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Abstract

Mitigating harmful cyanobacterial blooms is a global challenge, particularly crucial for safeguard‐

ing source water. Given the limitations of current technologies for application in drinking water

reservoirs, we propose an innovative strategy based on in‐situ sediment resuspension (SR). This

method’s effectiveness in cyanobacterial control and its potential impacts on water quality were

assessed through laboratory culture experiments and further validated via field applications in

five drinking water reservoirs. The results revealed that SR could significantly mitigate cyanobac‐

terial growth, evidenced by the treated sets (removal rate: 3.82×106 cells L‐1 d‐1) compared to

the control set (growth rate: 2.22×107 cells L‐1 d‐1) according to the laboratory experiments.

The underlying mechanisms identified included underwater light reduction (2.38× increase in

extinction coefficient) and flocculation and entrainment of cells by resuspended particles (30%

reduction per operation). Additional contributions were noted in the reduction of bioavailable

phosphate and remediation of anaerobic sediment characterized by increased redox potential.

This facilitated the oxidation of iron, which in turn promoted the co‐precipitation of phosphate

(removal rate: 46 μg L‐1 d‐1) and inhibited its release from the sediment. The SR operation, de‐

void of importing extra substances, represents a safe and economical technology for controlling
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harmful cyanobacteria in drinking water reservoirs.
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1. Introduction

Cyanobacterial blooms significantly deteriorate water quality (Qin et al., 2012; Huisman et al.,

2018) and pose a critical threat to drinking water safety (Agrawal and Gopal, 2012; Cheung et al.,

2013). The excessive photosynthesis by surface cyanobacteria depletes carbon dioxide, lead‐

ing to increased pH value in source water (Cao et al., 2016). This further diminishes the effec‐

tiveness of coagulation and flocculation processes in drinking water plants (DWPs) (Naceradska

et al., 2019). Blooms of microcystin‐producing Microcystis are recognized as a serious global

public health issue (de Figueiredo et al., 2004) because cyanotoxins can threaten the survival

of aquatic organisms (Acun̆a et al., 2012), wildlife, livestock (Davis et al., 2009; Dittmann et al.,

2013), and human health (de Figueiredo et al., 2004). Moreover, filamentous cyanobacteria

are the main source of off‐flavor issues in drinking water systems and have become a major

concern (Bruchet et al., 2019) as the primary signal of drinking‐water integrity (Watson, 2004).

Even though they exist at a low abundance, hardly forming algal blooms, the invisible growth of
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filamentous cyanobacteria beneath the water surface often extensively causesmusty odor prob‐

lems in drinking water systems (Van Der Ploeg et al., 1995; Wang and Li, 2015; Li et al., 2016;

Chia et al., 2018; Su et al., 2019). Therefore, the prevention and control of harmful cyanobacte‐

ria in source water are preferred approaches prior to water treatment processes across various

aspects (Chorus and McKeown, 2021; Su et al., 2021; WHO, 2015).

Controlling harmful cyanobacteria in source water presents an enduring challenge, despite the

availability of variousmethods capable of technically killing cells and inhibiting bloom formation.

Proposed approaches encompass chemical (algaecides, flocculants, surfactants, etc.), physical

(skimmer removal, perimeter skirt isolation, ultrasound, etc.), and biological (grazing, algicidal

bacteria/viruses, enzymes, etc.) methods, as extensively documented (Kim, 2006). However,

these methods often encounter limitations, including negative ecological impacts, high costs,

and poor maneuverability in natural environments.

Key factors such as temperature, nutrients, and light intensity primarily influence surface

blooms. Phosphorus has been widely recognized as a limiting factor for cyanobacterial blooms

(Cao et al., 2016), while nitrogen (in forms such as nitrate, ammonia) is essential for nitrogen

fixation by cyanobacteria, leading to the production of microcystins (Chaffin et al., 2018). Con‐

sequently, nutrient reduction strategies, such as non‐point nutrient control and endogenous

nutrient locking, have been extensively implemented. However, reducing nutrients alone is

deemed insufficient for many lakes (Paerl et al., 2014), especially considering the persistent

occurrence of water quality issues related to harmful cyanobacteria in drinking water reservoirs

(Su et al., 2015; He et al., 2016). The availability of underwater light has been emphasized as

a crucial factor influencing phytoplankton community succession, as highlighted in the 15th

Workshop of the International Association for Phytoplankton Taxonomy and Ecology (Zohary

et al., 2010). Case studies like those in Miyun Reservoir have demonstrated the succession from

surface‐dwellingMicrocystis to subsurface‐dwelling Planktothrix driven by changes in underwa‐

ter light conditions (Su et al., 2019). Another case study in QCS Reservoir illustrated that the

filamentous strain Planktothrix was replaced by another filamentous strain, Pseudanabaena,
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due to declines in light intensity (Su et al., 2022).

