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Abstract
Indian lakes—ranging from Himalayan basins and floodplain wetlands to coastal backwaters and dense urban waterbodies—are increasingly exposed to nutrient enrichment, altered hydrology, and warming, creating conditions that favor recurrent cyanobacterial blooms and associated health risks. This review synthesizes how external nutrient inputs from wastewater, agriculture, and land-use change interact with internal nutrient recycling and physico-chemical controls to shape bloom hazard across diverse Indian lake types. We highlight three coupled mechanisms: (i) monsoon-driven variability in flushing and residence time that governs nutrient retention and seasonal accumulation; (ii) sediment–water exchanges that regenerate bioavailable phosphorus and sustain eutrophication under warm, low-oxygen conditions even when external loads fluctuate; and (iii) physical habitat filtering by temperature, stratification, light climate, alkalinity, and episodic mixing that promotes buoyant, bloom-forming cyanobacteria and surface scum formation. We further discuss how nutrient form and stoichiometry influence community composition, including shifts between nitrogen-fixing and non-fixing taxa under seasonally changing limitation patterns. Evidence across representative Indian systems indicates that cyanobacterial risk is an emergent outcome of nutrient loads, nutrient speciation, oxygen regime, and seasonal hydrodynamics rather than a simple function of total nutrient concentrations. The review concludes by outlining a risk-focused framework linking catchment management, in-lake feedback control, and tiered monitoring (including early-warning indicators) to reduce bloom frequency, toxin exposure potential, and ecological degradation in Indian lakes.
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1. Introduction
Lakes are among the most sensitive components of freshwater landscapes because their ecological condition integrates signals from catchment land use, hydrology, and in-lake biogeochemical cycling over timescales that can be short (storm pulses) or long (decadal sediment accumulation). Across India, pressures from expanding urbanization, intensifying agriculture, shoreline encroachment, and altered hydrologic connectivity have amplified the delivery of reactive nitrogen (N) and phosphorus (P) to lakes, accelerating eutrophication and increasing the probability of cyanobacterial dominance. Contemporary understanding recognizes eutrophication as a dynamic state maintained by external nutrient loading, internal recycling, and physical structure (mixing, stratification, and light climate), rather than as a simple response to total nutrient concentrations alone (Bhagowati & Ahamad, 2019; Vinçon-Leite & Casenave, 2019).
Cyanobacterial blooms, particularly those dominated by buoyant and toxin-capable genera such as Microcystis, Dolichospermum (formerly Anabaena), and Planktothrix, represent a major water-quality hazard because they can impair aesthetics and recreation, destabilize food webs, and produce cyanotoxins that threaten drinking-water safety. Bloom formation is increasingly interpreted as a multi-stressor phenomenon in which eutrophication interacts with climate warming, hydrologic extremes, and oxygen loss; warming can lengthen stratified periods, increase metabolic rates, and favor cyanobacteria with traits suited to high temperatures and variable nutrients (Griffith & Gobler, 2020; Huisman et al., 2018). For India, these mechanisms are plausibly intensified by monsoon seasonality: strong wet-season inflows can import nutrients and suspended solids, whereas dry-season low inflows and high evaporation can increase residence time, concentrate solutes, and enhance the likelihood of stable stratification or persistent surface scums in appropriate morphometric settings.
Within India’s diverse lake landscapes, several patterns recur. First, urban and peri-urban lakes commonly receive high loads of ammonium, phosphate, and labile organic matter from sewage and mixed drainage, pushing systems toward hypereutrophic states and recurrent bloom risk (Birawat et al., 2021; Jamwal et al., 2023; Kora et al., 2017). Second, floodplain and wetland lakes often exhibit strong internal feedbacks: shallow depths, organic-rich sediments, and macrophyte–sediment interactions can drive substantial internal nutrient release under warm and low-oxygen conditions, sustaining high productivity even when external inputs vary seasonally (Søndergaard et al., 2013; Tuboi et al., 2018). Third, Himalayan and sub-Himalayan lakes increasingly show signatures of catchment disturbance and tourism-related nutrient enrichment, with trophic status shifting upward alongside altered clarity and seasonal oxygen dynamics (Kumar & Mahajan, 2019; Kumar et al., 2022). Finally, coastal lagoonal systems with periodic salinity intrusion, intense fisheries/aquaculture activity, and altered flushing can exhibit complex nutrient limitation patterns and microbial hazards that intersect with bloom dynamics (Padua et al., 2023).
1.1 Scope and objective of the review
This review evaluates how nutrient dynamics (external loading, internal recycling, and N–P stoichiometry) and physico-chemical controls (temperature, stratification, light climate, oxygen regime, salinity/alkalinity, and mixing) shape cyanobacterial bloom and toxin risk in Indian lakes. We aim to (i) synthesize mechanistic pathways linking monsoon hydrology and catchment pressures to nutrient forms and availability, (ii) identify in-lake feedbacks that stabilize eutrophic states and elevate cyanobacterial hazard, (iii) integrate evidence from representative Indian lake types to illustrate context-dependent risk, and (iv) outline monitoring and management implications emphasizing prevention and risk reduction.

