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Heavy Metal in Freshwater Fish of India: Sources, Bioaccumulation, Impacts and Mitigation


Abstract	Comment by Zirak Palani: Suggestion: Scientific accuracy could be enhanced by stating the physiological or chemical mechanisms that cause these metals to accumulate in tissues (e.g., binding to proteins or accumulation in the liver and gills).
	Indian rivers, historically played a central role to culture and ecology, are increasingly burdened by heavy metal pollution from industries, urban sewage, agriculture, and atmospheric deposition. Non-biodegradable metals such as lead, cadmium, mercury, and chromium persist in aquatic environments, where they accumulate in sediments and organisms, posing long-term ecological and health risks. Fish, often used as bioindicators, show clear evidence of bioaccumulation and biomagnification, resulting in organ damage, reproductive failure, and declining populations. These effects extend beyond ecosystems, as human communities consuming contaminated fish face heightened risks of neurological, renal, skeletal, and developmental disorders. Recent studies reveal heavy metal concentrations in several Indian rivers exceeding safe limits, particularly near industrial and agricultural hubs. Addressing this crisis requires stricter enforcement of pollution control regulations, investment in modern wastewater treatment, adoption of sustainable agricultural practices, and active public engagement. Protecting rivers from heavy metal contamination is vital to safeguard biodiversity, food security, and human health. The present review details the complex relationships between sources, bioaccumulation, and health impacts of heavy metals in freshwater fishes in India.	Comment by Zirak Palani: New and varied formulations: Adding treatment details such as “biosorption,” “phytoremediation,” or “constructed hotlands” will reveal a deeper understanding of the solutions.
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1. Introduction	Comment by Zirak Palani: Add a sentence that explains the pathways of heavy metal transport within the ecosystem, such as           “These metals enter aquatic systems through adsorption to sediments, uptake by plankton, and subsequent transfer through the food web.”
      
	Heavy metal pollution is a growing concern worldwide, threatening our rivers, lakes, and the life they support. Every year, millions of toxic metals like lead, cadmium, and mercury are reaching into water bodies, impacting over 2 billion people globally (WHO 2023). Unlike organic pollutants, heavy metals are non-biodegradable, allowing them to persist in the environment and pose a long-term risk to both aquatic ecosystems and human populations (Piwowarska et al. 2024). In rivers and lakes, heavy metals hit aquatic life hard, especially fish, mussels, and shrimp, which are critical for both nature and people’s livelihoods. Fish, for instance, soak up metals like copper or cadmium faster than they can get rid of them, causing stress, reproduction problems, and even population crashes (Authman et al. 2015). Plants and small creatures at the bottom of the food chain also absorb these toxins, passing them up to bigger animals and eventually to us (Gupta et al. 2024b). This ripple effect disrupts ecosystems and puts human health at risk when we eat contaminated fish or use polluted water. It is evident that we need urgent action to tackle this problem and protect our natural resources (Ali et al. 2019).
	While Indians freshwater ecosystems are long been revered as sources of life and spirituality, they are now burdened by the silent crisis imposed by heavy metal pollution. The heavy metals such as arsenic, lead, and cadmium once distributed in its beyond threshold levels cause profound problems to the Indian aquatic biodiversity as well (Jaishankar et al. 2014). Major rivers like the Ganga, Yamuna, and Godavari, which millions depend on for water, food, and farming are all disturbed by heavy metal pollution (Paul et al. 2017; Samanta et al. 2021; Kumar et al. 2023a; 2024). Industrial waste from factories, untreated sewage from cities, and chemical runoff from agriculture have spiked metal levels in these rivers, often far beyond safe limits (CPCB 2024). For example, a study on the Ganga and Sai rivers found higher concentrations of toxic metals such as cadmium, copper, and chromium in carnivorous fish (Channa striatus) compared to herbivorous (Labeo rohita) and omnivorous fish, demonstrating biomagnification at higher trophic levels (Sudhakar and Singh 2014). Another study, conducted in 2025 found dangerously high levels of chromium and lead in the Yamuna near Delhi, making the water unsafe for drinking or farming (Shetty et al. 2025). The Bhima River in Karnataka is yet another example, heavily polluted by nearby industries and farms (Chinmalli and Vijaykumar 2022). With so many rivers in trouble, India urgently needs better ways to address this crisis.
	Around the world, researchers have made strides in understanding heavy metal pollution, studying its sources, effects, and solutions like plant-based cleanup or advanced filtering systems Ayach et al. 2023). New technologies, such as nanomaterials, show promise in pulling metals out of water (Gupta, 2023; Verma et al. 2025). However, in India, such research are still at its infancy stage. Moreover, Studies in India focus more on major rivers, like the Ganga, and we don’t have enough data on bigger picture or long-term solutions as well (Behera et al. 2024). While some efforts, like using wetlands to filter water, are being tested, they’re not yet widespread enough to make a dent (Hammer and Bastian 2020).). Clearly, India needs more research and practical solutions to tackle this growing problem. The present review details the complex relationships between sources, bioaccumulation, and health impacts of heavy metals in freshwater fishes in India. Also explore where these metals come from, how they build up in fish, the harm they cause to ecosystems and people, and what can be done to fix it. By pulling together what we know and pointing out where we need to learn more, this study hopes to guide better policies and spark new ideas to protect India’s rivers and the communities that depend on them.	Comment by Zirak Palani: At the end of the introduction, before the last sentence, add the research objective directly:

