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HIGHLIGHTS

e Residual film mass strongly links to
microplastic abundance, accelerating above a
threshold of 200 kg-ha™1.

e Long-term mulching increase microplastics
<1 mm by nearly threefold, decreasing to
30 cm deep, revealing size dynamics.

e A 30-year field trial provided the first
quantification of residual film (281 kg-ha™)
and arid-zone microplastic vertical diffusion.

ABSTRACT
Received March 17, 2025; This study investigated the residual plastic film and microplastic (MP) dynamics
Accepted May 5, 2025. in cotton fields of Xinjiang after 5-30 years of mulching. Long-term mulching
Correspondences: 120140004 @taru.edu.cn, not only caused continuous accumulation of residual films and MPs but also
njhs@xaas.ac.cn triggered nonlinear accumulation dynamics. When residual film mass
Special Issue: Agricultural Plastic’s Application exceeded the critical threshold of 160—-200 kg-ha™l, the MP generation rate

and Problems increased significantly (by 85%), a phenomenon termed the critical effect.

Residual films (manually collected) and MPs (extracted by density separation)
had cumulative increases with mulching duration, reaching 127, 85.8 and
67.9 kg-ha™! for films, and 10.8 x 103, 9.75 x 103 and 6.34 x 103 fragments kg1
for MPs at depths of 0-1, 10-20, and 20-30 cm after 30 years. MPs had
surface enrichment but also migrated downward, with < 1 mm fragments
increasing from 7.9% to 22.6% to depth, while > 2 mm fragments declined
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from 49.2% to 13.8%. A strong linear correlation (R? = 0.85-0.94) confirmed
residual films as the primary MP source. Beyond the 200 kg-ha~! threshold, MP
accumulation rates accelerated sharply, highlighting fragmentation risks and
vertical migration in arid soils. Timely residue removal before reaching critical
thresholds is crucial to mitigate soil MP pollution. These findings provide

actionable

strategies for

managing plastic-intensive agroecosystems,

emphasizing proactive intervention to disrupt the critical effect and its
cascading environmental impacts.

© The Author(s) 2025. Published by Higher Education Press. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0)

1 Introduction

Globally, China is the main consumer of agricultural plastic
film!'], particularly in its northern and north-western regions.
Mulching technology has significantly enhanced cotton yields
and economic returns in arid and semiarid areas (e.g,
Xinjiang) by improving soil moisture retention, temperature
elevation and water use efficiency!”’l. However, the long-term
application of non-degradable plastic mulch has led to
progressive residual plastic mulch film accumulation in soils,
emerging as a critical source of soil pollution!’l. In Xinjiang, an
extreme arid region (annual precipitation < 200 mm and
evaporation > 1500 mm), film fragments rapidly disintegrate
under high-temperature and low-humidity conditions!"],
migrating to deeper soil layers and water bodies via wind and
thereby  amplifying
Microplastics (particle size < 5 mm) derived from residual

water  erosion, ecological  risks.
plastic film degradation, owing to their small size and high
specific surface area, influence soil physicochemical properties
through two mechanisms: adsorption of heavy metals and
pesticide residues, and pore structure modification that
enhances their vertical migration deeper into the soill’]. Recent
studies emphasize that soil texture is a key regulating factor for
microplastic migration. In typical sandy soils of arid regions,
microplastics have stronger vertical migration due to large pore
spaces and preferential flow paths, while clay-rich soils
promote surface retention through strong adsorptionl’]. Long-
term field experiments in Mediterranean agricultural
ecosystems further show that 20 years of continuous mulching
increased microplastic abundance in sandy loam subsoil
(30-50 cm) by 2.4 times, significantly higher than the 78%
increase in clay soil under the same management conditions[“l.
These processes disrupt soil physicochemical properties,

threaten cotton root development and soil fertility, and pose

risks to agricultural ecosystems and food safety. Investigating
the relationship between residual film mass, microplastic
abundance and their spatial distribution in soils is thus crucial
for sustainable agroecosystem management.

