


Climate Change and Anthropogenic Stressors: Synergistic Effects on Native Fish Species in the Subarnarekha Ecosystem
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The Subarnarekha River system in eastern India supports diverse freshwater and estuarine habitats that sustain native fish populations and fisheries-dependent livelihoods. Rapid environmental change in this basin is increasingly shaped by interacting drivers rather than isolated stressors. Climate change is intensifying thermal stress, altering hydrological regimes, and increasing the frequency of extreme events, while long-standing anthropogenic pressures—especially mining- and industry-linked metal contamination, urban wastewater inputs, and habitat modification—continue to degrade water and habitat quality. This review synthesizes current understanding of how climate-driven changes can interact with local stressors to produce non-linear, and sometimes unexpected, impacts on native fish species across life stages and trophic levels. Emphasis is placed on mechanistic pathways relevant to the Subarnarekha context, including warming–metal toxicity interactions, flow–pollution coupling, habitat fragmentation effects on migration and reproduction, and food-web restructuring. Evidence from the Subarnarekha and comparable river systems indicates that combined stressors frequently yield outcomes that diverge from single-stressor predictions, with local disturbances often overriding or masking warming effects, yet also amplifying vulnerability when physiological limits are approached. Finally, the review proposes an integrated monitoring and management agenda for the Subarnarekha that explicitly anticipates stressor interactions, prioritizes ecological connectivity and pollution control, and strengthens climate resilience through adaptive, basin-scale governance.
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1. Introduction
Freshwater ecosystems occupy a small fraction of the Earth’s surface yet sustain disproportionate biodiversity and provide essential services such as fisheries, drinking-water supply, nutrient processing, and cultural livelihoods. However, rivers and associated floodplains are also “receivers” of cumulative pressures from upstream land use, making them highly sensitive to human disturbances (Dudgeon et al., 2006). Global syntheses now consistently show that multiple stressors—acting simultaneously and often unevenly across space—are a defining feature of modern river basins, with downstream propagation of impacts and strong potential for non-linear ecological change (Vörösmarty et al., 2010). Within this global context, native fish species are especially relevant sentinels because they integrate habitat alteration, hydrological change, temperature stress, water-quality degradation, and food-web disruption across their life cycles, and because many species rely on longitudinal connectivity and predictable seasonal cues that are readily disrupted (Dudgeon et al., 2006).
A central challenge in contemporary freshwater science is that stressors rarely occur in isolation. Overexploitation, pollution, habitat modification, invasive species, and altered flow regimes can interact with climatic warming and hydroclimatic variability to reshape fish assemblages and ecosystem functioning (Dudgeon et al., 2006; Vörösmarty et al., 2010). Multi-stressor framing is therefore not only descriptive but mechanistic: the same climatic shift (e.g., warming) can be ecologically “filtered” by local stressors (e.g., toxic contamination, turbidity, eutrophication), and the same anthropogenic pressure (e.g., industrial effluent) can have stronger biological consequences under heat stress, hypoxia, or low-flow conditions (Ormerod et al., 2010; Reid et al., 2019). In this sense, climate change often behaves as a broad-scale amplifier that alters exposure, sensitivity, and recovery capacity, while local anthropogenic pressures shape the pathways through which those climatic changes translate into realized biological impacts.
1.1. Multiple stressors and the problem of interaction in freshwater fish ecology
The “multiple stressors” paradigm has become foundational because it better reflects real rivers than single-driver narratives and because management decisions are commonly made under competing objectives (water supply, industrial development, agriculture, biodiversity conservation). Conceptually, interactions among stressors can manifest as amplification, dampening, or dominance—where one stressor overwhelms the measurable contribution of another—depending on mechanisms and the organizational level examined (Ormerod et al., 2010; Morris et al., 2022). This matters for fish because stressors that are sublethal alone can converge on shared physiological pathways (e.g., oxidative stress, endocrine disruption, impaired osmoregulation) and thereby erode growth, reproduction, and survival when combined. Reviews of freshwater threats emphasize that such cumulative or interacting effects are now widespread, challenging the assumption that mitigating a single pressure will automatically yield proportional ecological recovery (Reid et al., 2019).
Importantly, interaction outcomes are not uniform. Experimental syntheses indicate that combined impacts are frequently best predicted by the strongest stressor under many contexts, but that masking can also occur—where local pressures obscure warming signals or reduce detectability of climate effects at community and ecosystem levels (Morris et al., 2022). For riverine fish conservation, this implies that climate adaptation strategies must be nested within basin-specific pollutant and habitat contexts; otherwise, warming may be addressed while more immediate constraints on fish persistence remain unresolved.
1.2. Climate change as an amplifier of freshwater stressor regimes
Climate change influences freshwater fish through direct thermal constraints and through indirect changes in hydrology, habitat availability, and water quality. Across levels of biological organization, warming and altered flow regimes can change metabolic demand, phenology, recruitment success, and the frequency of extreme events, while simultaneously shifting species distributions and reshuffling assemblages (Woodward et al., 2010). Observational and predictive studies in freshwater biogeography indicate that distributional responses to climate forcing are already detectable and are likely to intensify as temperature and flow extremes become more common (Comte et al., 2013). For fish, such shifts can alter competitive balances among native species, modify trophic interactions, and reduce the suitability of thermal refugia during low flows, especially when river morphology and riparian condition have already been simplified by human activities.
At the same time, climate-driven changes can modify contaminant dynamics. Low-flow periods can concentrate dissolved pollutants, high-intensity rainfall can mobilize sediments and associated metals, and thermal changes can influence toxicity and bioavailability. Because many contaminants persist and accumulate in sediments and biota, warming-related physiological stress may increase susceptibility to pollutant exposure, raising the plausibility of synergistic outcomes even where empirical attribution is challenging. Mechanistic reviews on heavy metals demonstrate how exposure can provoke oxidative stress responses and tissue pathology in fish, with implications for population performance and food-web transfer (Shahjahan et al., 2022). Thus, climate change should be understood not merely as a “background” driver but as a force that alters both ecological sensitivity and the timing, intensity, and pathways of anthropogenic stressor exposure.
1.3. The Subarnarekha River ecosystem as a multiple-stressor landscape for native fishes
The Subarnarekha riverine system provides a pertinent setting to examine climate–anthropogenic synergies because it traverses industrial and mining-influenced landscapes and connects freshwater reaches to an estuarine transition zone with additional salinity and coastal-change pressures. Peer-reviewed studies from the basin document substantial metal burdens across compartments relevant to fish exposure, including dissolved-phase contamination with seasonal variability and source-identification signals (Giri & Singh, 2014b), elevated metals in water and sediments in industrial stretches (Banerjee et al., 2016), and measurable contamination in edible fish and shrimp species with implications for food-chain transfer and risk (Giri & Singh, 2015). Together, these findings indicate that native fish assemblages in the Subarnarekha are likely to experience chronic pollutant pressure alongside episodic spikes associated with hydrological seasonality (Ahmad & Goparaju, 2017; Bhandari & Mukhopadhyay, 2022).
The estuarine and coastal segment introduces further complexity. Landscape change and climate-related sea-level influences can alter salinity intrusion, shoreline dynamics, and habitat mosaics that shape nursery function and fisheries productivity. Work in the Subarnarekha estuary highlights how vegetation change and coastal management intersect with environmental vulnerability, underscoring that basin-scale fish stressors extend beyond upstream freshwater segments (Roy & Datta, 2018). Under climate change, such coastal transitions may intensify ecological gradients and alter exposure regimes (e.g., via storm surges, saline incursions, and altered sediment transport), potentially compounding upstream stressors like metal contamination and habitat fragmentation. These interacting pressures motivate a synthesis that is explicitly multi-scalar, linking global climate mechanisms to basin-specific pollutant, land-use, and hydromorphological conditions that shape fish persistence.
1.4. Scope and objectives of the review
This review synthesizes evidence on how climate change and anthropogenic stressors may jointly affect native fish species in the Subarnarekha ecosystem, emphasizing interaction pathways rather than isolated drivers. The scope spans thermal and hydrological climate mechanisms, major local stressors relevant to the basin (industrial and mining-associated contamination, altered habitat and flow conditions, and estuarine/coastal change), and the ecological consequences for fish at physiological, population, and community levels. The objectives are to (i) consolidate the conceptual and empirical basis for stressor interactions in freshwater fish systems, (ii) interpret Subarnarekha-relevant evidence on pollutant exposure and environmental change through a multi-stressor lens, and (iii) identify priority research and management directions for detecting, preventing, and mitigating synergistic impacts on native fish biodiversity.
