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Abstract

Microplastics (MPs) enter terrestrial ecosystems through various pathways, including the use of
plastic mulching films, treated sewage sludge, chemical and organic fertilizers. Polypropylene (PP)
and polyethylene (PE) are the dominant polymers found in both traditional and facility-based
farmland soils. MPs negatively impact soil microbial communities and also harm soil invertebrates
such as earthworms, nematodes, and springtails. In plants, MPs can induce oxidative stress, damage
cells and inhibit growth. Polystyrene (PS) is often identified as the most hazardous polymer,
frequently linked to reduced plant growth, which is the most commonly reported effect of soil MP
contamination. This review provides novel insights beyond those reported in previous literature,
revealing that greenhouse-based cultivation, vegetable crops, orchards, and vineyards are significant
contributors to increased soil microplastic contamination. Furthermore, the findings underscore
pronounced global heterogeneity in microplastic concentrations within paddy soils, with recorded
levels varying widely from 16 to 10,300 items kg™'. Oxidative stress and additive leaching are the
dominant mechanisms driving soil microplastic toxicity across exposed organisms. Quantitative
studies of fungal-mediated microplastic biodegradation report mean degradation efficiencies of
~7.5% after 50 days, with mass losses of ~23.8% after 30 days and 35-38% after 90 days.

Keywords: microplastics; mulching film; degradation; fibers; additives

1. Introduction

Plastics are extensively used across a wide range of sectors worldwide, including food
packaging, construction, the automobile industry, and agriculture. Global plastic production reached
413.8 million tons in 2020, driven by growing demand [1]. The degradation of large plastic items
through natural processes, photodegradation, and mechanical abrasion results in the formation of
microscopic plastic particles [2]. These particles, less than 5 mm in diameter, are known as
microplastics (MPs). With lifespans of up to 450 years, MPs have emerged as a significant
environmental pollutant [3].

Microplastics are highly hydrophobic and readily adsorb various pollutants such as antibiotics,
pesticides, heavy metals, polychlorinated biphenyls (PCBs), and polycyclic aromatic hydrocarbons
(PAHs) [4]. The adsorption behavior depends on the size and type of MPs, as well as the chemical
characteristics of the pollutants. For instance, the adsorption of atrazine, a commonly used herbicide,
on MPs is mainly driven by hydrophobic interactions and electrostatic attractions [5]. Once adsorbed
onto MPs, these contaminants can be taken up by crop plants and ultimately enter the human food
chain, raising concerns for human health [6].

Microplastics are categorized into two main types: primary MPs, such as microbeads found in
personal care products, and secondary MPs, which originate from the breakdown of larger plastic
debris [7]. In agricultural soils, the predominant morphotypes of MPs are films, fragments, and fibers
[8]. Fragmentation is influenced by factors such as soil organic matter, pH, and average annual
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temperature. Terrestrial environments can contain up to 6.7% MPs by mass [9], with concentrations
generally decreasing from surface to deeper soil layers.

After 32 years of plastic film mulching, MP concentrations in agricultural soils have been
reported to range from 2.5 x 10° to 7.4 x 10 particles/m? [10]. Among different land-use types,
vegetable farms tend to show the highest MP concentrations compared to orchards, croplands, and
grasslands [11]. Sources of MP contamination in agricultural soils include the use of plastic mulching
films, wastewater irrigation, atmospheric deposition, and the application of fertilizers, sewage
sludge, and compost derived from waste materials [12]. In particular, processed sewage sludge has
been identified as a major contributor to MP pollution in agricultural lands [13]. In China,
polyethylene mulch films are the primary source of MPs in agricultural soils [14]. The estimated
annual amount of MPs entering terrestrial ecosystems is 4 to 23 times higher than that entering the
oceans [15].

Microplastics impact soil physicochemical properties, such as porosity and water retention, and
influence soil microbial activity. These effects can impair plant growth and reduce crop productivity
[16,17]. Interestingly, MPs may contribute to soil carbon storage by introducing carbon-based
materials into the soil [18]. MPs with sizes and shapes similar to soil particles tend to have lesser
impacts on soil structure and water infiltration [19]. However, MPs can enter plant tissues via
apoplastic pathways and thereby reach humans through consumption [20]. They have been detected
in edible crops such as carrots, broccoli, potatoes, and apples, with higher concentrations often found
in fruits compared to vegetables [21]. MPs have also been found in human lungs, blood, and
placentas, raising serious health concerns [22].

Microplastics cause cytotoxic damage to soil organisms such as earthworms [23]. In plants, MPs
block root pores, reducing water and nutrient absorption, and induce oxidative stress, leading to
reduced root activity and plant biomass [24,25]. Epidemiological studies have linked MPs to a range
of adverse health effects, including neurotoxicity, oxidative stress, and respiratory and reproductive
disorders [26].

The abundance and movement of MPs in soils are influenced by meteorological conditions. In
orchard soils, MP levels are negatively correlated with wind speed and rainfall, but positively
correlated with temperature. In vegetable soils, MP abundance increases with higher temperatures,
more sunshine hours, and increased rainfall [27]. These factors also affect MP fragmentation and
mobility. For example, heavy rainstorms contribute to the breakdown of plastic mulching films and
the transport of MPs to aquatic ecosystems through surface runoff [28]. UV radiation plays an
essential role in driving the degradation and fragmentation of microplastics (MPs) on soil surfaces.
Annual sunshine duration is commonly used as a meteorological indicator to represent the length of
time crops are exposed to UV radiation each year. When annual sunshine exceeded 1,500 hours,
vegetable soils contained significantly higher MP abundances than food-crop soils. Additionally,
orchard soils showed substantially greater MP concentrations than food-crop soils once annual
sunshine hours surpassed 2,500 hours. This pattern may be associated with the shading provided by
orchard canopies, which reduces UV intensity and therefore requires a longer exposure period to
achieve comparable levels of MP degradation [27]. Additionally irrigation plays a significant role in
facilitating the vertical migration of MPs, and soil properties further influence their distribution and
mobility [29].

This review focuses on four key areas:

a) the origins of MPs in agricultural soils,

b) their occurrences and distribution,

c) the threats they pose to soil health, crops, and human health, and

d) current mitigation strategies and future perspectives.

Ultimately, this review aims to provide a comprehensive understanding of the fate and effects
of microplastics in terrestrial environments with focus on agricultural soils.
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2. Origins of Microplastics in Agricultural Soils

Plastic products are extensively used in the agricultural sector due to their versatility, durability,
and low cost. Materials such as plastic mulching films, irrigation tubing, and greenhouse covers
enhance crop productivity, but they also undergo fragmentation and degradation through chemical
and physical processes. Microplastic (MP) pollution in agricultural soils has become a growing
environmental concern, as MPs alter soil properties, affect crop growth, and pose risks to human
health. These particles enter terrestrial ecosystems through multiple pathways, including plastic
mulching films, treated sewage sludge, chemical and organic fertilizers, wastewater irrigation,
atmospheric deposition, personal care products, and surface runoff [30].

