


Industrial Effluents and Biodiversity Collapse: A Review of Subarnarekha River Pollution in Jamshedpur and Indian Urban Rivers

Abstract
The ecological consequences of industrial effluents are mediated by river hydrology and sediment dynamics. Indian cities have expanded around rivers that historically sustained drinking water supply, fisheries, floodplain agriculture, cultural practices, and high freshwater biodiversity. Yet, many urban rivers now function as conduits for industrial effluents, municipal sewage, and contaminated stormwater, producing chronic chemical stress, habitat degradation, and biological impoverishment. This review synthesizes published evidence on the Subarnarekha River with emphasis on the Jamshedpur industrial corridor, and situates this case within the wider crisis of Indian urban rivers. The Subarnarekha exemplifies a coupled “industrial–urban river syndrome” in which metal-rich and oxygen-demanding wastes interact with altered flow regimes and sediment processes to create persistent exposure pathways for aquatic biota. The literature consistently indicates (i) elevated potentially toxic elements in water and bed sediments, (ii) strong seasonality linked to monsoonal dilution and dry-season concentration, (iii) sediment acting as both sink and secondary source of contaminants, and (iv) bioaccumulation in lower trophic levels and fish, with implications for ecological integrity and human dietary risk. Evidence from other Indian urban rivers demonstrates similar patterns, including contaminant mixtures (metals, antimicrobials, plastics), microbial community shifts, and degradation of sensitive macroinvertebrate and fish assemblages. The review highlights mechanistic pathways from effluent discharge to biodiversity collapse: toxicity, food-web disruption, eutrophication–hypoxia cycles, and selection for pollution-tolerant taxa. It also evaluates monitoring approaches and management options—source control, improved treatment, sediment risk management, environmental flows, and biomonitoring—relevant to Subarnarekha and comparable rivers. The paper concludes with a synthesis of actionable research priorities and governance needs to reverse biodiversity loss in industrial–urban river systems. Comparative evidence from other Indian urban rivers shows that Subarnarekha is not an isolated case but part of a broader pattern in which contaminant mixtures, oxygen stress, and habitat degradation restructure biological communities.
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1. Introduction
Heavy metal pollution can be a much more serious problem because they cannot be degraded by natural processes and persist in soil and sediment from where they are released gradually into water bodies as sink. he presence of heavy metals in sediments is due to precipitation of their carbonates, hydroxides, and sulfides, which settle down and form the part of sediments. The most important anthropogenic sources of heavy metal are various industries and domestic sewage. The practice of discharging waste from industries and untreated domestic sewage into the aquatic ecosystem is continually going on that leads to the increase in the concentration of heavy metals in river water (Paul, 2017; Patel et al., 2021). Urban rivers in India are increasingly shaped by dense human settlement, industrial clustering, and engineered hydrology. Rivers that once supported diverse aquatic communities are now exposed to multi-stressor environments: untreated or partially treated municipal wastewater, industrial discharges, leachates from solid-waste and ash disposal, diffuse agricultural runoff, and contaminated stormwater. In such systems, ecological degradation often appears not as a single catastrophic event but as a chronic trajectory of “biodiversity collapse,” characterized by progressive loss of sensitive taxa, simplification of food webs, dominance of tolerant organisms, and reduced ecosystem functioning. The Subarnarekha River in eastern India is a salient case because it intersects mineralized terrains, mining landscapes, and major industrial cities, including Jamshedpur, where metallurgical and allied industries have historically concentrated. Published studies from Subarnarekha repeatedly document metal contamination in water and sediments and identify anthropogenic signatures consistent with industrial and urban sources (Banerjee et al., 2016; Giri et al., 2013).
The ecological consequences of industrial effluents are mediated by river hydrology and sediment dynamics. Sediment chemical analysis provides valuable information about the anthropogenic activities that have prevailed in these ecosystems. Further, they are considered to be carriers of different contaminants into aquatic ecosystems. In the marine system’s natural condition, most of the heavy metals are quickly deposited into the bottom sediment after they enter into the riverine system and are concentrated in higher amounts than in water and are particularly introduced into the bottom sediment by means of adsorption and co-precipitation. In addition to this, heavy metal levels in sediments are also desorbed or resuspended when the riverine ecosystem’s physiochemical or hydrological conditions change. This causes secondary pollution in the riverine body (Singh et al., 2021; Bian et al., 2025). In monsoon-driven rivers, the wet season may dilute dissolved contaminants while simultaneously mobilizing polluted sediments, whereas the dry season can concentrate dissolved loads and intensify oxygen stress because flows decline while waste inputs persist. Studies in the Subarnarekha basin show that seasonal contrasts are pronounced and that contamination patterns vary across stretches influenced by industrial activity, mining, and estuarine mixing (Banerjee et al., 2016; Giri & Singh, 2014). Sediments are particularly important in effluent-impacted rivers because fine particles adsorb metals and other pollutants, storing legacy contamination and remobilizing it during high-flow events or under changing redox and pH conditions. This sediment “memory” can sustain ecological exposure even when surface-water concentrations fluctuate (Giri et al., 2013).
Indian urban rivers beyond Subarnarekha show comparable stress signatures. Investigations in the Sabarmati River and associated canals, for example, have reported seasonal metal contamination patterns and evidence of anthropogenic pressure (Kumar et al., 2013). In the Ganga basin, sediment contamination and ecological risk assessments reveal urban–industrial contributions and potential risks to biota, reinforcing that large rivers can integrate pollution from multiple cities and industrial nodes (Siddiqui & Pandey, 2019; Dahanga & Nath, 2024; Ganguli et al., 2018). Biological indicators such as benthic macroinvertebrates, widely used in river health assessment, can reveal the ecological expression of stressors: sensitive groups (e.g., many Ephemeroptera and Plecoptera families) decline while tolerant taxa increase under organic pollution and toxic exposure. Even in Himalayan headwaters, localized anthropogenic pressure can measurably influence macroinvertebrate assemblages and biological water-quality assessments (Sharma et al., 2023). Together, these lines of evidence imply that Subarnarekha’s industrial–urban pressures are part of a broader national pattern, but the river’s industrial geography and sediment pathways make it especially instructive for understanding biodiversity collapse mechanisms.