“This review aims to synthesize existing knowledge and identify critical research gaps regarding heavy metal contamination in Indian freshwater fishes.”

In the conclusion, you can end with a more academically powerful sentence:

“Addressing these gaps is essential to ensure sustainable management of India’s freshwater resources and safeguard public health.”
2. Sources of Heavy Metal Pollution in Indian Rivers	Comment by Zirak Palani: Scientific suggestion: Add approximate chromium concentration or daily industrial loads (e.g., mg/L or tons/day) from studies if available — this gives quantitative credibility.
2.1 Industrial Effluents: The Primary source
	Industries, particularly leather tanneries in Kanpur along the Ganga River are dominant contributors to heavy metal loading in rivers. Tanneries use chromium compounds extensively for leather processing, releasing untreated or partially treated wastewater rich in chromium, which contaminates water, sediment, and surrounding farmland soils (Chakraborti et al. 2018; Singh et al. 2025a). Beyond chromium, mining and metal-plating industries release significant amounts of lead, cadmium, nickel, and copper (Sharma et al. 2025; Alsafran et al. 2021). This untreated industrial waste enters rivers continuously, with metals persisting indefinitely in aquatic environments, causing chronic biological damage (Table 1).
2.2 Urban Wastewater: The Diffuse but Potent Source
	Cities of India produce massive volumes of domestic sewage containing trace heavy metals originating from plumbing fixtures (lead, copper), discarded batteries (cadmium), and electronic waste (Jagaba et al. 2024; Verma 2025). Due to infrastructural deficits, over 70% of sewage remains untreated, flowing into rivers and adding diffuse toxic metal loads that degrade water quality (Akhtar et al. 2025)
2.3 Agricultural Runoff: A Hidden Hazard
	Widespread use of chemical fertilizers and pesticides adds toxic metals to the environment. Phosphate fertilizers commonly contain cadmium and enter rivers via runoff, especially maximum during monsoon rains (Ray et al. 2025; Das et al. 2025). Pesticides and fungicides contribute to copper and arsenic as well, which filter into soils and waterways, threatening aquatic food webs (Behera et al. 2024; Bhattacharyya, 2020). These seasonal pulses of contamination can exacerbate ecosystem stress and bioaccumulate in aquatic species.
2.4 Atmospheric Deposition: The Overlooked Pathway
	Industrial smokestacks and vehicular emissions release airborne metals such as lead and mercury, which deposit onto land and water surfaces. Subsequent rain transfers these pollutants into water bodies, especially affecting urban and industrial corridors (Singh 2021; Roy 2023). Though less visible, atmospheric deposition is a significant contributor to river pollution.
3. Bioaccumulation and Biomagnification: How Metals Threaten Aquatic Life
	Heavy metals are unique toxins because they persist and build up in living organisms. The following two pathways are important:
· Bioaccumulation occurs when an individual organism, such as a fish, absorbs metals from water and food faster than it can eliminate them. This leads to increasing levels of toxins concentrated in body tissues over their lifetime (Emon et al. 2023; Ballotin et al. 2024). Biomagnification refers to the increasing concentration of toxins up the food chain. Predatory fish accumulate heavy metals from consuming smaller contaminated prey, resulting in much higher toxin levels than in the water itself (Afshan et al. 2015). Humans, as apex consumers of fish, become highly exposed to these accumulated metals (Ali and Khan, 2019). This magnification creates a dangerous cycle of poisoning in aquatic ecosystems, harming species across trophic levels (Fig. 1).
4. Effects on Fish: Devastating Physiological and Reproductive Harm
Chronic heavy metal exposure causes widespread harm to fish physiology and reproduction in the following ways:
· Metals damage vital organs including the liver, kidneys, and gills, impairing metabolism, toxin filtering, and respiratory function (Bera et al. 2022; Abdel-Kader 2019).
· Heavy metals disrupt hormone production and balance, essential for reproduction. This leads to reduced gonad function and sterility, lowering reproductive success badly enough to threaten population sustainability (Bera et al. 2022; Naz et al. 2019).
· Life cycle disruption leads to population decline in many commercially and ecologically important fish species, diminishing food security and ecosystem resilience (Bhagarathi et al. 2024). 
5. Human Health Implications: A Hidden Crisis in Communities
	Humans ingest heavy metals by consuming contaminated fish and water, resulting in severe health risks (Table 2):
