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ABSTRACT: Microplastic (MP) pollution has emerged as a critical environmental issue
in freshwater ecosystems, yet a comprehensive synthesis for Indian freshwater systems
remains limited. This review compiles and critically evaluates published studies on the
sources, distribution, physicochemical characteristics, and ecological risks of
microplastics across rivers, lakes, reservoirs, and wetlands in India. Urban wastewater,
industrial discharge, tourism activities, and agricultural runoff are identified as major
sources of MP contamination. Reported MP concentrations vary widely among systems,
with fibers dominating morphological composition, followed by fragments and films.
Polymer analyses using Fourier Transform Infrared Spectroscopy (FTIR) and Raman
spectroscopy reveal that polypropylene (PP) and polyethylene (PE) are the most
prevalent polymers, with additional contributions from polyethylene terephthalate
(PET), PVC (Polyvinyl chloride), and polyamide linked to packaging materials, textiles,
and fishing activities. Microplastics also function as vectors for heavy metals and plastic
additives, enhancing their environmental persistence and toxicity. Evidence of MP
ingestion and trophic transfer in fish and other aquatic organisms highlights potential
implications for food web integrity and human exposure. Risk assessment indices
including Pollution Load Index (PLI), Polymer Hazard Index (PHI), and Potential
Ecological Risk Index (PERI) indicate increasing ecological risks in several freshwater
systems, particularly in urbanized basins. Despite growing research, key knowledge gaps
remain in nanoplastic detection, long-term monitoring, and human health risk
assessment, emphasizing the need for standardized methodologies and integrated
management strategies to mitigate microplastic pollution in Indian freshwater

c€cosystems.
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1. INTRODUCTION

The global proliferation of plastic materials has resulted in an unprecedented accumulation of plastic debris across terrestrial
and aquatic ecosystems. Since the mid-20th century, plastic production has increased dramatically due to its versatility,
durability, and low manufacturing costs. Recent global estimates indicate that annual plastic production has exceeded 400
million tonnes, with a substantial fraction eventually entering natural environments through mismanaged waste streams and
fragmentation processes (Geyer et al., 2017; OECD, 2022). As larger plastic items degrade through physical, chemical, and
biological weathering, they generate smaller particles known as microplastics (MPs), generally defined as plastic fragments
smaller than 5 mm (Thompson et al., 2004; Andrady, 2011). Due to their persistence, widespread occurrence, and potential
ecological effects, microplastics have emerged as one of the most pressing contaminants of global concern (Rochman et al.,
2013; Galloway et al., 2017; Loganathan & Kizhakedathil, 2023; Akinci, 2025). While early research on microplastic pollution
primarily focused on marine environments, freshwater ecosystems have recently gained increasing scientific attention as critical
reservoirs and transport pathways for plastic debris. Rivers, lakes, and reservoirs function both as sinks and conduits for
microplastics, facilitating the transfer of land-based plastic waste from terrestrial environments to coastal and marine systems
(Wagner et al., 2014; Eerkes-Medrano et al., 2015). Recent modeling studies suggest that rivers are responsible for transporting
several million tonnes of plastic debris to the oceans annually, highlighting their pivotal role in global plastic cycling (Lebreton
et al, 2017; Meijer et al., 2021). Consequently, microplastics have now been detected in various freshwater matrices
wortldwide, including surface waters, sediments, aquatic biota, and drinking water sources (Li et al., 2018; Horton et al., 2017;
Wang et al., 2021).

Microplastics enter freshwater systems through multiple anthropogenic pathways, including municipal wastewater discharge,
industrial effluents, urban runoff, tourism activities, and atmospheric deposition (Browne et al., 2011; Dris et al., 2017). In
addition to primary microplastics, such as microbeads and industrial pellets, secondary microplastics generated from the
fragmentation of larger plastic debris represent a major source of contamination in rivers and lakes (Cole et al., 2011). Once
introduced into aquatic environments, microplastics exhibit complex environmental behavior due to their variable density,
morphology, and polymer composition. These characteristics influence their transport, settling, and accumulation in water
columns or sediments (Duis and Coors, 2016). Furthermore, microplastics possess hydrophobic surfaces capable of
adsorbing various hazardous contaminants, including heavy metals, pharmaceuticals, and persistent organic pollutants
(POPs), thereby acting as vectors for chemical pollutants within aquatic ecosystems (Rochman et al., 2013; Sharma and
Chatterjee, 2017). India represents one of the largest producers and consumers of plastic products among developing
economies, generating an estimated 26 million tonnes of plastic waste annually (CPCB, 2022). Rapid population growth,
urban expansion, industrialization, and insufficient waste management infrastructure contribute significantly to plastic leakage
into freshwater ecosystems. Rivers in India serve as vital socio-ecological systems, supporting domestic water supply,
agriculture, fisheries, transportation, and cultural activities for hundreds of millions of people. However, increasing
anthropogenic pressure has resulted in widespread contamination of these freshwater systems with plastic debris (Hossain et al.,
2022; Singh et al., 2021).

Recent investigations have confirmed the presence of microplastics in several major Indian river systems, including the
Ganga, Yamuna, Mahanadi, Netravathi, Periyar, and Brahmaputra rivers. For instance, microplastic particles have been
reported in surface waters, water columns, and sediments of the Ganga—Yamuna river system, with dominant particle sizes
ranging between 300 pm and 5 mm and fibres being the most prevalent morphological type (Gupta et al., 2024). Similarly,
studies conducted in the Mahanadi River basin have documented microplastic concentrations ranging from hundreds of
particles per cubic meter in water to several hundred particles per kilogram in sediments (Ganie et al., 2024). These findings
indicate that Indian freshwater ecosystems are increasingly subjected to microplastic contamination originating from both
urban and rural catchments. Among Indian river systems, the Ganga River basin is of particular importance due to its
ecological, cultural, and economic significance. The basin covers approximately 26 % of India's geographical area and
supports nearly 43 % of the country's population, making it one of the most densely populated tiver basins in the world
(Gupta et al., 2024). Studies have suggested that the Ganga River may rank among the top global contributors of river-derived
plastic emissions to the oceans, highlighting the urgency of assessing microplastic pollution within this basin (Lebreton et al.,
2017). Seasonal hydrological variations, particularly during the monsoon period, further influence the distribution and

transport of microplastics by enhancing runoff and mobilizing plastic debris from urban settlements, agtricultural lands, and
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waste disposal sites. Beyond their physical presence, microplastics pose significant ecological and toxicological risks to
freshwater organisms. Numerous studies have documented the ingestion of microplastics by aquatic organisms, including
zooplankton, benthic invertebrates, and fish, leading to potential physiological stress, digestive obstruction, oxidative damage,
and altered feeding behavior (Au et al., 2015; de Sa et al., 2015; Wang et al., 2021). Moreover, the capacity of microplastics to
accumulate and transport toxic chemicals raises concerns about trophic transfer and potential implications for human health
through contaminated aquatic food resources (Galloway et al., 2017). In countries like India, where freshwater fish constitute
an important source of dietary protein, the presence of microplastics in aquatic food webs represents a growing
environmental and public health concern.

Despite the increasing number of studies on microplastic pollution in India, current knowledge remains fragmented, with
most investigations focusing on specific tivers or isolated geographical regions. Furthermore, methodological inconsistencies
in sampling procedures, extraction techniques, and analytical methods often hinder direct comparisons across studies
(Hidalgo-Ruz et al., 2012). Comprehensive synthesis of available literature is therefore essential to better understand the
occurrence, sources, and ecological implications of microplastics in Indian freshwater systems. In this context, the present
review provides a critical synthesis of existing studies on microplastic pollution in Indian freshwater environments.
Specifically, this review aims to (i) identify major sources of microplastic contamination in Indian freshwater systems, (ii)
evaluate spatial and temporal distribution patterns of microplastics in water and sediments, (iii) analyze the physical and
chemical characteristics of microplastic particles, and (iv) assess their ecological impacts and environmental risks. By
integrating findings from recent studies across diverse freshwater ecosystems in India, this review seeks to highlight key
research gaps and provide insights that may support future monitoring strategies and pollution mitigation efforts.

