Integrating littoral zone odor dynamics into early warning and intervention systems for drinking water reservoirs
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Abstract
Cyanobacterial blooms threaten drinking water safety through the production of taste-and-odor compounds such as geosmin. However, the spatiotemporal mechanisms linking bloom dynamics to odor episodes in reservoirs—critical drinking water sources—remain poorly quantified, hindering effective management. This study integrated a national-scale survey with a five-year, high-frequency monitoring program in Yuqiao Reservoir, a major water source in northern China. Nationally, geosmin was detected in 188 of 214 sites, with 14% exceeding the 10 ng L⁻¹odor threshold, confirming its widespread occurrence. In Yuqiao Reservoir, Planktothrix agardhii was identified as the dominant geosmin producer. A pronounced spatiotemporal decoupling was observed: littoral zones acted as production hotspots, with P. agardhii biomass peaking 8 days earlier than at the dam intake. Time-lagged correlation revealed that littoral biomass predicted intake geosmin with a 5-week lead time (R²= 0.412). Ammonia was a key driver, showing the strongest correlation with geosmin in littoral zones (R²= 0.365). We propose a conceptual transport model and a tiered monitoring framework that shifts focus from reactive intake sampling to proactive sentinel stations in littoral zones. This approach provides a critical early-warning window, enabling preventive measures to safeguard drinking water quality against geosmin episodes.
Introduction
The increasing frequency and intensity of harmful cyanobacterial blooms (CyanoHABs) in surface waters, driven by climate change and intensified anthropogenic pressures, pose a critical and escalating global threat to water security (Feng et al., 2021; Heisler et al., 2008; Huisman et al., 2018; O’neil et al., 2012; Paerl et al., 2001; Paerl and Paul, 2012; Woolway et al., 2020). While substantial research has focused on eutrophication-driven bloom mechanisms and risk assessment in shallow lakes (Kosten et al., 2011; Martinez i Quer et al., 2024; Paerl et al., 2011; Reinl et al., 2022; Rousso et al., 2020; Xu et al., 2009; Zhang et al., 2023), studies on reservoir systems—which constitute a primary source of global drinking water—remain disproportionately scarce. This significant knowledge gap carries critical implications, as CyanoHABs directly threaten drinking water safety through the production of toxins (Carmichael et al., 2001; LEFLAIVE and TEN‐HAGE, 2007; Merel et al., 2013; Plaas and Paerl, 2020) and taste-and-odor (T&O) compounds (Burlingame et al., 2017; Lin et al., 2018; Su et al., 2015; Yang et al., 2008), impacting both human health and water utility. For example, nearly half of China’s source-water reservoirs experience recurrent algal-derived T&O episodes (Sun et al., 2014). Unlike chemical contaminants, cyanobacterial populations can undergo exponential growth under suitable conditions (Asato, 2003; Mehnert et al., 2010), rapidly releasing metabolites (Ai et al., 2025; LEFLAIVE and TEN‐HAGE, 2007; Singh et al., 2005) that often exceed the response capacity of conventional water treatment facilities (Cerón-Vivas et al., 2022; Mustapha et al., 2021; Srinivasan and Sorial, 2011), leading to widespread drinking water quality incidents (Li et al., 2010; Yang et al., 2008).
Effectively managing CyanoHABs in reservoirs presents distinct and formidable challenges. Compared to natural lakes, reservoirs display greater spatial and hydraulic complexity, resulting in less stable and predictable ecological regimes (Dordoni et al., 2023; Thornton, 1984). Conventional reservoir monitoring strategies, typically confined to sampling near dam intakes, fail to capture the spatially heterogeneous distribution of algal biomass and metabolites. Furthermore, the short flow time from intake to drinking water treatment plant—often on the scale of minutes to hours—provides an inadequate operational window for timely intervention. In contrast, littoral zones in reservoirs are characterized by markedly different environmental conditions, such as enhanced nutrient availability and light penetration (Cefalì et al., 2016; Zohary and Gasith, 2014), which may promote early cyanobacterial proliferation. Despite their potential significance as critical sentinel sites, these areas remain critically under-monitored. Consequently, the mechanistic linkages between littoral zone CyanoHAB dynamics and downstream water quality at intakes are poorly understood and quantified.