A noteworthy non‐chemical strategy involves the use of flocculant clay, which efficiently scav‐

enges particles, including algal cells, from the water column, by depositing them into bottom

sediments (Beaulieu et al., 2005). To enhance the performance of flocculation performance,

various coagulants have been integrated, including inorganic flocculants such as poly‐aluminum

chloride (PAC, (Sengco et al., 2001; Pierce et al., 2004; Lürling and van Oosterhout, 2013; Lu

et al., 2016)), aluminum sulfate (AS, (Boyd, 1979)), iron (III) chloride (PIX; (Waajen et al., 2016)),

as well as organic flocculants like chitosan (Zou et al., 2006; Li and Pan, 2015; Lürling et al., 2017),

sophorolipid (Lee et al., 2008; Sun et al., 2004), and syntheticmaterials such as coal fly ash (Yuan

et al., 2016), moringa oleifera coagulant (Li and Pan, 2013), and larch tannin (Wang et al., 2013).

Currently, UNESCO and APEC recommend modified clay technology for mitigating harmful algal

blooms in coastal waters to safeguard marine products (Anderson et al., 2001). However, con‐

cerns about the introduction of new chemicals or exotic organisms may restrict its application

in source water, potentially raising public apprehensions about drinking water safety.

A significant amount of dissolved and reduced iron is present in the sediment especially under

strongly reductive conditions (Murray and Hesterberg, 2006; Hammond et al., 2023). The iron

can be easily oxidized upon entering the overlying water (Munger et al., 2016; Santana‐Casiano

et al., 2006; Millero et al., 1987; Yang et al., 2023). Subsequently, in (weakly) alkaline raw water,

iron can react with carbonate(CO3
2‐), bicarbonate(HCO3

‐) and hydroxide ions(OH‐), to form pre‐

cipitates of iron oxide/hydroxide (Santana‐Casiano et al., 2006; King, 1998; Schroeder and Young,

1996). Therefore, we hypothesized that local sediment could act as a natural flocculants, poten‐

tially replacing modified clay for controlling cyanobacteria. Besides, sediment resuspension can

significantly increase the surface water turbidity, thereby reducing underwater light intensity

and inhibiting the growth of harmful cyanobacteria. This effects has been verified by the real

case in Miyun Reservoir (Su et al., 2017) and QCS Reservoir (Su et al., 2022). Consequently, the

effectiveness of algal mitigation and potential risk of water quality problems should be investi‐

gated and evaluated.
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On this basis, we propose a new strategy for cyanobacterial control through the resuspension

of local sediment in source water. This strategy is based on the hypothesis that the combined

effects of cell flocculation and/or entrainment, along with reduced underwater light availability

due to increased turbidity, can effectively mitigate cyanobacterial growth. A simulation system

was designed to evaluate the cyanobacterial control effect and the potential impact on water

quality of sediment resuspension (SR) technology, and the causal mechanism was revealed ac‐

cording to the comprehensive monitoring of cell density, underwater light intensity, nutrients

(dissolved phosphorus, nitrogen, and organic carbon), dissolved iron, and sediment oxidation‐

reduction potential (ORP) etc. Further, field applications of SR operation were performed in five

drinking water reservoirs to validate its effectiveness. By introducing and assessing this inno‐

vative SR approach, this study provides a new approach for harmful cyanobacterial control in

drinking water reservoir, without using exotic chemicals or organisms.

2. Methods and materials

2.1. Mechanical experiments in three customized simulators

Sediment resuspension (SR) operation was conducted in three custom‐built cylindrical simula‐

tors (height: 150 cm, diameter: 20 cm), each filled with sterilized reservoir water (height: 120

cm, approx. 40 L) and sediment (thickness: 20 cm, approx. 6.5 L), as illustrated in Fig. 1A). A

stock culture solution ofMicrocystis aeruginosa (FACHB‐905) was obtained from the Freshwater

Algae Culture Collection in the Institute of Hydrobiology, Chinese Academy of Science. Approxi‐

mately 6 L of high‐densityMicrocystis aeruginosa cells (1 × 109 cells L‐1) were cultivated in BG11

medium at 25°C with the light intensity of 40 μmol m‐2 s‐1 under a 12h/12h light/dark cycle. The

Microcystis suspensions were evenly distributed into the three simulators, forming an initial cell

density of (5.13 ± 0.90) × 107 cells L‐1 in each, to simulate subsequent cyanobacterial blooms.

Sediment was regularly resuspended and sprayed on the water surface using pumps with a flow

rate of 25 mL min‐1 in two of simulators, designated as treated set (LE1, LE2). No SR operation

was performed in the third simulator, designated as untreated control set (LC). All simulators

were placed in a dark and thermostatic chamber (25 ± 1 °C). According to the field monitoring of
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underwater light intensity (daily mean: ~9000 lux), the commonly‐used fluorescent lamps (30W,

9000 lux) were selected to imitate the natural sunlight. The lamps were fixed on the top of each

simulator (0.10m above the water surface) as the unique light source and operated from 7:00 to

19:00. Additionally, three temperature and light data loggers (HOBO Pendant 64K, UA‐002‐64)

were positioned within the water column at different depths (0.10 m, 0.50 m, 1.00 m). Water

temperature and underwater light intensities were recorded every 10 minutes throughout the

whole experiment.

According to a preliminary field test (Fig. S3A), the SR operation was periodically conducted in

LE1 and LE2 for two minutes every 2 hours from 7:00 to 19:00 over the first 10 days (Stage SR‐

ON). SR operations were halted in the LE simulator after day 10 (SR‐OFF stage) aiming to check

whether cyanobacteria bloom would reoccur. Sampling and monitoring were performed until

day 40 (except between day 21–30 due to COVID‐19 constraints) when evidences were enough

for this study. More details on the SR operation and sampling procedure were summarized in

Fig. S1.

