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ARTICLE INFO ABSTRACT

Keywords: Study region: Indian inland aquatic ecosystems.

Microplastic pollution Study focus: Microplastics (MPs) have been identified as emerging contaminants, potentially
India

impacting public and ecosystem health. This comprehensive review discusses the current state of
knowledge on MP contamination and mechanistic process understanding in Indian inland aquatic
ecosystems. It highlights knowledge gaps regarding current MP data and discusses methodolog-
ical differences in MP sampling and sample processing that can lead to contrasting results.

New hydrological insight for the region: Most studies reviewed here have provided evidence of MP
contamination in water, sediment and certain indicator species of inland aquatic ecosystems at
specific locations and times. Significant seasonal variations in MP concentrations have been
identified for pre-, during and post-monsoon periods.

We found that only a few of the reviewed studies have considered the inherent spatio-temporal
variability of MP concentrations, and the intricate interplay with hydrological key parameters
has largely been overlooked. However, in order to improve our understanding of how MPs are
transported within these aquatic ecosystems (e.g., river networks) and decide on potential
pollution mitigation, it is imperative to link data on MP concentration and physico-chemical
characteristics with key hydrological information such as flow velocity or discharge. This will
provide information on MP loads and help to establish loading functions for these aquatic eco-
systems that are needed to better understand the impacts of MP pollution on public and ecosystem
health.

Inland aquatic ecosystem
Ganga River
Distribution

1. Introduction

Plastics are used in numerous commercial and industrial sectors, including packaging, consumer goods, transport, textile, medical
and construction and are widespread for domestic use (Andrady and Neal, 2009; Ankita Sharma, R.L. 2020; Geyer et al., 2017; Nanda
etal., 2022). Due to their persistence, lightweight, durability, low costs and ease to be molded into desired forms and shapes, the global
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demand for plastics has been increasing rapidly. For example, Geyer et al. (2017) and Law et al. (2020) have reported that global
plastic production has increased by 26% from 334 to 422 million metric tons (MMT) from 2010 to 2016, and the Organisation for
Economic Co-operation and Development (OECD) estimated plastic production of 460 MMT for 2019 (OECD, 2022). While the
ongoing Covid-19 pandemic has seemingly led to a slight reduction in plastic use in 2020 (OECD, 2022), it has further increased the
demand for single use plastic for instance for personal protective equipment (Shams et al., 2021). For example, since March 2020,
about 1.6 million tonnes of plastic garbage have been created every day worldwide, and 3.4 billion disposable face masks have been
disposed of per day (Benson et al., 2021; Yousefi et al., 2021). Beyond PPE, industries like packaging, e-commerce, fashion, personal
care, etc., contribute to this environmental challenge (Phelan et al., 2022). Plastic packaging stands as the predominant segment in the
global plastic market, and it also produces half of the total plastic waste generated worldwide (MacArthur et al., 2016; Phelan et al.,
2022). The pervasive use of single-use plastic packaging exacerbates the challenge of waste management, as these items are designed
for short-term use but persist in the environment for extended periods. This packaging is a major contributor to the millions of tons of
plastic waste which end up in waterways annually (Hartmann et al., 2019; MacArthur et al., 2016). Trailing its economic growth,
plastic use in India has increased by more than 20 times over the past 30 years (FICCI, 2014; Kumkar et al., 2021). These plastics
constitute a high percentage of packaging materials, mostly of single use (FICCI, 2014; Kumkar et al., 2021). The current state of waste
management in India is ineffective, with hardly any source separation, little resource recovery and a large part of garbage ending up in
dump sites or often carelessly littering neighbourhoods and the wider environment (Kumar and Agrawal, 2020). According to Sharma
and Mallubhotla. (2019), India has generated approximately 9.4 MMT of plastic waste in 2016. Out of these, only 60% of plastic waste
was recycled, and the remaining 40% either ended up in landfills or circulating in the environment, polluting precious soil and water
resources.

A substantial amount of plastic waste leaking into the environment consists of MP particles, i.e., a heterogeneous mixture of plastic
particles between 1 um and 5 mm in diameter (Thompson et al., 2004). They originate as either primary MPs (designed to be MPs) or
are considered secondary MPs resulting from the weathering and fragmentation of larger plastic waste items by UV exposure, tem-
perature and salinity effects, mechanical abrasion, and biological degradation (Chamas et al., 2020; Zettler et al., 2013). MP pollution
has been reported for but is not limited to soils, groundwater resources, wastewater, landfill leachate, seawater, freshwater, and the
atmosphere (Barnes et al., 2009; Browne et al., 2011; Eriksen et al., 2013; Liu et al., 2019; Moeck et al., 2023; Rillig, 2012; Ying Zhang
et al., 2020). MPs accumulating in freshwater systems can pose a severe threat to the environment and public health (Szymanska and
Obolewski, 2020) and can act detrimentally on aquatic ecosystems including food webs (Krause et al., 2021; Kukkola et al., 2021).
Rivers play an important role in carrying MPs from terrestrial sources to seas and oceans (Lebreton et al., 2017). However, they can
also constitute medium to long-term storage zones for MPs themselves (Drummond et al., 2022, 2020). Several studies have revealed
substantial spatial variability of MP concentrations in streams (Kye et al., 2023; Margenat et al., 2021; Mintenig et al., 2020). River
water management and water abstraction practices can have a profound impact on downstream MP loading while redistributing MPs
in river corridors or even across catchments (Kukkola et al., 2023b). Lacustrine ecosystems accumulate a wide range of pollutants and
somewhat unsurprisingly high MP concentrations have also been identified in numerous lakes (Dusaucy et al., 2021; Free et al., 2014),
where gravitational settling of MPs plays a more prominent role due to the slower flow rates as compared to rivers, especially those
with often more turbulent flow conditions near the streambed and considerable hyporheic exchange (Drummond et al., 2020; Free
et al., 2014; Iannilli et al., 2020; Zhao et al., 2022).

The issue of MP pollution in India has recently been receiving increased attention in the scientific community (Shahul Hamid et al.,
2018; Vaid et al., 2021; Vanapalli et al., 2021) as well as among the public (L. Deng et al., 2020; Dowarah et al., 2022). Reddy et al.
(2006) conducted the first systematic study of MPs in the Indian marine environment, followed by some more recent studies (Kumar
etal., 2018; Naidu et al., 2017; Sruthy and Ramasamy, 2017; Badola et al., 2023; Jain et al., 2024; Talukdar et al., 2023; Tsering et al.,
2022, 2021) on MP contamination in different environmental compartments. However, not unlike to other parts of the world, the
effects of MPs in Indian aquatic ecosystems are mostly speculative due to fragmented and often inconsistent information related to the
methodologies employed and the lower size limit considered in assessing MP pollution. As such, this systematic study on the current
state of MP pollution in Indian inland aquatic ecosystems aims to provide an overview of the available data and knowledge that can
serve as baseline for future studies and the design of more targeted and sustainable monitoring and mitigation strategies where those
are needed. Our study is especially timely, as various programmes and initiatives have recently been launched to tackle MP pollution in
India. For example, India has joined the United Nations Environment Programme Clean Seas Campaign with the aim to address and
reduce marine plastic pollution (Raha et al., 2021; UNEP, 2021). On the occasion of the World Environment Day 2018, India declared
its commitment to phase out single use plastic products by 2022 at the fourth session of the UN Environment Assembly (Ngklebye et al.,
2023; Sivadas et al., 2022). Later on, two amendments were added to the Plastic Waste Management rules by the Government of India
on August 12 and September 22, 2021 notifying bans on 17 problematic single use plastic products from July 1, 2022 (Chitra and
Gobindgarh, 2022; Ngklebye et al., 2023). Single use plastic made from composite material is exempt from the bans, but manufacturers
must register with the Central Pollution Control Board before selling them (Ngklebye et al., 2023). Recognising the importance of these
initiatives, it becomes evident that an enhanced mechanistic understanding of MP pollution and its driving factors in the Indian inland
aquatic ecosystem is crucial. This understanding is pivotal as it contributes to the effective implementation and assessment of these
measures, ensuring a consistent evaluation of their broader impact on the state of the environment.

Previous review studies on MPs in India have predominantly focused on the occurrence, distribution and environmental effects of
MPs in different environmental compartments with a strong emphasis on the marine environment (Mishra et al., 2023; Neelavannan
and Sen, 2023; Sarkar et al., 2020; Vaid et al., 2021). They have not discussed the size range of MPs found and their potential effect on
freshwater species while comparing their abundance and distribution across different regions and water bodies. Furthermore, the
majority of these previous studies have overlooked the informational aspects related to estuarine environments, which are crucial
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components of inland aquatic ecosystems. In that context, this review article aims to provide (a) a comprehensive and systematic
overview of the current state of research on MP pollution in the entire Indian inland aquatic system (rivers, lakes, reservoirs, estuaries,
and aquatic organisms), incorporating insights from recently published articles. (b) The review critically examines the observed
physical and chemical properties of MPs in India, shedding light on the diverse range of techniques employed for their identification
and quantification. (c) The review then emphasizes the connecting knowledge on spatial and temporal MP pollution to hydrological
aspects for a more holistic understanding. (d) The discussion intricately integrates a global perspective, forming a comprehensive
comparison that explains the growing impact of MPs on aquatic ecosystems worldwide. This comparative examination serves to
broaden the contextual understanding, emphasising the urgency of addressing the MPs issue on a global scale. This study therefore
contributes to directing future initiatives focusing on tackling the complexity of the MPs pollution problem as well as highlighting the
importance of considering hydrological aspects in studying the fate and transport of MPs.

2. Review methodology

A comprehensive literature search on MPs in India’s inland aquatic ecosystems was conducted. The literature search was refined
using keywords specific to inland waters such as "freshwater", "sediment", "lake", "river", "estuary", "pond", "aquatic animals" or "biota".
The first research paper related to the quantification of MPs at Indian beaches was published in 2013 (Jayasiri et al., 2013). After that,
an exponential increase in the number of research articles, particularly between January 2017 to February 2024 (end of 2023 shown in
Fig. 1) has been observed, following the worldwide trend of scientific research on MPs in aquatic ecosystems (Fig. 1a, b). For the
meta-analysis performed on data analysed in our review, we have identified 52 main research articles (refer to Table 1) that contain
relevant data on MP pollution in India’s inland aquatic ecosystems. These studies have focused on MP pollution in rivers (44.24%),
lakes (30.76%), estuaries (19.24%), and reservoirs (5.76%). From these selected papers, data on sampling locations, MP abundances,
and their characteristics have been analysed and discussed with respect to potential sources and in the context of global MP occur-

rences as well as mechanistic process understanding.
3. MP concentrations in Indian inland ecosystems and suspected sources

MP concentrations in Indian inland ecosystems have been linked to population density (Amrutha and Warrier, 2020; Lechthaler
et al., 2021; Singh and Yadav, 2022; Tsering et al., 2021), land cover (Neelavannan et al., 2022; Sarkar et al., 2019) and flow char-
acteristics (Tsering et al., 2021). For India, the vast diversity in climatic conditions, including annual monsoon conditions, land use
practices and cultures present additional factors that pinpoint the different and potentially overlapping sources of MPs as a specific
challenge. In this paper, the concentration (MPs per m® water or kg sediment) and spatial distribution of MPs have been compre-
hensively reviewed and summarised based on the studies listed in Table 1. As shown in Fig. 2, most of these studies have been con-
ducted in the northwest of India, its southern peninsular and the north-eastern regions of the country, covering some of the major
Indian rivers including sections of the most iconic river, Ganga. Large parts of central India remain inadequately explored with respect
to MP occurrence and distribution in space and time, including important landscapes of Madhya Pradesh, Maharashtra, Odisha,
Telangana, Andhra Pradesh, Rajasthan and Jharkhand etc.

3.1. Surface waters and sediments

MPs have been detected in most of the Indian rivers, lakes and estuaries studied so far. A direct comparison of concentrations from
different studies is often challenging due to different sampling, sample processing and analysis techniques used and size fractions
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Table 1
A summary of sampling and analysis techniques of MPs in India’s Inland aquatic ecosystems.
S/N  Waterbody/Location Sample type  Sampling tool  Pre-treatment Characterization Reference
Digestion Separation
Technique

1 Lower and estuarine Sediment Steel spoon H,04 Density separation ATR-FTIR (Sarkar et al.,
stretches of Ganga River using ZnCl, 2019)
(Buxar,Patna, Bhagalpur,

Nabadwip, Barrackpor,
Godakhali, Fraserganj)

2 a. Yamuna River, Agra, Surface Neuston net Biological NA Micro-FTIR (NPC 2020)

b. Yamuna River, water with 300 pm digestion, formalin (Vaid et al.,
Prayagraj, mesh size 2021)

c. Ganga River, Prayagraj,

d. Confluence point of

Ganga and Yamuna

Prayagraj,

3 Central and lower stretch Surface 300 pm mesh Fenton Density separation Stereomicroscope (N. Singh et al.,
of Ganga River (Ballia, water plankton net using NaCl and ATR-FTIR 2021a)
Patna, Bhagalpur, Sediment Stainless-steel
Farakka, and Diamond scoop
Harbour)

4 Ganga River (Sahibganj, Water Hand- NA NA Light microscopeand  (Napper et al.,
Patna, Varanasi, Kannauj, samples operated (FTIR) 2021)
Rishikesh and Harsil) bilge pump.

5 Ganga River, Rishikesh to  Surface manta net Fenton Density Separation Microscope, ATR- (Rajan et al.,
Farakka water with mesh using NaCl FTIR and Raman 2023b)

size 300- spectroscopy
micron

6 Ganga River, (Rishikesh Surface NA H,0, Density Separation Microscope, ATR- (Badola et al.,
and Devprayag), water using NaCl FTIR 2023)
Uttarakhand Sediment

Fish
7 Ganga River, Patna Fish NA KOH Density gradient Microscope, ATR- (Kumari et al.,
separation using FTIR 2023)
NaCl
8 Hooghly River, Kolkata Water Van Dorn H,0, NA Fluorescence (Ghosh et al.,
samples water microscope 2021)
sampler
9 Jhelum River, Kashmir Surface NA Fenton Density Separation Microscope, ATR- (Farooq et al.,
water using NaCl FTIR 2023)

10 Netravathi River, Surface Stainless-steel ~ Fenton Density separation Microscope, and (Amrutha and

Karnataka water bucket using ZnCl, ATR-FTIR Warrier, 2020)
Sediment Stainless-steel H,05 Double separation
spoon using ZnCl,

11 Godavari River, Surface Stainless-steel ~ Fenton Density Separation Microscope, ATR- (Sekar and

Karnataka water buckets using NaCl FTIR Sundaram,
2023)

12 Godavari River, Fish NA Fenton NA Microscope (Bhalerao, 2020)
Maharashtra

13 Alaknanda River, Surface 100 pm H,0, Density separation Stereomicroscope, (Chauhan et al.,
Garhwal, Uttarakhand water plankton net using NaCl SEM and EDS 2021)

Sediment Grab sampler

14 a. Kosasthalaiyar River, Surface Neuston Net NA 0Oil separation with FTIR Spectrometer (Lechthaler
Chennai water with a mesh canola oil et al., 2021)

b. Adyar River, Chennai Surface size of 335 pm
water
c. Muthirappuzhayar Surface
River, Munnar water

15 a. Brahmaputra River Sediment Stainless-steel ~ Hy0, Density separation Semi-automated (Tsering et al.,
(Arunachal Pradesh and spoon using Sodium WFTIR and SEM 2021)

Assam) tungstate dihydrate
b. Indus River, Ladakh (NayW04.2 H>0)

16 Vaigai River, Madurai, Sediment NA NA NA FTIR spectroscopy (Nanthini Devi
Tamil Nadu samples and SEM et al., 2021)

17 Kaveri River, Sediment Fenton Ultrasound ATR-FTIR and SEM- (Maheswaran
Tiruchirappalli exposure EDS et al., 2022)

18 South Pennar River, Surface NA NA Density separation (Rajadurai and
Hosur Tamil Nadu water Roopa, 2008)

19 Sharavathi River, Sediment Stainless-steel ~ Fenton Density separation Microscope, ATR- (Amrutha et al.,

Karnataka

spoon

using ZnCl,

FTIR

2023)

(continued on next page)
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S/N Waterbody/Location Sample type  Sampling tool  Pre-treatment Characterization Reference
Digestion Separation
Technique
20 Noyyal River, Sediment Ekman grab H,0, Density separation Stereomicroscope (Ayyamperumal
Coimbatore, Tamil Nadu using ZnCl, and ATR-FTIR et al.,, 2022)
NaCl
21 Noyyal River (Tamil Sediment Stainless-steel ~ NA Density separation Optical microscope, (Crispin and
Nadu) shovel using NaCl ATR-FTIR and SEM Parthasarathy,
2023)
22 Subarnarekha River, Surface Stainless-steel ~ Hy02 Density separation Stereomicroscope (Patidar et al.,
Jharkhand water mug using NaCl ATR-FTIR and XRF 2023a)
Sediment Stainless-steel
scoop
23 Sabarmati River, Sediment Stainless-steel ~ NA Density separation Optical Microscope (Ram and
Ahmedabad scoop using NaCl and SEM Kumar, 2020)
24 Anchar Lake, Kashmir Sediment Van Veen H,0, Density separation Stereo microscope (Neelavannan
Valley samples Grab Sampler using NaCl and ATR-FTIR et al., 2022)
25 Red Hills Lake, Tamil Surface Plankton nets Fenton Density separation Stereomicroscope, (K. Gopinath
Nadu water (120 pm) using NaCl ATR-FTIR and SEM- et al., 2020)
Sediment Van Veen EDX
grab sampler
26 Veeranam Lake, Tamil Surface Nylon 30% H,0, Density separation Stereomicroscope (Bharath et al.,
Nadu water Plankton net using ZnCl, and ATR FTIR 2021)
with a mesh
size of 20 pm
Sediment Van Veen
grab sampler
27 Chembarambakkam Surface NA NA NA Optical microscope, (Ganesan et al.,
Lake, Tamil Nadu water SEM-EDX and ATR- 2019)
FTIR
28 Kodaikanal Lake, Tamil Surface Manta net H,0, Density separation Stereomicroscope (Laju et al.,
Nadu water using ZnCl, ATR-FTIR and SEM 2022)
29 Vembanad Lake, Kerala Sediment Van Veen H,05 Density separation Micro-Raman (Sruthy and
grab sampler using NaCl spectrometer Ramasamy,
2017)
30 Vembanad Lake, Kerala Surface Depth water H,0, Density Separation Stereomicroscope, (Anagha et al.,
water sampler using Nacl ATR-FTIR, Micro- 2023)
Raman spectrometer
31 Renuka Lake, Himachal Surface UWITEC Fenton Density separation Fluorescent (Ajay et al.,
Pradesh water water using NaCl microscope, ATR- 2021)
sampler FTIR and Raman
Sediment Van-Veen spectrometer,
grab sampler
32 Kanke Lake, Jharkhand Surface Manta net Fenton Density separation Stereomicroscope (Singh and
water using NaCl and ATR-FTIR Chakraborty,
2021)
33 Kumaraswamy Lake, Surface Glass bottles Fenton NA Microscope, FESEM, (Ephsy et al.,
Tamil Nadu water ATR-FTIR 2023)
34 Nainital Lake, Surface Stainless-steel H,05 Density Separation Microscope, ATR- (Jain et al.,
Uttarakhand water buckets using NaCl FTIR, SEM-EDX 2024)
Sediment Sediment
sampler
35 Chilika Lake, Odisha Surface Glass bottles NA Density Separation Microscope, ATR- (Singh et al.,
water using ZnCl, FTIR 2023)
Sediment Van Veen
grab, stainless
steel scoop
36 Manipal Lake, Karnataka Surface Steel bucket Fenton Density separation Stereomicroscope (Warrier et al.,
water using NaCl, ZnCl, ATR-FTIR and SEM 2022)
and Nal
37 a. Pangong Lake, Ladakh Sediment Metal spoon Fenton-+Enzymes Density separation Raman spectroscopy (Tsering et al.,
b. Tsomoriri Lake, Ladakh and using Sodium 2022)
c. Tsokar Lake, Ladakh Fenton+H,S04 tungstate dihydrate
(NapW04.2 Hz0)
38 Rewalsar Lake, Himachal Surface Water Fenton Density separation Microscope, Raman (Bulbul et al.,
Pradesh water sampler using ZnCl, spectrometer 2023)
Sediment Van Veen

