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across contrasting anthropogenic settings:
implications for lake management
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Microplastic (MP) particles have emerged as a concerning pollutant that interferes with ecological

processes and poses risks to human health. A comprehensive understanding of their source, distribution

dynamics and controlling factors across diverse freshwater systems is essential for deciphering their

environmental impacts. This study investigates the magnitude and spatial distribution of MP

contamination in the water and sediment of two contrasting freshwater lakes, Mansar and Sukhna, and

elucidates the key environmental drivers governing their variability, including TOC, TN, grain-size

characteristics, and water depth. In Mansar Lake, an anthropogenically influenced and unregulated site,

exhibited substantially higher microplastic levels, varying between 45–120 particles per L in the water

and 390–5720 particles per kg in the sediment. In contrast, Sukhna Lake, which is relatively well

managed, microplastic concentrations ranged from 5–75 particles per L in the surface water and 170–

2320 particles per kg in the sediment. The markedly lower MPs abundance in Sukhna Lake can be

attributed to its ongoing conservation and management interventions, including restrictions on

construction activities and bans on single-use plastics within the catchment. The chemical composition

of MPs identified in the water and sediment samples comprises polypropylene (PP), polyethylene (PE),

polystyrene (PS), and polyethylene terephthalate (PET), predominantly occurring as pellets, fibres, and

fragments. The coherent spatial patterns of TOC and TN, along with their strong positive covariance in

Mansar Lake, indicate a common source of organic matter. In contrast, the decoupled distributions of

TOC and TN in Sukhna Lake suggest multiple and compositionally distinct organic matter sources. The

absence of statistically significant relationships between MP abundance and environmental variables,

including grain size, water depth, TOC, and TN, implies that MP loading is largely driven by the proximity

and intensity of local anthropogenic activities rather than in-lake physicochemical controls. These

findings highlight the efficacy of targeted lake-management interventions, including restrictions on

specific anthropogenic activities within the catchment, in reducing MP inputs to freshwater systems.
Environmental signicance

Microplastics (MPs) are emerging contaminants that pose growing risks to freshwater ecosystems and human health. This study provides new insights into the
distribution and sources of MPs across two freshwater lakes with contrasting anthropogenic pressures and management regimes. The markedly lower MP
abundance observed in the managed Sukhna Lake compared to the unmanaged Mansar Lake highlights the effectiveness of targeted conservation and
catchment-level management interventions in reducing plastic pollution. These ndings demonstrate that proactive environmental governance, including
restrictions on single-use plastics and regulated land-use practices, can signicantly limit MP inputs into freshwater systems. The results provide a scientic
basis for policymakers and environmental managers to implement effective strategies for mitigating microplastic contamination in inland waters.
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1 Introduction

Over the past several decades, the unprecedented rise in global
plastic production and consumption has emerged as a major
threat to environmental integrity and human health.1

Commercial plastics were widely deployed across industrial
sectors such as textiles, packaging, and personal care products
in the 1950s, with current global annual consumption
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exceeding 450 million metric tons.2 Alarmingly, only about 20%
of this material is recycled or properly incinerated, whereas
approximately 31.9 million metric tons of mismanaged plastic
waste leak into the environment each year, accumulating in
landlls and in terrestrial and marine environments, where it
persists and continues to fragment.3,4

Microplastics (MPs), typically dened as plastic particles
ranging from 1 mm to 5 mm and composed primarily of
petroleum-derived organic polymers, have been widely reported
across marine, riverine, and lacustrine environments
worldwide.5–7 They originate both from primary sources, such as
microbeads and industrial abrasives intentionally manufac-
tured at microscopic scales,8,9 and secondary sources that arise
from the fragmentation of larger plastic debris or the progres-
sive degradation of plastics under various environmental
stressors, including thermal uctuations, mechanical abrasion,
photochemical reactions, and microbially mediated
processes.10,11 MPs enter aquatic systems through multiple
transport pathways, including atmospheric deposition, surface
runoff, wastewater discharge, and uvial connectivity, and
persist for extended periods owing to their inherently slow
degradation rates.12,13 Their long environmental residence time
allows them to accumulate across ecosystem compartments,
resulting in signicant ecological perturbations, habitat alter-
ations, and potential risks to biota and human health.14,15

Freshwater ecosystems are vital ecological and socio-
economic systems, supplying water for drinking and agricul-
ture while supporting diverse biological communities. However,
the rapid increase in plastic pollution has rendered these
environments particularly vulnerable, as their close interaction
with human activities and semi-enclosed hydrological nature
make them efficient sinks for MPs and associated pollutants.16

