Controlling filamentous cyanobacterial blooms requires adaptive, weather-informed strategy
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A scalable, adaptive framework that bridges forecasting with intervention, offering a new paradigm for ecological water quality management that supports sustainable drinking water security.


Abstract
The global expansion of filamentous cyanobacteria threatens water security due to their production of toxins and taste-and-odor compounds. As subsurface dwellers, filamentous cyanobacteria are resistant to conventional nutrient and flocculation controls, exposing a management gap. We developed an adaptive, forecast-guided framework that integrates predictive modeling with precision sediment resuspension (SR), in which SR-associated light attenuation likely contributes substantially to bloom suppression. A 2023-2024 survey of 40 reservoirs in eastern China showed filamentous dominance of over 80% biomass in half the systems. An XGBoost model (R2 = 0.57) identified September-October as the highest-risk period, with over 80% of reservoirs affected. SR efficacy is light-dependent: it suppresses growth under low irradiance but can promote it under high light if shading shifts irradiance into the optimal range for filamentous taxa. We optimized SR through modulated sediment flux (0.1-5.2 g L-1) to dynamically attenuate light in response to real-time forecasts. Field validation confirmed forecast-guided SR effectively limited Pseudanabaena via light control. This ecology-based management provides a scalable framework for sustainable water security under changing climates.
Keywords
Filamentous cyanobacteria; Sediment resuspension; Light regulation; Machine learning; Water quality management


Introduction
Global climate change destabilizes freshwater ecosystems and promotes cyanobacterial blooms (Huisman et al., 2018; Paerl and Huisman, 2008). Concurrently, global efforts to reduce nutrient loads are designed to suppress scum-forming genera like Microcystis, but may also alter cyanobacterial succession dynamics and promote increasing dominance or co-occurrence of filamentous cyanobacteria under certain environmental conditions (Komárek and Johansen, 2015; Posch et al., 2012; Su et al., 2019). Such succession patterns may be associated with nitrogen availability and and involve filamentous cyanobacteria with differing nitrogen acquisition strategies, including Pseudanabaena (Acinas et al., 2008) and nitrogen-fixing genera such as Aphanizomenon and Dolichospermum (Beversdorf et al., 2013). This shift complicates management, since many filamentous taxa are important producers of taste-and-odor compounds (e.g., 2-methylisoborneol (2-MIB), geosmin) (Cao et al., 2023; Gaget et al., 2017; Ibelings et al., 2016; Izaguirre and Taylor, 1998; Lu et al., 2022; Mantzouki et al., 2015; Xiao et al., 2024)) and cyanotoxins (Hitzfeld et al., 2000; Lei et al., 2014; Lu et al., 2024; Mohamed et al., 2023; Sinha et al., 2012; Wörmer et al., 2010). And they can impair water quality even at low biomass due to the low odor thresholds of compounds such as 2-MIB (~10 ng L-1) (AWWA, 2010; Watson, 2003)
In contrast to colonial taxa like Microcystis, which thrives across a broader, higher-light range (e.g., 100-500 µmol m-2 s-1 (Hesse et al., 2001; Paerl et al., 1985; Raps et al., 1983; Wiedner et al., 2003)), filamentous cyanobacteria exhibit a unimodal light-response curve with optimal growth at moderate intensities (e.g., 36-85 µmol m-2 s-1 for Pseudanabaena and Planktothricoides) (Cao et al., 2023; Jia et al., 2019; Komárek and Johansen, 2015; Lu et al., 2022; Su et al., 2022; Zohary et al., 2010). Thus they tend to dwell in subsurfaces such as littoral and benthic layers (Gaget et al., 2017; Halstvedt et al., 2007; Su et al., 2019) and access sediment-derived nutrients (Gao et al., 2025; Tatters et al., 2025; Yang et al., 2020), becoming more prevalent as surface-scum blooms weaken due to intensified nutrient reduction efforts. Conventional bloom-control strategies, including nutrient management (Fastner et al., 2015), hydrodynamic adjustments (Lu et al., 2023), and chemical (Anantapantula et al., 2025; Kibuye et al., 2021a; Tsai, 2016; Xu et al., 2024), physical (Bormans et al., 2015; Lee et al., 2014), or biological approaches (Kibuye et al., 2021b), are less effective against these subsurface-dwelling filamentous cyanobacteria (Flores and Herrero, 2009; Tamulonis et al., 2011; Zhi et al., 2023), which often exhibit greater resistance and more treatment-related constraints (Table S1). These strategies were designed for the control of surface-scum, buoyant and colonial taxa like Microcystis, exposing a gap in contemporary water quality management approaches.
