDP) and particle P (PP). Based on continuous �ow
systems (SEAL AutoAnalyzer 3, Germany), P could be determined using colorimetric detection of the
molybdenum blue method (Murphy and Riley 1962). Meanwhile, size of suspended particles was
determined using a laser analyzer (Malvern 2000, UK), which was important to estimate the degree of
sediment resuspension (Qian et al. 2011). After each sampling, the ultrapure water was supplemented to
maintain the stability of incubation system.

The apparent diffusion of P between sediment and overlying water was a two-way process (Yao et al.
2016a), and we focused on the area near sediment-water interface (SWI) to specify P mobility. Water near
SWI was regularly sampled at 5 mm intervals (20 mm above and 40 mm below the SWI, respectively) for
determining TDP (Fig. S2) with special sampling apparatus (Rhizons MOM), which has been widely
adopted to collect water for analyzing macro and micro elements in disturbed sediments (Ding et al.
2019). Since SWI was the plane where overlying water and sediment met, water samples below SWI could
be considered as pore water in sediment. After collecting water samples near SWI, pH, dissolved oxygen
(DO) content, and redox potential were quickly and directly determined using a YSI-multi parameters
probe.

2.3 Analyses of sediment samples
At the beginning (Day 1) and during experiment (Day 4 and Day 10), sediment samples were collected
with a pipetting device, which could reduce the disturbances of water. In order to make sure of the
homogeneity, three discrete samples of sediment at different positions were collected in each cylinder (S-
pore, Fig. S2) and samples were mixed for further analysis.

Based on the Standard Measurements and Testing (SMT) sequential extraction method (Rydin et al.
2000; Psenner et al. 1988), a modi�ed method was used to measure P fractions in sediment (Fig. S4). On
one hand, the following �ve forms of P were present: NH4Cl-P (loosely-bound P), BD-P (redox-sensitive P),
NaOH-P (metal-oxides bound P), Ca-P (apatite bound P), and Res-P (P with low reactivity). Meanwhile,
inorganic P (IP) and organic P (OP) were also determined. Contents of P fractions in the initial sediment
were shown in Table S1.
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Total contents of metals as Fe, aluminum (Al), calcium (Ca) and manganese (Mn) were measured by ICP-
AES method after digestion (Table S1). The ammonium oxalate-oxalic acid extract was used to yield
active Fe and active Al (Zhou et al. 2005). Loss of ignition (LOI) was based on weight losses after
combustion at 550oC. Meanwhile, the total organic carbon (TOC) was determined using a total organic
carbon analyzer (Malvern liquid TOC, UK) after treating with chromic acid/H2SO4.

2.4 Analyses of cyanobacteria

2.4.1 Algae cultures
Microcystis aeruginosa 905 was obtained from Freshwater Algae Culture Collection of the Institute of
Hydrobiology, Chinese Academy of Sciences (FACHB). The details of inoculation and expanding cultures
can be seen in Ren et al. (2020). Cell density was monitored daily until it exceeded 2 × 107 cells mL− 1.
Then, M. aeruginosa was harvested by centrifugation (5000 g for 10 min, 4oC), washed with ultrapure
water, and transferred into cylinders containing sediment and lake water, which represented SAW system.
The initial cell density was 1 × 106 cells mL− 1, which was approximately to the value at the beginning of
typical algal blooms in Lake Taihu (Chen et al. 2003).

2.4.2 Parameters of M. aeruginosa
Considering the interferences caused by suspended particles in the overlying water, the phytoplankton
analyzer (Phyto-PAM, Hein Walz, Germany) was used to determine chlorophyll a (chl-a) and the effective
quantum yield (Fv/Fm) of M. aeruginosa (Jakob et al. 2005), which could indicate the function of algal
photosystem II (PS II) system.

After the twice-daily stirring and standing still for 5 h, 5 mL of overlying water was collected (W-pore, Fig.
S2) and �ltered through 5-µm polyester �lters (Whatman). Since the total amount of P associated with
�lters can be calculated after rinsing and direct digestion in the colorimetric tubes (120°C, 150 kPa), algal
cells retained on the �lters were dissolved by stepwise extraction using trichloroacetic acid, ethanol,
ethanol/ether (3:1 by volume), and sodium hydroxide (NaOH), to estimate cellular P quota of M.
aeruginosa (Jeffries et al. 1979; Powell et al. 2008). The cell density of M. aeruginosa was directly
monitored with an optical microscope (Zeiss Axioskop 40, Germany).