2. SOURCES OF MICROPLASTIC CONTAMINATION
2.1 Urban and Municipal Sources

Urban environments are widely recognized as the dominant contributors to microplastic contamination in Indian freshwater
systems. Rapid urbanization, high population density, and inadequate waste management infrastructure collectively facilitate
the release of plastic debris into rivers and associated aquatic environments. Several studies have identified municipal
wastewater discharge, urban drainage channels, and improperly managed domestic waste as major sources of MPs in Indian
river systems (Jain et al., 2024; Gupta et al., 2024; Sarkar et al., 2022; Mukhopadhyay & Valsalan, 2024). In particular, major
river basins such as the Ganga receive substantial microplastic inputs from urban centers where untreated or partially treated
municipal sewage and industrial effluents are discharged directly into river channels. For example, investigations conducted
along the Ganga River have reported microplastic concentrations ranging from 1,296 to 2,414 items m™ in highly urbanized
regions including Haridwar, Kanpur, and Varanasi, indicating significant anthropogenic pressure in densely populated stretches
of the river (Sarkar et al., 2022). Urban drainage networks further intensify this contamination by acting as direct conduits that
transport plastic debris and fragmented particles from streets, residential areas, and commercial zones into adjacent freshwater
bodies. A recent study from Delhi demonstrated that drainage systems serve as critical pathways facilitating the transfer of

microplastics into riverine ecosystems (Vaid et al., 2024).

Recent evidence also suggests that socio-economic events and changes in consumption patterns can significantly influence the
magnitude of microplastic pollution. For instance, studies conducted in rivers of Tamil Nadu during the post-COVID-19
period reported elevated microplastic contamination in packaged drinking water, community-stored water, and nearby surface
water bodies, reflecting increased plastic consumption and waste generation during the pandemic (Pavithra et al., 2024). In
addition to chronic urban inputs, acute contamination events may also contribute to microplastic release into freshwater
systems. A notable example is the landfill fire incident in the Brahmapuram waste dumping site in Kerala, which resulted in
severe microplastic contamination in surrounding freshwater environments, highlighting the vulnerability of urban water bodies
to episodic pollution events associated with improper waste management (Amal and Devipriya, 2024).

22 Tourism and Recreational Activities

High-altitude lakes in the Himalayan region provide clear evidence of tourism-related microplastic pollution. Nainital Lake in
Uttarakhand has been identified as a microplastic hotspot, where tourism pressure and catchment runoff contribute
substantially to plastic inputs. Surface water concentrations at heavily visited sites have been reported to reach up to 88
particles L™", highlighting the direct influence of tourism activities on microplastic accumulation in this lake ecosystem (Jain et
al., 2024). Similarly, Dal Lake in the Kashmir Himalayas receives significant microplastic inputs from tourism-related
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activities, domestic waste discharge, and urban runoff, with reported surface water concentrations ranging from 140 & 20 to
846 £ 136 particles L., indicating considerable anthropogenic pressure on this freshwater system (Yousuf et al., 2025). In
southern India, Kodaikanal Lake, another major tourist destination, has also been reported to experience microplastic
contamination largely associated with tourism-generated plastic waste and recreational activities within the catchment area (Laju
et al., 2022).

In addition to plastic litter, tourism-related human activities can introduce microplastics through less obvious pathways.
Napper et al. (2020) demonstrated that synthetic clothing worn by trekkers and mountaineers can release microplastic fibers
during outdoor activities, which subsequently accumulate in high-altitude environments. Frequent trekking expeditions and the
establishment of research stations in Himalayan glacier regions, aimed at studying climate change and glacial dynamics, may
further contribute to microplastic inputs through the release of synthetic fibers and other plastic materials used in equipment
and infrastructure (Bhaduri et al., 2025). Tourism-driven recreational activities also influence microplastic contamination in
riverine ecosystems. In the Mandovi River freshwater system of Goa, tourism-related activities and commercial—recreational
fishing have been identified as major contributors to microplastic loads, treflecting the combined effects of tourism
infrastructure, boating, and fishing operations in the region (Mhapsekar & Kalangutkar, 2026). Fishing activities in particular
can significantly contribute to microplastic pollution through the degradation and fragmentation of synthetic fishing gear, ropes,
and nets. Wetland ecosystems are especially vulnerable to such inputs. For example, studies conducted in Vembanad Lake,
Kerala, revealed a predominance of polyamide (PA) fibers, suggesting that microplastics in this system largely originate from
fishing nets and gear used in local fisheries. In addition, domestic laundry wastewater was identified as an additional source
contributing synthetic fibers to the lake ecosystem (Anagha et al., 2023).

2.3 Industrial and Agricultural Inputs

Industrial activities are an important source of microplastic (MP) contamination in freshwater ecosystems. Industries involved
in plastic manufacturing, packaging, textiles, and synthetic polymer processing release microplastics through industrial
effluents, atmospheric deposition, and surface runoff (Sharma and Chattetjee, 2017). In addition, accidental losses of industrial
resin pellets (nurdles) during production and transport may introduce primary microplastics into aquatic environments. In India,
several industrial clusters are located along major river basins such as the Ganga and Yamuna, where industrial discharge
contributes to MP pollution. Textile industries are particularly important sources because manufacturing processes release
synthetic fibers such as polyester (PES) and nylon that can enter freshwater systems through untreated or partially treated
wastewater, resulting in the dominance of fibrous microplastics reported in many studies (Singh et al., 2021). Field
investigations further demonstrate industrial influence on riverine contamination. For instance, the Subarnarekha and Kharkai
rivers show seasonal MP concentrations ranging from 6.7 £ 0.9 to 22.3 * 0.4 items L™" in water and 30.3 £ 2.1 to 364.3 * 3.4
items kg™ in sediments, linked to industrial and anthropogenic pressures within the basin (Patidar et al., 2023a). Similarly,
microplastic contamination in the Damanganga and Tapi rivers in Gujarat has been associated with industrial activities, with the

Damanganga River reporting 3.53 particles L™ in surface waters (Prasad et al., 2025).

Agricultural activities also contribute to MP contamination through the extensive use of plastic materials such as mulch films,
irrigation pipes, fertilizer bags, and greenhouse coverings. These materials degrade into secondary microplastics that
accumulate in soils and are transported into rivers and lakes via erosion and surface runoff. Additionally, the application of
sewage sludge or organic fertilizers containing microplastics can introduce plastic particles into agticultural soils, which may
subsequently enter freshwater systems during rainfall events (Li et al., 2018). Agticultural runoff and drainage inflow have also
been linked to MP contamination in lake ecosystems; for example, Kumaraswamy Lake in Coimbatore recorded an average
concentration of 8.77 £ 0.27 particles L™!, attributed to runoff and improper waste disposal from surrounding areas (Ephsy
and Raja, 2023). Industrial and agricultural activities also influence the polymer composition of microplastics in freshwater
systems. Fibrous polymers such as polyester and nylon are commonly associated with textile industries, whereas PE and PP
fragments typically originate from plastic packaging and agricultural plastics (Rillig, 2012; Napper & Thompson, 2016).

24 Religious and Cultural Practices

Religious and cultural activities represent a distinctive pathway of microplastic contamination in Indian freshwater systems.
Practices such as idol immersion, ritual offerings, festival decorations, and waste generated during mass gatherings introduce
large quantities of plastic debris into rivers and lakes. These materials subsequently fragment into microplastics, creating
localized pollution hotspots and facilitating downstream transport with potential ecological and human-health implications.
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Several studies identify religious tourism, ritual practices, and mass gatherings as important contributors to plastic waste
entering freshwater bodies (Gosavi and Phuge, 2023; Mishra and Singh, 2025; Singh et al., 2025). In the Ganga River basin,
microplastic inputs have been linked not only to municipal and industrial discharges but also to ritual bathing, ceremonial
offerings, and tourism-related waste (Sarkar et al, 2022). Such culturally embedded activities represent unique source
pathways that are less frequently documented in Western freshwater studies, highlighting the need for culturally appropriate
mitigation strategies.

Idol immersion events are widely reported as sources of plastic debris due to non-biodegradable materials used in idols and
decorative components, which may fragment into microplastics in lakes and river stretches used for ceremonial immersion
(Gosavi and Phuge, 2023; Mishra and Singh, 2025). Similarly, ritual offerings and associated packaging materials deposited at
ghats and riverbanks contribute to plastic litter that can enter aquatic environments (Mishra and Singh, 2025; Singh et al., 2025;
Shukla, 2025). Festival decorations and single-use disposables used during celebrations and fairs further add to plastic waste
loads that degrade into secondary microplastics (Singh et al., 2025; Singh and Verma, 2025). In addition, large pilgrimage
events generate substantial pulses of solid waste and sewage inputs, increasing microplastic loading in rivers during and after
such gatherings (Rajan et al., 2023; Mishra and Singh, 2025).