grab sampler

(continued on next page)
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S/N Waterbody/Location Sample type  Sampling tool  Pre-treatment Characterization Reference
Digestion Separation
Technique
39 Vellayani Lake, Kerala Surface Plankton nets Fenton NA zoom microscope, (Immanuvel
water with a mesh ATR-FTIR David et al.,
size of 120p 2023)
Sediment Van Veen gab
sampler
40 Punnakayal estuary, Surface Teflon pump Fenton NA WFTIR (Selvam et al.,
Tamil Nadu water 2021)
41 Ulhas estuary, Sediment Shovel and Hy0, Density separation Stereo-zoom (Kumkar et al.,
Maharashtra stainless-steel using NaCl microscope, SEM- 2021)
container. EDS and FTIR
Water Stainless-steel
jug
Fishes NA
42 Narmada estuary, Gujrat Sediment Stainless steel H,04 NA FTIR spectroscopy (Sharma et al.,
tweezers 2020)
43 Kayamkulam estuary, Sediment Van-Veen H,0, followed by Density separation Stereo zoom (Radhakrishnan
Alappuzha grab sampler HCI using ZnCl, microscope and ATR- et al., 2021)
FTIR
44 Vellar estuary, Surface Plankton net H,0, NA Stereo zoom (Nithin et al.,
Parangipettai, Tamil water (330 pm mesh microscope, ATR- 2022)
Nadu size FTIR, and pFTIR
Sediment Van Veen’s
grab
45 Mahanadi estuary Surface Stainless-steel Fenton Density Separation Stereomicroscope, (Patidar et al.,
water mug using Nacl ATR-FTIR 2023b)
Sediment shovel
46 Cochin estuarine System, Surface Plankton net H,0, NA Microscope, ATR- (Praved et al.,
Kerala water with mesh FTIR 2024)
size: 200 pm
and
Jellyfish Hand-held
scoop nets
47 Sita-Swarna estuary, Sediment Stainless-steel H,0, Density separation Microscope, ATR- (Valsan et al.,
Karnataka spatula using ZnCl, FTIR and Raman 2024)
spectroscopy
48 Estuarine environment of surface Manta trawl H,0, Density separation Microscope, ATR- (Jeyasanta et al.,
Tamil Nadu water net of mesh using Nal FTIR 2023)
size 330
micron,
Sediment Van veen
Grab
49 Hooghly estuary Surface Manta net Fenton NA Microscope, ATR- (Rajan et al.,
water with mesh FTIR 2023a)
size 300-
micron
50 Different district of Freshwater NA KOH solution Density Separation Microscope, (Shukla et al.,
Chhattisgarh fish using NaCl fluorescent 2022)
microscope
51 Ponds, Chhattisgarh Surface Jars, buckets, Fenton NA Microscope, ATR- (Upadhyay and
water or pumps FTIR Bajpai, 2024)
52 East Kolkata Wetland Surface Steel bucket H,0, Density separation Microscope and ATR-  (Sarkar et al.,
(EKW), West Bengal water using ZnCl, FTIR 2021)
Sediment Grab sampler NA Microscope and ATR-
FTIR
Biological Cast net NA Fluorescence
samples (10-15 mm microscope and ATR-
mesh) FTIR

analysed in individual studies. Almost all studies reviewed here have used 5 mm as their upper size limit, but inconsistency exists in the
definition of their lower size limit. MP concentrations (as particles per volume of water) for some locations were found to be
exceptionally high, such as for instance those reported for the waters of Kosasthlaiyar River (39,200 MPs/m?; >100 um) and Godavari
River (6500 MPs/m?; >25 um) of South Peninsular India, Alakananda (11,320 MPs/m?; >100 um) and Jhelam Rivers (2500 MPs/mB;
>75) of northwest India and the downstream part of the Hooghly River of northeast India, with 11,320 (>100 pm) and 2083 MPs/m?
(>150 um) found in its surface water, respectively (Priyanka et al., 2023; Sekar et al., 2023; Farooq et al., 2023; Chauhan et al., 2021;
Ghosh et al., 2021; Rajan et al., 2023a; Sekar and Sundaram, 2023). In other locations, however, much lower concentrations were
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Fig. 2. Spatial distribution of experimental field studies investigating MP pollution in the water column, sediment and aquatic organisms of inland
aquatic ecosystems in India. All studies are listed in Table 1.

observed, for example in the Ganga River at Bihar, where concentrations ranged from 0.38 to 18 MPs/m® of size > 300 um (Napper
etal., 2021; N. Singh et al., 2021a). At Prayagraj, Yamuna and Ganga as well as the confluence point of the Ganga and Yamuna Rivers,
concentrations have been observed as low as 4, 1.47, and 1.23 MPs/m® respectively, all in the same size range (NPC 2020). The current
information on spatial patterns of MP contamination in Indian freshwater bodies (excluding groundwater) suggests a very hetero-
geneous geographical distribution that depends upon various factors, including potential differences in the sampling, sample pro-
cessing and polymer identification techniques (Table S1). Frequently, concentrations of MPs in surface water seem to steadily increase
along a downstream trajectory. For example, MP concentrations in the Netravathi River increase in the downstream direction from 56
to 2328 MPs/m?® (Amrutha and Warrier, 2020). On the other hand, at the river Ganga, higher concentrations of MPs are found in
densely populated cities like Varanasi and Rishikesh as compared to Balia, which is further downstream, yet has lower concentrations
by two orders of magnitude (Napper et al., 2021; N. Singh et al., 2021a). This can be a result of population density and water man-
agement practices along the river Ganga where several barrages exist and water might be rerouted for agricultural or other anthro-
pogenic use, but further studies are required to better understand the evolution of MP concentrations along the Ganga. A recent study
has also highlighted the impact of wastewater discharge and anthropogenic activities on MP pollution in river Ganga (Rajan et al.,
2023b). They observed that Kanpur, Allahabad and Varanasi have higher MP concentrations than less populated cities downstream,
such as Kahalgaon, Sahibganj and Farakka. This underscores the influence of human activities on MP pollution in freshwater bodies,
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highlighting the need for targeted management strategies to mitigate the impact on aquatic ecosystems. Estuaries such as Mahanadi
estuary of central India, Hooghly estuary of northeast India, Punnakayal, Muttukadu and Vellar estuaries of south peninsular India
have shown concentrations of 26,000 MPs/m? (>0.2 um), 154 MPs/m?® (>100 um), 19,900 MPs/m> (>50 um, Punnakayal), 780
MPs/m> (>50 um) and to 5.14 MPs/m® (>330 um), respectively (Patidar et al., 2023; 2022; Selvam et al., 2021; Jeyasanta et al.,
2023). The use of a larger mesh size during sampling as here for the Vellar estuary has most likely led to a considerable underesti-
mation of MPs as been shown to occur for other regions of the world (Kurki-Fox et al., 2023).

It has to be highlighted that the data compared here have been gathered at different times and under different flow conditions
(mostly unreported), which introduces an additional level of uncertainty into these types of spatial comparisons. Concentrations could
therefore be strongly influenced by local variabilities in discharge as well as larger weather patterns such as monsoonal rainfall. Given
the high degree of annual discharge variation of India’s typical monsoonal climate (Bookhagen and Burbank, 2010; Bowden et al.,
2023), it will be important for future studies to record flow regime and hydrodynamic conditions during sampling in order to ensure
comparability of reported concentration data as well as to calculate more accurate MP loads and fluxes towards the oceans.

Similar to the river and estuary environments, most of the studies focusing on lake water have also studied different MP size ranges.
For example MP concentrations in the surface water of Indian lakes ranged from 64,000 MPs/m? (> 0.2 um) in Renuka Lake, 56,000
MPs/m3 (> 0.2 um) in Nainital lake, 24,420 MPs/m® (>250 um) in Kodaikanal Lake, 11,200 MPs/m® (> 0.2 um) in Kumarswami lake,
9000 MPs/m® (>50 pm) in Chembarambakkam Lake, 5900 MPs/m® (>125 pum) in Red hills Lake, 4100 MPs/m? (>120 um) in Vel-
layani lake, 423 MPs/m® (>300 um) in Manipal Lake, and 3 MPs/m® (>125 um) in Kanke Lake (Ajay et al., 2021; Jain et al., 2024;
Bharath et al., 2021; Ganesan et al., 2019; K. Gopinath et al., 2020; N. Singh et al., 2021a; Sruthy and Ramasamy, 2017; Warrier et al.,
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Fig. 3. MPs concentrations in surface water samples of India’s inland aquatic ecosystems using different lower size limit (2a. Yamuna River
(>300 um); 2d. Confluence of Ganga and Yamuna(>300 um); 3. Ganga River (> 330 um); 4. Ganga River (>300 pym); 5. Ganga River (>100 pm); 8.
Hooghly River (>150 um); 9. Jhelam River (>75 pm); 10. Netravathi River (>300 um); 11. Govavari River (>0.7 um); 13. Alaknanda River
(>100 um); 14a. Kosasthalaiyar River (>335 pm); 14b. Adyar River (>335 um); 14c. Muthirappuzhayar River (>335 um); 18. South Pennar River
(NA); 22. Subarnarekha River (> 125 um); 25. Red Hills Lake (> 120 pm); 26. Veeranam Lake (> 120 pm); 28. Kodaikanal Lake (>333 pm); 30.
Vemband Lake (>1 pm); 31. Renuka Lake (>0.2 um); 32. Kanke Lake (>125 um); 33. Kumarswami Lake (>20 um); 34. Nainital Lake (>20 pm); 35.
Chilika Lake (>20 pm); 36. Manipal Lake (>300 um); 38. Rawalsar Lake (>0.2 pm); 39. Vellayani Lake (>120 pym); 40. Punnakayal estuary
(>50 um); 44. Vellar estuary (>330 pm); 45. Mahanadi Estuary (>0.2 um); 45. Cochin estuary system (>250 um); 47. Sita-Swarna estuary
(>100 um); 48. Estuarine system of Tamilnadu (>50 um); 49. Hooghly estuary (>100 um); 51. Freshwater Ponds of Chhatisgarh (>50 um); 52.
EKW (>63 um)).
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2022) as shown in Fig. 3. A study conducted by (Nikki et al., 2021) has mentioned 1880 MPs/m? (>20 um) in Vembanand Lake, which
is the second largest Ramsar site in India. Intense recreational and heavy tourism activities also represent possible reasons for the high
numbers of MPs in these areas (Feng et al., 2020; K. Gopinath et al., 2020; Warrier et al., 2022). In another study, Prapanchan et al.
(2023) sampled 44 lakes of the north-western part of Tamil Nadu, reporting elevated MP concentrations in densely populated areas like
Chembarambakkam (170,000 MPs/mB; >0.45 ym) and Mamalla (78,000 MPs/m3; >0.45 pm) while comparatively lower concen-
tration was observed in Tiger Lily Lake (18,000 MPs/m3; >0.45 pm), which is less populated. The concentrations of MPs in lake water
are often higher than in rivers, with the stagnant lake water representing a terminal endpoint of transported MPs that are
up-concentrating from their feeding rivers (Cera and Scalici, 2021; Koelmans et al., 2019). Although those MPs tend to settle out of the
lake water column over time, differences in particle shape (fragments, spheres, fibres), size and density can lead to variations in
buoyancy, reducing the effect of gravitational settling for some of these particles (Elagami et al., 2022; Kowalski et al., 2016). The
shape of particles affects its aerodynamic properties and how it interacts with water currents (Tsuda et al., 2013; Yulan Zhang et al.,
2020). Irregularly shaped fragments and fibres may experience increased resistance to settling due to their larger surface area and
potential entanglement with other particles (Kowalski et al., 2016; Kumar et al., 2021a,b; Waldschlager and Schiittrumpf, 2019).

MPs with densities lower than water may float or remain suspended in the water column, especially if they are small or possess a
shape that enhances buoyancy. The impact of other aspects such as lake stratification or hydrodynamics requires further research
(Elagami et al., 2023), while particle deposition is governed by turbulent flow and local pressure differences as found due to instream
obstacles or local variation in streambed morphology (Drummond et al., 2022) seem to play an important part in the lakes reviewed
here.

Fewer studies have looked at MP concentrations in streambed sediment, with concentrations in the Gangetic basin ranging from 17
to 409.86 MPs/kg (>63 um), showing an increasing trend in the downstream direction (Sarkar et al., 2019; N. Singh et al., 2021a). A
study conducted by Singh et al. (2022) has reported 10,000 MPs/kg (> 45 um) in sediments of the Ganga River at the downstream side
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Fig. 4. Concentration of MPs in sediment samples of Indian inland aquatic ecosystems (3. Ganga River (>63 pm); 6. Ganga River (>100 pm); 10.
Netravathi River (>300 um); 13. Alaknanda River (>5 pm); 15° Brahmaputra River (>20 um); 15b. Indus River (>20 um); 17. Kaveri River
(>0.45 um); 19. Sharavathi River (>300 pm); 20. Noyyal River (>75 pm); 21. Noyyal River (>75 um); 22. Subarnarekha River (> 125 um); 24.
Anchar Lake (>300 um); 25. Red Hills Lake (>300 pm); 26. Veeranam Lake (>300 um); 28. Kodaikanal Lake (>0.8 um); 31. Renuka Lake
(>0.2 pm); 34. Nainital Lake (>20 pm); 35. Chilika Lake (>20 pm); 37a. Pangong Lake (>20 um); 37b. Tsokar Lake (>20 um); 37c. Tsomariri Lake
(>20 pm); 38. Rawalsar Lake (>0.2 um); 41. Ulhas estuary; 44. Vellar estuary (>45 pm); 45. Mahanadi Estuary (>0.2 pm); 47. Sita-Swarna estuary
(>100 um); 48. Estuarine system of Tamilnadu (>50 pm); 52. EKW (>63 pym)).
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of Patna (the second most polluted city of India (Kumar et al., 2020)). This study concluded that industries and urbanisation may be
responsible for the high concentration of MPs in the area (Kumar et al., 2021a; Singh et al., 2022). The Nethravati River of Indian South
Peninsular region has the lowest concentration of MPs (7.5 MPs/kg; >300 um) so far reported (Amrutha and Warrier, 2020), which
coincides with a generally lower population density in the area. In the Kayamkulam estuary on the southwest coast of peninsular India,
MP concentrations with a mean of 438.8 MPs/kg were reported, while a modest concentration (43.4 MPs/kg) of MPs has been reported
for the Vellar estuary at the south east coast (Nithin et al., 2022; Radhakrishnan et al., 2021) as shown in Fig. 4. The Vellar estuary’s
data shows a decrease in concentration towards the sea during the winter of 2018 (Nithin et al., 2022). In addition, the Ulhas and
Mahanadi estuaries in central India have shown 130 MPs/kg (>45 pm) and 354 MPs/kg (>0.2 um), respectively (Kumkar et al., 2021).
The sediments of EKW have shown MP concentrations ranging from 2124.84 to 6886.76 MPs/kg of size >63 um (Sarkar et al., 2021).

Sediment MP concentrations in Anchar Lake in the Kashmir Valley that is flanked in the north by the Greater Himalayan and on the
south by the Pir-Panjal range, vary from 233 to 1533 MPs/kg (>300 pm) (Neelavannan et al., 2022). Similar to Anchar Lake, some high
altitude lakes of northwest India like Pangong Lake (800-1000 MPs/kg), Tsomoriri Lake (1600-3800 MPs/kg) and Tsokar Lake
(800-1000 MPs/kg) have also shown a high concentration of MPs of size >100 um (Tsering et al., 2022), likely indicating the at-
mospheric deposition of MPs, growing tourist activities and poor local waste management systems. Jain et al. (2024) reported a high
concentration of MPs (400-10,600 MPs/kg; > 20 um) in Naintal Lake, a popular high altitute tourist destination in northwest India
(Jain et al., 2024). Similarly, Rawalsar lake has shown a high concentration of MPs ranging from 750 to 3020 particles/kg (Bulbul
et al., 2023). Relatively low MP concentrations were observed in Red Hills Lake (28 MPs/kg), situated in the northern part of
peninsular India (K. Gopinath et al., 2020), while Veeranam Lake of southern peninsular India has shown concentrations of 309
MPs/kg (Bharath et al., 2021). MP concentrations identified so far in northwest India for a single location are comparatively higher
than in the rest of the country, based on the limited number of studies and sites that have been investigated till now. South Peninsular
India seems to have high average MP concentrations compared to other regions. Overall understanding of the distribution of MPs
requires consideration of regional hydrological variations and the influence of sampling and analysis techniques. In general, high MP
concentrations in some locations have at least in parts been attributed to the dense population, increased anthropogenic activities and
waste handling practices near to those sampling areas, and the selected lower size limit (Bharath et al., 2021; K. Gopinath et al., 2020;
Neelavannan et al., 2022; Tsering et al., 2022) but more evidence is needed to understand how transferable those results are to other
parts of India and the world. Additionally, efforts are being made among the scientific community to standardise sampling, sample
processing, polymer identification and reporting steps (Cowger et al., 2020) or at least improve the breadth of the information on the
techniques used and uncertainties encountered during each of these steps (sampling, processing, enumeration and polymer identifi-
cation). Some of the discussed studies (Anagha et al., 2023; Immanuvel David et al., 2023; Kumar et al., 2024) clearly provide
insufficient information on aspects such as lower size limits of particles identifiable during sampling or polymer identification, typical
particle recovery rates during sampling and sample processing, or more specific information on imaging instruments and spectral
databases used during polymer identification. As such, comparing MP concentrations across India remains challenging.

3.2. Aquatic organisms of inland waters

The majority of Indian MP studies have not attempted to quantify MP numbers in organisms. Less than 10% of the total studies
reviewed here have reported MP contamination in inland aquatic organisms, mostly focusing on different fish species of importance
with respect to dietary and economic reasons. Seven different species of fin fish and two species of macroinvertebrates/snails have
been collected from EKW in a study by Sarkar et al. (2021). Almost all the collected species showed MPs to be present in their
gastrointestinal tracts, containing up to 11 MPs/organism in fin fishes (Sarkar et al., 2021), while some other studies found MPs in
shellfish (23 MPs/organism) to be higher than in fin fish (15 MPs/organism; Nikki et al., 2021). 37 out of 50 fishes have had MPs in
their digestive tracts with 3.75-6.11 MPs/organism (mudskipper fish) collected from the Ulhas River estuary (Kumkar et al., 2021).
One study conducted by Pandey et al. (2023) revealed the presence of MPs in commercially valued and dietary-preferred freshwater
fish collected from Lucknow, Uttar Pradesh, with the highest concentration being 7.86 MPs/organism in Channa punctatus (Pandey
etal., 2023). MPs were found in 31 of the 271 fishes that were collected from the Ganga River in Patna. The concentration was 2.5-1.6
MPs/organism (Kumari et al., 2023). Fish can ingest MPs through various pathways, including direct consumption of contaminated
water, sediments, or prey items that have already ingested MPs (Alberghini et al., 2023; Badola et al., 2023). The presence of MPs in the
surrounding environment increases the likelihood of ingestion by fish during their normal activities (Badola et al., 2023; Kumari et al.,
2023). One study conducted by Badola et al. (2023) collected specially targeted fish species with different feeding behaviours (Tor tor,
Schizothorax richardsonii, Labeo dero and Gara gotyla gotyla) from the upper reaches of the river Ganga. Among these, all the individual
fish species, regardless of their specific feeding behaviour, were contaminated with MPs (Badola et al., 2023). Shukla et al. (2022)
highlighted that bottom dwelling demersal fish had higher concentrations than surface feeder fishes, attributing this difference to the
sediment acting as a sink, accommodating more MPs than surface water.

Most of the existing studies have not put observed MP concentrations into the context of the body weight of the individual organism
to describe actual concentrations of MPs in the organism. Factors such as the size and type of MPs, as well as the fish’s metabolic rate,
can influence the extent of MP accumulation (Bhuyan, 2022; Parolini et al., 2023). Studies on aquatic invertebrates with respect to MP
contamination could not be encountered, and studies regarding the impact of bio-accumulative additives contained in plastics on the
wider food web are also missing. This knowledge gap should be closed in the future, as MP pollution has been shown to severely impact
a wide range of aquatic species, food webs and the wider ecosystem (Krause et al., 2021; Kukkola et al., 2021).
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4. Characterisation of MPs found in Indian inland aquatic ecosystems

MPs in Indian inland aquatic ecosystems were found to express widely varying physical and chemical properties with respect to
polymer type, shape, colour and size based on their origin and geographic locations, climatic conditions and anthropogenic activities
(Shahul Hamid et al., 2018; Vaid et al., 2021; Vanapalli et al., 2021). Understanding the nature and extent of MP pollution in inland
aquatic ecosystems would be important for assessing the potential environmental impacts, including effects on the food chain and
ecosystem health (Kukkola et al., 2021; Yuan et al., 2019). The following sections provide information on different physicochemical
properties of MPs found in Indian inland aquatic ecosystems.