After sampling overlying water, p-nitrophenylphosphate (pNPP) was also directly added for determining
alkaline phosphatase activity (APA), which has been reported to be important for algal utilization of
dissolved organic P (DOP) and its prosperity in the natural waters (Ren et al. 2015). Moreover,
�uorescence-labeled enzyme activity (FLEA) technique was also used to illustrate APA of M. aeruginosa.
The details of measurement can be seen in SI.

To explorer the microstructure of cells, scanning electron microscopy (SEM) was conducted for M.
aeruginosa on Day 8. Cells were harvested by centrifugation (5000 g for 10 min, 4oC) and the methods
were adopted from Ren et al. (2020).
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2.5 Statistical analysis
All vessels were sterilized via autoclaving at 121°C and 150 kPa for 30 min before use, and solutions
were prepared using ultrapure water and analytical-grade chemicals. In our study, experiments were
conducted in triplicate and means ± standard deviations were calculated. Parametric three-way repeated-
measures analysis of variance (RM-ANOVA) was adopted to determine the effects of hydrodynamic
intensity, sampling time, and cyanobacteria on P mobility (Table S2). Data were tested for the normality
and variance assumptions of ANOVA, and no data transformation was needed. If the interaction factor
was signi�cant at p < 0.05, a one-way ANOVA followed by Tukey’s test was used to determine where
differences lie. All statistical analyses were performed using SPSS 22.0 (SPSS Inc., Chicago, IL, USA).

3 Results And Discussion

3.1 P mobility in the SW system

3.1.1 P fractions in the overlying water
In the control treatment, TP increased slowly and reached its maximum on Day 14 (Fig. 1, 0.38 mg L− 1).
By comparison, TP was higher (p < 0.05) on the same day in the other treatments, and the maximum
values varied between 0.54–0.83 mg L− 1 on Day 14. The increase of P in the overlying water could only
come from sediment in the SW system and the results showed that, TP release from sediment under
hydrodynamic conditions could be divided into sharp release, relaxedly release and equilibrium release
periods, when the release rates and equilibrium concentrations of TP were higher with stronger
hydrodynamic intensity (p < 0.05). By comparison, TDP increased persistently during experiment and
stronger hydrodynamic intensity also accelerated this process (p < 0.05). However, except for the control
treatment, PP increased rapidly before Day 6 and it decreased during Day 6–14.

3.1.2 TDP in the water near SWI
In our study, TDP in the water near SWI (depth above SWI represented overlying water, depth below SWI
represented pore water) was determined in Fig. 2.

In the control treatment, TDP gradually increased with the sampling sites moving down, and the variation
tendency was similar during the whole experiment. But in the other treatments, TDP was maximum at
SWI (depth = 0 mm) on Day 2, which indicated the accumulation of P from sediment after hydrodynamic
disturbances. On Day 6, TDP at SWI both increased a lot in 50 rpm, 125 rpm and 200 rpm treatments, and
it was higher under stronger hydrodynamic intensity conditions (p < 0.05). But on Day 10, TDP in the
water near SWI kept increasing in the control treatment and decreased in the other treatments.

3.1.3 Changes of P fractions in the sediment
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Compared to the initial content, TP in the sediment decreased by 29.8–96.5 mg kg− 1 on Day 4 (Fig. 3a),
which directly indicated a considerable release of P from sediment. Meanwhile, the largest reduction was
observed for BD-P and NaOH-P content on Day 4 (15.02–43.27 mg kg− 1 and 13.14–45.27 mg kg− 1),
which suggested the greatest release of BD-P and NaOH-P. The release of TP, BD-P and NaOH-P raised
correspondingly with stronger hydrodynamic intensity. On the contrary, NH4Cl-P increased slightly and
HCl-P increased greatly on Day 4 in 50–200 rpm treatments. In addition, although sediment released
more IP in different treatments on Day 4 (17.71–48.04 mg kg− 1), the released P contained a considerable
part of OP.

