


Heavy metal bioaccumulation in catla (Labeo catla), rohu (Labeo rohita) and hilsa (Tenualosa ilisha) of North-East India: a critical narrative review of an inferential evidence base

Abstract
Fish is a dietary staple across North-East India, and the three species that dominate consumption and trade in the region are catla, rohu and hilsa. The Brahmaputra and Barak river systems, their associated floodplain wetlands and the adjoining hill catchments carry a well-documented burden of geogenic arsenic, mining-derived acidity and metals, and urban and industrial effluent, which has generated a widespread assumption that these three species carry correspondingly elevated tissue burdens of toxic metals. This review examines whether that assumption is supported. The available literature was appraised critically rather than catalogued, with attention to what has actually been measured in fish tissue within the region, what has been measured only in water, sediment, soil or groundwater, and what has been imported from other species or other river basins. The regional evidence proves to be strikingly asymmetric. Contaminant pressure in the abiotic compartments is documented in considerable detail across the Brahmaputra floodplain, the Guwahati urban corridor, the Meghalaya coal belts and several floodplain lakes, yet direct tissue measurements for the three target species are almost absent, amounting for practical purposes to a single dataset for rohu from one polluted river in central Assam. No verified tissue dataset for catla or for hilsa captured within North-East India was retrieved. Statements about bioaccumulation in these species in the region therefore rest on three successive extrapolations, from abiotic concentrations to biotic burdens, from surrogate species to target species, and from other basins to the Brahmaputra and Barak systems. Each of these links is shown to be weaker than the confident tone of much of the applied literature implies, because uptake is governed by bioavailability and speciation rather than by total ambient concentration, because feeding guild and vertical niche differ sharply among the three species, and because the contaminant signature of the Brahmaputra floodplain is dominated by geogenic arsenic in a way that Gangetic and Bangladeshi comparators are not. Anadromy makes hilsa a distinct case, since tissue burdens integrate marine, estuarine and riverine exposure and the provenance of hilsa sold in regional markets is largely undocumented. Recurrent methodological weaknesses further constrain inference: inconsistent reporting of wet or dry mass, sparse quality-assurance documentation, neglect of arsenic speciation, absence of size and age standardisation, and risk calculations parameterised with consumption rates that are unlikely to describe North-East Indian diets. The most defensible conclusion is that regional risk remains undetermined rather than demonstrated to be either acceptable or unacceptable, and that species-resolved, speciation-aware and provenance-aware monitoring is the necessary next step.
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1. Introduction
North-East India occupies a distinctive position in the environmental geochemistry of South Asia. The region drains two large river systems, the Brahmaputra and the Barak, which rise in tectonically active and heavily weathered terrain, carry exceptionally high suspended sediment loads, and inundate extensive floodplains during a monsoon that delivers some of the highest rainfall totals recorded anywhere. Superimposed on this natural setting are anthropogenic pressures that have intensified over three decades: unsewered urban expansion around Guwahati and other valley towns, petroleum refining and tea cultivation across upper Assam, unregulated rat-hole coal extraction in the Meghalaya hills, and the progressive conversion of floodplain wetlands to settlement and agriculture. The resulting contaminant profile is unusual because a strong geogenic signal, principally arsenic mobilised from Holocene alluvium, coexists with metal inputs of clearly anthropogenic origin (Baruah et al., 2021; Patel et al., 2019).
Against this background, fish carries an importance that is simultaneously nutritional, economic and cultural. Freshwater and floodplain fisheries supply a substantial share of animal protein across Assam, Manipur, Tripura and the hill states, and three species dominate the consumed and traded biomass. Catla and rohu, the two Indian major carps that anchor pond and reservoir production as well as riverine capture, are consumed across all income groups. Hilsa, an anadromous clupeid of extraordinary cultural salience in the eastern subcontinent, reaches the region mainly through trade, its historical migratory access to the upper Ganga and Brahmaputra systems having been substantially curtailed. The species are not interchangeable ecologically. Catla feeds predominantly in the surface and sub-surface layers, rohu occupies the water column and the sediment-water interface with a more benthopelagic habit, and hilsa spends much of its life at sea before entering rivers to spawn (Basak et al., 2026; Hossain et al., 2019).
Metal accumulation in fish is not a passive process. Uptake proceeds through the gill epithelium and the gastrointestinal tract, is modulated by water chemistry, competitive interactions among divalent cations and the chemical form of the element, and is followed by internal redistribution, sequestration by inducible ligands and, for essential elements, homeostatic regulation (Ali & Khan, 2018; Le Croizier et al., 2018). Non-essential elements such as cadmium, lead and mercury are regulated poorly or not at all and therefore accumulate with age and exposure duration, whereas zinc, copper and manganese are held within relatively narrow tissue ranges until regulatory capacity is exceeded. Trophic position further modifies burdens, though only mercury shows consistent biomagnification along aquatic food chains, most other metals being diluted or held approximately constant with increasing trophic level (Ali & Khan, 2019). These distinctions matter because they determine whether an elevated concentration in water or sediment translates into an elevated concentration in edible muscle, and whether one species can be used to predict another.
A considerable body of work now describes metal distributions in the abiotic compartments of the Brahmaputra and Barak systems. Bed sediments of the main stem and of tributaries such as the Bharali have been characterised for solid-phase speciation and mobility (Borah et al., 2018; Hoque et al., 2011; Tsering et al., 2020), seasonal partitioning between dissolved and particulate phases has been traced through the hydrological year (Gogoi et al., 2020), urban tributaries and Ramsar-listed wetlands have been assessed with contamination indices and receptor modelling (Bhuyan et al., 2023; Dash et al., 2019, 2020), and groundwater arsenic has been mapped across affected districts with both field campaigns and statistical prediction (Chetia et al., 2011; Nath et al., 2022). Comparable attention has not been directed at fish tissue. The imbalance is not merely quantitative. It shapes what can legitimately be claimed, because abiotic contamination establishes the potential for exposure without establishing its realisation.
Existing reviews compound rather than resolve this difficulty. Syntheses of metal bioaccumulation in Indian freshwater fish are typically national or global in scope, drawing predominantly on Gangetic, peninsular and Pakistani datasets, and they subsume North-East India within generalisations derived elsewhere. Reviews of the Brahmaputra basin, conversely, concentrate on hydrology, sediment geochemistry and groundwater quality, treating biota peripherally. Neither literature interrogates the inferential chain by which regional fish-consumption advice is currently generated, and neither distinguishes the three commercially dominant species by their ecology. The consequence is a body of secondary literature in which confident claims about contaminated carp and hilsa in North-East India circulate without a primary evidential foundation that has been examined.
1.1 Scope, Research Gap and Objectives
This review is bounded to catla, rohu and hilsa as consumed and captured in the eight states of North-East India, with the Brahmaputra and Barak drainage systems, their floodplain wetlands and the adjoining hill catchments as the geographical frame. It concerns metals and metalloids of toxicological or nutritional relevance in fish tissue, principally arsenic, cadmium, chromium, lead, mercury, nickel, copper, zinc, manganese and iron. Laboratory toxicity studies are considered only where they illuminate mechanisms of uptake, sequestration or regulation; they are not treated as evidence of field burdens. Organic contaminants, microplastics and radionuclides fall outside the scope, as do questions of fishery stock assessment and aquaculture productivity except where they bear on exposure pathways.
The gap addressed is specific. It is not that the region lacks contamination data, nor that carp and hilsa have never been analysed anywhere. It is that the chain of reasoning linking documented regional contamination to putative species-specific tissue burdens and consumer risk has never been assembled and tested, with the result that the regional evidence base is inferential in character while being presented and used as though it were observational. The distinction has practical weight, because consumption advisories, fishery management decisions and public communication in the region currently rest on this untested chain.
Four objectives follow. The first is to establish what has genuinely been measured in fish tissue within North-East India and to separate this from what has been measured in abiotic compartments or in other regions. The second is to evaluate, link by link, the extrapolations on which regional claims depend, and to state where each fails. The third is to appraise the methodological quality of the retrievable evidence against the requirements of defensible exposure assessment, with particular attention to speciation, tissue selection, sampling design and risk parameterisation. The fourth is to derive research priorities that are proportionate to the identified weaknesses rather than aspirational. The review deliberately excludes quantitative pooling of reported concentrations, since the heterogeneity of tissues, mass bases, species and analytical protocols across the retrieved studies would render any pooled estimate uninterpretable.
2. Methods for Literature Selection
2.1 Review Design and Rationale
A critical narrative design was selected because the review question concerns the structure and adequacy of an evidence base rather than the magnitude of a defined effect. A systematic review or meta-analysis presupposes a body of comparable studies addressing a common question with comparable outcome measures. That precondition is not met here: the retrievable studies differ in species, tissue, element suite, mass basis, analytical platform and geographical setting, and the central analytical task is to expose these incompatibilities rather than to average across them. A scoping review would map the literature without adjudicating the validity of the inferences drawn from it, which is precisely the deficiency this review seeks to remedy. Narrative synthesis is appropriate where the objective is interpretive integration across heterogeneous and partly incommensurable sources, provided that transparency of sources, explicitness of appraisal and calibration of claims to evidence are maintained (Greenhalgh et al., 2018).
The absence of a formal protocol does not license opacity. The review was conducted against the quality dimensions articulated for narrative reviews, namely justification of importance, statement of aims, description of the literature search, referencing of claims, evidence-calibrated presentation and appropriate treatment of data (Baethge et al., 2019). Search sources, search period, eligibility rules and appraisal criteria are reported below so that the selection can be scrutinised and repeated, and evidential confidence is stated explicitly throughout the synthesis rather than left implicit.
2.2 Information Sources