1.1. The Subarnarekha River and the Jamshedpur industrial corridor
The Subarnarekha traverses a region with mining, metallurgical production, and dense settlements. In the Jamshedpur stretch, studies have focused on heavy metals in water and sediments and described strong spatial and seasonal variability consistent with industrial and urban discharge influence (Banerjee et al., 2016). The basin also includes upstream and downstream segments where tributary inputs, land-use change, and seasonal flow conditions shape water quality. Recent work in the Ranchi stretch of the Subarnarekha watershed links seasonal water-quality variation with land-use/land-cover change, highlighting how agricultural runoff and broader environmental drivers compound pollution risk (Kadave & Kumari, 2025).
1.2. Industrial effluents as drivers of biodiversity collapse
Industrial effluents can affect biodiversity through direct toxicity (acute and chronic), sublethal effects (growth, reproduction, immune response), habitat alteration (sediment quality degradation), and indirect food-web changes. Metals such as Cd, Pb, Cr, Ni, and Cu can bind to gills and interfere with osmoregulation in fish, disrupt enzyme systems, and impair reproductive success. Chronic exposure can eliminate sensitive species and favor tolerant taxa, reducing community evenness and functional diversity. In rivers receiving mixed effluents, toxicity co-occurs with organic loading that reduces dissolved oxygen, producing hypoxia and episodic fish mortality in stressed reaches. Sediment contamination intensifies these effects because benthic organisms experience direct contact and ingestion pathways, and because contaminated sediments influence habitat suitability for spawning, feeding, and refuge. Subarnarekha sediment studies indicate anthropogenic metal enrichment and underscore the role of bed sediments as a key exposure compartment (Giri et al., 2013; Ghosh et al., 2022).
1.3. Subarnarekha in the context of Indian urban rivers
Across India, many rivers passing through cities show a similar co-occurrence of municipal organic pollution and industrial chemical contamination. Metal contamination assessments in urban rivers such as the Sabarmati demonstrate that seasonal dynamics and canal inflows can create localized hotspots (Kumar et al., 2013; Giri & Singh, 2016; Kalita et al., 2023). Basin-scale assessments in the Ganga system similarly indicate that industrial–urban waste contributes to persistent sediment contamination and ecological risks (Siddiqui & Pandey, 2019). While each river has distinctive hydrogeomorphology, governance structure, and pollutant profile, the repeating pattern suggests transferable mechanisms and interventions.
1.4. Scope and objectives
This review synthesizes peer-reviewed evidence (2010–2025) on (i) the occurrence, sources, and seasonal behavior of industrial-effluent-related pollutants in the Subarnarekha River with emphasis on Jamshedpur and other studied stretches; (ii) contaminant pathways through sediments and aquatic food webs leading to biodiversity loss and ecological impairment; (iii) comparable evidence from Indian urban rivers to identify common drivers and differences; and (iv) monitoring and management implications for reversing biodiversity collapse in industrial–urban river systems.

2. Methods for literature selection
A focused literature search was conducted in Scopus, Web of Science, Google Scholar, and PubMed for publications between January 2010 and December 2025. Search strings combined river- and city-specific terms with pollutant and ecology terms, including: “Subarnarekha AND Jamshedpur AND (heavy metal OR sediment OR effluent)”, “Subarnarekha AND (bioaccumulation OR fish OR plankton OR mollusc)”, “urban river India AND (industrial effluent OR metal contamination OR ecological risk)”, and “(Ganga OR Yamuna OR Sabarmati OR Cooum) AND (sediment contamination OR macroinvertebrates OR biodiversity)”. Inclusion criteria were: peer-reviewed journal articles with explicit methods and results for water/sediment quality, contaminant sources, bioaccumulation, ecological risk, or biological indicators relevant to river biodiversity; clear geographic context; and DOI availability. Exclusion criteria were: non-peer-reviewed items without methodological detail, and publications outside the 2010–2025 window. Priority was given to studies directly addressing Subarnarekha and those providing mechanistic linkages between pollutants and ecological outcomes.

3. Pollution sources and hydro-ecological controls in the Subarnarekha system
The pollution profile of the Subarnarekha is best understood as the outcome of interacting point and nonpoint sources operating within a strongly seasonal, sediment-active river. In the Jamshedpur industrial corridor, the river receives a combination of industrial effluents and urban wastewater that can introduce oxygen-demanding loads, metals, and complex contaminant mixtures. Empirical observations from the Jamshedpur stretch underscore that contamination is spatially heterogeneous and seasonally modulated, implying that both the location of inputs and the river’s hydrological state govern exposure conditions for aquatic organisms (Banerjee et al., 2016). This is crucial because ecological damage is often driven less by annual-average concentrations and more by repeated episodes of peak exposure—particularly during low-flow periods when assimilation capacity is minimal.
Industrial sources typically operate as point discharges—outfalls linked to manufacturing and processing facilities, industrial estates, and associated drainage networks. Even when effluents are treated, variability in influent composition, operational reliability, and bypass events can generate pulses of contaminants. The Jamshedpur reach is additionally shaped by dense urban land use, where municipal sewage and stormwater convey contaminants into the river. Stormwater serves as a “rapid transport” pathway, washing road-deposited particulates, metal-bearing dust, and wastes from informal dumping into receiving waters during rainfall events. While industrial and municipal inputs can be conceptually separated, in practice they converge within the same drainage corridors and canals, creating combined loads that intensify downstream stress.