Geosmin and 2-methylisoborneol (MIB) are among the most concerning terpenoid T&O compounds produced by cyanobacteria (Jüttner and Watson, 2007; Watson, 2003). Their low molecular weight and chemical nature allow them to penetrate conventional water treatment barriers and persist into tap water (Lin et al., 2018; Zamyadi et al., 2015), directly impairing drinking water quality and consumer acceptance. In China, MIB-related episodes have been widely reported and studied, with corresponding mitigation strategies developed (Su et al., 2021, 2015). In contrast, geosmin incidents have historically been more prevalent in the Southern Hemisphere (Bowmer et al., 1992; Uwins et al., 2007) but are increasingly reported across Northern Hemisphere water bodies (Qiu et al., 2023; Wu et al., 2022). Notably, geosmin-producing cyanobacterial taxa are phylogenetically more diverse than those associated with MIB (AWWA, 2010), complicating source-tracking and management efforts. A national survey conducted as part of this study confirms that geosmin is a widespread contaminant across China’s drinking water sources, establishing the broad relevance of the reservoir-specific mechanisms investigated here.
To address these emerging challenges, we conducted a multi-year, spatially resolved monitoring study in Yuqiao Reservoir—a major drinking water source for Tianjin, China, with a documented history of geosmin episodes. Integrating water quality analysis, molecular sequencing of algal communities, and advanced statistical modeling, we demonstrate significant spatial decoupling of cyanobacterial assemblages and T&O compounds between littoral zones and the dam area. We further identify key odor-producing taxa and establish that littoral zone cyanobacterial dynamics exert a decisive influence on T&O levels at the intake. These findings position the littoral zone as a critical sentinel for early warning and a strategic target for proactive intervention. This study advances a scientifically informed monitoring framework, shifting the paradigm from reactive response to preventive management of CyanoHAB-derived T&O risks in reservoir-based water supplies.
Materials and methods
Study area and sampling design
National-scale geosmin survey. This study compiles geosmin concentration data from drinking water sources across China, representing one of the most extensive national surveys of this odorant to date. The dataset integrates our own multi-year monitoring results with high-quality geosmin measurements. Besides, we have also included a study with 33 reservoirs in Guangdong province (Zhou et al., 2024). In total, geosmin data from 214 distinct sampling sites across multiple provinces were analyzed to characterize its nationwide occurrence and spatial heterogeneity.
zhai2017disinfection
Intensive monitoring at Yuqiao Reservoir. Yuqiao Reservoir (40°00′30″–40°05′30″N, 117°22′30″–117°27′30″E) is a large, river-type reservoir (total capacity: 1.559 billion m3) and a critical drinking water source for Tianjin, China (Xu et al., 2014; Zhai et al., 2017). It has experienced persistent seasonal taste-and-odor episodes in recent years (Cai et al., 2017; Qiu et al., 2021). Reflecting its distinct bathymetry and hydrodynamic gradients, seven sampling sites (YQ01–YQ07) were established along a littoral-to-dam transect. Site YQ01, located in the deep lacustrine zone near the dam (max depth ~12 m), was sampled vertically (integrated water column). The remaining sites (YQ02–YQ07) were situated in shallower littoral and transitional zones (depth 2–4 m), where only surface water samples were collected. During the annual odor season, high-frequency sampling was conducted 2–3 times per week from 2019 to 2024. Samples for geosmin analysis, water chemistry, and phytoplankton were collected concurrently. All samples were stored at 4°C in the dark and processed within 24 hours.
Analytical methods
Geosmin analysis. Geosmin concentrations were determined using headspace solid-phase microextraction (HS-SPME) coupled with gas chromatography-mass spectrometry (GC-MS; Agilent 6890GC-5973MSD) following a well-established protocol (Su et al., 2015). The method detection limit for geosmin was 1 ng L-1.
Water quality parameters. In-situ measurements of water temperature, pH, dissolved oxygen (DO), and turbidity were performed using a multiparameter sonde (EXO2, Xylem, USA). Ammonium (NH4+-N), total nitrogen (TN), and total phosphorus (TP) were analyzed according to Chinese national standard methods for water quality.
Phytoplankton analysis. Phytoplankton samples were fixed with Lugol’s iodine solution (final concentration 5%). After 48-h sedimentation, samples were concentrated to 10 mL. Cell identification and enumeration were performed under an inverted microscope (Olympus BX51) using a Sedgewick–Rafter counting chamber. Biomass was expressed as cell density.