With experiment progressed, the reduction of BD-P and NaOH-P increased in the control treatment on Day
10. However, the reduction of BD-P and NaOH-P decreased in 50–200 rpm treatments, which reached
14.17–30.87 mg kg− 1 and 12.47–28.37 mg kg− 1 comparing to initial content, respectively. Meanwhile,
OP kept relative stable on Day 10 in different treatments, but the reduction of IP increased and decreased
signi�cantly (p < 0.05) in the control and 50–200 rpm treatments, respectively, indicating the greater
migration of IP.

3.1.4 Variations of physio-chemical parameters
Redox conditions near SWI were important for P mobility and they were measured during the experiment.
On Day 2, DO content decreased with sampling sites moving down and DO content at the same depth
increased with stronger hydrodynamic intensity (Fig. 4a). On Day 8, DO near SWI was almost depleted in
the control treatment and high DO content near SWI was observed in the other treatments, when the
penetration of oxygen into sediment was restricted to the top 3–4 cm. The variation patterns of redox
potential were consistent with DO content, which had a downward trend and increased with stronger
hydrodynamic intensity (Fig. 4b). With experiment progressed, SWI was under the reduction condition on
Day 8 in the control treatment (redox potential < 0), but SWI in the other treatments were both in oxidation
state.

Whether the size composition or average median particle size (D50), results both showed that suspended
particles contained an increased fraction of larger particles over time in 50–200 rpm treatments (Fig. 4c).
Moreover, the fraction of 63-2000 µm particles increased signi�cantly (p < 0.05) under stronger
hydrodynamic intensity conditions, which indicated the most intense sediment resuspension in 200 rpm
treatment. This was consistent with Qian et al. (2011) that, larger particles were low viscid and they were
more easily migrated from sediment into the overlying water with stronger disturbances.

3.1.5 Processes of P mobility in the SW system
Zhu et al. (2013) thought that internal P loading of Lake Taihu should be addressed from a nutrient
management perspective. Our results also con�rmed that, sediment in Meiliang Bay had a high potential
to release P and could contribute to eutrophication development. It could be related to high contents of Fe
and Al in the sediment (Table S1), which were considered to mainly determine the adsorption capacity of
sediment (Brinkman 1993; Cyr et al. 2009). Moreover, the ratios of active Fe and Al in Meiliang Bay were
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also high (> 60%), and sediment could have a great ability to release P when hydrodynamic conditions
permitted (Zhou et al. 2005). Based on TDP concentrations in the water above and below SWI, P mobility
between sediment and overlying water was mainly determined by TDP concentration gradient in the
control treatment, which occurred at a slower rate. Meanwhile, P mobility in 50–200 rpm treatments could
be directly in�uenced by the hydrodynamic forces, which would further affect sediment resuspension,
dissolution of particles, and release of P fractions. As a consequence, stronger hydrodynamic intensities
increased the shear stress of water and enhanced the above processes (Tammeorg et al. 2015; Zheng et
al. 2013), which resulted to larger accumulation of TDP at SWI and the greater increase of P fractions in
the overlying water. This deduction was con�rmed by the distribution of suspended particles under
stronger hydrodynamic intensity conditions, when more sand particles were transferred from the
sediment.

Changes of P fractions in the sediment indicated that, P associated with metal pools were the most
unstable and easier to migrate by hydrodynamic drivers. Hu et al. (2007) also reported that, water in Lake
Dianchi tended to be more eutrophic with more BD-P and NaOH-P in the sediment. Meanwhile, although
scholars thought that only inorganic phosphate could bind with metal complexes (Ruban et al. 2001; Zhu
et al. 2013), it was reported that metal oxides could also bound with OP in the sediment (Bai et al. 2009).
As a result, this part of OP was labile and easily to be released from sediment under hydrodynamic
conditions in our study, which could have an important role in P cycling in aquatic systems (Puttonen et
al. 2014). By comparison, NH4Cl-P was bounded by the weaker sorption and acted more as an
intermedium between sediment and overlying water (Mort et al. 2010), resulting to an increase of NH4Cl-P.
A possible reason for the increase HCl-P was that sediment released more Ca ions under hydrodynamic
conditions, which adsorbed phosphate and settled back into the sediment (Lukkari et al. 2009).