Water samples (approximately 60 mL) were collected from each depth (0.10 m, 0.50 m, 1.00

m below the water surface) before the first SR operation (6:50) every day during Stage SR‐ON

(day 1‐10) and every two days during Stage SR‐OFF (day 11‐20, 31‐40). Surface sediment sam‐

ples (approximately 50 mL) were collected using disposable syringe equipped with a hose every

two days. The abundance of Microcystis in the water samples, as well as water quality indica‐

tors including dissolved nutrients concentration and dissolved iron in both water samples and

sediment samples were measured.

Furthermore,Microcystis cell densities were quantified to evaluate the cyanobacterial removal

efficiency of a single SR operation in LE1 and LE2. Water samples (5 mL) were collected from five

depths (0.10 m, 0.25 m, 0.50 m, 0.75 m, and 1.00 m) at 0 min, 30 min, 60 min, 90 min, 120 min.

This experiment was repeated across three independent SR cycles.
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2.2. Field applications in five drinking water reservoirs

Shipborne sediment resuspension equipment was developed and assembled on diesel boats

shown in Fig. S2 and Table S1. Surface sediment (0‐20 cm) is dredged and sprayed to water

surface with the efficacy (𝜂, kg h‐1) of approximately 21600 kg h‐1, creating an initial sediment

concentration (𝑐, kg m2) of 4.32 kg m2 in the water column (𝜔, 2.5 m width) by setting the boat

speed (𝑣) of 2 km h‐1 (Eq. 1).

𝑐 = 𝜂
1000𝜔𝑣 (1)

The degree of working frequency (𝜁, d‐1) at a special site can be determined by the working

hours per day (h), the number of equipped boats (𝑛) and the surface area of working zone (𝑆,

m2), as described in Eq. 2.

𝜁 = 𝑛𝑣𝜔𝜏
107𝑆 (2)

The SR intensity (Φ, kg m‐2 d‐1) can be determined by 𝑐 and 𝜁, according to Eq. 3.

Φ = 𝜁𝑐 (3)

Field applications were conducted in five drinking water reservoirs in Zhejiang Province, China

(Fig. 1B). These reservoirs have been impacted by harmful algal blooms in recent years (Table

S1).

Long‐term SR operations were conducted in Siminghu Reservoir (SMH, 29°56’57.43”N,

121°3’0.52”E, Fig. S2A) and Shuangxikou Reservoir (SXK, 29°55’50.29”N, 121°19’53.03”E, Fig.

S2B) from April to October between 2017 and 2023, with the aim of preventing algal blooms.

Before 2022, SR operations were implemented across most areas of both reservoirs. A risk

zone (approximately 25 ha) was identified in SMH Reservoir according to historical monitoring
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data. In 2023, two specific sites were selected to compare the algal control effect and evaluate

the efficiency of SR technology. SR operations were conducted for 10 hours daily between

7:00 and 17:00 using a boat around FE (29°56’56.65”N, 121°3’1.47”E, 12 ha). No SR operations

were performed around FC (29°56’35.71”N, 121°3’17.35”E), which served as the untreated

control site. The water depths at both sites are around 10.5 m. Similarly, SR operations were

conducted around FE (29°55’38.39”N, 121°20’2.86”E, 6.4 ha) within the identified risk zone (18

ha) of SXK Reservoir, with FC (29°55’59.66”N, 121°19’44.59”E) serving as the control site. The

water depths at both sites are around 28.7 m.

Short‐term SR operations (10–14 days, 10 hours per day) were conducted in Nanjiang Reservoir

(NJ, 29°6’6.85”N, 120°26’3.66”E, Fig. S2C), Changxi Reservoir (CX, 30°4’31.84”N, 121°26’0.10”E,

Fig. S2D), and Human Reservoir (HM, 28°22’8.63”N, 121°25’18.49”E, Fig. S2E), aiming to control

cyanobacterial blooms. The designated risk zones in these reservoirs encompass areas of 26.5

ha, 3.8 ha, and 12 ha, respectively. Two boats were employed for both CX and NJ Reservoirs, and

three boats for HM Reservoir. The more details of SR operations and investigation status were

shown in Table S1 and further explained in the captions of Fig. S12, Fig. S13 and Fig. S14. SR

operations were specifically conducted around FE sites in each reservoir, which cover areas of

approximately 14.3 ha, 1.3 ha, and 4.1 ha respectively. FC siteswere designated as the untreated

control sets. The water depths of FE and FC sites are around 7.8 m in NJ Reservoir, 4.0 m in CX

Reservoir, and 6.4 m in HM Reservoir.

Systematic investigations were performed during the SR operation periods in the five reser‐

voirs. Water temperature and underwater light intensity were recorded every 30 minutes us‐

ing six temperature/light data loggers (HOBO Pendant 64K UA‐002‐64) at different depths (0.50

m, 1.00 m, 1.50 m, 2.00 m, 2.50 m, 3.00 m) in each reservoir throughout the investigation pe‐

riod. Specifically, these data loggers were deployed in two long‐term reservoirs during April

to October in 2023, and in three short‐term reservoirs during their 10–14 days’ SR operation.