2.1. Plastic Mulching Films

In 2016, global agricultural plastic film consumption was approximately 4 million tons and is
projected to increase by 78.4% by 2030 [31]. Plastic mulches help regulate soil temperature, suppress
weeds, and maintain soil moisture. However, exposure to ultraviolet (UV) radiation and weathering
leads to their fragmentation. These films, primarily composed of polyethylene (PE), are considered
the main source of MPs in agricultural soils [30].

As plastic mulches degrade, they release chemical additives such as UV stabilizers, plasticizers,
and antioxidants, which pose additional environmental risks. The adsorption—desorption behavior
governing the availability of plasticizers in soil is regulated by multiple factors, including interactions
with heavy metals, which together influence their environmental persistence and associated
ecological risks. Benzophenone (BP), commonly used as a UV stabilizer in plastics, also undergoes
photodegradation, with its breakdown strongly affected by environmental variables such as the
presence of metal ions (e.g., Fe?, Fe?, and Fe®*) [32]. Complete removal of plastic films after harvest
is often unfeasible, especially when fragments become entangled with plant roots or buried at field
edges [10]. Timely collection of mulching films before tilling for the next growing season can help
mitigate MP pollution [33]. Nevertheless, recovery of MPs already formed in soils is not feasible.
Studies estimate that 25-33% of plastic mulching residues remain in cultivated fields annually [34],
with 33-56% of MPs in topsoil (0-100 cm) attributed to plastic mulch films [10].

Microplastic concentrations are closely linked to the duration of mulching film use. For example,
fields with 5, 15, and 24 years of mulching recorded MP levels of 80.3 + 49.3, 308 + 138.1, and 1075.6
+ 346.8 particles/kg soil, respectively [31]. The surface of MPs becomes increasingly rough with
continuous mulching over time [35]. While mulching films are the primary MP source, several other
contributors significantly impact microplastic levels in agricultural soils.

2.2. Treated Sewage Sludge (Biosolids)

Wastewater treatment plants (WWTPs) are a major route through which MPs enter agricultural
soils, primarily via the land application of treated sewage sludge, also known as biosolids. MPs enter
WWTPs through domestic wastewater, industrial discharge, and stormwater. While WWTPs can
remove 57%-99% of MPs, the retained particles accumulate in sludge. Biosolids, processed to reduce
pathogens and moisture, are applied to farmlands for their nutrient content (e.g., nitrogen and
phosphorus), despite containing pollutants like MPs [36].

For instance, in 2018, approximately 2.09 x 102 MPs per capita were introduced into U.S. soils
through biosolid application. In England, it is estimated that 6,430 tons of MPs are released annually
via this route [36]. In Australia, the MP load in biosolids ranges from 0.7 to 21 g per capita per year.
Fibers and films are the predominant MP shapes found after sludge application, and the majority of
MPs range from 20 um to 200 pm in size [37]. The smaller the particle size, the greater the abundance
in biosolids.

Common polymers include polyethylene (PE) and polypropylene (PP). Long-term biosolid use
results in the vertical migration of MPs to soil depths of 20-40 cm. Tillage and ploughing further
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facilitate this movement [38]. As MPs often carry heavy metals and persistent organic pollutants, this
practice poses significant risks to both human and ecosystem health [37].

2.3. Fertilizers

Controlled-release (CRFs) and slow-release fertilizers (SRFs) are gaining popularity for their
efficiency in nutrient delivery. Polymer-coated CRFs (PC-CRFs) are particularly concerning, as their
outer polymer layers degrade and contribute MPs to soil. These coatings range in thickness from 10
to 80 um [39]. Fragmentation occurs due to surface wear, mechanical agitation from tillage, and
raindrop impact [40]. Because removal of microcapsules is cost-prohibitive, they often remain in the
soil. In Japan alone, 214,372 tons of microcapsules have been introduced into agricultural soils via
fertilizers [41].

Organic fertilizers such as pig and chicken manure, as well as composted organic solid waste,
are also important MP sources. Livestock feed and packaging materials contribute to MP
contamination. Long-term use of organic fertilizers increases MP levels in soils [42]. Interestingly,
cow dung fertilizer application has been associated with lower MP inputs [43]. MP abundance in
organic fertilizers ranges from 10! to 10° particles/kg, with most being smaller than 0.5 mm [44].
Neither aerobic nor anaerobic digestion processes are effective at degrading MPs in organic waste,
allowing large quantities to enter soils.

2.4. Wastewater Irrigation

Due to freshwater scarcity and the nutrient content of wastewater, irrigation using treated
effluents is common, covering about 8% of global agricultural land [45]. MPs enter WWTPs via
personal care products (e.g., microbeads) and synthetic fibers from clothing. Although removal
efficiencies range from 90% to 99%, significant quantities persist in biosolids and effluents [46].

Primary and secondary treatments can remove up to 91.1% of MPs, while tertiary treatment can
exceed 98% efficiency [47]. In Spain, polyester and cellulosic microfibers have been found in recycled
wastewater and soils irrigated with it [48]. MP concentrations in effluents have been reported as 276.3
+ 137.3 particles/L, with most under 0.5 mm [49]. MPs in wastewater can also facilitate the transport
of heavy metals, compounding environmental risks.

Greenhouse plastic usage and runoff contribute additional MPs to surface water, which can then
enter irrigation systems—where MP concentrations range from 1.88 to 141 items/L [50]. MP content
increases with irrigation frequency and tends to migrate to deeper soil layers [51]. Overall, irrigation
using wastewater is a substantial pathway of MP contamination, affecting soil health, crop safety,
and human health.

2.5. Atmospheric Deposition

Atmospheric deposition is an increasingly recognized pathway of MPs into agricultural soils.
Microplastics are released into the air from sources like textiles, tire wear, and soil disturbance [52].
Their light weight allows them to be transported over long distances. Fragments and fibers are the
most common atmospheric MP forms. MPs are deposited via dry (e.g., sedimentation) and wet (e.g.,
rainfall, snow) processes [53].

Larger particles (>10 um) tend to settle near their source, whereas smaller particles (0.1-1 pm)
can travel long distances and be deposited by rainfall [54]. Urban areas generally have higher
atmospheric MP concentrations than rural ones. For instance, annual atmospheric MP deposition has
been reported at 15 particles/kg of dry soil, primarily polyamide fibers [55]. Deposition rates increase
during wet periods and vary significantly by region [56].