2. Methods for literature selection
For this narrative review, a structured literature search was conducted in Scopus, Web of Science Core Collection, PubMed (for cyanobacteria/toxin-focused studies), and Google Scholar to capture interdisciplinary coverage of limnology, biogeochemistry, remote sensing, and public-health risk. Searches were performed for publications primarily from January 2013 through December 2025 to ensure emphasis on recent advances while retaining a small number of foundational studies necessary to interpret longer-term nutrient feedbacks. Search strings combined geographic and process terms, for example: “India” AND “lake” AND (“eutrophication” OR “nutrient dynamics” OR “internal loading” OR “sediment phosphorus”), and “India” AND (“cyanobacteria” OR “Microcystis” OR “cyanotoxin” OR “microcystin” OR “mcy gene”), supplemented by lake-specific terms (e.g., “Loktak,” “Renuka,” “Dal,” “Vembanad,” “Bengaluru,” “Hussain Sagar”).
Inclusion criteria prioritized peer-reviewed journal articles and authoritative reviews addressing (i) nutrient loading and cycling in Indian lakes or comparable tropical lake settings with mechanistic relevance, (ii) physico-chemical drivers of cyanobacterial bloom formation, and (iii) cyanobacterial toxin occurrence, toxic potential, or monitoring approaches applicable to Indian freshwaters. Exclusion criteria removed non-peer-reviewed reports, papers lacking verifiable bibliographic metadata, and studies focused solely on rivers or estuaries without lake-relevant process inference. Evidence was synthesized narratively with emphasis on causal mechanisms and cross-system transferability rather than on meta-analysis, consistent with heterogeneity in methods and reporting across lake studies.