Recently, there has been increasing research effort on residual
film and microplastic pollution. International studies under
elucidated film

degradation mechanisms. Horton et al.l’l demonstrated that

controlled laboratory conditions have
ultraviolet radiation and mechanical abrasion fragment
polyethylene films into microplastics (< 1 mm) within 6
months using accelerated aging experiments. Boots et al.[']
found that microplastics in moist soils rapidly migrate to
depths of 50 cm through macropore preferential flow.
However, these findings were primarily derived from short-
term (< 3 years) controlled experiments, lacking field
validation of residual film fragmentation and microplastic
dynamics under long-term mulching. In Chia, researchers have
conducted extensive empirical studies on residual film
pollution. For example, Yang et al.l''l found an annual increase
of 2.13 x 10° fragments ha~! in residual film quantities over 8
years of continuous mulching. Li et al.l'’l, in a 32-year
mulching trial, found that fertilization exacerbates plastic
pollution; large plastic (> 5 mm) abundance in fertilized plots
was 10-fold higher than

microplastic (< 5 mm) quantities doubled, with polyethylene

in unfertilized areas, while
fragments constituting 33%-56% of microplastics and having
downward migration.

The accumulation and distribution of microplastics represent
core challenges in soil plastic pollution research. Long-term
mulching not only intensifies residual film pollution but also
provides a continuous source for microplastic generation!'’l.
studies indicate that

Recent the ecological effects of
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microplastics are soil type dependent. In arid sandy soils,
< 100 um polyethylene fragments physically disrupt the clay-
organic matter bond, reducing the water-stable aggregates by
19%-33%, thus increasing wind erosion risks!'‘l. Microplastic
size, abundance and vertical migration are likely influenced by
soil depth and residual film mass!'"]. Understanding the
dynamic relationship between residual film and microplastics
is essential for unraveling pollution mechanisms and
formulating mitigation strategies. This study focuses on cotton-
growing regions of Xinjiang, analyzing the spatiotemporal
dynamics of residual film mass and microplastic abundance
across varying mulching durations (5, 10, 15, 20, 25 and
30 years). Microplastics were extracted using density separation
coupled with chemical digestion!'°], followed by particle size
classification and abundance analysis to investigate residual
film accumulation patterns and their driving effects on
microplastic distribution. This research aimed to (1) quantify
the relationship between residual film mass and microplastic
generation; (2) analyze microplastic size evolution and vertical
distribution under long-term mulching; and (3) provide
scientific foundations for precise assessment and management

of agricultural microplastic pollution.

The innovations of this study were threefold: (1) it

systematically quantified residual film contributions to
microplastic generation across mulching durations using long-
term field trials; (2) it refined microplastic size classification to
reveal dynamic shifts in fragment distribution with mulching
duration and soil depth; and (3) it identified a threshold effect
characterized by accelerated microplastic accumulation under
high residual film mass (> 200 kg-ha-1), offering novel insights
into plastic degradation mechanisms. These findings advance
strategies for mitigating agricultural microplastic pollution and

optimizing plastic film management practices.

2 Materials and methods

2.1 Study area
This study was conducted in the Alar City region of the First

Division of Xinjiang Uygur autonomous region and its
surrounding areas, a typical arid zone. The region has an
annual precipitation of 50-150 mm, an annual evaporation
exceeding 2000 mm and significant diurnal temperature
fluctuations. The dominant soil type is brown desert soil,

characterized by sandy loam texture, low organic matter
content (< 1%) and a pH of 8.0-8.5. Cotton has been cultivated
long-term in this area, with widespread adoption of plastic film
mulching technology to enhance water-use efficiency and crop
yields. Sampling sites included croplands with film-mulching
durations of 5, 10, 15, 20, 25 and 30 years, representing distinct
stages of film-mulching application.