Rainfall intensity positively correlates with MP deposition, while duration may have a negative
effect. Snowfall is even more efficient at capturing MPs due to its larger surface area [57]. Deposition
is highest during winter, as low temperatures inhibit atmospheric dispersion [58,59]. High humidity
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further promotes MP deposition [60]. Thus, atmospheric deposition is a significant contributor to MP
contamination in agricultural soils.

2.6. Personal Care and Cosmetic Products

Cosmetics and personal care products (C&PCPs) are another pathway of MPs into soils. Items
such as facial scrubs, toothpaste, soap, deodorant, and nail polish often contain microbeads made
from PE or polystyrene (PS) [61-63]. These MPs either end up in landfills or pass through WWTPs,
contributing to terrestrial pollution. The average MP content in C&PCPs has been reported as 17,692
+ 13,835 particles per mL or gram [61].

Figure 1 presents the main sources of MPs in soils.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202512.1101.v1
http://creativecommons.org/licenses/by/4.0/

6 of 29

10
ORIGI NS 0 F M I c ROPLASTICS x Plastic mulching films
IN AGRICULTURAL SOILS
% | o
& ¢ x Treated sewage sludge
i §
PLASTIC TREATED FERTILIZERS @ Fertilizers
MULCHING FILMS SEWAGE SLUDGE g 6
l g Wastewater irrigation
\ 2
L7
: ! ,‘; g Atmospheric deposition
. 9 4 a 4
» v 5
_ =
WASTEWATER ": -. .. h PERSONAL CARE & g Cosmetics and personal care products
IRRIGATION i COSMETIC PRODUCTS s
ATMOSPHERIC =
\ DEPOS1TION / w2 X  Plastic mulching films
X Treated sewage sludge
X Fertilizers
> Wastewater irrigation
Atmospheric deposition
X Cosmetics and personal care products
o0 2 4 6 8 10
Magnitude of Microplastic Input to Soil (relative scale, a.u.)
(@) (b)

Figure 1. Microplastics in agricultural soils: a) main sources of MPs; b) Meta-Analytic map of MP inputs (a.u.: arbitrary unit).
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As shown in Figure 1b, microplastics originating from plastic mulching films and treated sewage
sludge in agricultural soils exhibit high environmental persistence and pose significant risks. In
contrast, microplastics derived from cosmetics, personal care products, and atmospheric deposition
contribute only minimally to environmental risk.

3. Occurrences of Microplastics in Agricultural Soils

Microplastics (MPs) have been detected in a variety of soil types, including agricultural, coastal,
and industrial soils. Global studies have explored MP abundance, with China contributing a
significant share of the research [6]. In the Qinghai-Tibetan Plateau, the world’s highest plateau, MP
concentrations in both open-field farmland and greenhouse soils ranged from 16.67 to 950 items/kg
[64]. In the Weishan Irrigation District, a major agricultural area in the Yellow River basin, average
MP concentrations in crop fields, vegetable plots, woodlands, and orchard soils were 512, 900, 633,
and 615 items/kg, respectively. Across these land use types, MP concentrations ranged from 260 to
2,420 items/kg, with a mean of 644 + 397 items/kg [65].

In Hebei Province, China, long-term organic fertilizer application resulted in MP concentrations
ranging from 90 to 910 items/kg (mean: 368.88 + 207.97). Higher application rates correlated with
increased MP abundance, and notably, MPs were found in deeper soil layers, contradicting the
general trend of decreasing concentrations with depth [42]. In Shihezi City, China, after 23 years of
continuous use of polyethylene and biodegradable mulching films in cotton fields, topsoil (0—20 cm)
MP concentrations ranged between 6,767 and 8,507 particles/kg [66].

Crop type significantly influences MP occurrence. In Sri Lanka’s Gampaha District, MPs in
coconut, vegetable, and paddy fields ranged from 53-153, 253-433, and 447-613 pieces/kg,
respectively [67]. In suburban Shanghai, vegetable fields with 5-10 years of mulch application had
MP concentrations between 62-78 particles/kg [68], supporting the observation that longer mulch use
results in higher soil MP levels. Similarly, after 15 years of chicken manure compost application in
Changziying Town, northern China, greenhouse soils contained between 191-248 items/kg (mean:
196 + 29) [69]. In Thailand’s Nakhon Pathom province, six years of plastic mulching resulted in 620
items/kg in greenhouse soils [33].

In Japan’s Ishikawa Prefecture, paddy fields fertilized with coated fertilizers showed MP
concentrations ranging from 2 to 123 items/kg (mean: 48 + 26) [41]. In Iran, MPs in agricultural soils
ranged from 67 to 400 items/kg [70], while in Spain, mulched farmland soils averaged 2,116 + 1,024
items/kg [71]. In western Germany, MPs in vineyard soils ranged from 400 to 13,000 items/kg, with
an average of 4,200 + 2,800 items/kg. MPs were more concentrated in the upper 0-10 cm (5,109 2,932
items/kg) than in the 10-30 cm layer (3,250 + 2,406 items/kg), and organically managed vineyards had
slightly lower levels than conventionally managed ones (3,800 vs. 4,500 items/kg, respectively) [72].
Figure 2 presents microplastic abundance in paddy soils across different regions of the world.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 2. Microplastics abundance in paddy soils across various regions worldwide. The sources of data in each
bar originate respectively from: [67,73-80].

According to Figure 2, microplastic (MP) abundance varies significantly across different study
areas worldwide, ranging from 16 to 10,300 items/kg. This variation may be attributed to factors such
as irrigation water transport, inadequate plastic waste management, weather conditions, application
of coated fertilizers and atmospheric deposition.

Land use type also plays a key role. In Shouguang City, China, average MP loads in greenhouses
and polytunnels were 2,986.1 + 1,663.8 and 2,506.9 + 1,160.4 items/kg, respectively. In comparison,
cotton, maize, and wheat fields showed 2,246.0 + 526.1, 1,700.1 + 244.2, and 1,343.8 + 458.8 items/kg,
respectively [81]. Mulched soils (e.g., greenhouses and cotton fields) generally had higher MP levels
than non-mulched ones (e.g., maize and wheat fields). MPs also decreased with depth: 0-20 cm
(1,948.1 + 9925 items/kg), 20-40 cm (1,349.4 + 654), and 40-60 cm (670.1 + 341.6). However,
agricultural tillage can homogenize MP distribution across the top 40 cm [81].