Given their subsurface-dwelling niche characteristics, regulating the underwater light climate has been recognized as a strategy for controlling filamentous cyanobacteria (Su et al., 2021; Zohary et al., 2010). For example, the suppression of MIB-producing Planktothrix in deep reservoirs has been achieved through water-level manipulation which minimizes shallow areas and reduces underwater light availability (Su et al., 2017, 2015). We developed a sediment resuspension (SR)-based technique that mechanically disperses sediments at the water surface. This method controls cyanobacterial blooms by reducing underwater light availability and promoting particle flocculation, thereby facilitating the removal of algae and phosphorus. This approach can be applied in a wider range of reservoirs than water level manipulation (Fang et al., 2024) and is effective against surface-scum-forming Microcystis due to their predominantly linear light-response pattern under common weather conditions. However, the method is less effective against filamentous cyanobacteria due to their linear trichome morphology, weaker aggregation capacity, and lower optimal light requirements under subsurface environments (Flores and Herrero, 2009; Jia et al., 2019; Lu et al., 2022; Tamulonis et al., 2011; Wang et al., 2011; Xu et al., 2019; Zhi et al., 2023). Reducing underwater light intensity through SR or other measures may favor these subsurface‑dwelling filamentous taxa, especially under high solar radiation conditions that would otherwise inhibit their growth. Based on these ecological characteristics, we hypothesize that filamentous cyanobacteria occupy a distinct ecological niche, with heightened sensitivity to underwater light availability and optimal growth under moderate light intensities. Consequently, effective bloom management in filamentous‑dominated water bodies must account for real‑time weather conditions; failure to do so may lead to suboptimal or even counterproductive outcomes. We further hypothesize that integrating real‑time weather forecasting with adaptive control strategies provides a robust framework for managing such blooms—a prediction we test here using SR as an experimental tool.
We present an adaptive framework integrating weather forecasting, predictive modeling, and precision sediment resuspension to mitigate harmful filamentous cyanobacterial blooms. The approach, developed from a one-year survey of 40 reservoirs in eastern China, employs a machine-learning model to assess bloom risk and uses field-based light manipulation experiments targeting Pseudanabaena, a dominant filamentous cyanobacterial genus frequently associated with bloom events (Xiao et al., 2024) during investigation, to define critical light thresholds. The resulting adaptive strategies dynamically combine real-time meteorological data with species-specific niche characteristics for targeted bloom control. This framework provides a practical solution for managing blooms that cause taste-and-odor issues and cyanotoxin production, advancing sustainable water quality management.
Materials and methods
Sample collection in 40 reservoirs and preparation
Water samples (1 L) from the surface layer (0.5 m) were collected using a Kemmerer water sampler from 40 drinking water reservoirs in Zhejiang Province, China, covering 4 cities with a latitude spanning from 28°00’ N to 31°50’ N (Fig. 1). The reservoirs primarily consisted of important water source systems across eastern China, covering a range of nutrient environments (Fig. S2). Physicochemical parameters (pH, redox potential (ORP), depth, turbidity, water temperature, and chlorophyll-a) were recorded using a multi-water quality parameter instrument (YSI 6600V2, US) during each sampling session. The mixed layer depth () was identified as the depth at which the temperature deviated by 0.2-0.5 °C from the surface temperature (Kara et al., 2000; Read et al., 2011). For phytoplankton analysis, 500 mL subsamples were preserved with 5% Lugol’s iodine (v/v), settled for 48 h, and preconcentrated 20× prior to microscopic enumeration (Sherr and Sherr, 1993). Phytoplankton identification followed refs (Bellinger and Sigee, 2015; Komarek et al., 2014; Komárek and Anagnostidis, 1998), using an upright microscope (Olympus BX53, Japan) following the protocol established by ref. (Martinez et al., 1975). The filamentous cyanobacteria abundance was calculated based on the length of each filament 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 (CCT v1.4, https://drwater.net, in Chinese) (Fang et al., 2024; Lu et al., 2022).
In-situ suppression of Pseudanabaena under varying light attenuation levels
Field experiments targeting Pseudanabaena suppression were conducted in S Reservoir (29°93’N, 121°33’E, Fig. 3a) during a bloom event from May to June 2024, with initial Pseudanabaena abundance reaching (9.81 ± 0.43) × 108 cells L-1. Five custom cylindrical simulators (height: 2.0 m, diameter: 0.5 m), designated L1-L5, were fixed on a floating platform. Each simulator was filled with raw bloom water from the reservoir, maintaining surface level alignment with the reservoir. A 0.2 µm filter membrane at the base prevented introduction of external algae while permitting natural nutrients exchange. Variable irradiance conditions were created using light-blocking films with five transmittance areas: 0.004 m2 (L1), 0.026 m2 (L2), 0.068 m2 (L3), 0.102 m2 (L4) and 0.196 m2 (L5). HOBO Pendant 64K loggers (UA-002-64) positioned at different depths (0.05 m, 0.5 m, 1.0 m, 2.0 m) recorded water temperature and light intensity at 15-minute intervals. The initial median light intensity (0.05 m, 9:00 and 16:00) in each simulator on Day 1 of SR deployment was 5.9 µmol m2 s-1 (L1), 89.0 µmol m2 s-1 (L2), 248.3 µmol m2 s-1 (L3), 571.1 µmol m2 s-1 (L4) and 670.4 µmol m2 s-1 (L5), respectively (Fig. S3). Since the experiment was conducted in-situ, light availability in the setup was weather-dependent. Daily water samples (300 mL) were collected from three depths (0.5 m, 1.0 m and 2.0 m) between 08:00 and 09:00 h. Subsamples (200 mL) were preserved with 5% Lugol’s iodine for cell enumeration, left to settle for 48 hours, and pre-concentrated 10× before being stored in the dark for later counting. Parallel subsamples (100 mL) were filtered through 0.45 µm PES membrane for nutrient concentrations analysis (total nitrogen, total phosphorus, total ammonia nitrogen) using a Continuous Flow Analyzer (SAN ++, Skalar Analytical B.V).