Physico‐chemical parameters, including pH, redox potential (ORP), salinity, conductivity, turbid‐

ity, and chlorophyll‐a (Chl‐a), were recorded using a multi‐water quality parameter instrument
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(YSI 6600V2, US) during each sampling session. Water samples (1 L) were collected by a Kem‐

mererwater sampler fromall sites at three depths (CX Reservoir: 0.5m, 2.0m, and 4.0m; others:

0.5 m, 3.0 m, and 6.0 m). Sediment samples (approximately 1 L) were collected with an Ekman

dredge and rapidly transferred into airtight containers to avoid oxidation. Sampling occurred

biweekly in SMH and SXK Reservoirs to evaluate the effects of long‐term SR operations, while

water samples were collected daily during each 10–14 day short‐term SR operation in the other

three reservoirs (Table S1).

In addition, turbidity and Chl‐a were monitored to assess the maintenance of turbidity and

the algal removal efficiency of a single SR operation during field application in SXK Reservoir.

Turbidity were monitored in‐situ from six depths (0.2 m, 1.0 m, 2.0 m, 4.0 m, 6.0 m) at 0 min,

5 min, 15min, 30 min, 45 min, 60 min, 80 min 100 min, and 120 min using multi‐water quality

parameter (YSI 6600V2, US) instrument. Concurrently, Chl‐aweremonitored using a chlorophyll

analyzer (BBE, Germany) from the same depth at 0 min, 30 min, 60 min, 90min and 120 min.

Three independent SR cycles were repeated in the tests. (Fig. S3A and Fig. S16).

2.3. Phytoplankton identification and quantification

Field water subsamples (500 mL) for cell enumeration were preserved with 5% Lugol’s iodine

(Sherr and Sherr, 1993) and left to settle for 48 hours, then pre‐concentrated 20× and kept in

the dark until cell counting. While water samples (5 mL) from simulators were used for Micro‐

cystis cell counting without pre‐concentration. Genus or species level of phytoplankton commu‐

nity was identified according to Komárek and Anagnostidis (1998), Komarek et al. (2014) and

Bellinger and Sigee (2015). Phytoplankton were identified and enumerated using an upright

microscope (Olympus BX53, Japan) following the protocol established by Martinez et al. (1975).

The filamentous cyanobacteria abundances were quantified based on the length of each fila‐

ment and the mean cell length of each strain. The number of cells in colony species such as

Microcystis sp. was estimated based on colony volume and mean cell number per volume. The

mean cell morphological characteristics including cell length, cell volume etc. were determined

according to >50 filaments/colonies of each strain using a in‐house developed cell counting tool
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Fig. 1The figure illustrates the laboratory simulators (A) and five drinking water reservoirs (B) where Sediment Resuspen‐
sion (SR) technology was implemented. Two simulators were assembled with pump to perform SR, and one simulator
without SR. Long‐term SR operations were conducted in SMH Reservoir and SXK Reservoir to prevent cyanobacterial
bloom occurrences, while short‐term SR operations were carried out in HM Reservoir, NJ Reservoir, and CX Reservoir.
The designation ‘LC’ and ‘FC’ indicates simulators or sites without SR operations, serving as untreated controls, whereas
‘LE’ and ‘FE’ denotes simulators or sites where SR operations were conducted.

(CCT v1.4, https://drwater.rcees.ac.cn, in Chinese).

2.4. Laboratory detection and analysis

Water samples (approximately 50 mL) were collected to assess water quality indicators for

both laboratory simulators and field reservoirs. After filtration through a 0.45 µm poly ether

sulfone (PES) membrane, the water sample was used to determine dissolved substances in the

water. Dissolved organic carbon (DOC) of filtered sample (15 mL) was analyzed according to the

National Standard Methods of China by TOC Analyzer (TOC‐L CPH, Shi‐ 170 madzu, Japan). It

should be noted separately that DOC were not investigated in SMH and SXK Reservoirs. Total

dissolved nitrogen (TDN) and total dissolved phosphate (TDP) were determined using a 20 mL

filtered water sample with a Continuous Flow Analyzer (SAN ++, Skalar Analytical B.V). Filtered

water sample (10 mL) after acidified with 1% w/w nitric acid was used to determine the total

dissolved iron and manganese using ICP‐MS (Thermo Fisher Scientific Co., Ltd). Here, iron and

manganesemonitoring was only conducted in NJ Reservoir (short‐term SR) and in the long‐term
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operational (SMH and SXK) reservoirs.

Sediment ORP in laboratory experiment was measured using an ORP tester (STORP2, OHAUS,

America) within 5 minutes after sediment collection in a tube. In field application, Sediment

ORP was measured using a Soil ORP Meter (TR‐901, Leici, China) promptly within 5 minutes

after sediment collection.

2.5. Data analysis

The extinction coefficient (𝑘) was determined according to a logarithmic‐linear model be‐

tween underwater light intensity (𝐼 ) and water depth (𝑧) at different depths, following the

Beer‐Lambert Law (Eq. 4).