Field observations also show higher microplastic concentrations near pilgrimage and recreational riverbank zones. Elevated
MP abundance and ecological risk indices have been reported downstream of densely populated and religiously active cities
along the Ganga River (Pandey and Rajput, 2026). Similarly, higher concentrations of plastic debris and microplastics have
been documented in major pilgrimage centers such as Haridwar and Prayagraj, where intense tourism and ritual activities
occur (Gupta et al., 2024). Comparable findings have been reported in other river systems, including the Cauvery River, where
cultural practices and human activities are considered potential sources of MPs (Estherrani et al., 2024). Studies from the
Hooghly River have also highlighted microplastic hotspots near urban sewage inflows while acknowledging the river’s cultural
significance as a factor influencing local pollution patterns (Shukla, 2025). Broader regional syntheses similarly emphasize
ritual activities, bathing practices, and offerings as pathways through which plastics enter freshwater systems (Raveendran and
Geetha, 2023).

3. SPATIAL AND TEMPORAL DISTRIBUTION PATTERNS
3.1 Geographic Distribution Across India

Microplastic contamination is geographically widespread across India, occurring in diverse freshwater environments ranging
from Himalayan rivers and high-altitude lakes to peninsular rivers, reservoirs, and urban lakes. Table 1 summarizes reported
MP concentrations across major freshwater systems, demonstrating that contamination occurs not only in highly urbanized
basins but also in relatively remote and ecologically sensitive environments. In the Himalayan region, significant MP loads
have been reported from both rivers and lakes. For instance, Dal Lake in Kashmir recorded surface water concentrations
ranging from 140 = 20 to 846 % 136 particles L™*, highlighting substantial contamination even in high-altitude systems
(Yousuf et al., 2025). Similarly, the Upper Himalayan Ganga basin reported 100.17 £ 16.64 to 1550 + 257.58 particles L™ in
surface waters, indicating considerable MP presence in upstream river stretches (Chaudhary et al., 2025). Other Himalayan
rivers, including the Beas and Brahmaputra, further confirm the occurrence of MPs in mountain river systems influenced by

local anthropogenic activities and long-distance transport processes (Bhaduri et al., 2025; Tsering et al., 2021).

Major river basins of northern India, particularly the Ganga—Yamuna system, consistently show elevated MP concentrations
associated with dense population centers and urban discharge. Surface water concentrations of 14—43 particles L™ have been
reported in the Ganga River, with basin-scale studies indicating 4.67—49.50 MPs L™ across multiple sites (Singh et al., 2024;
Gupta et al., 2024). Earlier studies also highlighted increasing MP abundance in urban stretches of the Ganga River due to
municipal waste discharge, tourism, and industrial activities (Sarkar et al., 2022). Peninsular river systems such as the
Godavari, Cauvery, Narmada, and Mahanadi also show widespread MP contamination linked to urban runoff, industrial
discharge, and agricultural inputs. For example, the Mahanadi River recorded 337.5 = 54.4 to 1333.3 * 557.2 MPs m™ in
surface waters (Ganie et al., 2024), while the Cauvery River reported 43—69 particles L.™! (Estherrani et al., 2024). Urban rivers
and lakes, including the Gomti, Adyar, and Nainital Lake, often exhibit measurable MP contamination associated with
wastewater discharge, tourism, and recreational activities (Bhan et al., 2025; Pavithra et al., 2024; Jain et al., 2024).

32 Vertical and Spatial Distribution
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Within freshwater systems, MP distribution shows strong vertical stratification and spatial heterogeneity, influenced by
hydrodynamics, particle characteristics, and localized anthropogenic inputs. Vertical gradients are commonly obsetved in lakes
where microplastics tend to settle toward deeper water layers and sediments. For example, in Vembanad Lake, bottom
waters contained 52.70 * 5.43 items 17!, approximately twice the concentration observed in subsurface waters (26.79 £ 3.74
items L7, indicating downward transport and accumulation of denser or biofouled particles (Anagha et al., 2023). Such
vertical patterns suggest that deeper water layers may act as transitional zones for particle deposition before eventual sediment
accumulation. Spatial heterogeneity is also evident within river systems. Pollution hotspots are frequently reported near urban
areas, drainage outlets, and recreational zones, where wastewater discharge and human activities increase MP inputs (Jain et
al., 2024; Gupta et al., 2024; Mukhopadhyay & Valsalan, 2024). Basin-scale analyses of the Ganga and Yamuna rivers show
significant variation between upstream, midstream, and drainage-influenced sites, enabling identification of localized pollution
sources (Gupta et al., 2024).

Downstream accumulation trends are commonly observed in many rivers. In the Gola River (Uttarakhand), downstream
urban—industrial stretches recorded higher MP abundance (~130 particles L") than upstream sections (~90 particles L"),
reflecting increasing anthropogenic influence along the river course (Shifa et al., 2025). A similar pattern was reported in the
Mandovi River (Goa), where MP concentrations were highest downstream (4.28 particles .™") compared with upstream (1.77
particles L™!) and midstream zones (1.27 particles L™!) (Mhapsekar and Kalangutkar, 2026). Spatial heterogeneity has also
been observed in the Periyar River, where MP distribution varies across river stretches depending on local pollution sources
and land-use characteristics (Mukhopadhyay and Valsalan, 2024). Environmental factors such as particle morphotype,
hydrodynamic conditions, pH, and wind patterns may further influence microplastic distribution within freshwater
environments (Estherrani et al., 2024).

33 Seasonal Variation

Seasonal hydrological dynamics play a crucial role in regulating the abundance, transport, and redistribution of MPs in
freshwater systems. In India, the monsoon cycle strongly influences MP fluxes, with several studies reporting elevated
concentrations during periods of intense rainfall and high river discharge. In the Ganga River basin, it has been estimated that
more than 74.5% of plastic input occurs between May and October, with significantly higher MP transport during the wet
season compared to the dry season (Gupta et al., 2024; Sarkar et al., 2022; Varsha et al., 2025). This seasonal pattern is largely
attributed to enhanced surface runoff, mobilization of terrestrial plastic debris, and increased river transport capacity during
high-flow conditions. Field investigations further confirm strong seasonal variability in MP abundance across Indian rivers.
For example, in the Ganga River at Varanasi, water samples contained 17-36 particles L.™! during the pre-monsoon period,
while higher concentrations were observed at several sites during the post-monsoon season, reflecting the influence of
seasonal hydrological processes on MP transport and redistribution (Singh et al., 2024). Similarly, studies in the Mula River
(Pune) reported higher MP concentrations during the pre-monsoon season (1808 £ 697 particles L.™*) compared to the post-
monsoon period (1561 = 167 particles L™"), indicating that seasonal accumulation and flushing mechanisms can produce

varying temporal patterns in different river systems (Verma et al., 2025).

Seasonal trends are also evident in lake ecosystems. In Kumaraswamy Lake, the highest MP concentrations were recorded
during the monsoon season, whereas summer exhibited the lowest values, with the outlet zone identified as the most
contaminated location (10.70 £ 0.25 particles L™!) (Ephsy and Raja, 2023). Similar patterns have been observed in multiple
lakes of Tamil Nadu, where MP concentrations during the monsoon ranged from 16 £ 2 to 130.33 + 13.52 particles L™ in
water and 26.66 £ 5.03 to 159.45 + 11.68 particles kg™ in sediments, exceeding those reported during the summer season
(Laju et al., 2023). River systems in eastern India also show pronounced seasonal variation. The Subarnarekha and Kharkai
rivers exhibit fluctuations in MP abundance linked to changes in hydrological conditions and anthropogenic inputs across
seasons (Patidar et al.,, 2023a). Similar observations have been reported from the Periyar River, where the highest MP
abundance occurred during the monsoon season (124.95 items L.™?), followed by the post-monsoon and pre-monsoon periods
(Mukhopadhyay and Valsalan, 2024). Increased MP concentrations during the monsoon are commonly attributed to
enhanced runoff, stormwater discharge, and erosion processes that transport plastic debris from terrestrial environments into
aquatic systems (Amrutha et al., 2023).

34 Accumulation in Sediments and Biota

Sediments are widely recognized as major sinks for MPs in freshwater ecosystems because particles transported through the
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water column eventually settle through gravitational settling, aggregation, and biofouling processes. Numerous studies from
Indian freshwater systems show that sediment concentrations frequently exceed those in overlying waters, indicating long-
term accumulation in benthic environments. For example, Dal Lake sediments contain 2,616 = 1,016 to 12,966 £ 496 particles
kg™, far higher than surface water concentrations, confirming sediments as long-term reservoirs of MPs (Yousuf et al., 2025).
Similarly, sediments of Nainital Lake contain 0.4-10.6 particles g™!, with localized hotspots near areas of intense human
activity (Jain et al., 2024). Comparable accumulation has been reported in other lacustrine systems, including Anchar Lake (606
particles kg™") and Veeranam Lake (92-604 particles kg™), highlighting the capacity of lake sediments to retain MPs over
extended periods (Neelavannan et al., 2022; Manikanda et al., 2021).