2. Methods for literature selection
A structured literature search was conducted using Web of Science, Scopus, PubMed, and Google Scholar for publications from January 2000 through December 2025, with additional classic references included where directly relevant to multiple-stressor ecology. Search strings combined basin-specific and process-based terms, including “Subarnarekha River” AND (fish OR fisheries OR aquatic biota) AND (heavy metals OR contamination OR mining OR industrial effluent OR water quality), and climate-interaction strings such as (freshwater fish OR riverine fish) AND (climate warming OR temperature) AND (multiple stressors OR synergistic OR interactive effects) AND (pollution OR metals OR eutrophication OR flow alteration). Inclusion criteria emphasized peer-reviewed journal articles and reviews with explicit ecological or ecotoxicological relevance. Studies were prioritized if they (i) addressed the Subarnarekha basin directly, (ii) provided mechanistic insight into fish responses to warming, flow change, or contamination, or (iii) synthesized multiple-stressor interactions in freshwater ecosystems. Items were excluded if they lacked sufficient methodological detail, were not research-focused, or were not peer reviewed.
3. Subarnarekha ecosystem context for fish vulnerability
3.1. Ecohydrological setting and the “template” for fish life histories
The Subarnarekha is a rain-fed, monsoon-dominated peninsular river in eastern India whose seasonal hydrology strongly structures habitat availability for native fishes (Dahanga & Nath, 2024; Ganguli et al., 2018). Across such rivers, the annual alternation between high-flow monsoon months and prolonged low-flow periods governs the timing of spawning, recruitment windows, lateral floodplain access, and the persistence of dry-season refugia (Poff et al., 1997). In the Subarnarekha basin specifically, flood hydrology analyses based on multi-decadal discharge records emphasize that monsoon peaks can be many-fold higher than mean flows, with frequent overbank flooding in shallow semi-alluvial reaches and measurable channel readjustment over decadal scales (Das & Gupta, 2021). This “boom–bust” flow regime can benefit fishes adapted to seasonal expansion and contraction of wetted habitat, but it also creates vulnerability when anthropogenic stressors compress the safe operating space of that natural variability. When low flows become more prolonged or warmer, and when flood pulses increasingly carry contaminants and fine sediments, the same hydrologic dynamism that historically supported diverse life histories can become a mechanism for repeated disturbance and mortality—especially for taxa dependent on stable spawning substrates, floodplain nursery habitats, or connectivity among mainstem–tributary–estuary habitats (Reid et al., 2019; Tickner et al., 2020). 
3.2. Land-use and climate-driven hydrologic shifts that alter exposure pathways
Basin-scale changes in land cover and hydroclimate are central to understanding fish vulnerability because they reconfigure both habitat structure and the transport pathways of stressors. Process-based modeling for the Subarnarekha basin using SWAT indicates that recent land-use change (notably increases in built-up areas and reductions in water bodies and/or agricultural land in some scenarios) can increase surface flow and substantially depress groundwater contributions to streamflow under combined land-use and climate-change forcing (Kumari et al., 2024; Sharma et al., 2024). In the upper watershed, SWAT-based assessments similarly link urban development and declining forest cover to increased surface runoff and heightened erosion/sedimentation risk, while reducing shallow and deep aquifer recharge components that typically sustain dry-season flows (Shree & Kumar, 2023). For native fishes, these shifts matter because reduced baseflow shrinks dry-season wetted habitat, concentrates pollutants, and increases thermal stress, while intensified runoff and erosion can bury eggs, simplify benthic habitat, and reduce feeding efficiency for visual and drift-feeding species. Crucially, these hydrologic changes do not only modify “how much water” is present; they modify when and how contaminants and sediments are delivered—setting the stage for synergistic impacts with warming and flow intermittency that are widely recognized as emerging threats in freshwaters (Reid et al., 2019). 
3.3. Industrial–mining corridor signatures and seasonality of metal stressors
A defining vulnerability context for Subarnarekha fishes is the river’s passage through mineralized terrains and industrial–mining landscapes, where metal inputs interact with monsoon hydrology to produce strong seasonal pulses. Multi-season monitoring along the Jamshedpur stretch documents elevated concentrations of several metals in water and, more strongly, in sediments, with pre-monsoon conditions often reflecting higher contamination factors and pollution indices—consistent with concentration during low flow and enhanced influence of point and near-field sources (Banerjee et al., 2016). Basin-wide studies of dissolved metals also report pronounced spatial–temporal variation across pre-monsoon, monsoon, and post-monsoon seasons and identify both geogenic and anthropogenic source fingerprints (Giri & Singh, 2014b). Complementary sediment investigations show that contamination is not uniform: certain reaches exhibit comparatively serious enrichment patterns (notably for elements such as Pb and Cu in some locations), with interpretations pointing to combined influences of mining, industrial discharge, and other human activities (Giri et al., 2013). For fishes, this means exposure is not simply chronic background pollution; it is often a sequence of alternating stress regimes—dry-season concentration and physiological stress, monsoon remobilization of contaminated fine sediments and runoff-borne pulses, and post-monsoon redistribution—superimposed on life stages that are seasonally synchronized to flow (Poff et al., 1997). In such settings, early life stages can be disproportionately affected because embryos and larvae occupy nearshore/low-velocity habitats where fine sediments and particle-bound contaminants accumulate, while adults may experience repeated sublethal exposure that erodes condition and reproductive output across years (Tickner et al., 2020). 
3.4. Lower-river and estuarine transition as a compound-stressor zone
The river–estuary transition is often a compound-stressor zone because it concentrates physical variability (salinity, turbidity, temperature) and human pressures (navigation, settlement, effluent), while functioning as a migratory corridor and nursery interface for many taxa. Even without species-by-species inventories in this subsection, the Subarnarekha’s lower reaches can be interpreted through two converging lines of evidence. First, flood susceptibility and channel-change analyses indicate that downstream reaches are prone to frequent high-magnitude flooding and channel adjustments (Das & Gupta, 2021), processes that can restructure bank habitats, scour spawning grounds, and shift the location of low-velocity refugia important for juveniles. Second, heavy-metal pollution indexing along the Subarnarekha shows that a subset of locations—explicitly including sites near industrial/mining influence and near the estuary—can exhibit markedly elevated index values relative to the river-wide background (Giri & Singh, 2014a). This suggests that the transition zone may function as an “accumulation and mixing” segment where stressors delivered from upstream interact with naturally high environmental variability. Conceptually, this aligns with the broader estuarine ecology insight that estuaries are inherently variable and “naturally stressed,” which can mask anthropogenic impacts unless functional indicators and stressor-specific evidence are examined (Elliott & Quintino, 2007). For native fish assemblages, the implication is that vulnerability is shaped by both natural gradients (e.g., salinity/turbidity variability) and anthropogenic gradients (contaminants and altered hydrology), making the lower Subarnarekha a likely hotspot for synergistic stress during sensitive periods such as recruitment, migration, and dry-season contraction. 
3.5. Translating basin context into a fish-vulnerability lens
Taken together, the Subarnarekha’s vulnerability context can be understood as the convergence of (i) a highly seasonal flow regime with extreme monsoon peaks and low-flow concentration periods, (ii) rapid land-use change that increases runoff/erosion while reducing groundwater support for dry-season habitat, and (iii) persistent, spatially heterogeneous metal contamination in water and sediments linked to industrial–mining landscapes. The ecological consequence for native fishes is an elevated probability that multiple stressors co-occur in time and space: thermal and oxygen stress during low flow, contaminant pulses and sediment smothering during monsoon runoff, and channel-instability effects that reduce habitat predictability across years. This pattern matches global assessments emphasizing that freshwater biodiversity decline is driven not by single pressures in isolation, but by interacting stressors that compound across life stages and across the river network (Reid et al., 2019; Tickner et al., 2020). In the Subarnarekha, the practical significance is that “exposure” and “sensitivity” are not evenly distributed: they are amplified in reaches where dry-season refugia are lost, where contaminated sediments accumulate, and where hydro-geomorphic instability repeatedly resets habitat. This ecosystem context is therefore foundational for later sections that evaluate how climate warming and other anthropogenic stressors interact synergistically to erode resilience in native fish populations and assemblages. A summary of Subarnarekha ecosystem and fish vulnerability is presented in Table 1.