𝐼𝑧 = 𝐼0𝑒−𝑘𝑧 (4)

where 𝐼0 represents light intensity at the surface and 𝐼𝑧 represents light intensity at depth 𝑧.

The relative change in extinction coefficient (ρ) in a special time of the SR cycle (120min) during

SR operation was represented by Eq. 5.

𝜌 = 𝑘𝐿𝐸(𝑡)
𝑘𝐿𝐶

(5)

where 𝑡 is the time differences relative to each SR operation.

The removal rate of algal cells by SR (𝜌𝐶) is determined by the ratio of median cell densities

between the SR treated group (FE) and the untreated control group (FC).

Considering that the decrease in dissolved phosphorus ismainly contributed by SR removal and

biosynthesis of cell growth, the removal rate of SR (𝜌𝑆𝑅) is estimated by the difference between

the total dissolved phosphorus decrease (Δ𝑐𝐷𝑃 ) and cellular phosphorus increase (Δ𝑐𝐶𝑃 ), as

defined by (Eq. 6).
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𝜌𝑆𝑅 = −Δ𝑐𝐷𝑃 − Δ𝑐𝐶𝑃
Δ𝑡 (6)

Here, cell‐bound phosphorus (𝑐𝐶𝑃 ) was defined by Eq. 7.

𝑐𝐶𝑃 = 𝑁 × 𝐶𝐶𝑃 (7)

where 𝑁 denotes the cell density, and 𝐶𝐶𝑃 denotes the mean cellular phosphorus content.

The value of 𝐶𝐶𝑃 = 1.86 × 10−7 𝜇g cell‐1 was used based upon a study on the composition

of phosphorus in single typical cyanobacteria cells (Blanco et al., 2013).

All statistical analyses and illustrations were performedwith the vegan and tidyverse packages

(Dixon, 2003;Wickhamet al., 2019) using R 4.0 (R Core Team, 2021). Median valueswere used in

all box plots, and the interquartile range (IQR)was used to describe the increase of sedimentORP.

More specifically, the box plot displays statistical quantiles, including the median, the 25th and

75th percentiles. The box itself represents the interquartile range (IQR), withwhiskers extending

to 1.5 times the IQR from the quartiles. Outliers are depicted as individual points beyond the

whiskers. Mean (± standard error) values were used to describe all other variables in the main

text, as well as for all plots featuring error bars. p‐values < 0.05 were regarded as statistically

significant.

3. Results

3.1. Evaluation of algae control effect and water quality changes for SR operation in laboratory

simulators

A significant reduction in Microcystis abundance was observed in laboratory experiment sets

(LEs, LE1 and LE2) during Stage SR‐ON (day 1–10, p‐values < 0.0001, Fig. 2A). By day 10, the cell

density decreased to 1.34 × 108 cells L‐1 and 1.49 × 107 cells L‐1 and 1.10 × 107 cells L‐1, with

removal rates of 3.39 × 106 cell L‐1 d‐1 and 4.25 × 106 cell L‐1 d‐1 for LE1 and LE2, respectively.
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In contrast, the cell density of the laboratory control set (LC) significantly increased (p‐value =

0.0000) at a rate of 2.22 × 107 cell L‐1 d‐1 (Fig. 2A).

A significant decrease in TDP concentration was observed for both LEs and LC, although they

followed different trajectories starting from the same initial TDP concentrations (181 ± 20 μg L‐1).

Remarkable declines began on day 4 and concluded on day 8, resulting in a TDP concentration

of (7.97 ± 8.56 μg L‐1) for LC. Conversely, the decrease for LEs started on day 1 and ended on day

5,reaching aminimumTDP concentration of 8.24 ± 9.32 μg L‐1. Meanwhile, the total intracellular

phosphorus concentration of Microcystis in LEs decreased from 88.36 ± 16.31μg L‐1 to 27.55 ±

7.33μg L‐1 (Fig. 2B).

Furthermore, TDN concentration exhibited significant decreases in both LEs and LC (Fig. S4,

p‐values < 0.0001) during Stage SR‐ON. The differences in TDN between LEs and LC were also

significant (Fig. S5A, p‐value = 0.0116). Dissolved organic carbon (DOC) concentrations were

6.16 ± 2.26 mg L‐1 (LC) and 7.35 ± 5.24 mg L‐1 (LEs) in the laboratory simulation, respectively.

No significant differences in DOC (Fig. S5B, p‐value = 0.2379) concentrations were observed

between LEs and LC.

Fig. 2The dynamics ofMicrocystis cell density (A) and phosphorus concentration (B) in laboratory simulators, comprising
two simulators with Sediment Resuspension (SR) operations (designated as LE1 and LE2), and one simulator without SR
serving as an untreated control (LC). Additionally, panel B illustrates the phosphorus content within the cell.
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3.2. Improvement of sediment properties by SR in laboratory simulators

During 10‐days SR operation, the oxidation‐reduction potential (ORP) of the surface sediment

in the LEs (‐246.50 ± 52.95mV)was higher than that in the LC (‐288.67 ± 32.22mV), although the

difference was not statistically significant (Fig. 3A, p‐value = 0.0946). Oxide films were observed

on the surface sediment layers in LEs (Fig. S6). A significant decrease in dissolved iron concen‐

tration (Fig. 3B, p‐value = 0.0052) in the overlying water was noted after 10‐day SR operation in

the LEs compared to the LC (Fig. 3B). In addition, the TDP concentrations in the overlying water

column of the LEs were significantly lower than those in the LC , even after the cessation of the

SR operation (Fig. 3C, p‐value = 0.0003). This phenomenon was linked to a lower phosphorus

increase rate (Fig. S8) in the LEs (1.55 μg L‐1 d‐1, R2 = 0.53, p‐value = 0.007) than that in LC(4.29

μg L‐1 d‐1, R2 = 0.92, p‐value = 0.0027).