The MPs can remain buoyant and interact with pelagic organ-
isms, or sink and accumulate in sediments, where they come
into contact with benthic communities, depending on their
polymer density and surface properties.17 Once introduced into
aquatic food webs, MPs and their associated chemical additives
can be transferred across trophic levels, ultimately entering the
human body through ingestion, inhalation, or consumption of
contaminated food resources.18,19 Studies have proven that the
physicochemical characteristics of MPs, including their size,
shape, and polymer composition, play a critical role in medi-
ating toxicological responses. These include endocrine disrup-
tion, impaired growth and development, hormonal imbalances,
reduced fertility, and injuries to digestive and other vital
organs.20–22 Considering the severity of emerging contaminants,
particularly plastics and microplastics, the United Nations
adopted the Sustainable Development Goals (SDGs) in 2015,
emphasized the need for comprehensive strategies for pollution
management, mitigation, and adaptation.23,24 Consequently,
urgent and coordinated action from the scientic community,
policymakers, and global environmental agencies is essential to
curb the proliferation of MP contamination and safeguard
ecosystem and human health.25

India is among the fastest-growing economies globally,
marked by rapid industrialization, urban expansion, and pop-
ulation growth, all of which have contributed to a substantial
1380 | Environ. Sci.: Adv., 2026, 5, 1379–1391
rise in plastic production and consumption.26,27 According to
the Central Pollution Control Board (CPCB) report for 2018–
2019, the country generates approximately 3.3 million tonnes of
plastic waste annually.28 Inefficient and oen poorly enforced
waste management practices prevalent across many regions of
India have exacerbated plastic leakage into the environment,
making plastic and MP pollution an escalating threat to fresh-
water systems.29 MP research in India has predominantly
focused on coastal and marine environments, with only
a limited number of studies examining its fate and effects in
freshwater lakes.30,31 The fate and impacts of MPs vary across
freshwater systems due to differences in source-to-sink path-
ways, hydrodynamic transport processes, and system-specic
management practices. Consequently, comparative assess-
ments that consider multiple environmental, management, and
anthropogenic controls on MP distribution in lacustrine
settings remain scarce. Existing evidence suggests that MP
accumulation and spatial heterogeneity may be inuenced by
sediment grain size,20 water depth,32 land-use/land-cover
patterns,33 and organic matter content, including total organic
carbon (TOC) and total nitrogen (TN), owing to the sorptive
affinity of MPs for organic substrates.34 However, these rela-
tionships are still poorly constrained in the Indian context. To
address this research gap, the present study investigates MPs in
surface water and sediment from two freshwater lakes, Mansar
and Sukhna, that differ in terms of anthropogenic pressures,
management regimes, and altitudinal variation. This compar-
ative framework provides insights into the factors controlling
MP distribution and accumulation in diverse lacustrine
environments.

This study provides a framework to evaluate the effectiveness
of lake management interventions in mitigating pollution by
directly comparing a protected freshwater system with an
unregulated water body. The specic objectives are to: (1)
quantify the abundance, sources, and polymer composition of
MPs and elucidate the relationships between MPs, key envi-
ronmental parameters, and land-use/land-cover dynamics
within the catchment; and (2) assess the interactions between
MPs and sedimentary TOC and TN, including the underlying
processes governing their affinity.

2 Study area

Mansar Lake (32.6966° N and 75.1443° E), a wetland of inter-
national importance located in the rural Himalayan foothills of
Jammu and Kashmir, was designated a Ramsar site in
November 2005. The lake is situated at an elevation of 666 m
above sea level and is the largest and deepest lake in the Jammu
region, with a maximum depth of 38.25 m and a surface area of
0.53 km2. The lake is non-drainage in nature and is fed by
catchment runoff, rainfall (annual average ∼1500 mm), and
underground springs. Geologically, the lake is situated on the
folded lower Siwalik formation of tertiary age, composed of
sandstone with alternating clay bands 1–2 m thick.35 The
northern and eastern peripheries of the lake are covered by
human habitation; the western side has some agricultural
elds; and the southern portion is covered by forest on a hill
© 2026 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5va00475f


Paper Environmental Science: Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 6
/2

0/
20

26
 6

:2
9:

44
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
slope.35 Mansar Lake is an unmanaged freshwater lake and
a major regional and religious tourist site that is undergoing
environmental deterioration primarily due to pollutant inputs
from untreated domestic sewage, agricultural runoff, deter-
gents, nutrients, and other catchment-derived contaminants.36