A defining hydro-ecological control in the Subarnarekha system is the monsoon-driven flow regime. High flows during the wet season can dilute dissolved pollutants and temporarily reduce measured concentrations in the water column. However, the same high flows also enhance erosion and mobilize contaminated bank materials and bed sediments, redistributing pollutants downstream and across channel features. Conversely, during the dry season, discharge declines and river residence time increases, often leading to higher concentrations of dissolved constituents and prolonged exposure duration for resident biota. The seasonal pattern of metal contamination reported for the Jamshedpur stretch is consistent with this dual role of monsoon hydrology: dilution of the dissolved phase at times, and enhanced transport or reworking of contaminated solids at others (Banerjee et al., 2016; Ahmad & Goparaju, 2017; Bhandari & Mukhopadhyay, 2022). From an ecological perspective, these seasonal controls can translate into alternating stress modes—wet-season sediment disturbance and dry-season concentration and persistence—both of which can drive biodiversity losses through different mechanisms.
Sediment dynamics provide an additional layer of control that is especially important for understanding chronic impairment. In effluent-impacted rivers, fine-grained sediments can adsorb and concentrate metals and other contaminants, acting as a long-term reservoir that integrates episodic inputs over time. In the Subarnarekha, evidence from bed-sediment investigations indicates that metals are not only present but show patterns pointing to anthropogenic contributions, reinforcing the role of sediments as both sinks and potential secondary sources (Giri et al., 2013; Dahanga & Nath, 2024; Ganguli et al., 2018). When sediments are disturbed—by monsoonal turbulence, channel modification, sand extraction, dredging, or sudden releases—previously sequestered contaminants may be resuspended and become bioavailable. This “sediment memory” can sustain ecological risk even if water-column measurements appear improved at particular times of the year.
The physical and chemical state of the river further determines whether contaminants remain bound to sediments or shift into dissolved and biologically available forms. Changes in pH, dissolved oxygen, and redox conditions can modify metal speciation and partitioning, affecting toxicity and uptake by aquatic organisms. Organic matter can bind contaminants or, under decomposition, promote oxygen depletion that alters sediment chemistry. Fine-sediment accumulation in low-velocity zones—such as near bends, backwaters, and areas of reduced flow—can create localized hotspots where benthic organisms are exposed to higher contaminant loads. Because many macroinvertebrates live within or on sediments, these hotspots can become focal points of biological degradation, with knock-on effects on fish that depend on benthic prey.
Catchment processes also shape river pollution through land-use change and watershed connectivity. Land use land cover transformation can increase impervious surfaces, accelerate runoff, and reduce infiltration, thereby strengthening the coupling between rainfall events and contaminant delivery to streams. It can also elevate erosion and sediment yield, increasing the river’s capacity to transport particle-bound contaminants. The Ranchi stretch assessment linking seasonal water quality dynamics with land use land cover change highlights how watershed transformation can amplify pollution risk and influence seasonal patterns, even beyond the immediate industrial corridor (Kadave & Kumari, 2025; Ghosh et al., 2022; Ghorai, 2024). This underscores that industrial effluent impacts in Subarnarekha should not be treated as isolated point-source problems alone; rather, they occur within a broader hydro-social landscape where land-use change modulates both the quantity of water moving through the system and the quality of materials delivered into the channel (Pandey et al., 2024; Kumari et al., 2018).
Taken together, the Subarnarekha exhibits a coupled industrial–urban–sediment regime in which pollutant sources and hydro-ecological controls reinforce one another. Point-source loads establish chronic baseline contamination, while monsoonal hydrology redistributes contaminants and creates seasonal windows of heightened risk. Sediments store legacy pollutants and can reintroduce them under physical disturbance or changing biogeochemical conditions (Giri et al., 2013). Meanwhile, land-use change influences runoff, erosion, and the spatial reach of pollution pressures beyond core industrial zones (Kadave & Kumari, 2025). The combined effect is a river environment where aquatic organisms may face repeated, multi-pathway exposure—via water, sediment contact, and food-web transfer—across multiple seasons and habitat types, helping explain why biodiversity loss can be persistent and difficult to reverse without integrated control of effluent inputs, stormwater pathways, and sediment-related risks (Banerjee et al., 2016).

4. Evidence of contamination in Subarnarekha: water, sediments, and exposure pathways
The contamination evidence for the Subarnarekha River has accumulated through complementary lines of investigation focusing on surface-water chemistry, bed-sediment geochemistry, and risk-oriented interpretations that connect concentrations to plausible sources and exposure pathways. Across these studies, a consistent picture emerges: contamination is spatially heterogeneous, strongly seasonal under monsoonal hydrology, and persistently mediated by sediments that store and later release pollutant loads. In industrial–urban stretches, particularly around Jamshedpur, this means that aquatic organisms are not exposed only through the instantaneous dissolved phase, but also through repeated contact with contaminated particulates and sediment-bound fractions that shape benthic habitat quality and food-web transfer potential (Banerjee et al., 2016; Giri et al., 2013).
4.1. Metals in surface water and seasonal signals
Surface-water assessments in the Subarnarekha consistently emphasize potentially toxic elements as key chemical stressors and highlight that contamination cannot be summarized by a single “river-wide” value. An index-based approach using a heavy metal pollution index demonstrated that surface-water quality varies by location, reflecting site-specific anthropogenic pressures and differential mixing and dilution conditions along the river continuum (Giri & Singh, 2014a). The value of such an index approach is not merely descriptive; it enables comparison among sites and seasons and can be interpreted alongside land-use context to infer where contaminant loading is more intense or where hydrological conditions reduce assimilation capacity.
Seasonality is repeatedly identified as a dominant control. In the Jamshedpur stretch, seasonal monitoring of heavy metals in water and sediments shows that concentrations and contamination patterns shift between wet and dry periods, consistent with monsoonal dilution during high flow and concentration effects during low flow, alongside wet-season sediment mobilization (Banerjee et al., 2016; Giri & Singh, 2016; Kalita et al., 2023). This seasonal behavior is ecologically important because exposure intensity is shaped not only by concentration but also by duration and recurrence. In the dry season, low discharge can prolong residence time and reduce dilution, increasing the likelihood that organisms experience sustained exposure. Conversely, the wet season can generate short-lived but intense pulses of particulate-associated metals when contaminated bank and bed materials are disturbed and transported.