Fig. 3The comparison of Oxidation‐Reduction Potential (ORP) in the surface‐resuspended sediment (A) and dissolved
iron concentration in the overlying water (B) among laboratory simulators over the initial 10 days. This includes two
simulators with Sediment Resuspension (SR) operations (LE1, LE2) and one without SR serving as an untreated control
(LC) were shown. Additionally, panel C illustrates the comparison of dissolved phosphorus concentration in the overlying
water between LC and LEs after the cessation of SR operations from day 11 onwards (day 11–20 and day 31–40).

3.3. Field applications in five drinking water reservoirs

All five reservoirs exhibited significantly lower phytoplankton cell densities at the FEs where

in‐situ SR operations were performed compared to the untreated control group (FC, p‐value <

0.0001). Specifically, in SMH Reservoir with one boat operating SR at a frequency of approxi‐

mately 0.63 d‐1, phytoplankton abundance showed a reduction from 1.63 × 108 cell L‐1 (median,

FC) to 0.59 × 108 cell L‐1 (median, FE), achieving a removal rate of 64% (Fig. 4A, Fig. S9). Simi‐

larly, in SXK Reservoir, a removal rate of 46% was achieved with a working frequency of 1.17 d‐1,
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as part of long‐term operation aimed at preventing cyanobacterial blooms (Fig. 4A, Fig. S10).

In terms of short‐term SR operations, three boats were utilized in HM Reservoir and two boats

were served in both CX and NJ Reservoirs, resulting in the removal rates of 60%, 88%, and 66%

respectively (Fig. 4B, Fig. S12–Fig. S14). Overall, the removal rates exhibited a positive corre‐

lation with SR intensity, although it was not significant (p‐value = 0.1123, Fig. 4D). Besides, the

occurrence of surface blooms were noticeably relieved following several days of SR operation in

CX Reservoir (Fig. 4D).

After long term SR operation, the sediment ORP exhibited a significant increase from ‐156

mv (IQR: 28.75 mv) to 4 mv (IQR: 91.125 mv), and the TDP concentrations of reservoir water

exhibited a significant decrease from 100 µg L‐1 (IQR: 65 µg L‐1) to 30 µg L‐1 (IQR: 20 µg L‐1)

(Fig. 4C). No significant differences in sediment ORP and the TDP were observed between FC

and FE in short‐term SR operation.
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Fig. 4The comparison of observed total phytoplankton cell densities between sites with Sediment Resuspension (SR)
operations (FE) and those without (FC) was conducted across five drinking water reservoirs. Long‐term SR technology
was implemented in SMH and SXK Reservoirs to evaluate its effectiveness in preventing cyanobacterial growth (A), while
the CX, NJ, and HM Reservoirs underwent short‐term evaluation for cyanobacterial bloom control (B). Panel C illustrates
the comparison of Oxidation‐Reduction Potential (ORP) of reservoir sediment and total phosphorus concentration of
reservoir water, assessing the effect of long‐term SR on sediment and water quality. Furthermore, panel D depicts
the relationship between cell removal rate and SR working intensity, accompanied by several images that document
the changes in the water surface of the CX Reservoir following SR operations from day 0 to day 10. Notably, a severe
Microcystis bloom in the CX Reservoir provided a vivid visual representation of the changes in the water bodies.
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4. Discussion

4.1. The effect of SR operation on light intensity and algal cell sedimentation

Cyanobacterial blooms and associated drinking water safety issues are common in source wa‐

ters globally. However, controlling algal blooms in source water reservoirs is complicated by

the potential introduction of additional water quality risks. Despite the development of various

technologies, such as algaecides, flocculants, surfactants, ultrasound, etc., their widespread ap‐

plication in source water reservoirs is severely constrained. In response to this challenge, we

have developed and implemented several “green” technologies tailored for source water reser‐

voirs, leveraging the ecological characteristics of harmful cyanobacteria. For instance, water

level regulation was implemented in Miyun Reservoir (Su et al., 2017) and turbidity regulation

was conducted in QCS Reservoir (Su et al., 2023) to exploit the sensitivity of MIB‐producers to

underwater light conditions. Additionally, hydraulic regulation has been used to control harm‐

ful cyanobacteria with short growth rates, preventing their proliferation through relatively short

hydraulic retention times (Lu et al., 2022, 2023). However, the application of these technologies

is often constrained by specific prerequisites, such as an insufficient inflow rate. In contrast, the

sediment resuspension (SR) technique developed in this study offers a more broadly applicable

solution. The SR operation demonstrated substantial algal control effects in the laboratory sim‐

ulations (Fig. 2A, Fig. S7) and in five drinking water reservoirs (Fig. 4), indicating its effectiveness

in managing harmful algal blooms. Furthermore, concerns regarding nutrient release from re‐

suspended sediments into the water column, a highly debated issue, have also been addressed.