2.2 Soil and plastic film sampling

This study selected a total of 60 independent sampling points,
with 10 sampling points for each mulching duration (5, 10, 15,
20, 25 and 30 years). These sampling points were randomly
distributed in fields to
independence. Each selected field was at least 500 m apart to

independent ensure sample
minimize spatial overlap, thus avoiding pseudo replication. At
each point, a five-point sampling method was employed to
ensure representativeness and spatial homogeneity. A 100 cm x
100 cm quadrat was established at each sampling site, and soil
samples were collected from three depths: 0-10, 10-20, and
20-30 cm. For each layer, soil was excavated onto a canvas
sheet, and large plastic film fragments (> 5 mm) were manually
sieved, separated from impurities (e.g., soil clods, cotton stalks
and roots) and stored in labeled bags. About 1 kg of soil from
each layer was sieved (5 mm), placed in cotton bags to avoid
external plastic contamination and transported to the
laboratory for residual film and microplastic extraction and
analysis!' 7],

2.3 Residual film extraction and quantification

Fragments of plastic mulch film were separated manually from
air-dried soil samples and rinsed with distilled water to remove
adhered soil and organic matter, treated with 30% H,O, for
24 h to eliminate residual organics and oven-dried at 50 °C to
constant weight. The dried films were weighed using a high-
precision electronic balance (accuracy 0.0001 g). Residual film
mass was categorized into five ranges: < 10, 10-25, 25-50,
50-100, and > 100 mg, and recorded by soil depth and
mulching duration.

The residual film mass per unit area M, (kgha™!) was
calculated according to the Chinese National Standard GB/T
25413-20100'°1:

M:W1+W2+W3+~~-+an104 )

n
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where, M is the average residual plastic film amount in the
sampling plot (kg-ha~!), W is the total weight of residual film in
each quadrat (g-m~2), and n is the number of sampling points,
each with an area of 1 m?.

2.4 Microplastic identification and quantification

Microplastics were extracted using density separation!'“]. A 10-g
subsample of air-dried soil was treated with 150 mL of Fenton’s
reagent (30% H,0, and FeSO,) for 3 h at room temperature to
oxidize organic matter. The mixture was oven-dried at 50 °C
for 12 h, resuspended in 200 mL saturated NaCl solution (P =
1.2 g-cm™3), stirred for 30 min and allowed to settle for 24 h.
The supernatant was vacuum-filtered through 500 and
1000 pm stainless steel sieves. Fragments < 20 pm were
excluded due to limitations in Fourier transform infrared
spectroscopy  (FTIR) Retained microplastics
(20-500 um) were further treated with 30% H,O, and
ultrasonicated (40 kHz, 240 W) for 5 min, rinsed, dried and
20-100, 100-250, 250-500,
500-1000, and > 1000 pm. Samples were stored at 0 °C for
analysis.

resolution.

sieved into five size classes:

Microplastic composition was identified by FTIR (wavenumber
range 650-4000 cm™1, resolution 4 cm™! and 32 scans). Spectra
were matched against a polymer library using OMNIC software
(Thermo Fisher Scientific, Waltham, MA USA). Fragments
with = 70% spectral match were confirmed as microplastics;
others were discarded.

2.5 Data analysis

Data were analyzed using Origin 2023 and SPSS 26.0. ANOVA
and linear regression were performed to assess relationships
between mulching duration, soil depth, residual film mass, and
microplastic abundance. Results are expressed as mean *
standard error, with significance set at P < 0.05.

2.6 Quality control

Blank controls (1 per 10 samples) were processed to monitor
laboratory contamination. Reagents from the same batch were
used and all equipment was thoroughly cleaned between
samples. All extractions and analyses were conducted in
triplicate, with mean values used for statistical analysis.