3. Nutrient sources, cycling, and stoichiometric controls in Indian lakes
3.1 External loading under monsoon-seasonal catchments
External nutrient loading to Indian lakes is shaped by the intersection of land use and monsoon hydrology. Wet-season stormflows can rapidly mobilize particulate phosphorus from eroding soils and road surfaces and deliver dissolved inorganic and organic nutrient forms from wastewater-impacted drains. In urban lake networks, inflow channels often function as continuous nutrient conveyors because baseflows may be dominated by untreated or partially treated sewage, maintaining elevated ammonium and phosphate even outside rainfall events (Birawat et al., 2021; Kora et al., 2017). In peri-urban and agricultural catchments, fertilizer-derived nitrate and phosphate pulses can coincide with early monsoon runoff, while subsequent high flows may dilute concentrations but increase total loads through volume effects. Such pulsed loading is especially consequential in lakes with moderate-to-long residence time, where nutrients are retained and transformed rather than exported.
The form of nutrient loading matters for bloom risk because cyanobacteria exploit different pools through distinct uptake strategies. Dissolved inorganic phosphorus can be rapidly assimilated, whereas particulate and organic phosphorus must be mineralized or released from sediments to become bioavailable. Similarly, ammonium can be favored over nitrate by many phytoplankton due to lower energetic cost of assimilation, potentially accelerating growth during warm periods when oxygen demand and nitrification constraints also intensify. For lakes where wastewater inputs dominate, high ammonium and labile organic carbon can strengthen hypoxia development, which in turn promotes internal phosphorus release (Søndergaard et al., 2013).
3.2 Internal loading and sediment–water nutrient exchanges
Internal loading is a central reason why eutrophication often persists even after partial reductions in external inputs. Shallow eutrophic lakes can exhibit strong summertime internal phosphorus loading when warm temperatures and oxygen depletion at the sediment–water interface enhance the release of iron-bound phosphorus and accelerate organic matter mineralization (Søndergaard et al., 2013). Although this framework is widely established in temperate shallow lakes, it is especially relevant for many Indian lakes because high temperatures can extend the season favorable for internal release, while high organic inputs from sewage and macrophyte detritus can intensify sediment oxygen demand.
Evidence from Indian lake studies aligns with this mechanistic pathway. In Loktak Lake, a shallow wetland-lake system with floating meadows and high organic matter influence, seasonal water-quality patterns and trophic conditions reflect strong coupling between hydrology, organic load, and in-lake nutrient transformations (Tuboi et al., 2018). Sediment contamination and nutrient enrichment in such systems indicate that sediments function not only as sinks but also as potential sources sustaining water-column productivity under favorable conditions (Laishram et al., 2025). In sub-Himalayan lakes such as Renuka, trophic state assessments point to persistent nutrient enrichment and relationships between chlorophyll, dissolved solids, and nitrogen species that are consistent with anthropogenic loading interacting with in-lake processing (Kumar & Mahajan, 2019).
Internal loading is also supported by nutrient accumulation over long periods. Phosphorus tends to accumulate in sediments because it is less efficiently removed from lake ecosystems than nitrogen; nitrogen can be lost via denitrification, especially under low-oxygen conditions, which may progressively shift systems toward nitrogen limitation while leaving phosphorus available through sediment recycling (Paerl et al., 2016). This asymmetry has direct implications for cyanobacterial communities, as nitrogen-fixing taxa can exploit low dissolved inorganic nitrogen when phosphorus remains available, while non-diazotrophic but buoyant taxa can persist when recycled nitrogen or ammonium inputs remain high.
3.3 Nutrient stoichiometry and functional limitation
Lake management historically emphasized phosphorus control, yet contemporary evidence indicates that harmful bloom prevention often requires coordinated reductions in both nitrogen and phosphorus, depending on lake type, downstream connectivity, and internal feedbacks (Paerl et al., 2016). For Indian lakes, this dual-control framing is particularly relevant because many systems experience mixed nutrient sources and variable limitation across seasons: wet-season inflows can raise nitrogen and phosphorus simultaneously, while dry-season conditions and internal cycling can create episodic nitrogen deficits, especially in systems with strong denitrification and persistent phosphorus recycling.
Stoichiometric conditions interact with cyanobacterial traits. Diazotrophic cyanobacteria can compensate for low dissolved inorganic nitrogen, but they still require phosphorus and key micronutrients and are sensitive to mixing and light climate. Conversely, Microcystis dominance is often promoted by high phosphorus availability and warm, stable conditions with sufficient nitrogen supply, commonly associated with wastewater enrichment and high internal recycling. Therefore, nutrient ratios should be treated as indicators of dynamic constraint rather than fixed thresholds; risk emerges when physical structure and nutrient form align with the competitive strategies of bloom-formers.
4. Physico-chemical controls on cyanobacterial dominance
4.1 Temperature, stratification, and seasonal stability
Temperature is a first-order regulator of cyanobacterial bloom risk because many bloom-forming taxa have growth optima at relatively high temperatures and can outcompete eukaryotic algae under warm conditions, particularly when combined with stable stratification and high light availability at the surface (Huisman et al., 2018). Warming also increases respiration and oxygen depletion, indirectly favoring internal phosphorus release and reinforcing eutrophic feedbacks (Søndergaard et al., 2013). In India, long warm seasons can extend the window for bloom development, while heatwaves can accelerate rapid transitions from moderate biomass to surface scum events.
Stratification intensity and duration depend on depth, wind exposure, and inflow patterns. Even shallow lakes can develop diel or episodic stratification under calm, hot conditions, creating near-sediment hypoxia that promotes phosphorus release. Deeper basins can exhibit longer stratified periods in the dry season when inflows are reduced and wind mixing may be insufficient to erode thermal gradients. These stability patterns intersect with buoyancy regulation: cyanobacteria can adjust buoyancy to remain in optimal light conditions, exploit nutrient gradients, and form surface accumulations that further shade competitors.
4.2 Light climate, turbidity, and surface accumulation
Light availability is shaped by suspended sediments, colored dissolved organic matter, and phytoplankton self-shading. Monsoon inflows can elevate turbidity and reduce euphotic depth, potentially suppressing some algae; however, bloom-forming cyanobacteria often tolerate low average light by exploiting surface layers through buoyancy, particularly during calm intervals. Furthermore, turbid, nutrient-rich conditions can reduce grazing pressure by altering food-web structure and can favor taxa resilient to fluctuating light. The capacity for surface scum formation is a critical hazard pathway because it concentrates toxins and increases human and animal exposure at shorelines and intake points.
Evidence from hyperspectral remote sensing and bloom monitoring studies demonstrates that physico-chemical conditions can be diagnostic of bloom development, especially when combined with optical indicators of pigment composition and surface accumulation (Park et al., 2017). For Indian lakes, this suggests that low-cost remote sensing—ground-based, drone, or satellite—can complement routine sampling by identifying spatial hotspots of surface biomass that may be missed by point monitoring.
4.3 Oxygen regime and redox-sensitive nutrient release
Oxygen depletion is both a symptom and driver of eutrophication. High organic loading from sewage and bloom-derived biomass increases sediment oxygen demand, and when oxygen is depleted at the sediment–water interface, redox-sensitive phosphorus bound to iron minerals can be released, elevating dissolved phosphorus and sustaining high productivity (Søndergaard et al., 2013). Oxygen depletion also alters nitrogen cycling by promoting denitrification, which removes nitrate and can contribute to nitrogen deficits that favor nitrogen-fixers or select for taxa adapted to ammonium-rich niches.
In urban lakes with continuous organic inputs, oxygen depletion can become chronic, creating persistent internal loading and a high likelihood of bloom recurrence even if external loads fluctuate. This coupling is consistent with observations from heavily impacted urban systems such as Hussain Sagar, where water quality reflects combined chemical oxygen demand, microbial contamination, and nutrient enrichment characteristic of sustained anthropogenic pressure (Kora et al., 2017).
4.4 Ionic strength, alkalinity, and salinity gradients
Many Indian lakes exhibit moderate-to-high alkalinity and conductivity due to geology, evaporation, and anthropogenic inputs. Carbon chemistry matters because cyanobacteria possess efficient carbon-concentrating mechanisms that can exploit high bicarbonate conditions, potentially conferring advantage under high pH regimes typical of productive waters. In coastal lagoonal lakes and backwaters, periodic salinity intrusion and strong gradients in residence time create shifting habitat constraints that can influence phytoplankton composition, microbial hazards, and nutrient limitation patterns. In Vembanad Lake, ecosystem health assessments highlight the need to integrate water-quality stressors and microbial risk, reflecting the complexity of coastal-lake systems subject to hydrologic and anthropogenic variability (Padua et al., 2023).