Six scholarly information sources were searched: Europe PMC, PubMed, Crossref, Semantic Scholar, the Directory of Open Access Journals and Google Scholar. Publisher and journal landing pages and Digital Object Identifier registry records were consulted to verify bibliographic details and to obtain full author lists, volume, issue, article numbers and pagination where indexing records were incomplete. Searching was supplemented by backward citation searching from retrieved reviews and primary studies, by forward and related-article searching within the retrieval platforms, and by targeted checks for corrections, expressions of concern and retractions affecting candidate sources. No claim is made to have searched subscription indexes to which access was unavailable, and the implications of that restriction are stated in the Limitations section.
2.3 Search Strategy and Search Period
Search concepts were constructed from four axes: the target organisms, the contaminant class, the biological process, and the geographical setting. Organism terms combined scientific and vernacular usage, including current and superseded binomials, because much of the applied literature retains older nomenclature. Contaminant terms combined the collective descriptors with element-specific terms. Process terms captured accumulation, tissue distribution and exposure assessment. Geographical terms were nested from the regional to the sub-basin and district scale, and were also expressed hydrologically, since much regional work is indexed by river name rather than by state.
Representative strings, adapted to the syntax of each source, took the following form. For the organism and contaminant axes: ("Labeo rohita" OR "rohu" OR "Labeo catla" OR "Catla catla" OR "Gibelion catla" OR "catla" OR "Indian major carp" OR "Tenualosa ilisha" OR "hilsa" OR "ilish") AND ("heavy metal*" OR "trace metal*" OR "potentially toxic element*" OR "metalloid*" OR arsenic OR cadmium OR lead OR mercury OR chromium OR nickel OR zinc OR copper OR manganese). For the process and setting axes: (bioaccumulat* OR accumulat* OR "tissue distribution" OR "bioconcentration factor" OR "biota-sediment accumulation factor" OR "health risk" OR "target hazard quotient" OR "estimated daily intake") AND (Brahmaputra OR Barak OR Assam OR Meghalaya OR Manipur OR Tripura OR Nagaland OR Mizoram OR "Arunachal Pradesh" OR Sikkim OR "north-east India" OR "northeast India" OR "Deepor Beel" OR "Kolong" OR "Loktak" OR "Umiam" OR "Simsang" OR "Kopili" OR beel). Supplementary strings addressed the abiotic compartments, arsenic speciation, feeding-guild effects and narrative-review methodology.
The search period ran from 1 January 1990 to 17 June 2026, the final search having been conducted on 17 June 2026. The starting year reflects the point from which systematic environmental metal monitoring in the Brahmaputra and Barak catchments becomes retrievable in the indexed literature; earlier publications were admitted where they were necessary to establish historical baselines or foundational method.
2.4 Eligibility Criteria
Peer-reviewed primary studies, systematic and narrative reviews, and methodological papers were eligible. Studies were included where they reported measured concentrations of metals or metalloids in fish tissue, in the abiotic compartments of the study region, or in adjacent basins where the data bore directly on the extrapolation questions under examination; where they addressed mechanisms of uptake, sequestration or regulation relevant to interpreting field burdens; or where they addressed the conduct or appraisal of narrative reviews. Publications in English were eligible without restriction on country of origin.
Studies were excluded where bibliographic identity could not be confirmed against an authoritative record, where the outlet showed features inconsistent with functioning peer review, where results were reported without any indication of analytical method, and where laboratory exposure experiments were presented as evidence of environmental burdens. Preprints were excluded in favour of peer-reviewed evidence. Conference abstracts, theses, promotional material and secondary compilations without primary data were excluded. Publications appearing after the final search date were not incorporated, including sources identified during verification whose online publication postdated 17 June 2026.
2.5 Screening, Duplicate Handling and Study Selection
Records were screened first by title and abstract against the eligibility criteria, then at full text or, where full text was inaccessible, against the abstract together with any structured metadata sufficient to establish species, matrix, elements and setting. Studies whose relevance could not be established at that level were not carried forward. Duplicates arising from overlapping coverage of the search sources were identified by Digital Object Identifier where available and otherwise by matching of author, title, journal, volume and pagination; preprint and version-of-record pairs were resolved in favour of the version of record. Where indexing records disagreed on year, volume or pagination, the publisher record was treated as authoritative and the year of the version of record was adopted. No numerical screening counts are reported, since the selection process was purposive and iterative rather than systematic, and reporting counts would misrepresent its character.
2.6 Critical Appraisal and Evidence Synthesis
Each included empirical study was appraised against criteria appropriate to environmental exposure research: clarity of sampling design including site selection, replication and seasonal coverage; specification of species identity, size and life stage; explicit statement of tissue and mass basis; description of digestion and instrumental procedure; documentation of quality assurance through certified reference materials, spike recovery, blanks and detection limits; adequacy of statistical treatment; and transparency in the parameterisation of any exposure or risk calculation. No formal risk-of-bias instrument was applied, since no recognised tool exists for this study type and the reporting in many retrieved sources would not support scored appraisal.
Synthesis proceeded thematically. Studies were grouped by the inferential role they could play rather than by chronology or geography: direct regional evidence for the target species, surrogate regional evidence from other taxa, external evidence for the target species from other basins, abiotic evidence establishing exposure potential, and mechanistic evidence constraining interpretation. Disagreement among studies was interpreted by examining whether it originated in genuine environmental heterogeneity, in species and tissue differences, or in methodological artefact, and this diagnosis is stated wherever conflicting results are presented. Where evidence was sparse, the sparseness is reported as a finding rather than filled by inference.
3. Contaminant Pressures in the Brahmaputra and Barak Systems and Adjoining Catchments
Any assessment of bioaccumulation must begin with the exposure field, and in North-East India that field is unusually heterogeneous. Four pressure regimes can be distinguished, each with a characteristic element signature and each implying a different exposure pathway for fish.
3.1 Geogenic arsenic and redox-controlled mobilisation
The dominant regional signal is arsenic released from Holocene alluvial sediments under reducing conditions. Depth-resolved work across the Brahmaputra alluvium has shown that arsenic mobilisation is layered rather than uniform, with redox conditions varying systematically along the vertical profile and with co-enrichment of several other elements following the same redox controls (Patel et al., 2019). District-scale assessments in Golaghat and Barpeta established that affected groundwaters exceed drinking-water guidance and carry associated iron and manganese burdens (Chetia et al., 2011; Haloi & Sarma, 2012), and subsequent work across the upper floodplains extended the element suite and quantified associated exposure (Dutta et al., 2022). Predictive mapping in the two most affected districts indicates that the affected population is substantial and that distribution is patchy at the scale at which households draw water (Nath et al., 2022). On Majuli, exposure coexists with limited public awareness of risk, which has implications for the reception of any subsequent dietary advisory (Goswami et al., 2020).
For fish exposure, the critical point is that this arsenic is largely dissolved and reduced in the subsurface, and its transfer to surface waters is neither uniform nor well quantified. Bed sediment studies on the main stem show arsenic present alongside copper and zinc in phases whose mobility depends on redox and pH conditions that shift through the hydrological year (Borah et al., 2018). Whether that reservoir becomes bioavailable to benthic and benthopelagic feeders depends on partitioning behaviour that has been characterised for the abiotic phases but not traced into biota (Gogoi et al., 2020; Tsering et al., 2020).
3.2 Urban, industrial and mining pressures
A second regime is anthropogenic and spatially concentrated. The Bharalu, which drains central Guwahati before joining the Brahmaputra, carries sediment metal concentrations indicative of untreated municipal and commercial discharge (Bhuyan et al., 2023), and main-stem monitoring across Dibrugarh, Guwahati and Dhubri found the highest pollution index values at the Guwahati station (Hazarika & Kalita, 2020). The adjacent Ramsar-listed Deepor Beel shows sediment contamination that indexing and receptor modelling attribute to a combination of municipal waste disposal, drainage and traffic-related sources (Dash et al., 2019, 2020). Earlier work in the Shillong streams documented metal transfer from water into periphytic algae, detritus and insects, establishing that transfer to biota occurs in the region’s urbanised hill catchments even where concentrations are modest (Gupta, 1996), and comparative sampling of a riverine and a lacustrine gastropod population demonstrated that accumulation differs between habitats subject to the same regional inputs (Gupta, 1998).
A third regime is specific to the Meghalaya coal belts. Unregulated extraction has produced acid mine drainage that depresses stream pH and elevates sulphate and iron in the Jaintia Hills (Das & Semy, 2023), with comparable conditions in the Garo Hills where affected reaches of the Simsang River show low pH, elevated sulphate and iron above permissible limits together with polycyclic aromatic hydrocarbon contamination (Talukdar et al., 2016). Acidification alters metal speciation and increases the free-ion fraction of several divalent metals, which is the fraction most available for gill uptake, so this regime is likely to be disproportionately important for bioaccumulation relative to its spatial extent.
3.3 Hydrological pulsing and the wetland-floodplain interface
The fourth regime is temporal rather than spatial. Metal phase distributions in the Brahmaputra vary seasonally in ways that shift the balance between dissolved and particle-bound fractions (Gogoi et al., 2020), and flooding remobilises catchment deposits into both surface water and shallow groundwater, with measurable increases in metal concentrations after inundation and severe pollution index values in affected riverine settlements (Kalita & Das, 2025). Agricultural soils of the lower valley carry metal and metalloid burdens sufficient to generate estimated exposure through the rice pathway (Baruah et al., 2021), and these soils are hydrologically continuous with the floodplain wetlands in which carps are captured and cultured. In Manipur, macrophytes of Loktak Lake accumulate metals to concentrations that in several cases exceed guidance for edible plants, indicating that the transfer of metals into the wetland food base is occurring (Laishram et al., 2023).
The practical implication of this heterogeneity is that a single regional characterisation of exposure is untenable. A rohu captured in a Nagaon oxbow, a catla harvested from a Barak valley beel and a hilsa landed in a Guwahati market have exposure histories that share almost nothing beyond the name of the region. The following table sets out the principal pressure regimes, the elements implicated in each, and the specific reason why each body of evidence cannot by itself support a statement about tissue burdens in the three target species. Its purpose is diagnostic: read across the final two columns, it shows that the regional literature is rich in exposure-potential data and almost silent on exposure realisation, and that this silence is not confined to one sub-region but is general.
Table 1. Principal contaminant pressure regimes across North-East India and their evidential standing for fish tissue exposure.
	Sub-region or setting
	Elements principally implicated
	Dominant driver
	Evidential basis and its limitation for the target species
	Supporting references