High sediment loads have also been documented in major river systems across India. In the Upper Ganga basin, sediment
concentrations range from 7,200 to 16,400 particles kg™', among the highest reported values for Indian freshwater sediments
(Nayal and Suthar, 2022). Basin-wide studies across the Ganga and Yamuna rivers report sediment concentrations ranging
from 633 to 5,266 particles kg™!, reflecting strong anthropogenic inputs in densely populated regions (Gupta et al., 2024).
Other investigations along the Ganga River recorded 152—514 particles kg™ !, while earlier work documented 99.27-409.86
particles kg™, indicating persistent accumulation in riverine sediments (Singh et al., 2024; Sarkar et al., 2019). Similar patterns
are observed in peninsular rivers, including the Mahanadi River (14.7 £ 3.7 to 69.3 £ 10.1 particles kg™!) and the Narmada
River (119.4 £ 39.6 particles kg™") (Ganie et al., 2024; Patidar et al., 2024). Other systems such as the Subarnarekha and
Kharkai rivers also exhibit notable sediment loads ranging from 30.3 £ 2.1 to 364.3 * 3.4 particles kg™!, further

demonstrating the role of sediments as repositories of microplastics transported from upstream catchments (Patidar et al.,

20232).

Beyond sediment storage, MPs can enter freshwater food webs through ingestion by aquatic organisms. Several studies from
Indian freshwater systems report the presence of MPs in fish tissues and gastrointestinal tracts, indicating trophic transfer
within aquatic ecosystems. In Loktak Lake, approximately 91% of examined fish contained microplastics, with fragments
accounting for nearly 82% of detected particles (Borah et al., 2024). Investigations in the Mahanadi River similarly
documented MP transfer across the water—fish continuum, suggesting the potential for bioaccumulation and human exposure
through fish consumption (Ganie et al., 2024). Additional studies from the upper Ganga River have detected MPs in multiple
fish species including Tor for, Schizothorax richardsonii, Labeo dero, and Garra gotyla, with abundances ranging from 12.63 £ 5.93 to
53.13 £ 63.77 particles per individual, indicating widespread ingestion within riverine fish communities (Badola et al., 2023).
Evidence of MP ingestion has also been reported in fish from Deepor Beel, a Ramsar wetland ecosystem, highlighting

ecological risks associated with microplastic contamination in freshwater biota (Saikia et al., 2024).
4. PHYSICAL AND CHEMICAL CHARACTERIZATION
4.1 Size Distribution

The size distribution of MPs reported from Indian freshwater systems is dominated by small-sized particles, typically within the
submillimeter range (<1 mm). This pattern reflects both the progressive fragmentation of larger plastic debris under
environmental weathering and the analytical detection windows used in most studies. Table 1 summarizes the dominant size
ranges of MPs reported across major freshwater systems in India. Several investigations indicate that smaller microplastics are
consistently more abundant than larger particles in both surface waters and sediments. In the Hirakud Reservoir, the majority
of detected MPs occutred within the 53-300 pum size range, suggesting extensive degradation of larger plastic materials into
secondary microplastics (Patra & Baitharu, 2024). The dominance of these smaller particles is of particular ecological concern
because particles within this size range can be readily ingested by a wide range of aquatic organisms, including zooplankton,
benthic invertebrates, and fish, facilitating trophic transfer through freshwater food webs (Patra & Baitharu, 2024).

Similar patterns have been reported from several river systems across India. Studies in the Ganga River basin have
documented a predominance of MPs smaller than 500 um, indicating that extensive fragmentation processes occur during
riverine transport and environmental exposure (Gupta et al.,, 2024; Sarkar et al., 2022). Investigations along the Upper
Himalayan Ganga also reported a higher proportion of particles within smaller size classes, reflecting continuous mechanical
breakdown of plastics through hydrodynamic processes and sediment abrasion (Chaudhary et al., 2025). Likewise, MP
particles in the Subarnarekha and Khatkai rivers were dominated by smaller size fractions, further demonstrating the
importance of secondary microplastic formation in freshwater environments (Patidar et al., 2023a). Lake ecosystems also
exhibit similar size distribution trends. In Nainital Lake, smaller MPs constituted a substantial proportion of detected particles
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in both water and sediment samples, indicating continuous fragmentation of plastic debris introduced through tourism and
urban runoff (Jain et al., 2024). Comparable observations have been reported from Kodaikanal Lake and other freshwater lakes
of Tamil Nadu, where particles within the smaller size ranges were widely distributed across sampling locations, reflecting
persistent breakdown of plastic materials within lacustrine environments (Laju et al., 2022; Laju et al., 2023).

42 Morphological Characteristics

Fibers consistently dominate microplastic (MP) morphology across Indian freshwater systems, followed by fragments, films,
foams, and beads. Multiple studies report a strong prevalence of fibrous particles in both water and sediment matrices,
reflecting common sources such as textile fibers, fishing gear degradation, and synthetic fabric usage. For example, fibers
constituted 69.6—-80.4% of MPs in the Subarnarekha and Kharkai rivers (Patidar et al., 2023a), while in the Beas River they
accounted for 84% of MPs in water and 66% in sediments, followed by films (14% in water and 21% in sediments) (Bhaduri
et al,, 2025). Similarly, in the Netravathi River, fibers represented 51.59% of MPs in water samples, followed by films (34.92%)
(Amrutha and Warrier, 2020). In the Ganga River basin (Doon Valley), fibers dominated water samples (41%), whereas
fragments were relatively more abundant in sediments (38%) (Nayal and Suthar, 2022). A similar dominance of fibrous
particles has been reported in other freshwater systems. In the Gola River, fibers accounted for 79.29% upstream and 85%
downstream, reflecting both natural weathering processes and increased urban inputs (Shifa et al., 2025). In the Mandovi
River, fibers comprised 91.55% of MPs, followed by fragments (6.50%), foam (1.02%), and films (0.93%) (Mhapsekar and
Kalangutkar, 2026). Reservoir and lake systems show comparable patterns; fibers represented 46.21% of surface water MPs and
44.86% in sediments in Hirakud Reservoir (Patra and Baitharu, 2024), while more than half of the MPs detected in subsurface
and bottom waters of Vembanad Lake were fibrous (Anagha et al., 2023). Earlier studies from Vembanad Lake also reported

notable occurrences of films and foams (Sruthy and Ramasamy, 2017).

However, morphological composition may vary depending on local anthropogenic activities and hydrological conditions. In
the Mula River (Pune), films dominated at sites such as Wakad and Bopodi, whereas foam particles were more prevalent at
Aundh during the pre-monsoon period, while microbeads remained the least abundant morphotype (Verma et al., 2025). In
Gangasagar Pond (Darbhanga), fibers ranged from 12-56 m™, followed by films (10-38 m™) and fragments (8—22 m™)
(Kumari, 2024). In contrast, fragments dominated MPs detected in fish from Loktak Lake (~82%), suggesting selective
ingestion or retention of certain particle types in aquatic organisms (Borah et al., 2024). Color characteristics also provide
clues about MP sources and degradation pathways. Blue and black fibers are particularly common in the Ganga and Yamuna
rivers (Gupta et al., 2024), whereas transparent particles dominate in Hirakud Reservoir (Patra and Baitharu, 2024). Overall, the
widespread dominance of fibrous microplastics highlights the significant role of textile fibers, fishing gear, and domestic

wastewater inputs in shaping MP morphology in Indian freshwater environments.
4.3 Polymer Composition

Chemical characterization of MPs in Indian freshwater systems has predominantly been carried out using spectroscopic
techniques such as FTIR, Attenuated Total Reflectance—Fourier Transform Infrared Spectroscopy (ATR-FTIR), uFTIR,
Raman spectroscopy, and p-Raman, which allow reliable identification of polymer types. Analysis of available studies (Table 1)
shows that PP and PE are the dominant polymers, followed by PET, high-density polyethylene (HDPE), PVC, and PA, while
polymers such as ethylene-vinyl acetate (EVA) and ethylene vinyl alcohol (EVOH) are rarely reported (Figures 1 & 2). Their
widespread occurrence reflects the extensive use of these polymers in packaging materials, plastic bags, food containers, and
other consumer products. PE and PP dominate in several major river systems including the Ganga, Brahmaputra, Netravathi,
Periyar, Subarnarekha, and Mahanadi rivers, indicating strong inputs from urban waste, degraded plastic packaging, and
domestic plastic consumption (Sarkar et al., 2022; Nayal and Suthar, 2022; Ganie et al., 2024; Mukhopadhyay and Valsalan,
2024). Similar dominance of PE and PP has also been reported in multiple lake and reservoir systems such as Nainital Lake,

Vembanad Lake, Kolavai Lake, Kumaraswamy Lake, and Kodaikanal Lake, highlighting the influence of tourism, urban
runoff, and domestic waste disposal in freshwater pollution (Jain et al., 2024; Anagha et al., 2023; Thandavamoorthy et al.,
2023; Ephsy and Raja, 2023; Laju et al., 2022).
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Figure 1. Frequency of polymer types reported in freshwater microplastic studies across India (2017-2026).
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Figure 2. Proportional composition of dominant polymer types reported in Indian freshwater ecosystems based on recent

studies.