In-situ assessment of underwater light attenuation under varying sediment loads
Five cuboid simulators (4.0 m × 0.5 m × 0.5 m) were deployed on a floating platform with open hydraulic exchange (Fig. 4a). Native sediment samples collected by Ekman dredge were partitioned into five portions with different weights: 0.3 kg, 6.3 kg, 12.4 kg, 18.5 kg and 25.0 kg. Due to a moisture content of approximately 67%, the dry weights (sediment particles) in each portion were approximately 0.1 kg, 2.0 kg, 4.0 kg, 6.0 kg, and 8.0 kg, respectively. These were homogenized (30 min orbital mixing) and slowly injected into simulators (7:00-8:00) to achieve initial sediment concentration of 0.1-8.0 g L-1. Five HOBO Pendant 64K loggers (UA-002-64) recording temperature and light intensity were positioned at different depths (0.5 m, 1.0 m, 2.0 m, 3.0 m and 4.0 m) with 15-min resolution.
The field application of sediment resuspension in S Reservoir
Severe Pseudanabaena and Raphidiopsis blooms were found in S Reservoir, an anonymized drinking-water reservoir in eastern China (29°55’50.2’‘N, 121°19’53.03’’E) in June 2023. Short-term SR operations (two devices, day 1-5, 10 h per day) were conducted around risk area (29°55’38.39”N, 121°20’2.86”E, 12 ha). Surface sediment was dredged by shipborne SR equipment and sprayed to water surface (Fang et al., 2024). Each position sediment was re-suspended approximately 5 times per day ( = 5). The water depth of the area was around 28.0 m. After 5 days, only one device remained operating in the reservoir due to decreased light intensity and reduced bloom density (Fig. S12). The sediment concentration () and control responses in this operation were analysed according to our previous study (Fang et al., 2024).
Water samples (1 L) from the surface layer (0.5m) were collected every 2 days using a Kemmer water sampler from each site. The cell counting and preparation method was described in section 2.1. Fifteen temperature and light data loggers (HOBO Pendant 64K, UA-002-64) were positioned within the water column at different depths (uniformly distributed throughout the entire depth). Water temperature and underwater light intensities were recorded every 15 minutes.
Data analysis
Data calculation
The extinction coefficient (, m-1) was determined according to a logarithmic-linear model between underwater light intensity (, µmol m-2 s-1) and water depth (, m) at different depths, following the Beer-Lambert Law (Cao et al., 2023) (Eq. 1).
[bookmark: eq-Iz]
where  represents light intensity at the surface and  represents light intensity at depth .
Planktonic cells can move vertically in the water column, resulting in non-homogeneous light availability over time. We use a simplified model that assumes cells are evenly distributed in surface mixed layer (, m). The instantaneous light available to an algal cell (, µmol m-2 s-1) was calculated by Eq. 2.
[bookmark: eq-Icell]
According to Eq. 2, the daily underwater light available (, mol m-2 d-1) was calculated by Eq. 3.
[bookmark: eq-Icelldaily]
where  represents  analysed every 15 minutes.
Regarding the control experiment, the cell control rate () was calculated based on the cell density decrease () over time (, d), which was determined by the slope of log10-linear model between  and :
[bookmark: eq-controlrate]
The impact of SR on the extinction coefficient dynamics was analysed. The extinction coefficient (, m-1) followed a logarithmic decay model with time (, min) within each treatment (Eq. 5):
[bookmark: eq-qrt]
Here,  is the relative extinction coefficient, with  representing its initial value at  = 1 min after SR and  representing the background extinction coefficient due to water properties and pre‐existing bloom self‐shading. The parameter  quantifies the rate of decline in  over time. Both  and  were subsequently described using second‐order polynomial models (Eq. 6, Eq. 7):
[bookmark: eq-r0csed]
[bookmark: eq-pcsed]
Based on these equations (Eq. 6, Eq. 7), the extinction coefficient (, Eq. 8) is expressed as a function of time () relative to SR, the concentration of resuspended sediment (), and the background extinction coefficient ():
[bookmark: eq-kqrt]
Workflow for determining optimal sediment resuspension (SR) operating conditions
SR intensity is defined by suspended-sediment concentration () and resuspension frequency (, cycles d-1), with lower frequency considered more cost-effective (Fig. S13). First, we calculated the critical control rate () based on the modeled risk (, expressed as filamentous cyanobacteria cell density) and our target risk level (, expressed as filamentous cyanobacteria cell density) to be achieved within  days (Eq. 9).