Sewage sludge is another significant source. After ten years of sewage sludge application in
Chile, MPs ranged from 0.6 to 10.4 items/g, indicating clear long-term contamination [82,83]. In
eastern Spain, sludge-treated soils contained 3,060 + 1,680 MPs/kg, compared to 1,100 + 570 MPs/kg
in untreated soils [84]. In Shandong Province, China, 16 years of annual sludge application at 36 t/ha
resulted in an average of 6,811 MPs/kg in topsoil, five times the concentration in untreated soils [85].
Table 1 summarizes the primary sources and characteristics of soil MPs across various regions
worldwide.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Table 1. Global Overview of Primary Sources and Characteristics of Soil Microplastics.

Region Source Crop type Polymer type Abundance Color Shape Reference

Chengguan, China Mulching films Greenhouse crops PE 611,11 items/kg Black Fiber (Bai et al., 2024)

Liaocheng, China  Plastic inputs, organic fertilizers and Vegetable crops  PE 900 items/kg  TransparentFiber (Xu et al., 2025)
irrigation water

Liaocheng, China  Plastic inputs, organic fertilizers and Orchard crops PE 615 items/kg  TransparentFiber (Xu et al., 2025)
irrigation water

Gampabha, Sri Lanka Irrigation water, mulching materials, organic Paddy fields PET 518 items/kg  Blue Fiber (Athavuda et al., 2024)
fertilizers, inputs from air drift

Gampabha, Sri Lanka Irrigation water, mulching materials, organic Vegetable crops  PET 433 items/kg  Black Fiber (Athavuda et al., 2024)
fertilizers, inputs from air drift

Gampabha, Sri Lanka Irrigation water, mulching materials, organic Coconut crops PET 57 items/kg  Blue Fiber (Athavuda et al., 2024)
fertilizers, inputs from air drift

Nakhom Pathom,  Mulching films Greenhouse crops PDVF! 620 items/kg NA?2 NA (Boonsong, et al.,

Thailand 2024)

Murcia, Spain Mulching films Vegetable crops  Light density polyethylene2116 items/kg NA NA (Beriot et al., 2021)

Mellipilla, Chile Sewage sludge application Corn NA 4.38 mg/kg NA Fiber (Corradini et al., 2019)

Jiangsu, China Sewage sludge application NA Polystyrene acrylate 149.2 items/kg NA Fiber (Yang et al., 2021)

Valencia, Spain Sewage sludge application Cereals Light density polyethylene2130 items/kg NA Fragment(Van den Berg et al.,

2020)
Moselle, Germany  Mulching film, grape protection nets, Vineyard PP 4200 items/kg NA Fragment(Klaus et al., 2024)

pheromone traps

! Polyvinylidene fluoride, 2 NA: Not available.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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According to Table 1, mulching film appears to be the primary source of microplastic pollution
in the soil worldwide. Facility agriculture (such as greenhouses and vegetable crops) and perennial
crops (including orchard crops and vineyards) are associated with increased levels of soil
microplastic pollution across different crop types.

3.1. Microplastic Particle Size

Particle size greatly influences MP behavior, mobility, and environmental impact. Smaller MPs
tend to persist longer and migrate more easily. Xu et al. [65] found that over 78% of MPs in four land
use types in Shandong Province were between 0.1-2 mm, with the dominant size being 0.2-1 mm. In
Hebei Province, MPs from soils treated with pig, chicken, and sludge composts averaged 1.67 + 0.88
mm, 1.10 + 0.88 mm, and 1.25 + 0.90 mm, respectively [42].

In Shihezi City, long-term mulch use resulted in MPs <0.25 mm [66]. MPs in Sri Lanka ranged
from 5 um to 5 mm, with many particles <50 um in Thai greenhouse soils subjected to 1-6 years of
mulching [33]. Similar results were reported along China’s Yangtze River, where 42% of riparian MPs
were 10-50 um [86]. Studies on sludge-treated soils revealed that 44.7%-59.1% of MPs were <1 mm
[83], and over 80% of MPs in farmland from five Chinese provinces were under 1 mm [87]. In
Shouguang City, most MPs in both greenhouse and open field soils were <0.5 mm [88].

3.2. Microplastic Shape

The shape of MPs influences their transport and environmental impact. Fibers and films are
particularly mobile, spreading across soil surfaces and migrating via runoff into aquatic systems [89].
In Sri Lanka’s paddy and vegetable fields, fibers were the dominant shape (34-67%), followed by
fragments (17-37%) and foams (9-25%) [67]. In Shihezi cotton fields, films comprised 41% of all MPs
[66]. After 15 years of compost application in Chinese greenhouse soils, fibers made up 47.7%,
fragments 31.4%, and films 15.8% of MPs [69].

Fiber-shaped MPs tend to migrate vertically more easily than other shapes. In sludge-treated
soils, fibers were also the dominant type, averaging 1.21 + 0.25 synthetic fibers/g, while films
accounted for 58% of non-fiber MPs [82].

3.3. Microplastic Color

MP color reflects their source and usage. Six different MP colors black, blue, green, white,
transparent, and red were identified in Qinghai-Tibetan Plateau soils, with black (34.3%), transparent
(20.6%), and blue (20.5%) being dominant [64]. These patterns align with the use of black mulching
films and blue agricultural twines.

In Shanghai, black and transparent MPs dominated vegetable field soils [68]. Bi et al. [90]
reported transparent (55.5%) and black (15.1%) as the most prevalent colors in eastern China’s coastal
plain soils. In the Weishan Irrigation District, transparent and blue MPs were most common due to
agricultural film use and industrial wastewater [65]. After 12 years of organic fertilizer application in
Hebei Province, 56.04% of MPs were transparent and 11.65% were blue, linked to livestock feed bags
and storage tanks [91].

3.4. Microplastic Polymer Type

Different agricultural practices influence MP polymer composition. Polypropylene (PP) and
polyethylene (PE) dominate in traditional and facility farmland soils, while polystyrene (PS) and
polyethylene (PE) are more common in grasslands [92]. PE is the main polymer in mulch films,
explaining its dominance in mulched soils. After 15 years of compost use in greenhouse soils, PE and
PP were again most prevalent [69].

Twelve years of organic fertilizer application in Hebei Province resulted in MPs composed
mainly of PE, PP, and polyester [42]. In the Weishan Irrigation District, PE accounted for up to 36%
of all MPs, with PP also frequently detected [65]. Bai et al. [64] found that PET (36.9%), PE (20.1%),
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and PP (17.2%) dominated in soils near greenhouses in the Qinghai-Tibetan Plateau, likely due to
improper disposal of pesticide containers, extensive film usage, and fishing nets. These findings align
with Li et al. [93] who reported PP and PE as dominant in vegetable greenhouse soils.