	Upper and mid Brahmaputra floodplain (Golaghat, Barpeta, Majuli, Nagaon)
	Arsenic, iron, manganese, with co-enriched trace elements
	Reductive mobilisation from Holocene alluvium; redox stratification with depth
	Groundwater and depth-profile sediment measurements; no paired measurement in fish tissue, and no quantification of transfer from subsurface to surface waters
	Chetia et al. (2011); Dutta et al. (2022); Goswami et al. (2020); Haloi and Sarma (2012); Nath et al. (2022); Patel et al. (2019)

	Brahmaputra main stem and Bharali tributary bed sediments
	Arsenic, copper, zinc, and solid-phase-bound metals
	Sediment transport and seasonal redox and pH change
	Solid-phase speciation and mobility characterised; bioavailability inferred from extraction schemes rather than measured in organisms
	Borah et al. (2018); Gogoi et al. (2020); Hoque et al. (2011); Tsering et al. (2020)

	Guwahati urban corridor: Bharalu river and Deepor Beel
	Chromium, nickel, lead, zinc, copper, cadmium
	Untreated municipal sewage, solid waste disposal, urban drainage and traffic
	Sediment contamination indices and receptor modelling; the highest main-stem pollution index in the region occurs here, but no fish tissue data for the target species
	Bhuyan et al. (2023); Dash et al. (2019, 2020); Hazarika and Kalita (2020)

	Meghalaya coal belts: Jaintia Hills and Simsang River, Garo Hills
	Iron, manganese and acidity-mobilised divalent metals; sulphate as an acidity marker
	Rat-hole coal extraction and acid mine drainage
	Stream hydrochemistry documented and genotoxic response demonstrated in a resident teleost; tissue metal burdens not quantified for the target species
	Das and Semy (2023); Talukdar et al. (2016)

	Shillong hill streams and associated water bodies
	Iron, manganese, zinc, copper, lead
	Urbanised hill catchment runoff
	Transfer from water into algae, detritus, insects and gastropods demonstrated, establishing a functioning transfer pathway but at low trophic levels only
	Gupta (1996, 1998)

	Lower Brahmaputra valley agricultural soils
	Arsenic, chromium, nickel, lead
	Irrigation with contaminated water, agrochemical inputs, peri-urban deposition
	Soil and rice pathway exposure quantified; hydrologically continuous with capture and culture waters, but the fish pathway was not assessed
	Baruah et al. (2021)

	Flood-affected riverine settlements, mid-Brahmaputra valley
	Cadmium, chromium, nickel, lead, manganese, iron
	Flood remobilisation of catchment and settlement deposits
	Pre- and post-flood water measurements with exposure modelling for ingestion, dermal and inhalation routes; the dietary fish route was not included
	Kalita and Das (2025)

	Loktak Lake and catchment, Manipur
	Iron, manganese, zinc, lead, cadmium
	Catchment runoff, settlement and agricultural inputs
	Metal transfer into macrophytes and into small indigenous and larger fish species demonstrated; the target species were not among those examined
	Laishram et al. (2023); Mayanglambam and Neelam (2024)


Note. Elements are listed by the study authors’ own reporting and are not exhaustive for any setting. “Evidential standing” refers to the capacity of the cited work to support a claim about tissue concentrations in catla, rohu or hilsa, not to the internal quality of the studies themselves, which is appraised separately in Section 7.
4. Species Ecology as a Determinant of Exposure
4.1 Nomenclatural precision and its practical consequence
Catla presents a nomenclatural complication that has practical bearing on literature retrieval. The species described by Hamilton in 1822 has been placed successively in Catla, Gibelion and Labeo, and current taxonomic usage recognises Labeo catla (Hamilton, 1822), with Catla catla (Hamilton, 1822) and Gibelion catla (Hamilton, 1822) treated as synonyms. The applied ecotoxicological literature has not followed this change consistently, and recent primary work continues to publish under the older binomial (Basak et al., 2026). Rohu is Labeo rohita (Hamilton, 1822) and hilsa is Tenualosa ilisha (Hamilton, 1822), both stable in current usage. The practical consequence is that any search confined to the currently accepted binomial for catla will fail to retrieve most of the relevant literature, and any synthesis that does not reconcile the synonymy risks double-counting or omitting studies. This review uses Labeo catla in the text while retaining the binomial used by each cited study where the distinction matters for retrieval.
4.2 Feeding guild, vertical niche and the exposure route
The three species differ in ways that bear directly on exposure. Catla is a surface and column feeder whose diet is dominated by zooplankton, whereas rohu occupies the column and the sediment-water interface with a herbivorous and detritivorous habit that brings it into closer and more sustained contact with sediment-associated material. This is not a taxonomic nicety. In a multi-district comparison across West Bengal, arsenic burdens in rohu were significantly higher than in catla in the same water bodies, and the authors attributed the difference to the more benthopelagic feeding behaviour of rohu (Basak et al., 2026). The same pattern recurs in other settings. In an aquaculture pond in the coal-mining belt of Dhanbad, the bottom-dwelling Labeo bata accumulated metals more strongly than rohu, and the difference was ascribed to feeding position rather than to any physiological distinction (Pal & Maiti, 2018). In the Old Brahmaputra River in Bangladesh, metal contents differed significantly among species according to feeding habit and habitat, with omnivorous species carrying higher arsenic, chromium, mercury and lead, and benthopelagic species carrying higher arsenic specifically (Shorna et al., 2021).
Where the three Indian major carps have been examined together in the same system, species-specific as well as tissue-specific partitioning was apparent, with liver identified as the principal site of accumulation and gill in most cases the least affected among rohu, catla and mrigal (Aich et al., 2012). This finding is important for two reasons. It establishes that inter-species differences are detectable within the carp assemblage rather than being confined to comparisons between carps and other families, and it demonstrates that the direction and magnitude of those differences are element-dependent rather than uniform. A single ranking of species by contamination is therefore not a meaningful construct; rankings must be stated element by element and tissue by tissue.
The consequence for North-East India is direct. Regional tissue data, where they exist at all, come predominantly from species whose ecology differs systematically from that of the target species. Channa punctatus is a carnivorous air-breathing predator, Cyprinus carpio is an introduced benthic omnivore, and Labeo angra is a small-bodied congener with a different size trajectory. Each of these differs from catla in vertical niche, from rohu in body size and growth rate, and from hilsa in essentially every relevant respect. Using them as proxies imports an unquantified and directionally uncertain error, and the literature that does so rarely acknowledges this.
4.3 Anadromy and the exposure-history problem for hilsa
Hilsa poses a distinct analytical problem. The species is anadromous, spending the greater part of its life in coastal and marine waters and entering rivers principally to spawn, with juveniles subsequently returning seawards (Hossain et al., 2019). Tissue burdens in any individual therefore integrate exposure across marine, estuarine and riverine environments whose contaminant fields differ in composition, in the dominant chemical forms of the elements present, and in the salinity and calcium concentrations that modulate gill uptake. A muscle concentration measured in a hilsa landed at a market cannot be attributed to the water body in which it was caught, still less to the region in which it is sold.
This complication is compounded in North-East India by the structure of supply. Migratory access to the upper reaches of the Ganga and Brahmaputra systems has been substantially constrained, and much of the hilsa consumed in the region reaches it through trade from the Bay of Bengal and its deltaic approaches rather than from local capture. No retrieved study establishes the provenance of hilsa sold in North-East Indian markets, and none reports tissue metal concentrations in hilsa captured within the region. The consequence is that the hilsa component of regional dietary exposure is governed largely by conditions outside the region, which reframes the question from an ecological one about the Brahmaputra to a food-safety one about traded fish. The distinction matters because the two questions imply entirely different monitoring designs and different regulatory levers.
Evidence from where hilsa has been analysed illustrates both the potential magnitude of the issue and the difficulty of transferring it. Organ-specific analysis of Bangladeshi hilsa found accumulation patterns that differed markedly among tissues and generated distinct risk conclusions depending on which organ was considered (Raknuzzaman et al., 2022). Market-based sampling stratified by fish size found that the smallest size group carried the highest metal concentrations and that non-carcinogenic risk was identified for children consuming that group, even though no hazard was indicated for adults (Hossain et al., 2024). Comparable work outside South Asia, in the northern Persian Gulf, reported accumulation in hilsa alongside a second commercial species, confirming that the species accumulates measurably in a quite different marine setting (Niri et al., 2015). These findings converge on the conclusion that hilsa burdens are strongly conditioned by size and by capture environment, which is precisely why they cannot be transferred wholesale to a regional market whose supply structure is undocumented.
The table below summarises the ecological traits that determine exposure for each species and states the principal uncertainty attaching to each in the North-East Indian context. The pattern it reveals is that the uncertainties are not of the same kind: for catla and rohu the deficiency is an absence of local measurement against a background of reasonably well-understood ecology, whereas for hilsa the deficiency is more fundamental, since even a local measurement would be difficult to interpret without independent information on the individual fish’s migratory and geographical history.
Table 2. Ecological traits of the three target species and their consequences for metal exposure and for the interpretation of tissue measurements.
	Species
	Vertical niche and feeding habit
	Residency and life-history pattern
	Expected emphasis of exposure
	Principal interpretive uncertainty in North-East India
	Supporting references