4.1. Polymer types

For this section, 40 papers that describe the chemical composition and polymer type of identified MP particles have been analysed,
with 12 papers on sediment, 16 papers on surface water, and 14 papers looking into both media. Polyethylene (PE), polypropylene
(PP), polystyrene (PS), polyethylene terephthalate (PET), polyacetylene (PA) and polyvinyl chloride (PVC) are the six most prevalent
polymers that have been reported for Indian inland aquatic ecosystems. Other polymers such as polycarbonate (PC), Ethylene Vinyl
Alcohol (EVOH) and PP-PE copolymers made up a minor percentage of the total MPs, as shown in Fig. 5. The PP and PE polymers are
extensively used in packaging, manufacturing containers, and care products (Han et al., 2016). As shown in Fig. 5, the analysed surface
waters of the river Ganga comprised a polymer composition of PP (36%), PE (30%), PS (26%), and PVC (8%), while the chemical
composition of the sediment samples was totally different with PET (39%), PE (30%), PP (19%), and PS (1%) as observed by N. Singh
et al. (2021a) and Sarkar et al. (2019). PE (39% and 45%) and PP (45% and 40%) were the most common MP polymers found in the
sediments of Brahmaputra (northeast India) and Indus River (northwest India), as reported by Tsering et al. (2021). Similarly, PE
(57%- 47%) was the major polymer found in the MPs of surface water samples of Nethravati, Kosasthalaiyar, Adyar, and Muthir-
appuzhayar rivers of south peninsular India (Amrutha and Warrier, 2020; Lechthaler et al., 2021). Rayon (synthetically altered cel-
lulose fibres) is the dominant polymer found in surface water MPs in the transboundary part of the Ganga River (Napper et al., 2021).
Irrespective of other studies, EVOH, PA and PVC seem to be the dominant MPs in the surface water samples of river Ganga and Yamuna
at Prayagraj and at their confluence point, which show the influence of anthropogenic activities such as bathing and washing in these
places (NPC, 2020). High concentrations of PP are found in the surface water and sediment samples of major estuarine environments in
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Fig. 5. Composition of polymer types of MPs found in Inland aquatic ecosystems of India.
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Tamil Nadu followed by other polymers (Jeyasanta et al., 2023; Kumkar et al., 2021). According to Selvam et al. (2021), PA (38%) is
the leading polymer in the surface water samples of Punnakayal estuary, followed by PP (22%).

PA also constitutes the major portion of MPs in sediments from Anchar Lake in northwest India to Veeranam Lake in south
peninsular India with a relative concentration of 96% and 35%, respectively (Bharath et al., 2021; Neelavannan et al., 2022), indi-
cating anthropogenic sources like fishing, textiles, automotive and household hygiene products etc. (Cole et al., 2011). Also, Red Hills
Lake has a high concentration of PP (53.044%), followed by PE (42.89%) and PS (4.06%) in sediment samples, as reported by K.
Gopinath et al. (2020). PA and PP are frequently utilised in textiles, fishing nets and ropes (Europe, 2020) and it seems MPs originating
from fishing nets and textile components are the most common MPs found in major Indian lakes and estuaries reported so far.
Interestingly, Manipal Lake shows 95.71% of PET MPs in surface water sample, which was mainly derived from the laundry of nearby
residential colonies and hostels (Warrier et al., 2022). One study by Badola et al. (2023) also reported PET fragments as a major
polymer detected in Gangetic fishes. It should be noted that the extraction and identification methods used to analyse MPs can affect
the results not only with respect to encountered concentrations but also polymer types (Kukkola et al., 2023a). For instance, extraction
using NaCl may reduce the recovery of high-density polymers such as PET and PS as these materials have densities close to or greater
than that of the solution, while zinc chloride (ZnCly) can effectively extract them. Consequently, the reliability and comparability of
MP data across studies may be compromised if extraction methods are not standardised or accounted for in data interpretation. This
can lead to differences in results, even for the same area.

4.2. Particle type and shape

The shape of a MP particle can be regarded as an indicator of its general origin and helps us better understand its fate under specific
environmental conditions (Wu et al., 2019). As shown in Fig. 6, the Gangetic basin of northwest India (Patna, Varanasi, Kannauj,
Anushar, and Rishikesh) shows high concentrations of MP fibres (80-90%) followed by fragments and other types of MPs in their
surface water samples (Napper et al., 2021). Similarly, Kosasthaliyar, Adyar, and Muthirappzhayar Rivers of south peninsular India
have 64% fibres in water samples as reported by Lechthaler et al. (2021). The concentration of fibres is also high in the surface water of
the Godavari River in northwest India and the Kosasthalaiyar River in the south peninsular region (Priyanka and Govindarajulu, 2023;
Sekar and Sundaram, 2023). It has been speculated that, as pilgrims and tourists tend to bathe close to the coast where they also wash
their clothes, these practises might cause fibres from their clothes to become detached and be released into the surface water (Kumar
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Fig. 6. Differences in the dominant shapes of MPs found in surface water and sediment of India.
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et al., 2021a; Napper et al., 2021). The sediments of the Brahmaputra and Indus River show high concentrations of fragments (89%),
followed by fibres (Tsering et al., 2021). MPs at the Hooghly River are varying in their shape and form along the river with a dominance
of fragments in Digha (Upstream) that is decreasing towards Mashidghat (downstream), as reported by Ghosh et al. (2021). Inter-
estingly, the Netravathi River shows a high concentration of fibres (52%) in surface water samples, while fragments are dominant in its
sediment samples (Amrutha and Warrier, 2020), indicating that MP particles accumulating in the streambed sediment do not
necessarily derive from local sources only, with deposition, transport and resuspension being controlled also by the hydrodynamic
regime. Due to their lower buoyancy, fragments tend to settle more quickly out of the water column than fibres (Waldschlager and
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Fig. 7. Colour and size distribution of MPs in (a, c) surface water and (b, d) sediment of inland aquatic ecosystems of India.
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Fig. 7. (continued).

Schiittrumpf, 2019), which may provide one explanation for the encounter of more fragments in sediment samples than fibres (Eriksen
et al., 2013; Lechthaler et al., 2021; Napper et al., 2021). However, the deposition and accumulation of MPs in sediment is a multi-
faceted process and is influenced by various factors beyond buoyancy alone. Flow velocity, sediment characteristics, and the size and
shape of MP particles all play crucial roles in shaping the spatial distribution of MPs within aquatic environments (discussed in Section
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7).

A high abundance of fibres (65%) has been found in the surface water samples of the Punnakayal estuary of south peninsular India,
followed by foam (12.4%) and fragments (3%) (Selvam et al., 2021), while the Ulhas river estuary of central India shows a majority of
fragments (66-74%) in sediment samples, succeeded by pellets (15.37-17.24%) and filaments (10-21%) (Kumkar et al., 2021).
Similarly, the sediments of Veeranam Lake demonstrate a high content of MP fragments (27%), followed by film and fibres (24%)
(Bharath et al., 2021). A high proportion of MP fragments (64% and 63% respectively) has been found in both water and the sediment
samples of Renuka Lake (Ajay et al., 2021), while Anchar Lake of northwest Himalaya and Kodaikanal Lake of south peninsular India
have a high percentage of fibres (92%, 41.14%) in sediments followed by fragments (7.82%, 36.72%) (Laju et al., 2022; Neelavannan
et al., 2022). Mostly fibres (95.71%) were reported in the surface water of Manipal Lake of south peninsular India (Warrier et al.,
2022).

In general, most of the surface water samples indicate that fibres were the dominant MP shape, while fragments were found to be
the dominant shape in most sediment samples, most likely due to their higher density (Eriksen et al., 2013; Gerritse et al., 2020).
Several studies in other parts of the world have also reported that fibres have a significantly lower settling velocity than fragments
(Hoellein et al., 2019a; Waldschlager and Schiittrumpf, 2019). One study conducted by Sruthy and Ramasamy. (2017) has found the
majority to be film (31%), followed by fibres (27.07%), fragments (23.07%), and foam (18.9%) in the sediment samples of Vembanad
Lake Kerala, hinting towards a significant breakdown of carry bags and thin plastic films of packaging material. Some extraction
methods, particularly those involving harsh chemical treatments or mechanical processing, can cause fragmentation or degradation of
MPs. These alterations in particle size and morphology can pose challenges during the analysis and interpretation of results. Frag-
mented or degraded particles may be misclassified or overlooked, affecting estimates of MP concentrations and characteristics.
Furthermore, the variability introduced by extraction methods can hinder the comparability of data between studies, complicating
efforts to understand the extent and impact of MP pollution in the environment.

4.3. Particle colour

As MPs are manufactured into different products or originate from the breakdown of larger plastic items, a wide range of different
colours has been observed across the reviewed studies. Various types of plastics are manufactured for different needs, such as colourful
nylon for clothing, transparent bottles and colourful packing, resulting in different colours of MPs (Giese et al., 2021; Muhib et al.,
2023; Richards, 2015). Sometimes photooxidation also plays a role in changing the colours of MPs (Marti et al., 2020) during their
aging process. In general, reporting MP colour can be rather subjective (Delgado-Gallardo et al., 2021), although the parameter can be
helpful when studying the preferential uptake of MPs by certain aquatic fauna as these colourful particles mimic their preferred food
source (Roch et al., 2020).

However, information on MP colours is only reported in 54% of the papers reviewed here. Of those, 40% papers focus on surface
water and 25% on sediment, while 35% reported findings on both water and sediment. Figs. 7a and 7b depict the colours of MPs
reported in those studies. Eight different MP colours have been identified in the sediment and surface water of the lower Ganga
stretches such as Ballia, Patna, Bhagalpur, Farakka, and Diamond Harbour with an abundance of white and transparent MPs in most of
the places, which signifies the loss of pigments and other dyes in the environment due to the effects of anthropogenic factors and
sunlight during matrix degradation (N. Singh et al., 2021a). Similarly, the fractions of transparent and white MPs were high in both
sediments and surface water samples of the Netravathi River (Amrutha and Warrier, 2020). The Ganga and Yamuna Rivers exhibit high
concentrations of green, black, and red MPs at their confluence in Prayagraj, potentially because of distinct pollution sources from the
two rivers. Specifically, the Yamuna River flows through heavily urbanized and industrialized regions before joining the Ganga River
(Sengupta., 2006), which may introduce more coloured MPs into the Ganga. Various chemicals, including dyes, pigments, organic
compounds, and industrial chemicals interact with MPs along river courses, leading to the introduction of coloured MPs (Campanale
etal., 2020; H. Deng et al., 2020; X. Zhao et al., 2022). Thus, the MPs in each river could have different origins and properties, leading
to the differences in colour observed at their confluence point (NPC, 2020). Black (30.8%) and white coloured (14.19%) MPs are also
dominant in the surface water of minor rivers (Kosasthalaiyar, Adyar, and Muthirappuzhayar River) studied nearby Chennai
(Lechthaler et al., 2021). Apart from these, Kaveri River has shown a high percentage of orange MPs (28%), followed by white (23%),
green (22%), red (18%) and others (9%), demonstrating a high variability of coloured plastic debris from industries and urban
wastewater entering the river (Maheswaran et al., 2022). Estuaries like Punnakayal and Vellar show an excess of blue coloured (45%
and 24% respectively) MPs in their surface water samples, most likely linked to the extensive use of ropes and fishing gear (Kumkar
et al., 2021; Nithin et al., 2022). Other than these, most of the estuaries and lakes reviewed for this study were dominated by MPs of
white colour (Bharath et al., 2021; Ganesan et al., 2019; K. Gopinath et al., 2020; Neelavannan et al., 2022; Radhakrishnan et al., 2021;
Selvam et al., 2021). The prevalence of light coloured MPs (white, transparent, off-white) could be attributed to environmental in-
fluences such as aging and fading induced by factors like temperature variations, UV radiation exposure, and oxidation processes
(Marti et al., 2020;). These environmental stressors can contribute to the alteration of the original colouration of plastic items over
time, resulting in the production of lighter-coloured MPs in aquatic ecosystems.

4.4. MPs size distribution
Despite the fact that MPs are widely described as plastic debris with a length of 1-5000 um, there is still significant variation in their
size distributions in the natural environment, particularly for the lower sizes (Hartmann et al., 2019). Almost all the research reviewed

in this study has used a 5 mm upper size limit to define MPs. However, the approaches used to collect (e.g., by using a trawl net or by

15



J. Singh et al. Journal of Hydrology: Regional Studies 53 (2024) 101798

sieve-filtering water), extract (e.g., type of density separation), and identify MPs from environmental samples have a big impact on the
smallest identifiable size of MPs recorded in a specific study. In India, MPs have been found in a wide range of sizes, which is not
surprising due to their diverse sources and degradation in different environmental conditions. Fifteen different size classes of MPs are
reported in the reviewed literature as shown in Figs. 7c and 7d. For example, N. Singh et al., (2021a) reported MPs in three categories
of 0.3-1 mm, 1-2.5 mm and 2.5-5 mm in Ganga River, while 0.02-0.15 mm, and 0.15-5 mm has been used to account for MPs in the
Brahmaputra and the Indus rivers in India (Tsering et al., 2021). This inconsistency continues to make the size comparison of MPs very
challenging. More than 50% of the studies in India have used around 0.3 mm as their lower limit for size classification of MPs (Figs. 7¢
and 7d.), indicating that most studies may have overlooked substantial amounts of MPs that would be expected to be present as rather
small particles. For example, the smaller size (20-150 pm) of MPs is more abundant in concentration in the sediments of the Brah-
maputra and Indus River than the larger size (0.15-5 mm), as reported by Tsering et al. (2021).

In general, smaller sized MPs have been predominantly reported in most of the Indian lakes and rivers, e.g., the Alakananda River as
reported by Chauhan et al. (2021) or the Kaveri River sediment (Maheswaran et al., 2022). However, in a few studies, larger MP
particles have been found in higher number concentrations than smaller ones such as in surface water of the Ganga River in the
transboundary area and in its lower section in the states of Bihar and West Bengal (Napper et al., 2021; N. Singh et al., 2021a) or the
Nethravati River (Amrutha and Warrier, 2020). For most studies, it was found that the MPs in water samples were substantially smaller
than those in sediment samples (Amrutha and Warrier, 2020; Radhakrishnan et al., 2021). Smaller MP particles have a higher like-
lihood of remaining suspended in water and being transported over longer distances through hydrodynamic forces (Ballent et al., 2012;
Wu et al., 2024). Conversely, larger particles tend to settle and deposit on the surface sediment due to their greater density (Talbot,
Chang. 2022a; Wu et al., 2024). It is important to note that earlier studies have focused predominantly on larger MP size ranges that
can be identified more easily with standard microscopy techniques, without fluorescent dyes and in most lab settings, while smaller
particles although anticipated to dominate (in numbers) in many environmental samples are much harder to extract, isolate and
identify with a sufficient degree of certainty (Nel et al., 2019).

5. MP detection and quantification approaches used in India

Despite the fact that research on MP pollution has been undertaken for more than two decades, the procedures and methods applied
for sample collection, sample processing, polymer identification and MP quantification are diverse and not standardised (Li et al.,
2018; Silva et al., 2018). As such, findings in different studies with respect to MP size, shape, composition, and polymer type can vary
greatly, which makes a direct comparison of the results often challenging (Van Cauwenberghe et al., 2015). As can be seen in Table 1,
the articles reviewed in this study reiterate this diversity in field, lab and analysis methods.

Uncertainties in the analysis of MPs arise from a range of different factors including: i) field sampling techniques and the initial
sample size, (ii) lab procedures and techniques used to dry, sieve, and filter samples to extract and isolate MPs, as well as sample
storage, (iii) differences in counting and measuring techniques and technology used during MP enumeration and polymer identifi-
cation, and (iv) inconsistent units used in MPs quantification and reporting (Cowger et al., 2020; Ivleva et al., 2017).

5.1. Sample collection

More than 80% of the literature reviewed for this study has documented sampling procedures, tools and techniques. Neuston and
Plankton nets have been used for most of the surface water sampling but not all studies provide sufficient information on volume
filtered through the net during sample collection. A Neuston net with a mesh size of around 300 pm has been used to collect surface
water samples from rivers like Yamuna, Ganga and the confluence point of the Yamuna and Ganga, while a mesh size of 335 pm has
been used for Kosasthalaiyar, Adyar and Muthirappuzhayar river (Lechthaler et al., 2021; NPC 2020). Similarly, plankton nets with
different mesh sizes have been used to collect surface water samples of different Indian lakes and river. A plankton net with a mesh size
of 20 pm has been used in Veeranam Lake, while other studies used 100 pm in river Alaknanda, 120 pm in Red Hills Lake and Vellayani
Lake, 200 pm is used in Cochin Estuarine System and 300 pm in Vellar estuary and the central and lower stretch of the Ganga River
(Bharath et al., 2021; Chauhan et al., 2021; K. Gopinath et al., 2020; Immanuvel David et al., 2023; Nithin et al., 2022; Suresh et al.,
2020). A stainless steel spoon has been used to collect sediment samples of the Netravathi, Sabarmati,Sharavathi, Brahmaputra, Indus
River and also for lakes like Pangong, Tsomoriri and Tsokar (Amrutha and Warrier, 2020; Ram and Kumar, 2020; Tsering et al., 2021).
Grab sampling to collect sediments has been employed in Anchar, Red Hills, Veeranam, Vembananad, Vellayani, Nainital, Kodaikanal,
Noyyal and Renuka Lakes, as well as some estuary studies, such as Vellar and Kayamkular estuaries and major estuarine system of
Tamilnadu (Ajay et al., 2021; Ayyamperumal et al., 2022; Bharath et al., 2021; K. Gopinath et al., 2020; Nithin et al., 2022; Rad-
hakrishnan et al., 2021; Sarkar et al., 2021; Sruthy and Ramasamy, 2017). Napper et al. (2021) have used a hand operated bilge pump
to collect their water samples from the transboundary region of Ganga River while Van Dorn water samplers have been used to collect
the water samples from a depth of 15 cm of river Hooghly (Ghosh et al., 2021). In some of the cases, only stainless steel containers have
been used to collect water and sediments samples (Kumkar et al., 2021; Sarkar et al., 2021), while some other studies have used pumps
for sample collections (Napper et al., 2021; Selvam et al., 2021). Cast nets of mesh size 10-15 mm have been used to collect organisms
from EKW as reported by Sarkar et al. (2021). Some studies have not specified any sampling techniques (Table S1).

Most of the studies looking at water samples have used a standard sampling unit of per volume, while one study conducted in
Tamilnadu (Veeranam Lake) has used an area (km~2) as a sampling unit (Bharath et al., 2021). For sediments, mostly weight (kg’l) has
been used as a sampling unit. Even though the reporting of MP concentrations depends to a large degree on the selected sampling tools,
mesh size, sample depth and remoteness from the centre of anthropogenic activity (Qiu et al., 2016) and this has been brought to the
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attention of the scientific community (Cowger et al., 2021, 2020b; Kurki-Fox et al., 2023), efforts are still lacking to define/develop
more standardized sampling procedures making a comparison between studies complicated. Time, location, and duration of sampling
should also be carefully studied to ensure collected samples are most representative for the conditions they are reporting on.