Table 1: Subarnarekha ecosystem and fish vulnerability
	Vulnerability-relevant feature in Subarnarekha
	Mechanism shaping fish vulnerability
	Likely fish-level consequence
	Key supporting sources

	Strong monsoon peaks and frequent flooding
	Extreme flow variability, overbank floods, channel readjustment
	Spawning-ground scour; displacement of juveniles; repeated habitat resets
	Das & Gupta (2021); Poff et al. (1997) 

	Land-use change increasing runoff and erosion
	Higher surface runoff, sediment delivery; reduced aquifer recharge
	Siltation of benthic habitats; loss of dry-season refugia; greater pollutant concentration
	Shree & Kumar (2023); Kumari et al. (2024) 

	Declining groundwater contribution under combined change scenarios
	Reduced baseflow and habitat persistence in dry months
	Thermal/oxygen stress; contraction of habitat mosaics; crowding and higher disease/competition risk
	Kumari et al. (2024) 

	Spatially heterogeneous metal contamination in water and sediments
	Point/near-field sources plus seasonal concentration/remobilization
	Chronic and episodic toxic stress; sublethal impairment affecting growth and reproduction
	Banerjee et al. (2016); Giri & Singh (2014b); Giri et al. (2013) 

	Elevated metal pollution index at select sites including near estuary
	Accumulation/mixing zone under high natural variability
	“Compound-stressor” hotspot affecting recruitment and migration corridors
	Giri & Singh (2014a); Elliott & Quintino (2007) 

	Multi-stressor context typical of freshwater biodiversity crisis
	Synergies among flow alteration, pollution, habitat loss, and climate forcing
	Reduced resilience; higher sensitivity across life stages; cumulative declines
	Reid et al. (2019); Tickner et al. (2020) 



4. Anthropogenic stressors in the Subarnarekha basin relevant to fishes
4.1 Industrial–mining contamination and potentially toxic elements (PTEs)
The Subarnarekha basin has long been shaped by intensive industrialization and mining across its middle reaches, with the Jamshedpur–Adityapur industrial corridor often functioning as a focal zone where treated and untreated effluents, stormwater, and diffuse runoff converge into the river network. Field evidence from the Jamshedpur stretch shows that metal(loid) burdens are not only detectable in the water column but are frequently amplified in bed sediments, indicating sustained inputs and the capacity for long-term remobilization during high-flow events and seasonal redox shifts (Banerjee et al., 2016; Giri et al., 2013). In practical ecological terms, this matters because sediments act as both habitat and exposure medium for benthic feeders and for fishes whose eggs and larvae develop in near-bed microhabitats. Once metals are stored in fine fractions, monsoon-driven resuspension and downstream transport can repeatedly reintroduce toxic exposure pulses even if point-source discharges fluctuate (Ghosh et al., 2022; Ghorai, 2024).
Seasonality further strengthens the case that anthropogenic sources dominate metal loading. In the Jamshedpur stretch, concentrations of metals such as Zn, Pb, Cr, Cd, Ni, and Cu show marked seasonal structure, with sediments typically reflecting substantially higher contamination than the overlying water and with pollution indices indicating progressive deterioration at multiple sites (Banerjee et al., 2016; Giri & Singh, 2016; Kalita et al., 2023). This pattern is consistent with a river receiving both continuous effluent inputs and episodic wash-off from catchment surfaces, including industrial yards, tailings, and urban impervious cover. Complementary basin-scale monitoring using heavy-metal pollution indexing also indicates that multiple elements display significant seasonality and that conditions can become more adverse during low-flow periods when dilution is weakest (Giri & Singh, 2014). 
For fishes, the relevance of metal contamination is not limited to lethal toxicity; sublethal impacts can alter feeding, growth, reproduction, immunity, and behavior—effects that become particularly consequential for native species already operating close to physiological limits under warming and variable flow regimes. A strong Subarnarekha-specific signal of ecological risk comes from bioaccumulation work in the Jamshedpur stretch that tracked metals across water, sediment, plankton, molluscs, and two indigenous fishes (Puntius puntius and Labeo bata). The study documented substantial bioaccumulation for certain metals and explicitly cautioned that fish may be unsafe for human consumption under prevailing conditions, implying persistent exposure within the aquatic food web rather than transient contamination (Banerjee et al., 2015). Such trophic transfer is particularly concerning for native fishes occupying mid- to higher trophic positions, because repeated dietary intake can maintain internal metal burdens even when ambient water concentrations temporarily decline.
4.2 Urban wastewater, organic loading, and land-use change as chronic stressors
Along the Ranchi stretch of the Subarnarekha watershed, water-quality assessments integrating physicochemical indicators and multivariate statistics point to a chronic mixture of stressors typical of rapidly urbanizing basins: elevated dissolved solids and conductivity, chloride-related issues, and seasonal increases in biochemical oxygen demand (BOD) during monsoon conditions (Kadave & Kumari, 2025). The key fish-relevant implication is that organic loading and associated microbial respiration can depress dissolved oxygen (DO), while runoff-driven delivery of fine particulates and contaminants can further constrain respiratory and osmoregulatory performance. Importantly, this is not a “single pollutant” problem; rather, it reflects the combined imprint of sewage inputs, runoff from mixed land uses, and hydrological seasonality that reorganizes exposure profiles across pre-monsoon, monsoon, and post-monsoon periods.
The same Ranchi-stretch study concluded that water quality index (WQI) values ranged from poor to unsuitable across sampling points in all seasons, and that land-use/land-cover analysis indicated substantial loss of forest cover and changes in water bodies over time, reinforcing the interpretation that watershed transformation is directly coupled to deteriorating aquatic habitat condition (Kadave & Kumari, 2025). For fishes, such land-cover change matters because it alters shading (thermal regimes), bank stability (sediment delivery), and the capacity of riparian zones to intercept nutrients and pollutants before they reach channels. Over ecological time, the outcome is often biotic filtering: tolerant generalists persist, while sensitive native species decline due to repeated hypoxia risk, greater disease pressure, and degraded nursery habitat structure (Kumari & Maiti, 2020; Kumari et al., 2018; Nesemann et al., 2017).
4.3 Erosion, sediment yield, and habitat smothering in a monsoon-driven basin
Beyond chemical exposure, a major anthropogenic pressure in the Subarnarekha basin is accelerated soil loss and sediment delivery linked to catchment disturbance and land management under a highly seasonal monsoon hydroclimate. Modeling-based assessment in the Subarnarekha basin has quantified soil loss and emphasized how monsoon variability and basin characteristics can generate substantial sediment flux to the river system (Acharyya et al., 2022). While erosion is a natural geomorphic process, anthropogenic amplification—via vegetation removal, poorly managed construction and mining surfaces, road expansion, and altered drainage—can shift sediment loads beyond the tolerance windows of native fishes, especially in spawning seasons when eggs and larvae are vulnerable to abrasion, clogging, and burial.
For many riverine fishes, fine sediment is ecologically disruptive because it reduces interstitial spaces in gravels and coarse substrates, degrading the microhabitats used for spawning and early development, while persistent turbidity can interfere with visual foraging and predator avoidance. In addition, sediment-associated contaminants (including sorbed metals) create a coupled stressor environment: habitat smothering and chemical exposure occur together, and each can magnify the other’s effects by increasing contact between organisms and contaminated particles (Banerjee et al., 2016; Giri et al., 2013). Over repeated monsoon cycles, this combination can erode recruitment reliability for native species, producing population-level declines even when adult mortality is not immediately obvious.
4.4 Impoundments, altered connectivity, and water-quality pressures in reservoir-linked reaches
Hydrological alteration is another significant anthropogenic dimension of fish stress in the Subarnarekha basin, particularly where dams and barrages modify flow seasonality, interrupt longitudinal connectivity, and reshape local water quality. A multi-site assessment of selected dams and a barrage situated within the Subarnarekha river basin (including Chandil Dam and Galudih Barrage) documented seasonal variation in multiple parameters (including DO and BOD) and concluded that overall water quality ranged from good to poor, with implications for water use and management (Pandey et al., 2023). Even when impoundments provide water-supply benefits, they can impose ecological costs by fragmenting habitats and altering the timing and magnitude of flows that cue migration and spawning.
From a fish-biodiversity perspective, altered flow regimes and disrupted connectivity are repeatedly identified as mechanisms that reduce population viability, facilitate invasions, and reorganize habitat templates across river–floodplain networks (Bunn & Arthington, 2002). In the Subarnarekha context, this means that native fishes adapted to monsoon pulses and seasonal floodplain opportunities may experience mismatches between life-history timing and habitat availability when regulation dampens high flows or shifts their seasonal expression. In addition, impoundments can trap sediments and change downstream substrate composition, sometimes simplifying habitat and reducing the diversity of feeding and breeding niches available to native assemblages.
4.5 Synthesis: why these stressors matter for native fish persistence
Taken together, the Subarnarekha basin illustrates a multi-pathway stress landscape where chemical contamination (notably metals), chronic organic and ionic loading tied to urbanization, catchment-scale sediment pressures, and hydrological fragmentation can co-occur across the same river network. The ecological significance for native fishes lies in recurrence and coupling: exposures are not isolated events but repeat seasonally and interact through shared physiological bottlenecks such as respiration, osmoregulation, and early-life-stage survival. This cumulative anthropogenic context sets the stage for strong synergy with climate-driven warming and hydrological extremes, because baseline habitat quality and organismal resilience are already eroded before climate stress is added. Fish related Anthropogenic stressors in the Subarnarekha basin are presented in Table 2.
Table 2: Fish related anthropogenic stressors in the Subarnarekha basin 
	Anthropogenic stressor (Subarnarekha basin)
	Main Subarnarekha-linked evidence
	Fish-relevant exposure pathway / likely outcome
	Key reference(s)