Sukhna Lake (30.7421°N and 76.8188°E) is an articial
freshwater lake created in 1958 by constructing an earthen dam
that is approximately 3 km in length and 14 meters in height.
The dam was built on the Sukhna Choe, a seasonal rivulet
located in the northeast corner of Chandigarh City. The lake has
a surface area of∼3 km2 (1.52 km× 1.49 km) and lies at a mean
elevation of ∼356 m above sea level. It has a catchment area of
∼42 km2, with 33 km2 falling within the region of the Siwalik
Hills and the rest in a few villages of Punjab, Haryana, and the
Union Territory of Chandigarh.37 The area has a semi-arid
climate with a temperature range of ∼5.10 °C (January) to
∼41.8 °C (June), which receives an annual rainfall of ∼1120
mm. The lake is fed mainly by two hilly torrents, the Kansal and
Nepli Choes, mostly during the monsoon season (July to
September).38 The Ministry of Environment (Government of
India) declared Sukhna Lake a wetland of national importance
in July 2019 under the Environment (Protection) Act, prompting
the implementation of stringent conservation andmanagement
measures, including prohibitions on illegal construction,
industrial expansion, and single-use plastics within the
catchment.

3 Materials and methods
3.1 Sampling

The sediment and water samples were collected at twenty-three
locations (n = 23) from Mansar Lake, Jammu and Kashmir, and
Fig. 1 (a) Map of India showing the locations of the study areas; (b) Mans
the sampling sites.

© 2026 The Author(s). Published by the Royal Society of Chemistry
at thirty locations (n = 30) from Sukhna Lake, Chandigarh
(Fig. 1). The sampling of surface water and sediment was per-
formed as outlined in Kumar et al.31 The eld sampling was
designed to provide comprehensive spatial coverage of both
lakes and to yield a representative analysis of their environ-
mental conditions. At each sampling site, surface water samples
were collected using pre-cleaned sterile glass bottles (1 L), and
surface sediments (∼1.5 kg) were collected using a Van Veen
grab sampler and packed in aluminium foil. All sediment and
water samples were stored in ice boxes and transported to the
laboratory under controlled conditions to limit alterations in
their physical, chemical, and biological properties. Compre-
hensive metadata, including GPS coordinates and in situ envi-
ronmental observations, were recorded for each site to support
spatial analysis and interpretation.
3.2 Extraction and analysis of microplastics

For microplastic extraction from the water sample, the collected
samples were homogenized by shaking the container and then
passed through a 5 mm sieve to remove larger debris and
particles. The sieved samples were transferred to pre-cleaned
glass bottles and subsequently ltered through glass bre
lter paper (Whatman CAT no. 1820–047, 47 mm, 1 mm pore
size) using the motorised glass ltration assembly. The lter
papers were dried and transferred to a glass Petri dish for
further analysis. To extract MPs from sediment samples,
approximately 100 g of oven-dried sediment was treated with
H2O2 and Fenton's reagent to remove organic matter, and the
resulting slurry was ltered through a 5 mm mesh. Digestion
was performed for up to 2 weeks, depending on the organic
matter content, at room temperature inside the fume hood,
ar Lake map showing the sampling sites; (c) Sukhna Lake map showing

Environ. Sci.: Adv., 2026, 5, 1379–1391 | 1381
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ensuring complete decomposition of organic matter. A satu-
rated ZnCl2 (1.6 g cm−3) solution, three times the volume of the
ltrate, was added to a separate beaker for density separation.
The supernatant was then decanted and ltered using a vacuum
ltration assembly, and the glass bre lter papers were
retained for further analysis. Identication, counting, and
morphological characterization of MPs in sediment and water
samples were performed under a uorescent microscope
(Nikon SMZ18) equipped with an illuminator. The chemical
composition of selected MP particles was determined using
a Raman microscope (Renishaw InVia) equipped with three
laser sources (514, 633, and 785 nm) at IISER Mohali. For this,
two hundred (n = 200) MP particles were manually picked from
water and sediment samples containing particles >0.4 mm in
size, present as bres, fragments, lms, and foams. The ob-
tained Raman spectra were veried against literature data re-
ported in earlier studies.39,40