Risk-oriented analyses of dissolved metals further reinforce the seasonal character of contamination and provide insight into likely sources. A study combining risk assessment with statistical source identification and seasonal fluctuation analysis indicates that dissolved metal loads vary with season and that patterns can be interpreted in relation to anthropogenic inputs and hydrological context (Giri & Singh, 2014b; Kalita et al., 2023; Kumari & Maiti, 2020). Taken together, the surface-water literature suggests that contamination signals in Subarnarekha are driven by a combination of point-source inputs, seasonal hydrological modulation, and the episodic coupling of sediments to the water column, rather than a steady-state chemical regime.
4.2. Sediment contamination as sink and secondary source
Bed sediments represent a central compartment in Subarnarekha contamination studies because they integrate pollutant inputs over time and govern exposure for benthic organisms. Evidence on the source and distribution of metals in Subarnarekha bed sediments shows spatial variability and indicates anthropogenic influence, supporting the inference that sediments act as a long-term reservoir for metals delivered through industrial–urban pathways and other human activities in the basin (Giri et al., 2013). In practical exposure terms, this reservoir function matters because even when dissolved concentrations appear lower at particular times, sediment-bound metals can remain accessible through ingestion of particles, direct contact by benthic fauna, and resuspension events that elevate turbidity and reintroduce contaminants to the water column.
Seasonal work in the Jamshedpur stretch also underscores sediment relevance by documenting that heavy metal contamination occurs in both water and sediments and changes across seasons (Banerjee et al., 2016). This combined evidence implies a two-stage exposure logic. First, contaminants are delivered to the river and partition between dissolved and particulate phases depending on flow and chemistry. Second, particulate-bound fractions settle and accumulate in depositional zones, where they can persist as “legacy contamination” and later be remobilized. The net ecological outcome is that sediments can convert episodic inputs into chronic exposure pressure, particularly for benthic macroinvertebrates and other organisms that live within or feed on bottom substrates. This sediment-mediated persistence is also relevant for higher trophic levels because benthic organisms are prey for fish, creating pathways for trophic transfer even when surface-water snapshots underestimate longer-term exposure.
4.3. Basin-scale contamination and risk characterisation
Beyond point measurements, several studies emphasize that contamination in the Subarnarekha system should be interpreted in a basin and human-exposure context. Groundwater within the Subarnarekha River Basin has been assessed for metal contamination and health risk via a drinking-water pathway, indicating that the contamination footprint is not limited to the river channel and that connected water resources can be implicated, depending on hydrogeological connectivity and local extraction patterns (Giri & Singh, 2015; Kumari et al., 2018; Nesemann et al., 2017). This broadens the significance of river pollution from an aquatic-ecosystem concern to an integrated river–aquifer and public-health challenge.
Risk and source-focused work on dissolved metals in the river further highlights that exposure is not uniform and that seasonal variability is essential for interpreting hazard, because the same stretch can oscillate between higher dissolved metal risk in low-flow periods and enhanced particulate transport during monsoonal disturbance (Giri & Singh, 2014b). Extending the spatial lens downstream, a geostatistical appraisal in the lower stretches of the Subarnarekha (Odisha) integrates water-quality evaluation, potentially toxic element distribution, and health-risk characterization using simulation-based uncertainty treatment, reinforcing the need for spatially explicit risk framing rather than single-point generalizations (Pradhan et al., 2024; Kumari et al., 2018; Nesemann et al., 2017).
When these strands are considered together, the exposure pathways for aquatic biota in the Subarnarekha can be summarized as a linked system: dissolved-phase exposure in water (seasonally amplified during low flow), sediment contact and ingestion in depositional habitats (supporting chronic exposure), and episodic resuspension that reconnects sediment-bound metals to the water column during disturbance events (Banerjee et al., 2016; Giri et al., 2013; Giri & Singh, 2014a, 2014b). The basin perspective adds that river contamination can intersect with other water resources and human uses, amplifying the stakes of contamination control and ecological restoration (Giri & Singh, 2015; Pradhan et al., 2024).

5. Biodiversity collapse mechanisms in effluent-impacted rivers
5.1. Toxicity, sublethal stress, and community restructuring
Biodiversity collapse in industrial–urban rivers is rarely a simple count of species lost; it is a reorganization of communities under selective pressure. Metals can cause acute mortality at high concentrations, but in many urban rivers, chronic, sublethal exposure dominates. Sublethal toxicity can reduce fecundity, impair immune competence, and alter behavior, increasing predation risk and lowering recruitment. Over time, sensitive taxa decline and are replaced by tolerant organisms, producing lower functional diversity and resilience. In the Subarnarekha, strong evidence for metal presence in water and sediments (Banerjee et al., 2016; Giri et al., 2013) implies that such selective pressures are plausible, especially in stretches with limited dilution and high exposure during dry seasons.
5.2. Sediment habitat degradation and benthic food-web impacts
Benthic habitats are foundational for river food webs because many fish and higher consumers depend on invertebrate prey. Sediment contamination can reduce benthic biodiversity directly and indirectly by altering habitat structure and food resources. Metals associated with fine sediments can reduce the survival of sensitive macroinvertebrates and can shift assemblages toward pollution-tolerant groups. Studies outside the Subarnarekha but within Indian contexts illustrate how biological assessment using benthic macroinvertebrates detects pollution gradients, even in relatively pristine headwaters experiencing localized anthropogenic pressure (Sharma et al., 2023; Pandey et al., 2024; Shaw et al., 2025a; Shaw et al., 2025b). In industrial–urban rivers, where sediment contamination and organic pollution co-occur, the loss of sensitive benthic taxa can cascade upward, reducing prey diversity and impacting fish community composition.