	Industrial and mining-linked metal pollution (water + sediments)
	Seasonal metal contamination documented in water and especially sediments in Jamshedpur stretch
	Toxicity and chronic sublethal stress; sediment contact exposure; remobilization during high flow; recruitment impacts via contaminated substrates
	Banerjee et al. (2016); Giri et al. (2013)

	Food-web bioaccumulation of metals in native fishes
	Metals traced across water/sediment/biota and accumulated in indigenous fishes in Jamshedpur stretch
	Trophic transfer; elevated tissue burdens; potential reproductive and health effects; human consumption concern
	Banerjee et al. (2015)

	Chronic urbanization-linked water-quality degradation (ionic load, BOD/DO stress)
	Ranchi stretch shows poor-to-unsuitable WQI and seasonal shifts in parameters including BOD/DO
	Hypoxia risk and reduced aerobic scope; disease susceptibility; competitive advantage to tolerant species over sensitive natives
	Kadave & Kumari (2025)

	Catchment disturbance → elevated soil loss and sediment delivery
	Basin-scale soil loss quantified under monsoon-driven dynamics
	Turbidity and gill irritation; smothering of spawning substrates; reduced larval survival and nursery quality
	Acharyya et al. (2022)

	Dams/barrages + associated water-quality pressures
	Multiple Subarnarekha-basin impoundments show seasonal water-quality variation; LULC change linked to water quality around dam sites
	Fragmentation and altered flow cues; habitat simplification; altered sediment regimes; local water-quality stress in impounded reaches
	Pandey et al. (2023); Bunn & Arthington (2002)



5. Climate change stress pathways affecting native fishes
5.1. Warming-driven metabolic demand and the riverine “oxygen squeeze”
For native fishes of the Subarnarekha, rising water temperature is best understood not as a single stressor but as a driver that simultaneously accelerates biological rates and erodes physicochemical “breathing space” in the channel. As temperature increases, routine metabolic demand and the costs of activity, digestion, and reproduction typically rise, while dissolved oxygen (DO) solubility declines and oxygen dynamics become more volatile in shallow, slow-flowing reaches. This creates an “oxygen squeeze” in which the same fish must meet higher oxygen demand in water that can hold less oxygen, particularly during low-flow periods when reaeration is reduced and thermal stratification can develop locally in pools and impoundment-like reaches (Zhi et al., 2023). Recent river-scale reconstructions show that warming and deoxygenation can co-occur across broad river networks, with hypoxia risk peaking under combinations of heat, reduced flow, and elevated organic loads (Zhi et al., 2023). In parallel, global assessments indicate that climate change is expected to increase the frequency and intensity of low-oxygen episodes in rivers, with hypoxia becoming more likely under warming scenarios, especially where water quality pressures already depress DO (Graham et al., 2025). For Subarnarekha fishes, this pathway is ecologically important because it converts otherwise tolerable temperatures into performance bottlenecks: aerobic scope narrows, foraging becomes riskier, predator evasion may weaken, and recovery after disturbance slows, cumulatively reducing growth and condition and increasing susceptibility to disease and contaminants.
5.2. Flow and thermal regime shifts that restructure habitat opportunity and constraint
Climate change also acts through hydroclimatic pathways that restructure the spatial and temporal distribution of habitats essential to fish persistence, including spawning substrates, nursery margins, and dry-season refugia. In monsoon-influenced basins such as the Subarnarekha, fish life histories are often tuned to seasonal flow pulses that synchronize reproduction, dispersal, and recruitment; changes in the timing, duration, or predictability of these pulses can therefore decouple environmental cues from biological schedules. Increased variability in discharge can intensify bed disturbance during high flows and compress refuge availability during extended low flows, producing recruitment “pinch points” even when adult survival remains high. Importantly, DO stress can be amplified by hydrologic extremes: drought-like conditions reduce reaeration and concentrate organic matter, while floods can import high loads of oxygen-demanding material and turbidity that suppress photosynthesis, increasing short-lived hypoxia episodes (Zhi et al., 2023; Graham et al., 2025). Conceptually, these processes are consistent with multi-level frameworks that emphasize how warming and hydrologic change cascade from individuals to populations and communities, especially when other stressors reduce resilience (Woodward et al., 2010). In Subarnarekha reaches already experiencing seasonal habitat contraction, climate-driven shifts in the “hydraulic calendar” can thus transform the dry season from a survivable bottleneck into a recurrent mortality filter, disproportionately affecting small-bodied natives and early life stages.
5.3. Thermal extremes and acute demographic shocks
Beyond gradual warming, episodic thermal extremes can trigger abrupt demographic shocks, including fish kills and cohort failures, with consequences that can persist for years. Evidence from north-temperate lakes shows that fish die-offs are strongly associated with thermal extremes, and that the probability of such catastrophic events is projected to rise under continued warming (Till et al., 2019). While these analyses are lake-focused, the underlying mechanism—exceedance of physiological and oxygen constraints under extreme heat—translates directly to river pools, marginal wetlands, and low-velocity reaches where fish aggregate during low flows. The implication for the Subarnarekha is that heatwaves can convert already-stressed dry-season refugia into lethal environments, particularly where warming coincides with high biochemical oxygen demand. At the organismal scale, experimental work demonstrates that responses to heatwaves can be complex and species-specific: some fish can display short-term resilience, yet sustained or repeated exposures still elevate risk through cumulative metabolic strain and oxygen limitation, especially when background conditions remain warm (Dai et al., 2022). These findings support a practical vulnerability framing for Subarnarekha natives: climate change increases not only mean stress but also the likelihood of threshold-crossing events that reset population trajectories, with the greatest impacts expected where refuge habitats are shallow, poorly connected, and water-quality impaired (Graham et al., 2025; Till et al., 2019).
5.4. Biogeographic redistribution, functional vulnerability, and phenological mismatch
As thermal and flow regimes shift, fish distributions are expected to reorganize along river networks, with warm-water taxa expanding and cool- or flow-sensitive taxa contracting, provided dispersal pathways and suitable habitats remain available. A synthesis of observed and predicted changes in freshwater fish distributions emphasizes that climate signals are already detectable in range dynamics and that projected shifts are likely to be uneven across regions and taxa, with strong implications for community turnover and local extirpation risk (Comte et al., 2013). At a global scale, recent functional-trait analyses suggest that climate change threatens not only species richness but also functional diversity, implying potential loss of ecological roles such as benthic grazing, detritivory, and specialized insectivory that underpin riverine food webs (Scherer et al., 2023). These patterns matter for the Subarnarekha because many native fishes contribute distinct functions tied to habitat mosaics across riffles, runs, floodplain margins, and estuarine transition zones. Climate-driven shifts can also create “phenological friction,” where temperature alters the timing of plankton dynamics, prey availability, or migration windows faster than fish life cycles can adjust. Work on estuarine pelagic food webs illustrates how altered timing can propagate through trophic interactions and reduce match quality between consumers and resources (Chevillot et al., 2017). In the Subarnarekha’s lower reaches—where river–estuary coupling supports fisheries and native biodiversity—this pathway highlights that climate change can degrade recruitment even without obvious adult mortality, by eroding seasonal synchrony between larvae/juveniles and prey fields.
5.5. Dispersal constraints under climate change: connectivity as a gating factor
Even when climate trends make new habitats suitable, fishes can benefit only if they can reach them. In fragmented basins, climate adaptation via range shifts is therefore “gated” by connectivity. A global analysis of large dams demonstrates that current and future dam infrastructure can substantially reduce geographic range connectivity for freshwater fishes, restricting movement pathways that would otherwise allow tracking of shifting climates and refugia (Barbarossa et al., 2020). This constraint is central to climate vulnerability in the Subarnarekha because longitudinal barriers and regulated segments can trap populations in warming reaches, forcing them to endure deteriorating thermal and oxygen conditions rather than redistribute. Broader global assessments similarly indicate that warming threatens freshwater fish assemblages worldwide, with risk amplified where dispersal is blocked and where local stressors reduce the margin for physiological compensation (Barbarossa et al., 2021). From a management standpoint, this pathway implies that “climate adaptation” for Subarnarekha fishes is inseparable from river-network function: thermal refuges, tributary sanctuaries, and estuarine transition habitats must remain accessible, or climate change becomes a local extinction accelerator rather than a driver of redistribution (Woodward et al., 2010; Barbarossa et al., 2020). Table 3 presents a summary of Climate change stress pathways affecting freshwater fishes.
Table 3: Climate change stress pathways affecting freshwater fishes 
	Climate pathway
	Mechanistic link most relevant to Subarnarekha fishes
	Likely biological signal in native fishes
	References