3 Results and discussion

3.1 Variation of residual film mass with mulching
duration

The results (
increased significantly with film residual duration and this

) showed that microplastic abundance

increase accelerated after 15 years of mulching. In fields
mulched for 5 years, the film residue quality was 46 +
5.0 kg-ha™!; when the mulching duration was extended to 10
and 15 years, the residue quality reached 122 + 6.1 and 134 *
6.7 kgha'l, respectively. Further extending the mulching
duration to 20, 25 and 30 years led to a significant increase in
residue quality, which reached 167 + 8.3, 232 + 11, and 281 *
14 kgha™!, respectively. The regression analysis revealed a
significant positive correlation between residue quality and
mulching duration (R? = 0.97) with a quadratic equation of y =
0.2x* + 0.79x + 81.79. By analyzing different stages, it was
found that during the early mulching phase (5-10 years), the
increase in residue quality was relatively small, with an
increment of 28.5 kg-ha~! and a growth rate of 28.4%; during
the mid-phase (10-20 years), the increase was 99.8 kg-ha-! with
a growth rate of 77.4%; and in the long term mulching phase
(20-30 years), the increment reached 168 kg-ha~! with a growth
rate of 73.6%. These results indicate that long-term mulching
not only leads to a significant accumulation of residues but also
accelerates the accumulation rate. The rapid accumulation of
residues may adversely affect soil structure and permeability,
thereby influencing the crop growth environment.
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Fig. 1 Residual film mass dynamics over 30 years of film mulching.
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Compared with previous studies, our findings confirmed the
accelerating effect of mulching duration on the accumulation
rate of film residues. For example, long-term observations in
Gansu Province found a significant increase in accumulation
rate after 15 years of mulching!”"], which is consistent with our
observations in southern Xinjiang farmland. However, related
studies have pointed out that the changes in accumulation rate
are also significantly influenced by soil texture and crop
cultivation patterns, while this study further demonstrates that
under arid climatic conditions, this accelerated accumulation
trend is more pronounced. Notably, we also observed that the
accumulation of film residue under long-term mulching
conditions (> 10 years) has an exponential growth trend. This
phenomenon has been confirmed in studies from other
with
accumulation rate of residues in the soil is not only related to

regions(’'], related analyses indicating that the
mulching duration but also regulated by soil temperature and
moisture conditions. This study has verified this pattern
through field observations, particularly highlighting the critical
role of the arid and high-temperature environment in

accelerating residue accumulation.

3.2 Distribution characteristics of residual film
fragments

The study investigated the distribution of residual film

fragments across different mass ranges in farmlands with
continuous mulching durations of 5, 10, 15, 20, 25 and 30 years

( ). Results revealed a significant increase in the total
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Fig. 2 Distribution of residual film fragment sizes under
different periods of film mulching.

number of residual film fragments with prolonged mulching
duration, rising from 88.5 x 10% to 216 x 104 ha~! (an increase
of 145%). When categorized by mass, smaller fragments (< 0.01
and 0.01-0.025 g) had a marked accumulation over time (P <
0.05), with their abundance increasing from 46 x 10* to 221.3 x
10* ha!. Their proportion also rose from 59.1% to 68.7%,
indicating that the accumulation of small-mass fragments is a
dominant feature of long-term mulching. These findings
suggest a pronounced cumulative effect of residual films in
topsoil with increasing mulching duration, accompanied by a
gradual rise in the proportion of small-mass fragments. This
trend reflects accelerated degradation and fragmentation of
plasticfilmsunderprolongedmulching Incontrast largerfragments
(> 0.1 g) and medium-sized fragments (0.025-0.05 and
0.05-0.1 g, respectively) showed relatively stable proportional
contributions. Although the absolute number of large
fragments increased from 1.59 x 10% (5-year mulching) to
43.2 x 10* ha™! (30-year mulching) (a 418.1% increase), their
proportion declined from 6.3% to 5.6%. This implies slower
decomposition and migration rates for large fragments
compared to smaller ones, highlighting the potential role of
small-mass fragments as indicators of soil ecological changes
through their degradation, fragmentation and redistribution
processes.

These results are consistent with earlier studies. The literature
reports a positive correlation between the accumulation rate of
small-mass fragments and mulching durationl”’], particularly
under long-term mulching, though their proportional
contributions vary across studies, likely due to spatial
heterogeneity in climatic conditions and soil properties!*’l.
Simulations in arid environments further demonstrate that
extreme climate conditions promote mechanical fragmentation
of plastic films, generating more small-sized fragments!*],
consistent with the observed dominance of small-mass
fragments in this study. Importantly, this study emphasizes
that small fragments not only accumulate significantly in
topsoil but may also migrate to deeper soil layers, suggesting
their potential for multilayered cumulative impacts on soil

ecosystems across varying mulching durations.