Other commonly detected polymers include PET, PA, PVC, and polystyrene (PS). PET particles are often associated with
beverage bottles and packaging materials and have been reported from several river systems including the Ganga, Sharavathi,
and Zuari rivers (Sarkar et al., 2022; Amrutha et al., 2023; Kalangutkar et al., 2024a). Polyamide, frequently occurring in fibrous
form, is commonly linked to fishing nets, ropes, and synthetic textiles and has been identified in water and sediment samples
from Vembanad Lake, Mandovi River, and Dal Lake (Anagha et al., 2023; Mhapsekar and Kalangutkar, 2026; Yousuf et al.,
2025). PVC and PS fragments have also been detected in several river systems, including the Mahanadi, Subarnarekha, and
Narmada rivers, suggesting contributions from construction materials, industrial plastics, and packaging waste (Patidar et al.,
2023a; 2023b; Patidar et al., 2024). In addition to these dominant polymers, some studies have reported less common polymer
types such as HDPE, low-density polyethylene (LDPE), EVA, polyethylene sulfone, and EVOH. These polymers are
typically associated with multilayer packaging materials, agricultural plastics, or specialized industrial products. For example,
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EVOH has been reported in peninsular river systems including the Kaveri, Thamirabarani, Adyar, and Cooum rivers, likely
originating from multilayer food packaging and industrial plastic products (Pavithra et al., 2024).

4.4 Polymer Hazard Assessment

Recent studies increasingly apply polymer hazard scoring frameworks to evaluate the ecological risks associated with
microplastics in freshwater environments. These assessments integrate polymer-specific toxicity scores with microplastic
abundance to estimate environmental risk levels. In Nainital Lake, a mixture of low-risk polymers such as PP and moderate-
risk polymers including PE resulted in classification of the system within low-to-high hazard categories depending on polymer
composition (Jain et al., 2024). Similatly, investigations in the Ganga and Yamuna rivers detected hazardous polymers with
hazard scores exceeding 1,000, suggesting potential ecological and human health risks in the densely populated Indo-Gangetic
Plain (Gupta et al., 2024).

Risk assessments in Tamil Nadu rivers using the Polymer Risk Index (PORI) categorized the Adyar and Thamirabarani rivers as
moderate risk (Category 1I), while the Kaveri and Cooum rivers were classified as considerable risk (Category III) due to the
presence of higher-hazard polymers (Pavithra et al., 2024). In the Godavari River, despite relatively low PLI values (1-2),
elevated PHI scores at sites dominated by polycarbonate (PC), PVC, and nitrile polymers indicated that polymer toxicity,
rather than microplastic concentration alone, governs ecological hazard potential (Sekar and Sundaram, 2025). Likewise, urban
lakes in Tamil Nadu exhibited PHI values up to 1204.84, corresponding to hazard levels IV-V, further demonstrating the
influence of polymer-specific toxicity on ecological risk (Laju et al., 2023). In the Upper Himalayan stretch of the Ganga River,
PLI-based assessments classified Zones I-IT under hazard category I and Zone III under category II, indicating increasing
microplastic contamination downstream (Chaudhary et al., 2025). Similarly, post-disturbance monitoring in the Kadambrayar
and Chitrapuzha rivers (Kerala) reported elevated Microplastic Pollution Index (MPI) values (4.14-7.38 in water) and
increased Risk Quotient (RQ) scores following a landfill fire event, highlighting intensified polymer-associated ecological risk
in affected zones (Amal and Devipriya, 2024). The relative hazard ranking of commonly reported polymers in Indian
freshwater systems is summarized in Figure 3.

MODERATE HAZARD
PET, PA

LOW HAZARD
PE, PP

Figure 3. Polymer Hazard Classification in Indian Freshwater Systems
4.5. Associated Contaminants

Microplastics in freshwater systems can act as vectors for associated contaminants, including heavy metals and plastic
additives. This “vector effect” results from their high surface-area-to-volume ratio and hydrophobic surfaces, which facilitate
contaminant adsorption and transport within aquatic food webs (Pandey et al., 2021). Several studies from Indian freshwater
systems report the presence of heavy metals adsorbed on microplastic surfaces. Elemental analyses using techniques such as
Energy Dispersive Spectroscopy (EDS), X-ray Fluorescence (XRF), Scanning Electron Microscopy—Energy Dispersive
Spectroscopy (SEM-EDS), and Inductively Coupled Plasma—Mass Spectrometry (ICP—MS) have identified a wide range of
metals associated with MPs. For instance, investigations in the Subarnarekha and Kharkai rivers detected metals including Pb,
Cu, Zn, Fe, Cr, and Ni adhered to microplastic particles (Patidar et al., 2023a). Similar findings have been reported in other
freshwater systems, suggesting that MPs may act as catriers of contaminants derived from industrial discharge, urban runoff,
and wastewater inputs. In the Ganga River, Rahman et al. (2025) reported the concentration sequence Fe > Cr > Cu > Ni >
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Pb > Zn > Mn > Cd, with increasing levels of Cr, Fe, and Cu corresponding to higher MP concentrations, indicating a positive
relationship between microplastic abundance and metal contamination. High-risk metals such as Pb, Cr, and Cd have also been
reported on MPs in the Ganga, Subarnarekha, and Yamuna rivers, reflecting the influence of industrial and urban pollution
sources (Patidar et al., 2023a; Vaid et al., 2022; Rahman et al., 2025). Other metals frequently associated with MPs include Cu,
Zn, and Ni, often linked to urban wastewater and industrial discharges, as observed in the Subarnarekha and Sabarmati rivers
(Patidar et al., 2023a; Ram and Kumar, 2020). Naturally occurring elements such as Fe and Mn may also accumulate on MP
surfaces through redox processes in freshwater environments (Bagde et al., 2023; Saha et al., 2025), while toxic elements such
as Hg and As have been reported in agricultural and industrial watersheds in Andhra Pradesh, where their occurrence correlates
with MP abundance (Savitha et al., 2020).

Freshwater lakes also demonstrate significant metal-microplastic interactions. In Manasbal Lake (Kashmir), SEM-EDS
analysis detected eleven metals, including Bi and Hg on MP surfaces, indicating that the lake functions as a sink for both MPs
and associated metal loads (Kumar et al., 2023; Kumar et al., 2025). Similar observations have been reported in Loktak Lake,
where multiple inorganic elements were detected on MPs in biota-rich ecosystems (Borah et al., 2024). Evidence from other
systems further supports the role of MPs in contaminant transport. In the Chapora River (Goa), EDS analysis identified metals
such as Zn, Al, Cu, Fe, Mn, and Co associated with MPs, sediments, and Crassostrea spp., suggesting metal—microplastic
interactions (Bhutia et al., 2023; Kalangutkar et al., 2024b). Studies from Gujarat rivers also reported that weathering and
oxidation processes enhance the sorption capacity of MP surfaces (Prasad et al., 2025), while SEM—-EDX analyses from the
Markanda River identified metals including Mn, Ni, Cr, Zn, As, Se, and Cu, with higher concentrations in downstream areas
influenced by agricultural and urban land use (Kumar et al., 2024). The adsorption of contaminants onto MPs is strongly
influenced by surface aging and weathering processes, which generate cracks and oxygen-containing functional groups that
enhance the affinity of plastics for metal ions and organic pollutants (Mishra et al., 2023). In addition to metals, MPs may also
carry plastic additives such as phthalate esters (PAEs). A study from a Lesser Himalayan lake reported a strong positive
correlation between MP abundance and PAE concentrations in sediments, with dibutyl phthalate (DBP) and di(2-ethylhexyl)
phthalate (DEHP) detected at concentrations of 6—-357 ng ¢~ dry weight (Kumar et al., 2021).