	Warming + deoxygenation (“oxygen squeeze”)
	Higher metabolic demand with lower DO solubility; intensified DO volatility in warm, low-flow reaches
	Reduced growth/condition, higher stress sensitivity, elevated mortality during low flows
	Zhi et al. (2023); Graham et al. (2025)

	Hydroclimatic extremes altering habitat availability
	Longer/stronger low-flow bottlenecks; high-flow disturbance; DO stress during droughts and floods
	Recruitment failure years; shifts toward tolerant, opportunistic taxa
	Woodward et al. (2010); Zhi et al. (2023)

	Heatwaves causing acute demographic shocks
	Threshold exceedance in temperature + oxygen; refuge habitats become lethal
	Fish kills; abrupt population declines; missing cohorts
	Till et al. (2019); Dai et al. (2022)

	Redistribution + functional erosion
	Range shifts and local extirpations; loss of functionally distinct natives
	Community turnover; loss of specialized ecological roles
	Comte et al. (2013); Scherer et al. (2023)

	Phenological mismatch in lower river/estuary
	Altered timing of prey fields and trophic interactions
	Lower larval/juvenile survival even without adult mortality
	Chevillot et al. (2017)

	Connectivity limits climate tracking
	Barriers prevent movement to refugia/thermally suitable reaches
	Increased local extinction risk; isolation of subpopulations
	Barbarossa et al. (2020); Barbarossa et al. (2021)

	Climate × land-use interaction as vulnerability amplifier
	Warming intensifies impacts of poor shading/nutrients/runoff
	Stronger responses than climate alone; lower resilience
	Mantyka-Pringle et al. (2014); Graham et al. (2025)