· Mercury (especially methylmercury): Can cause irreversible neurological damage, cognitive impairments, and developmental delays, especially in children and fetuses (Al-Saleh et al. 2020; Valkova et al. 2023).
· Lead: A powerful neurotoxin causing behavior problems, kidney damage, anemia, and lowered IQ in children (Al-Saleh et al. 2020; Nordberg et al. 2022).
· Cadmium: A carcinogen damaging kidneys and bones, increasing risk of cancer and bone diseases (Al-Saleh et al. 2020).
Cumulative exposure also weakens immune systems and causes debilitating chronic fatigue, further eroding quality of life in vulnerable communities (Batulan et al. 2024).
	Government bodies such as the Central Pollution Control Board must strengthen and enforce regulations for industrial effluent discharge, particularly following laws like the Hazardous and Other Wastes (Management and Transboundary Movement) Rules, 2016. Frequent monitoring and strict penalties for violators are essential (CII Standards Information Portal,2023) (Table 3). The important interventions required in this regard may be in the following ways:
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Fig. 1: Mechanism of Bioaccumulation and Biomagnification in River Fish
6. Mitigation
6.1 Modernize Sewage and Industrial Waste Treatment
	Investment in advanced, affordable wastewater treatment infrastructure is critical. Innovative technologies such as biopolymer-based fibrous membranes developed by research institutes like IIT Mandi show promise in filtering heavy metals before they enter rivers (Khademolqorani et al. 2025).
6.2 Promote Cleaner Industrial and Agricultural Practices
	Encouraging industries to adopt cleaner processes and promoting organic or low-metal-content fertilizers and pesticides reduce new metal inputs into ecosystems (Singh et al. 2025b; Bhattacharyya 2023).
6.3 Expand Public Awareness and Community Involvement
	Nationwide campaigns such as “Swachh Gaon, Shudh Jal” should be scaled up to educate citizens on pollution sources and health impacts. Empowering local stakeholders to monitor pollution and advocate for clean rivers is crucial (Ministry of Jal Shakti 2024).
7. Conclusion 
	The accumulation of heavy metals in fish highlights a silent but urgent environmental and public health crisis in India. Persistent inputs from industries, untreated sewage, and intensive agriculture continue to contaminate rivers, allowing toxic metals to enter aquatic food webs and magnify through fish populations. This not only disrupts biodiversity and fisheries but also exposes millions of people to chronic health risks through daily consumption of contaminated fish. The rivers are the nation’s lifeblood, protecting them is a shared responsibility no one can afford to ignore. Tackling this challenge requires more than policies on paper it demands strict enforcement of pollution regulations, modern wastewater treatment systems, and a shift toward cleaner industrial and farming practices. Equally important is empowering local communities to participate in monitoring and protecting their rivers. Safeguarding river health is essential not only for ecological balance but also for food security, human well-being, and the cultural heritage tied to India’s waterways.
	Future research on heavy metal pollution in India should address critical gaps in understanding and remediation. Longitudinal monitoring of rivers is needed to capture seasonal and spatial variations in heavy metal accumulation across trophic levels (Aggarwal et al. 2025). Molecular and cellular studies exploring genotoxic, endocrine, and reproductive effects in fish will provide early-warning indicators of ecosystem stress (Bera et al. 2022; Naz et al. 2023). Considering the influence of climate change, future studies must also investigate how altered rainfall regimes, extreme floods, and rising temperatures affect the mobility, persistence, and toxicity of metals in aquatic systems (Bhagarathi et al. 2024). Innovative remediation approaches, including nanotechnology, microbial bioremediation, and engineered wetlands, warrant further evaluation and large-scale application under Indian conditions (Alsafran et al. 2023). Moreover, human health risk assessments should move beyond single-metal approaches to consider cumulative and synergistic effects of multiple contaminants, while also reflecting region-specific dietary practices and cultural dependence on fish (Ray and Vashishth 2024). Finally, policy-oriented research is essential to evaluate the effectiveness of existing regulations, compare intervention strategies, and generate cost–benefit analyses that guide decision-making for sustainable river management.