5.3. Bioaccumulation and trophic transfer
Bioaccumulation is a direct bridge between chemical contamination and biodiversity impacts, as well as human health risk. In the Subarnarekha, metals have been documented in fish and shrimp collected during the dry season, with results indicating contamination concerns and consumer risk implications (Giri & Singh, 2015). Earlier work focusing on bioaccumulation in plankton, molluscs, and fishes in the Jamshedpur stretch further indicates that exposure is expressed across trophic levels, consistent with persistent contamination in the aquatic environment (Banerjee et al., 2015). Such patterns can depress biodiversity by increasing mortality and reducing reproductive success in predators, especially long-lived fish species that integrate exposure over time.
5.4. Coupled stressors: organic loading, oxygen stress, and toxicity
Industrial effluents often co-occur with high organic loads and nutrient inputs from municipal waste, producing eutrophication, increased biochemical oxygen demand, and oxygen depletion. Toxicity and hypoxia can interact: low oxygen conditions increase physiological stress and can heighten susceptibility to toxins, while some metals become more bioavailable under changing redox conditions. Seasonal patterns in Indian rivers demonstrate that dry-season low flows are especially risky because dilution declines while waste inputs remain, intensifying both oxygen stress and contaminant concentrations (Banerjee et al., 2016; Kumar et al., 2013).

6. Human health and socio-ecological implications in the Subarnarekha basin
Industrial–urban river pollution becomes a public-health concern when contaminants intersect with everyday practices—drinking-water collection, groundwater extraction, bathing, irrigation, and fisheries-based diets. In the Subarnarekha basin, this intersection is especially important because contamination is not confined to the river channel; it can extend into connected water resources and food pathways. Evidence from groundwater investigations in the basin indicates that metal contamination can translate into measurable human health risk through drinking-water exposure, underscoring that river-basin contamination should be treated as a coupled surface water–groundwater issue rather than as a river-only problem (Giri & Singh, 2015a; Bhandari & Mukhopadhyay, 2022; Dahanga & Nath, 2024). This basin framing matters for policy because many households and institutions rely on groundwater to buffer seasonal variability in surface-water availability and quality; when groundwater is also compromised, communities lose a critical adaptive option and face a higher burden of cumulative exposure.
The drinking-water pathway is often the most direct and socially consequential route of exposure, not only because of ingestion but also because it can produce persistent, long-term contact with low to moderate contaminant concentrations. Risk assessments typically integrate concentration data with intake assumptions, body weight, and exposure duration to infer potential adverse effects, and the Subarnarekha groundwater evidence highlights why such assessments are essential even when health outcomes are not immediately visible (Giri & Singh, 2015a). Chronic exposure to metals is widely recognized as a concern because it can contribute to long-latency effects that are difficult to attribute to a single source. In basin settings where multiple exposure routes co-occur—groundwater use, surface-water contact, and fish consumption—risk can become cumulative, meaning that interventions must address more than one pathway to produce meaningful public-health gains.
Aquatic food pathways are a second major interface between contamination and human well-being, particularly in communities that depend on capture fisheries or frequent local fish consumption. Subarnarekha evidence showing metals in edible fish and shrimp collected during the dry season signals that contamination is not only an environmental quality issue but also a food safety concern (Giri & Singh, 2015b; Ghosh et al., 2022; Ghorai, 2024; Giri & Singh, 2016). The dry season emphasis is significant because low flows can intensify exposure conditions, potentially increasing contaminant uptake in aquatic organisms at times when fishing pressure may remain stable or even increase due to easier access to riverine habitats. When metals accumulate in edible tissues, risk shifts from ecosystem exposure to dietary exposure, raising concerns about vulnerable groups such as children and pregnant women who may be more sensitive to certain toxicants. Even where consumption is intermittent, perceived contamination can reduce trust in local food resources, contributing to nutritional insecurity and altering household purchasing patterns in ways that disproportionately affect low-income communities.
These exposure dynamics also feed into broader socio-ecological implications. Rivers such as the Subarnarekha provide ecosystem services—fisheries, water for small-scale agriculture, cultural and recreational values, and local microclimate regulation. When contamination reduces fish availability or undermines confidence in fish safety, livelihoods dependent on fishing and fish trading can be eroded. The consequences are not limited to direct income loss; they include weakened informal safety nets, increased reliance on purchased protein, and reduced dietary diversity. In many riverine communities, livelihoods are diversified across seasons; thus, pollution that depresses fisheries can disrupt household resilience strategies that depend on shifting between farming, wage work, and fishing. The presence of metal contamination in edible species provides a concrete mechanism through which ecological degradation can translate into socio-economic stress (Giri & Singh, 2015b; Giri & Singh, 2016; Kalita et al., 2023; Kumari & Maiti, 2020).
The Subarnarekha basin also illustrates how environmental burdens can become unevenly distributed. Industrial–urban pollution frequently concentrates risks in neighborhoods and rural stretches downstream of discharge points, where residents may have limited capacity to influence industrial practices yet bear a disproportionate share of exposure. The groundwater findings are important here because they imply that risk is not necessarily mitigated by moving away from the river edge; contamination can affect wells and community water points, extending the spatial footprint of harm (Giri & Singh, 2015a). This pattern aligns with broader environmental justice concerns: the communities most dependent on local natural resources often have the least ability to substitute away from contaminated water and food sources, and they may face higher exposure due to occupational contact (e.g., fishing, sand extraction, riverbank cultivation).
A further implication is the emergence of a “risk communication” challenge. When contamination affects both drinking water and fish, communities need actionable guidance that is locally tailored—such as safe water alternatives, targeted advisories, and culturally appropriate messaging—yet such guidance must be credible and consistent to avoid either complacency or unnecessary panic. Basin-scale risk assessments can support this by identifying which pathways dominate risk in different localities and seasons, enabling authorities to prioritize interventions where they yield the largest health benefits (Giri & Singh, 2015a, 2015b). At the same time, communication cannot substitute for structural change; if pollution control remains inadequate, advisories can inadvertently shift responsibility to households without reducing underlying exposures (Kumari et al., 2018; Nesemann et al., 2017; Pandey et al., 2024).