As has been reported (Smith et al. 2011; Sinkko et al. 2013), dissolution and mobility of metal-bound P
increased under reduction conditions. In SW system, this process was dominant in the control treatment,
when DO near SWI was depleted and the redox conditions became progressively reduced. Consequently,
sediment could release more BD-P, NaOH-P on Day 10. However, with DO content and redox potential near
SWI increasing in 50–200 rpm treatments, high-valence metal ions (mainly referred to Fe and Mn) and
their oxides in sediment enhanced the adsorption of P pools (Katsev and Dittrich 2013), leading to
increased BD-P and NaOH-P contents on Day 10. In addition, P mobility in SW system was actually the
imbalance between P sedimentation in the overlying water and P release from the sediment (Elser and
Bennett 2011). In our study, sizes of suspended particles increased gradually and larger particles were
more liable to drop down (Yao et al. 2016b). This could enhance P retention and lead to the decreased PP
in the overlying water after Day 6.

3.2 P mobility in the SAW system

3.2.1 Growth of M. aeruginosa
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M. aeruginosa grew slowly in the control treatment and the maximum chl-a was observed on Day 14
(Fig. 5a). With stronger hydrodynamic intensity, the highest growth rates and largest biomass were
observed in 125 rpm treatment, when the exponential growth was also longer (Day 4–14). By
comparison, the growth of M. aeruginosa was suppressed in 200 rpm treatment, when chl-a increased
slowly before Day 8 and it quickly decreased afterwards. SEM analysis also indicated the best growth of
algae in 125 rpm treatment (Fig. 5b). The spherical shape and surface morphology of cells on Day 8 did
not obviously change in control, 50 rpm and 125 rpm treatments, when cell surfaces were glossy and
intact. However, the surfaces of algal cells were rough and damaged in 200 rpm treatment, indicating the
negative effects on algae.

The variation manners of Fv/Fm were synchronous with those of chl-a and highly related to
hydrodynamic intensity (Fig. 5c). In the control, 50 rpm and 125 rpm treatments, Fv/Fm both gradually
increased before Day 7 and remained relatively constant afterwards, when Fv/Fm was highest in 125 rpm
treatment during the whole experiment. By comparison, Fv/Fm was lowest in 200 rpm treatment and
decreased after Day 7.

3.2.2 Cellular P quota and APA
In the control treatment, cellular P quota of M. aeruginosa increased slowly before Day 6 and exhibited a
slight �uctuation afterwards. By comparison, it sharply increased (maximum on Day 4) and decreased
afterwards in the other treatments (Fig. 6a). It was consistent with Powell et al. (2009) that, microalgae
could quickly accumulate P from surrounding waters by “luxury uptake”, which did not require a prior P
starvation. Under hydrodynamic conditions, cellular P quota was highest in 125 rpm treatment and it was
lower in 200 rpm treatment.

In the control, 50 rpm and 125 rpm treatments, APA kept increasing before Day 8 and it remained steady
afterwards, when it was lower with the stronger hydrodynamic intensity (Fig. 6b). Since sediment released
OP to varying degrees in different treatments, the adsorbed P by algal cells could induce the increase of
APA (Ren et al. 2017). However, APA decreased from the beginning in 200 rpm treatment and it was
lowest during the experiment. Results of FLEA images also indicated the highest APA of algae in 125 rpm
treatment (Fig. 6c), when the ratio of �uorescence-labeled cells were large. In comparison, a relatively low
number of cells was observed in the 200 rpm treatment.

3.2.3 P fractions in the overlying water
The variation patterns of P fractions in the overlying water were signi�cantly different (p < 0.05) between
SW and SAW systems (Table S2), indicating that M. aeruginosa might greatly change P mobility between
multi-mediums. In SAW system, TDP also gradually increased but the rising speed became lower (p < 
0.05, Fig. 7a). This pattern was particularly evident in the control treatment, when TDP remained constant
during the whole experiment.

Although PP in the overlying water did change obviously in SW system in the control treatment, it
gradually increased in SAW system (Fig. 7b). Meanwhile, the continuous and greater increase of PP was
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observed in 50 rpm and 125 rpm treatments. But in the 200 rpm treatment, PP reached the maximum on
Day 4 and decreased afterwards.