Table 1: Heavy Metal Contamination (mg/kg) and their Health Impact in ecosystem of Selected Indian Rivers
	Sr. no.
	River
	Key Metals Detected
	Contamination Sources
	Method of Analysis/study
	Seasonal Trends
	Health/Ecosystem Impact
	Reference

	1.
	Cauvery
	Hg, Cd, As, Pb, Cr, Ni, Se, Cu, Zn, and Fe
	Industries: dyeing, tanneries, steel factories, and cement factories
	Atomic Absorption Spectrophotometer (AAS)
	Monsoon and  Post-monsoon
	Aquatic toxicity; risk to nearby communities
	Myvizhi and  Devi (2020)

	2.
	Gomti
	As, Pb, Cd, Cr, Hg, Ni, Mn and Fe
	Sewage, Industrial effluent
	Atomic Absorption Spectrophotometer (AAS)
	Year-round; highest downstream
	Elevated carcinogenic and non-carcinogenic risks
	Khan et al. (2021); Kumar et al. (2023b)

	3.
	Ganga
	Cr, Cd, Zn, Fe, Mn, and Pb
	Tanneries, industrial hubs
	Atomic Absorption Spectrophotometer (AAS)
	Highest in post-monsoon season and winter
	Biodiversity loss, human health risks
	Paul (2017); Prasad et al. (2020)

	4.
	Yamuna
	Pb, Cr, Zn, Ni, and Hg
	Urban sewage, industrial effluent 
	Atomic Absorption Spectrophotometer (AAS)
	Higher in dry months
	Neurotoxicity, compromised aquatic life
	Kumar et al. (2023a); Kumar et al. (2024); Naresh et al. (2021)

	5.
	Brahmaputra
	Pb, Cd, Cr, Hg, Ni, Zn
	Mining, industrial waste
	Atomic Absorption Spectrophotometer (AAS)
	Peak pollution during monsoon
	Fish mortality, sediment contamination
	Shorna et al (2021); Baruah et al. (2024)

	6.
	Godavari
	Pb, Cd, Zn, Cr, Hg
	Industrial zones, agriculture
	Inductively Coupled Plasma-Mass Spectroscopy (ICP-MS)
	Post-monsoon surge
	Aquatic ecosystem disturbance, human health risks
	Samanta et al. (2021); Hussain et al. (2017)

	7.
	Narmada
	Fe, Al, Mn, Cr, Cu, Ni, Zn, Pb and Cd
	Mining, construction waste
	Inductively Coupled Plasma–Mass Spectrometry (ICP-MS)
	Dry season higher levels
	Reduced fish population, bioaccumulation
	Gupta et al. (2025)