A key advantage of this approach is the use of local sediment without the need for additional

materials or modifications, distinguishing it from other clay‐based methods (Zou et al., 2006;

Pan et al., 2006).

Systematic monitoring of the laboratory simulation system has revealed key causal mecha‐

nisms influenced by sediment resuspension (SR) operations. Notably, underwater light intensity

has been identified as a primary factor influenced by SR. During the first 10 minutes of SR oper‐

ations, the extinction coefficient experienced significant increases with the effects lasting for at
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least 2 hours per operation (Fig. 5A, Fig. S3B). Similar patterns of turbidity variation have also

been observed in in situ practices (Fig. S3A). Specifically, the values of extinction coefficient for

the treated set (LEs and FE) were significantly higher compared to the untreated sets (LC and

FC) (Fig. 5B). Consequently, the substantial reduction in underwater light intensity due to SR

operations plays a crucial role in inhibiting cyanobacterial growth.

The effect of light intensity on the growth of various cyanobacteria (e.g. Planktothrix sp. (Jia

et al., 2019), Pseudanabaena sp. (Wang and Li, 2015; Cao et al., 2023), Microcystis (Chaffin

et al., 2018), Planktothricoides (Lu et al., 2022), Phormidium sp. (Li et al., 2012) and so on (Fig.

S15) have been extensively studied. These studies suggest that underwater light regulation is

an effective method (Su et al., 2017), as demonstrated and validated for Planktothrix sp. in

Miyun Reservoir (Jia et al., 2019) andQCS Reservoir (Su et al., 2023). Therefore, underwater light

reduction resulting from SR operation probably a major factor that restricts the cyanobacterial

growth.

In addition to light regulation, SR operation increases the abundance of sinking particles, which

envelop cyanobacterial cells, facilitating their co‐precipitation and removal from the water sur‐

face. This process occurs at a rate of 831 cells mL‐1 min‐1 for LE (Fig. 5C), as observed shortly

after SR operations. Field application corroborate this mechanism, with FE showing a descent

rate of 0.319 μg mL‐1 min‐1 for Chl‐a (Fig. S16). Furthermore, algal cells have the ability to floc‐

culate with sediment particles. During SR, suspended sediment particles collide with algal cells,

and the positively charged areas of the particle surface attract the negatively charged algal cells,

facilitating their sedimentation. Algal cells tend to adhere to the surfaces of positively charged

limestone and iron (III) oxide‐hydroxide coatings (Liu et al., 2021). Additionally, particles with

larger specific surface areas, higher concentrations, suitable particle sizes, and positive Zeta po‐

tentials are more prone to adsorbing algal cells. This multifaceted approach highlights the effec‐

tiveness of SR operation in controlling cyanobacterial growth through mechanisms such as light

reduction and sediment‐assisted removal.
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Fig. 5The effects of SR operations on algal control, comparing various parameters between SR‐operated sites and un‐
treated control sets. (A) The ratio of the extinction coefficient of SR‐operated sites to untreated control sets during the
10‐day SR operation cycle (𝑘𝐿𝐸𝑠/𝑘𝐿𝐶 , calculation details in Section 2.5); (B) Comparison of the extinction coefficient
between SR‐operated sites (LEs, FE) and untreated control sets (LC, FC) in laboratory simulators (10 days of SR ON stage,
n = 720) and in the NJ reservoir (n = 468); (C) The cell density during the SR operation cycle in an independent experi‐
ment (n = 3) as described in Section 2.1.
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4.2. The effect of SR operation on dissolved phosphorus removal

Since the dynamics of TDP were different between laboratory SR sets (LEs) and the untreated

control set (LC) (Fig. 2B), we conducted an analysis to understand the underlying causal mecha‐

nisms. During the SR operation period, the TDP concentration in LC exhibited a significant nega‐

tive correlation with Chl a (R2 = 0.8335; p‐value < 0.0001, Fig. 6A), suggesting that the decrease

in dissolved phosphorus between day 4 and day 8 (Fig. 2B) was likely due to the consumption

by cell growth in LC. In contrast, the linear decrease of phosphorus with the rate of 46 μg L‐1

d‐1 was observed in LEs (Fig. 6C), closely following the SR operation from day 1 to day 5, result‐

ing in very low concentrations (Fig. 2B). The distinct phosphorus dynamics between LEs and LC

strongly supports the effectiveness of resuspended particles in removing dissolved phosphorus,

with dissolved iron probably playing an important role, as evidenced by the significant correla‐

tion between dissolved iron and TDP in LEs (R2 = 0.8309, p‐value < 0.0001, Fig. 6D). This findings

aligns with several clay‐based algal control studies (Lürling and Faassen, 2012; Noyma et al.,

2016; Heinrich et al., 2021; Cavalcante et al., 2021).