5.2. Sample processing

Almost all environmental samples contain some impurities (organic, inorganic, and detritus) in different forms (Prata et al., 2019),
which might be confused as MPs during counting and polymer identification. Therefore, removal of organic matter by digestion might
be required. Different digestion methods are briefly summarised in Table 1. Hydrogen peroxide (H202) has been used in most of the
studies to digest the organic matter present in the samples (Bharath et al., 2021; Chauhan et al., 2021; Kumkar et al., 2021; Neela-
vannan et al., 2022; Sarkar et al., 2021, 2019; Sharma et al., 2020; Sruthy and Ramasamy, 2017; Anagha et al., 2023; Jain et al., 2024;
2020), at times using only heat as a catalyst, while in other studies ferrous iron (Fe?") is used as catalyst via Fenton’s reagent (Ajay
etal., 2021; Amrutha and Warrier, 2020; K. Gopinath et al., 2020; Maheswaran et al., 2022; N. Singh et al., 2021a). The latter is able to
degrade organic matter at a much faster rate (Hurley et al., 2018) albeit at potentially higher temperatures. As such, when using
Fenton’s reagent, care must be taken to control the temperature of the reaction as previous studies have found that at higher tem-
peratures a degeneration of polymers can more likely occur (Munno et al., 2018). However, temperature control measures have not
always been discussed sufficiently in all studies reviewed here. Sarkar et al. (2021) have used 30% H30- to digest gastrointestinal tracts
of the aquatic organism to detect MPs. Radhakrishnan et al. (2021) have used 30% H30> solution followed by 2 N HCl to treat sediment
samples of the Kayamkulam estuary. Another study suggests that the shape of MPs may be destroyed by using acids for digestion
purposes (Claessens et al., 2013). In the enzymatic breakdown, samples collected for MP analysis are treated with a variety of enzymes
such as cellulase, amylase, proteinase, lipase, and chitinase (Cole et al., 2015; Eerkes-Medrano et al., 2015). Since the enzymes are
expensive and their reaction temperature must be controlled during storage, the method has not been followed widely in the studies
discussed here. Formalin has been added to degrade the organic substances present in the surface water samples of the Yamuna and
Ganga rivers (NPC (2020). Another digestion technique utilizes Sodium Hypochlorite (NaClO), which efficiently breaks down organic
components in the samples. However, it is essential to note that while effective, this method may have adverse effects on certain types
of MPs ((Lv et al., 2021; Mushtak et al., 2024).

Aside from organic matter digestion, density separation might be required to separate the MPs from the respective environmental
matrices. The method used for density separation can have a profound impact on number concentrations. For example, more than 60%
of the studies have used NaCl for density separation due to its non-toxic nature, wide availability and ease-of-use (Ajay et al., 2021;
Chauhan et al., 2021; K. Gopinath et al., 2020; Kumkar et al., 2021; Neelavannan et al., 2022; N. et al., 2021; Sruthy and Ramasamy,
2017). Often, density separation was only required to extract MPs from sediment. However, NaCl solution (density of about 1.2 g/cmg)
have low efficiency in separating the higher density MPs such as polyformaldehyde, polyethylene terephthalate and polyvinyl chloride
(Ivleva et al., 2017; Nuelle et al., 2014). Consequently, some researchers have used Zinc chloride (ZnCly, density of 1.4-1.6 g/cm3) to
extract MPs more effectively (Amrutha and Warrier, 2020; Laju et al., 2022; Radhakrishnan et al., 2021; Sarkar et al., 2019). However,
ZnCly is less environmentally friendly as compared to other commonly used salts (X. Zhang et al., 2018), it must be recovered and
reused (Prata et al., 2019). Nonetheless, it is commonly used in combination with so-called Sediment-MPs Isolation (SMI) units as
demonstrated by Bharath et al., (2021). Tsering et al. (2022), (2021) have used sodium tungstate dihydrate (NaaWO4.2 H»0,
1.4 g/cmg) solution to separate MPs from the sediments of rivers (Indus and Brahamputra) and lakes (Pangong, Tsomoriri and Tsokar)
because of its high density. Sodium tungstate dihydrate is easy to use and relatively safe to handle (Joyce et al., 2023; Pagter, 2018a;
Pagter et al., 2018b). Other salt-based density separation techniques such as that outlined by (X. Zhang et al., 2020) have not been
applied in an Indian context. Lechthaler et al. (2021) tested an interesting and low-cost separation technique based on canola oil to
separate MPs from surface water samples of Kosasthlaiyar, Muthirappuzhayar and Adyar Rivers.

5.3. Characterisation techniques

After purification and density separation, suspected MP particles have to be identified and properly quantified. The most frequently
used approach for MP enumeration (with respect to number concentration, shape, colour and size) is to first analyse particles by using
optical or fluorescent microscopy or even the naked eye in the case of large MPs. This step is usually followed by confirmation
(polymeric analysis) using Fourier transform infrared spectroscopy (FTIR) or Raman spectroscopy. Generally, most studies reviewed
here followed this approach by determining shape, colour and abundance using microscopy, while the chemical characterisation and
composition are confirmed using FTIR or Raman spectroscopy (Amrutha and Warrier, 2020; Bharath et al., 2021; Neelavannan et al.,
2022; Selvam et al., 2021; Kumkar et al., 2021; Radhakrishnan et al., 2021; Sarkar et al., 2019; N. Singh et al., 2021a). Sometimes,
these instruments are coupled with microscopy for a better understanding of the results. Tsering et al. (2021) used semi-automated
PFTIR to analyse the MPs in sediment samples of Brahmaputra and Indus River. Similarly, in the Vellar estuary, the MPs present in
surface water and sediment samples have been identified by FTIR -ATR and pFTIR (Nithin et al., 2022). Raman spectroscopy was used
by (Tsering et al., 2022) to characterise the MPs present in sediment samples of Pangong, Tsomoriri and Tsokar Lake. Ram and Kumar
(2020) used an optical microscope of 50x magnification and scanning electron microscopy to analyse MPs in sediment samples of the
Sabarmati River. Out of 52 studies reviewed here, around 55% report the use of microscopes for visual analysis of MPs (Table 1). For
the biological samples (aquatic organisms), Nile Red staining has been applied before using florescence microscopy (Sarkar et al.,
2021).

It should be noted that the method of microscopy can have a potential impact on results. For example, it has been shown that Nile
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Red, a fluorescent dye used for staining MPs prior to fluorescent microscopy might not stain well certain polymers (especially fibres)
such as PET (Araujo et al., 2018; Wiggin and Holland, 2019). Subsequently, these MPs would express a lower pixel brightness and
might be missed during counting where fluorescent microscopy is the sole method applied, which is why recent studies suggest
combining fluorescent with bright field microscopy (Kukkola et al., 2023a). On the other hand, the use of Raman spectroscopy or
microFTIR for polymer identification is based on matching measured particle spectra to recorded spectra (mostly of pristine standard
particles) in a database. The matching threshold for both spectra (e.g., at least 70%), as well as other post-processing methods that
might have been applied such as signal smoothing and/or peak picking are often not reported in the studies discussed here, which can
lead to uncertainty in the accuracy of the reported results.

6. MP pollution in India as part of a global trend

MP particles are contaminating inland aquatic ecosystems around the world, with concentrations varying substantially in space and
time (Gonzalez-Pleiter et al., 2020). Due to variations in sampling techniques, applied analytical methods, and reporting standards, it
should be emphasised that the ability to draw comparisons from previously published research remains limited. Undoubtedly, India is
home to some inland water bodies that are heavily polluted with MPs. For example, MPs have been found in the entire Ganga River
from its source to sink with a maximum concentration of 10,000 MPs/kg for particles > 5 pm (R. Singh et al., 2021b) at Masjid Ghat,
Patna, which is comparable to other major rivers in the world polluted with MPs. For instance, Wang et al. (2022) found 300 MPs/kg in
the Yangtze River, while Wen et al. (2018) reported MP concentrations ranging between 270 and 867 MPs/kg in the urban water
sediments of Changsha, using the same lower size limit. The lower limit of observed MP concentrations in water and sediment samples
has a great impact when drawing conclusions from the reviewed Indian data in comparison to data from other regions. For example,
(Frei et al., 2019) reported the highest MP concentration (~30,000 particles per kg dry weight) in Roter Main River, Germany by
looking at particles between 20-50 pm. Some other studies have used 63 pm as their lower size limit during analysis. For example, a
high concentration of MPs has been reported in the River Rhine, Germany (4000 MPs/kg, > 63 um, (Klein et al., 2015)) and a con-
centration of 165 MPs/kg was reported in the heavily urbanised catchment of the River Tame, UK (Tibbetts et al., 2018). The Gallatin
River, USA (1-67500 MPS/I‘HB; Barrows et al., (2018)) has shown concentrations greater than the Indian river Alaknanda (11320
MPs/m3(Chauhan et al., 2021)) for a similar size range (>100 pym).

While some recent riverine studies showed that MP concentrations in densely populated areas were higher than those in sparsely
populated ones and elsewhere in the world (Duis and Coors, 2016; Mani et al., 2015), other studies from the Indian Himalayas show
that rivers and river sections in rather remote areas can also be heavily polluted with MPs, in spite of less intensive human activities
(Tsering et al., 2022, 2021). Often, data on surface water MP concentrations alone are not enough to fully understand the local sources,
transport and downstream export of MPs. Estuaries are important entry points for MPs into the ocean. The Pannakayal estuary of
southern India has shown high MP concentrations of 19,900 MPs/m? in its surface water (Selvam et al., 2021), which is greater than
the Pearl River estuary (8902 MPs/m3; Yan et al., (2019)) and Yangtze estuary China (500-10,200 MPs/m3; Zhao et al., (2014)) when
looking at similar particle sizes (>50 pm and >32 pm, respectively). Similarly, benthic sediment MP concentrations reported for the
Changjiang estuary, China (121 + 9 particles/kg; (Peng et al., 2017)), is about three to four times lower than the concentration found
in the sediment of Kayamkulam estuary of coastal Tamilnadu (433 MPs/kg; (Radhakrishnan et al., 2021)). In case of lake MP pollution,
the concentrations observed at Renuka Lake (Ajay et al., 2021) are comparable with other lakes of the world like Taihu Lake, China
(3400-25,800 MPs/m>;Su et al., 2016), Poyang Lake, China (500-34,800 MPs/m>;Yuan et al., 2019), Sassolo Lake Switzerland (2600
MPs/m3; Velasco et al., 2020), and Lake Baikal, Russia (1065 MPs/m?; Karnaukhov et al., 2020). In general, in India as well as in other
parts of the world, MPs with a size <1 mm seem to be more common in freshwater ecosystems than larger MPs, with decreasing trend
as size increases (Bharath et al., 2021; Corcoran et al., 2015; K. P. Gopinath et al., 2020; Neelavannan et al., 2022).

PE, PP, PS, PET, PA and PVC were the main polymers reported for MP pollution across the world (Alvarez-Vazquez et al., 2004;
Talbot, Chang. 2022b; Vaid et al., 2021; Vivekanand et al., 2021). Similar to India, PE and PP are the most common MPs found in parts
of China (K. Zhang et al., 2018), South America (Ardusso et al., 2021), and Bangladesh (Islam et al., 2022). For example, the Yangtze
River of China has shown a high abundance of PE and PP polymers similar to River Ganga. Currently, there is no clear understanding of
the reasons of the discrepancies in polymer composition in inland aquatic ecosystem. More studies are needed to determine if a
predominant polymer group is found in the contaminated zone and whether the composition varies depending on sample location and
distance travelled by the particles (Eerkes-Medrano et al., 2015; Fahrenfeld et al., 2019; Hartmann et al., 2019).

The global issue of MP pollution in aquatic environments and its implications for both the environment and public health have
spurred widespread concern. 88% of freshwater fishes are found contaminated with MPs in Chhattisgarh, India, comparable to
prevalence levels reported in other parts of the world such as Serra Talhada, Brazil (83%), Lake Michigan, USA (90%) and Thames
England (75%) ((McGoran et al., 2017; McNeish et al., 2018; Shukla et al., 2022; Silva-Cavalcanti et al., 2017). Discrepancies in
prevalence could be attributed to using varied analytical methods, lack of standardized identification methods, local plastic pollution
levels, and diverse feeding habits. These uncertainties need further exploration to understand the specific factors contributing to
elevated MP levels in these regions.

7. Integrating hydrology into the study of MPs in Indian inland aquatic ecosystems
The existing literature on MPs in India has predominantly focused on their occurrence, spatial distribution, and environmental
effects. However, the hydrological conditions, which may play a crucial role in the fate and transport of MPs, have so far been largely

overlooked. Yet, understanding how MPs interact with water bodies, their transport mechanisms, and the role of hydrological
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processes is essential for a comprehensive understanding of MP pollution (Das and Jain, 2023; Gupta et al., 2024; Kye et al., 2023;
Waldschlager et al., 2022). Incorporating this information into MP research can lead to a more accurate prediction of MP transport
patterns and pollution hotspots (Hoellein et al., 2019a; Waldschlager et al., 2022).

Most of the studies reviewed here have provided evidence of MPs in water and sediment at a certain location and certain time
(snapshot-sampling). However, similar to other dissolved or particulate contaminants as well as suspended sediments, MP concen-
trations vary in space and time. For India, this spatio-temporal variability needs to be better linked to hydrological parameters as is
being done more frequently now for other regions of the world. These hydrology-related parameters could include discharge or flow
rates (Kumar et al., 2021a,b; Lu et al., 2023; Yadav et al., 2022), streambed morphological conditions (Hoellein et al., 2019a) or
hyporheic exchange (Drummond et al., 2020). For examples, an enhanced understanding of discharge in subsequent downstream
sections has allowed (Kukkola et al.,2023b) to improve downstream MP load estimates for parts of Boulder Creek, USA and the authors
found that large amounts of MP particles were rerouted through the catchment together with river water abstracted for agriculture
purposes. Such water (and MP particle) redistribution across Indian catchments is very likely, as in many areas river water is a major
water source for agriculture, horticulture and livestock (Brown et al., 2021; Dilshad et al., 2019; Rasul, 2010; Srivathsa et al., 2023).
Yet, data on catchment-wide and river-corridor MP transport as well as MP export across catchments in India is lacking. However, this
data is needed to consider rivers as more than just conduits with respect to downstream MP transport.

Hydrological parameters such as discharge can significantly vary in space and time, for example, due to changing streambed
conditions or because of seasonal weather patterns, with the monsoon as one of the most prominent ones in India. However, less than
20% of the studies discussed here have looked at seasonal weather effects on MP transport. Most of the studies reported higher
concentrations of MPs during the post-monsoon season (Ephsy and Raja, 2023; Jeyasanta et al., 2023; Nithin et al., 2022; Warrier et al.,
2022;). For instance, Warrier et al. (2022) observed a twofold increase in MPs during the monsoon season compared to the
post-monsoon period at Lake Manipal. Similarly, Ephsy and Raja. (2023) found elevated MP concentrations in the monsoon period
(12410 MPs/m?) compared to both pre-monsoon (11160 MPs/m?) and post-monsoon periods (3330 MPs/m?) at Kumaraswamy Lake.
Heavy rainfall plays a pivotal role in this phenomenon by intensifying surface runoff erosion on land, facilitating the transport of
plastic materials from terrestrial environments to water bodies, including rivers (Amrutha et al., 2023; Das et al., 2022; Haque and Fan,
2023). Episodes of heavy rainfall, storm surges, and floods can significantly augment plastic concentrations mobilized by rivers
(Amrutha et al., 2023; Bhat et al., 2023; Crispin and Parthasarathy, 2023; Haque and Fan, 2023). Contrary to the elevated MPs
concentration in water during the monsoon, sedimentary dynamics exhibit a different pattern, with higher concentrations observed
during the pre-monsoon season compared to the post-monsoon period (Amrutha et al., 2023; Nithin et al., 2022). Crispin and Par-
thasarathy. (2023), observed a high concentration of MPs in stream sediment during monsoon, while the opposite was observed for
lake and reservoir sediment. This pattern may be attributed to the substantial influx of MPs carried by freshwater inflow, settling at the
sediment bottom before the onset of the dry season (Cordova et al., 2022; Nithin et al., 2022). The observed seasonal variations in MP
concentrations highlight the complex and multifaceted interactions between hydrological processes, sediment dynamics and MP
transport mechanisms. To obtain a comprehensive understanding of MP pollution, further studies are needed to investigate the in-
teractions between MPs and weather dynamics. Additionally, intermediate to long-term changes in hydrometeorological conditions
should also be considered as they may lead to further changes in discharge patterns due to alternating rainfall length and intensity. The
current status of plastic pollution in India’s groundwater resources remains less known, requiring further investigation and detailed
exploration to assess the extent and impact of this environmental compartment. However, activities such as managed aquifer recharge
as well as agricultural practices such as mulching or the use encapsulated seeds, fertilizer and pesticides to allow for delayed release
have been shown to potentially pollute groundwater resources with plastic particles and it is largely unknown so far under which
conditions these plastic particles can be transported towards freshwater bodies such as lakes or rivers (Moeck et al., 2023).

8. Conclusions

Studies related to the presence of MPs in Indian inland aquatic ecosystems are limited, in spite of the intense exposure of a large part
of the world’s population to these environments. Based on our systematic review, we can conclude that MPs have been found in almost
all inland water systems of the country. This includes the holy river Ganga and its tributaries which have been found to be polluted by
MPs in all samples analysed. Additionally, studies on MP uptake by various aquatic species showed that particle ingestion is common,
including in commercially important fish species and mussels, highlighting the risk for entrance into our food chain. The use of diverse
size categories in the assessment of MP quantities adds complexity to cross-study comparisons and requires careful consideration of the
methodologies employed in future. Additionally, the presence of MPs in the sediment during summer and in the water during the
monsoon highlights the complicated relationship between weather conditions and the fate of MPs in aquatic ecosystems. These re-
lationships between hydrological parameters, seasonal variations, and MP transport warrant closer scrutiny, especially considering the
potential impact on both aquatic life and human well-being. It has been observed from the previous studies that Hydrological pro-
cesses, including river flow, currents, and tides, significantly influence the transport of MPs. These processes also play a critical role in
the sedimentation and resuspension of MPs. Changes in water flow, sedimentation rates, and turbulence can impact the vertical
distribution of MPs in aquatic environments within water columns and sediment beds. By incorporating these considerations, re-
searchers can enhance the comprehensiveness and applicability of their findings, contributing to a more holistic understanding of the
intricate interactions between MPs and aquatic environments.

The majority of the studied sites (Fig. 2) is located in the Northern and Southern parts of the Indian sub-continent while vast areas in
Western and Central India have a limited number of studies with respect to MPs despite their richness in aquatic ecosystems. While it is
prudent to assume that aquatic ecosystems in those under- and unstudied regions are also contaminated with MP, future studies should
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focus on closing this knowledge gap by providing data from those areas. While the current studies have provided ample qualitative and
semi-quantitative examples of MP contamination in water bodies and first research has been carried out with respect to the spatial
distribution of MP particles in river water column and sediment future studies should focus their efforts away from pure snap-shot
sampling. We argue that for monitoring programmes to be established in the future, repeat-sampling at identified hot-spots is
crucial and spatial information on MP pollution needs to be linked to the hydrological processes governing catchment-wide transport.
This will provide researchers and managers with a better understanding of where within the river networks MP particles actually end

up.
9. Future prospective

Future research should focus on better understanding the potential impact of MP pollution on soil and groundwater resources, as
these compartments are in constant interaction with aquatic ecosystems such as rivers, lakes or glaciers. Atmospheric transport and
deposition patterns with respect to MPs are also largely unknown, yet atmospheric deposition has been shown to be an important input
factor, especially in areas with comparably little human exposure.

The studies reviewed show that most MP researchers in India use widely accepted analytical tools (such as Raman spectroscopy or
microFTIR) and laboratory techniques. However, future efforts should focus on improving reporting standards. For example, exact
instrument configurations, post-processing software and algorithms used, particle extraction techniques in the lab as well as inves-
tigated particle size ranges were not always reported yet are crucial for a good comparison of results across regions as well as the design
of follow-up studies. The differences in applied extraction, digestion and density separation techniques in the lab are likely to
contribute to some of the variations in concentration observed between different studies and future efforts could be undertaken to
establish a more standardized lab protocol that can then be followed in large-scale monitoring studies to achieve a good comparability
among different sites.

In order to better identify local sources of MP input into aquatic ecosystems future studies could also be focused on agricultural
practices to understand whether mulching and encapsulated seeds or fertilizers are important MP contributors. Additionally, local
wastewater treatment efficiency with respect to MP removal needs to be better understood. Furthermore, local residential and
commercial practices (e.g., textile washing in rivers, discharge of untreated wastewater) might need to be studied further in certain
regions in terms of their impact on local aquatic ecosystems.

Authors statement

In the course of conducting this study and preparing the accompanying manuscript, the authors employed various tools and
software applications to facilitate data analysis and visualization. Notably, ArcGIS tools were utilized for mapping purposes, while
Microsoft Excel and Origin Pro were employed for data plotting and analysis.

The authors hereby confirm that throughout the entire research process and manuscript preparation, no Al tools were utilized for
report generation or any aspect of manuscript composition. The authors affirm that the content of this paper is a result of meticulous
research, data analysis, and interpretation carried out using traditional analytical methods and software applications.