6. Synergistic effects of climate and anthropogenic stressors on fishes
6.1. Why “synergy” is a central risk concept for riverine fishes
In river ecosystems, fishes rarely experience climate change stressors (warming, altered rainfall, more frequent low-flow periods, and extreme events) in isolation; instead, these pressures are layered onto existing anthropogenic disturbances such as metal contamination, nutrient enrichment, habitat simplification, and connectivity loss. The practical consequence is that risk is often governed less by any single driver than by how drivers interact. In freshwater ecology, interaction outcomes are commonly framed as additive (the combined effect equals the sum of individual effects), antagonistic (one stressor dampens the other), or synergistic (the combined effect exceeds additivity). Meta-analytic work has shown that paired stressors in freshwater systems frequently deviate from simple additivity, meaning management approaches that treat stressors independently can systematically under- or over-estimate biological impact (Jackson et al., 2016). This matters for fishes because their population persistence depends on the alignment of multiple life-history processes—growth, reproduction, dispersal, and recruitment—that can be disrupted at different points by different stressors, with interaction effects accumulating across seasons and generations (Ormerod et al., 2010).
A particularly important interaction pattern in rivers is “masking,” where strong local stressors can obscure or overwhelm the detectable signal of warming at the community level. This does not imply warming is benign; rather, it suggests that systems already pushed toward physiological and ecological limits may show little incremental change until thresholds are crossed, after which responses can be abrupt (Morris et al., 2022). For native fishes in heavily used basins, this threshold behavior is highly relevant because incremental climatic warming can transform existing, chronic anthropogenic pressures into acute mortality or recruitment failure events when combined with low flow, low dissolved oxygen, and pollutant pulses.
6.2. Physiological co-limitation pathways: warming, deoxygenation, and contaminant toxicity
Synergistic impacts often arise because different stressors converge on the same physiological “bottlenecks.” Warming raises metabolic oxygen demand while simultaneously decreasing oxygen solubility in water; when paired with organic pollution, eutrophication, or stratification in impounded reaches, this can intensify hypoxia exposure. Recent large-scale evidence shows that river warming is commonly accompanied by declining dissolved oxygen, reinforcing the idea that thermal stress and oxygen stress should be treated as coupled hazards rather than separate ones (Zhi et al., 2023). For fishes, these conditions compress aerobic scope, forcing trade-offs that reduce growth, impair immune function, and increase susceptibility to disease and parasitism—effects that can magnify the damage caused by pollutants.
Metal contamination is especially prone to synergy with climatic stress because metals can disrupt gill function, ion regulation, endocrine pathways, and oxidative balance—core systems already strained under elevated temperature and reduced oxygen availability (Shahjahan et al., 2022). A broad toxicological synthesis has emphasized that climate-driven changes in temperature and hydrology can modify contaminant fate, exposure, and toxicity, thereby changing not only how much pollutant reaches organisms but also how organisms respond at a given dose (Noyes et al., 2009). In combination, warming and metals can therefore interact through multiple routes: higher metabolic rates can increase uptake and biotransformation demands; hypoxia can reduce detoxification capacity; and oxidative stress burdens can compound when both thermal stress and metal exposure generate reactive oxygen species. For native fishes, these co-limitation pathways are critical because they translate basin-scale climate trends into individual-level impairment that can cascade into lowered recruitment and altered competitive balance among species.
6.3. Hydroclimatic extremes meet legacy pollution: concentration and pulse dynamics in the Subarnarekha context
In monsoon-influenced rivers such as the Subarnarekha, climate change influences not only average conditions but also the timing and intensity of extremes. Synergies emerge because hydrologic extremes reshape exposure regimes. During prolonged low-flow or drought-like periods, reduced dilution and longer residence times can increase concentrations of dissolved contaminants, while elevated water temperatures intensify physiological sensitivity. In the Subarnarekha, dissolved metal concentrations have been reported to show strong seasonal structure, with pre-monsoon conditions often exhibiting higher levels than monsoon periods—consistent with dilution effects and altered source contributions across seasons (Giri & Singh, 2014). This seasonal pattern implies a plausible “high-risk window” for fishes when peak heat coincides with lowest flow and highest contaminant concentrations, increasing the likelihood that sublethal stress becomes lethal during episodic events.
Conversely, extreme rainfall and flood pulses can remobilize contaminated sediments and transport pollutants downstream in short, intense exposure episodes. Sediments can behave as both sinks and sources: when physical disturbance, redox shifts, or scouring occurs, metals bound to particulates may become bioavailable, generating exposure spikes that overlap with thermal and oxygen stress. Seasonal evidence of heavy metal contamination dynamics in the Subarnarekha’s industrially influenced stretches highlights the likelihood that such remobilization and seasonal cycling can recur in predictable patterns (Banerjee et al., 2016). For fishes, these pulse dynamics are ecologically significant because short, high-intensity exposures can coincide with sensitive life stages (spawning, larval drift, juvenile nursery use), producing disproportionate demographic effects compared with the same contaminant load delivered gradually.
6.4. Connectivity loss and habitat alteration as amplifiers of climate sensitivity
A defining feature of synergy in river fish conservation is that habitat fragmentation and simplification can convert climate stress from a challenge to an existential threat by removing behavioral and geographic options. Many fishes buffer warming by shifting longitudinally (toward cooler headwaters) or laterally (into shaded tributaries, groundwater-fed refuges, or deeper pools). Large dams and associated flow regulation can block these movements, alter thermal regimes, and reduce habitat heterogeneity, thereby amplifying the biological consequences of warming and altered hydrology. Global species-level analyses demonstrate that large dams substantially fragment the occurrence-range connectivity of thousands of lotic fish species, underscoring the magnitude of connectivity loss as a biodiversity pressure that can interact with climate trends (Barbarossa et al., 2020). In basins where barriers coincide with pollution hotspots, fragmentation also limits recolonization after local fish kills and increases the probability that stressed populations become trapped in degraded reaches.
This connectivity lens aligns with freshwater-focused synthesis work showing that climate change and land-use change can interact to reshape freshwater fish and macroinvertebrate outcomes in ways not predictable from either driver alone (Mantyka-Pringle et al., 2014). Applied to the Subarnarekha, it suggests that even if individual stressors (e.g., a moderate warming trend, a moderate contaminant burden, a moderate barrier density) appear manageable in isolation, their combination can accelerate native fish vulnerability by reducing resilience mechanisms: movement to refugia, phenological flexibility, and recovery through dispersal.
6.5. Implications for native fish persistence in the Subarnarekha: toward interaction-aware risk framing
Taken together, the evidence indicates that the most consequential threats to native fishes in the Subarnarekha are likely to be interaction-driven and seasonally structured. The pre-monsoon period is a plausible convergence point for high temperature, low flow, and elevated dissolved metal exposure (Giri & Singh, 2014), while monsoon extremes can promote sediment disturbance and pollutant redistribution (Banerjee et al., 2016). Superimposed connectivity loss can prevent escape from these stress windows and slow recovery afterward (Barbarossa et al., 2020). Moreover, contaminants can render fish more sensitive to thermal and oxygen stress by weakening gill integrity, endocrine stability, and oxidative defenses (Shahjahan et al., 2022), which is consistent with broader climate–toxicant interaction perspectives (Noyes et al., 2009). Therefore, an interaction-aware framing—identifying when and where stressors overlap, and which physiological or life-stage bottlenecks they share—should be treated as foundational for interpreting observed fish declines and for designing monitoring and mitigation strategies suited to the Subarnarekha ecosystem (Jackson et al., 2016; Morris et al., 2022; Ormerod et al., 2010). Table 4 presents a summary of Integrative effects of climate and anthropogenic stressors on freshwater fishes.
Table 4: Integrative effects of climate and anthropogenic stressors on freshwater fishes
	Synergistic mechanism (stressor combination)
	Likely fish-level consequence
	Subarnarekha-specific relevance (examples)
	Key supporting reference(s)

	Warming × low dissolved oxygen (deoxygenation)
	Reduced aerobic scope; heightened mortality risk during heat/low-flow episodes
	Heat + low-flow seasons increase hypoxia risk, especially in sluggish/regulated reaches
	Zhi et al., 2023; Ormerod et al., 2010

	Warming × metal contamination
	Elevated toxicity via oxidative stress, impaired gills/ionoregulation, reduced detox capacity
	Metals show strong seasonal variation; heat can coincide with higher pre-monsoon concentrations
	Noyes et al., 2009; Shahjahan et al., 2022; Giri & Singh, 2014

	Low flow × dissolved metals
	Concentration effects + longer exposure duration
	Pre-monsoon conditions can elevate dissolved metals through reduced dilution
	Giri & Singh, 2014

	Extreme rainfall/floods × contaminated sediments
	Short, intense exposure pulses during sediment remobilization
	Industrial stretches can show seasonal metal dynamics consistent with remobilization risk
	Banerjee et al., 2016; Noyes et al., 2009

	Dams/fragmentation × warming/hydrologic change
	Loss of thermal/oxygen refugia access; slower recovery after local die-offs
	Barriers can trap fishes in degraded reaches and limit recolonization
	Barbarossa et al., 2020; Mantyka-Pringle et al., 2014

	Multiple local stressors × warming (“masking” and thresholds)
	Apparent stability followed by abrupt decline once thresholds are crossed
	High baseline stress may hide warming effects until extreme events occur
	Morris et al., 2022; Jackso