3.3 Grain size analysis

For grain-size measurement, the bulk sediments were treated
with 30% H2O2 and 1 N HCl to remove organic matter and
carbonate fractions, respectively, following the protocol
described by Kumar et al.31 This solution was centrifuged at
3500 rpm and washed with Milli-Q water ∼3–4 times to remove
the excess acid fraction. Dispersed samples were subsequently
analyzed using a Malvern Mastersizer 3000 equipped with
a Hydro EV wet-dispersion unit under standard operating
conditions (dispersion velocity: 2500 rpm; measurement dura-
tion: 20 s). Each sample was measured in ve replicates, and
averaged particle-size distributions were classied into clay (<4
mm), silt (4–62.5 mm), and sand (>62.5–2000 mm) fractions. The
De Brouckere mean diameter (D[4, 3]), reecting the volumet-
rically dominant grain-size mode, was computed, and grain-size
results are reported as volume percentages of clay, silt, and
sand.41

3.4 Analysis of TOC and TN in the sediment

The bulk freeze-dried sediment powders were decarbonated
using 0.5 N HCl to remove inorganic carbon, followed by
repeated Milli-Q water rinsing and centrifugation to eliminate
residual acid, according to the protocol published elsewhere.42

The acid-treated residues were subsequently dried and
homogenized with an agate mortar and pestle to ensure
complete powdering and analytical uniformity. For measure-
ment of TOC and TN concentration, decarbonated samples
were accurately weighed into tin capsules, appropriately
packed, and quantied using a UNICUBE Elemental Analyser at
the IISER Mohali. Instrument calibration was performed by
analyzing a standard of sulfanilamide (C6H8N2O2S), and
analytical accuracy was maintained within ±5% (n = 8), con-
rming the reliability of the measurements.

3.5 Quality control

Field sampling and laboratory procedures were conducted
under stringent contamination-control conditions, including
the use of nitrile gloves, cotton face masks, and plastic-free
1382 | Environ. Sci.: Adv., 2026, 5, 1379–1391
cotton laboratory coats. Multiple quality-assurance steps were
integrated throughout sampling and analysis to minimize the
introduction of airborne MP particles contaminating the
samples. All glassware was solvent-rinsed, thoroughly cleaned,
and baked at 500 °C for 8 h in a muffle furnace and then
wrapped in aluminium foil to prevent post-treatment contam-
ination. Microplastic extraction was performed in a laminar-
ow hood at controlled room temperature (27 °C), and ltered
samples were stored exclusively in Milli-Q-rinsed glass Petri
dishes. A saturated zinc chloride (ZnCl2) solution was prepared
at ambient temperature, with its density (1.6 kg L−1) routinely
veried using a specic-gravity hydrometer (OMSONS 1.00–
2.00) to maintain otation efficiency. Procedural blanks
accompanied each extraction batch to identify potential
laboratory-derived background contamination. Additionally,
duplicate analyses were performed for all samples across both
matrices to minimize analytical noise and ensure reproduc-
ibility of MP counts and characterization.
3.6 Statistical analysis

The number of MPs detected in the water and sediment
samples is reported as particles per litre (particles per L) and
particles per kilogram (particles per kg), respectively. A Pearson
correlation matrix was generated to examine the inter-
relationships among the measured parameters using Origin-
Lab soware. Furthermore, an unpaired Student's t-test was
performed to determine signicant differences in the mean
abundance of MPs between water and sediment samples within
the study area, as well as other study areas using GraphPad
QuickCalcs (https://www.graphpad.com/quickcalcs/). For
correlation analysis and t-test, a p-value <0.05 is considered
signicant throughout the manuscript.
4 Results and discussion
4.1 Abundance and distribution of microplastics