5. ECOLOGICAL IMPACTS AND RISKASSESSMENT
5.1 Bioaccumulation and Trophic Transfer

Evidence of microplastic bioaccumulation in aquatic organisms has been widely reported across Indian freshwater systems,
indicating potential trophic transfer through aquatic food webs. In Loktak Lake, about 91% of sampled fish contained MPs,
with fragments dominating (~82%) (Borah et al, 2024). Similarly, studies from the Mahanadi River reported MP
concentrations in water ranging from 337.5 * 54.4 to 1,333.3 £ 557.2 MPs m™, with evidence of MP accumulation in fish
tissues, suggesting transfer from water to biota (Ganie et al., 2024). In the Ganga River (central Himalaya), MP accumulation
varied among fish species, with the highest abundance recorded in Tor tor (53.13 + 63.77 particles individual™), followed by
Schizothorax richardsoni, Labeo dero, and Garra gotyla gotyla. Diverse polymers including PET, PP, PE, PVC, PS, PA, and PC were
detected in fish guts, indicating possible trophic transfer and potential human health risks through fish consumption (Badola et
al,, 2023). Likewise, freshwater fishes from the Cyprinidae and Channidae families in Lucknow showed MP ingestion, with the
highest abundance in Channa punctatus (7.86 = 2.0 items individual™) followed by Labeo robita, Labeo bata, Salmostoma bacaila,
and Puntins amphibins (Pandey et al., 2023).

Microplastics may also cause physiological and histopathological effects in fish. In Gangasagar Pond, MPs detected in the gill
chamber and buccal cavity of Labeo robita were associated with impaired feeding and swimming behavior, oxidative stress,
and tissue alterations in gills and digestive organs (KKumari, 2024). Particle size further influences ingestion dynamics; in
Hirakud Reservoir, smaller MPs (53-300 um) facilitate ingestion across trophic levels, enhancing bioaccumulation and
biomagnification potential (Patra and Baitharu, 2024). In Vembanad Lake, MPs and associated contaminants pose risks to
aquatic organisms and the food web, with implications for communities dependent on fish and mussels (Anagha et al., 2023).
Polymer composition and seasonal inputs may further influence ecological risk. Sites dominated by high-toxicity polymers
exhibited higher Risk Index (RI) values, suggesting greater potential for additive-mediated bioaccumulation (Sekar and
Sundaram, 2025). Similatly, elevated PHI and PERI values during the monsoon indicate increased runoff-driven inputs of
hazardous polymers and enhanced trophic transfer potential (Laju et al., 2023).

. Risk Assessment Indices
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Several studies have applied quantitative risk assessment indices to evaluate microplastic pollution in Indian freshwater systems.
The PLI is widely used to assess contamination levels. In the Subarnarekha and Khartkai rivers, overall PLI indicated risk level
I, although some sediment sites reached risk level II, suggesting localized contamination (Patidar et al., 2023a). Similatly,
Tamil Nadu rivers (Kaveri, Thamirabarani, Adyar, and Cooum) showed PLI values >1, with the Pollution Risk Index (PRI)
trend CR > AR > KR > TR, indicating spatial variability in pollution intensity (Pavithra et al, 2024). In contrast,
Kumaraswamy Lake exhibited relatively low contamination with PLI <10 (risk category I) (Ephsy and Raja, 2023), while MP
pollution in Gujarat rivers was generally classified as marginal based on PLI, with the Damanganga River identified as the
most vulnerable site (Prasad et al., 2025).

However, concentration-based indices alone may underestimate ecological risks associated with polymer composition. In the
Beas River (western Himalayas), although the PLI reached 4.99, indicating low pollution levels, the PHI exceeded 1000,
placing the system in the highest hazard category, and the PERI reached 13,761, indicating extreme ecological risk in some
locations (Bhaduri et al., 2025). Advanced approaches such as the Species Sensitivity Distribution (SSD) method have also
been used. In Hirakud Reservoir, the Predicted No-Effect Concentration (PNEC) was 3,954 particles m™2, with RQ values of
0.02073-0.04122, indicating negligible ecological risk for freshwater species (Patra and Baitharu, 2024). Hazard classification
based on MP concentrations placed Dal Lake in hazard category II, with surface water concentrations of 140 * 20—-846 £ 136
particles L™ and sediment concentrations of 2,616 £ 1,016-12,966 £ 496 particles kg™ (Yousuf et al., 2025).

Polymer toxicity indices further reveal elevated ecological risks in several freshwater systems. In the Chapora River (Goa), PLI
suggested low ecological risk, but the presence of PET, HDPE, PP, and PS resulted in a PHI value of 1006 (hazard category V)
(Kalangutkar et al., 2024b). Similarly, the Mandovi River showed a PLI of 1.71 with PHI indicating hazard level V and high
PERI values, suggesting considerable ecological risk (Mhapsekar and Kalangutkar, 2026). In the Mahanadi estuary, PLI
indicated partial contamination (hazard category I), whereas PHI levels (III-V) suggested higher polymer-related
ecological risks (Patidar et al., 2023). Extremely high hazard levels were also reported in the Mahananda River and nearby
urban ponds (Malda, West Bengal), where PHI >1000 and PERI >1200, with the highest hazard recorded in pond sediments
(PHI = 11,591) (Mandal et al., 2025).

. Impacts on Aquatic Organisms

Microplastics can affect aquatic organisms through both physical and chemical pathways, leading to a range of ecotoxicological
impacts across freshwater ecosystems. Their small size allows ingestion by organisms at multiple trophic levels, where they
may cause digestive obstruction, reduced nutrient uptake, oxidative stress, immune dysfunction, and tissue damage (Khalid et
al,, 2021; Rodriguez et al., 2024; Pathak et al., 2026). In addition to these physical effects, MPs can act as vectors for plastic
additives, heavy metals, and POPs, which may leach into tissues and disrupt physiological processes.

Several studies have documented direct biological impacts of MPs on freshwater organisms. Physical effects such as intestinal
blockage, histological alterations, and behavioral changes have been reported in fish, mussels, and other invertebrates exposed
to MPs (Ephsy and Raja, 2023). Experimental observations also indicate that MP ingestion can induce oxidative stress and
inflammatory responses, affecting vital organs and tissues in fish (Kumari, 2024). In addition, MPs may disrupt feeding behavior
by causing gut blockage and reduced food intake, which can ultimately influence organismal growth and survival, prolonged
exposure may also affect growth and reproductive processes, particulatly through the leaching of toxic additives and adsorbed
contaminants from MP surfaces (Sarkar et al., 2022). These effects can contribute to chronic toxicity within freshwater food

webs, potentially impacting broader ecosystem health (Ephsy and Raja, 2023).

Microplastics also act as carriers of hazardous chemicals, including plastic additives such as phthalates and bisphenol A, as
well as POPs and heavy metals adsorbed from surrounding water. These substances may be released after ingestion, leading
to endocrine disruption, metabolic disturbances, and other physiological effects in exposed organisms (Bagde et al., 2023;
Rebecca et al., 2024). The ecological impacts of MPs vary among organism groups depending on habitat and feeding
strategies. Pelagic organisms tend to interact with buoyant microplastics suspended in the water column, whereas benthic
invertebrates are more likely to ingest denser particles accumulated in sediments, resulting in differential exposure across
ecological niches (Sarkar et al., 2022). Larger freshwater fauna may also be affected. For example, in the Ganga River, the
endangered Gangetic dolphin faces significant risks from plastic ingestion and entanglement, representing a serious
conservation concern (Sarkar et al., 2022). Freshwater ecosystems are particularly vulnerable to MP pollution because rivers

and lakes often function as sinks for land-derived plastic debris. Once ingested, MPs can cause physiological stress,
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gastrointestinal blockage, reduced feeding efficiency, and inflammatory responses, while also facilitating the transfer of
associated contaminants through aquatic food webs (Rajan et al., 2023).

. Human Health Implications

Microplastics (MPs) can move through aquatic food webs from lower to higher trophic levels, ultimately reaching humans
through the consumption of contaminated food and water. Once ingested or inhaled, MPs may induce oxidative stress,
inflammation, endocrine disruption, cytotoxicity, and genotoxic effects, posing potential risks to respiratory, metabolic, and
gastrointestinal health (Jin et al., 2021; Lee et al., 2023; Winiarska et al., 2024; Vogel et al., 2024; Pathak et al., 2026). The
presence of MPs in fish and other aquatic organisms consumed by humans has raised increasing public health concerns. For
example, studies in Loktak Lake reported MP ingestion in approximately 91% of sampled fish, with particles often carrying
heavy metals, indicating potential exposure through dietary pathways (Borah et al., 2024). Similarly, investigations in the
Mahanadi River documented MP bioaccumulation in aquatic organisms, highlighting possible risks associated with human
consumption of contaminated fish (Ganie et al., 2024).