7. Implications for native fish species and fisheries in the Subarnarekha ecosystem
7.1. Consequences for native fish demography, recruitment, and resilience
In the Subarnarekha basin, the most immediate implication of interacting climate and human stressors is not simply “fewer fish,” but a progressive erosion of demographic stability in native populations. Warming intensifies metabolic oxygen demand, while hydrological alteration and organic/industrial loading can reduce dissolved oxygen availability; together, these changes can push river reaches into episodic or chronic oxygen stress. In rivers globally, climate change is projected to increase hypoxia pressure by lowering dissolved oxygen and increasing the number of days with stressful oxygen conditions, creating an energetic bottleneck for fish growth and survival, especially for early life stages that have narrow physiological margins (Graham et al., 2025). In Subarnarekha-like monsoonal systems, where seasonal low flows already compress habitat area, the same oxygen–temperature coupling implies that “bad years” for recruitment can become more frequent, increasing interannual variability and elevating the risk of local population collapses in sensitive native taxa (Pandey et al., 2024; Shaw et al., 2025a; Shaw et al., 2025b).
Pollution-linked stress adds a second layer of demographic risk by reducing condition and shifting energy budgets away from growth and reproduction. Evidence from Subarnarekha fishes and shrimps indicates that metal burdens can reach levels that raise consumer health concerns and signal substantial exposure within the food web (Giri & Singh, 2015a). Such contamination pressure is not merely a food-safety issue; it also plausibly contributes to sublethal impairment, including reduced somatic growth, altered allocation to gonad development, and weakened disease resistance, thereby lowering population resilience to climatic extremes. Over time, these mechanisms can translate into truncated age structures and recruitment overfishing dynamics even when fishing effort is unchanged, because fewer individuals survive long enough to contribute strongly to reproduction.
7.2. Community restructuring and loss of native biodiversity functions
At the community level, synergistic stressors can drive a shift from assemblages structured by natural seasonal cues to assemblages dominated by tolerance traits. Climate-driven changes in water temperature and flow extremes are projected to threaten a large fraction of freshwater fish ranges globally, with the strongest risks concentrated in tropical and subtropical regions and with maximum water temperature extremes often more consequential than flow extremes (Barbarossa et al., 2021). Translating this to the Subarnarekha implies heightened pressure on native species that depend on predictable monsoon pulses for spawning migrations, floodplain access, or nursery habitat formation. When climatic extremes repeatedly disrupt these cues while pollution simultaneously reduces habitat quality, species that are physiologically tolerant, opportunistic in reproduction, or able to exploit degraded habitats can increase in relative abundance, producing functional homogenization.
This restructuring matters for ecosystem functioning and fishery productivity because native fish diversity supports a portfolio of feeding strategies and habitat use that stabilizes food webs across seasons. As sensitive guilds decline, trophic interactions can simplify; benthic–pelagic coupling may weaken where substrate is heavily silted or chemically stressed; and nursery habitats may become ecological traps when low-flow periods concentrate contaminants and reduce oxygen. The net implication is that the basin may experience not only species losses but also declining reliability of ecosystem services, including nutrient cycling and biologically mediated water-quality regulation, which further feeds back into habitat suitability for fishes.
7.3. Fisheries productivity, household livelihoods, and economic stability
For fisheries dependent communities, the primary implication of compounded stress is rising uncertainty. In systems where fishing is seasonal and closely synchronized with monsoon hydrology, climate variability can shift the timing and magnitude of catches by altering migration windows, spawning success, and habitat availability. When low-flow seasons intensify, fishers may concentrate effort into smaller areas, increasing localized exploitation pressure at the same time that fish are physiologically stressed. The consequence is often a decline in catch per unit effort and a move toward smaller-bodied fish or lower-value species—changes that reduce household income stability even if total catch appears superficially stable in the short term.
Anthropogenic contamination can create an additional economic pathway of impact by undermining market trust and increasing post-harvest risk. When edible fishes and shrimps accumulate metals to levels that raise hazard-based concerns, the fishery can face demand shocks, informal advisories, or consumer avoidance, which disproportionately harms small-scale fishers who cannot easily shift to alternative livelihoods or safer fishing grounds (Giri & Singh, 2015a, 2015b). Importantly, this is not only a downstream “estuary problem.” Evidence of potentially toxic element contamination in the lower Subarnarekha and associated health-risk assessments indicates that pollutant exposure is spatially structured and seasonally variable, with higher contamination pressure often emerging during pre-monsoon conditions when dilution is limited (Pradhan et al., 2024). Such seasonality aligns unfortunately with periods when riverine fishing pressure can be high due to restricted habitats, amplifying both ecological and socio-economic vulnerability.
7.4. Public health implications through fish consumption pathways
A distinctive implication for the Subarnarekha is the coupling of ecological stress with public health risk via fish consumption. Metals measured in Subarnarekha fish and shrimp have been used to compute risk indices indicating that consumption of certain species from certain locations can pose appreciable health concerns (Giri & Singh, 2015a). A broader risk framing that incorporates fish, shrimp, and sediment similarly emphasizes that ecological contamination intersects with human exposure pathways in river-dependent communities (Giri & Singh, 2015b). In practical terms, this means that the fishery’s value cannot be evaluated only by landed biomass; it must also be evaluated by safety, consumer perception, and the long-term health costs borne by households relying on riverine protein.
Climate change can magnify this pathway indirectly. Warmer temperatures and altered flow regimes can increase the frequency of low-flow stagnation and change geochemical conditions that influence contaminant mobilization and bioavailability. Thus, even if pollutant inputs were held constant, climatic shifts could change exposure profiles in fish tissues through altered uptake, trophic pathways, and habitat use under stress. This establishes a strong rationale for integrated monitoring that links climate variables, water quality, and fish tissue chemistry rather than treating them as separate management domains.
7.5. Management implications specific to Subarnarekha native fishes and fisheries
The combined implications described above suggest that protecting Subarnarekha native fishes requires shifting from single-stressor management to explicitly climate-ready, multi-risk governance. A practical priority is to identify and protect thermal–oxygen refugia—reaches or microhabitats that remain cooler, better oxygenated, or less contaminated during critical seasons—because such refugia can stabilize recruitment and preserve broodstock through extreme years, consistent with global evidence that temperature extremes and oxygen stress are increasingly decisive constraints (Barbarossa et al., 2021; Graham et al., 2025). In parallel, contaminant risk management must move beyond snapshot compliance and incorporate seasonal targeting, given evidence of seasonal contrasts in potentially toxic elements and associated health risks in the lower river (Pradhan et al., 2024). Finally, fishery sustainability becomes inseparable from food safety: monitoring and communication strategies should aim to prevent silent erosion of consumer trust and reduce chronic exposure risks signaled by fish/shrimp metal profiles and risk assessments in the Subarnarekha (Giri & Singh, 2015a, 2015b).