We appreciate the opportunity to contribute our research to the Journal of Hydrology Regional Studies and remain dedicated to
maintaining the highest standards of academic integrity in our scientific endeavours.

CRediT authorship contribution statement
Brijesh Kumar Yadav: Writing — review & editing, Supervision, Resources, Funding acquisition, Conceptualization. Jaswant
Singh: Writing — original draft, Validation, Methodology, Investigation, Formal analysis, Conceptualization. Stefan Krause: Writing —

review & editing, Supervision, Resources, Investigation, Funding acquisition. Uwe Schneidewind: Writing — review & editing,
Validation, Methodology, Investigation, Formal analysis, Data curation.

Declaration of Competing Interest

The authors of this study state that they do not have any known conflicting financial or personal interests that might have impacted
the findings of this research.

Data Availability

Data will be made available on request.

Acknowledgement

The first author would like to acknowledge the Ministry of Education, Government of India and Commonwealth Scholarship
Commission for the financial and academic support during his Ph.D. work. S.K. acknowledges funding through the Royal Society (INF
\R2\212060) while S.K. and U.S. also acknowledge funding from the Leverhulme Trust (RPG-2021-030).

20



J. Singh et al. Journal of Hydrology: Regional Studies 53 (2024) 101798
Appendix A. Supporting information

Supplementary data associated with this article can be found in the online version at doi:10.1016/j.ejrh.2024.101798.

References

Ajay, K., Behera, D., Bhattacharya, S., Mishra, P.K., Ankit, Y., Anoop, A., 2021. Distribution and characteristics of microplastics and phthalate esters from a freshwater
lake system in Lesser Himalayas. Chemosphere 283, 131132. https://doi.org/10.1016/j.chemosphere.2021.131132.

Alberghini, L., Truant, A., Santonicola, S., Colavita, G., Giaccone, V., 2023. Microplastics in fish and fishery products and risks for human health: a review. Int J.
Environ. Res Public Health. https://doi.org/10.3390/ijerph20010789.

Alvarez-Vazquez, H., Jefferson, B., Judd, S.J., 2004. Membrane bioreactors vs conventional biological treatment of landfill leachate: a brief review. J. Chem. Technol.
Biotechnol. https://doi.org/10.1002/jctb.1072.

Amrutha, K., Shajikumar, S., Warrier, A.K., Sebastian, J.G., Sali, Y.A., Chandran, T., Sivadas, S., Naik, R., Amrish, V.N., Kumar, A., Unnikrishnan, V., 2023. Assessment
of pollution and risks associated with microplastics in the riverine sediments of the Western Ghats: a heritage site in southern India. Environ. Sci. Pollut. Res. 30,
32301-32319. https://doi.org/10.1007/511356-022-24437.

Amrutha, K., Warrier, A.K., 2020. The first report on the source-to-sink characterization of microplastic pollution from a riverine environment in tropical India. Sci.
Total Environ. 739, 140377 https://doi.org/10.1016/].scitotenv.2020.140377.

Anagha, P.L., Viji, N.V,, Devika, D., Ramasamy, E.V., 2023. Distribution and abundance of microplastics in the water column of Vembanad Lake-a Ramsar site in
Kerala, India. Mar. Pollut. Bull. 194 https://doi.org/10.1016/j.marpolbul.2023.115433.

Andrady, A.L., Neal, M.A., 2009. Applications and societal benefits of plastics. Philos. Trans. R. Soc. B Biol. Sci. 364, 1977-1984. https://doi.org/10.1098/
rstb.2008.0304.

Ankita Sharma, M.N. and R.L, 2020. Technical Textiles: The future of textile. Strategic investment research unit, invest India. https://www.investindia.gov.in/siru/
technical-textiles-future-textiles (Accessed 4.4.2021).

Araujo, C.F., Nolasco, M.M., Ribeiro, A.M.P., Ribeiro-Claro, P.J.A., 2018. Identification of microplastics using Raman spectroscopy: latest developments and future
prospects. Water Res 142, 426-440. https://doi.org/10.1016/j.watres.2018.05.060.

Ardusso, M., Forero-Lopez, A.D., Buzzi, N.S., Spetter, C.V., Fernandez-Severini, M.D., 2021. COVID-19 pandemic repercussions on plastic and antiviral polymeric
textile causing pollution on beaches and coasts of South America. Sci. Total Environ. 763 https://doi.org/10.1016/j.scitotenv.2020.144365.

Ayyamperumal, R., Huang, X., Li, F., Chengjun, Z., Chellaiah, G., Gopalakrishnan, G., Senapathi, V., Perumal, R., Antony, J.K., 2022. Investigation of microplastic
contamination in the sediments of Noyyal River- southern India. J. Hazard. Mater. Adv. 8, 100198 https://doi.org/10.1016/j.hazadv.2022.100198.

Badola, N., Sobhan, F., Chauhan, J.S., 2023. Microplastics in the River Ganga and its fishes: study of a Himalayan River. Sci. Total Environ. 901 https://doi.org/
10.1016/j.scitotenv.2023.165924.

Ballent, A., Purser, A., De, P., Mendes, J., Pando, S., Thomsen, L., 2012. Physical transport properties of marine microplastic pollution physical transport properties of
marine microplastic pollution Physical transport properties of marine microplastic pollution. Biogeosciences Discuss. 9, 18755-18798. https://doi.org/10.5194/
bgd-9-18755-2012.

Barnes, D.K.A., Galgani, F., Thompson, R.C., Barlaz, M., 2009. Accumulation and fragmentation of plastic debris in global environments. Philos. Trans. R. Soc. B: Biol.
Sci. 364, 1985-1998. https://doi.org/10.1098/rsth.2008.0205.

Benson, N.U., Bassey, D.E., Palanisami, T., 2021. COVID pollution: impact of COVID-19 pandemic on global plastic waste footprint. Heliyon 7, e06343. https://doi.
0rg/10.1016/j.heliyon.2021.e06343.

Bhalerao, S.N., 2020. Bulletin of environment, pharmacology and life sciences a study of microplastic contamination in fishes of the river Godavari, Maharashtra
(India). Env. Pharmacol. Life Sci. ISSN 2277-1808.

Bharath, K., Natesan, U., Ayyamperumal, R., Kalam, N., Anbalagan, S., Sujatha, K., Alagarasan, C., 2021. Microplastics as an emerging threat to the freshwater
ecosystems of Veeranam lake in south India: a multidimensional approach. Chemosphere 264, 128502. https://doi.org/10.1016/j.chemosphere.2020.128502.

Bhat, M.A,, Gedik, K., Gaga, E.O., 2023. Atmospheric micro (nano) plastics: future growing concerns for human health. Air Qual. Atmos. Health. https://doi.org/
10.1007/511869-022-01272-2.

Bhuyan, M.S., 2022. Effects of microplastics on fish and in human health. Front Environ. Sci. https://doi.org/10.3389/fenvs.2022.827289.

Bookhagen, B., Burbank, D.W., 2010. Toward a complete Himalayan hydrological budget: spatiotemporal distribution of snowmelt and rainfall and their impact on
river discharge. J. Geophys Res Earth Surf. 115 https://doi.org/10.1029/2009JF001426.

Bowden, C., Foster, T., Parkes, B., 2023. Identifying links between monsoon variability and rice production in India through machine learning. Sci. Rep. 13 https://
doi.org/10.1038/541598-023-27752-8.

Brown, K.A., Srinivasapura Venkateshmurthy, N., Law, C., Harris, F., Kadiyala, S., Shankar, B., Mohan, S., Prabhakaran, D., Knai, C., 2021. Moving towards
sustainable food systems: a review of Indian food policy budgets. Glob. Food Sec 28. https://doi.org/10.1016/j.gfs.2020.100462.

Browne, M.A., Crump, P., Niven, S.J., Teuten, E., Tonkin, A., Galloway, T., Thompson, R., 2011. Accumulation of microplastic on shorelines woldwide: sources and
sinks. Environ. Sci. Technol. 45, 9175-9179. https://doi.org/10.1021/es201811.

Bulbul, M., Kumar, S., Ajay, K., Anoop, A., 2023. Spatial distribution and characteristics of microplastics and associated contaminants from mid-altitude lake in NW
Himalaya. Chemosphere 326. https://doi.org/10.1016/j.chemosphere.2023.138415.

Campanale, C., Massarelli, C., Savino, I., Locaputo, V., Uricchio, V.F., 2020. A detailed review study on potential effects of microplastics and additives of concern on
human health. Int J. Environ. Res Public Health. https://doi.org/10.3390/ijerph17041212.

Cera, A., Scalici, M., 2021. Freshwater wild biota exposure to microplastics: a global perspective. Ecol. Evol. 11, 9904-9916. https://doi.org/10.1002/ece3.7844.

Chamas, A., Moon, H., Zheng, J., Qiu, Y., Tabassum, T., Jang, J.H., Abu-Omar, M., Scott, S.L., Suh, S., 2020. Degradation rates of plastics in the environment. ACS
Sustain Chem. Eng. 8, 3494-3511. https://doi.org/10.1021/acssuschemeng.9b06635.

Chauhan, J.S., Semwal, D., Nainwal, M., Badola, N., Thapliyal, P., 2021. Investigation of microplastic pollution in river Alaknanda stretch of Uttarakhand. Environ.
Dev. Sustain 23, 16819-16833. https://doi.org/10.1007/s10668-021-01388.

Chitra, P., Gobindgarh, M., 2022. Plastic waste managment and behavior change chitra P ( IJWM 14870 2022). J. Waste Manag. 6 (2), 61-70.

Claessens, M., Van Cauwenberghe, L., Vandegehuchte, M.B., Janssen, C.R., 2013. New techniques for the detection of microplastics in sediments and field collected
organisms. Mar. Pollut. Bull. 70, 227-233. https://doi.org/10.1016/j.marpolbul.2013.03.009.

Cole, M., Lindeque, P., Fileman, E., Halsband, C., Galloway, T.S., 2015. The impact of polystyrene microplastics on feeding, function and fecundity in the marine
copepod Calanus helgolandicus. Environ. Sci. Technol. 49, 1130-1137. https://doi.org/10.1021/es504525.

Cole, M., Lindeque, P., Halsband, C., Galloway, T.S., 2011. Microplastics as contaminants in the marine environment: a review. Mar. Pollut. Bull. 62, 2588-2597.
https://doi.org/10.1016/j.marpolbul.2011.09.025.

Corcoran, P.L., Norris, T., Ceccanese, T., Walzak, M.J., Helm, P.A., Marvin, C.H., 2015. Hidden plastics of Lake Ontario, Canada and their potential preservation in the
sediment record. Environ. Pollut. 204, 17-25. https://doi.org/10.1016/j.envpol.2015.04.009.

Cordova, M.R., Ulumuddin, Y.I., Purbonegoro, T., Puspitasari, R., Afianti, N.F., Rositasari, R., Yogaswara, D., Hafizt, M., Iswari, M.Y., Fitriya, N., Widyastuti, E.,
Harmesa, Lestari, Kampono, I., Kaisupy, M.T., Wibowo, S.P.A., Subandi, R., Sani, S.Y., Sulistyowati, L., Nurhasanah, Muhtadi, A., Riani, E., Cragg, S.M., 2022.
Seasonal heterogeneity and a link to precipitation in the release of microplastic during COVID-19 outbreak from the Greater Jakarta area to Jakarta Bay,
Indonesia. Mar. Pollut. Bull. 181 https://doi.org/10.1016/j.marpolbul.2022.113926.

21


https://doi.org/10.1016/j.ejrh.2024.101798
https://doi.org/10.1016/j.chemosphere.2021.131132
https://doi.org/10.3390/ijerph20010789
https://doi.org/10.1002/jctb.1072
https://doi.org/10.1007/s11356-022-24437
https://doi.org/10.1016/j.scitotenv.2020.140377
https://doi.org/10.1016/j.marpolbul.2023.115433
https://doi.org/10.1098/rstb.2008.0304
https://doi.org/10.1098/rstb.2008.0304
https://doi.org/10.1016/j.watres.2018.05.060
https://doi.org/10.1016/j.scitotenv.2020.144365
https://doi.org/10.1016/j.hazadv.2022.100198
https://doi.org/10.1016/j.scitotenv.2023.165924
https://doi.org/10.1016/j.scitotenv.2023.165924
https://doi.org/10.5194/bgd-9-18755-2012
https://doi.org/10.5194/bgd-9-18755-2012
https://doi.org/10.1098/rstb.2008.0205
https://doi.org/10.1016/j.heliyon.2021.e06343
https://doi.org/10.1016/j.heliyon.2021.e06343
http://refhub.elsevier.com/S2214-5818(24)00146-0/sbref15
http://refhub.elsevier.com/S2214-5818(24)00146-0/sbref15
https://doi.org/10.1016/j.chemosphere.2020.128502
https://doi.org/10.1007/s11869-022-01272-2
https://doi.org/10.1007/s11869-022-01272-2
https://doi.org/10.3389/fenvs.2022.827289
https://doi.org/10.1029/2009JF001426
https://doi.org/10.1038/s41598-023-27752-8
https://doi.org/10.1038/s41598-023-27752-8
https://doi.org/10.1016/j.gfs.2020.100462
https://doi.org/10.1021/es201811
https://doi.org/10.1016/j.chemosphere.2023.138415
https://doi.org/10.3390/ijerph17041212
https://doi.org/10.1002/ece3.7844
https://doi.org/10.1021/acssuschemeng.9b06635
https://doi.org/10.1007/s10668-021-01388
http://refhub.elsevier.com/S2214-5818(24)00146-0/sbref28
https://doi.org/10.1016/j.marpolbul.2013.03.009
https://doi.org/10.1021/es504525
https://doi.org/10.1016/j.marpolbul.2011.09.025
https://doi.org/10.1016/j.envpol.2015.04.009
https://doi.org/10.1016/j.marpolbul.2022.113926

J. Singh et al. Journal of Hydrology: Regional Studies 53 (2024) 101798

Cowger, W., Booth, A.M., Hamilton, B.M., Thaysen, C., Primpke, S., Munno, K., Lusher, A.L., Dehaut, A., Vaz, V.P., Liboiron, M., Devriese, L.I., Hermabessiere, L.,
Rochman, C., Athey, S.N., Lynch, J.M., De Frond, H., Gray, A., Jones, O.A.H., Brander, S., Steele, C., Moore, S., Sanchez, A., Nel, H., 2020. Reporting guidelines to
increase the reproducibility and comparability of research on microplastics. Appl. Spectrosc. 74, 1066-1077. https://doi.org/10.1177/0003702820930292.

Cowger, W., Gray, A.B., Guilinger, J.J., Fong, B., Waldschléger, K., 2021. Concentration depth profiles of microplastic particles in river flow and implications for
surface sampling. Environ. Sci. Technol. 55, 6032-6041. https://doi.org/10.1021/acs.est.1c01768.

Crispin, A., Parthasarathy, P., 2023. Seasonal influence on microplastics in the sediments of a non-perennial river - Noyyal, Tamil Nadu, India. Environ. Sci. Pollut.
Res. 30, 97712-97722. https://doi.org/10.1007/511356-023-29393.

Das, S., Jain, M.K., Gupta, V., 2022. A step towards mapping rainfall erosivity for India using high-resolution GPM satellite rainfall products. Catena 212, 106067.
https://doi.org/10.1016/j.catena.2022.106067.

Das, S., Jain, M.K., 2023. Unravelling the future changes in rainfall erosivity over India under shared socio-economic pathways. Catena 232, 107417. https://doi.org/
10.1016/j.catena.2023.107417.

Delgado-Gallardo, J., Sullivan, G.L., Esteban, P., Wang, Z., Arar, O., Li, Z., Watson, T.M., Sarp, S., 2021. From sampling to analysis: a critical review of techniques used
in the detection of micro- and nanoplastics in aquatic environments. ACS ES T Water. https://doi.org/10.1021/acsestwater.0c00228.

Deng, L., Cai, L., Sun, F., Li, G., Che, Y., 2020. Public attitudes towards microplastics: perceptions, behaviors and policy implications. Resour. Conserv Recycl 163,
105096. https://doi.org/10.1016/j.resconrec.2020.105096.

Deng, H., Wei, R., Luo, W., Hu, L., Li, B., Di, Y., Shi, H., 2020. Microplastic pollution in water and sediment in a textile industrial area. Environ. Pollut. 258 https://doi.
0rg/10.1016/j.envpol.2019.113658.

Dilshad, T., Mallick, D., Udas, P.B., Goodrich, C.G., Prakash, A., Gorti, G., Bhadwal, S., Anwar, M.Z., Khandekar, N., Hassan, S.M.T., Habib, N., Abbasi, S.S., Syed, M.
A., Rahman, A., 2019. Growing social vulnerability in the river basins: evidence from the Hindu Kush Himalaya (HKH) Region. Environ. Dev. 31, 19-33. https://
doi.org/10.1016/j.envdev.2018.12.004.

Dowarah, K., Duarah, H., Devipriya, S.P., 2022. A preliminary survey to assess the awareness, attitudes/behaviours, and opinions pertaining to plastic and
microplastic pollution among students in India. Mar. Policy 144, 105220. https://doi.org/10.1016/j.marpol.2022.105220.

Drummond, J.D., Nel, H.A., Packman, A.L, Krause, S., 2020. Significance of hyporheic exchange for predicting microplastic fate in rivers. Environ. Sci. Technol. Lett.
7, 727-732. https://doi.org/10.1021/acs.estlett.0c00595.

Drummond, J.D., Schneidewind, U., Li, A., Hoellein, T.J., Krause, S., Packman, A.L., 2022. Microplastic accumulation in riverbed sediment via hyporheic exchange
from headwaters to mainstems. Sci. Adv. 8, 1-9. https://doi.org/10.1126/sciadv.abi9305.

Duis, K., Coors, A., 2016. Microplastics in the aquatic and terrestrial environment: sources (with a specific focus on personal care products), fate and effects. Environ.
Sci. Eur. 28, 1-25. https://doi.org/10.1186/512302-015-0069.

Dusaucy, J., Gateuille, D., Perrette, Y., Naffrechoux, E., 2021. Microplastic pollution of worldwide lakes. Environ. Pollut. 284, 117075 https://doi.org/10.1016/j.
envpol.2021.117075.

Eerkes-Medrano, D., Thompson, R.C., Aldridge, D.C., 2015. Microplastics in freshwater systems: a review of the emerging threats, identification of knowledge gaps
and prioritisation of research needs. Water Res 75, 63-82. https://doi.org/10.1016/j.watres.2015.02.012.

Elagami, H., Ahmadi, P., Fleckenstein, J.H., Frei, S., Obst, M., Agarwal, S., Gilfedder, B.S., 2022. Measurement of microplastic settling velocities and implications for
residence times in thermally stratified lakes. Limnol. Oceano 67, 934-945. https://doi.org/10.1002/In0.12046.

Elagami, H., Frei, S., Boos, J.P., Trommer, G., Gilfedder, B.S., 2023. Quantifying microplastic residence times in lakes using mesocosm experiments and transport
modelling. Water Res 229. https://doi.org/10.1016/j.watres.2022.119463.

Ephsy, D., Raja, S., 2023. Characterization of microplastics and its pollution load index in freshwater Kumaraswamy Lake of Coimbatore, India. Environ. Toxicol.
Pharm. 101 https://doi.org/10.1016/j.etap.2023.104207.

Eriksen, M., Mason, S., Wilson, S., Box, C., Zellers, A., Edwards, W., Farley, H., Amato, S., 2013. Microplastic pollution in the surface waters of the Laurentian Great
Lakes. Mar. Pollut. Bull. 77, 177-182. https://doi.org/10.1016/j.marpolbul.2013.10.007.

Europe, P., 2020. Plastics-the facts 2020. PlasticEurope 1: 1-64. https://www.plasticseurope.org/en/resources/publications/4312-plastics-facts-2020 (Accessed
8.8.2022).

Fahrenfeld, N.L., Arbuckle-Keil, G., Naderi Beni, N., Bartelt-Hunt, S.L., 2019. Source tracking microplastics in the freshwater environment. TrAC Trends Anal. Chem.
112, 248-254. https://doi.org/10.1016/j.trac.2018.11.030.

Farooq, M., Nisa, F.U., Manzoor, Z., Tripathi, S., Thulasiraman, A.V., Khan, M.1., Khan, M.Y.A., Gani, K.M., 2023. Abundance and characteristics of microplastics in a
freshwater river in northwestern Himalayas, India - Scenario of riverbank solid waste disposal sites. Sci. Total Environ. 886 https://doi.org/10.1016/].
scitotenv.2023.164027.