3.3 Vertical distribution characteristics of residual
film

The results revealed significant variations in the vertical

distribution of residual film mass across soil depths under

https://journal.hep.com.cn/fase

25627-5


https://doi.org/10.15302/J-FASE-2025627
https://doi.org/10.15302/J-FASE-2025627
https://doi.org/10.15302/J-FASE-2025627
https://doi.org/10.15302/J-FASE-2025627
https://doi.org/10.15302/J-FASE-2025627

https://doi.org/10.15302/J-FASE-2025627

Shufeng ZHANG et al., Front. Agr. Sci. Eng., 2026, 13(1): 25627

). The topsoil (0-10 cm)

was the primary accumulation zone for residual plastic films,

different mulching durations (

with its mass increasing from 45 + 1.9 to 127 + 6.4 kg-ha™l,
representing a 185% increase. This growth trend significantly
exceeds the accumulation rate in the deeper soil layers. In the
middle layer (10-20 cm), residual film mass rose from 24.8 +
12 to 858 +

accumulation trend. Although the residual film mass in the

43 kgha'l, showing a relatively stable

deep soil layer (20-30 cm) was lower than that in the upper
layers, its accumulation rate increased significantly after 20
years of mulching, reaching 67.9 + 3.4 kg-ha~! at 30 years, with

an increase of more than threefold.

The rapid accumulation in surface soil likely stems from direct
contact with plastic film and its degradation dynamics, as the
surface layer is the primary site for film fragmentation and
degradation. In contrast, accumulation in middle and deep
layers may be attributed to reduced particle size and vertical
migration processes, particularly for small-sized fragments,
which are more prone to downward movement under long-
term mulching. This phenomenon indicates that the marked
increase in residual films in deep soil layers could impose
potential impacts on the physicochemical properties and

ecosystems of subsoil environments.
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Fig. 3 Vertical distribution of residual film mass across soil
depths under different mulching durations. Error bars indicate
standard deviation (n = 10). The different lowercase letters
above the error bars represent significant differences among
treatments (P < 0.05)

3.4 Distribution characteristics of microplastic
abundance

3.4.1 Temporal dynamics of microplastic abundance with
mulching duration

The results indicated a significant increase in soil microplastic
abundance with prolonged mulching duration, with distinct
distribution patterns across soil layers ( ). In the 5-year
mulching areas, microplastic abundances were 2292, 2158 and
1588 fragments kg=! at depths of 0-10, 10-20, and 20-30 cm,
respectively. With extension to 10 years of mulching,
abundances increased to 3367, 3125 and 2657 fragments kg™! at
the respective depths. Further prolongation to 20 years resulted
in abundances of 5241 fragments kg™! (0-10 cm), 4118
fragments kg™! (10-20 cm), and 3120 fragments kg™! (20-30
cm). In areas with mulching durations exceeding 20 years,
abundances continued to rise, reaching 10,084 fragments kg!
(0-10 cm), 6909 fragments kg! (10-20 cm), and 4636
fragments kg~! (20-30 cm).

The data revealed that surface soil (0-10 cm) consistently had
the highest microplastic accumulation, with abundances
significantly exceeding those in deeper layers. For example,
during the 5-10 years mulching period, surface microplastic
abundance increased by 1075 fragments kg™! (46.9%), while
middle and deep layers showed increases of 967 fragments kg~!
(44.8%) and 1069 fragments kg~! (67.3%), respectively. Despite
the highest concentration in the 20-30 cm layer for mulching
durations beyond 20 years, absolute abundances remained
substantially lower than those in surface soil. Overall,
microplastics had pronounced surface enrichment, with
accumulation gradually extending to middle and deep layers,
providing critical evidence for understanding their distribution
in long-term mulched farmland soils.