8. Monitoring, modelling, and management responses for interacting stressors
8.1. Designing monitoring to detect interacting stressors rather than single drivers
In a monsoon-driven river such as the Subarnarekha, the ecological signal experienced by native fishes is rarely attributable to one pressure at a time. Warming, altered hydrology, and deteriorating water quality can combine with sediment pulses, contaminants, and habitat fragmentation to generate non-linear biological responses that are difficult to infer from sporadic sampling. Evidence syntheses from freshwater experiments show that cumulative effects of paired stressors are frequently non-additive, and that dominant local stressors can overwhelm, mask, or redirect the apparent effect of warming (Jackson et al., 2016; Morris et al., 2022). For the Subarnarekha basin, this implies that monitoring programs should be structured explicitly around joint attribution: they must quantify both climate-linked drivers (temperature, flow regime, low-flow duration) and human-linked drivers (nutrients, toxicants, suspended sediment, barriers) at the same sites and time windows, rather than running parallel programs that cannot be integrated analytically.
A practical implication is that temporal design is as important as spatial design. The hydrological “event space” of the Subarnarekha includes intense monsoon floods, short-lived first-flush pulses, and extended low-flow periods that can amplify temperature and pollutant concentrations. Monitoring that only targets a single season risks missing the most biologically consequential combinations, such as low-flow warming coincident with reduced dissolved oxygen, or monsoon scouring that redistributes contaminated sediments and reshapes habitat. Basin studies that have modelled runoff, erosion, and sediment dynamics in the Subarnarekha context reinforce that discharge variability and soil loss are not incidental—they are central pathways linking land use, climate variability, and habitat quality (Acharyya et al., 2022; Shree & Kumar, 2023). Accordingly, an interaction-aware design should incorporate routine baseline observations plus event-triggered sampling (for early monsoon storms, peak floods, and late-season low flows), because those windows are when synergisms are most likely to emerge for fishes.
8.2. Indicators, technologies, and “fit-for-synergy” measurement strategies
Detecting synergistic stress requires indicators that respond rapidly and mechanistically to combined pressures. For fish vulnerability, high-frequency dissolved oxygen (DO) and temperature are especially informative because they integrate metabolism, organic loading, re-aeration dynamics, and thermal stress. Recent advances show that daily DO dynamics can be strongly temperature-driven at broad scales, implying that warming can systematically elevate hypoxia risk when combined with organic pollution or flow reduction (Zhi, Ouyang, Shen, & Li, 2023). Complementary reconstructions of long-term warming and deoxygenation trends demonstrate that persistent DO declines are detectable when appropriate data streams exist, and that such declines have clear implications for riverine ecosystem function (Zhi, Klingler, Liu, & Li, 2023). Translating these insights to Subarnarekha monitoring supports a shift from infrequent grab samples toward continuous sensor networks at strategically chosen reaches (e.g., upstream reference segments, industrial/urban corridors, mining-influenced tributaries, and the lower river–estuary transition), coupled with routine calibration and quality assurance.
Chemical and sediment indicators should be chosen to reflect known basin pressures and fish exposure routes, while remaining interpretable under changing flows. Peer-reviewed assessments from the Subarnarekha corridor document heavy metal burdens in water and sediments and emphasize strong seasonal structure, which is consistent with dilution–concentration effects and sediment remobilization across monsoon cycles (Banerjee et al., 2016). Because contaminants and suspended solids often co-transport, jointly measuring turbidity/suspended sediment alongside dissolved constituents helps distinguish chemical toxicity from habitat-mediated stress (gill abrasion, spawning substrate smothering), especially during high-flow periods. Remote sensing can complement in situ monitoring by providing synoptic proxies for surface temperature and turbidity, enabling managers to prioritize on-the-ground sampling during extreme events or hotspots. The central methodological point is not merely adding more variables, but collecting variables that allow mechanistic interpretation of co-stressor exposure and that can be assimilated into models without major gaps.
8.3. Modelling frameworks for scenario testing and risk prediction under multiple stressors
For interacting climate and human pressures, modelling needs to be coupled and uncertainty-aware. Hydrological and sediment models provide an essential backbone because they translate climate variability and land-use change into flow, erosion, and sediment delivery regimes that shape fish habitats. In the Subarnarekha basin, SWAT-based applications have already been used to quantify land use/land cover influences on hydrological components, offering a foundation for projecting how future land transformation and climate variability might alter runoff and related stress pathways (Shree & Kumar, 2023). Basin-specific assessments that integrate climate and land-use change in SWAT further support explicit scenario design for management, including the identification of periods and reaches where pollutant loading and altered flows may jointly intensify ecological risk (Kumari et al., 2024). Importantly, such scenario modelling becomes more policy-relevant when outputs are translated into biologically interpretable endpoints, such as frequency of high-temperature/low-DO days, duration of low-flow habitat contraction, or probability of contaminant exceedance during critical fish life stages.
However, process-based models alone rarely capture the full spatiotemporal structure of water quality in data-sparse settings. Recent work on data assimilation highlights how integrating observations as they arrive can reduce uncertainty by updating model states and parameters, improving near-real-time forecasts and retrospective reconstructions (Cho et al., 2020). In Subarnarekha applications, assimilation can be especially valuable when continuous sensors are deployed unevenly or when event monitoring generates short, high-information bursts. At the same time, machine-learning approaches have demonstrated that, with appropriate training data, daily DO variability and long-term deoxygenation can be reconstructed from combined meteorological, watershed, and water-quality inputs (Zhi, Klingler, Liu, & Li, 2023; Zhi, Ouyang, Shen, & Li, 2023). A defensible strategy for interacting stressors is therefore hybrid: use process models for causal structure and scenario plausibility, and use data-driven models (ideally constrained by mechanistic variables) for gap-filling, downscaling, and short-horizon prediction, with cross-validation that explicitly tests performance during extremes rather than only during average conditions.
8.4. Management responses that target interactions, not just components
The empirical message from multi-stressor freshwater syntheses is that managing local stressors often yields disproportionate benefits because they can dominate biological responses and suppress the apparent effect of warming (Morris et al., 2022). For the Subarnarekha, this argues for “synergy-aware prioritization”: reducing organic loading and nutrient inputs (which heighten oxygen demand), controlling sediment and contaminated sediment mobilization, and improving riparian shading can collectively increase thermal and hypoxia resilience even under ongoing climate warming. Environmental flow management is a key complement because altered flow timing and magnitude can exacerbate thermal stress, reduce habitat availability, and diminish dilution capacity; foundational flow-ecology evidence shows that biodiversity consequences of altered flow regimes are pervasive and mechanistically linked to changes in magnitude, timing, and rate of change (Bunn & Arthington, 2002; Poff & Zimmerman, 2010). In practice, even modest protections of dry-season baseflows and reconnection of lateral habitats can function as climate adaptation measures by reducing the probability that high temperatures coincide with critically low DO.
Habitat connectivity and fragmentation control remain central in a basin where barriers and flow regulation can constrain migration and isolate subpopulations. Global evidence shows that present and planned large dams can substantially reduce geographic-range connectivity for lotic fishes, with implications for population persistence under environmental change (Barbarossa et al., 2020). Within a Subarnarekha management frame, this supports a combination of barrier audits, fish-passage feasibility assessments where appropriate, and targeted protection of tributary refugia that can serve as recolonization sources after extreme events. The logic of interaction management is to avoid inadvertently amplifying climate risk—for example, by allowing low-flow fragmentation and poor water quality to coincide during heat periods—by coordinating pollution control, habitat restoration, and flow rules as a single strategy rather than as separate sectoral interventions.
8.5. Adaptive governance, evaluation, and learning for the Subarnarekha basin
Because interaction effects can shift over time with land use, infrastructure, and climate, basin management should be explicitly adaptive. Monitoring networks should be treated as hypothesis-testing systems: models generate predictions about where and when stressors will co-occur, monitoring tests those predictions, and management is adjusted based on measured outcomes. Incorporating uncertainty metrics and explicitly tracking “near-miss” events (e.g., episodes where temperature approached stress thresholds but DO did not collapse due to improved effluent control) helps identify which interventions are preventing synergy. Over the medium term, the basin can move toward risk-based thresholds that combine climate and local stress indicators—for instance, management triggers that tighten discharge controls during forecast heatwaves and low-flow spells when the probability of hypoxia is highest, consistent with the demonstrated sensitivity of river oxygen regimes to temperature and flow context (Zhi, Ouyang, Shen, & Li, 2023). In sum, resilience for native fishes in the Subarnarekha is most plausibly achieved through integrated monitoring and modelling that make interactions visible, coupled with management that reduces local stressor dominance while restoring flow–habitat processes that buffer climate stress.

9. Conclusions
1. Native fish vulnerability in the Subarnarekha is driven by interacting pressures, where climate warming and hydrological variability operate on top of long-standing pollution and habitat modification rather than replacing them as standalone drivers.
2. The most consequential risks are expected during seasonal “stress windows,” especially low-flow, high-temperature periods when dissolved oxygen declines and contaminant concentrations can rise, and during monsoon extremes that remobilize contaminated sediments and disrupt habitats.
3. Synergistic effects are likely to be strongest when different stressors converge on shared biological bottlenecks, including aerobic capacity, osmoregulation, immune function, and early-life-stage survival.

4. Persistent metal contamination and deteriorating water quality can reduce fish condition and reproductive output, increasing the probability that climatic extremes translate into recruitment failures and multi-year population downturns.
5. Habitat fragmentation and altered flow regimes can amplify climate impacts by reducing access to refugia, blocking movement, and slowing recovery after extreme events or local fish kills.
6. The river–estuary transition should be treated as a compound-stressor zone where upstream loads interact with naturally high variability, making nursery function and migration corridors particularly sensitive to change.
7. Effective conservation and fisheries sustainability require interaction-aware monitoring and management, combining high-frequency temperature–oxygen observations with targeted contaminant and sediment assessments across critical seasons and reaches.
8. Basin-scale resilience will depend on coordinated actions that reduce local stressor dominance (pollution control, sediment management, riparian protection) while restoring connectivity and flow–habitat processes that buffer native fishes against a warming, more variable climate. 
10. Limitations
· This narrative review is constrained by uneven availability of fish-focused ecological studies specific to the Subarnarekha relative to the stronger body of evidence on contamination and water quality. 
· Subarnarekha-specific ecological studies on native fish population trends, recruitment dynamics, and long-term community change are comparatively limited, so several interaction inferences rely on mechanisms established in other river systems.
· Many available basin studies emphasize water quality and contamination, with fewer datasets directly linking stressor exposure to fish health biomarkers, reproductive performance, or survival across seasons and life stages.
· Spatial coverage is uneven across tributaries, midstream industrial corridors, and the river–estuary transition, constraining precise identification of hotspot reaches and connectivity-critical refugia.
· Event-based extremes (heatwaves, first-flush storms, peak floods) are under-sampled, reducing confidence in quantifying short-duration but high-impact synergistic episodes that may drive demographic shocks.
· Formal cumulative-risk modelling that integrates climate scenarios, flow alteration, contaminant transport, and fisheries pressure remains sparse, limiting the ability to produce predictive, management-ready thresholds for the basin.
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