Feng, Z., Wang, R., Zhang, T., Wang, J., Huang, W., Li, J., Xu, J., Gao, G., 2020. Microplastics in specific tissues of wild sea urchins along the coastal areas of northern
China. Sci. Total Environ. 728 https://doi.org/10.1016/j.scitotenv.2020.138660.

FICCI, 2014. Potential of plastics industry in Northern India with special focus on plasticulture and food processing. A Rep. Plast. Ind. Ficci 34.

Free, C.M., Jensen, O.P., Mason, S.A., Eriksen, M., Williamson, N.J., Boldgiv, B., 2014. High-levels of microplastic pollution in a large, remote, mountain lake. Mar.
Pollut. Bull. 85, 156-163. https://doi.org/10.1016/j.marpolbul.2014.06.001.

Frei, S., Piehl, S., Gilfedder, B.S., Loder, M.G.J., Krutzke, J., Wilhelm, L., Laforsch, C., 2019. Occurence of microplastics in the hyporheic zone of rivers. Sci. Rep. 9,
1-11. https://doi.org/10.1038/s41598-019-51741-5.

Ganesan, M., Nallathambi, G., Srinivasalu, S., 2019. Fate and transport of microplastics from water sources. Curr. Sci. (00113891) 117.

Gerritse, J., Leslie, H.A., de Tender, C.A., Devriese, L.I., Vethaak, A.D., 2020. Fragmentation of plastic objects in a laboratory seawater microcosm. Sci. Rep. 10, 1-16.
https://doi.org/10.1038/541598-020-67927-1.

Geyer, R., Jambeck, J.R., Law, K.L., 2017. Production, use, and fate of all plastics ever made. Sci. Adv. 3, 25-29. https://doi.org/10.1126/sciadv.1700782.

Ghosh, S., Das, R., Bakshi, M., Mahanty, S., Chaudhuri, P., 2021. Potentially toxic element and microplastic contamination in the river Hooghly: Implications to better
water quality management. J. Earth Syst. Sci. 130 https://doi.org/10.1007/512040-021-01733-9.

Giese, A., Kerpen, J., Weber, F., Prediger, J., 2021. A preliminary study of microplastic abrasion from the screw cap system of reusable plastic bottles by raman
microspectroscopy. ACS ES T Water 1, 1363-1368. https://doi.org/10.1021/acsestwater.0c00238.

Gonzalez-Pleiter, M., Edo, C., Veldzquez, D., Casero-Chamorro, M.C., Leganés, F., Quesada, A., Fernandez-Pinas, F., Rosal, R., 2020. First detection of microplastics in
the freshwater of an Antarctic specially protected area. Mar. Pollut. Bull. 161, 1-6. https://doi.org/10.1016/j.marpolbul.2020.111811.

Gopinath, K.P., Nagarajan, V.M., Krishnan, A., Malolan, R., 2020. A critical review on the influence of energy, environmental and economic factors on various
processes used to handle and recycle plastic wastes: Development of a comprehensive index. J. Clean. Prod. 274, 123031 https://doi.org/10.1016/j.
jclepro.2020.123031.

Gopinath, K., Seshachalam, S., Neelavannan, K., Anburaj, V., Rachel, M., Ravi, S., Bharath, M., Achyuthan, H., 2020. Quantification of microplastic in Red Hills Lake
of Chennai city, Tamil Nadu, India. Environ. Sci. Pollut. Res. 27, 33297-33306. https://doi.org/10.1007/s11356-020-09622-2.

Gupta, A., Jain, M.K., Pandey, R.P., Gupta, V., Saha, A., 2024. Evaluation of global precipitation products for meteorological drought assessment with respect to IMD
station datasets over India. Atmospheric Research 297, 107104. https://doi.org/10.1016/j.atmosres.2023.107104. ISSN 0169-8095.

Han, Z., Ma, H., Shi, G., He, L., Wei, L., Shi, Q., 2016. A review of groundwater contamination near municipal solid waste landfill sites in China. Sci. Total Environ.
https://doi.org/10.1016/j.scitotenv.2016.06.201.

Haque, F., Fan, C., 2023. Fate of microplastics under the influence of climate change. iScience. https://doi.org/10.1016/].isci.2023.107649.

Hartmann, N.B., Hiiffer, T., Thompson, R.C., Hassellov, M., Verschoor, A., Daugaard, A.E., Rist, S., Karlsson, T., Brennholt, N., Cole, M., Herrling, M.P., Hess, M.C.,
Ivleva, N.P., Lusher, A.L., Wagner, M., 2019. Are we speaking the same language? Recommendations for a definition and categorization framework for plastic
debris. Environ. Sci. Technol. 53, 1039-1047. https://doi.org/10.1021/acs.est.8b05297.

Hoellein, T.J., Shogren, A.J., Tank, J.L., Risteca, P., Kelly, J.J., 2019a. Microplastic deposition velocity in streams follows patterns for naturally occurring
allochthonous particles. Sci. Rep. 9 (1), 11. https://doi.org/10.1038/541598-019-40126-3.

22


https://doi.org/10.1177/0003702820930292
https://doi.org/10.1021/acs.est.1c01768
https://doi.org/10.1007/s11356-023-29393
https://doi.org/10.1016/j.catena.2022.106067
https://doi.org/10.1016/j.catena.2023.107417
https://doi.org/10.1016/j.catena.2023.107417
https://doi.org/10.1021/acsestwater.0c00228
https://doi.org/10.1016/j.resconrec.2020.105096
https://doi.org/10.1016/j.envpol.2019.113658
https://doi.org/10.1016/j.envpol.2019.113658
https://doi.org/10.1016/j.envdev.2018.12.004
https://doi.org/10.1016/j.envdev.2018.12.004
https://doi.org/10.1016/j.marpol.2022.105220
https://doi.org/10.1021/acs.estlett.0c00595
https://doi.org/10.1126/sciadv.abi9305
https://doi.org/10.1186/s12302-015-0069
https://doi.org/10.1016/j.envpol.2021.117075
https://doi.org/10.1016/j.envpol.2021.117075
https://doi.org/10.1016/j.watres.2015.02.012
https://doi.org/10.1002/lno.12046
https://doi.org/10.1016/j.watres.2022.119463
https://doi.org/10.1016/j.etap.2023.104207
https://doi.org/10.1016/j.marpolbul.2013.10.007
https://doi.org/10.1016/j.trac.2018.11.030
https://doi.org/10.1016/j.scitotenv.2023.164027
https://doi.org/10.1016/j.scitotenv.2023.164027
https://doi.org/10.1016/j.scitotenv.2020.138660
http://refhub.elsevier.com/S2214-5818(24)00146-0/sbref56
https://doi.org/10.1016/j.marpolbul.2014.06.001
https://doi.org/10.1038/s41598-019-51741-5
http://refhub.elsevier.com/S2214-5818(24)00146-0/sbref59
https://doi.org/10.1038/s41598-020-67927-1
https://doi.org/10.1126/sciadv.1700782
https://doi.org/10.1007/s12040-021-01733-9
https://doi.org/10.1021/acsestwater.0c00238
https://doi.org/10.1016/j.marpolbul.2020.111811
https://doi.org/10.1016/j.jclepro.2020.123031
https://doi.org/10.1016/j.jclepro.2020.123031
https://doi.org/10.1007/s11356-020-09622-2
https://doi.org/10.1016/j.atmosres.2023.107104
https://doi.org/10.1016/j.scitotenv.2016.06.201
https://doi.org/10.1016/j.isci.2023.107649
https://doi.org/10.1021/acs.est.8b05297
https://doi.org/10.1038/s41598-019-40126-3

J. Singh et al. Journal of Hydrology: Regional Studies 53 (2024) 101798

Hurley, R., Woodward, J., Rothwell, J.J., 2018. Microplastic contamination of river beds significantly reduced by catchment-wide flooding. Nat. Geosci. 11, 251-257.
https://doi.org/10.1038/541561-018-0080-1.

lannilli, V., Corami, F., Grasso, P., Lecce, F., Buttinelli, M., Setini, A., 2020. Plastic abundance and seasonal variation on the shorelines of three volcanic lakes in
Central Italy: can amphipods help detect contamination? Environ. Sci. Pollut. Res. 27, 14711-14722. https://doi.org/10.1007/511356-020-07954-7.

Immanuvel David, T., Sheela, M.S., Krishnakumar, S., Muhammed Siyad, A., Abimanyu, A., Vikasini, V.K., Monisha, T., Dineshbabu, S., 2023. Distribution and
characterization of microplastics and ecological risks in Vellayani Lake, Kerala, India. Total Environ. Res. Themes 7. https://doi.org/10.1016/j.
totert.2023.100065.

Islam, T., Li, Y., Rob, M.M., Cheng, H., 2022. Microplastic pollution in Bangladesh: research and management needs. Environ. Pollut. 308, 119697 https://doi.org/
10.1016/j.envpol.2022.119697.

Ivleva, N.P., Wiesheu, A.C., Niessner, R., 2017. Microplastic in aquatic ecosystems. Angew. Chem. Int. Ed. 56, 1720-1739. https://doi.org/10.1002/anie.201606957.

Jain, Y., Govindasamy, H., Kaur, G., Ajith, N., Ramasamy, K., R, R.S., Ramachandran, P., 2024. Microplastic pollution in high-altitude Nainital lake, Uttarakhand,
India. Environ. Pollut., 123598 https://doi.org/10.1016/j.envpol.2024.123598.

Jayasiri, H.B., Purushothaman, C.S., Vennila, A., 2013. Quantitative analysis of plastic debris on recreational beaches in Mumbai, India. Mar. Pollut. Bull. 77,
107-112. https://doi.org/10.1016/j.marpolbul.2013.10.024.

Jeyasanta, K.I., Laju, R.L., Patterson, J., Jayanthi, M., Bilgi, D.S., Sathish, N., Edward, J.K.P., 2023. Microplastic pollution and its implicated risks in the estuarine
environment of Tamil Nadu, India. Sci. Total Environ. 861 https://doi.org/10.1016/j.scitotenv.2022.160572.

Joyce, H., Nash, R., Frias, J., White, J., Cau, A., Carreras-Colom, E., Kavanagh, F., 2023. Monitoring microplastic pollution: the potential and limitations of Nephrops
norvegicus. Ecol. Indic. https://doi.org/10.1016/j.ecolind.2023.110441.

Karnaukhov, D., Biritskaya, S., Dolinskaya, E., Teplykh, M., Silenko, N., Ermolaeva, Y., Silow, E., 2020. Pollution by macro-and microplastic of large lacustrine
ecosystems in eastern Asia. Pollut. Res 39, 353-355.

Klein, S., Worch, E., Knepper, T.P., 2015. Occurrence and spatial distribution of microplastics in river shore sediments of the rhine-main area in Germany. Environ.
Sci. Technol. 49, 6070-6076. https://doi.org/10.1021/acs.est.5b00492.

Koelmans, B., Pahl, S., Backhaus, T., Bessa, F., van Calster, G., Contzen, N., Cronin, R., Galloway, T., Hart, A., Henderson, L., 2019. A scientific perspective on
microplastics in nature and society. SAPEA 2019.

Kowalski, N., Reichardt, A.M., Waniek, J.J., 2016. Sinking rates of microplastics and potential implications of their alteration by physical, biological, and chemical
factors. Mar. Pollut. Bull. 109, 310-319. https://doi.org/10.1016/j.marpolbul.2016.05.064.

Krause, S., Baranov, V., Nel, H.A., Drummond, J.D., Kukkola, A., Hoellein, T., Sambrook Smith, G.H., Lewandowski, J., Bonnet, B., Packman, A.L, Sadler, J.,
Inshyna, V., Allen, S., Allen, D., Simon, L., Mermillod-Blondin, F., Lynch, 1., 2021. Gathering at the top? Environmental controls of microplastic uptake and
biomagnification in freshwater food webs. Environ. Pollut. https://doi.org/10.1016/j.envpol.2020.115750.

Kukkola, A., Krause, S., Lynch, 1., Sambrook Smith, G.H., Nel, H., 2021. Nano and microplastic interactions with freshwater biota — Current knowledge, challenges and
future solutions. Environ. Int. https://doi.org/10.1016/j.envint.2021.106504.

Kukkola, A., Krause, S., Yonan, Y., Kelleher, L., Schneidewind, U., Smith, G.H.S., Nel, H., Lynch, 1., 2023a. Easy and accessible way to calibrate a fluorescence
microscope and to create a microplastic identification key. MethodsX 10, 102053. https://doi.org/10.1016/j.mex.2023.102053.

Kukkola, A., Runkel, R.L., Schneidewind, U., Murphy, S.F., Kelleher, L., Smith, G.H.S., Nel, H.A., Lynch, L., Krause, S., 2023b. Prevailing impacts of river management
on microplastic transport in contrasting US streams: Rethinking global microplastic flux estimations. Water Res 240, 120112.

Kumar, A., Agrawal, A., 2020. Recent trends in solid waste management status, challenges, and potential for the future Indian cities — a review. Curr. Res. Environ.
Sustain. 2, 100011 https://doi.org/10.1016/j.crsust.2020.100011.

Kumar, M., Naik, D.K., Maharana, D., Das, M., Jaiswal, E., Naik, A.S., Kumari, N., 2024. Sediment-associated microplastics in Chilika lake, India: Highlighting their
prevalence, polymer types, possible sources, and ecological risks. Sci. Total Environ. 914 https://doi.org/10.1016/j.scitotenv.2023.169707.

Kumar, V.E., Ravikumar, G., Jeyasanta, K.I., 2018. Occurrence of microplastics in fishes from two landing sites in Tuticorin, South east coast of India. Mar. Pollut. Bull.
135, 889-894. https://doi.org/10.1016/j.marpolbul.2018.08.023.

Kumar, R., Sharma, P., Manna, C., Jain, M., 2021a. Abundance, interaction, ingestion, ecological concerns, and mitigation policies of microplastic pollution in riverine
ecosystem: a review. Sci. Total Environ. 782, 146695. https://doi.org/10.1016/j.scitotenv.2021.146695.

Kumar, R., Sharma, P., Verma, A., Jha, P.K., Singh, P., Gupta, P.K., Chandra, R., Vara Prasad, P.V., 2021b. Effect of physical characteristics and hydrodynamic
conditions on transport and deposition of microplastics in riverine ecosystem. Water (Switz. ). https://doi.org/10.3390/w13192710.

Kumar, A., Yadav, 1.C., Shukla, A., Devi, N.L., 2020. Seasonal variation of PM2.5 in the central Indo-Gangetic Plain (Patna) of India: chemical characterization and
source assessment. SN Appl. Sci. 2, 1-13. https://doi.org/10.1007/542452-020-3160.

Kumari, N., Yadav, D.K., Yasha, Khan, P.K., Kumar, R., 2023. Occurrence of plastics and their characterization in wild caught fish species (Labeo rohita, Wallago attu
and Mystus tengara) of River Ganga (India) compared to a commercially cultured species (L. rohita). Environ. Pollut. 334 https://doi.org/10.1016/j.
envpol.2023.122141.

Kumkar, P., Gosavi, S.M., Verma, C.R., Pise, M., Kalous, L., 2021. Big eyes can’t see microplastics: Feeding selectivity and eco-morphological adaptations in oral cavity
affect microplastic uptake in mud-dwelling amphibious mudskipper fish. Sci. Total Environ. 786 https://doi.org/10.1016/j.scitotenv.2021.147445,

Kurki-Fox, J.J., Doll, B.A., Monteleone, B., West, K., Putnam, G., Kelleher, L., Krause, S., Schneidewind, U., 2023. Microplastic distribution and characteristics across a
large river basin: insights from the Neuse River in North Carolina, USA. Sci. Total Environ. 878 https://doi.org/10.1016/j.scitotenv.2023.162940.

Kye, H., Kim, J., Ju, S., Lee, J., Lim, C., Yoon, Y., 2023. Microplastics in water systems: a review of their impacts on the environment and their potential hazards.
Heliyon 9 (3), 2023.

Laju, R.L., Jayanthi, M., Jeyasanta, K.I., Patterson, J., Asir, N.G.G., Sathish, M.N., Edward, J.K.P., 2022. Spatial and vertical distribution of microplastics and their
ecological risk in an Indian freshwater lake ecosystem. Sci. Total Environ. 820, 153337 https://doi.org/10.1016/j.scitotenv.2022.153337.

Law, K.L., Starr, N., Siegler, T.R., Jambeck, J.R., Mallos, N.J., Leonard, G.H., 2020. The United States’ contribution of plastic waste to land and ocean. Sci. Adv. 6, 1-8.
https://doi.org/10.1126/sciadv.abd0288.

Lebreton, L.C.M., Van Der Zwet, J., Damsteeg, J.W., Slat, B., Andrady, A., Reisser, J., 2017. River plastic emissions to the world’s oceans. Nat. Commun. 8, 1-10.
https://doi.org/10.1038/ncomms15611.

Lechthaler, S., Waldschléger, K., Sandhani, C.G., Sannasiraj, S.A., Sundar, V., Schwarzbauer, J., Schiittrumpf, H., 2021. Baseline study on microplastics in indian rivers
under different anthropogenic influences. Water (Switz. ) 13. https://doi.org/10.3390/w13121648.

Li, J., Liu, H., Paul Chen, J., 2018. Microplastics in freshwater systems: a review on occurrence, environmental effects, and methods for microplastics detection. Water
Res 137, 362-374. https://doi.org/10.1016/j.watres.2017.12.056.

Liu, K., Wang, X., Wei, N., Song, Z., Li, D., 2019. Accurate quantification and transport estimation of suspended atmospheric microplastics in megacities: implications
for human health. Environ. Int 132, 105127. https://doi.org/10.1016/j.envint.2019.105127.

Lu, X., Wang, X., Liu, X., Singh, V.P., 2023. Dispersal and transport of microplastic particles under different flow conditions in riverine ecosystem. J. Hazard Mater.
442, 130033.

Lv, L., Yan, X., Feng, L., Jiang, S., Lu, Z., Xie, H., Sun, S., Chen, J., Li, C., 2021. Challenge for the detection of microplastics in the environment. Water Environ. Res.
https://doi.org/10.1002/wer.1281.

MacArthur, D.E., Waughray, D., Stuchtey, M.R., 2016. The new plastics economy, rethinking the future of plastics. In European Conference on Plastics in Freshwater
Environments 21-22 June 2016 in Berlin, p. 51.

Maheswaran, B., Karmegam, N., Al-Ansari, M., Subbaiya, R., Al-Humaid, L., Sebastin Raj, J., Govarthanan, M., 2022. Assessment, characterization, and quantification
of microplastics from river sediments. Chemosphere 298, 134268. https://doi.org/10.1016/j.chemosphere.2022.134268.

Mani, T., Hauk, A., Walter, U., Burkhardt-Holm, P., 2015. Microplastics profile along the Rhine River. Sci. Rep. 5, 1-7. https://doi.org/10.1038/srep17988.

Margenat, H., Nel, H.A,, Stonedahl, S.H., Krause, S., Sabater, F., Drummond, J.D., 2021. Hydrologic controls on the accumulation of different sized microplastics in
the streambed sediments downstream of a wastewater treatment plant (Catalonia, Spain). Environ. Res. Lett. 16 https://doi.org/10.1088/1748-9326/ac3179.