The MP abundance quantied in surface water and sediment
from Mansar and Sukhna Lakes are presented in Tables S1 and
S2. In Mansar Lake, MP concentrations ranged from 45 to 120
particles per L in surface waters and 390 to 5720 particles per kg
(dw) in sediments. In contrast, Sukhna Lake exhibited MP
concentrations of 5–75 particles per L in surface waters and
170–2320 particles per kg (dw) in sediments. Across both lakes,
sedimentary MP loads were consistently higher than those
observed in the water samples, reecting longer residence
times, enhanced deposition, and sustained accumulation of
buoyant and neutrally buoyant particles within benthic envi-
ronments.31,43 A statistically signicant difference in MP abun-
dance was observed between the two systems, with Mansar Lake
exhibiting markedly higher concentrations than Sukhna Lake,
as conrmed by an unpaired Student's t-test (p < 0.05). This
disparity likely reects the effectiveness of conservation and
management interventions implemented at Sukhna Lake,
including stringent restrictions on the use and disposal of
single-use plastics within its catchment, which collectively
mitigate MP inputs and subsequent accumulation.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 illustrates the spatial variability in MP abundances
across surface water and sediment in Mansar and Sukhna
Lakes. In Mansar Lake (Fig. 2a and b), surface-water MP
concentrations ranged from 45 particles per L at MSR14 to
a maximum of 120 particles per L at MSR19, whereas sediment-
associated MPs varied from 390 particles per kg (dw) at MSR23
to 5720 particles per kg (dw) at MSR3. No coherent spatial trend
was evident in the surface water; however, sediment samples
showed a pronounced enrichment toward the southeastern
sector of Mansar Lake. However, in Sukhna Lake (Fig. 2c and d),
the highest surface-water MP abundance occurred at site S13
(75 particles per L) in the central zone, while the lowest was
recorded at S8 (5 particles per L) in the western region. Mean-
while, in the sediment samples, the highest MPs were found at
S7 (2320 particles per kg dw) in the northwest, and the lowest at
S11 (170 particles per kg dw). The absence of a consistent MP
spatial distribution pattern in Sukhna Lake likely reects the
interplay of multiple factors, including heterogeneous source
inputs, variable hydrodynamic regimes, differential transport
and deposition processes, and polymer-specic physical prop-
erties. The irregular and site-specic distribution observed in
both lakes may also be driven by localized anthropogenic
pressure, such as tourism, recreational boating, small-scale
industries, sheries, and agricultural activities, which inu-
ence the magnitude and spatial heterogeneity of MP
loading.44,45
4.2 Origins and chemical composition of microplastics

The heterogeneous nature of plastic polymers results in mark-
edly different ecological and human-health risks, owing to their
variable toxicity, sorptive capacities, and degradation behav-
iours.46,47 Consequently, characterizing the sources and chem-
ical composition of MPs in freshwater ecosystems is essential
for identifying dominant polluters, forecasting ecological
Fig. 2 Spatial variability of microplastic abundance in water and sedime

© 2026 The Author(s). Published by the Royal Society of Chemistry
responses associated with specic polymer types, and devel-
oping targeted mitigation and management strategies. In
Mansar and Sukhna Lakes, MPs detected in both water and
sediment matrices were categorized into ve morphological
classes: fragments, lms, foams, bres, and pellets/beads
(Fig. 3).

In the surface water samples of Mansar and Sukhna Lakes,
pellets/beads overwhelmingly dominated the MP assemblage,
constituting 82.3% and 91.9% of total particles, respectively,
followed by fragments (17.9% and 3.7%), bres (6.4% and
3.0%), foams (1.7% and 0.3%), and lms (0.8% and 1.1%).

A similar distribution pattern was observed in lake sedi-
ments, where pellets/beads again represented the dominant
fraction (78.6% and 83.0% inMansar and Sukhna, respectively),
followed by fragments (17.9% and 12.8%), bres (1.7% and
2.7%), lms (1.0% and 1.0%), and foams (1.0% and 0.5%)
(Fig. 4). The predominance of pellets/beads likely reects their
widespread usage in cosmetics and personal care products,
such as exfoliating scrubs, hand cleansers, soaps, toothpastes,
shaving foams, and various beauty and household cleaning
agents, and their small size, which facilitates transport through
atmospheric pathways and surface runoff.48,49 The relatively
high resistance of beads/pellets to physical abrasion further
enhances their persistence in aquatic environments.31,50 Frag-
ments, the second-most-abundant category in both lakes, are
indicative of in situ degradation of larger plastic debris,
consistent with secondary MP formation pathways. Fibres are
generally attributed to the release of synthetic textiles, shing
nets, and rope materials, reecting both domestic and recrea-
tional sources.51 In contrast, the comparatively lower propor-
tions of lms and foams point to limited inputs or to faster
degradation of plastic bags, packaging materials, agricultural
lms, and construction-derived foamed polymers in these
systems.52,53
nt samples of Mansar Lake (a and b) and Sukhna Lake (c and d).

Environ. Sci.: Adv., 2026, 5, 1379–1391 | 1383
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Fig. 3 Photographs of detected microplastic shapes in the study area:
(a) fibre and fragment, (b) pellet/bead, (c) film and (d) foam.
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Raman spectroscopic analysis of water and sediment
samples from both lakes identied four major polymer types:
polypropylene (PP), polyethylene (PE), polystyrene (PS), and
polyethylene terephthalate (PET). Polymer assignments were
conrmed by characteristic vibrational bands consistent with
previously reported reference spectra.31,39 Across both lakes, PE
and PS emerged as the dominant polymers in surface water and
the sedimentary matrix, indicating their pervasive input and
environmental persistence. In Sukhna Lake, the ltered
Fig. 4 Stacked bar plot of representative microplastic particle type (%) in
across sampling locations.