	8.
	Krishna
	Pb, Cd, Cr, Hg, Ni
	Agricultural runoff, industrial effluents
	Inductively Coupled Plasma Mass Spectrometry (ICP-MS)
	Monsoon spikes
	Ecosystem degradation, human toxicity
	Laxmi et al. (2025)

	9.
	Tungabhadra
	Pb, Cd, Cr, Ni
	Mining, fertilizer runoff
	Atomic Absorption Spectrometry (AAS)
	Greater in rainy season
	Sediment contami-nation, fish repro-duction affected
	Bhat et al. (2023)

	10.
	Sabarmati
	Pb, Cd, Zn, Cr, Hg
	Urban sewage, industry
	Inductively Coupled Plasma Mass Spectrometry (ICP-MS)
	Elevated post-monsoon
	Urban health hazard, riverbed sediment pollution
	Talsania and Mankad (2022)



Table 2: Health Impacts of consuming fish accumulated with heavy metals
	Sr. no.
	Heavy Metal
	Major Health Risks
	Vulnerable Groups
	Source Examples
	References

	1.
	Mercury (Hg)
	Neurotoxicity, developmental delays, acrodynia (pink disease), kidney damage, behavioral and cognitive impairments
	Pregnant women, children, general population
	Industrial discharge, atmospheric deposition, fish contamination
	Jaishankar et al. (2014); Gupta et al. (2024b); Saeed et al. (2025) 

	2.
	Lead (Pb)
	Nervous system damage, cognitive deficits, behavioral issues, anemia, kidney damage
	Children, adults
	Industrial effluents, old plumbing systems, paint, soil contamination
	Paul (2017); Gupta et al. (2024a)

	3.
	Cadmium (Cd)
	Kidney dysfunction, bone demineralization, carcinogenic effects, respiratory ailments
	General population
	Agricultural runoff, sewage, batteries, mining operations
	Satarug et al. (2017); Gupta et al. (2024a)

	4.
	Arsenic (As)
	Skin lesions, cancer, cardiovascular diseases, diabetes
	General population
	Mining waste, pesticides, industrial waste
	Poonia et al. (2021); WHO (2018)

	5.
	Chromium (Cr, especially Cr VI)
	DNA damage, lung cancer, skin ulcers, kidney and liver damage
	Industrial workers, river communities
	Tanneries, smelters, industrial discharge
	Paul (2017); WHO (2018)

	6.
	Nickel (Ni)
	Respiratory problems, skin dermatitis, potential carcinogen
	Industrial workers, residents near industrial areas
	Industrial emissions, mining effluents
	Budi et al. (2024); Gupta et al. (2024a)

	7.
	Zinc (Zn)
	Usually an essential trace element, but high exposure can cause stomach cramps, anemia
	General population
	Industrial waste, mining runoff
	U.S. EPA (2017); WHO (2018)

	8.
	Copper (Cu)
	Gastrointestinal distress, liver and kidney damage at high levels
	General population
	Industrial effluents, agricultural runoff
	Paul (2017); Gupta et al. (2024a)

	9.
	Iron (Fe)
	Overload can cause liver and heart damage
	General population
	Natural deposits, industrial waste
	WHO (2018); Gupta et al. (2024a)

	10.
	Selenium (Se)
	Thyroid gland dysfunction, hair loss, neurological symptoms at high exposures
	General population
	Natural and industrial contamination
	Paul (2017); WHO (2018)





Table 3: Pollution Control Technologies for Heavy Metal Removal from aquatic systems of India
	Sr. no.
	Technology
	Description
	Advantages
	Limitations
	Examples in India

	1.
	Biopolymer-based Fibrous Membranes
	Membranes coated with biopolymers to adsorb metals
	High efficiency, selective removal
	Cost, scaling challenges
	IIT Mandi research pilot plants 

	2.
	Chemical Precipitation
	Adding chemicals to form insoluble metal compounds
	Proven technology, scalable
	Generates sludge
	Used in industrial effluent treatment plants

	3.
	Adsorption (Activated Carbon)
	Metals adsorbed onto porous carbon
	Effective for low concentrations
	Carbon regeneration costs
	Municipal sewage treatment

	4.
	Phytoremediation
	Using plants to accumulate metals
	Eco-friendly, low cost
	Slow process, site-specific
	Wetlands restoration projects
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