23


https://doi.org/10.1038/s41561-018-0080-1
https://doi.org/10.1007/s11356-020-07954-7
https://doi.org/10.1016/j.totert.2023.100065
https://doi.org/10.1016/j.totert.2023.100065
https://doi.org/10.1016/j.envpol.2022.119697
https://doi.org/10.1016/j.envpol.2022.119697
https://doi.org/10.1002/anie.201606957
https://doi.org/10.1016/j.envpol.2024.123598
https://doi.org/10.1016/j.marpolbul.2013.10.024
https://doi.org/10.1016/j.scitotenv.2022.160572
https://doi.org/10.1016/j.ecolind.2023.110441
http://refhub.elsevier.com/S2214-5818(24)00146-0/sbref81
http://refhub.elsevier.com/S2214-5818(24)00146-0/sbref81
https://doi.org/10.1021/acs.est.5b00492
http://refhub.elsevier.com/S2214-5818(24)00146-0/sbref83
http://refhub.elsevier.com/S2214-5818(24)00146-0/sbref83
https://doi.org/10.1016/j.marpolbul.2016.05.064
https://doi.org/10.1016/j.envpol.2020.115750
https://doi.org/10.1016/j.envint.2021.106504
https://doi.org/10.1016/j.mex.2023.102053
http://refhub.elsevier.com/S2214-5818(24)00146-0/sbref88
http://refhub.elsevier.com/S2214-5818(24)00146-0/sbref88
https://doi.org/10.1016/j.crsust.2020.100011
https://doi.org/10.1016/j.scitotenv.2023.169707
https://doi.org/10.1016/j.marpolbul.2018.08.023
https://doi.org/10.1016/j.scitotenv.2021.146695
https://doi.org/10.3390/w13192710
https://doi.org/10.1007/s42452-020-3160
https://doi.org/10.1016/j.envpol.2023.122141
https://doi.org/10.1016/j.envpol.2023.122141
https://doi.org/10.1016/j.scitotenv.2021.147445
https://doi.org/10.1016/j.scitotenv.2023.162940
http://refhub.elsevier.com/S2214-5818(24)00146-0/sbref98
http://refhub.elsevier.com/S2214-5818(24)00146-0/sbref98
https://doi.org/10.1016/j.scitotenv.2022.153337
https://doi.org/10.1126/sciadv.abd0288
https://doi.org/10.1038/ncomms15611
https://doi.org/10.3390/w13121648
https://doi.org/10.1016/j.watres.2017.12.056
https://doi.org/10.1016/j.envint.2019.105127
http://refhub.elsevier.com/S2214-5818(24)00146-0/sbref105
http://refhub.elsevier.com/S2214-5818(24)00146-0/sbref105
https://doi.org/10.1002/wer.1281
https://doi.org/10.1016/j.chemosphere.2022.134268
https://doi.org/10.1038/srep17988
https://doi.org/10.1088/1748-9326/ac3179

J. Singh et al. Journal of Hydrology: Regional Studies 53 (2024) 101798

Marti, E., Martin, C., Galli, M., Echevarria, F., Duarte, C.M., Cézar, A., 2020. The colors of the ocean plastics. Environ. Sci. Technol. 54, 6594-6601. https://doi.org/
10.1021/acs.est.9b06400.

McGoran, A.R., Clark, P.F., Morritt, D., 2017. Presence of microplastic in the digestive tracts of European flounder, Platichthys flesus, and European smelt, Osmerus
eperlanus, from the River Thames. Environ. Pollut. 220, 744-751. https://doi.org/10.1016/j.envpol.2016.09.078.

McNeish, R.E., Kim, L.H., Barrett, H.A., Mason, S.A., Kelly, J.J., Hoellein, T.J., 2018. Microplastic in riverine fish is connected to species traits. Sci. Rep. 8 https://doi.
org/10.1038/541598-018-29980-9.

Mintenig, S.M., Kooi, M., Erich, M.W., Primpke, S., Redondo- Hasselerharm, P.E., Dekker, S.C., Koelmans, A.A., van Wezel, A.P., 2020. A systems approach to
understand microplastic occurrence and variability in Dutch riverine surface waters. Water Res 176, 115723. https://doi.org/10.1016/j.watres.2020.115723.

Mishra, A.K., Singh, J., Mishra, P.P., 2023. Microplastics in freshwater ecosystem: a serious threat for freshwater environment. Int. J. Environ. Sci. Technol. https://
doi.org/10.1007/s13762-022-04489-x.

Moeck, C., Davies, G., Krause, S., Schneidewind, U., 2023. Microplastics and nanoplastics in agriculture—A potential source of soil and groundwater contamination?
Grundwasser 28, 23-35. https://doi.org/10.1007/s00767-022-00533-2.

Muhib, M.I., Uddin, M.K., Rahman, M.M., Malafaia, G., 2023. Occurrence of microplastics in tap and bottled water, and food packaging: a narrative review on current
knowledge. Sci. Total Environ. https://doi.org/10.1016/].scitotenv.2022.161274.

Munno, K., Helm, P.A., Jackson, D.A., Rochman, C., Sims, A., 2018. Impacts of temperature and selected chemical digestion methods on microplastic particles.
Environ. Toxicol. Chem. 37, 91-98.

Mushtak, F., Prakash, J., Katoch, S.S., 2024. Microplastics in complex soil matrix: Recovery, identification and removal using micro nano techniques. Micro Nano Eng.
https://doi.org/10.1016/j.mne.2023.100237.

Naidu, S.A., Ranga Rao, V., Ramu, K., 2017. Microplastics in the benthic invertebrates from the coastal waters of Kochi, Southeastern Arabian Sea. Environ. Geochem
Health 40, 1377-1383. https://doi.org/10.1007/510653-017-0062-z.

Nanda, S., Patra, B.R., Patel, R., Bakos, J., Dalai, A.K., 2022. Innovations in applications and prospects of bioplastics and biopolymers: a review. Environ. Chem. Lett.
20, 379-395. https://doi.org/10.1007/510311-021-01334-4.

Nanthini Devi, K., Raju, P., Santhanam, P., Dinesh Kumar, S., Krishnaveni, N., Roopavathy, J., Perumal, P., 2021. Biodegradation of low-density polyethylene and
polypropylene by microbes isolated from Vaigai River, Madurai, India. Arch. Microbiol 203, 6253-6265. https://doi.org/10.1007/500203-021-02592-0.

Napper, LE., Baroth, A., Barrett, A.C., Bhola, S., Chowdhury, G.W., Davies, B.F.R., Duncan, E.M., Kumar, S., Nelms, S.E., Hasan Niloy, M.N., Nishat, B., Maddalene, T.,
Thompson, R.C., Koldewey, H., 2021. The abundance and characteristics of microplastics in surface water in the transboundary Ganges River. Environ. Pollut.
274, 116348 https://doi.org/10.1016/j.envpol.2020.116348.

Neelavannan, K., Sen, L.S., 2023. Microplastics in freshwater ecosystems of India: current trends and future perspectives. ACS Omega. https://doi.org/10.1021/
acsomega.3c01214.

Neelavannan, K., Sen, 1.S., Lone, A.M., Gopinath, K., 2022. Microplastics in the high-altitude Himalayas: Assessment of microplastic contamination in freshwater lake
sediments, Northwest Himalaya (India). Chemosphere 290, 133354. https://doi.org/10.1016/j.chemosphere.2021.133354.

Nel, H.A., Dalu, T., Wasserman, R.J., Hean, J.W., 2019. Colour and size influences plastic microbead underestimation, regardless of sediment grain size. Sci. Total
Environ. 655, 567-570.

Nikki, R., Abdul Jaleel, K.U., Abdul Ragesh, S., Shini, S., Saha, M., Dinesh Kumar, P.K., 2021. Abundance and characteristics of microplastics in commercially
important bottom dwelling finfishes and shellfish of the Vembanad Lake, India. Mar. Pollut. Bull. 172, 112803 https://doi.org/10.1016/j.
marpolbul.2021.112803.

Nithin, A., Sundaramanickam, A., Sathish, M., 2022. Seasonal distribution of microplastics in the surface water and sediments of the Vellar estuary, Parangipettai,
southeast coast of India. Mar. Pollut. Bull. 174, 113248 https://doi.org/10.1016/j.marpolbul.2021.113248.

Ngklebye, E., Adam, H.N., Roy-Basu, A., Bharat, G.K., Steindal, E.H., 2023. Plastic bans in India — Addressing the socio-economic and environmental complexities.
Environ. Sci. Policy 139, 219-227. https://doi.org/10.1016/j.envsci.2022.11.005.

NPC (2020), Promotion of counter measures against marine plastic litter in South East Asia and India. Plastic leakage pathways. https://www.npcindia.gov.in/NPC/
Uploads/file%20upload/Plastic%20Leakage%20Pathways.pdf. (Accessed 15.04.2021).

Nuelle, M.T., Dekiff, J.H., Remy, D., Fries, E., 2014. A new analytical approach for monitoring microplastics in marine sediments. Environ. Pollut. 184, 161-169.
https://doi.org/10.1016/j.envpol.2013.07.027.

OECD., (2022). Global plastic waste set to almost triple by 2060, says OECD. URL https://www.oecd.org/newsroom/global-plastic-waste-set-to-almost-triple-by-
2060.htm (Accessed 3.8.23).

Pagter, E., 2018. Standardised protocol for monitoring microplastics in sediments. https://doi.org/10.13140/RG.2.2.36256.89601 /1.

Pagter, E., Frias, J., Nash, R., 2018. Microplastics in Galway Bay: A comparison of sampling and separation methods. Mar. Pollut. Bull. 135, 932-940. https://doi.org/
10.1016/j.marpolbul.2018.08.013.

Pandey, N., Verma, R., Patnaik, S., Anbumani, S., 2023. Abundance, characteristics, and risk assessment of microplastics in indigenous freshwater fishes of India.
Environ. Res 218, 115011. https://doi.org/10.1016/j.envres.2022.115011.

Parolini, M., Stucchi, M., Ambrosini, R., Romano, A., 2023. A global perspective on microplastic bioaccumulation in marine organisms. Ecol. Indic. 149 https://doi.
org/10.1016/j.ecolind.2023.110179.

Patidar, K., Ambade, B., Mohammad, F., Soleiman, A.A., 2023. Microplastics as heavy metal vectors in the freshwater environment: distribution, variations, sources
and health risk. Phys. Chem. Earth 131. https://doi.org/10.1016/j.pce.2023.103448.

Peng, G., Zhu, B., Yang, D., Su, L., Shi, H., Li, D., 2017. Microplastics in sediments of the Changjiang Estuary, China. Environ. Pollut. 225, 283-290. https://doi.org/
10.1016/j.envpol.2016.12.064.

Phelan, A. (Anya, Meissner, K., Humphrey, J., Ross, H., 2022. Plastic pollution and packaging: corporate commitments and actions from the food and beverage sector.
J. Clean. Prod. 331 https://doi.org/10.1016/j.jclepro.2021.129827.

Prapanchan, V.N., Sathya, U., Srihari, S., Kavitha, S., IndhiyaSelvan, V.N., Subramani, T., 2023. Abundance of microplastics in urban lakes of Chennai, India and their
possible health risks. Urban Clim. 49 https://doi.org/10.1016/j.uclim.2023.101548.

Prata, J.C., da Costa, J.P., Duarte, A.C., Rocha-Santos, T., 2019. Methods for sampling and detection of microplastics in water and sediment: a critical review. TrAC
Trends Anal. Chem. 110, 150-159. https://doi.org/10.1016/j.trac.2018.10.029.

Praved, P.H., Neethu, K.V., Nandan, S.B., Sankar, N.D., Aravind, E.H., Sebastian, S., Marigoudar, S.R., Sharma, K.V., 2024. Evaluation of microplastic pollution and
risk assessment in a tropical monsoonal estuary, with special emphasis on contamination in jellyfish. Environ. Pollut. 343 https://doi.org/10.1016/j.
envpol.2023.123158.

Priyanka, R., Govindarajulu, B., 2023. Transportation of microplastics from the rural area into the urban area of the Kosasthalaiyar River in the metropolitan city of
Chennai. Reg. Stud. Mar. Sci. 66 https://doi.org/10.1016/j.rsma.2023.103151.

Qiu, Q., Tan, Z., Wang, J., Peng, J., Li, M., Zhan, Z., 2016. Extraction, enumeration and identification methods for monitoring microplastics in the environment.
Estuar. Coast Shelf Sci. 176, 102-109. https://doi.org/10.1016/j.ecss.2016.04.012.

Radhakrishnan, K., Sivapriya, V., Rajkumar, A., Akramkhan, N., Prakasheswar, P., Krishnakumar, S., Hussain, S.M., 2021. Characterization and distribution of
microplastics in estuarine surface sediments, Kayamkulam estuary, southwest coast of India. Mar. Pollut. Bull. 168, 112389 https://doi.org/10.1016/j.
marpolbul.2021.112389.

Raha, U.K., Kumar, B.R., Sarkar, S.K., 2021. Policy framework for mitigating land-based marine plastic pollution in the Gangetic Delta Region of Bay of Bengal- a
review. J. Clean. Prod. 278, 123409 https://doi.org/10.1016/j.jclepro.2020.123409.

Rajadurai, P., Roopa, D., 2008. Assessment and quantification of microplastics contamination in southpennar River Water. Int. Res. J. Eng. Technol. 1559.

Rajan, K., Khudsar, F.A., Kumar, R., 2023a. Spatio-temporal patterns of microplastic contamination in surface waters of Hooghly River Estuary: Causes and
consequences. Reg. Stud. Mar. Sci. 65 https://doi.org/10.1016/j.rsma.2023.103111.

24


https://doi.org/10.1021/acs.est.9b06400
https://doi.org/10.1021/acs.est.9b06400
https://doi.org/10.1016/j.envpol.2016.09.078
https://doi.org/10.1038/s41598-018-29980-9
https://doi.org/10.1038/s41598-018-29980-9
https://doi.org/10.1016/j.watres.2020.115723
https://doi.org/10.1007/s13762-022-04489-x
https://doi.org/10.1007/s13762-022-04489-x
https://doi.org/10.1007/s00767-022-00533-2
https://doi.org/10.1016/j.scitotenv.2022.161274
http://refhub.elsevier.com/S2214-5818(24)00146-0/sbref117
http://refhub.elsevier.com/S2214-5818(24)00146-0/sbref117
https://doi.org/10.1016/j.mne.2023.100237
https://doi.org/10.1007/s10653-017-0062-z
https://doi.org/10.1007/s10311-021-01334-4
https://doi.org/10.1007/s00203-021-02592-0
https://doi.org/10.1016/j.envpol.2020.116348
https://doi.org/10.1021/acsomega.3c01214
https://doi.org/10.1021/acsomega.3c01214
https://doi.org/10.1016/j.chemosphere.2021.133354
http://refhub.elsevier.com/S2214-5818(24)00146-0/sbref125
http://refhub.elsevier.com/S2214-5818(24)00146-0/sbref125
https://doi.org/10.1016/j.marpolbul.2021.112803
https://doi.org/10.1016/j.marpolbul.2021.112803
https://doi.org/10.1016/j.marpolbul.2021.113248
https://doi.org/10.1016/j.envsci.2022.11.005
https://doi.org/10.1016/j.envpol.2013.07.027
https://www.oecd.org/newsroom/global-plastic-waste-set-to-almost-triple-by-2060.htm
https://www.oecd.org/newsroom/global-plastic-waste-set-to-almost-triple-by-2060.htm
https://doi.org/10.1016/j.marpolbul.2018.08.013
https://doi.org/10.1016/j.marpolbul.2018.08.013
https://doi.org/10.1016/j.envres.2022.115011
https://doi.org/10.1016/j.ecolind.2023.110179
https://doi.org/10.1016/j.ecolind.2023.110179
https://doi.org/10.1016/j.pce.2023.103448
https://doi.org/10.1016/j.envpol.2016.12.064
https://doi.org/10.1016/j.envpol.2016.12.064
https://doi.org/10.1016/j.jclepro.2021.129827
https://doi.org/10.1016/j.uclim.2023.101548
https://doi.org/10.1016/j.trac.2018.10.029
https://doi.org/10.1016/j.envpol.2023.123158
https://doi.org/10.1016/j.envpol.2023.123158
https://doi.org/10.1016/j.rsma.2023.103151
https://doi.org/10.1016/j.ecss.2016.04.012
https://doi.org/10.1016/j.marpolbul.2021.112389
https://doi.org/10.1016/j.marpolbul.2021.112389
https://doi.org/10.1016/j.jclepro.2020.123409
http://refhub.elsevier.com/S2214-5818(24)00146-0/sbref143
https://doi.org/10.1016/j.rsma.2023.103111

J. Singh et al. Journal of Hydrology: Regional Studies 53 (2024) 101798

Rajan, K., Khudsar, F.A., Kumar, R., 2023b. Urbanization and population resources affect microplastic concentration in surface water of the River Ganga. J. Hazard.
Mater. Adv. 11 https://doi.org/10.1016/j.hazadv.2023.100342.

Ram, B., Kumar, M., 2020. Correlation appraisal of antibiotic resistance with fecal, metal and microplastic contamination in a tropical Indian river, lakes and sewage.
NPJ Clean. Water 3, 1-12.

Rasul, G., 2010. The role of the himalayan mountain systems in food security and agricultural sustainability in south asia. Int. J. Rural Manag. 6, 95-116. https://doi.
org/10.1177/097300521100600105.

Reddy, M.S., Shaik Basha, Adimurthy, S., Ramachandraiah, G., 2006. Description of the small plastics fragments in marine sediments along the Alang-Sosiya ship-
breaking yard, India. Estuar. Coast Shelf Sci. 68, 656-660. https://doi.org/10.1016/j.ecss.2006.03.018.

Richards, P.R., 2015. Fabric Finishing: Dyeing and Colouring, in. Textiles and Fashion Materials, Design and Technology. Elsevier Inc, pp. 475-505. https://doi.org/
10.1016/B978-1-84569-931-4.00019-2.

Rillig, M.C., 2012. Microplastic in terrestrial ecosystems and the soil? (2012): 6453-6454.

Roch, S., Friedrich, C., Brinker, A., 2020. Uptake routes of microplastics in fishes: practical and theoretical approaches to test existing theories. Sci. Rep. 10 https://
doi.org/10.1038/541598-020-60630-1.

Sarkar, D.J., Das Sarkar, S., Das, B.K., Manna, R.K., Behera, B.K., Samanta, S., 2019. Spatial distribution of meso and microplastics in the sediments of river Ganga at
eastern India. Sci. Total Environ. 694, 133712 https://doi.org/10.1016/j.scitotenv.2019.133712.

Sarkar, D.J., Das Sarkar, S., Das, B.K., Sahoo, B.K., Das, A., Nag, S.K., Manna, R.K., Behera, B.K., Samanta, S., 2021. Occurrence, fate and removal of microplastics as
heavy metal vector in natural wastewater treatment wetland system. Water Res 192, 116853. https://doi.org/10.1016/j.watres.2021.116853.

Sarkar, D.J., Sarkar, S., Das, Manna, R.K., Samanta, S., Das, B.K., 2020. Microplastics pollution: an emerging threat to freshwater aquatic ecosystem of India. J. Inland
Fish. Soc. India 52, 005. https://doi.org/10.47780/jifsi.52.1.2020.106513.

Sekar, V., Sundaram, B., 2023. Occurrence, quantification and characterisation of microplastics in Godavari River, India. Case Stud. Chem. Environ. Eng. 8 https://
doi.org/10.1016/j.cscee.2023.100542.

Selvam, S., Jesuraja, K., Venkatramanan, S., Roy, P.D., Jeyanthi Kumari, V., 2021. Hazardous microplastic characteristics and its role as a vector of heavy metal in
groundwater and surface water of coastal south India. J. Hazard Mater. 402, 123786 https://doi.org/10.1016/j.jhazmat.2020.123786.

Sengupta, B., 2006. Water Quality Status of Yamuna River (1999-2005). Assessment and Development of River Basin Series: ADSORBS/41/2006-07. Central Pollution
Control Board, Delhi.

Shahul Hamid, F., Bhatti, M.S., Anuar, Norkhairiyah, Anuar, Norkhairah, Mohan, P., Periathamby, A., 2018. Worldwide distribution and abundance of microplastic:
how dire is the situation? Waste Manag. Res. 36, 873-897. https://doi.org/10.1177/0734242x18785730.

Shams, M., Alam, I., Mahbub, M.S., 2021. Plastic pollution during COVID-19: plastic waste directives and its long-term impact on the environment. Environ. Adv. 5,
100119 https://doi.org/10.1016/j.envadv.2021.100119.

Sharma, M.D., Elanjickal, A.I.,, Mankar, J.S., Krupadam, R.J., 2020. Assessment of cancer risk of microplastics enriched with polycyclic aromatic hydrocarbons.

J. Hazard Mater. 398, 122994 https://doi.org/10.1016/j.jhazmat.2020.122994.

Sharma, S., Mallubhotla, S., 2019. Plastic waste management practices- issues, solutions & case studies. Minist. Hous. Urban Aff. 105, 113.

Shukla, A., Patyal, A., Shakya, S., Chandrakar, C., Verma, S.K., Gade, N., 2022. Occurrence of microplastics in riverine fishes sold for human consumption in
Chhattisgarh, India. Water Air Soil Pollut. 233 https://doi.org/10.1007/511270-022-05976-0.

Silva, A.B., Bastos, A.S., Justino, C.LL., da Costa, J.P., Duarte, A.C., Rocha-Santos, T.A.P., 2018. Microplastics in the environment: Challenges in analytical chemistry -
a review. Anal. Chim. Acta 1017, 1-19. https://doi.org/10.1016/j.aca.2018.02.043.