3.2.4 Changes of P fractions in the sediment
Compared to the control, 50 rpm and 125 rpm treatments in SW system (Fig. 3a), release of TP from the
sediment increased signi�cantly (p < 0.05) on Day 4 in the SAW system (Fig. 3b), indicating that M.
aeruginosa caused a greater P mobility from sediment. Moreover, the reduction of NH4Cl-P, BD-P, NaOH-P
on Day 4 was also higher (p < 0.05) comparing to those in SW system. Meanwhile, except for 200 rpm
treatment when growth of M. aeruginosa was poor, sediment signi�cantly increased the release of OP in
the other treatments on Day 4 (p < 0.05, 6.89–12.58 mg kg− 1) comparing to that in SW system.

As mentioned above, with DO content and redox potential near SWI increasing (Fig. S5), P adsorption by
metal oxides could be enhanced. Therefore, reduction of BD-P and NaOH-P in the sediment decreased
obviously on Day 10 (Fig. 3b). Meanwhile, reduction of OP content in the sediment also decreased a lot
on Day 10.

3.3 Effects of hydrodynamic conditions on cyanobacteria
Our results have shown that, stronger hydrodynamic forces directly promoted P release from the
sediment. It was consistent with previous studies who reported that, a certain degree of hydrodynamic
turbulence provided algae with favorable ecological resources during period of HABs (Brunberg and
Blomqvist 2010). However, M. aeruginosa showed the maximum accumulation ability of P, the highest
photosynthetic e�ciency and the best growth in 125 rpm treatment. It could be explained by the fact that,
hydrodynamic forces could scour and decrease the thickness of extracellular polymeric substances (EPS)
of algal cells (Xu et al. 2013), which subsequently affected the accumulation ability of P by M.
aeruginosa. Moreover, the uptake and P utilization by M. aeruginosa required the transport process of P
through cell membrane and a large part of accumulated P was surface-adsorbed (Yao et al. 2011), when
the excessively strong hydrodynamic forces decreased the binding between P and cells. Furthermore,
growth of phytoplankton was highly dependent on its photosynthetic e�ciency and other metabolism
process, which could be suppressed in excessively turbulent waters (Ruttenberg and Dyhrman 2012).

Mineralization of OP is important for phytoplankton, and APA of M. aeruginosa decreased under stronger
hydrodynamic intensity conditions in our study. It was consistent with Hiatt et al. (2018), who pointed
that periphytic-APA was inhibited with faster velocity and expression of enzyme activity was higher in
static waters. Ma et al. (2019) used APA as a supplemental index to predict HABs in Lake Taihu and
obtained similar results. However, the negative effects of stronger hydrodynamic conditions on APA was
also probably due to the greater release of IP from sediment, as higher APA re�ected an alternative
pathway for acquiring IP by algae.

3.4 Effects of cyanobacteria on P mobility
Compared to SW system, our study showed a greater release of TP from sediment in SAW system,
whereas a signi�cant part of released P was quickly acquired by M. aeruginosa. The accumulation ability
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of inorganic phosphate and DOP by typical cyanophyta and chlorophyta species has been investigated in
our previous study (Ren et al. 2017), which could bene�t their competitive strategy and growth. Therefore,
TDP in the overlying water of SAW system was drawn down by the nutritional needs of M. aeruginosa,
which explained why some natural waters with low P content still exhibited outbreaks of cyanobacterial
blooms (Cao et al. 2016; Ma et al. 2019). Our results also indicated the synergistic effect between
cyanobacterial growth and P release from sediment. Therefore, worse water quality and outbreaks of
HABs in many shallow lakes often occurred after a certain intensity of hydrodynamic disturbances (Zhou
et al. 2015). Meanwhile, the P release from sediment by M. aeruginosa was selectively enhanced, which
herein referred to NaOH-P, BD-P, and OP. The in�uence mechanisms of M. aeruginosa on P mobility could
be explained by the following facts.