[bookmark: eq-crcritical]
Second, the required underwater-light reduction (expressed as critical light dose ) was determined from  via an - model derived from in-situ experiments (Fig. 3e). Third, minimum SR intensities (Fig. 5a; Fig. S13) were calculated using an SR-underwater-light model based on the nonlinear relationship between sediment concentration () and light conditions, quantified by the light-extinction coefficient () and light dose () (Fig. 4d, Fig. S26-Fig. S65). SR operation may not be required under certain weather conditions and current risk levels; such cases are labelled “Not Necessary”. Additionally, SR may be deemed “Not Applicable” when the required frequency exceeds practical or cost-effective limits-here, more than five cycles per day was considered infeasible.
Statistical analysis and model evaluation
All analyses and visualizations were conducted in R 4.0 using the vegan and tidyverse packages (Dixon, 2003; R Core Team, 2021; Wickham et al., 2019). Box plots show medians, interquartile ranges (IQR), and 1.5 × IQR whiskers, with outliers indicated as points; other variables are presented as mean ± standard error. Statistical significance was defined at p < 0.05. Bloom risk was predicted using an XGBoost regression model (500 trees, trained with a 5/6-1/6 train-test split). Model robustness was assessed using 10-fold cross-validation, and performance evaluated by , RMSE, MAE, and bias calculated on log10-transformed cyanobacterial abundance. Sensitivity analysis was further conducted by analysing optimal SR conditions across a broad range of predicted bloom intensities and meteorological conditions (Fig. 5c). To account for biological response lags, light exposure was represented by cumulative or averaged cellular light dose over a defined time window (e.g., the days preceding a forecast target), rather than instantaneous irradiance.
Results
Widespread filamentous cyanobacterial dominance in eastern Chinese drinking water reservoirs
Our investigation of 40 reservoirs in eastern China (28°00’-31°50’N; Fig. 1a) revealed that over 45% (18 reservoirs) exhibited total cyanobacterial densities exceeding 5 × 107 cells L-1 (Fig. S1) during summer and autumn-surpassing the moderate bloom threshold defined by China’s National Environmental Protection Standard (HJ 1098-2020) and aligning with WHO guideline ranges (Ingrid and Jamie, 1999; Pilotto et al., 1997). Only one reservoir (ZGZ) maintained densities below 1 × 106 cells L-1 (Fig. S1). Filamentous cyanobacteria (e.g., Pseudanabaena, Raphidiopsis, Lyngbya) dominated (>50% relative cell abundance) in 72.5% of reservoirs (29/40), with 52.5% (21/40) exceeding 80% relative cell abundance. In contrast, Microcystis prevailed in 22.5% (9/40) of reservoirs (Fig. 1d). Mean densities reached 0.84 × 108 cells L-1 for filamentous and 0.28 × 108 cells L-1 for colonial cyanobacteria (Fig. 1c), with maxima of 4.70 × 108 cells L-1 (filamentous) and 3.58 × 108 cells L-1 (colonial) (Fig. 1c). Over 10 filamentous genera were identified (Fig. 1b&e), led by Pseudanabaena (25.34%), Raphidiopsis (21.56%), and Lyngbya (15.22%) (Fig. 1f). Pseudanabaena exceeded 1 × 108 cells L-1-a level comparable to WHO alert thresholds (Ingrid and Jamie, 1999)-in three reservoirs, where it comprised >90% of total cyanobacterial abundance. This genus was detected in 30 reservoirs, 13 of which surpassed 2 × 107 cells L-1 (Fig. 1e).
	[image: ../figures/zhejiangmapv2.png]
Fig. 1: Spatial distribution of filamentous cyanobacteria in 40 drinking water reservoirs in eastern China. a, Taxonomic composition and morphological partitioning (filamentous/colonial/other) across reservoirs. b, Spatial distribution of filamentous genera. c, Cell density ranges for total cyanobacteria and subcategories during 2023-2024 survey. d, Bloom intensity stratification for the cyanobacteria. The coral orange, light orange, azure blue and light grey indicates filamentous cyanobacteria dominance (>80% relative abundance), filamentous cyanobacteria dominance (>50% relative abundance), colony-forming cyanobacteria dominance (>50% relative abundance) and other cyanobacteria dominance, respectively. e, Spatial occurrence frequency of major filamentous cyanobacterial genera across 40 reservoirs, expressed as the number of reservoirs where each genus was detected. Bar shading indicates bloom risk tiers based on cell density, with four categories indicating progressively increasing bloom risk, from < 2 × 107 cells L-1 to > 1 × 108 cells L-1. Pseudanabaena and Raphidiopsis exhibit bimodal dominance, collectively occupying > 15% of high-risk reservoirs (Levels 3–4) while maintaining baseline populations in 57% of low-risk systems (Levels 1), reflecting niche differentiation along trophic gradients. f, Relative contribution of filamentous genera to total cell density, showing the proportional composition across all sampled reservoirs.