4. Threats of Microplastics in Agricultural Soils

Microplastics (MPs) can infiltrate agricultural soils through water percolation, biological
activity, and tillage operations. Once in the soil, they pose significant threats to the microbial
community, soil fauna, plant development, soil properties, carbon cycling, food safety, and even
human health. The extent of these impacts is influenced by several MP characteristics, including
polymer type, shape, size, concentration, and exposure duration. Due to their high surface-area-to-
volume ratio, MPs can also adsorb and transport a range of environmental contaminants, including
heavy metals, pesticides, polycyclic aromatic hydrocarbons (PAHs), and trace elements. In addition,
additives leaching from plastic mulch films may further disrupt the soil microbiome.

4.1. Effects on Soil Microbial Communities

MPs adversely affect microbial populations such as bacteria and fungi, particularly through their
role in introducing toxic metals and organic pollutants into the soil. They are known to reduce
microbial biomass and alter community composition, thereby disrupting key soil processes like
organic matter decomposition and nitrogen fixation [30,94]. A decrease in microbial diversity can
impair soil fertility and promote the proliferation of pathogenic organisms [30]. Research has shown
a microbial biomass reduction of up to 15% in soils where MP concentrations range from 0.1-1%,
with negative implications for the biogeochemical cycling of nutrients such as nitrogen, phosphorus,
potassium, and carbon [95].

High concentrations of polyethylene (PE) have been associated with declines in nitrogen-fixing
bacteria, including families such as Sphingomonadaceae and Xanthobacteraceae, which are essential
for degrading organic pollutants [96]. Polyacrylic and polyester fibers have also been shown to
suppress microbial activity [16]. In Germany, polyethylene terephthalate (PET) contamination was
found to decrease root colonization by arbuscular mycorrhizal fungi and to reduce microbial
metabolic activity in sandy loam soils [17].

Further studies demonstrated that 5% (w/w) PE particles in fertilized soils inhibited members of
the Chloroflexi phylum and Rhodoplanes genus [97]. The presence of PE also reduced the abundance
of Bacteroidetes, Nitrospirae, and Acidobacteria. MPs and their additives (e.g., UV stabilizers, flame
retardants, antioxidants) have been shown to reduce populations of key bacterial taxa by 23-57% and
fungal taxa by 30-43% [98,99].

Microplastics also reduce fungal diversity. For example, exposure to polyvinyl chloride (PVC)
and PE MPs at 14% concentrations led to decreased abundance of Chytridiomycota and
Basidiomycota in soils from Beijing [99]. These effects are likely due to the difficulty of biodegrading
MPs and the leaching of toxic substances like bisphenol A and phthalates [81].

4.2. Impact on Soil Fauna

Soil invertebrates such as earthworms, nematodes, and springtails are particularly vulnerable to
MP contamination. MPs can cause physical damage to digestive systems, interfere with nutrient
assimilation, and disrupt natural behavior and reproduction.

Earthworms, which play a vital role in soil aeration, organic matter decomposition, and nutrient
cycling, are negatively affected by MP exposure. Polystyrene (PS) and high-density polyethylene
(HDPE) MPs have been shown to reduce earthworm biomass and increase mortality rates [100,101].
PS exposure also resulted in DNA damage and suppressed antioxidant enzyme activity [102], while
exposure to PE and polypropylene (PP) altered lipid metabolism and immune responses [103]. MPs
facilitate the bioaccumulation of toxic compounds like phenanthrene and cadmium, further
exacerbating their toxicity [104,105].
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Nematodes such as Caenorhabditis elegans also experience adverse effects. Studies report
reduced survival, shorter body length, lower offspring numbers, and even oxidative stress when
exposed to PS and PP MPs [12,106,107]. Larger MP particles tend to be more harmful than smaller
ones [108].

Springtails, which contribute to organic matter fragmentation, are similarly impacted. PE and
PS particles reduce their mobility, reproduction, and behavioral responses, which could be linked to
changes in soil moisture dynamics and bulk density [109-111].

4.3. Effects on Plants and Food Safety

MPs are taken up by plant roots and can be translocated to aerial tissues. This uptake disrupts
root function, reduces photosynthetic efficiency, and impairs nutrient and water absorption, thereby
threatening food security. MPs can also cause oxidative stress, damaging plant cells and reducing
growth.

PS MPs have been shown to cause cytotoxic effects in onion root cells [112] and reduce root
biomass in common bean (Phaseolus vulgaris L.) [113]. In rice, PS and PVC exposure reduced
photosynthetic rates by 31.49% and 43.81%, respectively [114,115]. MPs alter chlorophyll a/b ratios,
reduce chlorophyll content (up to 15%), and contribute to yield loss [19,30]. Smaller MPs tend to
produce stronger negative effects on photosynthesis [116].

Contaminated soils can lead to the accumulation of MPs and associated toxins (e.g., antibiotics,
PAHs, pesticides) in edible plant tissues, posing serious food safety risks [117]. Root vegetables such
as potatoes and carrots are particularly susceptible [118]. MPs absorbed by plants can induce
antioxidant reactions and oxidative stress, further affecting plant metabolism and quality [114,119].

4.4. Risks to Human Health

MPs can enter the human body via ingestion, inhalation, or dermal contact. As carriers of toxic
substances, including heavy metals, PAHSs, bisphenol A, and phthalates, they pose substantial health
risks. MPs have been associated with oxidative stress, immune response activation, membrane
damage, and genetic toxicity in human cells [26].

They may impair neurological function by crossing the blood-brain barrier, reduce dendritic
spine density, and trigger inflammatory responses in the hippocampus. Cardiovascular risks include
impaired cardiac function, myocardial fibrosis, hemolysis, and thrombosis. Marfella et al. [120] linked
MPs exposure to increased risks of stroke and myocardial infarction.

In the digestive system, MPs have been shown to reduce mucus secretion, damage intestinal
flora, and contribute to liver diseases such as hepatitis and cirrhosis. Reproductive toxicity includes
oocyte damage, sperm abnormalities, reduced motility, and decreased fertility. MPs exposure has
also been linked to endocrine disruption, cancer, diabetes, and obesity due to the presence of
additives like phthalates and bisphenols [121].

4.5. Effects on Soil Properties and Carbon Emissions

MPs alter key soil physical and biological properties, with downstream consequences for plant
performance. They can disrupt soil aggregation, decrease porosity, affect bulk density, and reduce
nutrient retention, thereby increasing erosion risks by 10-15% [17,30,122].

At concentrations of 0.5%, MPs have been found to reduce soil porosity by 12% [30], raise
electrical conductivity by 44% [123], and lower organic carbon content and soil pH, particularly in
acidic soils [101,123-125]. PVC MPs can also reduce soil aggregate size [126]. Such changes reduce
soil fertility and water-holding capacity.