Firstly, M. aeruginosa could directly promote its physiological requirement of P and promote the
mineralization of OP. It agreed with Chao et al. (2011) who carried out an in situ experiment in Lake Taihu
and reported that, the adsorption and biological transformation of P by algae were the main causes of
increased P release from sediment under the wind-induced disturbances. As a result, with algal APA
increasing during our incubation, the release of OP from sediment signi�cantly increased in SAW system
on Day 4. The decreased release of OP in 200 rpm treatment might be explained by the worst growth and
lowest APA of M. aeruginosa. Secondly, as mentioned above, P mobility was vulnerable to the alterations
of redox conditions (Katsev and Dittrich 2013). In SAW system, the growth and photosynthesis of M.
aeruginosa accelerated the consumption of DO near SWI, when redox potential was also more reduced
(Fig. S5). As a result, speci�c metal ions and their oxides in the sediment were more reductively dissolved
and the adsorbed P was released faster (Pearce et al. 2013; Giles et al. 2016), which resulted to the
enhanced release of BD-P and NaOH-P from sediment. Xie et al. (2003) also reported that microbial
respiration consumed oxygen and promoted the dissolution of metal-bound P in sediment. And thirdly, pH
could control the concentrations of available Fe, Al, and Ca ions, and thus change P mobility (Jin et al.
2006). In SAW system, pH in the overlying water increased following M. aeruginosa growth (Fig. S5),
which could trigger the release of P from sediment by OH− ion exchange with PO4

3− on metal complexes.

In natural aquatic systems, the causes of sediment resuspension are complex and may not necessarily
derive from hydrodynamic forces. Moreover, the compositions and characteristics of sediments also
remained uncertain. These complexities deserve further study, along with the likely in�uence of coexisting
but unexamined factors on P mobility.

4 Conclusions
(1) Sediment was a great source of P for overlying water under hydrodynamic conditions, and the release
of P from sediment increased with stronger hydrodynamic intensity. Meanwhile, P associated with metal
pools (BD-P and NaOH-P) were the most unstable and easier to migrate into the overlying water.

(2) Stronger hydrodynamic disturbances enhanced sediment resuspension, dissolution of particles, and
the release of P fractions from sediment. P mobility between sediment and overlying water had a close
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relationship with redox conditions near SWI, when the release of TP, BD-P and NaOH-P from sediment
increased in the control treatment and decreased in 50–200 rpm treatments over time.

(3) In SAW system, presence of M. aeruginosa signi�cantly promoted the release of TP from sediment,
but the released P could be quickly accumulated by M. aeruginosa, leading to a slower increase of TDP in
the overlying water. Especially, the release of BD-P, NaOH-P, and OP from sediment was selectively
enhanced in SAW system.

(4) M. aeruginosa exhibited the maximum accumulation ability of P, the highest photosynthetic e�ciency
and the best growth in 125 rpm treatment. But in 200 rpm treatment, algal accumulation ability of P and
its APA was suppressed, which might hinder algal utilization of P and inhibit its growth.

Abbreviations
SW system [sediment and overlying water]; SAW system [sediment, algae and overlying water]; TP [total
phosphorus]; TDP [total dissolved phosphorus]; PP [particulate phosphorus]; BD-P [redox-sensitive
phosphorus]; NaOH-P [meta-oxides bound phosphorus]; IP [inorganic phosphorus]; OP [organic
phosphorus]; APA [alkaline phosphatase activity]
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Figure 1

(a) TP, (b) TDP and (c) PP concentrations in the overlying water in SW system.



Page 19/25

Figure 2

TDP concentration in the water near SWI in SW system.
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Figure 3

Changes of P fractions in the sediment on Day 4 and Day 10 in (a) SW system, and (b) SAW system.



Page 21/25

Figure 4

(a) DO content, (b) redox potential near SWI, (c) size of suspended particles (size composition and the
average median particle size) in SW system.
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Figure 5

Growth of M. aeruginosa in SAW system determined by (a) chl-a content, (b) SEM images on Day 8 and
(c) Fv/Fm.
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Figure 6

(a) Cellular P quota, (b) APA of M. aeruginosa, and (c) FLEA images on Day 8 in SAW system (Green and
red colors indicate �uorescence on the sites producing APA and chlorophyll a auto-�uorescence,
respectively).



Page 24/25

Figure 7

(a) TDP and (b) PP concentrations in the overlying water in SAW system.
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