XGBoost-based forecasting of filamentous cyanobacterial bloom risks
An XGBoost-based model was developed to assess the risk of filamentous cyanobacterial blooms in 40 drinking water reservoirs across various months. The model incorporated key variables, including mixing layer depth (, Fig. S5), cellular light available (, Fig. S6), water temperature (, Fig. S7), surface irradiance, sampling month, and reservoir latitude. Model performance was evaluated using a held-out test set. It demonstrated predictive performance within the range of 106 to 109 cells L-1, achieving an  of 0.5704 for the testing dataset ( < 0.0001). The model yielded an RMSE of 0.24, an MAE of 0.17, and a bias of 0.02 in log10-transformed abundance (Fig. 2a). Using this model, the bloom risk was evaluated for the months between March and October (Fig. 2b) while the remaining months were excluded from the model’s scope due to lower temperatures and minimal bloom risks.
The lowest risk of 0.34 × 108 cells L-1 occurred in March (Fig. S8a), coinciding with the lowest water temperature (14.34 ºC; Fig. S8c) and light intensity (0.74 mol m-2 d-1; Fig. S8b). August exhibited a relatively low risk (0.25 × 108 cells L-1), despite having the highest water temperature (30.92 ºC) and light intensity (2.15 mol m-2 d-1). Higher bloom risks were observed in months with moderate water temperature and light intensity, including October (0.78 × 108 cells L-1), September (0.77 × 108 cells L-1), May (0.25 × 108 cells L-1), and June (0.42 × 108 cells L-1).
Bloom risk for filamentous cyanobacteria was evaluated according to the WHO guidelines and applied for control targets by SR: Risk Level 1 () at 1 × 108 cells L-1 and Risk Level 2 () at 2 × 107 cells L-1 (Fig. S9) (Ingrid and Jamie, 1999). The proportion of reservoirs exceeding  was 40% (16 reservoirs) in October and 15% (6 reservoirs) in September. For , exceedance occurred from March to October, peaking in October (90%) and September (82.5%). Notably, 62.5% of reservoirs still exceeded  even in March, a month of typically low bloom risk.
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Fig. 2: Machine learning-driven risk assessment framework for filamentous cyanobacterial blooms. a, XGBoost model performance validation against reservoir-month observations (n = 303). b, Spatiotemporal prediction of bloom intensities across 40 reservoirs from March to October.


Underwater light thresholds for the suppression of filamentous cyanobacteria based on in-situ experiment
Culture studies indicate that filamentous cyanobacteria have lower optimal light requirements than surface-scum-forming Microcystis (Cao et al., 2023; Jia et al., 2019; Lu et al., 2022; Su et al., 2022; Wang et al., 2011). Given its widespread occurrence across the surveyed reservoirs, Pseudanabaena was selected as a model taxon to evaluate light-regulation strategies (Fig. 1b, c). We conducted a light-gradient experiment in S Reservoir under five natural irradiance levels (, L1-L5: 6.3 µmol m-2 s-1 - 603.3 µmol m-2 s-1; Fig. 3b, c). Light intensities of 466.3 µmol m-2 s-1 or lower (L1-L4) suppressed Pseudanabaena (), reducing abundance by 0.06 d-1 - 0.13 d-1 (Fig. 3d). By day 12, cell densities in L1-L4 fell to (0.10 ± 0.00) × 108 cells L-1 - (1.27 ± 0.00) × 108 cells L-1, while L5 (603.4 µmol m-2 s-1) maintained 47.5% survival ((4.66 ± 0.00) × 108 cells L-1) despite identical initial densities ((9.81 ± 0.43) × 108 cells L-1; Fig. 3d). A linear model (, , ; Fig. 3e) confirmed that reducing underwater light intensity () limits Pseudanabaena proliferation, with each decrease of 1 mol m-2 d-1 in light intensity increasing the control rate () by 0.14 d-1.
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Fig. 3: Light-response dynamics of Pseudanabaena suppression through precision light modulation. a, Five water columns (2 m depth) with gradient shading film (Light-transmitting area: 0.004 m2 - 0.196 m2) establishing five irradiance regimes (initial light intensity Ic: 5.9 µmol m-2 s-1 - 670.4 µmol m-2 s-1, Supplementary Fig. 2) in S Reservoir. b, Light intensities across treatments. Each light intensity (Ic) referred to the mean light intensity (0.05 m) from 9:00 to 16:00. c, Quantifies of 12-day light regimes (n = 12). d, Pseudanabaena abundance reduction across treatments. e, The relationship between Pseudanabaena control rates (CR) and underwater light availability (Idc).


Dynamic modeling of light attenuation through sediment resuspension
We evaluated light attenuation through SR in a field experiment in S Reservoir, applying five sediment concentrations (: 0.1, 2.0, 4.0, 6.0, and 8.0 g L-1; Fig. 4a, b). The  and  were described using second-order polynomial models (Fig. 4c) as shown below:
[bookmark: eq-k1]
[bookmark: eq-k2]
[bookmark: eq-k3]
Based on these equations (Eq. 10, Eq. 11), the extinction coefficient (, Eq. 12) is expressed. To illustrate the model’s behavior, we simulated sediment concentrations ranging from 0.1 g L-1 to 8 g L-1 and time intervals from 1 minute to 1000 minutes (Fig. 4d). The model revealed a nonlinear response of  to , with  plateauing at an intermediate sediment concentration of 5.2 g L-1 (95% CI: 4.1-6.2 g L-1) under the tested sediment properties.