MPs affect carbon dynamics by influencing microbial respiration and CO, emissions. Soils
contaminated with >1% MPs show significantly increased CO. emission rates [6]. High
concentrations of PVC MPs elevated emissions by 43.9% [127], while biodegradable MPs like
polylactic acid (PLA) and PBAT were found to quadruple CO, emissions in some studies [128,129].
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A meta-analysis of 112 studies confirmed that MPs increase soil CO, emissions by an average of
54.3%, driven largely by changes in microbial activity and abundance [130]. Figure 3 presents
potential impacts of soil microplastic pollution.

Threats of Microplastics in Agricultural Soils 4
Effects on Soil Impacts on : " % * 5
Microbial Communities. Soil Fauna =
B 3
4 ' + Reduce microbial biomass + Physical damage to dig- K] x
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Figure 3. Impacts of soil microplastic pollution: a) threats of MPs; b) Meta-Analytic map of MP impacts (a.u.:
arbitrary unit).

As shown in Figure 3b, microplastics in agricultural soils exhibit high environmental persistence
and pose significant risks to soil microbial communities and soil fauna, while the associated risks to
human health are comparatively lower.

4.6. Combined Toxicity of Microplastics and Co-Occurring Contaminants

Soil contamination by MPs and heavy metals (HMs) is increasingly recognized as a significant
global environmental challenge with substantial ecological and human health implications. The
interactions between MPs and HMs are strongly influenced by factors such as MP type, aging,
concentration, and particle size, as well as the physicochemical characteristics of the HMs and the
soil matrix [131]. Recent studies have demonstrated that MPs can serve as vectors for the transport
of HMs in soil environments, including cadmium (Cd), chromium (Cr), copper (Cu), nickel (Ni), lead
(Pb), and zinc (Zn) [132]. The sorption of HMs onto MPs occurs through a three-step process,
including the initial transfer of ions to the particle surface, subsequent internal diffusion, and final
binding at specific sorption sites [133]. When the association between HMs and MPs is weak, HMs
are more likely to desorb from MPs than from the soil matrix [134]. Interaction mechanisms can be
classified into two main types: physical adsorption and chemical adsorption (chemisorption) During
these interactions, chemical mechanisms, including electrostatic interactions and surface
complexation, represent the primary pathways for direct binding between microplastics and heavy
metals [135]. Consequently MPs act as vectors for HMs in soils, increasing their bioavailability and
facilitating their uptake by organisms, thereby promoting transfer through food webs [131].

MPs and antibiotics, two prominent classes of emerging contaminants, frequently co-occur in
soil environments. The presence of MPs has been shown to reduce antibiotic availability across
various soil types, with soil physicochemical properties exerting a more substantial influence on this
reduction than the specific type or concentration of MPs. The impact of MPs on antibiotic mobility
and bioavailability arises from their alteration of soil characteristics and the modification of available
adsorption sites [136].

Pesticide residues can be strongly sorbed onto microplastics originating from agricultural mulch
films. The extent of sorption is highly contaminant-specific and is largely governed by the
compound’s hydrophobicity, as reflected by its log Kow value; pesticides with greater
hydrophobicity exhibit markedly higher affinity for microplastic surfaces [137]. Co-exposure can
produce combined or synergistic biological effects (altered plant uptake, microbial changes, increased
toxicity) in lab/short-term studies but field-scale evidence is still limited [137,138].
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4.7. Summary of the Potential Impacts of Soil Microplastics

As previously mentioned, MPs have a wide range of negative impacts on the terrestrial
environment. Table 2 summarizes the potential effects of microplastics on agricultural soils based on
studies around the world.

Table 2. Potential threats of MPs in agricultural soils.

Study area Polymer Potential effects Remarks Reference
type
Hangzhou China PE Decline of Sphingomonadaceae Inhibition of the [96]
and Xanthobacteraceae (soil ~ biodegradation of soil organic
bacterial communities) pollutants.

Berlin, Germany PET Limited plant growth Reduced root colonization by [17]
arbuscular mycorrhizal fungi,
non arbuscular mycorrhizal
fungal structures and

mycorrhizal fungal coils

Langfang, China LDPE

Inhibition of the abundance of Limited degradation of [139]

Bacteroidetes

complex organic matter in soil
biosphere

Jinling, China  PS

Increased mortality of
earthworms

Inhibition of organic matter  [100]
decomposition and
maintenance of soil structure

Kaifeng, China PS

Cellular root toxicity

Inhibition of the absorption of [112]
water and nutrients by plants

Beichen, China PS

Reduced photosynthetic
activity of plants

Limited plant growth [115]

Tianjin, China  PS

Human health risks

The migration of PS-MP [117]
particles in carrot roots

(grown in hydroponic

systems) is facilitated by the
presence of arsenic (As) in the
hydroponic solution

Salerno, Italy

PE, PVC

High risk of myocardial
infarction and stroke,

These findings are based on  [120]
clinical observations

Sanming,, China LDPE

Reduction of soil pH

MPs alter cation exchange [125]
capacity

Pinggu, China PVC

Disruption of soil GHG
emissions

Enhanced CH:4 emissions and [126]
soil CO:2 emissions

As shown in Table 2, polystyrene (PS) appears to be the most common polymer type associated
with the potential threats of soil microplastic pollution. Moreover, limited plant growth is the most
frequently reported effect, attributed to factors such as reduced root colonization by mycorrhizal
fungi, cellular root toxicity, decreased photosynthetic activity, and lowered soil pH.

Toxicity mechanisms of MPs in microbes, fauna, and plants vary from oxidative stress to
leaching of additives and are linked to specific polymer types and particle sizes. Table 3 presents the
main toxicity mechanisms, polymer types, sizes and types of affected target and concludes that
polystyrene is the most recorded polymer type across all toxicity mechanisms.
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Table 3. Toxicity mechanisms of soil MPs across different type of exposed biological target.
Toxicity Mechanism Polymer MP size Exposed Reference
type biological target
Oxidative stress PS 10um  Rice plants [114]
Oxidative stress PVC 10um  Rice plants [114]
Oxidative stress PS >100nm Earthworms [102]
DNA damage PS >100nm Earthworms [102]
Histopathological damage PS 1300nm Earthworms [102]
Disruption of cell division PS 100nm  Allium cepa [112]
Cytotoxicity (reduction of mitotic index) PS 50nm  Allium cepa [140]
Genotoxicity (induction of cytogenetic anomalies PS 50nm  Allium cepa [140]
Leaching of additives PVC 150um  Candidatus [141]
Nitrosocosmicus
Leaching of additives PA,PP 30um  Xanthobacteraceae [58]
Reactive oxygen species (ROS) PS 5 um Root carrots [117]

The majority of the cited effects are based on short-term laboratory studies utilizing microplastic
concentrations far exceeding environmental levels, highlighting a significant limitation.
Aralappanavar et al. [142] emphasize that the majority of existing research relies on short-term
laboratory simulations, typically conducted over several weeks or months, which capture only initial
and potentially transient microbial responses to microplastics. Consequently, the authors underscore
the need for well-designed field studies with sufficient replication and robust control treatments to
accurately evaluate the long-term effects of microplastics on soil microbial communities and their
functional dynamics. Smidova et al. [143] similarly concluded that extended-duration
ecotoxicological assessments are critical for reliably evaluating the environmental risks associated
with agricultural plastic use and for ensuring the sustained preservation of soil quality.