1384 | Environ. Sci.: Adv., 2026, 5, 1379–1391
samples were primarily composed of PE, PS, and PP, whereas in
Mansar Lake, a broader polymeric diversity was observed, with
PET detected alongside PE, PS, and PP. Notably, PET occurred at
substantially higher concentrations in sediment samples from
Mansar Lake, suggesting enhanced depositional ux or
stronger particle–sediment interactions for this polymer type.
The predominance of PE and PS is consistent with their wide-
spread utilization in single-use consumables, including food
packaging, carry bags, disposable containers, and takeaway
materials.54,55

Furthermore, PS represents a principal constituent of
microbeads incorporated into personal care and cosmetic
formulations, providing a plausible pathway for their intro-
duction into freshwater systems.56 PET, extensively used in
beverage bottles and fruit/food packaging, reects the
increasing reliance on this material in the global packaging
sector. In 2021, global PET production exceeded 55 million
tonnes, underscoring its large-scale environmental footprint
and growing contribution to aquatic plastic contamination.57
4.3 Grain size distribution of sediments and its relationship
with microplastics

The accumulation and spatial distribution of MPs in lacustrine
sediments are governed not only by land-use and land-cover
characteristics but also by a suite of hydro-sedimentary
controls, including sediment particle-size composition and
water depth.20,40 As shown in Fig. 5, the sediments comprise
clay, silt, and sand fractions, reecting the textural variability of
water and sediment of Mansar Lake (a and b) and Sukhna Lake (c and d)

© 2026 The Author(s). Published by the Royal Society of Chemistry
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the depositional environment. The mean grain size (De
Brouckere mean diameter) of sediments ranged from 12.5 to
231 mm in Mansar Lake and from 4.68 to 41.30 mm in Sukhna
Lake (Tables S1 and S2), reecting contrasting depositional
regimes between the two systems. In Mansar Lake, the sand
fraction varied between 3.2 and 88.2%, silt between 10.5 and
77.0%, and clay between 1.3 and 41.2%, indicating pronounced
spatial heterogeneity in sediment texture. In contrast, sedi-
ments from Sukhna Lake were dominated by ner fractions,
with sand ranging from 0 to 13.2%, silt from 42.6 to 78.5%, and
clay from 14.5 to 57.4%, consistent with relatively low-energy
depositional conditions.

Pearson correlation heatmap analysis revealed a statistically
signicant negative relationship between MP abundance and
water-column depth (r = −0.45, p < 0.05) in Mansar Lake,
indicating a progressive decline in MP concentrations with
increasing depth (Fig. 7a). This trend suggests preferential
Fig. 5 Spatial variability in sand, silt and clay measured in sediments of M

© 2026 The Author(s). Published by the Royal Society of Chemistry
accumulation of MPs in shallower zones, likely driven by
enhanced nearshore inputs, resuspension, and hydrodynamic
sorting. Additionally, a substantial positive correlation was
observed between water depth and ner sediment fractions
(clay and silt), implying a relative enrichment of ner material
in deeper parts of the Mansar Lake (Fig. 7a). Despite these
depth-related patterns, no statistically signicant relationship
was observed between sediment grain-size fractions and MP
abundance in Mansar Lake, suggesting that particle-size sorting
alone does not exert dominant control on MP retention in the
sediments. In Sukhna Lake, neither sediment grain size nor
water-column depth exhibited any signicant correlation with
MP concentrations (Fig. 7b), indicating that hydro-sedimentary
factors play a comparatively minor role in regulating MP
distribution within this system. The absence of clear grain-size
or depth dependency highlights the overriding inuence of
anthropogenic pressures, lake management practices, and
ansar Lake (a–c) and Sukhna Lake (d–f).