The observed trend aligns with previous studies highlighting
that prolonged mulching enhances surface accumulation of
microplastics, while their migration to deeper layers becomes
more pronounced over timel’’l. This indicates that arid
climatic conditions have a significant regulatory effect on
Additionally,
simulation studies indicate that smaller microplastics are more

microplastic transport and redistribution.
susceptible to vertical migration via water infiltration!*°],
corroborating the synchronized increase in microplastic
abundance across all depths observed here. These findings
underscore the critical influence of particle size on microplastic

distribution patterns. Collectively, this study revealed the
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Fig. 4 Vertical distribution of microplastic abundance (fragments kg=1) in the soil at three depths for six mulching durations: Temporal
changes in microplastic abundance across soil depths under different mulching durations. (a—f) 5, 10, 15, 20, 25, and 30 years, respectively.
Error bars indicate standard deviation (n = 10). The different lowercase letters above the error bars represent significant differences among

treatments (P < 0.05).

cumulative effects of long-term mulching on vertical
microplastic distribution, particularly in arid soils, where
migration and stratification had distinct spatiotemporal

dynamics.

3.4.2 Vertical distribution of microplastics across soil depths
Experimental results revealed distinct vertical distribution
patterns of microplastic abundance under varying mulching
durations (Fig. 5). Surface soil (0-10 cm) remained the primary
enrichment zone for microplastics, though its proportional
contribution decreased from 43.3% (5-year mulching) to 36.8%
(30-year mulching). This decline indicates that while surface
soil retains its role as the main site for microplastic generation
(via film degradation and fragmentation), prolonged mulching
promotes partial migration of microplastics to deeper layers.

In contrast, the middle soil layer (10-20 cm) had relatively
stable proportions, fluctuating slightly from 33.1% to 30.6%.
Conversely, the deep soil layer (20-30 cm) showed a gradual
increase in microplastic proportion, rising from 23.6% (5-year)
to 32.6% (30-year), indicating a pronounced accumulation
trend in deep soil under long-term mulching. This shift likely

[20-30 cm E310-20 cm E30-10 cm

< o o =
~ o =) o
1 1 1 ]

=
NS
1

Proportion of total microplastics

=
(=]
!

5 10 15 20 25 30
Mulching duration (year)

Fig. 5 Proportional distribution of microplastic abundance

across soil depth intervals.

reflects the downward migration of smaller microplastic
fragments, further emphasizing the influence of mulching

duration on vertical redistribution.
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Opverall, microplastic abundance had a surface-dominated yet
depth-expanding distribution pattern!”’]. These findings
underscore that prolonged mulching may exacerbate both the
accumulation and migration risks of microplastics in soil
systems, providing critical insights for developing targeted

recovery and management strategies.

3.4.3 Dynamics of microplastic particle size distribution

The results revealed significant shifts in microplastic particle
size distribution with increasing mulching duration ( ).
The proportion of small-sized microplastics (20-100 and
100-250 um) increased annually, while the proportion of large-
sized microplastics (1000-5000 um) declined. In 5-year
small-sized microplastics (20-100 pm)
accounted for 7.9% of the total in surface soil (0-10 cm). With
prolonged mulching to 30 years, this proportion rose markedly

mulched areas,

to 22.6%, representing an increase of 14.7 percentage points
(P < 0.05). Conversely, the proportion of large-sized
microplastics (1000-5000 pm) decreased from 49.2% to 13.8%
over the same period. These findings indicate a progressive

Soil depth (cm)

10-20

Soil depth (cm)

20-30

20-100 100-250 250-500 500-1000 >1000

reduction in microplastic particle size, particularly pronounced
in surface soil. Notably, this study was limited by the polymer
identification capabilities of FTIR, and thus was unable to
analyze the differential degradation patterns between different
materials. Previous studies have confirmed that the carbonyl
index of low-density polyethylene is positively correlated with
its fragmentation rate, while linear low-density polyethylene
has stronger resistance to UV degradation. This limitation may
impact the in-depth understanding of the relationship between

antioxidants) and
should
thermal pyrolysis-gas chromatography-mass spectrometry to

agricultural film additives (such as

fragmentation rates. Future research incorporate

conduct polymer subtype analysis.

Earlier studies found that prolonged physical fragmentation
and degradation of microplastics in soil can lead to gradual
with
accumulating at higher rates than larger ones[*‘l. The present

particle size reduction, small-sized  fragments
study further demonstrates that the proportion of small-sized
microplastics increased more significantly under the arid and

high-temperature conditions of southern Xinjiang, indicating

Percentage (%)

49.20

41.04

32.88
10-20

24.72
20-30 1o:30.