5. Cyanobacterial risk in Indian lakes: hazard pathways and monitoring
5.1 From bloom presence to toxin risk
Cyanobacterial risk is not equivalent to bloom biomass because toxin production depends on species/strain composition, environmental conditions, and bloom phase. However, bloom recurrence increases the probability that toxigenic strains are present and that toxin concentrations will episodically exceed safe thresholds. Indian evidence increasingly includes molecular and toxicological screening, indicating that blooms can carry microcystin biosynthesis potential and measurable toxicity. For example, work on Indian freshwater blooms has used microcystin synthetase (mcy) gene detection alongside toxicological assessment to evaluate the toxigenic potential of Microcystis aeruginosa–dominated blooms (Rajendran et al., 2026). Such approaches are particularly valuable in regions where routine toxin monitoring is not yet standardized, because they enable risk-informed screening even when analytical chemistry capacity is limited (Mohan et al., 2023; Maniyar et al., 2022; Maske et al., 2010).
Exposure pathways in Indian contexts include accidental ingestion during recreation, occupational exposure for fishers and lakefront workers, and ingestion through drinking-water abstraction where treatment barriers are inadequate or intakes coincide with bloom hotspots. Livestock and companion animals are also at risk because shoreline scums concentrate toxins. The hazard is amplified where lakes serve as emergency or supplemental water sources during droughts, or where urban communities rely on informal water collection.
5.2 Early-warning indicators and multi-tier monitoring
A practical monitoring framework for Indian lakes should combine process-relevant physico-chemical indicators with bloom-specific measurements. Physico-chemical indicators include temperature profiles, dissolved oxygen, conductivity, pH, turbidity, and nutrient speciation (dissolved inorganic nitrogen forms, soluble reactive phosphorus, and total nutrients). Bloom-specific measurements include chlorophyll-a, phycocyanin fluorescence, microscopy for taxa identification, and, where feasible, toxin assays and molecular markers. Remote sensing can provide spatial context by mapping surface biomass and detecting bloom accumulation zones, particularly valuable in heterogeneous lakes with localized inflows and wind-driven surface convergence (Park et al., 2017).
The key conceptual advance is to treat monitoring as risk forecasting rather than as retrospective documentation. Warm, stable conditions with elevated phosphorus availability and high residence time constitute a “bloom-favorable window,” while hypoxia indicates a high likelihood of internal nutrient release that can sustain blooms even after external loads decline. Climate change further strengthens the rationale for early warning because warming and extremes can increase bloom frequency and expand the seasonal window for blooms (Griffith & Gobler, 2020; Huisman et al., 2018).
6. Evidence synthesis across representative Indian lake types
6.1 Himalayan and sub-Himalayan lakes: enrichment, clarity loss, and shifting seasonal structure
Sub-Himalayan lakes often occupy basins that are sensitive to land-use change, tourism, and shoreline modification. Renuka Lake has been characterized as hyper-eutrophic with trophic state metrics linked to nutrient enrichment and spatial variability associated with anthropogenic impacts, underscoring the vulnerability of culturally and ecologically important lakes to persistent loading (Kumar & Mahajan, 2019). In such systems, seasonal stratification and oxygen dynamics can interact with nutrient inputs to favor cyanobacteria during warm, calm periods, while wet-season turbidity and flushing can reorganize nutrient availability and community composition.
Dal Lake provides another important example of a high-value Himalayan lake under sustained anthropogenic pressure. Water-quality studies highlight deterioration consistent with eutrophication processes and emphasize the need for integrated management that addresses catchment sources and in-lake conditions (Kumar et al., 2022; Ahmad et al., 2020; Rather & Dar, 2020; Rashid et al., 2017). While cyanobacterial hazard varies by basin morphology and mixing, the broader lesson is that upland lakes are not protected from bloom risk; their susceptibility can increase when sewage inputs, tourism-related waste, and watershed disturbance overwhelm natural buffering capacity.
6.2 Floodplain and wetland lakes: internal cycling and macrophyte–sediment feedbacks
Floodplain and wetland lakes can display strong feedbacks between macrophytes, sediments, and nutrient cycling. Loktak Lake, dominated by floating meadows and wetland processes, illustrates how seasonal water-quality changes relate to conservation challenges in Ramsar-designated systems (Tuboi et al., 2018). The coexistence of high organic matter, shallow depths, and variable hydrology can create conditions where internal nutrient release becomes substantial during warm and low-oxygen periods, sustaining high productivity even when external loading is seasonally diluted. Evidence of sediment nutrient and metal contamination reinforces the role of sediments as long-term reservoirs that can influence water-column conditions (Laishram et al., 2025).
In these systems, cyanobacterial risk can be spatially patchy and closely tied to hydrologic connectivity, wind-driven transport of surface biomass, and the distribution of macrophyte mats that modify mixing and light. Management strategies therefore require both catchment controls and in-lake interventions that account for the ecological functions of macrophytes while preventing excessive organic accumulation and persistent anoxia.
6.3 Coastal lagoonal lakes: nutrient enrichment under complex flushing and microbial risk co-stressors
Coastal lagoonal lakes and backwaters experience shifting salinity, tidal influence, and often intense human use. Vembanad Lake, a Ramsar site with major socio-economic importance, exemplifies the need to integrate water-quality and microbial hazards when assessing ecosystem health (Padua et al., 2023). Nutrient enrichment in such systems can interact with variable residence time and stratification (including salinity-driven stratification) to create episodic bloom risk. Although cyanobacterial composition may differ from inland freshwaters due to brackish conditions, cyanobacteria can still proliferate in low-salinity zones or during periods of reduced exchange, and toxin risk assessment remains relevant where freshwater conditions dominate seasonally or locally.
A key implication for Indian coastal lakes is that bloom risk management must consider not only nutrient reduction but also hydrologic restoration that improves flushing and reduces stagnation, alongside interventions that address sewage and aquaculture-derived nutrient inputs.
6.4 Urban lakes: continuous nutrient loading, oxygen loss, and recurrent bloom hazards
Urban lakes are often the highest-risk systems for cyanobacterial proliferation because they combine high external nutrient inputs with physical modifications that reduce resilience. In Bengaluru, assessments across multiple lakes using water-quality indices reflect severe degradation in urban subwatersheds and identify a need for urgent action to prevent further deterioration (Birawat et al., 2021; Ayyanar & Thatikonda, 2020). Urban restoration evidence indicates that rehabilitating lakes in tropical cities can yield multiple benefits, including improved water quality and ecosystem services, but outcomes depend on sustained control of pollutant inflows and appropriate in-lake design (Jamwal et al., 2023).
Hussain Sagar, a prominent urban lake, illustrates how physico-chemical degradation and microbial contamination co-occur in wastewater-impacted systems (Kora et al., 2017). In such lakes, cyanobacterial bloom risk is reinforced by warm temperatures, high nutrient availability, and oxygen depletion that promotes internal nutrient recycling. Management must therefore prioritize source control (sewage interception and treatment), because in-lake interventions alone rarely overcome continuous external loading.