Silva-Cavalcanti, J.S., Silva, J.D.B., Franca, E.J. de, Aratjo, M.C.B. de, Gusmao, F., 2017. Microplastics ingestion by a common tropical freshwater fishing resource.
Environ. Pollut. 221, 218-226. https://doi.org/10.1016/j.envpol.2016.11.068.

Singh, V., Chakraborty, S., 2021. Quantification and Characterization of Microplastics in Kanke Lake, a Freshwater System of Ranchi, Jharkhand, India. In: Water
Security and Sustainability. Springer, pp. 271-281.

Singh, R., Kumar, R., Sharma, P., 2022. Microplastic in the subsurface system: extraction and characterization from sediments of River Ganga near Patna, Bihar. Adv.
Remediat. Tech. Polluted Soils Groundw. 191-217. https://doi.org/10.1016/b978-0-12-823830-1.00013-4.

Singh, N., Mondal, A., Abhinav, G., Nagamani, P., Darbha, G.K., 2023. Microplastics in Indian Brackish Water Lagoon: occurrence and distribution in the Chilika Lake.
Water Air Soil Pollut. 234 https://doi.org/10.1007/s11270-023-06627-8.

Singh, N., Mondal, A., Bagri, A., Tiwari, E., Khandelwal, N., Monikh, F.A., Darbha, G.K., 2021a. Characteristics and spatial distribution of microplastics in the lower
Ganga River water and sediment. Mar. Pollut. Bull. 163 https://doi.org/10.1016/j.marpolbul.2020.111960.

Singh, N., Mondal, A., Bagri, A., Tiwari, E., Khandelwal, N., Monikh, F.A., Darbha, G.K., 2021b. Characteristics and spatial distribution of microplastics in the lower
Ganga River water and sediment. Mar. Pollut. Bull. 163, 111960 https://doi.org/10.1016/j.marpolbul.2020.111960.

Singh, J., Yadav, B.K., 2022. Microplastics in River Sediments Nearby to a Sewage Treatment Plant: Extraction, Processing and Characterization Assessment, in:
International Conference on Trends and Recent Advances. in Civil Engineering. Springer, pp. 375-381.

Sivadas, S.K., Mishra, P., Kaviarasan, T., Sambandam, M., Dhineka, K., Murthy, M.V.R., Nayak, S., Sivyer, D., Hoehn, D., 2022. Litter and plastic monitoring in the
Indian marine environment: a review of current research, policies, waste management, and a roadmap for multidisciplinary action. Mar. Pollut. Bull. 176, 113424
https://doi.org/10.1016/j.marpolbul.2022.113424.

Srivathsa, A., Vasudev, D., Nair, T., Chakrabarti, S., Chanchani, P., DeFries, R., Deomurari, A., Dutta, S., Ghose, D., Goswami, V.R., Nayak, R., Neelakantan, A.,
Thatte, P., Vaidyanathan, S., Verma, M., Krishnaswamy, J., Sankaran, M., Ramakrishnan, U., 2023. Prioritizing India’s landscapes for biodiversity, ecosystem
services and human well-being. Nat. Sustain 6, 568-577. https://doi.org/10.1038/541893-023-01063-2.

Sruthy, S., Ramasamy, E.V., 2017. Microplastic pollution in Vembanad Lake, Kerala, India: the first report of microplastics in lake and estuarine sediments in India.
Environ. Pollut. 222, 315-322. https://doi.org/10.1016/j.envpol.2016.12.038.

Su, L., Xue, Y., Li, L., Yang, D., Kolandhasamy, P., Li, D., Shi, H., 2016. Microplastics in Taihu Lake, China. Environ. Pollut. 216, 711-719. https://doi.org/10.1016/j.
envpol.2016.06.036.

Suresh, A., Vijayaraghavan, G., Saranya, K.S., Neethu, K.V., Aneesh, B., Bijoy Nandan, S., 2020. Microplastics distribution and contamination from the Cochin coastal
zone. India Reg. Stud. Mar. Sci. 40 https://doi.org/10.1016/j.rsma.2020.101533.

Szymanska, M., Obolewski, K., 2020. Microplastics as contaminants in freshwater environments: A multidisciplinary review. Ecohydrol. Hydrobiol. 20, 333-345.
https://doi.org/10.1016/j.ecohyd.2020.05.001.

Talbot, R., Chang, H., 2022. Microplastics in freshwater: a global review of factors affecting spatial and temporal variations. Environ. Pollut. https://doi.org/10.1016/
j.envpol.2021.118393.

Talukdar, A., Bhattacharya, S., Bandyopadhyay, A., Dey, A., 2023. Microplastics pollution in the Himalayas: Occurance, distribution, accumulation and environmental
impacts. Science of the total environmental 874, 162495. https://doi.org/10.1016/j.scitotenv.2023.162495.

Thompson, R.C., Olsen, Y., Mitchell, R.P., Davis, A., Rowland, S.J., John, A.W.G., McGonigle, D., Russell, A.E., 2004. Lost at sea: where is all the plastic? Sci. (Wash. )
304, 838.

Tibbetts, J., Krause, S., Lynch, I., Smith, G.H.S., 2018. Abundance, distribution, and drivers of microplastic contamination in urban river environments. Water (Switz. )
10. https://doi.org/10.3390/w10111597.

Tsering, T., Sillanpad, Mika, Sillanpaa, Markus, Viitala, M., Reinikainen, S.P., 2021. Microplastics pollution in the Brahmaputra River and the Indus River of the Indian
Himalaya. Sci. Total Environ. 789 https://doi.org/10.1016/].scitotenv.2021.147968.

Tsering, T., Sillanpaa, M., Viitala, M., Reinikainen, S.P., 2022. Variation of microplastics in the shore sediment of high-altitude lakes of the Indian Himalaya using
different pretreatment methods. Sci. Total Environ. 849 https://doi.org/10.1016/j.scitotenv.2022.157870.

Tsuda, A., Henry, F.S., Butler, J.P., 2013. Particle transport and deposition: basic physics of particle kinetics. Compr. Physiol. 3 1437-1471. https://doi.org/10.1002/
cphy.c100085.

25


https://doi.org/10.1016/j.hazadv.2023.100342
http://refhub.elsevier.com/S2214-5818(24)00146-0/sbref146
http://refhub.elsevier.com/S2214-5818(24)00146-0/sbref146
https://doi.org/10.1177/097300521100600105
https://doi.org/10.1177/097300521100600105
https://doi.org/10.1016/j.ecss.2006.03.018
https://doi.org/10.1016/B978-1-84569-931-4.00019-2
https://doi.org/10.1016/B978-1-84569-931-4.00019-2
https://doi.org/10.1038/s41598-020-60630-1
https://doi.org/10.1038/s41598-020-60630-1
https://doi.org/10.1016/j.scitotenv.2019.133712
https://doi.org/10.1016/j.watres.2021.116853
https://doi.org/10.47780/jifsi.52.1.2020.106513
https://doi.org/10.1016/j.cscee.2023.100542
https://doi.org/10.1016/j.cscee.2023.100542
https://doi.org/10.1016/j.jhazmat.2020.123786
http://refhub.elsevier.com/S2214-5818(24)00146-0/sbref156
http://refhub.elsevier.com/S2214-5818(24)00146-0/sbref156
https://doi.org/10.1177/0734242&times;18785730
https://doi.org/10.1016/j.envadv.2021.100119
https://doi.org/10.1016/j.jhazmat.2020.122994
http://refhub.elsevier.com/S2214-5818(24)00146-0/sbref160
https://doi.org/10.1007/s11270-022-05976-0
https://doi.org/10.1016/j.aca.2018.02.043
https://doi.org/10.1016/j.envpol.2016.11.068
http://refhub.elsevier.com/S2214-5818(24)00146-0/sbref164
http://refhub.elsevier.com/S2214-5818(24)00146-0/sbref164
https://doi.org/10.1016/b978-0-12-823830-1.00013-4
https://doi.org/10.1007/s11270-023-06627-8
https://doi.org/10.1016/j.marpolbul.2020.111960
https://doi.org/10.1016/j.marpolbul.2020.111960
http://refhub.elsevier.com/S2214-5818(24)00146-0/sbref169
http://refhub.elsevier.com/S2214-5818(24)00146-0/sbref169
https://doi.org/10.1016/j.marpolbul.2022.113424
https://doi.org/10.1038/s41893-023-01063-2
https://doi.org/10.1016/j.envpol.2016.12.038
https://doi.org/10.1016/j.envpol.2016.06.036
https://doi.org/10.1016/j.envpol.2016.06.036
https://doi.org/10.1016/j.rsma.2020.101533
https://doi.org/10.1016/j.ecohyd.2020.05.001
https://doi.org/10.1016/j.envpol.2021.118393
https://doi.org/10.1016/j.envpol.2021.118393
https://doi.org/10.1016/j.scitotenv.2023.162495
http://refhub.elsevier.com/S2214-5818(24)00146-0/sbref178
http://refhub.elsevier.com/S2214-5818(24)00146-0/sbref178
https://doi.org/10.3390/w10111597
https://doi.org/10.1016/j.scitotenv.2021.147968
https://doi.org/10.1016/j.scitotenv.2022.157870
https://doi.org/10.1002/cphy.c100085
https://doi.org/10.1002/cphy.c100085

J. Singh et al. Journal of Hydrology: Regional Studies 53 (2024) 101798

UNEP, U., 2021. Addressing Single-Use Plastic Products Pollution Using a Life Cycle Approach. https://www.unep.org/resources/publication/addressing-single-use-
plastic-products-pollution-using-life-cycle-approach (accessed 5.5.22).

Upadhyay, K., Bajpai, S., 2024. Urban tropical freshwater ponds as microplastics hotspots—insight on abundance and characteristics using an improved sampling
technique. Environ. Monit. Assess. 196 https://doi.org/10.1007/s10661-023-12188-4.

Vaid, M., Mehra, K., Gupta, A., 2021. Microplastics as contaminants in Indian environment: a review. Environ. Sci. Pollut. Res. 28, 68025-68052. https://doi.org/
10.1007/511356-021-16827-6.

Valsan, G., Warrier, A.K., Anusree, S., Tamrakar, A., Khaleel, R., Rangel-Buitrago, N., 2024. Seasonal variation of microplastics in tropical mangrove waters of South-
western India. Reg. Stud. Mar. Sci. 69 https://doi.org/10.1016/j.rsma.2023.103323.

Van Cauwenberghe, L., Claessens, M., Vandegehuchte, M.B., Janssen, C.R., 2015. Microplastics are taken up by mussels (Mytilus edulis) and lugworms (Arenicola
marina) living in natural habitats. Environ. Pollut. 199, 10-17. https://doi.org/10.1016/j.envpol.2015.01.008.

Vanapalli, K.R., Sharma, H.B., Ranjan, V.P., Samal, B., Bhattacharya, J., Dubey, B.K., Goel, S., 2021. Challenges and strategies for effective plastic waste management
during and post COVID-19 pandemic. Sci. Total Environ. 750, 141514 https://doi.org/10.1016/j.scitotenv.2020.141514.

Velasco, A. de J.N., Rard, L., Blois, W., Lebrun, D., Lebrun, F., Pothe, F., Stoll, S., 2020. Microplastic and fibre contamination in a remote Mountain lake in
Switzerland. Water (Switz. ) 12, 1-16. https://doi.org/10.3390/W12092410.

Vivekanand, A.C., Mohapatra, S., Tyagi, V.K., 2021. Microplastics in aquatic environment: challenges and perspectives. Chemosphere 282, 131151. https://doi.org/
10.1016/j.chemosphere.2021.131151.

Waldschlager, K., Briickner, M.Z.M., Almroth, B.C., Hackney, C.R., Adyel, T.M., Alimi, O.S., Belontz, S.L., Cowger, W., Doyle, D., Gray, A., 2022. Learning from natural
sediments to tackle microplastics challenges: a multidisciplinary perspective. Earth Sci. Rev. 228, 104021.

Waldschléger, K., Schiittrumpf, H., 2019. Effects of particle properties on the settling and rise velocities of microplastics in freshwater under laboratory conditions.
Environ. Sci. Technol. 53, 1958-1966. https://doi.org/10.1021/acs.est.8b06794.

Wang, F. ting, Bao, K., Huang, C. sheng, Liu, R. ping, Han, W. jing, Yi, C. yun, Li, L., Zhou, Y., 2022. Distribution, characteristics, and research status of microplastics in
the trunk stream and main lakes of the Yangtze River: a review. China Geol. 5, 171-184. https://doi.org/10.1016/52096-5192(22)00093-3.

Warrier, A.K., Kulkarni, B., Amrutha, K., Jayaram, D., Valsan, G., Agarwal, P., 2022. Seasonal variations in the abundance and distribution of microplastic particles in
the surface waters of a Southern Indian Lake. Chemosphere 300, 134556. https://doi.org/10.1016/j.chemosphere.2022.134556.

Wen, X., Du, C., Xu, P., Zeng, G., Huang, D., Yin, L., Yin, Q., Hu, L., Wan, J., Zhang, J., Tan, S., Deng, R., 2018. Microplastic pollution in surface sediments of urban
water areas in Changsha, China: abundance, composition, surface textures. Mar. Pollut. Bull. 136, 414-423. https://doi.org/10.1016/j.marpolbul.2018.09.043.

Wiggin, K.J., Holland, E.B., 2019. Validation and application of cost and time effective methods for the detection of 3-500 Mm sized microplastics in the urban marine
and estuarine environments surrounding Long Beach, California. Mar. Pollut. Bull. 143, 152-162. https://doi.org/10.1016/j.marpolbul.2019.03.060.

Wu, F., Ha, X., Wang, S., Li, J., Gao, Y., 2024. Microplastic occurrences, transport, and quantification and associated effects on primary productivity and carbon
cycling processes in freshwater ecosystems. TrAC - Trends Anal. Chem. https://doi.org/10.1016/j.trac.2024.117611.

Wu, P., Huang, J., Zheng, Y., Yang, Y., Zhang, Y., He, F., Chen, H., Quan, G., Yan, J., Li, T., Gao, B., 2019. Environmental occurrences, fate, and impacts of
microplastics. Ecotoxicol. Environ. Saf. 184, 109612 https://doi.org/10.1016/j.ecoenv.2019.109612.

Yadav, B., Patidar, N., Sharma, A., Panigrahi, N., Sharma, R.K., Loganathan, V., Krishan, G., Singh, J., Kumar, S., Parker, A., 2022. Assessment of traditional rainwater
harvesting system in barren lands of a semi-arid region: A case study of Rajasthan (India). J. Hydrol. Reg. Stud. 42 https://doi.org/10.1016/j.ejrh.2022.101149.

Yousefi, M., Oskoei, V., Jonidi Jafari, A., Farzadkia, M., Hasham Firooz, M., Abdollahinejad, B., Torkashvand, J., 2021. Municipal solid waste management during
COVID-19 pandemic: effects and repercussions. Environ. Sci. Pollut. Res. 28, 32200-32209. https://doi.org/10.1007/s11356-021-14214-9.

Yuan, W., Liu, X., Wang, W., Di, M., Wang, J., 2019. Microplastic abundance, distribution and composition in water, sediments, and wild fish from Poyang Lake,
China. Ecotoxicol. Environ. Saf. 170, 180-187. https://doi.org/10.1016/j.ecoenv.2018.11.126.

Zettler, E.R., Mincer, T.J., Amaral-Zettler, L.A., 2013. Life in the “plastisphere”: Microbial communities on plastic marine debris. Environ. Sci. Technol. 47,
7137-7146. https://doi.org/10.1021/es401288x.

Zhang, X., Jian, Y., Li, X., Ma, L., Karanis, G., Karanis, P., 2018. The first report of Cryptosporidium spp. in Microtus fuscus (Qinghai vole) and Ochotona curzoniae
(wild plateau pika) in the Qinghai-Tibetan Plateau area, China. Parasitol. Res 117, 1401-1407. https://doi.org/10.1007/s00436-018-5827-5.

Zhang, Yulan, Kang, S., Allen, S., Allen, D., Gao, T., Sillanpaa, M., 2020. Atmospheric microplastics: a review on current status and perspectives. Earth Sci. Rev.
https://doi.org/10.1016/j.earscirev.2020.103118.

Zhang, Ying, Pu, S., Lv, X., Gao, Y., Ge, L., 2020. Global trends and prospects in microplastics research: a bibliometric analysis. J. Hazard Mater. 400, 123110 https://
doi.org/10.1016/j.jhazmat.2020.123110.

Zhang, K., Shi, H., Peng, J., Wang, Y., Xiong, X., Wu, C., Lam, P.K.S., 2018. Microplastic pollution in China’s inland water systems: A review of findings, methods,
characteristics, effects, and management. Sci. Total Environ. 630, 1641-1653. https://doi.org/10.1016/j.scitotenv.2018.02.300.

Zhang, X., Yu, K., Zhang, H., Liu, Y., He, J., Liu, X., Jiang, J., 2020. A novel heating-assisted density separation method for extracting microplastics from sediments.
Chemosphere 256, 127039. https://doi.org/10.1016/j.chemosphere.2020.127039.

Zhao, M., Cao, Y., Chen, T., Li, H., Tong, Y., Fan, W., Xie, Y., Tao, Y., Zhou, J., 2022. Characteristics and source-pathway of microplastics in freshwater system of
China: a review. Chemosphere 297, 134192. https://doi.org/10.1016/j.chemosphere.2022.134192.

Zhao, X., Wang, J., Yee Leung, K.M., Wu, F., 2022. Color: an important but overlooked factor for plastic photoaging and microplastic formation. Environ. Sci. Technol.
https://doi.org/10.1021/acs.est.2c02402.

26


https://doi.org/10.1007/s10661-023-12188-4
https://doi.org/10.1007/s11356-021-16827-6
https://doi.org/10.1007/s11356-021-16827-6
https://doi.org/10.1016/j.rsma.2023.103323
https://doi.org/10.1016/j.envpol.2015.01.008
https://doi.org/10.1016/j.scitotenv.2020.141514
https://doi.org/10.3390/W12092410
https://doi.org/10.1016/j.chemosphere.2021.131151
https://doi.org/10.1016/j.chemosphere.2021.131151
http://refhub.elsevier.com/S2214-5818(24)00146-0/sbref190
http://refhub.elsevier.com/S2214-5818(24)00146-0/sbref190
https://doi.org/10.1021/acs.est.8b06794
https://doi.org/10.1016/S2096-5192(22)00093-3
https://doi.org/10.1016/j.chemosphere.2022.134556
https://doi.org/10.1016/j.marpolbul.2018.09.043
https://doi.org/10.1016/j.marpolbul.2019.03.060
https://doi.org/10.1016/j.trac.2024.117611
https://doi.org/10.1016/j.ecoenv.2019.109612
https://doi.org/10.1016/j.ejrh.2022.101149
https://doi.org/10.1007/s11356-021-14214-9
https://doi.org/10.1016/j.ecoenv.2018.11.126
https://doi.org/10.1021/es401288x
https://doi.org/10.1007/s00436-018-5827-5
https://doi.org/10.1016/j.earscirev.2020.103118
https://doi.org/10.1016/j.jhazmat.2020.123110
https://doi.org/10.1016/j.jhazmat.2020.123110
https://doi.org/10.1016/j.scitotenv.2018.02.300
https://doi.org/10.1016/j.chemosphere.2020.127039
https://doi.org/10.1016/j.chemosphere.2022.134192
https://doi.org/10.1021/acs.est.2c02402

	Microplastics pollution in inland aquatic ecosystems of India with a global perspective on sources, composition, and spatia ...
	1 Introduction
	2 Review methodology
	3 MP concentrations in Indian inland ecosystems and suspected sources
	3.1 Surface waters and sediments
	3.2 Aquatic organisms of inland waters

	4 Characterisation of MPs found in Indian inland aquatic ecosystems
	4.1 Polymer types
	4.2 Particle type and shape
	4.3 Particle colour
	4.4 MPs size distribution

	5 MP detection and quantification approaches used in India
	5.1 Sample collection
	5.2 Sample processing
	5.3 Characterisation techniques

	6 MP pollution in India as part of a global trend
	7 Integrating hydrology into the study of MPs in Indian inland aquatic ecosystems
	8 Conclusions
	9 Future prospective
	Authors statement
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data Availability
	Acknowledgement
	Appendix A Supporting information
	References