	Labeo catla (Hamilton, 1822), also published as Catla catla
	Surface and column feeder, predominantly planktivorous
	Resident in rivers, floodplain wetlands, reservoirs and culture ponds
	Waterborne uptake across the gill and dietary uptake through the planktonic pathway; comparatively limited direct contact with contaminated sediment
	No verified tissue dataset from within the region; comparative data from other basins indicate lower burdens than rohu for arsenic, but the generality of that ordering across elements is untested
	Aich et al. (2012); Basak et al. (2026)

	Labeo rohita (Hamilton, 1822)
	Column and bottom-associated feeder with herbivorous and detritivorous habit; described as benthopelagic in comparative work
	Resident in rivers, wetlands, reservoirs and culture ponds
	Combined waterborne and sediment-associated dietary uptake, with greater exposure to particle-bound fractions
	A single regional tissue dataset exists, from one heavily modified river, reporting an atypical organ distribution that has not been independently reproduced
	Basak et al. (2026); Das et al. (2024); Pal and Maiti (2018); Shorna et al. (2021)

	Tenualosa ilisha (Hamilton, 1822)
	Filter and particulate feeder in the pelagic zone
	Anadromous; principally marine and estuarine, entering rivers to spawn
	Integrated marine, estuarine and riverine exposure, with burden strongly conditioned by size and by capture environment
	No tissue dataset from fish captured within the region, and no documentation of the provenance of traded fish, so neither ecological nor food-safety attribution is currently possible
	Hossain et al. (2019, 2024); Niri et al. (2015); Raknuzzaman et al. (2022)


Note. Vertical niche and feeding descriptions follow the characterisations used in the cited comparative studies. “Expected emphasis of exposure” denotes the pathway likely to dominate on current understanding and is not a measured quantity.
5. What the Regional Evidence Actually Shows
5.1 Direct evidence for the target species within North-East India
The direct evidence is minimal. One retrievable peer-reviewed study reports tissue metal concentrations in a target species from within the region. Fish were sampled from the Kolong River at Nagaon, a channel whose flow was historically obstructed and which is among the more heavily impacted rivers of the Assam valley, and rohu was analysed alongside Puntius conchonius for arsenic, zinc, cadmium, chromium, mercury and lead (Das et al., 2024). Three of the six elements were detected, namely cadmium, arsenic and zinc. Rohu carried higher concentrations than the smaller cyprinid, which is consistent with the feeding-position argument developed above. Concentrations were reported as below permissible limits in all samples, and metal pollution index, estimated daily intake, target hazard quotient and carcinogenic risk values were interpreted as indicating that consumption is safe for adults. The authors nonetheless recommended discarding the brain and gills before consumption because arsenic was highest in those tissues.
This study is valuable precisely because it is the only one of its kind, but it cannot bear the weight that its uniqueness invites. Its element detection pattern, in which chromium, mercury and lead were not detected at all, is notable in a river system where those elements have been documented in sediments and surface waters elsewhere in the valley (Bhuyan et al., 2023; Hazarika & Kalita, 2020). Non-detection may reflect genuine absence in the sampled fish, but it may equally reflect detection limits or digestion efficiency, and the distinction cannot be resolved from the reporting. More significant is the reported organ distribution. The finding that detected elements were highest in the brain, followed by the gills, departs from the pattern reported in essentially every comparable study of Indian major carps, in which liver and kidney dominate (Aich et al., 2012; Choudhury et al., 2023). A finding of this kind is either an important observation about a specific exposure regime or an artefact of dissection, tissue mass or contamination during sample handling. Independent replication is required before it can be treated as either.
No study reporting tissue metal concentrations in catla captured within North-East India was retrieved, and none reporting tissue metal concentrations in hilsa captured within the region. This is a substantive finding rather than a gap in the present search, and it should be stated plainly: the assertion that catla and hilsa in North-East India carry elevated metal burdens is not currently supported by any direct measurement.
5.2 Surrogate evidence from other regional taxa
Regional tissue data do exist for other species, and they are informative about the exposure field even though they cannot substitute for species-specific measurement. In a floodplain wetland of the Barak River, water and sediment metal concentrations exceeded relevant guidelines and accumulation in the tissues of Labeo angra exceeded international food safety recommendations for most elements, with high bioaccumulation factors and condition indices suggesting metabolic disturbance (Das & Choudhury, 2016). At sites in southern Assam, mercury, cadmium, lead and chromium exceeded permissible ranges in water and were several-fold higher in the tissues of Channa punctatus, with kidney showing the highest metal pollution index followed by liver and gill, accompanied by oxidative stress, deoxyribonucleic acid damage and impaired innate immune function (Choudhury et al., 2023). In the Umiam reservoir of Meghalaya, seasonal analysis of water and Cyprinus carpio found tissue-dependent accumulation in the order chromium, lead, copper, cadmium, with water concentrations exceeding national and international standards and health risk assessment indicating possible adverse effects from muscle consumption (Warjri et al., 2024). In and around Loktak Lake in Manipur, whole-fish analysis of small species and tissue analysis of larger species found iron, manganese and zinc relatively high among the biota, with metal pollution index values spanning very high to negligible contamination, target hazard quotients below unity, but lead and cadmium above safe limits in some samples (Mayanglambam & Neelam, 2024). On the Simsang River in the Garo Hills, acid mine drainage from coal workings was associated with significant seasonal differences in comet assay, micronucleus and chromosome aberration endpoints in Channa punctata, with the highest frequency of damaged cells at affected sites during the monsoon (Talukdar et al., 2016).
Read together these studies establish two things and fail to establish a third. They establish that metals in the region do transfer into fish tissue at concentrations that are in several cases above food safety guidance, and they establish that biological effect endpoints respond at these exposures, which counters any argument that regional contamination is toxicologically inert. They do not establish what catla, rohu or hilsa carry, because the species examined differ in the specific respects, feeding position and body size, that the comparative literature identifies as the strongest determinants of interspecies difference. It is also notable that these regional studies conflict in their bottom-line risk conclusions, with two reporting exceedances of food safety limits and two reporting hazard indices below unity. The conflict is best explained not by contradiction but by genuine spatial heterogeneity combined with differences in which tissue was analysed and which consumption parameters were assumed, a point developed in Section 7.
One further category of regional evidence concerns processed product. A multi-state survey of dried fish from India, which included Assam among the sampling states, reported an element profile in which arsenic was dominant, with dietary exposure assessment indicating higher risk for children than for adults although hazard indices remained within the acceptable range (Sonone et al., 2025). Dried fish is a significant component of the regional diet and involves a concentration step relative to fresh tissue, so this evidence extends the exposure picture in a direction that fresh-fish sampling does not capture.
5.3 External evidence for the target species from other basins
The largest body of evidence concerning catla and rohu comes from outside the region. Across the Gangetic system, bioaccumulation has been reported in rohu, catla and mrigal with a consistent tissue ordering of liver above gill above muscle, and with copper and zinc concentrated in liver and gill (Maurya et al., 2019). Trophic-level biomonitoring in the Ganga documented metal transfer through water, sediment, plants and fishes (Kumar et al., 2020). In the lower Gangetic stretch, a survey of twelve economically important species found that all measured elements were below permissible limits except zinc in catla and rohu, with metal pollution index, target hazard quotient and hazard index values below unity (Kumar et al., 2024). In the East Kolkata Wetlands, a Ramsar site supplied by wastewater, metal contamination was documented across fish, water and sediment with an accompanying health risk assessment (Kumar et al., 2023), and earlier work in the same wetland system found liver to be the principal accumulation site and gill generally the least affected among the three Indian major carps (Aich et al., 2012). Arsenic-focused sampling across thirteen districts of West Bengal found liver above gill above muscle in both rohu and catla, higher concentrations in rohu than catla, and muscle arsenic above the food safety threshold in all severely affected districts as well as in one district previously classified as unaffected (Basak et al., 2026).
For hilsa the external evidence is Bangladeshi and Middle Eastern. Organ-specific accumulation has been characterised in Bangladeshi hilsa with an accompanying risk assessment (Raknuzzaman et al., 2022), market sampling has demonstrated size dependence with the highest burdens in the smallest size class and non-carcinogenic risk identified for children (Hossain et al., 2024), commercial fishes from coastal areas and rivers have been assessed for consumer risk (Bristy et al., 2021), seasonal behaviour of toxic metals has been traced in commercial species of a tidal river (Ali et al., 2022), and probabilistic risk modelling has been applied to fishes consumed in Dhaka (Shaheen et al., 2025). In the Old Brahmaputra River, indigenous species showed metal-specific target hazard quotients below unity but a hazard index indicating chronic non-carcinogenic risk for one species, and target cancer risk values indicating carcinogenic risk from arsenic exposure through fish consumption (Shorna et al., 2021).
Two cautions attach to this external corpus. The first is compositional. The Gangetic and East Kolkata datasets derive from systems whose contaminant signature is dominated by industrial and wastewater inputs of chromium, nickel, lead and zinc, whereas the Brahmaputra floodplain signature is dominated by geogenic arsenic with a spatially concentrated urban overlay. Transferring a Gangetic ranking of elements to the Brahmaputra would misdirect monitoring effort. The West Bengal arsenic dataset is the closest analogue in element terms, and it is notable that this is the study reporting the most concerning result, namely muscle arsenic above the food safety threshold in both target carps. The second caution is hydrological. The Old Brahmaputra in Bangladesh is a distributary of the same river, which makes it the nearest external analogue in physical terms, and its finding of arsenic-driven carcinogenic risk despite individually acceptable hazard quotients is directly pertinent. Even here, however, the species examined were small indigenous fishes rather than the target carps.
The following table sets out the regionally retrievable studies that report metal burdens in fish tissue, distinguishing what each contributes from what it cannot support. The column of principal outcomes should be read against the column of limitations rather than in isolation, because the most frequent error in secondary treatments of this literature is to cite a regional finding of exceedance and attach it to a species that was never sampled.
Table 3. Retrievable studies reporting metal burdens in fish tissue from North-East India and the nearest external analogues.
	Setting
	Taxa examined
	Elements and matrices
	Principal reported outcome
	Contribution and limitation for catla, rohu and hilsa
	Supporting references