Environ. Sci.: Adv., 2026, 5, 1379–1391 | 1385
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catchment-scale controls on MP inputs and accumulation.
Overall, these ndings underscore that while sedimentological
and bathymetric factors may locally modulate MP distribution,
particularly in structurally heterogeneous systems such as
Mansar Lake, the primary drivers of MP contamination in both
lakes are linked to human activities within the lakes and their
catchments. This emphasizes the need to integrate sedimen-
tological analyses with land-use and source-based assessments
to robustly constrain MP dynamics in freshwater environments.
4.4 Organic matter distribution and its affinity with
microplastics in the sediment

Variations in TOC and TN are widely used to assess the quantity,
sources, nutrient cycling, and diagenetic fate of organic matter
in lacustrine sediments.58,59 In Mansar Lake, TOC concentra-
tions ranged from 0.4 to 4.8% (mean: 3.3%), while TN varied
between 0.1 and 0.7% (mean: 0.5%). In contrast, Sukhna Lake
exhibited comparatively lower organic matter content, with TOC
ranging from 0.5 to 1.3% (mean: 0.7%) and TN from 0.1 to 0.4%
(mean: 0.3%). Statistical evaluation using an unpaired Student's
t-test conrmed that mean TOC and TN concentrations in
Mansar Lake are signicantly higher than those in Sukhna Lake
at the 95% condence interval, indicating a greater degree of
organic enrichment in Mansar sediments. The elevated TOC
and TN levels in Mansar Lake reect enhanced organic loading,
likely driven by relatively uncontrolled anthropogenic inputs,
including domestic effluents, surface runoff, and agricultural
activities in the catchment. The organic matter pool in both
lakes is derived from a combination of autochthonous sources,
primarily phytoplankton and microbial biomass, and
allochthonous inputs from catchment soils, fertilizers, and
surface runoff.60 The spatial distributions of TOC and TN across
Mansar and Sukhna lakes are presented in Fig. 6, revealing
Fig. 6 Spatial distribution of total organic carbon (TOC) and total nitrogen
(c and d).

1386 | Environ. Sci.: Adv., 2026, 5, 1379–1391
pronounced variability in organic matter accumulation patterns
between the two systems.

In Mansar Lake, TOC and TN display similar spatial trends
and are strongly and positively correlated (r = 0.97, p < 0.001, n
= 23), suggesting a common, relatively uniform source of
organic matter input, likely driven by coupled nutrient enrich-
ment and in-lake primary productivity. Conversely, TOC and TN
in Sukhna Lake exhibit an irregular spatial distribution and
a weak, statistically insignicant correlation (r = 0.05, p > 0.05),
indicative of multiple and spatially variable organic matter
sources inuenced by lake management practices and hetero-
geneous catchment inputs.

Fig. 7 illustrates the Pearson correlation matrix between MP
abundance and measured sedimentary parameters in both
lakes. TOC exhibited weak, statistically insignicant correla-
tions with MPs in Mansar Lake (r = 0.18, p > 0.05) and in
Sukhna Lake (r = −0.15, p > 0.05). Similarly, TN showed no
signicant relationship with MP abundance in either Mansar (r
= 0.21, p > 0.05) or Sukhna Lake (r = −0.27, p > 0.05). The
absence of a strong association between MPs and TOC/TN
suggests that organic matter content alone does not exert
primary control on MP accumulation in these sediments.
Instead, MP distribution is likely governed by a combination of
physicochemical properties and sedimentological factors,
including polymer type, particle size and shape, density-driven
settling behaviour, and local sediment characteristics such as
grain-size composition. Additionally, microbial degradation
and biogeochemical transformation of organic matter may
further decouple the relationship between MPs and bulk
organic proxies such as TOC and TN. Notably, these ndings
contrast with several previous studies that reported strong
positive correlations between MPs and organic matter param-
eters in sediments,61,62 underscoring the site-specic nature of
(TN) measured in sediments of Mansar Lake (a and b) and Sukhna Lake

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Pearson correlation analysis of microplastics and measured
environmental parameters in Mansar Lake (a) and Sukhna Lake (b).
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MP–organic matter interactions and the need to consider local
depositional and anthropogenic contexts when interpreting
such relationships.
4.5 A comparison of microplastics with regional and global
freshwater lakes

Comparison of MP data with those reported in regional and
global studies is challenging because their abundance varies
due to several factors, including land-use changes, climate,
temperature, location, and altitude, as well as differences in
sampling strategies, processing methods, and analytical
methods. Here, we summarised a limited number of studies
that share similarities in sample collection and reporting units
across different Indian and global freshwater lakes (Table S3
and Fig. 8). The occurrence of MPs in the water and sediment of
freshwater lakes from India and around the world is shown in
Fig. 8 and Table S3. The MPs in the surface water of Mansar
Lake are several orders of magnitude higher than those in
© 2026 The Author(s). Published by the Royal Society of Chemistry
several Indian lakes, such as Manipal Lake,48 Red Hill Lake,63