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Fig. 4: Sediment resuspension-driven light extinction coefficient dynamics. a, Five water columns (4 m depth) with gradient sediment concentration (csed: 0.1 g L-1 - 8.0 g L-1) establishing five dynamic extinction coefficient regimes in S Reservoir. b,  Time-resolved extinction coefficient (ø = k / k0) decay under varying sediment loads (0.1-8.0 g L-1). c,  Initial extinction-scaling factor ø (ø0) versus sediment concentration (csed). d,  ø decay rate (ρ) dependence on particulate loading. d,  Validated extinction model spanning 0.1 g L-1 to 8 g L-1 concentrations and 1 - 1000 timescales.


Weather forecast-based operational sediment resuspension to control filamentous cyanobacteria
To suppress filamentous cyanobacteria to a target risk level under variable weather, we developed a decision cascade integrating predictive modeling with SR-based light regulation (Fig. S13).
We applied the framework (Fig. S13) to the 40 reservoirs based on their modeled monthly risk levels from March through October, determining the SR intensity () required to suppress filamentous cyanobacteria to  (2 × 107 cells L-1) within  days (Fig. 5a). In March, 32.5% (13/40) of reservoirs, and in August, 42.5% (17/40), required no intervention because cyanobacterial densities remained below the target threshold (Fig. 4), aligning with lower bloom risks during these months. Moderate SR intensities (0.1-0.5 g L-1) were sufficient for 20-60% of reservoirs across the study period, peaking at 60% in March, April, and September (Fig. 5a, Fig. S11), highlighting broad applicability under typical conditions. Three reservoirs-LY (June), LHT (July), and XK (October)-required elevated SR intensities (3.0-4.0 g L-1). The most demanding scenarios (4.0-5.2 g L-1) targeted reservoirs with extreme risks, including CT (July, 1.95 × 108 cells L-1), HM (March, April, June, August; 1.94 × 108 cells L-1 - 3.00 × 108 cells L-1), and SXK (June, 2.41 × 108 cells L-1). SR efficacy was limited in reservoirs such as HM (May, July, September, October), SXK (May), and GXZ/YML (October), where achieving the target suppression required operational durations exceeding 10 days-a constraint attributed to light-limited sediment-retention efficiency.
The field validation of the framework’s predictive accuracy (predicted: 2.41 × 108 cells L-1, observed: 2.23 × 108 cells L-1; Fig. 2) and necessary weather‑adaptive SR operations was conducted in a single reservoir (S Reservoir) during one bloom event, without replicated treatments or a control (Fig. 5b). This was due to operational constraints imposed by the reservoir authority, which prioritizes drinking water safety and maintains fixed SR schedules. Nevertheless, the field-implemented SR ( g L-1,  cycles d-1) achieved a control efficiency of 0.10 d-1 and reduced biomass to 0.89 × 108 cells L-1 within 5 days. This was followed by further decline associated with weather conditions, which is consistent with the mechanistic predictions from our mesocosm (Fig. 3) and literature‑based analyses (Fig. S25). Future work should include replicated, multi‑site validations to strengthen the statistical generalizability of the framework.
For broader scenarios, we evaluated SR applicability across varying initial algal densities (0.8-2.8 × 108 cells L-1, Fig. S18-Fig. S23), mixing depths (6-28 m, Fig. S16), and daily irradiance (: 0-20 mol m-2 d-1) (Fig. 5c), which also provides a sensitivity assessment of how uncertainty in bloom intensity influences SR recommendations. At a mixing depth of 6.0 m and relatively low initial densities, SR consistently reduced abundance below  (2 × 107 cells L-1) within 10 days across all  conditions. Under low-light regimes ( below 10.5 mol m-2 d-1, 7.9 mol m-2 d-1 and 6.1 mol m-2 d-1 for densities of 0.8 × 108 cells L-1, 1.2 × 108 cells L-1 and 1.6 × 108 cells L-1), cyanobacteria declined naturally without intervention. In contrast, at higher initial densities, suppression failed when  exceeded critical thresholds (16.6 mol m-2 d-1, 12.5 mol m-2 d-1 and 9 mol m-2 d-1 for 2.0 × 108 cells L-1, 2.4 × 108 cells L-1 and 2.8 × 108 cells L-1), even with 10-day SR. Higher  generally required greater SR intensity ()-for example, at 2.8 × 108 cells L-1, 8.6 ≤ I0 ≤ 8.9 mol m-2 d-1 demanded 4.0 - 4.8 g L-1 (n = 5), whereas 0.1 - 4.7 g L-1 (n = 1) sufficed at  = 6.0 mol m-2 d-1. These thresholds scale with typical seasonal irradiance, which ranges from 2.4 - 10.9 mol m-2 d-1 (winter) to 10.6 - 18.3 mol m-2 d-1 (summer).