Co‐precipitation and oxidation processes within sediments may also contribute to the decline

of dissolved phosphorus, as suggested by a field study (You et al., 2007). Colloid‐sized particles

formed during the SR operation can bind chemicals (Jiang et al., 2017), affecting their mobility

and transportation (Qin et al., 2004; Giles et al., 2015; Eltohamy et al., 2023). The coupling of

phosphorus with dispersed iron nanoparticles in lakes may alter the bioavailability of phospho‐

rus to phytoplankton (Moorleghem et al., 2013). A field study (Saeed et al., 2018) indicated that

the increase of colloid‐sized particles during SR operation may decrease phosphorus bioavail‐

ability. Additionally, cyanobacterial blooms are often associated with summer stratification in

deep reservoirs, where anoxic hypolimnion enhances the reductive dissolution of Fe colloids and

phosphorus desorption from sediment (Saeed et al., 2018), especially above the sediment‐water

interface (Giles et al., 2015). The SR operation can disrupt this stratification by mixing the top

warm water with the cold sediment/water, promoting the oxidation of Fe(II) (Miao et al., 2006),

co‐precipitation of Fe(III) and phosphorus, and/or phosphorus adsorption onto Fe hydroxide col‐

loids. This leads to iron and phosphorus sedimentation and uniformly low dissolved iron and
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phosphorus concentrations throughout the water column.

Fig. 6In the laboratory simulator where no SR operation was conducted (LC), a significant correlation between Chl‐a and
total dissolved phosphorus was observed (𝑅2 = 0.834, p‐value < 0.0001, A). In contrast, no correlation was obtained
in SR‐operated simulators (LEs), where cell growth was greatly inhibited (B). Phosphorus removal was rapid during the
initial 4 days of SR operation in LEs, with a removal rate of 46 µg L‐1 d‐1 (C), and the decrease exhibited a significant
correlation with dissolved iron (𝑅2 = 0.831, p‐value < 0.0001).

4.3. SR operation for cyanobacterial control: a promising technology

Based on the laboratory test and field applications, we have developed a conceptual mech‐

anism as illustrated in Fig. 7, although some processes have not been verified in the present

study. We deduced that several mechanisms were responsible for the harmful cyanobacterial

control and sediment improvement. 1) Significantly reduction of underwater light intensity due

to sediment resuspension is probably the primary factor inhibiting and controlling cyanobac‐

terial bloom, especially for the long‐term cyanobacterial management. 2) sediment resuspen‐

sion generates a large amount of particle precipitation. These particles can absorb and floc‐

culate/entrain cyanobacterial cells. The resulting co‐precipitation confines the cells within the

sediment, thereby inhibiting their growth due to a lack of underwater light and/or the collapse

of gas vesicles, especially if the reservoir is sufficiently deep (Abeynayaka et al., 2017). 3) SR op‐

eration can introduce dissolved oxygen into resuspended particles, significantly enhancing the
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redox potential of sediment. It plays a remarkable role in oxidizing dissolved iron into partic‐

ulate Fe (III), which, in turn, can reduce the soluble phosphorus concentration via adsorption

(Zeng et al., 2004). Besides, the sediment will be covered by “oxidized particle layer”, which

helps inhibit the release of phosphate and iron. 4) SR operation could be conducive to break the

stratification, which may inhibit the cyanobacterial growth (Visser et al., 2016).
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Fig. 7Mechanical sketch illustrating the operation of Sediment Resuspension (SR) and its effects on algal control, phos‐
phorus removal, and sediment quality improvement.

As a novel technology, SR operation offers a sustainable solution for controlling cyanobacteria

without the need to introduce additional substances. This makes it a safe and cost‐effective al‐

ternative to methods such as clay application (Park et al., 2013; Gallardo‐Rodríguez et al., 2018).

A particularly significant concern is the potential excessive release of iron and manganese from

the sediment, as their accumulation could adversely impact water quality (Munger et al., 2016;

Zhou et al., 2022; Chen et al., 2015). Consequently, the concentrations of iron (Fig. S17) and

manganese (Fig. S18) during SR operation in field applications have been investigated. No signif‐

icant difference in iron concentration (Fig. S17A, p‐value = 0.2891; Fig. S17B, p‐value = 0.2898)

was found between FE and FC across three reservoirs. Additionally, higher concentrations of

manganese were not observed (Fig. S18A, p‐value = 0.4392; Fig. S18B, p‐value = 0.0031) in FE.

Nevertheless, continuous research is imperative to refine and broaden our understanding of SR
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operation and its contribution to sustainable cyanobacterial control. Several aspects necessi‐

tate further elucidation, including application scenarios, limitations, and the succession of the

benthic ecosystem.

5. Conclusion

This study proposes a new technology based on in‐situ sediment resuspension (SR) for

cyanobacterial control. Results from laboratory simulators revealed that significant cyanobac‐

terial removal is resulted from the reduction of underwater light and the flocculation and/or

entrainment of cyanobacterial cells contributed by resuspended particles. Meanwhile, phos‐

phorus can be rapidly removed from the water attributed by the iron‐bind particles. Moreover,

The long‐term sediment resuspension significantly improved sediment quality, with the

oxidized surface sediment inhibiting the release of phosphate, iron, and other elements. As

SR technology does not require the addition of external substances, it presents a safe and

economical technology for managing harmful cyanobacteria in drinking water reservoirs.
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