Ultimately, the health and socio-ecological implications of Subarnarekha contamination point toward the need for integrated river-basin management that links industrial discharge governance, groundwater protection, and fisheries/food safety surveillance. The documented groundwater risks indicate that strategies focusing only on surface-water improvement may leave substantial exposure unaddressed (Giri & Singh, 2015a). Similarly, the evidence of metals in edible aquatic species implies that ecological restoration and contamination reduction are also public-health interventions, protecting both biodiversity and dietary livelihoods (Giri & Singh, 2015b). In a system where contamination pathways cross environmental compartments and social domains, effective responses must be multi-pathway and seasonally aware, with particular attention to dry-season vulnerability and downstream communities that experience compounded risks.

7. Subarnarekha within the wider crisis of Indian urban rivers
The Subarnarekha’s industrial–urban stress signature aligns with a broader crisis affecting many Indian rivers that traverse dense settlements and manufacturing hubs. While the river has distinctive geographic and industrial features, the mechanisms visible in Subarnarekha—seasonal concentration and dilution, pollutant storage in sediments, and chronic mixing of municipal and industrial inputs—are echoed across other urban river systems. Placing Subarnarekha in this wider frame is useful for two reasons: it clarifies that the river’s degradation is not anomalous, and it enables inference about transferable monitoring and management approaches that have relevance across Indian urban contexts. The comparative literature suggests that the “urban river syndrome” in India often manifests through persistent chemical loads, oxygen stress, degraded habitats, and biological community restructuring, all of which can contribute to biodiversity collapse (Pandey et al., 2024; Kumari et al., 2018).
7.1. Shared contamination patterns across urban rivers
A striking commonality across Indian urban rivers is the recurring evidence of heavy metal contamination with strong seasonal modulation. Work on the Sabarmati River and the Kharicut canal in Ahmedabad demonstrates that heavy metal contamination in both water and sediments varies seasonally, reinforcing the idea that monsoon hydrology and dry-season low flows act as predictable amplifiers of exposure (Kumar et al., 2013). This parallel is directly relevant for interpreting Subarnarekha findings because seasonal variability in the Jamshedpur stretch has similarly been documented, suggesting that the interplay of discharge patterns and pollutant loading is a general control on contamination signals in monsoon-influenced urban rivers (Banerjee et al., 2016; Ahmad & Goparaju, 2017; Shaw et al., 2025b).
Another shared pattern is the role of sediments as integrators and reservoirs of pollution. In the Subarnarekha, evidence indicates that bed sediments exhibit metal distributions consistent with anthropogenic inputs and can therefore act as long-lived sinks and potential secondary sources of contamination (Giri et al., 2013). Comparable sediment-focused interpretations appear in large-river contexts, including the Ganga system, where contamination assessments emphasize surface sediments and their ecological risks, indicating that sediment-mediated persistence is not confined to small or medium rivers but is also relevant to major basins that integrate multi-city inputs (Siddiqui & Pandey, 2019; Ahmad & Goparaju, 2017; Shaw et al., 2025b). The implication is that even if water-column concentrations fluctuate, sediment contamination can sustain chronic ecological pressure and complicate recovery, a point that strengthens the case for integrated water–sediment monitoring in Indian urban rivers.
Finally, there is a common spatial pattern: contamination hotspots tend to cluster near industrial or canal inflows, urban drainage outfalls, and areas with reduced flow where deposition occurs. The Sabarmati–Kharicut findings illustrate how canals can function as pollution conveyors and how localized hydrodynamics can concentrate contaminants (Kumar et al., 2013). In Subarnarekha, the industrial–urban corridor around Jamshedpur similarly produces spatial heterogeneity, consistent with concentrated sources and the river’s limited capacity to assimilate loads during vulnerable seasons (Banerjee et al., 2016).
7.2. Basin-scale risk framing: lessons from the Ganga system
The Ganga system literature reinforces the importance of basin-scale framing when evaluating urban river crises. A basin-scale study assessing heavy metals in water and surface sediments of the Ganga and evaluating ecological risks associated with sediment contamination demonstrates that pollution must be understood as an integrated system problem in which multiple tributaries, cities, and industrial clusters contribute to cumulative impacts (Siddiqui & Pandey, 2019). This perspective is instructive for Subarnarekha because the river similarly links diverse land uses and industrial activities across its catchment, and contamination cannot be attributed solely to a single urban segment without considering upstream and downstream connectivity.
Basin-scale risk framing also highlights the need to connect chemical contamination to exposure pathways relevant for humans, especially through fisheries. Evidence from multiple Ganga tributaries indicates metal contamination and assesses human health risk from fish consumption, demonstrating that river pollution has consequences beyond ecological integrity and enters the domain of food safety and public health (Siddiqui et al., 2019). This parallels Subarnarekha findings of metals in edible fish and shrimp (Giri & Singh, 2015), reinforcing that dietary exposure is a recurring concern across Indian river basins where capture fisheries remain important. In practical terms, the Ganga experience suggests that effective river restoration must combine pollution control with monitoring programs capable of tracking both sediment risk and fish tissue contamination, ensuring that ecological improvements translate into safer ecosystem services.
7.3. Biological condition indicators and the “urban river syndrome”
One limitation of relying solely on chemical measurements is that they may not capture the ecological expression of stress, particularly when contaminants vary seasonally or are sequestered in sediments. Biological indicators—especially benthic macroinvertebrate assemblages—offer an integrative view of river condition because they reflect cumulative exposure, habitat quality, and oxygen dynamics over time. Work assessing taxonomic diversity and biological water quality using benthic macroinvertebrates in Himalayan headwater contexts demonstrates how assemblage composition can reveal anthropogenic pressure and provide water-quality assessment signals even where chemical snapshots may be incomplete (Sharma et al., 2023). While headwater systems differ from industrial–urban rivers, the methodological implication is transferable: macroinvertebrate-based assessment can detect ecological impairment and recovery trajectories in a way that complements chemical monitoring.