Molecular identification of geosmin-producing cyanobacteria
Water samples for molecular analysis were collected concurrently with geosmin samples. Biomass was collected on 1.2-μm polycarbonate filters (Millipore) and stored at–80°C. Total genomic DNA was extracted using the FastDNA™Spin Kit for Soil (MP Biomedicals). The geosmin synthase gene (geoA) was amplified using cyanobacterium-specific primers (Giglio et al., 2008; Su et al., 2013). Amplicons were visualized via agarose gel electrophoresis, and positive products were subjected to high-throughput sequencing. After quality filtering and primer removal, sequences were clustered into operational taxonomic units (OTUs) at 97% similarity. Representative sequences were taxonomically assigned via BLAST against public geoA databases, and a maximum-likelihood phylogenetic tree was constructed to confirm the identity of the dominant geosmin producer.
Data processing and statistical analysis
Temporal aggregation and lagged correlation. To reduce noise from irregular sampling and align different time series, all data were aggregated to weekly means. For each sampling date, the corresponding week was defined from the preceding Monday. To investigate time-lagged relationships, weekly geosmin concentrations were shifted forward by i weeks (i = 0–7) and paired with concurrent weekly mean Planktothrix agardhii biomass. For each site and lag period, a log–log linear model was fitted:
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where G is geosmin concentration (ng L-1) and P is P. agardhii cell density (cells L-1). To minimize the influence of background low values, only paired observations with geosmin > 2 ng L-1 and positive biomass were included. A site was included in the lag analysis only if it contained≥20 valid weekly observations. The coefficient of determination (R2) was used to assess model fit. The lag period yielding the maximum R2 was defined as the optimal early-warning window for that site. The significance of the regression slope was evaluated using a t-test.
Multivariate and spatial analysis. Principal component analysis (PCA) was performed on standardized geosmin and environmental variables to explore their multivariate relationships. Zone-specific regression analyses (littoral, transitional, dam) were conducted to compare the strength of the ammonia–geosmin relationship across reservoir zones. Bathymetric data from field surveys were spatially interpolated using ordinary kriging to create a continuous depth map, illustrating the gradient from shallow littoral to deep lacustrine zones.
Software. All statistical analyses and visualizations were performed in R (version 4.4.2) using packages including dplyr, lubridate, stats, and ggplot2.
Results
National survey of geosmin occurrence in drinking water sources
A nationwide survey was conducted to assess geosmin (geosmin) concentrations across China’s major drinking water sources, encompassing a total of 214 sampling sites from reservoirs and key surface water bodies in 26 provinces. geosmin was detected in 188 locations. Measured concentrations spanned over four orders of magnitude, ranging from below detection limits to a maximum of 150 ng L-1, recorded at a site in Zhejiang Province. Overall, 14% of sampling sites exceeded the common odor threshold of 10 ng L-1. Geospatial analysis revealed pronounced heterogeneity. Elevated geosmin levels were broadly clustered in the eastern and southern regions, including the Yangtze River Delta, Pearl River Delta, and parts of North China. In contrast, concentrations in northwestern China (e.g., Tibet, Xinjiang, Qinghai) and certain central provinces were consistently low or below detection limits, corroborating a general east-high, west-low spatial pattern. This comprehensive dataset demonstrates that geosmin is a widespread odorant affecting drinking water sources across diverse climatic and geographical zones in China.
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Fig. 1: A multi-scale visualization of geosmin occurrence: linking individual sampling sites to provincial-level aggregates (Provincial/regional aggregate bars (log-scale binned) connected to individual sampling sites. Beijing-Tianjin-Hebei and Jiangsu-Shanghai-Zhejiang are treated as single units to avoid spatial overlap).


Seasonal and interannual dynamics in Yuqiao Reservoir
To elucidate the temporal dynamics of geosmin occurrence, Yuqiao Reservoir (YQ, a key drinking water source in the Beijing-Tianjin-Hebei region) was selected for sustained, high-frequency monitoring at its primary water intake (site YQ01) from 2019 to 2024. The long-term record revealed a recurrent and pronounced seasonal cycle (Fig. 2A). Concentrations were consistently low (<5 ng L-1) during spring (April–May), followed by a rapid increase in early summer (June) culminating in a primary peak during the warmest months (July–August). A second, broader peak persisted throughout autumn and early winter (October–December), after which levels gradually declined. The odor threshold of 10 ng L-1 was frequently exceeded. Analysis of the monthly median concentrations across water years (May to April) showed that the threshold was surpassed during at least 40%* of the summer months (July–September) and 100% of the autumn/early winter months (October–December) during the monitoring period, highlighting a persistent odor risk in the warmer half of the year.