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Fig. 5: Operational optimization of sediment resuspension (SR) for filamentous cyanobacteria control. a, Optimal SR operation parameters (csed: 0.1 g L-1 - 5.2 g L-1 × resuspension frequency: n) achieving Risk Level 2 targets (2 × 107 cells L-1) within 10 days across 40 reservoirs. b, Case study in S Reservoir showing efficiency of filamentous cyanobacteria control via SR (1.5 g L-1 × 5 cycles d-1). c, Optimal SR flux (csed and n) for control of filamentous cyanobacterial blooms under various meteorological conditions (daily surface light intensity, I0, 0 - 20 mol m-2 d-1) and bloom intensities (80 - 280 × 106 cells L-1) at mixed layer depth of 6.0 m.To represent realistic seasonal weather variability, the 20th - 80th percentile range of daily surface irradiance (I0) was used for each season. Lower irradiance values (approaching the 20th percentile) generally represent cloudy or rainy conditions, intermediate values represent typical overcast conditions, and higher values (approaching the 80th percentile) represent clear-sky conditions. Each rectangular bar represents the SR management strategies under different bloom intensity conditions across varying I0. The green, blue and orange segment represent SR is not necessary, applicable (i.e., SR can suppress cyanobacterial growth effectively) and not applicable (i.e., beyond the controllable ranges of SR), respectively, under under different light conditions and bloom conditions. Within the effective light range for SR application, higher surface irradiance (I0) corresponds to a greater light attenuation requirement, thereby necessitating stronger sediment resuspension intensity (0.1 – 5.2 g L-1 × 1 – 5 cycles d-1).


Discussion
The succession of phytoplankton communities under global climate change scenarios has been extensively discussed, though the direction of this succession remains inconclusive (Benedetti et al., 2021; Dai et al., 2023; Henson et al., 2021; Winder and Sommer, 2012). While many studies suggest that global warming favors the proliferation of warm-adapted, buoyant cyanobacteria such as Microcystis (Carey et al., 2012), the situation in China appears to differ. Our survey of 40 reservoirs, along with observations from major lakes such as Lake Taihu and Lake Chaohu, indicates that submerged filamentous cyanobacteria have become the dominant cyanobacterial group in many Chinese water bodies in recent years (Ai et al., 2025; Huo et al., 2021; Su et al., 2022; Zhang et al., 2020).
The mechanisms driving this shift remain incompletely understood, but we suggest that China’s intensive, nationwide nutrient-reduction efforts may be a key contributing factor. Nutrient reduction may favor the proliferation of filamentous cyanobacteria (Su et al., 2019) by creating ecological conditions that select for taxa with enhanced tolerance to low-light environments, access to sediment-derived nutrients, and, in some genera, nitrogen-fixing capability (Halstvedt et al., 2007; Komárek and Johansen, 2015), while simultaneously reducing the competitive advantage of surface-scum-forming Microcystis. The decline of dense surface blooms may also increase light penetration into deeper water layers and littoral sediments, potentially facilitating the growth of subsurface and benthic filamentous cyanobacterial populations (Catherine et al., 2013; Scott and Marcarelli, 2012). Such benthic populations may further act as persistent source pools of cyanobacterial biomass, contributing to subsequent bloom development. In addition to light adaptation, differences in nitrogen acquisition strategies may also contribute to cyanobacterial succession. Unlike Microcystis (Kim et al., 2020), some filamentous genera such as Aphanizomenon and Dolichospermum can fix atmospheric nitrogen (Feuring et al., 2026; Fiore et al., 2005; Z. Liu et al., 2024; Scoglio et al., 2024) and may therefore gain a competitive advantage under nitrogen-limited conditions (Y. Liu et al., 2024). Although nitrogen limitation was not evident in our field surveys (Fig. S2) or experiments (Fig. S4), variation in nitrogen-fixing capacity among filamentous cyanobacteria may partially influence community succession. Future studies could further evaluate the potential of nif-related indicators for adaptive bloom management (Cao et al., 2023; Dixon and Kahn, 2004; Pi et al., 2025; Tromas et al., 2017).
While water temperature is a key driver of growth (Karlberg and Wulff, 2012; Maurer et al., 2024; Thomas and Litchman, 2015), it is difficult to manipulate in the field. The submerged niche makes light regulation a practical control strategy-either by increasing the light-transmission distance (water-level manipulation) or adjusting the light-extinction coefficient (turbidity regulation) according to the Lambert-Beer law (Su et al., 2021, 2017). Understanding their light response is essential for effective implementation. This narrower, irradiance-defined growth window suggests that filamentous cyanobacterial dynamics are sensitive to short-term light variability (Fig. S17).
Sediment resuspension (SR) has emerged as a light-regulation-based strategy for cyanobacterial control. It is suitable for drinking-water reservoirs as it avoids chemical use and is economically feasible compared to alternatives such as salvage and sediment dredging (Yu et al., 2017). Although SR effectively suppresses Microcystis blooms through flocculation and settling (Fang et al., 2024), its efficacy against filamentous cyanobacteria is complicated by their low light requirements and greater resistance to flocculation (Lucas Pardo et al., 2015; Song et al., 2023; Zhi et al., 2023). Our findings reveal that SR-associated light attenuation may be an important factor influencing control efficacy and this effect is dynamically modulated by ambient weather conditions. Under high solar radiation, SR-induced shading risks alleviating photo-inhibition, thereby promoting growth (Fig. S17, Fig. S24). In contrast, under reduced ambient light (e.g., overcast or post-rain conditions), SR-associated shading may drive underwater light below survival thresholds. These findings suggest that SR implementation could benefit from a forecast-driven adaptive framework, targeting intervention windows when ambient light conditions are more likely to facilitate bloom suppression.