For Subarnarekha and other urban rivers, this is particularly relevant because sediment contamination can affect benthic communities directly and then propagate impacts to fish through food-web pathways. Subarnarekha sediment evidence indicates anthropogenic metal distributions (Giri et al., 2013), and Jamshedpur stretch studies show seasonal contamination in water and sediments (Banerjee et al., 2016). These factors create conditions under which biological communities may shift toward tolerant taxa, reducing functional diversity and resilience. Incorporating biological indicators can therefore help distinguish between “cosmetic” improvements in water chemistry during high-flow dilution periods and genuine ecological recovery that requires sustained reduction in pollutant loads and habitat stressors.
7.4. Implications for interpreting Subarnarekha as a representative case
Positioned within the wider Indian urban river crisis, Subarnarekha appears as a representative example of how industrial effluents, urban wastewater, seasonal hydrology, and sediment processes combine to drive persistent ecological degradation. The parallels with Sabarmati demonstrate that seasonal and canal/drainage-mediated contamination is a repeating pattern in Indian cities (Kumar et al., 2013), while Ganga basin studies show that sediment contamination and fish-consumption risks scale up to major river networks and demand basin-level governance responses (Siddiqui & Pandey, 2019; Siddiqui et al., 2019). Subarnarekha-specific evidence on sediment metal distribution and seasonal contamination around Jamshedpur aligns with these broader patterns and suggests that recovery strategies should be designed to address both short-term water-column risks and long-term sediment legacies (Banerjee et al., 2016; Giri et al., 2013). Finally, the macroinvertebrate assessment literature underscores the need for biological monitoring as a core tool for diagnosing biodiversity collapse and tracking restoration outcomes in ways that chemical monitoring alone cannot provide (Sharma et al., 2023).


8. Monitoring, governance, and remediation options for industrial–urban rivers
Effective response to industrial–urban river degradation requires a shift from isolated, parameter-by-parameter monitoring toward integrated programs that link pollutant sources, environmental compartments (water and sediment), biological condition, and governance accountability. The Subarnarekha evidence base makes this need especially clear because contamination is both spatially heterogeneous and strongly seasonal, with sediments functioning as long-lived reservoirs that can sustain ecological exposure even when the water column appears temporarily improved (Banerjee et al., 2016; Giri et al., 2013). At the same time, broader Indian and global freshwater biodiversity literature shows that reversing biodiversity loss demands coordinated, multi-scale action that combines monitoring with enforceable management and restoration planning (Reid et al., 2019; Tickner et al., 2020; Vörösmarty et al., 2010). This section therefore synthesizes monitoring, governance, and remediation options that are relevant for Subarnarekha-like rivers, emphasizing practical pathways to link evidence with decisions.
8.1. Monitoring strategies: integrating chemistry, sediments, and biota
Monitoring systems in industrial–urban rivers must be designed for the realities of seasonal hydrology and mixed pollution regimes. The Jamshedpur stretch study demonstrates that heavy metal contamination differs between seasons and is expressed in both water and sediments, implying that sampling limited to a single season or only the water column can produce misleading inferences about risk (Banerjee et al., 2016; Bhandari & Mukhopadhyay, 2022; Dahanga & Nath, 2024; Ganguli et al., 2018). Because sediments integrate pollutant inputs over time, bed-sediment surveillance is essential for identifying legacy contamination and for mapping depositional hotspots that are ecologically consequential (Giri et al., 2013). A practical monitoring design therefore requires: (i) repeated seasonal sampling that explicitly includes pre-monsoon/dry-season low flow, monsoon/high flow, and post-monsoon recovery; (ii) paired water–sediment measurements at the same stations; and (iii) basic habitat descriptors (grain size, organic matter proxies, flow condition) that help interpret spatial patterns of accumulation and remobilization.
Risk-oriented analytical strategies strengthen interpretability. Geostatistical and simulation-based approaches used in the lower Subarnarekha demonstrate the value of spatially explicit appraisal of potentially toxic elements and uncertainty treatment for health-risk characterization (Pradhan et al., 2024). Such approaches can be adapted for other reaches, including around industrial corridors, to identify where interventions would yield the greatest benefit and to quantify confidence in hotspot identification. The same logic applies basin-wide: pollution is rarely uniform, and monitoring that treats rivers as homogeneous systems can under-detect localized but ecologically decisive stress zones.
Biomonitoring should complement chemical surveillance because biological communities integrate exposure over time. Evidence from macroinvertebrate-based assessment work illustrates that biological metrics can diagnose water-quality conditions and anthropogenic pressure, providing an ecological “response layer” that chemical data alone cannot fully capture (Sharma et al., 2023). For industrial–urban rivers, a robust monitoring program would therefore combine chemical parameters with community-based indicators to evaluate whether changes in pollutant loads translate into ecological recovery rather than only short-term chemical dilution effects.
8.2. Source control and treatment performance
Source control remains the cornerstone of remediation because biodiversity recovery is unlikely if contaminant inputs continue unabated. The seasonal variability observed in Subarnarekha underscores a common operational challenge: low-flow seasons often coincide with heightened vulnerability because dilution and assimilative capacity are minimal while waste inputs persist (Banerjee et al., 2016). Governance systems must therefore treat treatment performance and compliance as seasonally critical, not annual-average targets. In practical terms, this implies that monitoring and enforcement should intensify during dry seasons and around known hotspots, including outfalls, drains, and industrial clusters.
Watershed drivers also matter. The Ranchi stretch study linking seasonal water quality with land use and land cover change indicates that catchment transformation can increase runoff-driven pollutant delivery and alter seasonal water quality patterns (Kadave & Kumari, 2025). This means that end-of-pipe controls alone may be insufficient if expanding impervious cover, erosion, and stormwater conveyance continue to mobilize contaminants into the river. Effective source control, therefore, should be understood as a combination of industrial effluent governance, municipal wastewater reliability, and stormwater and land-use management that reduces diffuse pollutant transport.