8.400

Percentage (%)

35.00
28.60
22.20
15.80
9.400
3.000

20-100 100-250 250-500 500-1000 >1000

20-100 100-250 250-500 500-1000 >1000

Microplastic particle size (pum)

Fig. 6 Stratification of microplastic size fractions (indicated by the color scale) across soil depths under six mulching durations. (a—f) 5, 10, 15,

20, 25, and 30 years, respectively.
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that climatic factors may accelerate film fragmentation and
enhance the accumulation of smaller fragments. Additionally,
agricultural practices, such as mechanical tillage, likely
contributed to these trends. Research indicates that mechanical
disturbance intensifies microplastic fragmentation, elevating
the proportion of small-sized fragments!’”]. Consistent with
this, our results show that the accumulation of small-sized
microplastics in surface soil (0-10 cm) was significantly higher
than at a depth of 20-30 cm, reflecting combined effects of
natural degradation, climate-driven processes, and mechanical
agitation during farming activities.

Analysis of particle size distribution across soil depths revealed
that small-sized microplastics predominantly accumulated in
surface soil, whereas larger fragments were relatively more
abundant in middle and deep layersl*"l. Over time, small-sized
microplastics gradually extended to deeper layers, though their
accumulation rates remained lower than in surface soill”']. This
pattern highlights that the accumulation of small-sized

microplastics under long-term mulching is driven not only by
natural degradation and agricultural disturbance but also by
soil water permeability. Collectively, this study elucidates the
spatiotemporal dynamics of microplastic particle size
distribution and confirms the progressive dominance of small-
sized fragments over large-sized ones in long-term mulched

soils.

3.5 Relationship between residual film mass and
microplastic abundance under different mulching
durations

The results revealed a significant linear correlation between
residual plastic mulch film mass and microplastic abundance,
with microplastic accumulation showing a consistent linear
increase as residual film mass escalated ( ). Prolonged
mulching facilitated the continuous accumulation of residual
film in soils, establishing a persistent material basis for

microplastic generation; an effect particularly pronounced in
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= @ (b) © o
20 L ]
g y=9385- 149311 y=86.14x-109540 ¢ 3=90.6x+352.30 :
R2=0. = = .
2 7000 0.85 10500 |_R2=0.89 -y? 13500 | _R>=0.88 -y
5 4 ° °® °
Q Lo . z oy ©
_§ °® obe e ° ‘4
£ c 2 v e >
| o000 Y0 9000 e 12000 -
2 ¥ . . o/
‘g ” /% s .
5 A e <° ’
5 50002 o 7o
g P 7500 % 10500 —=
65 70 75 80 85 90 95 100 110 120 130 140 150 110 120 130 140 150 160
24000 26000 30000
= (d) . © . () e
% 22000 y=99.46x-899.05 , ¢ y=86.03x+2222.59 .
£ = s -
g y= 161x — 8540.64 y R2=092 = P R2=0.94 / L4
2 R*=0.90 . 24000 28000 %
3 20000 L G 58
o o r' o o
g o = / g
=} g o o o® o o0
S 18000 ol | e 2 °
2 : 22000 . 26000 <
o = 3 ° . LA ®
2 16000 —~° ol o
a e s
o) L ]
5 20000 s 24000
S 14000 .
150 160 170 180 190 200 210 220 230 240 250 260 270 260 270 280 290 300 310 320

Residual film mass (kg-ha™)

Fig. 7 Relationship between residual film mass and microplastic abundance for six mulching durations. (a—f) 5, 10, 15, 20, 25, and 30 years,

respectively.
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regions with high residual film mass (> 200 kg-ha™!). Linear
regression analysis shows that there is a highly significant
linear relationship between residual plastic mulch films and
microplastic abundance under different mulching durations
(P < 0.05). The regression models for mulching durations of
5-30 years have R? values ranging from 0.85 to 0.94 ( )
with F-statistics ranging from 37.2 to 183 (corresponding
degrees of freedom df = 28-58), indicating that the explanatory
power of residual film mass on microplastic abundance is
highly statistically significant. For every 1 kg-ha™! increase in
residual film mass, there was a corresponding average
microplastic accumulation rate of 86-93 fragments kg~!. Under
high residual film mass conditions (
to 161
accumulation not only elevated total microplastic loads but

), this rate surged
fragments kg~!, indicating that residual film

also accelerated their generation kinetics.