Human exposure may also occur through drinking water and other freshwater resources. In Nainital Lake, the detection of
MPs in tube-well and drinking water indicates direct exposure pathways for local populations, emphasizing the need for
mitigation strategies (Jain et al., 2024). Likewise, elevated PHI and PERI values reported in certain sections of the Beas River
suggest potential health risks for communities living near highly urbanized areas (Bhaduri et al., 2025). Additional evidence
from Tamil Nadu revealed MPs in packaged drinking water, community-stored water, and groundwater following the
COVID-19 pandemic, indicating multiple routes of human exposure (Pavithra et al., 2024). Chronic exposure to MPs may
also lead to bioaccumulation of plastic particles and associated contaminants in the human body, potentially triggering
toxicological responses. Studies from Gangasagar Pond suggest that prolonged exposure to MPs may contribute to DNA
damage and increase the risk of carcinogenic effects (Kumari et al., 2024). Furthermore, research in the Ganga and Yamuna
rivers highlights that MPs containing hazardous polymers may pose risks to the densely populated Indo-Gangetic Plain, where
millions depend on river water and fish resources for daily consumption (Gupta etal., 2024).

. Ecosystem-Level Concerns

At the ecosystem scale, microplastic (MP) pollution poses significant threats to the ecological integrity of freshwater habitats,
including protected wetlands and biodiversity hotspots. In Loktak Lake, a Ramsar wetland and the world’s only floating lake,
MP contamination highlights the need for comprehensive management strategies to safeguard ecosystem functioning and
biodiversity (Borah et al., 2024). Similar concerns have been reported for other Ramsar sites such as Deepor Beel and

Vembanad Lake, where MP accumulation may threaten wetland ecology and associated aquatic communities (Saikia et al.,
2024; Anagha et al., 2023).

River ecosystems also show increasing vulnerability to MP pollution. In the Valvanti River (Goa), microplastics have been
identified as emerging hazardous contaminants, with surface analyses indicating elevated ecological risk in the riverine
environment (Mhapsekar et al., 2025). Likewise, studies from rivers in the Western Ghats, a UNESCO World Heritage
biodiversity hotspot, report MP contamination in sediments, raising concerns about potential impacts on aquatic biodiversity
and ecosystem stability (Amrutha et al., 2023). Overall, the occurrence of MPs in ecologically sensitive regions underscores
the broader implications of plastic pollution for freshwater ecosystem health, biodiversity conservation, and long-term

ecological resilience.

Table 1. Summary of reported microplastic polymer composition, sampling locations, freshwater system types, and analytical
methods across Indian freshwater ecosystems.
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River estate  River m 3 - 100-2000 PA n al., 2023)
Andhra  Major - (Sekar &
Godavari  Prades  Peninsular ATR-  Sundaram
River h River 2.2t0 6.2 - PP FTIR ,2023)
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- (Thandav
Perennial amoorthy
Kolavai Tamil Freshwater PE, ATR-  etal,
Lake Nadu Reservoir 6.1%25 <0.1 to 300 HDPE FTIR  2023)
Kadambra Urban 589.96 11.80 to 4998.57
yar and freshwater 89.20 to (surface water), LDPE, Rama (Amal&
Chitrapuz industrial 2579 £5.62to  874.125 £ 11.67 to 4983.59  HDPE, n- Devipriya
ha rivers Kerala  river 44.86+8.20 221.39 (sediment) PP AFM  , 2024)
Major (Estherra
Cauvery Tamil Peninsular NY, ni et al.,
River Nadu River 43-69 - - HDPE FTIR  2024)
FTIR-
ATR,
Penins Major 337.5154.4 to -
Mahanadi  ular Peninsular 1,333.3%¥557.2  14.7 £ 3.7- Rama  (Ganie et
River India River m™? 69.3 £10.1 <0.500 PP,PE n al., 2024)
Water Locati  System Surface Water  Sediment Dominant Size Domin Analy Referenc
Body on Type (particles L™)  (particles Range (pm) ant tical e
kgtorg™) Polym Meth
ers od
Ganga & Major PAM, FTIR
Yamuna Multipl ~ Himalayan 633.33— PA, /Ram  (Gupta et
Rivers e states  River 4.67-49.50 5266.67 300-1000 PVC an al., 2024)
Nainital Uttarak  High-altitude HDPE, FTIR- (Jain et
Lake hand lake 8.6 to 560.0 0.4-10.6 g™t 20-1000 PP ATR  al, 2024)
Monsoon- PET, (Kalangut
Zuari driven tidal HDPE, kar et al.,
River Goa estuary 0.28 £ 0.35 - 300-1000 PP FTIR  2024a)
(Kalangut
Chapora PET, FTIR- karetal.,
River Goa Tidal River 0.25+ 0.13 - 100-300 HDPE ATR  2024b)
(Mukhop
Perennial, adhyay &
Periyar west-flowing Valsalan,
River Kerala  River 120.5—124.95 - 100-200 PE,PP FTIR  2024)
(Nagalaks
Kollidam Tamil 2.42 particles 1-2.5 mm, 0.01— hm et al.,
River Nadu Deltaic river ~ m™3 1580 £ 705 1 mm PP,PE TFTIR  2024)
Madhy
a Major PES, (Patidar
Narmada Prades  Peninsular PVC, ATR- etal,
River h River 6.3£38 119.4 £39.6 <1000 PP,PS FTIR 2024)
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PP,
HDPE, (Patra &
Hirakud LDPE, Baitharu,
Reservoir ~ Odisha  Reservoir 82—-89 159-163 53-300 PS FTIR  2024)
Major
Kaveri Peninsular
River River 215+ 19 -
Perennial
Thamiraba Peninsular
rani River River 1.1+0.99 -
Seagonal PA,
A.dyar P?mnsular PP, WFTI
River River 525+ 1.15 - PE, R, (Pavithra
Cooum Tamil EVOH pRam etal,
River Nadu Tidal River 4+ 265 - <1000 , PVC an 2024)
Varana
si,
Uttar Major
Ganga Prades  Himalayan PET, ATR-  (Singh et
River h River 14-43 152-514 2.5-5 mm Rayon  FTIR  al, 2024)
Himac
hal Perennial (Bhaduri
Prades  Himalayan 31947 £ FTIR- etal,
Beas River h River 112.27 £ 1243 49.25 <1000 PE ATR  2025)
Luckno
w,
Uttar SEM—
Gomti Prades  Perennial EDS, (Bhanet
River h river 39-82 320—1160 150-4500 PA,PE FTIR al, 2025)
Upper
Himalayan Major 100.17 £16.64  50.33 £ 6.62 PE, (Chaudha
Ganga Uttarak ~ Himalayan to 1550 to 1300.33 500-5000, 250— PA,PS, FTIR- ryetal,
River hand River +257.58 +233.96 500 PVC ATR  2025)
North-
western (Kumar
Manasbal ~ Himala  Natural PP,PE Rama etal,
Lake ya freshwater 13—89 840—4020 <200 , PS n 2025)
Rain-fed
Himalayan
Mahanand River & (Mandal
a river & West fresh water 167-193 300 and 1180, etal,
Pond Bengal  pond 59-100 particles g™* 1180 and 5000 PA,PE FTIR  2025)
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Water Locati  System Surface Water  Sediment Dominant Size  Domin Analy Referenc
Body on Type (particles L™!)  (particles Range (pm) ant tical e
kg™ or g7) Polym Meth
ers od
Perennial, PP, (Mhapsek
Valvanti west-flowing 100-300, 300— PA, ar et al.,
River Goa River 291 + 1.69 - 850 PET FTIR  2025)
(Nagendr
Sutlej Antecedent 3.6 to 19.0 PP, ATR- aetal,
River Punjab  river MPs/L - 100-500 HDPE FTIR  2025)
FE-
Surface Rohtak, SEM, (Narwal
water Haryan 16-28 ATR- & Katyal,
bodies a - particles/L - 0.61-4.87 mm PE,PP FTIR  2025)
FTIR-
PC, ATR,
Andhra  Major <500 um, 500— Nylon, - (Sekar &
Godavari  Prades  Peninsular 1000 pm, 1000— PVC, Rama  Sundaram
River h River 6.7 - 1500 pm PP n , 2025)
0.321 £ 0.004
(upstream), SEM—
Gola Uttarak  Spring- 0.436 + 0.004 EDS, (Shifa et
River hand fed river (downstream) - 200-300, 150-200  PE,PP FTIR al, 2025)
LDPE,
Major HDPE, (Varsha
Ganga Himalayan 1017.5 = PVC, et al.,
River Bihar River - 214.3 kg™0> <1000 pm PP FTIR  2025)
Monsoon-
fed
Mula freshwater 1350 +426 to (Verma et
River Pune river 1972 £572 - 25-100 EVA FTIR  al, 2025)
2,616£1,016 (Yousuf
Kashmi  High-altitude 14020 to to etal,
Dal Lake  r lake 8461136 12,9661496 <500 pm PE,PP FTIR 2025)
(Mhapsek
SEM- ar&
Mandovi Coastal plain PA, EDS, Kalangut
River Goa estuary 2371311 - 100-300 PET FTIR  kar, 2026)
6. GAPS IN CURRENT KNOWLEDGE