8.3. Sediment risk management and habitat restoration
Where sediments store legacy contamination, remediation must include a sediment-risk perspective. The evidence that Subarnarekha bed sediments reflect anthropogenic metal contributions implies that sediment disturbances can reintroduce contaminants into the water column and expose benthic organisms through contact and ingestion pathways (Giri et al., 2013). Monitoring programs should therefore identify depositional zones with elevated contamination and evaluate whether natural recovery (through cleaner sediment deposition and reduced inputs) is plausible or whether active management is needed.
Habitat restoration provides a complementary pathway by strengthening ecological resilience and improving the river’s capacity to sustain biodiversity. While chemical control is indispensable, broader freshwater biodiversity literature emphasizes that biodiversity loss is driven by interacting pressures, including habitat modification, flow alteration, and pollution (Reid et al., 2019; Vörösmarty et al., 2010). Restoration measures such as riparian buffers, reduced bank erosion, reconnection of floodplain features where feasible, and protection of refugia habitats can support recolonization and recovery once pollutant loads decline. These actions align with global calls to “bend the curve” of freshwater biodiversity loss through coordinated interventions that address multiple drivers rather than pollution alone (Tickner et al., 2020).
8.4. Managing mixtures and emerging stressors
Industrial–urban rivers increasingly face pollutant mixtures that include not only metals but also pharmaceuticals and antimicrobials with ecological and public-health implications. Evidence from the Hyderabad region shows that environmental pollution with antimicrobial agents associated with bulk drug manufacturing can be linked with dissemination of resistant pathogens, illustrating how industrial contamination can create additional biological hazards beyond classical chemical toxicity (Lübbert et al., 2017; ; Ghosh et al., 2022; Ghorai, 2024; Giri & Singh, 2016). Although this evidence is from a different Indian context, it has governance relevance for Subarnarekha-like rivers: monitoring frameworks that focus narrowly on conventional metals and oxygen-demanding parameters may miss emerging contaminants that reshape microbial ecology and public-health risk. In practical governance terms, a precautionary approach involves periodic screening for priority emerging contaminants in high-risk industrial corridors, alongside strengthened treatment and disposal controls to prevent the establishment of resistant reservoirs in river environments.
8.5. Governance integration: linking monitoring to accountability and recovery outcomes
The central governance challenge is to ensure that monitoring evidence drives enforceable action and that remediation is evaluated against ecological recovery, not only chemical compliance. The Subarnarekha case shows why: seasonal dilution can temporarily improve surface-water chemistry while contaminated sediments continue to sustain exposure (Banerjee et al., 2016; Giri et al., 2013). A governance system that relies only on water-column standards assessed during high-flow periods risks underestimating persistent ecological stress. Integrating chemical monitoring with sediment assessment and biological indicators provides a more defensible basis for accountability and adaptive management (Sharma et al., 2023). At a broader scale, the global biodiversity literature emphasizes that freshwater biodiversity protection is inseparable from water security and requires coordinated recovery planning rather than fragmented sectoral actions (Reid et al., 2019; Tickner et al., 2020; Vörösmarty et al., 2010). For industrial–urban rivers, this translates into governance that aligns effluent control, urban infrastructure performance, watershed land-use planning, and ecological restoration targets within a single, trackable framework.

9. Research priorities for Subarnarekha and comparable Indian urban rivers
Future research for Subarnarekha should expand beyond contaminant occurrence to explicitly connect pollution to biodiversity outcomes using standardized ecological indicators and long-term designs. First, paired chemical–biological monitoring should be implemented across seasons, linking water and sediment chemistry to macroinvertebrate and fish community metrics. Second, sediment-focused research should quantify contaminant bioavailability, not only total concentrations, because bioavailability controls toxicity and trophic transfer. Third, food-web studies should integrate plankton–benthos–fish pathways to identify which contaminants most strongly drive ecological change and dietary exposure (Banerjee et al., 2015; Giri & Singh, 2015). Fourth, basin-scale work should evaluate how land-use change and hydrological alteration modify contaminant transport, concentrating on dry-season vulnerability and monsoon remobilization (Kadave & Kumari, 2025; Nesemann et al., 2017; Pandey et al., 2024; Shaw et al., 2025a). Fifth, governance-relevant research should evaluate the effectiveness of treatment interventions and compliance systems, using independent monitoring and ecological endpoints to assess whether investments translate into biodiversity recovery rather than only short-term water-quality improvements.

10. Conclusions
The Subarnarekha River, particularly the Jamshedpur industrial corridor, exemplifies how industrial effluents and urban wastes can drive a long-term trajectory of biodiversity collapse in Indian rivers. The reviewed literature consistently indicates elevated potentially toxic elements in surface waters and sediments, strong seasonal variability shaped by monsoonal hydrology, and sediment-mediated persistence of contamination. Bioaccumulation evidence in aquatic organisms highlights trophic transfer and ecological as well as human health relevance. Comparative evidence from other Indian urban rivers shows that Subarnarekha is not an isolated case but part of a broader pattern in which contaminant mixtures, oxygen stress, and habitat degradation restructure biological communities. Recovery requires integrated strategies: rigorous source control, high-performing treatment especially during low-flow seasons, sediment risk management, and ecological monitoring that tracks biodiversity outcomes.

11. Limitations
[bookmark: _GoBack]This narrative review is constrained by the uneven availability of ecological (biodiversity and community structure) datasets directly from Subarnarekha relative to the volume of chemical and risk-assessment studies. As a result, some biodiversity mechanisms are discussed through inference from established ecological theory and from comparable Indian river studies. Additionally, differences in sampling seasons, analytical targets, and reporting metrics across studies limit quantitative comparability and prevent a unified synthesis of temporal trends across all stretches.
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