7. Management and restoration pathways: linking nutrient control to bloom-risk reduction
A central message from modern eutrophication science is that effective bloom prevention frequently requires reductions in both nitrogen and phosphorus, with the appropriate balance determined by lake type, internal loading strength, and downstream sensitivity (Paerl et al., 2016). For Indian lakes, dual nutrient control is especially relevant where sewage inputs deliver both N and P and where nitrogen losses through denitrification can create seasonal nitrogen limitation that favors nitrogen-fixers while phosphorus remains available through sediments.
Management actions can be organized around three interacting levers: reducing external loads, weakening internal feedbacks, and modifying physical conditions that favor blooms. External-load reduction includes sewage interception, improving treatment performance, separating stormwater from sewage to reduce first-flush pulses, and implementing catchment nutrient management in agricultural areas. Internal feedback weakening may require strategies such as reducing organic matter inputs (which drive hypoxia), targeted sediment management where feasible, and restoring macrophyte communities that stabilize sediments and reduce resuspension, while carefully avoiding conditions that trap organic matter and promote anoxia. Physical modification includes improving hydrologic flushing where feasible, designing urban-lake restoration with flow-through and wetland polishing zones, and managing water levels to reduce prolonged stagnation. Evidence from urban restoration in the tropics underscores that benefits are achievable but depend on persistent governance and inflow control, not just one-time engineering works (Jamwal et al., 2023).
Because toxin risk is the most acute public-health concern, management should explicitly incorporate hazard reduction. This includes protecting and managing drinking-water intakes, establishing response triggers based on bloom indicators (e.g., phycocyanin and surface scums), and applying tiered monitoring that escalates to toxin testing during high-risk periods. Molecular screening for toxigenic potential, as demonstrated for Indian bloom samples, can support prioritization and rapid risk assessment when analytical capacity is constrained (Rajendran et al., 2026).
Finally, restoration planning should be supported by modeling and scenario evaluation. Reviews of eutrophication modeling highlight how coupled hydrodynamic–biogeochemical models and simpler mass-balance approaches can inform nutrient reduction targets and test the sensitivity of recovery to internal loading and residence time (Vinçon-Leite & Casenave, 2019). For India, the most practical near-term application is likely a hybrid approach in which monitoring-derived nutrient budgets and seasonal hydrology are used to identify controllable sources and to forecast when physico-chemical conditions approach bloom-favorable regimes.