Vellayani Lake,64 Renuka Lake,39 Nainital Lake,65 Mansbal
Lake,31 and Dal Lake66 and global lakes such as Dzhulukul
Lake,67 Talmen Lake,67 Taihu Lake,68 Mohamaya Lake,69 and
Ulungur Lake.70 In Sukhna Lake, water samples showed rela-
tively lower MP abundance than in Mansar and other regional
and global lakes, due to conservation practices. In the sediment
of Mansar Lake, signicantly higher MPs were found than in
many regional and global lakes, as shown in Fig. 8, and were
lower than those in Nainital Lake,65 Mansbal Lake,31 Dal Lake,66

Taihu Lake,68 and Lake Tollense.71 In the Sukhna Lake sedi-
ment, MP abundance was signicantly lower than in these lakes
but higher than in other lakes, as shown in Fig. 8a. These results
indicate that Mansar Lake is among the most polluted lakes in
regional and global freshwater lakes, and Sukhna is compara-
tively less polluted. The signicant MPs in freshwater lakes
highlight the need for strict policy implementation globally to
safeguard freshwater bodies from growing MP contamination.
4.6 Implications and policy making

Owing to their pervasive occurrence and persistence, MPs have
emerged as a global stressor threatening aquatic ecosystems
and long-term environmental sustainability. To date, most MP
studies have primarily focused on their occurrence, spatial
distribution, sources, and potential ecological and human
health risks. In contrast, the present study provides a novel
perspective by explicitly demonstrating the role of lake conser-
vation and management strategies in regulating microplastic
contamination, through a comparative assessment of a pro-
tected (Sukhna Lake) and a relatively unmanaged (Mansar Lake)
aquatic system. The substantially lower abundance of MPs in
the conserved and actively managed Sukhna Lake underscores
the effectiveness of targeted management interventions, such
as restrictions on anthropogenic activities, regulated land use,
and catchment-scale controls, in mitigating plastic pollution.
These ndings provide compelling evidence that proactive lake
conservation measures can signicantly reduce MP accumula-
tion in sediments and, by extension, lower ecological exposure
risks. Conversely, the elevated MP concentrations observed in
the less-protected system underscore the severity of plastic
pollution and its potential implications for ecosystem integrity
and human health.

The contrasting MP distributions across the two lakes
strongly support the broader adoption of integrated lake
management and conservation frameworks as a viable strategy
for controlling plastic pollution in freshwater environments.
From a policy perspective, the results emphasize the urgent
need for stricter regulations on plastic use, improved waste
management practices, and effective enforcement mechanisms
to safeguard inland water bodies. Finally, this study under-
scores the necessity for broader, multi-regional investigations to
systematically evaluate the effectiveness of lake management
practices, thereby enabling the development of globally appli-
cable strategies to combat microplastic pollution in freshwater
ecosystems.
Environ. Sci.: Adv., 2026, 5, 1379–1391 | 1387
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Fig. 8 Concentration of MPs in water (a) and sediment (b) samples from the freshwater lakes from regional and global freshwater lake
ecosystems.
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5 Conclusions

This study delineates the occurrence, distribution and sources
of MPs in two freshwater lakes of contrasting anthropogenic
settings, Mansar Lake (a Ramsar site) and Sukhna Lake (a
managed and protected site) situated along the altitudinal
gradient of the Siwalik Mountain Range of the Himalaya. A
higher abundance of MPs was found in the water and sediment
of Mansar Lake than in Sukhna Lake. The detected morphol-
ogies of MPs were pellets/beads, bres, fragments, lms, and
foams, with chemical compositions of PE, PP, PVC, and PET.
These MPs are widely used in personal care products, food
packaging, water bottles, grocery bags, and garbage bags. The
MP distribution is mainly inuenced by anthropogenic activi-
ties, including land use/land cover in and around the lake, as
evidenced by the negligible correlation with environmental
factors such as grain size, depth, TOC, and TN. The reduced MP
abundance in Sukhna Lake appears to be due to lake manage-
ment practices adopted to safeguard the lake and to a ban on
several anthropogenic activities in the catchment area,
1388 | Environ. Sci.: Adv., 2026, 5, 1379–1391
including construction work and single-use plastics. However,
Mansar Lake receives anthropogenic inputs from agricultural
activities, boating, sewage from the surrounding area, and
waste from temples and tourism. This study highlights the
importance of lake management in controlling the MP inputs to
the aquatic body. The ndings of this study are benecial for
assessing the role of lake management practices and bans on
certain anthropogenic activities in the catchment area in
controlling MP pollution and for highlighting the importance of
such practices in other water bodies.
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