At the interannual scale (Fig. 2B, annual boxplots), geosmin concentrations exhibited a notable decreasing trend following an exceptionally high initial year. The median concentration in the 2019–2020 water year was 2.5 ng L-1, substantially exceeding the threshold. Subsequently, from 2020 to 2024, annual median concentrations stabilized within a lower range of 5.2–10 ng L-1. A Kruskal-Wallis test confirmed statistically significant differences among the annual datasets (χ2(4) = 64.3, p < 0.001). This trend suggests a potential shift in baseline conditions or source inputs after the initial monitoring year, though seasonal peaks remained a consistent feature of the reservoir’s annual cycle.
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Fig. 2: Long-term dynamics of geosmin and phytoplankton community in Yuqiao Reservoir (2019–2024). (A) Seasonal and interannual variations in geosmin concentrations at the main water intake (site YQ01). (B) Heatmap showing monthly log10-transformed biomass of total phytoplankton, total cyanobacteria, and key geosmin-producing cyanobacterial genera. (C) Temporal patterns of Planktothrix agardhii biomass across sampling sites. (D) Agarose gel electrophoresis confirming the molecular identification of P. agardhii. (E) Spatial mapping of seasonal P. agardhii biomass variations at representative sampling sites overlaid on the reservoir map. (F) Microscopic image of P. agardhii filaments.


Phytoplankton community dynamics and key cyanobacterial genera
To investigate the relationship between geosmin occurrence and phytoplankton dynamics, high-resolution phytoplankton composition data from Yuqiao Reservoir (site YQ01, 2019–2024) were analyzed (Fig. 2B). The total phytoplankton biomass (expressed as log10-transformed cell density) exhibited a clear seasonal pattern, with the lowest levels observed in winter (January–March, ~107 cells L-1) and a rapid increase beginning in spring (April). Biomass peaked during the summer months (July–September, >108 cells L-1), remained elevated through autumn (October–December), and then declined sharply in late winter, mirroring the general temporal trend of geosmin concentrations.
Cyanobacteria dominated the phytoplankton community throughout most of the year, contributing substantially to total biomass. Their seasonal trajectory closely followed that of total phytoplankton, with the highest cyanobacterial biomass recorded from June to October. Within the cyanobacterial assemblage, several filamentous genera known for potential geosmin production exhibited distinct seasonal successions. Planktothrix agardhii and Aphanizomenon gracile were perennial but showed clear seasonality, with biomass maxima in summer and autumn. Pseudanabaena catenata was primarily a spring (April–May) taxon. Several Dolichospermum species (including D. circinale, D. circinalis, D. flos-aquae, D. planctonicum, and D. spiroides) and Aphanizomenon flos-aquae typically emerged in late spring or early summer, proliferated during summer, and declined by late autumn. Other taxa, such as Trichormus variabilis, Dolichospermum circularis, Microcoleus amoenus, Geitlerinema splendidum, and Pseudanabaena limnetica, displayed more sporadic occurrences, often with pronounced peaks limited to specific months within the warm season (e.g., June–August).
The co-occurrence of elevated geosmin concentrations with periods of high cyanobacterial biomass, particularly during summer and autumn blooms dominated by known or putative geosmin-producing genera (e.g., Planktothrix, Aphanizomenon, Dolichospermum), suggests a strong biotic source for the observed odor episodes. The temporal succession of different cyanobacterial taxa may contribute to the characteristic bimodal (summer and autumn) geosmin peak observed in the reservoir.
Identification and spatiotemporal distribution of the primary geosmin producer
Planktothrix agardhii was identified as the dominant geosmin-producing cyanobacterium based on gene sequencing in Yuqiao Reservoir (Fig. 2D, 2F). Spatial monitoring during 2023 revealed a pronounced biomass gradient, with littoral sites (YQ03, YQ04, YQ06, YQ07) sustaining significantly higher cell densities than the central dam intake (YQ01). The maximum observed biomass reached 5.1×107 cells L-1 at a littoral site, compared to 2.9×107 cells L-1 at the dam. Elevated biomass thresholds (>2×107 cells L-1) were exceeded in 7% of littoral samples, respectively, but in 4% of dam samples. Temporally, P. agardhii exhibited a perennial presence with sustained warm-season biomass, contrasting with the ephemeral peaks of other cyanobacteria (Fig. 2C). Major bloom events (≥2×107 cells L-1) propagated from littoral zones to the dam (Fig. 2E), with sites such as YQ05 exceeding the threshold approximately 8 days before YQ01. This spatiotemporal pattern indicates littoral zones as initiation hotspots for P. agardhii proliferation, with subsequent advection likely driving geosmin peaks at the drinking water intake.