	Kolong River, Nagaon, Assam
	Labeo rohita; Puntius conchonius
	Arsenic, zinc, cadmium, chromium, mercury, lead; multiple organs including brain, gill and muscle
	Only cadmium, arsenic and zinc detected; higher concentrations in rohu than in the smaller cyprinid; all below permissible limits; highest burdens reported in brain and gill; consumption judged safe for adults with brain and gill discarded
	The only direct regional dataset for a target species; single river, single sampling programme, and an organ distribution that departs from the wider literature and awaits replication
	Das et al. (2024)

	Floodplain oxbow lake of the Barak River, Assam
	Labeo angra
	Manganese, iron, magnesium, calcium, copper, zinc, cadmium, chromium, lead, nickel; water, sediment and tissues
	Water and sediment exceeded relevant guidelines; tissue concentrations above international food safety recommendations for most elements; high bioaccumulation factors; condition indices indicating metabolic disturbance
	Demonstrates realised transfer into a congeneric cyprinid in a Barak valley wetland; different body size and growth trajectory from rohu and catla limits quantitative transfer
	Das and Choudhury (2016)

	Selected sites in southern Assam
	Channa punctatus
	Mercury, cadmium, lead, chromium; water and tissues
	All four elements above permissible ranges in water and several-fold higher in tissues; kidney showed the highest metal pollution index, then liver, then gill; oxidative stress, genotoxicity and impaired innate immunity
	Establishes that regional exposures are toxicologically active, not merely detectable; the species is a carnivorous predator with a different exposure route from the target carps
	Choudhury et al. (2023)

	Simsang River, Garo Hills, Meghalaya
	Channa punctata
	Acidity, sulphate, iron and polycyclic aromatic hydrocarbons in water; genotoxicity endpoints in fish
	Low pH, elevated sulphate and iron above permissible limits at affected sites; significant seasonal differences in comet, micronucleus and chromosome aberration endpoints, highest in monsoon
	Identifies acid mine drainage catchments as a distinct and probably high-uptake exposure regime; tissue metal burdens were not quantified
	Talukdar et al. (2016)

	Umiam Lake reservoir, Ri Bhoi, Meghalaya
	Cyprinus carpio
	Chromium, lead, copper, cadmium; water and multiple tissues
	Significant seasonal differences; tissue-dependent accumulation in the order chromium, lead, copper, cadmium; water above national and international standards; risk assessment indicating possible adverse effects from muscle consumption
	A reservoir setting comparable to those in which carps are captured regionally; the species is an introduced benthic omnivore, so partitioning cannot be transferred directly
	Warjri et al. (2024)

	Loktak Lake and surrounds, Manipur
	Small indigenous species analysed whole; larger species analysed by tissue
	Copper, nickel, iron, manganese, zinc, cadmium, chromium, cobalt, lead, arsenic
	Iron, manganese and zinc relatively high across biota; metal pollution index from very high to negligible; target hazard quotients below unity; lead and cadmium above safe limits in some samples
	Establishes wetland transfer in a second North-East Indian state and illustrates within-site heterogeneity; the target species were not examined
	Mayanglambam and Neelam (2024)

	Dried fish sampled across Indian states including Assam
	Multiple species as marketed dry product
	Arsenic, cadmium, chromium, cobalt, nickel, vanadium, lead, mercury
	Arsenic-dominated element profile; dietary exposure higher for children than adults; hazard indices within the acceptable range
	Captures a processing pathway with a concentration step that fresh-fish surveys omit; species identity and provenance of the dried product constrain attribution
	Sonone et al. (2025)

	Old Brahmaputra River, Bangladesh
	Six indigenous species, whole body
	Arsenic, cadmium, chromium, mercury, nickel, lead
	Contents varied significantly with feeding habit and habitat; omnivores higher in arsenic, chromium, mercury and lead; benthopelagic species higher in arsenic; hazard quotients below unity but hazard index indicating chronic risk for one species and target cancer risk indicating carcinogenic risk from arsenic
	The nearest hydrological analogue outside India and a direct demonstration of feeding-guild effects; whole-body analysis and non-target species prevent transfer to edible muscle of the target carps
	Shorna et al. (2021)


Note. “Permissible limits” and “safe limits” denote the reference standards used by the respective authors, which are not identical across studies; concentrations are therefore not directly comparable between rows. This table is not exhaustive of fish tissue studies in South Asia and is confined to work within North-East India together with the nearest external hydrological analogue.
6. Tissue Partitioning, Regulatory Mechanism and the Muscle-Only Problem
6.1 The consensus ordering and its physiological basis
Across the retrieved literature the dominant reported ordering places liver and kidney above gill, with muscle lowest. This has been reported for Indian major carps in wastewater-fed ponds (Aich et al., 2012), for rohu and catla in arsenic-affected districts (Basak et al., 2026), for Gangetic fishes including catla (Maurya et al., 2019), and for a predatory species in southern Assam where kidney exceeded liver and gill (Choudhury et al., 2023). The physiological basis is well established. Liver and kidney are the principal sites of detoxification and excretion and express inducible metal-binding ligands at high capacity, whereas muscle is poorly perfused relative to these organs and lacks comparable sequestration machinery. The gill occupies an intermediate position as the primary uptake surface, and its burden tends to track waterborne concentrations more closely than that of internal organs.
The mechanism is not merely descriptive. Controlled comparison of two marine species demonstrated that differential cadmium accumulation kinetics were attributable to metallothionein expression capacity rather than to differences in uptake rate (Le Croizier et al., 2018). This has an important interpretive consequence. Where two species inhabit the same water and one carries a higher hepatic burden, the difference may reflect greater sequestration capacity rather than greater exposure, and the species with the higher liver concentration may in fact be better protected. Ranking species by organ concentration as a proxy for exposure is therefore unreliable unless the sequestration capacity of each is known.
A parallel caution applies to essential elements. Zinc, copper and manganese are homeostatically regulated across a broad range of ambient concentrations, so tissue concentrations respond weakly to environmental gradients until regulatory capacity is saturated (Ali & Khan, 2018). Reports that zinc is the most abundant element in fish tissue, which recur throughout the retrieved literature, therefore convey little about contamination and much about normal physiology. The finding that zinc exceeded permissible limits in catla and rohu in the lower Gangetic stretch while all other elements remained below limits (Kumar et al., 2024) is more plausibly read as a comment on the permissible limit than as evidence of pollution.
6.2 Functional consequences at environmentally realistic burdens
Sub-lethal effect endpoints provide an independent line of evidence on whether measured burdens are biologically meaningful. Tissue-specific antioxidant responses in Indian major carps have been shown to vary with metal exposure in a manner that differs among organs (Das et al., 2017), and oxidative damage with mitochondrial dysfunction has been linked to alteration of the muscle fatty acid profile in the same species group under metal exposure (Das et al., 2018). The latter finding carries a nutritional implication that is rarely acknowledged in risk assessments: metal exposure may degrade the nutritional quality of the edible tissue independently of whether the metal concentration itself exceeds a regulatory threshold. Regional evidence points in the same direction, with oxidative stress, genotoxicity and immunosuppression documented in a resident species from southern Assam at exposures characterised as several-fold above permissible ranges (Choudhury et al., 2023), and with genotoxic responses documented in fish from an acid mine drainage catchment in Meghalaya (Talukdar et al., 2016).
These findings complicate the reassuring conclusions that dominate the risk-assessment literature. A hazard quotient below unity calculated from muscle concentrations addresses only the consumer, and only through a single pathway, and says nothing about whether the population being harvested is itself compromised. Where effect endpoints respond at exposures that generate acceptable consumer hazard quotients, the two literatures are not in contradiction; they are answering different questions, and conflating them produces an unwarranted impression that the ecosystem has been assessed.
6.3 The muscle-only problem and the significance of atypical distributions
Most consumer risk assessment is conducted on muscle alone, which is defensible where muscle is the only tissue consumed. In the North-East Indian context that assumption is questionable. Small fish are frequently consumed whole, heads are used in preparations across the region, and the practice of consuming or discarding particular organs varies by community and by preparation. Where the organ distribution is steep, the difference between muscle-only and whole-fish exposure is large. The Loktak study, which analysed small species whole and larger species by tissue, found the highest estimated daily intakes among tissues to be through gills (Mayanglambam & Neelam, 2024), and the Kolong study explicitly recommended discarding brain and gills because of elevated arsenic (Das et al., 2024). Both findings indicate that muscle-only assessment understates exposure for a proportion of the consuming population.
The Kolong finding of maximal accumulation in brain warrants specific comment because of its potential importance and its isolation. Neural accumulation of arsenic is not implausible mechanistically, and organic arsenic species and methylmercury are known to cross the blood-brain barrier in vertebrates, but a reported ordering in which brain exceeds liver in a cyprinid is inconsistent with the body of comparable work. Three explanations compete: a genuine and locally specific exposure pattern; an analytical or dissection artefact, since brain tissue is small, difficult to isolate without contamination from surrounding bone and blood, and yields low sample mass; or an element-specific effect confined to the three elements detected. The available reporting does not discriminate among these. Treating the finding as established would be premature; dismissing it would forfeit a potentially important observation. It should be designated as a replication priority.
The table below draws together the reported tissue orderings, the mechanism most plausibly responsible for each, and the interpretive caution that follows. The pattern it exposes is that tissue orderings are reasonably consistent across studies for the internal organs but that the position of gill and muscle varies with the element and the exposure route, which is why element-blind statements about which tissue is safest are unreliable.
Table 4. Reported tissue partitioning patterns, their probable mechanistic basis, and cautions for interpretation.
	Reported ordering
	Species and setting
	Probable mechanistic basis
	Interpretive caution
	Supporting references