By integrating weather forecasting, our strategy dynamically adjusts SR flux to optimize underwater light climate and maximize control of filamentous cyanobacteria. We present a scalable, adaptive framework that bridges forecasting with intervention, offering a paradigm for ecological water quality management that supports sustainable drinking water security (Fig. 6). This approach offers operational advantages: it aligns control with forecasted environmental windows (as demonstrated in S Reservoir, where further SR was halted after five days in response to weather changes), increases ecological precision by tailoring light attenuation to species-specific light-response traits, and enables proactive, data-driven management that adapts to both short-term weather variability and long-term climate trends-shifting cyanobacterial control from reactive mitigation to forecast-guided prevention.
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Fig. 6: Predictive and operational framework for harmful cyanobacterial control: Mitigation of filamentous cyanobacterial blooms through light regulation by dynamic SR flux under various meteorological conditions.


SR promotes sediment oxidation, enhancing aerobic processes and suppressing the release of reduced solutes, thereby immobilizing phosphorus, iron, and manganese in the sediment (Broman et al., 2017; Chen et al., 2021; Fang et al., 2024; Fu et al., 2024). However, this process also entails risks, most notably a transient manganese pulse when background soluble Mn exceeds ~100 μg L‐1 (Su et al., 2025). Potential impacts on aquatic biota—including fish and microbial communities—appear limited under moderate SR regimes, with field observations indicating no detectable ecological disruption. Although fish responses were not directly assessed, moderate SR‐induced nutrient exchange may indirectly support higher trophic levels and contribute to top‐down control of algal biomass (Havens, 1991; Yahel et al., 2008).
Our study provides a practical pathway for implementing this adaptive framework while highlighting areas for future refinement. The XGBoost model demonstrated moderate predictive performance (R2 = 0.57), consistent with regional environmental models operating under limited spatiotemporal resolution (Abbas et al., 2023; Pawley et al., 2024; Read et al., 2014). Its fidelity is constrained by monthly sampling frequency, cross-reservoir heterogeneity, and the absence of short-term drivers like sub-daily light variability (Wahlin and Grimvall, 2008). Importantly, sensitivity analyses Fig. 5c across a broad range of bloom intensities and meteorological conditions demonstrated that uncertainty in predicted bloom intensity influences the magnitude of recommended SR interventions, while the overall light-regulation framework remains robust. Higher operational accuracy will require reservoir-specific models trained on high-frequency, long-term datasets, (e.g., 2–3 years per reservoir) together with periodic retraining to accommodate changing environmental conditions and future climate scenarios.
Although light thresholds were derived from Pseudanabaena, whose filamentous and photophysiological traits are representative of many nuisance taxa, extending threshold determination to a broader range of cyanobacterial genera would enhance ecological generality and predictive robustness. For instance, taxa such as Aphanizomenon may become dominant under cooler conditions, taxa such as Dolichospermum may may maintain competitive advantages under nitrogen-limited environments, whereas other genera may prevail under different seasonal light and temperature regimes (Feuring et al., 2026; Z. Liu et al., 2024; Maurer et al., 2024; Paerl and Otten, 2015). In addition, the optimal irradiance for cyanotoxin production may differ from that for cyanobacterial growth, potentially leading to asynchronous responses between bloom suppression and toxin or taste-and-odor control under light-regulation strategies (Cao et al., 2023). Consequently, future adaptive management frameworks should incorporate taxa-specific ecological characteristics, integrate cyanotoxin monitoring, and explore the potential value of nif-related indicators for anticipating shifts toward nitrogen-fixing filamentous cyanobacteria (Cao et al., 2023; Dixon and Kahn, 2004; Pi et al., 2025), while light-regulation thresholds may require calibration according to the dominant cyanobacterial community in different reservoirs and seasons.
In operational deployments, SR protocols should be calibrated using site-specific optical and sediment properties. Background light attenuation () should be constrained through in-situ measurements, while sediment composition and settling dynamics must inform the optimization of SR intensity and frequency (Hipsey et al., 2019; Kirk, 2010). The framework is scalable and transferable beyond drinking-water reservoirs. It enables risk-informed, spatially targeted interventions in larger or more heterogeneous systems, minimizing basin-wide disturbance while improving operational efficiency and economic sustainability.
Conclusions
This study demonstrates that filamentous cyanobacteria have become the dominant phytoplankton group in drinking water reservoirs in eastern China. The XGBoost-based predictive model identified September-October as the highest-risk period for filamentous cyanobacterial blooms. Field experiments established critical light thresholds for Pseudanabaena suppression and light attenuation model by SR under ambient weather conditions. Accordingly, we developed an adaptive, weather-informed framework that integrates machine learning forecasting with precision sediment resuspension for bloom control. This adaptive approach providing a scalable solution for sustainable water quality management under changing climates.
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