The temporal progression of major bloom events (biomass≥2×107 cells L−1) followed a clear spatial sequence from the littoral zone towards the dam. For instance, site YQ05 first exceeded this threshold in mid-October, approximately -8 days before the dam site (YQ01) reached comparable levels in late October. This spatiotemporal decoupling highlights the littoral zones as probable initiation hotspots for P. agardhii proliferation, with subsequent advection contributing to the geosmin peaks observed at the central water intake.
Distinct spatiotemporal patterns of two geosmin episodes
To further elucidate the spatiotemporal dynamics of geosmin (geosmin), we identified two distinct odor episodes in Yuqiao Reservoir (April–August and August–December 2023). Spatial mapping of monthly averaged geosmin concentrations at seven representative sites revealed contrasting patterns between the littoral and dam regions (Fig. 3).
During the first episode (April–August), littoral sites (YQ02, YQ03, YQ04, YQ06, YQ07) exhibited elevated concentrations in spring (April–June), with values ranging from 0 to 21.2 ng L-1. These concentrations then declined by August to between 0.6 and 5.8 ng L-1. In contrast, the central dam site (YQ01) and the nearby YQ05 (located close to littoral zones) showed a delayed response. Their concentrations started low in April (0 ng L−1) and increased steadily, peaking in August at 8.5 ng L-1.
The second episode (August–December) exhibited a reversed spatiotemporal pattern. Littoral sites experienced a sharp peak in October, with concentrations reaching 0 to 36.4 ng L-1, followed by a decline to 0–29.8 ng L-1 by December. Conversely, the dam site (YQ01) showed a sustained, monotonic increase from August (0 ng L-1) to December (24.2 ng L-1). Site YQ05, located between littoral and dam zones, exhibited an intermediate transitional pattern, with its decline beginning in November rather than October, further illustrating the spatiotemporal gradient from littoral production zones to the central reservoir.
These divergent spatiotemporal trajectories (Fig. 3) highlight a systematic decoupling: littoral zones consistently experience an earlier onset and subsequent decline during both odor episodes, while the dam region exhibits a delayed and prolonged response. This pattern likely reflects the integrated effects of initial production hotspots in the littoral zone and subsequent advective transport toward the central reservoir.
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Fig. 3: Spatial mapping of monthly mean geosmin concentrations during Episode 1 (April–August, A) and Episode 2 (August–December, B) in Yuqiao Reservoir.


Predictive relationship between Planktothrix agardhii dynamics and geosmin episodes
To quantify the causal linkage between the primary producer and odor events, we performed time-lagged correlation analyses between Planktothrix agardhii biomass and geosmin (geosmin) concentrations at the near-littoral site YQ05 and the dam intake YQ01 (Fig. 4A). These sites were selected for their continuous long-term monitoring data. The analysis revealed fundamentally distinct temporal coupling patterns.
At the near-littoral site YQ05, the strongest correlation (R2 = 0.5, p < 0.001) occurred at zero lag, indicating near-instantaneous geosmin production associated with local P. agardhii proliferation. The correlation coefficient decreased progressively as the lag period increased. Conversely, at the downstream dam site YQ01, the correlation was weakest at zero lag but strengthened with increasing lag time, reaching a maximum at a 5-week lag (R2 = 0.41, p < 0.001). This opposite pattern demonstrates that P. agardhii biomass serves as a concurrent indicator at its production zone (YQ05) but as a leading indicator for geosmin risk at the distal water intake (YQ01).
Regression models were established at the respective optimal lag periods (Fig. 4B). For YQ05 (zero lag), the relationship was log10(geosmin) = 0.24 + 0.29×log10(P. agardhii biomass). For YQ01 (5-week lag), the model was log10(geosmin) = 0.56 + 0.2×log10(P. agardhii biomass). The steeper slope for YQ01 suggests a potential amplification effect during the transport and transformation processes from the littoral production zone to the central reservoir.
The distinct temporal phasing is visually evident in the bi-weekly time series (Fig. 4C). At YQ05, peaks in P. agardhii biomass and geosmin concentrations were closely synchronized. In contrast, at YQ01, biomass peaks consistently preceded major geosmin episodes by several weeks. For instance, the autumn biomass peak preceded the highest geosmin concentration by approximately 6.7 weeks. This consistent lag provides a critical early-warning window. When P. agardhii biomass at YQ05 exceeded 5.0×107 cells L-1, geosmin at YQ01 subsequently exceeded the 10 ng L-1 odor threshold within 4-6 weeks in 61.9% of cases. These quantified relationships underscore the utility of near-littoral cyanobacterial monitoring for forecasting odor risks at the drinking water intake.