	Liver highest, gill generally lowest among the tissues examined
	Rohu, catla and mrigal in wastewater-fed ponds of the East Calcutta Wetlands
	Hepatic sequestration by inducible metal-binding ligands; low perfusion and low ligand capacity in muscle
	Species-specific as well as tissue-specific partitioning was observed, so an ordering established for one species does not transfer to another even within the same assemblage
	Aich et al. (2012)

	Liver above gill above muscle
	Rohu and catla across arsenic-affected districts of West Bengal; Gangetic fishes including catla
	Detoxification and storage in liver; gill reflects waterborne exposure at the uptake surface
	Muscle arsenic nonetheless exceeded the food safety threshold in severely affected districts, so a low relative concentration in muscle does not imply an acceptable absolute concentration
	Basak et al. (2026); Maurya et al. (2019)

	Kidney above liver above gill above muscle
	Channa punctatus at sites in southern Assam
	Renal excretion and storage; predatory feeding delivering dietary metal load
	Reported in a carnivorous species; the ordering is not automatically applicable to planktivorous or detritivorous carps
	Choudhury et al. (2023)

	Brain above gill, with muscle lower
	Rohu from the Kolong River, Assam
	Not established; possible neural accumulation of specific arsenic species, or artefact of low-mass tissue dissection
	Departs from the consensus ordering and is unreplicated; should be treated as a hypothesis requiring targeted confirmation rather than as an established regional pattern
	Das et al. (2024)

	Highest estimated intake through gills among the tissues assessed
	Fish from and around Loktak Lake, Manipur
	Gill as the primary uptake surface with direct and continuous contact with ambient water
	Relevant only where gill is consumed or where whole fish are eaten; the exposure implication is therefore consumption-practice dependent
	Mayanglambam and Neelam (2024)

	Tissue-dependent accumulation with element-specific ordering
	Cyprinus carpio in Umiam reservoir, Meghalaya
	Differential affinity of elements for specific ligands and tissues
	Demonstrates that a single tissue ranking cannot be stated element-blind; orderings must be reported element by element
	Warjri et al. (2024)

	Organ-specific differences generating divergent risk conclusions
	Hilsa from Bangladesh
	Anadromous exposure history combined with organ-specific sequestration
	Risk conclusions for hilsa depend materially on which organ is assessed, so a muscle-only assessment is not a complete statement of consumer exposure
	Raknuzzaman et al. (2022)


Note. Orderings are as reported by the cited authors and refer to the tissues each study examined; absence of a tissue from an ordering indicates that it was not analysed rather than that it carried a low burden.
7. Methodological Weaknesses that Constrain Inference
7.1 Reporting basis, quality assurance and comparability
The most pervasive obstacle to synthesis is not disagreement among studies but incomparability. Concentrations in the retrieved literature are variously reported on a wet-mass and a dry-mass basis, and the conversion factor for fish muscle is large enough that the same tissue can appear compliant or non-compliant with a food safety limit depending on which basis is used. Several studies do not state the basis explicitly, and where moisture content is not reported the conversion cannot be reconstructed. Regulatory limits for fish are generally expressed on a wet-mass basis, so a dry-mass concentration compared directly against such a limit will overstate exceedance, sometimes by a factor of four or more.
Quality assurance reporting is similarly uneven. Certified reference material recovery, procedural blanks, spike recoveries and instrument detection limits are reported in some studies and omitted in others. The omission matters most where non-detection is a substantive finding. When three of six target elements were not detected in fish from a heavily impacted river (Das et al., 2024), the reader cannot determine whether the elements were absent or below a detection limit that was itself high relative to the concentrations reported elsewhere in comparable species. Studies applying probabilistic rather than deterministic risk methods are better placed in this respect, because they require explicit treatment of censored data and of parameter distributions (Shaheen et al., 2025), and the wider adoption of such approaches would improve comparability considerably.
Analytical platform also conditions what can be measured. Flame atomic absorption spectrometry, graphite furnace atomic absorption spectrometry, energy-dispersive X-ray fluorescence and inductively coupled plasma mass spectrometry differ by orders of magnitude in sensitivity and differ in their susceptibility to matrix interference. Studies using X-ray fluorescence on carp tissues (Aich et al., 2012) are not directly comparable with those using graphite furnace methods (Basak et al., 2026) at the low concentrations that determine compliance for cadmium and lead. Cross-platform comparison is defensible only where method performance is documented.
7.2 Speciation, and the specific problem of arsenic
The most consequential methodological weakness in this literature is the near-universal reporting of total element concentrations without speciation, and the problem is acute for arsenic because arsenic is the element of greatest regional concern. Toxicity differs by orders of magnitude among arsenic species, with inorganic arsenite and arsenate carcinogenic and the organic species that predominate in many fish, principally arsenobetaine, of low toxicological significance. Large-scale speciation work on freshwater fish, covering more than 1600 samples from fifty-three water bodies, demonstrated that the proportion of total arsenic present as inorganic species varies substantially among water bodies and among species, so that total arsenic is an unreliable predictor of the toxicologically relevant fraction (Lau et al., 2025).
The implication for North-East India is direct and largely unrecognised. Every regional and near-regional risk conclusion involving arsenic rests on total arsenic. This includes the conclusion that consumption from the Kolong River is safe for adults (Das et al., 2024), the conclusion that arsenic drove carcinogenic risk in the Old Brahmaputra (Shorna et al., 2021), the conclusion that muscle arsenic exceeded the food safety threshold in West Bengal carps (Basak et al., 2026), and the arsenic-dominated profile reported for Indian dried fish (Sonone et al., 2025). The direction of the resulting error is not uniform. Where the organic fraction predominates, total arsenic overstates risk and the regional picture is less alarming than it appears; where inorganic arsenic predominates, as may occur in freshwater systems with high dissolved inorganic arsenic loading, applying a generic organic-dominance assumption would understate risk. Because the Brahmaputra floodplain is characterised precisely by high dissolved inorganic arsenic in the subsurface (Patel et al., 2019), the assumption cannot be resolved by analogy and must be resolved by measurement. Until it is, arsenic-based risk statements for the region should be regarded as unquantified rather than as either reassuring or alarming.
7.3 Sampling design, size and age confounding
Non-essential metals accumulate over time, so body size and age are systematic confounders in any comparison of species or sites. The retrieved literature shows that this is not a hypothetical concern: market sampling of hilsa stratified by size found the highest metal concentrations in the smallest size group, with a health risk conclusion for children that did not apply to adults (Hossain et al., 2024). Whatever the mechanism, whether a growth-dilution effect, a difference in feeding zone with size, or a difference in provenance among size classes in the market chain, the finding demonstrates that unstratified sampling can produce misleading averages. Few regional studies report the size distribution of the fish analysed, and fewer standardise for it statistically.
Pooling of individuals into composite samples, which is common where instrument access is limited, compounds the problem by eliminating the variance information needed to detect size effects or to characterise the upper tail of the exposure distribution. Since dietary risk is determined substantially by high consumers eating high-concentration individuals, loss of the upper tail is not a minor sacrifice of precision. Seasonal coverage is a further weakness. Studies that did sample seasonally found significant seasonal differences (Warjri et al., 2024), and seasonal variation in metal phase distributions in the Brahmaputra has been documented independently (Gogoi et al., 2020), yet many regional studies report a single sampling occasion without acknowledging the temporal restriction on their conclusions.
7.4 Parameterisation of exposure and risk calculations
Target hazard quotients, estimated daily intakes and carcinogenic risk estimates dominate the conclusions of this literature, and their apparent precision is misleading because they are highly sensitive to input parameters that are frequently adopted by default rather than derived locally. Three parameters matter most: the fish consumption rate, the body weight of the exposed individual, and the assumed edible portion. Where a national or default consumption rate is substituted for a local one, the resulting hazard quotient is a statement about a hypothetical consumer rather than about the population at issue. This is a serious matter in North-East India, where fish consumption is high by national standards and where consumption within fishing and floodplain communities is higher still.
The consequence can be seen by comparing conclusions across the retrieved studies. Hazard indices below unity were reported for the Kolong River (Das et al., 2024), for Loktak Lake (Mayanglambam & Neelam, 2024), for the lower Gangetic stretch (Kumar et al., 2024) and for Indian dried fish (Sonone et al., 2025), while risk was identified for muscle consumption from Umiam reservoir (Warjri et al., 2024), for children consuming small hilsa (Hossain et al., 2024) and, in cumulative and carcinogenic terms, for consumers of Old Brahmaputra fishes (Shorna et al., 2021). These are not straightforwardly contradictory. They reflect different sites and different species, but they also reflect different consumption assumptions, different treatment of cumulative exposure across elements, and different decisions about whether to model children separately. The studies that disaggregate by age consistently find higher risk for children (Hossain et al., 2024; Pal & Maiti, 2018; Sonone et al., 2025), which suggests that studies reporting acceptable risk for a generic adult may be systematically understating the risk to the most vulnerable consumers.
A further limitation is that these indices assess fish in isolation. Where a population is simultaneously exposed to arsenic through drinking water and through rice, an acceptable fish-only hazard quotient may nonetheless sit atop an aggregate exposure that is not acceptable. Studies that assessed exposure through the rice pathway in the lower Brahmaputra valley (Baruah et al., 2021) and through groundwater across affected districts (Dutta et al., 2022; Nath et al., 2022) establish that the co-exposure exists; no retrieved study integrates the pathways.
The table that follows organises these weaknesses against the specific remedies that would address them, with attention to what is achievable given realistic constraints on analytical capacity in the region. It is arranged so that the remedies escalate in cost from left to right within each row, and the point it makes collectively is that a substantial part of the current uncertainty could be removed by reporting practice alone, without additional instrumentation.
Table 5. Recurrent methodological weaknesses in the retrieved literature and proportionate remedies.
	Weakness
	Manifestation in the retrieved literature
	Consequence for inference
	Proportionate remedy
	Supporting references