8. Research gaps and future directions
Several research needs stand out for advancing bloom-risk management in Indian lakes. First, nutrient speciation and bioavailability remain under-characterized in many systems; routine reporting still often emphasizes total nitrogen and total phosphorus without resolving ammonium, nitrate, dissolved organic nitrogen, and soluble reactive phosphorus. Because cyanobacterial competition can be strongly influenced by nutrient forms, improved speciation data would sharpen mechanistic inference and management targeting. Second, internal loading quantification is sparse. Many Indian lakes likely experience strong sediment feedbacks under warm, low-oxygen conditions, yet few studies quantify sediment nutrient fluxes across seasons or evaluate how fluxes respond to oxygen management and organic-load reduction, despite the clear importance of internal phosphorus loading in shallow eutrophic systems (Søndergaard et al., 2013). Third, standardized toxin surveillance is limited. The move toward integrating molecular markers with toxicity assessment in Indian blooms is promising (Rajendran et al., 2026), but broader application requires harmonized protocols, inter-laboratory comparability, and risk communication pathways that translate results into actionable advisories.
Fourth, the monsoon creates distinctive hydrologic regimes that deserve explicit modeling and monitoring attention. Seasonal shifts in residence time, turbidity, and stratification likely control the timing and spatial pattern of blooms, suggesting that the most effective monitoring will be seasonally adaptive rather than uniform through the year. Fifth, restoration studies should more frequently report pre–post designs with comparable metrics and sufficient duration to detect the lagged effects of sediment nutrient stores, given that eutrophic legacy can delay recovery and complicate attribution (Vinçon-Leite & Casenave, 2019). Finally, governance and institutional capacity are limiting factors; even technically sound interventions fail without sustained inflow control and coordinated lake-basin management, a pattern highlighted in urban lake assessments and restoration syntheses (Birawat et al., 2021; Jamwal et al., 2023).
A practical future direction is to develop lake-specific “risk calendars” that couple seasonal hydroclimate (heat, wind, rainfall) with nutrient monitoring to identify high-risk windows and prioritize rapid response. This framing aligns with global evidence that climate change acts as a co-stressor for harmful blooms and will likely intensify risks unless nutrient pressures are reduced (Griffith & Gobler, 2020; Huisman et al., 2018).