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Fig. 4: Time-lagged relationships between Planktothrix agardhii biomass and geosmin concentrations at near-littoral and dam sites. (A) Correlation coefficients (R²) between P. agardhii biomass and geosmin at different lag periods (0–5 weeks) for site YQ05 (near-littoral) and YQ01 (dam intake). (B) Linear regression models at optimal lag periods: zero lag for YQ05 and 5-week lag for YQ01. (C) Scatter plots with fitted regression lines showing the quantitative relationships between P. agardhii biomass and geosmin at each site.


Environmental drivers of geosmin and proposed transport pathway
Principal component analysis (PCA) of key environmental variables identified ammonia (NH₄⁺-N) as the most strongly correlated factor with geosmin (geosmin) variation in the PC1–PC2 plane (Fig. 5A). The first two principal components explained 60.6% of the total variance. PC1 (explaining 43.5%) represented a thermal‑nutrient productivity axis, with high loadings from temperature (0.342), total phosphorus (TP, 0.39), and chlorophyll‑a (Chl‑a, 0.428). PC2 (explaining 17.1%) represented a nitrogen availability axis, dominated by ammonia (-0.449) and total nitrogen (TN, 0.432). geosmin exhibited moderate positive loadings on both PC1 (0.122) and PC2 (0.229), indicating that its variability was jointly influenced by thermal‑nutrient conditions and nitrogen availability.
To examine this relationship spatially, we performed log‑log regressions between ammonia and geosmin across three reservoir zones: littoral sites (YQ02–YQ04, YQ06–YQ07), the transitional near‑littoral site (YQ05), and the central dam intake (YQ01) (Fig. 5B). The correlation strength followed a distinct gradient, with the highest R2 at littoral sites (0.365), intermediate at YQ05 (0.203), and lowest at YQ01 (0.035). This pattern indicates that the linkage between ammonia and geosmin is most direct within littoral production zones and becomes progressively decoupled along the transport pathway toward the dam.
Integrating these findings with the spatiotemporal dynamics of Planktothrix agardhii and geosmin, we propose a conceptual transport pathway for odor episodes (Fig. 5C). High‑resolution bathymetric mapping shows that shallow littoral areas (depths < 4–5 m) correspond to zones of elevated ammonia and serve as initiation hotspots for P. agardhii proliferation and geosmin production. Subsequent advective transport, guided by the reservoir’s hydrodynamic circulation, gradually propagates cells and dissolved geosmin from littoral zones through the transitional region (YQ05) to the central dam area (YQ01). This conceptual model synthesizes three key observations: (1) the spatial gradient in ammonia‑geosmin coupling, (2) the consistent temporal lags in cyanobacterial biomass and geosmin peaks between littoral and dam sites, and (3) the influence of bathymetry on water residence times. Together, these elements provide a mechanistic framework for understanding the origin, transport, and delayed manifestation of geosmin episodes at the drinking‑water intake of Yuqiao Reservoir.
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Fig. 5: Environmental drivers and conceptual transport pathway of geosmin in Yuqiao Reservoir. (A) Principal component analysis (PCA) biplot showing relationships between geosmin and key environmental variables. (B) Log-log regressions between ammonia concentration and geosmin across littoral, transitional (YQ05), and dam (YQ01) zones. (C) Bathymetric map of Yuqiao Reservoir depicting the proposed transport pathway from littoral production zones to the central water intake.


Discussion
Geosmin as a prevalent challenge for drinking water security in China
Our nationwide survey reveals that geosmin contamination is widespread across China’s major drinking water sources, with 14% of the surveyed sites exceeding the common odor threshold of 10 ng L-1 ((AWWA, 2010)). This finding underscores geosmin as a significant and pervasive water quality issue, corroborating similar reports from diverse climatic regions globally (Devi et al., 2021; Lin et al., 2018). The pronounced spatial heterogeneity—marked by elevated concentrations in eastern and southern regions such as the Yangtze River Delta and Pearl River Delta—suggests that regional factors, including climate, watershed land use, and nutrient loading patterns, are critical drivers of geosmin risk. The compound’s low odor threshold and resistance to conventional treatment (Cook et al., 2001; Mustapha et al., 2021; Zamyadi et al., 2015) pose substantial challenges for water utilities (Srinivasan and Sorial, 2011), directly impacting consumer acceptance and compliance with water safety objectives linked to Sustainable Development Goal 6 (Arora and Mishra, 2022). The economic ramifications are considerable, driving investments in advanced treatment technologies and proactive management strategies worldwide (Yuan and Hofmann, 2022).