	Ambiguous or inconsistent mass basis
	Concentrations reported on wet and dry bases, sometimes without explicit statement and without moisture content
	Direct comparison against wet-mass regulatory limits can overstate exceedance several-fold; cross-study synthesis becomes unreliable
	Report both bases and moisture content; state explicitly which basis is compared against which standard
	Aich et al. (2012); Basak et al. (2026); Shorna et al. (2021)

	Incomplete quality assurance reporting
	Certified reference material recovery, blanks, spike recoveries and detection limits reported inconsistently
	Non-detection cannot be distinguished from detection-limit censoring, which is decisive where absence of an element is a headline finding
	Report detection limits and recovery for every element; treat censored values explicitly rather than as zero
	Das et al. (2024); Shaheen et al. (2025)

	Total element measurement without speciation
	Arsenic reported as total in every regional and near-regional study retrieved
	Risk may be overstated where organic species predominate and understated where inorganic species do; the direction of error is unknown for the region
	Speciated arsenic determination on a subset of samples to establish local inorganic fractions, then apply those fractions to the wider survey
	Basak et al. (2026); Das et al. (2024); Lau et al. (2025); Shorna et al. (2021)

	Absence of size and age standardisation
	Size distribution of sampled fish often unreported; composite pooling common
	Systematic confounding of species and site comparisons; loss of the upper tail of the exposure distribution that determines risk for high consumers
	Record length and mass for every individual; analyse individuals rather than pools where feasible; report concentration as a function of size
	Hossain et al. (2024); Warjri et al. (2024)

	Single-occasion sampling
	Seasonal replication absent in several regional studies despite documented seasonality in the abiotic compartments
	Conclusions valid for one hydrological phase are presented as general, in a system with pronounced monsoonal pulsing
	Sample at least in pre-monsoon, monsoon and post-monsoon phases; state the hydrological phase where full replication is impossible
	Gogoi et al. (2020); Talukdar et al. (2016); Warjri et al. (2024)

	Muscle-only exposure assessment
	Consumer risk calculated from muscle although other tissues carry higher burdens and are consumed in the region
	Understates exposure for consumers of whole fish, heads or gills, a practice that varies by community and preparation
	Analyse the tissues actually consumed and weight exposure by locally documented consumption practice
	Das et al. (2024); Mayanglambam and Neelam (2024); Raknuzzaman et al. (2022)

	Default consumption and body-weight parameters
	Generic or national values substituted for local intake rates in a region with high fish consumption
	Hazard quotients describe a hypothetical consumer; risk to high consumers and to children is likely to be understated
	Derive intake rates from local dietary survey; report risk separately for adults and children and at upper percentiles of intake
	Hossain et al. (2024); Kumar et al. (2024); Pal and Maiti (2018); Sonone et al. (2025)

	Single-pathway assessment
	Fish assessed in isolation from concurrent exposure through drinking water and rice
	An acceptable fish-only hazard quotient may sit atop an unacceptable aggregate exposure in arsenic-affected districts
	Combine dietary and drinking-water pathways in a single aggregate exposure estimate for the same population
	Baruah et al. (2021); Dutta et al. (2022); Nath et al. (2022)