A distinct threshold effect emerged, characterized by a sharp
followed by
stabilization once residual film mass exceeded critical
thresholds. identified film
accumulation as a primary precursor to soil microplastics,

rise in microplastic accumulation rates

Previous  studies residual
particularly in high-load regions (> 200 kgha-!), where
accelerated fragmentation and degradation of residual film
Our

validated this mechanism and further uncovered a nonlinear

directly drove microplastic proliferation. findings
enhancement in microplastic generation when residual film
mass surpassed 160 kgha™l, suggesting threshold-triggered
acceleration in degradation dynamics. In addition, microplastic
generation was critically modulated by soil environmental
conditions. Soil temperature and moisture fluctuations, which
are key regulators of film degradation kinetics, exerted
significant control over microplastic formation!"’l. Under arid
climates, high-temperature, low-humidity soil environments
exacerbated residual film  degradation, leading to
disproportionately rapid microplastic accumulation relative to
film mass increases. This highlights the pivotal regulatory role
of regional environmental conditions in the residual film-to-
with
environmental dependencies observed in climatically distinct

microplastic ~ transformation  process, stronger

zones.

Collectively, this study elucidates a linear mass-abundance
relationship between residual films and microplastics, coupled
with a threshold-governed acceleration in microplastic
generation. Residual film accumulation was established as a

dominant driver of soil microplastic pollution, with arid

environments markedly amplifying this process. These insights
advance mechanistic understanding of film degradation and
microplastic generation across heterogeneous agroecosystems,
providing a scientific foundation for optimizing region-specific
plastic film management and recycling strategies.

4 Conclusions

This study systematically analyzed the dynamic relationship
between residual film mass and microplastic abundance in
desert cotton fields under varying mulching durations,
revealing fundamental patterns of film degradation and
microplastic accumulation. The results demonstrated that
residual film mass increased significantly with prolonged
mulching duration, having surface accumulation and gradual
downward migration. The accumulation rate of residual film
was relatively low during initial mulching stages but
accelerated markedly under long-term mulching (> 20 years),
with a more than threefold increase in the deeper soil (20-
30 cm).

Microplastic abundance was predominantly enriched in surface
soil, escalating progressively with mulching duration. The
proportion of small-sized microplastics (20-250 um) increased
significantly over time, while large-sized microplastics
(> 1000 um) declined, reflecting a trend of progressive
fragmentation and degradation of residual films into smaller
fragments under long-term mulching. In addition, a robust
linear relationship (R?> = 0.85-0.94) was observed between
residual film mass and microplastic abundance, indicating that
residual film accumulation is a dominant driver of microplastic
high
(> 200 kg-ha™!), microplastic accumulation rates accelerated

generation. In residual film mass scenarios

further, demonstrating a distinct threshold effect.

Overall, this study highlights the profound impacts of

mulching duration on residual film degradation and

microplastic  generation, underscoring the wurgency of
enhancing film recovery and optimizing mulching practices in
long-term agricultural management. However, the specific
mechanisms of microplastic impacts on the soil ecosystem
require further investigation. Future research should focus on
microplastic-soil biota interaction mechanisms by establishing
exposure experiments with different particle sizes and polymer
types of microplastics, combined with metagenomics and
metabolomics techniques, quantify the impact of microplastics

on the expression of nitrogen cycle functional genes in soil
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microbial communities. Also, it should address the cross-media  technology =~ combined with preferential flow tracer

migration flux by setting up contrasting observation areas  experiments, to construct a migration model of microplastics at

around the 200 kg-ha~! threshold, using stable isotope tracing  the soil-groundwater interface.
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