9. Conclusions
1. Indian lakes are experiencing heightened cyanobacterial bloom risk because nutrient enrichment now coincides with longer warm seasons, altered hydrologic connectivity, and extended low-flow periods that increase water residence time.
2. Bloom hazard is driven not only by the magnitude of nutrient loads but also by nutrient form and timing. Continuous inputs of bioavailable nitrogen and phosphorus, especially from wastewater, create persistent high-risk conditions.
3. Internal nutrient recycling—particularly sediment phosphorus release under warm, low-oxygen conditions—can sustain eutrophication and bloom recurrence even when external loading is partially reduced.
4. Monsoon seasonality is a defining control on bloom dynamics: wet-season inflows can deliver large nutrient and sediment pulses, while dry-season stability and concentration effects can favor cyanobacterial dominance and surface scums.
5. Physico-chemical conditions shape competitive outcomes. High temperature, stable stratification (even if episodic), elevated alkalinity, and reduced mixing tend to advantage buoyant bloom-forming cyanobacteria.
6. Oxygen depletion is both an indicator and amplifier of risk because it accelerates internal nutrient release, alters nitrogen cycling, and reinforces feedback loops that stabilize eutrophic states.
7. Cyanobacterial hazard should be treated as a public-health and water-supply risk, not only an ecological problem, because shoreline scums and intake-zone accumulations can disproportionately elevate exposure.
8. Effective risk reduction requires integrated catchment-to-lake management: sustained control of sewage and diffuse nutrient sources, protection of lake buffers, and restoration designs that improve flushing and reduce stagnation.
9. Monitoring must shift from periodic reporting to early warning, combining seasonal physico-chemical indicators, bloom metrics, and targeted toxin screening during high-risk windows.
10. A risk-based approach that links nutrient budgets, hydrodynamic seasonality, and internal loading assessment offers the most practical pathway to reduce bloom frequency and improve long-term lake resilience in India.

10. Limitations
1. This narrative review synthesizes evidence across diverse Indian lake types, but strong heterogeneity in lake morphology, catchment pressures, and monitoring intensity limits the ability to generalize uniform nutrient or bloom thresholds.

2. Many available studies are based on short-term or seasonal sampling rather than continuous, multi-year records, which constrains inference about interannual variability, long-term trends, and the influence of extreme events.

3. Comparable datasets on nutrient speciation (e.g., dissolved inorganic forms versus organic fractions) are limited for many lakes, reducing confidence in diagnosing true limitation patterns and explaining shifts in cyanobacterial community structure.

4. Direct measurements of internal nutrient loading (sediment–water fluxes) and oxygen-driven release processes remain sparse, so the magnitude and seasonal timing of internal recycling are often inferred indirectly.

5. Cyanotoxin surveillance is uneven across regions and lake categories, with many studies focusing on bloom presence or general water quality rather than quantifying toxin concentrations and exposure pathways.

6. Remote sensing and sensor-based approaches show promise for early warning, but differences in spatial resolution, cloud cover during monsoon, algorithm transferability, and ground-truth availability can limit operational use.

7. Restoration outcomes are difficult to compare because interventions vary widely in design and governance, and post-restoration evaluations often lack consistent baselines, adequate duration, or standardized performance metrics.

8. The review emphasizes mechanistic pathways, but lake-specific management targets still require site-calibrated nutrient budgets, hydrodynamic context, and stakeholder feasibility assessments that cannot be fully resolved in a narrative synthesis.
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