Note. The listed weaknesses are not uniformly present in every cited study; the supporting references identify work in which the weakness is illustrated, in which it is explicitly addressed, or which establishes the basis for the stated consequence.
8. Human Exposure and the Defensibility of Regional Risk Statements
The consumption context distinguishes North-East India from the settings that supply most of the comparative evidence. Fish occupies a central and near-daily place in the diet across much of the region, and floodplain and wetland fisheries deliver a substantial part of that supply directly to riparian households without passing through a market. Two features follow. First, exposure is concentrated in populations living closest to the most contaminated water bodies, which inverts the usual assumption that market distribution dilutes local contamination across a wider consumer base. Second, small fish consumed whole and dried products form a significant part of intake, and both bypass the muscle-only assumption on which most risk estimates rest (Mayanglambam & Neelam, 2024; Sonone et al., 2025).
Against this background, the co-exposure question is unavoidable. Substantial populations in the Brahmaputra floodplain districts draw drinking water from arsenic-affected aquifers, with exceedances documented in Golaghat, Barpeta and the upper floodplains, and with spatial prediction indicating that the affected population in the worst-affected districts is large (Chetia et al., 2011; Dutta et al., 2022; Haloi & Sarma, 2012; Nath et al., 2022). Awareness of the hazard among affected communities has been reported as limited (Goswami et al., 2020). Chronic exposure to drinking-water arsenic has been associated with gallbladder cancer risk in endemic regions of India in preliminary epidemiological work (Shridhar et al., 2023), which establishes that the exposure has measurable health consequences at the population level rather than only in modelled terms. In this setting a fish-derived increment that would be trivial against a low background may be material against a high one, and the fish-only hazard quotients that dominate the literature cannot address this because they exclude the dominant pathway by construction.
What, then, can be defended? Three statements can. First, the exposure potential in parts of the region is high, and this is well evidenced across water, sediment, soil and groundwater. Second, transfer of metals into fish tissue does occur regionally at concentrations that in several documented instances exceed food safety guidance, and it occurs with measurable biological effect (Choudhury et al., 2023; Das & Choudhury, 2016; Talukdar et al., 2016). Third, where the target species have been examined in comparable arsenic-affected settings elsewhere, muscle concentrations have exceeded food safety thresholds (Basak et al., 2026), so the possibility of exceedance in North-East India is not speculative.
Three statements cannot be defended. It cannot be asserted that catla, rohu or hilsa in North-East India carry elevated metal burdens, because with a single exception for rohu no such measurement exists. It cannot be asserted that consumption of these species in the region is safe, because the one regional study reaching that conclusion did so for adults only, at one site, using total arsenic, with three of six elements undetected, and with default rather than local consumption parameters (Das et al., 2024). Nor can the Bangladeshi and Gangetic literature be used to fill either gap, because the element signatures differ, the species examined frequently differ, and for hilsa the anadromous life history severs the link between where a fish is eaten and where it was exposed. The defensible position is that regional risk is undetermined, and that describing it as either acceptable or unacceptable overstates what the evidence supports.
This conclusion has a practical corollary that is easily mistaken for inaction. Undetermined risk is not a reason to withhold precautionary guidance where cheap and low-cost measures exist, such as advising that liver, kidney, gill and brain be discarded from large fish taken in known contaminated reaches, since the tissue-partitioning evidence supports this irrespective of the unresolved quantitative questions (Aich et al., 2012; Choudhury et al., 2023; Das et al., 2024). It is, however, a reason to resist confident public statements in either direction, because a reassurance that is later contradicted and an alarm that is later withdrawn both damage the credibility on which future advisories depend.
9. Future Directions
The research priorities that follow are ordered by the extent to which they would remove uncertainty per unit of effort, and they are stated so that each addresses a deficiency identified above rather than expanding the field indiscriminately.
The first and most immediate priority is a species-resolved baseline survey of catla, rohu and hilsa across the Brahmaputra and Barak sub-basins. The unresolved problem is elementary: there is no measurement of two of the three species within the region and a single measurement of the third. Current evidence is inadequate because it consists of surrogate species and external basins, both of which the comparative literature shows to be unreliable proxies (Basak et al., 2026; Shorna et al., 2021). The appropriate design is a stratified survey with sites selected to span the identified pressure regimes, namely the arsenic-affected floodplain, the Guwahati urban corridor, the Barak valley wetlands, an acid mine drainage-influenced catchment and a comparatively unimpacted reference reach. Sampling should cover at least three hydrological phases, should analyse individuals rather than pools, should record length and mass for every specimen, and should report liver, kidney, gill and muscle separately on both mass bases with full quality assurance documentation. Outcome measures should include element concentrations by tissue, bioaccumulation and biota-sediment accumulation factors calculated against contemporaneously sampled water and sediment, and condition indices. Such a survey would convert the regional evidence base from inferential to observational, which no other single investment would achieve.
The second priority is speciated arsenic determination. The unresolved problem is that the toxicologically relevant fraction of the dominant regional contaminant is unknown, and every existing arsenic-based risk statement for the region is therefore uninterpretable in either direction (Lau et al., 2025). Current evidence is inadequate because total arsenic has been reported universally. Chromatographic separation coupled to inductively coupled plasma mass spectrometry applied to a representative subset of the baseline survey samples would establish local inorganic fractions by species, tissue and site, after which those fractions could be applied to the wider survey without repeating the speciation on every sample. This is the single change that would most alter regional risk conclusions, and it is achievable at modest scale.
The third priority concerns hilsa specifically and is a provenance question rather than an ecological one. The unresolved problem is that the hilsa entering regional diets is of undocumented origin, so neither its exposure history nor the regulatory jurisdiction responsible for it can be identified. Current evidence is inadequate because all available hilsa tissue data derive from capture locations outside the region and because market chains have not been characterised (Hossain et al., 2024; Raknuzzaman et al., 2022). The appropriate approach couples market-chain tracing with natural-tag methods capable of discriminating capture environments in an anadromous species, applied to fish sampled at the point of retail sale rather than at capture. Outcome measures should include the proportion of regional supply originating from each source area and element concentrations stratified by origin and by size class, since size dependence has already been demonstrated. The implication for policy is direct, because a contaminated traded commodity requires food-safety instruments rather than catchment management.
The fourth priority is the derivation of local exposure parameters. The unresolved problem is that risk estimates for the region are parameterised with values that do not describe its population. Current evidence is inadequate because no retrieved study derived consumption rates locally, and because the studies that disaggregated by age consistently identified higher risk in children (Hossain et al., 2024; Pal & Maiti, 2018; Sonone et al., 2025). A dietary survey stratified by state, by rural and urban residence, by community and by age, recording species, quantity, frequency, tissues consumed and the fresh or dried form of the product, would allow all subsequent risk estimates to be recalculated against real intake distributions and at upper percentiles rather than at the mean. This is a lower-cost undertaking than the chemical work and would improve the interpretability of every existing dataset retrospectively.
The fifth priority is aggregate exposure assessment integrating fish, drinking water and rice for the same population in arsenic-affected districts. The unresolved problem is that pathway-specific assessments cannot establish whether total exposure is acceptable. The components already exist separately (Baruah et al., 2021; Dutta et al., 2022; Nath et al., 2022), and the required advance is a co-located design in which the same households are characterised for all three pathways, with biomarker confirmation where feasible. This would place the fish contribution in its true proportion, which may prove to be small, and would prevent the misallocation of regulatory attention that pathway-specific assessment invites.
Two further priorities belong to a longer horizon. One is the coupling of tissue burdens to functional endpoints under field conditions, extending the effect-based work already conducted regionally on non-target species and on Indian major carps in controlled settings (Choudhury et al., 2023; Das et al., 2017, 2018; Talukdar et al., 2016) to the target species in situ, with attention to whether metal exposure degrades the nutritional quality of edible tissue as well as elevating its metal content. The other is the establishment of acid mine drainage-affected catchments in Meghalaya as sentinel monitoring sites, since acidification alters speciation in the direction of greater bioavailability and these catchments therefore represent the plausible worst case for the region (Das & Semy, 2023; Talukdar et al., 2016). Both would benefit from a shared regional data repository with agreed minimum reporting requirements, without which the comparability problems documented in Section 7 will simply be reproduced by the next generation of studies.
10. Conclusions
This review set out to determine what is actually known about heavy metal bioaccumulation in catla, rohu and hilsa of North-East India, to test the inferential chain on which regional claims depend, to appraise the methodological adequacy of the available work, and to derive proportionate research priorities. The answer to the first question is uncomfortable but clear. The region possesses a substantial and methodologically respectable literature on metals in water, sediment, soil and groundwater, and a small but genuine literature on metal burdens and biological effects in fish species other than the three of greatest dietary importance. It possesses one study reporting tissue concentrations in one of the three target species, at one site, and no study at all for the other two. The widespread impression that bioaccumulation in these species has been characterised regionally is therefore mistaken, and it appears to arise from the conflation of exposure potential with exposure realisation.
The inferential chain by which that impression is sustained does not hold. Its first link, from abiotic concentrations to tissue burdens, fails because uptake is governed by bioavailability, speciation and physiological regulation rather than by total ambient concentration, so that high sediment indices establish possibility rather than magnitude. Its second link, from surrogate species to target species, fails because the strongest determinants of interspecies difference are feeding position and body size, and the regionally studied taxa differ from the target species in precisely those respects. Its third link, from other basins to the Brahmaputra and Barak systems, fails because the regional contaminant signature is dominated by geogenic arsenic whereas the principal comparators are dominated by industrial and wastewater metals. For hilsa a fourth failure applies, since anadromy and an undocumented trade chain sever the connection between the place of consumption and the place of exposure.
Several conclusions are nonetheless well supported. Transfer of metals into fish tissue demonstrably occurs in the region, at concentrations that have exceeded food safety guidance in more than one setting and with accompanying oxidative, genotoxic and immunological responses, so the exposure is not toxicologically inert. Tissue partitioning consistently concentrates burdens in liver and kidney relative to muscle, which supports simple precautionary handling advice independently of the unresolved quantitative questions. Where the target carps have been examined in an arsenic-affected setting outside the region, edible muscle has exceeded the food safety threshold, which places the possibility of regional exceedance beyond speculation. Conclusions that remain tentative include the reported concentration of arsenic in the brain of rohu from a single Assam river, which is inconsistent with the wider literature and unreplicated, and the several reassuring hazard-quotient results, which rest on total arsenic, default consumption parameters and single-pathway assessment.
The broader significance of this synthesis lies in the distinction between an absence of evidence and evidence of absence. The correct statement about metal risk from catla, rohu and hilsa in North-East India is that it is undetermined. That is not a neutral or comfortable position, because a region combining high fish consumption, documented environmental contamination, extensive geogenic arsenic exposure through other pathways, and populations with limited awareness of the hazard is one in which an undetermined dietary risk carries real public health weight. The remedy is neither reassurance nor alarm but measurement, and the measurements required are specific, feasible and modest in scale relative to the monitoring effort the region has already invested in its water and sediments.
11. Limitations
The limitations of this review begin with those intrinsic to its design. A narrative review involves judgement at every stage, in the framing of the question, the construction of search concepts, the decision to include or exclude a source and the weight attached to conflicting findings. Selection and interpretive bias cannot be eliminated by a transparent search and an explicit appraisal framework, only constrained, and a differently constituted review team applying the same criteria might reasonably have assembled a somewhat different corpus or emphasised different tensions within it. The synthesis presented here should be read as a defensible reading of the evidence rather than as the only possible one.
Access constraints affected retrieval. Searching was confined to sources that were genuinely available, and subscription indexes were not searched. Regionally indexed literature published in journals with limited international indexing may therefore have been missed, and this is a material concern for a region whose research output includes work published in national and institutional outlets. The restriction to publications in English introduces a further and unquantifiable gap. Because the central finding of this review is the near-absence of direct evidence, these restrictions bear on it directly: the existence of unretrieved regional datasets cannot be excluded, and the finding should be understood as applying to the retrievable and verifiable literature rather than as an assertion that no measurement has ever been made.
The evidence base itself imposes constraints that no review can overcome. Heterogeneity in species, tissue, element suite, mass basis, analytical platform and reference standard made quantitative synthesis impossible, and no pooled estimate of tissue concentration or of risk is offered. Geographical representation within the region is markedly uneven, with the Assam valley and Meghalaya better represented than Nagaland, Mizoram, Arunachal Pradesh, Sikkim and Tripura, from which no fish tissue data were retrieved. Temporal coverage is sparse, few studies report seasonal replication, and long-term series are absent, so trends over time cannot be assessed. Reliance on observational field data means that no causal attribution of tissue burdens to particular sources is possible from the reviewed material. Publication bias is a plausible additional influence, since studies reporting exceedances are more likely to be submitted and accepted than those reporting compliance, which may render the picture of regional contamination somewhat more severe than the underlying reality.
Finally, the field is developing, and the boundary imposed by the search period necessarily excludes work appearing after it, including sources identified during verification whose publication postdated that boundary. Given how thin the direct evidence base is, a small number of new primary studies could alter the conclusions of this review substantially, and its findings should be revisited as those studies appear.
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