Littoral zones as production hotspots: ecological mechanisms and spatiotemporal decoupling
Actinomycetes are recognized as major biotic sources of taste-and-odor compounds, including geosmin and 2‑MIB, in soils and freshwater sediments (Gerber, 1979; Gerber and Lechevalier, 1965; Guo et al., 2024; Jensen et al., 1994). In the present study, however, synchronous peaks of Planktothrix agardhii biomass and geosmin concentrations—particularly at littoral sites with zero‑lag correlation (R2 = 0.5)—together with the molecular identification of P. agardhii as the dominant geosmin producer via gene sequencing of GeoA gene and isolation (Fig. 2D, Fig. 2F), strongly indicate cyanobacterial origin. This aligns with a growing body of evidence that cyanobacteria constitute the primary biotic source of such odorants in many freshwater systems (Chislock et al., 2021; Hooper et al., 2023; Izaguirre, 1992; Pham et al., 2020; Su et al., 2013; Suurnäkki et al., 2015). While actinomycetes in sediments are known geosmin producers, their contribution in well‑oxygenated water columns of managed reservoirs like Yuqiao is likely secondary. We argue that detection of geoA‑harboring cyanobacteria (Giglio et al., 2011; Giglio et al., 2008; Kutovaya and Watson, 2014) in a well‑oxygenated water body provides compelling evidence that geosmin is primarily derived from cyanobacterial activity. This view is consistent with studies linking specific cyanobacterial blooms to geosmin episodes in drinking‑water reservoirs worldwide (Churro et al., 2020; Hayashi et al., 2019; John et al., 2018).
The sustained monitoring in Yuqiao Reservoir elucidates littoral zones as critical ecological niches for the proliferation of geosmin-producing cyanobacteria, particularly Planktothrix agardhii. The distinct spatiotemporal patterns—earlier onset, higher biomass, and stronger correlation with ammonia in littoral areas—highlight a production-transport decoupling central to reservoir-wide odor episodes. The affinity of filamentous cyanobacteria like P. agardhii for littoral environments can be attributed to several adaptive traits. Their filamentous morphology confers advantages in shallow, intermittently mixed waters through regulated buoyancy and reduced sedimentation losses, enabling optimal positioning for light harvesting (Jia et al., 2019; Su et al., 2019). This is complemented by low-light adaptations via phycobiliprotein pigments (Cao et al., 2025; Komárek and Johansen, 2015), allowing persistence under the variable light regimes typical of littoral zones (Scott and Marcarelli, 2012; Zohary and Gasith, 2014). Furthermore, the strong correlation observed between ammonia and geosmin specifically in littoral sites (R2 = 0.37) suggests that nitrogen availability, likely influenced by shoreline inputs, is a key regulatory factor for production in these zones. In contrast, the weakened correlation at the dam intake (R2 = 0.03) reflects the integration and modification of signals during transport.
The systematic spatial decoupling is evidenced by the consistent 8-day lag in major bloom events between littoral sites and the dam. This lag represents not merely physical advection but may also involve continued metabolic activity and potential accumulation in transitional zones. These findings challenge conventional reservoir management focused predominantly on pelagic or intake monitoring and align with growing recognition of nearshore areas as initiation sites for cyanobacterial metabolites.
Towards a proactive monitoring paradigm: quantitative predictive tools
The conceptual model depicted in Fig. 6 synthesizes the spatiotemporal mechanism underpinning our proposed management shift. It illustrates that the highest metabolic activity of geosmin-producing cyanobacteria is concentrated in littoral zones, driven by localized nutrient inputs and favorable physical conditions (Zohary and Gasith, 2014). The geosmin produced in these hotspots is subsequently advected through the limnetic zone, resulting in a distinct transport lag before it accumulates in the lacustrine zone and reaches the dam intake. This hydro-ecological sequence reveals a critical flaw in conventional, intake-centric monitoring (Mohanty et al., 2024): by the time geosmin is detected at the dam, its impact on treatment is immediate, leaving minimal time for preventive intervention (Zamyadi et al., 2015). This flaw is particularly acute for cyanobacteria, which can undergo rapid exponential growth, leading to sudden, log‑phase surges in metabolite concentrations that overwhelm conventional response protocols (Oliver and Ganf, 2000).