Despite the growing body of research on MPs in Indian freshwater systems, several critical knowledge gaps remain. First,

toxicological evidence is still limited. While bioaccumulation in aquatic organisms has been documented, information on

chronic toxicity thresholds, population-level effects, and species-specific sensitivities remains scarce. Only a few studies, such

as the histopathological investigation from Gangasagar Pond, provide direct evidence of physiological impacts, highlighting

the need for broader ecotoxicological assessments. Second, source apportionment remains pootly resolved. Although urban,

industrial, and agricultural inputs have been identified as major sources, quantitative source identification techniques such as
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polymer fingerprinting or isotopic analysis have rarely been applied. This limitation restricts the ability to design effective
source control and mitigation strategies. Another important gap relates to temporal monitoring. Most existing studies are based
on short-term or single-time assessments, providing limited understanding of seasonal variability, long-term trends, or the
effectiveness of management interventions. Long-term monitoring programs are therefore required to evaluate the evolution
of MP pollution in freshwater systems.

The nanoplastic fraction also remains largely unexplored. Current analytical methods primarily detect MPs larger than 50—100
um, while smaller nanoplastics (<1 um), which may pose greater toxicological risks due to their ability to penetrate biological
membranes and enter cells, are rarely quantified in Indian freshwater environments. In addition, food web dynamics are
insufficiently understood. Although ingestion of MPs by fish and other organisms has been widely reported, comprehensive
studies tracing MP transfer from primary producers to higher trophic levels are limited. Understanding how MPs influence
trophic interactions, energy flow, and ecosystem functioning remains an important research priority. Finally, human exposure
and health risk assessments remain inadequate. Despite the detection of MPs in fish, drinking water, and other freshwater
resources, quantitative exposure estimates, dietary intake assessments, and epidemiological studies ate largely lacking.
Addressing these gaps is essential for developing robust risk assessment frameworks and informing policy interventions

aimed at protecting both ecosystem and human health.
7. FUTURE DIRECTIONS AND RECOMMENDATIONS
7.1 Research Priorities

Standardization of methods: Develop and adopt standardized protocols for MP sampling, extraction, identification, and
quantification to enable reliable comparisons across studies. Harmonization of size thresholds, analytical techniques, and

reporting units is essential.

Long-term monitoring networks: Establish basin-scale monitoring programs across major rivers, lakes, and wetlands to
evaluate temporal trends, identify pollution hotspots, and assess the effectiveness of mitigation measures. Integration with

existing water quality monitoring frameworks is recommended.

Ecotoxicological research: Conduct comprehensive toxicity studies to determine species-specific sensitivity, chronic
exposure effects, and combined impacts of MPs with associated contaminants such as heavy metals and POPs, prioritizing

native freshwater species.

Source apportionment studies: Apply advanced analytical approaches including polymer fingerprinting, stable isotope

techniques, and machine learning-based source tracking to quantitatively identify major sources of MP contamination.

Nanoplastic characterization: Develop improved analytical methods to detect and quantify nanoplastics (<1 pm), which

remain largely uncharacterized but may pose higher toxicological risks due to their ability to penetrate biological membranes.

Human health risk assessment: Implement comprehensive exposure assessments integrating dietary intake, drinking water
consumption, and inhalation pathways, along with epidemiological studies to better understand potential health risks

associated with MP exposure.
7.2 Policy and Management Recommendations

Source control measures: Implement targeted interventions to reduce major MP sources, including upgrading wastewater
treatment plants with microplastic removal technologies, improving stormwater management to limit urban runoff, regulating
plastic use in tourism zones, strengthening waste management infrastructure, and promoting alternatives to single-use plastics

in cultural and religious activities.

Regulatory framework: Develop microplastic-specific water and sediment quality standards to establish regulatory
benchmarks. Integration of MP monitoring into existing national water quality assessment programs (e.g., the National Water
Quality Monitoring Programme) should be mandated.

Protected area management: Strengthen conservation strategies for Ramsar wetlands and other protected freshwater
ecosystems by establishing buffer zones to reduce external MP inputs, implementing visitor management in tourism-

dependent areas, and adopting adaptive monitoring programs to track MP contamination trends.
Public awareness and education: Promote awareness campaigns highlighting the sources, impacts, and mitigation strategies
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for microplastic pollution. Incorporating plastic pollution topics into school and community education programs can

encourage long-term behavioral change.

Waste management infrastructure: Increase investment in solid waste management systems, particularly in urban and peri-
urban regions, to prevent plastic leakage into freshwater systems. Strengthening extended producer responsibility (EPR)
frameworks for plastic products is also essential.

International collaboration: Enhance participation in global research networks and data-sharing initiatives to facilitate
knowledge exchange, capacity building, and access to advanced analytical tools for microplastic monitoring and assessment.

7.3 Technological Innovations

MP removal technologies: Develop and implement cost-effective microplastic removal technologies in wastewater
treatment plants and stormwater systems, along with in-situ remediation approaches for rivers and lakes. Nature-based

solutions, such as constructed wetlands and biofilters, may provide sustainable and scalable alternatives for reducing MP loads.

Advanced monitoring tools: Utilize remote sensing, artificial intelligence, and automated image analysis to improve the
efficiency and spatial coverage of microplastic monitoring. The development of portable and field-deployable analytical
instruments would also enable rapid and real-time assessment of MP contamination.

Biodegradable alternatives: Encourage research and development of biodegradable and environmentally safer plastic
alternatives tailored to Indian climatic conditions and waste management systems, thereby reducing future inputs of

microplastics into freshwater ecosystems.
8. CONCLUSION

This comprehensive review demonstrates that microplastic contamination is a pervasive and growing threat to Indian
freshwater ecosystems. MPs are widely distributed across diverse freshwater environments, ranging from Himalayan
headwaters to peninsular rivers and lakes in southern India, with reported concentrations ranging from 0.2 to 4200 particles
L™ in surface waters and 5 to 16,400 particles kg™! in sediments. Fibers dominate the morphological composition (41-91%),
predominantly within the submillimeter size range (100—1000 um). Among polymer types, PP, PE, PVC, and PA are most
frequently reported. Urban runoff, tourism activities, industrial discharge, and municipal wastewater are identified as the
primary sources of MP contamination, with pronounced seasonal variations showing elevated loads during monsoon periods
due to enhanced runoff and hydrological transport. Ecological risk assessments indicate low to considerable risk levels across
systems, with clear evidence of bioaccumulation in aquatic organisms (up to 91% incidence in fish) and increasing recognition
of MPs as vectors for heavy metals and other contaminants. The occurrence of MPs in edible fish and drinking water sources
highlights potential human health risks.

Despite growing research efforts, significant knowledge gaps persist, including limited toxicological data, lack of quantitative
source apportionment, absence of long-term monitoring, and insufficient characterization of nanoplastics. Addressing these
gaps requires standardized methodologies, long-term monitoring frameworks, advanced ecotoxicological investigations, and
integrated human health risk assessments. Effective mitigation of MP pollution in Indian freshwater systems demands a multi-
pronged approach, including source control, strengthened regulatory frameworks, improved waste management
infrastructure, public awareness, and technological innovations. Given the dependence of over 1.4 billion people on
freshwater resources and the ecological significance of these systems, urgent and coordinated action is essential. This review
provides a scientific foundation for evidence-based policy and management strategies aimed at safeguarding freshwater

ecosystems and associated human well-being under accelerating urbanization and environmental change.
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