To capitalize on the inherent early-warning signal embedded within this process, we propose a tiered monitoring framework comprising: (1) sentinel stations in representative littoral zones for early detection of producer biomass, (2) gradient stations along the main transport pathway to track bloom progression, and (3) final verification at the intake. By shifting the primary monitoring focus upstream to the production source, utilities gain the crucial 4–6 week lead time—quantified by our lagged correlation analysis (R2 = 0.41 at 5 weeks)—necessary to detect incipient risk during the early growth phase, well before the problematic log‑phase surge. This lead time enables the implementation of preventive measures—such as optimized reservoir operation (Fang et al., 2024; Lu et al., 2023; Su et al., 2017), selective withdrawal, or pre‑emptive treatment adjustments—that can effectively disrupt the progression from initial proliferation to full‑blown water quality crisis. Thereby, the majority of algal‑derived contamination events, which are characterized by their sudden onset, can be anticipated and mitigated at source, rather than reacted to after the fact. This concept aligns with the growing emphasis on source water protection and early-warning systems in water security management (Recknagel et al., 2017).
This transformation from a reactive to a predictive paradigm fundamentally redefines resilience. It moves beyond merely coping with crises to preventing them, which can significantly reduce treatment costs, minimize service disruptions, and safeguard public trust in the water supply. Proactive monitoring of littoral sentinel sites is not merely an added layer of surveillance; it is a strategic re‑allocation of resources to intercept algal‑derived risks at their earliest, most manageable stage.
	[image: ../figures/sketch_revised.png]
Fig. 6: Conceptual model of littoral-initiated geosmin transport and its implications for monitoring strategy. A sketch illustrating the spatiotemporal progression of geosmin episodes: (1) high metabolic activity of cyanobacteria (e.g., Planktothrix agardhii) in the littoral zone, driven by nutrient inputs and favorable light conditions; (2) advection of produced geosmin and biomass into the limnetic zone, resulting in a transport lag; (3) accumulation of geosmin in the lacustrine zone (dam intake), posing an immediate treatment challenge; and (4) the proposed monitoring shift from conventional reactive intake-focused sampling to proactive early detection in littoral zones, providing critical warning time for preventive measures.


Implications, limitations, and future perspectives
This study provides mechanistic insights into geosmin dynamics in a drinking water reservoir and translates them into practical monitoring tools. The identification of littoral zones as production hotspots and the quantification of time-lagged predictive relationships offer a blueprint for evidence-based management.
Several limitations should be acknowledged. First, while the 4–6 year dataset captures clear seasonal and interannual patterns, longer-term monitoring would strengthen the understanding of trends, particularly under climate change scenarios. Second, the dominant role of P. agardhii is specific to Yuqiao Reservoir; other systems may harbor different producer taxa (e.g., Dolichospermum, Aphanizomenon) with distinct ecological drivers (Choo et al., 2025; Izaguirre and Taylor, 2004; Su et al., 2013). Third, the predictive models require validation across diverse reservoir types and geographical settings to assess their broader applicability.
Future research should focus on: (1) integrating molecular tools to characterize the diversity and expression of geosmin synthesis genes within cyanobacterial communities, (2) coupling ecological monitoring with high-resolution hydrodynamic modeling to precisely quantify transport pathways and residence times, and (3) conducting cost-benefit analyses to evaluate the economic viability of implementing expanded littoral monitoring programs. Furthermore, investigating the interactions between climate variables (e.g., warming, extreme precipitation) and the identified production-transport mechanisms will be crucial for forecasting future risk scenarios. By unraveling the spatiotemporal mechanisms of geosmin production and transport, and by establishing quantifiable early-warning indicators, this work provides a scientific foundation for moving beyond reactive response. It equips water managers with a proactive strategy to safeguard drinking water quality against this persistent olfactory challenge.
Conclusions
This study delineates a coherent spatiotemporal mechanism for geosmin episodes in Yuqiao Reservoir, integrating landscape-scale drivers, in-reservoir ecological processes, and predictive management tools. The nationwide survey confirms geosmin as a pervasive challenge across China’s drinking water sources, establishing a critical context for reservoir-specific management. Within Yuqiao, littoral zones function as critical production hotspots, where Planktothrix agardhii—identified as the dominant producer—proliferates in response to local nutrient conditions, particularly ammonia. The subsequent advective transport of biomass and metabolite creates a systematic spatiotemporal decoupling, manifested as a consistent 4–6 week lag between littoral proliferation and geosmin peaks at the dam intake. This mechanistic understanding enables a paradigm shift from reactive to proactive management. The established quantitative relationship, where littoral P. agardhii biomass serves as a leading indicator, provides an operational early-warning window. By shifting the monitoring focus upstream to littoral sentinel sites, water utilities can implement timely interventions, thereby enhancing the security and reliability of drinking water supplies against this persistent olfactory threat.
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