5. Management Strategies and Future Perspectives

MPs in agricultural soils pose a significant threat to agroecosystems, affecting soil structure,
microbial communities, soil fauna, plant growth, food security, human health, and contributing to
increased CO, emissions. Addressing this emerging environmental challenge requires a combination
of mitigation strategies, technological innovation, policy implementation, and focused future
research.

5.1. Remediation and Mitigation Strategies

Biocatalytic and Photocatalytic Degradation:

Biocatalytic and photocatalytic processes have shown considerable promise in degrading MPs
in soils [144]. Enzymes such as hydrolases, lipases, cutinases, lignin peroxidases, and PETases play
key roles in catalyzing the breakdown of MPs. Advances in protein engineering and enzyme
immobilization techniques can significantly enhance biocatalytic efficiency. Photocatalysis, utilizing
agents like titanium dioxide (TiO), zinc oxide (ZnO), and clay-based catalysts, offers another
promising avenue for MP degradation in soil environments [144].

Soil Amendment with Biochar:

Application of biochar to MP contaminated soils has been shown to mitigate negative effects on
microbial communities and elemental cycling [145]. Biochar increases the availability of nutrients
such as NOs-, NHy*, and available phosphorus while enhancing the abundance of element-cycling
microorganisms.
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Thermal Treatment Technologies:

Thermal treatments, such as pyrolysis, have proven effective in reducing MPs in soils,
particularly those amended with sewage sludge. Pyrolysis at high temperatures (around 500 °C) can
decompose MPs, and catalytic pyrolysis has demonstrated greater efficiency due to enhanced
reaction kinetics [146,147]. This method is particularly suitable for remediation of surface soil layers
[148].

Phytoremediation:

Phytoremediation, involving phytoextraction and phytostabilization, utilizes plant roots to
absorb and stabilize MP pollutants. However, high levels of MP contamination may reduce plant
growth, thus limiting the effectiveness of this approach [148].

Microbial Degradation:

Microbial degradation is a promising strategy involving bacteria, fungi, and microbial consortia.
Fungi such as Aspergillus niger, Trichoderma spp., and Aspergillus norvegicus demonstrate
potential due to their enzymatic systems that break down MPs into monomers [149]. Four fungal
isolates obtained from the plastisphere associated with LDPE mulch film—treated agricultural soils
displayed measurable degradation activity toward LDPE microplastic particles (MPPs). Among these
isolates, Penicillium sp. FSB2 exhibited the most pronounced biodegradation capability, achieving a
5.25 + 0.23% reduction in LDPE MPPs within a 30-day incubation period. These results suggest that
Penicillium sp. FSB2 possesses strong potential as an efficient biodegrading strain for mitigating
LDPE-derived microplastic contamination [150]. Yu et al. [151] investigated the degradation
performance and underlying mechanisms of polystyrene (PS) microplastics utilizing five edible
fungal species, Auricularia auricula, Pleurotus ostreatus, Ganoderma lucidum, Pleurotus pulmonarius, and
Pleurotus cornucopiae. Among the tested strains, P. ostreatus exhibited the greatest biodegradation
capacity, achieving a PS microplastic reduction of 16.17 + 8.87% over a 50-day incubation period
[151].Table 4 summarizes published studies that have quantified plastic biodegradation or
mineralization by fungi using laboratory experiments or soil-relevant assay systems.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202512.1101.v1
http://creativecommons.org/licenses/by/4.0/

17 of 29

Table 4. Quantified biodegradation or mineralization of plastics by fungi in lab or soil-relevant assays.

Reference Polymer Fungus (strain if available) Assay type Main methods Main quantitative result
[152] Polystyrene (PS) films Penicillium variabile Laboratory (liquid/solid #C radiotracer Measured mineralization of C-PS by P. variabile;
(1*C-labelled) culture, radiotracer mineralization (measure ozonation pretreatment significantly enhanced
mineralization) 14CQ,), ozonation pre- mineralization (quantitative *C mineralization values
treatment tested reported in paper).
[151] Polystyrene (PS) Edible fungi tested, Pleurotus Lab assays (liquid and ~ SEM, FT-IR, enzyme Average degradation ~7.49% after 50 days; Pleurotus
microplastics ostreatus highest performer  soil-like tests) assays, CO, measurement ostreatus highest ~16.17 + 8.87% (50 d).
(and others)
[153] LDPE films Rhizopus arrhizus SLNEA1  Batch / continuous Weight loss ~23.8% weight loss after 30 days (R. arrhizus SLNEA1,
and other fungi culture (liquid / film measurements, SEM, batch culture); continuous culture >23% after 90 days
exposure) chemical characterization (paper reports time course and comparative data).
[154] LDPE films Cladosporium Laboratory (solid film  Weight loss, SEM, FT-IR, Reported rapid weight loss in some isolates (examples in
sphaerospermum and other exposure in culture) CO; evolution paper: some isolates produced measurable weight loss
isolates within days; literature comparisons include 35-38% in 90
days for some fungi). Exact per-isolate numbers in
text/figures.
[155] Polyethylene (PE) Strain DL-1 (fungal isolate ~ Lab incubation Weight-loss method, Verified that strain degraded PE MPs by measurable
microplastics described in paper) (microplastic electron microscopy, weight loss (paper reports % weight loss and structural
suspension/solid assay) growth on PE as C source evidence).
[156] Green polyethylene Pleurotus ostreatus (PLO6)  Solid substrate / fungal Weight (dry mass) loss of Reported surface oxidation and loss of dry mass of GP
(GP) — bio-based PE culture (soil-relevant substrate, FT-IR, after fungal treatment; quantitative mass-loss and
substrate with GP) mechanical property changes in mechanical properties presented in the paper

changes

(examples: significant substrate mass reduction and
evidence of polymer oxidation).
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5.2. Physical and Chemical Remediation Methods

Various techniques have been proposed for the physical separation and chemical treatment of
MPs in soil:

e Density Separation and Centrifugation:

This method leverages the density differences between soil particles (2.6-2.7 g/mL) and MPs
(0.9-2.3 g/mL). Solutions such as NaCl, MgCl,, ZnBr,, and ZnCl, are effective for this process.
Centrifugation has achieved removal efficiencies above 90% for many MP types, although
hydrophilic plastics like PET exhibit lower recovery rates [157,158].

e  Chemical Digestion and Filtration:

Strong oxidizing agents (e.g., HCl, HNO;, H,SO,) are used to degrade organic material, enabling
MPs to be filtered out using methods such as membrane filtration, elutriation, and sieve separation.
Membrane filtration captures MPs larger than the pore size, while elutriation and sieve methods
separate MPs based on size and buoyancy.

e  Qil-Based Extraction:

This method involves mixing soil with water and oil, causing MPs to migrate into the oil layer
where they can be removed. It effectively isolates MPs like PS, PP, PVC, PET, HDPE, LDPE, and
polyamide [158].

e  Flotation:

Adding solutions like CaCl, or NaCl to MP contaminated soil causes MPs to float and be
collected through filtration. Flotation has demonstrated removal efficiencies of up to 90% [159,160].

5.3. Agricultural Management and Policy Measures

Improved agricultural practices and environmental policies play a crucial role in reducing MP
pollution:

e  Reduction in Plastic Film Use:

Limiting the use of conventional agricultural plastic films can significantly decrease the
accumulation of MPs in soils.

e  Adoption of Biodegradable Alternatives:

Biodegradable films made from polylactic acid (PLA) and polyhydroxyalkanoates (PHAs) offer
effective alternatives to conventional plastic films, minimizing MP pollution (Bai et al., 2024). Liu et
al. [161] reported that polyethylene (PE) mulch films reduced microbial species turnover, whereas
films composed of poly(butylene adipate-co-terephthalate)/poly(propylene carbonate) (PBAT/PPC)
better maintained soil bacterial diversity. Additionally, relative to PE, PBAT/PPC films promoted the
enrichment of microorganisms associated with polymer degradation, particularly members of the
orders Bacillales, Burkholderiales, and Actinomycetales. Recent studies further indicate that
biodegradable polyglycolic acid (PGA) mulch films substantially enhance the a-diversity of soil
fungal communities, stimulate microbial metabolic activity, and support improved plant growth by
enhancing soil aggregate structure and increasing water retention capacity. Compared with PBAT-
based films, PGA mulch films exhibit superior thermal stability relative to both PE and PBAT, thereby
demonstrating greater practical advantages in crop applications. Moreover, the full biodegradability
of PGA films contributes to lower microplastic accumulation in soils and reduces long-term
ecological risks to soil ecosystems [162]. Biodegradable polymers such as poly(vinyl alcohol) (PVA)
and starch are also being actively investigated as environmentally sustainable alternatives due to
their non-toxicity, biodegradability, and excellent film-forming properties [163]. Electrospun PVA-
starch films have been shown to possess favorable mechanical, thermal, and degradation
characteristics, reinforcing their potential as eco-friendly replacements for conventional PE mulching
materials [163]. Field evaluations conducted in cotton production systems in Xinjiang (China) further
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demonstrated that composite films composed of PBAT and poly(propylene carbonate-co-phthalate)
(PBAT/PPCP) exhibit superior durability and weather resistance compared with traditional mulching
films. These properties subsequently improved cotton yield performance, supporting their
integration into sustainable agricultural management while providing a promising mitigation
strategy for agricultural plastic pollution [164].

e  Legislation and Awareness:

Bans on disposable plastic items and microbeads, as well as public awareness campaigns, are
critical in curbing plastic waste and subsequent MP contamination. For instance, the European Green
Deal’s “Zero Pollution Action Plan for Water, Air, and Soil” supports efforts to reduce MPs in the
environment [64,165].

5.4. Research Gaps and Future Directions

Despite increasing awareness, substantial knowledge gaps remain regarding the
ecotoxicological effects and environmental behavior of MPs in terrestrial ecosystems. Addressing
these gaps is essential for safeguarding ecosystem integrity and human well-being.

Key challenges include:

e The complex nature of terrestrial ecosystems, which hinders effective monitoring of MP
transport and transformation.

e  Laboratory simulations often fail to replicate real-world soil dynamics, leading to inaccurate risk
assessments.

e  The lack of long-term, standardized experimental designs limits understanding of MP impacts
over time.

Future research should:

e  Develop ecological indicators strongly correlated with MP impacts.

e Implement tiered ecological risk assessment models incorporating these indicators.

¢ Improve understanding of MP degradation pathways and interactions with soil biota.
e  Explore scalable and sustainable remediation technologies adapted to field conditions.

Only through a multidisciplinary approach that integrates science, technology, policy, and
community engagement can the challenges posed by microplastic pollution in agriculture be
effectively addressed.

6. Conclusions

Microplastics have been recognized as emerging pollutants, drawing global concern over their
impact on soil ecosystems. A large number of scientific articles have been published, and extensive
research has been carried out to address agricultural soil microplastic pollution. The main
conclusions of this overview, related to the occurrence and effects of microplastics in terrestrial
environments, are summarized below, as based on the referenced studies:

¢  The abundance of microplastics (MPs) in paddy soils varies significantly across different study
areas worldwide (ranging from 16 to 10,300 items/kg). This variation may be attributed to
several factors, including irrigation water transport, improper plastic waste management,
weather conditions, application of coated fertilizers and atmospheric deposition, among others.

e Mulching film is considered the primary source of microplastic pollution in agricultural soils
worldwide.

e  Facility agriculture (e.g., greenhouses and vegetable cultivation) and perennial crops (such as
orchards and vineyards) are linked to elevated levels of soil microplastic pollution across various
crop types.

e Fibers are the most commonly detected microplastic shape in agricultural soils, primarily
originating from plastic mulching films and the application of sewage sludge.
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e  Black, blue, and transparent are the predominant microplastic colors reported in agricultural
soils.

e Polyethylene (PE) and polyethylene terephthalate (PET) are the predominant microplastic
polymer types identified in agricultural soils.

e  Polystyrene (PS) is frequently identified as the most common polymer type associated with the
potential risks of soil microplastic pollution.

e Oxidative stress and the release of chemical additives through leaching represent the most
commonly reported mechanisms underlying the toxicity of soil MPs across a wide range of
exposed biological targets.

e Limited plant growth is the most frequently reported effect of soil microplastic pollution,
attributed to factors such as reduced root colonization by mycorrhizal fungi, cellular toxicity in
roots, decreased photosynthetic activity, and lower soil pH.

¢  Quantitative evaluations of fungal-driven microplastic biodegradation under laboratory and
soil-relevant conditions have reported mean degradation efficiencies of the MPs at around 7.5%
after a 50-day incubation period, while other studies have documented total mass losses of
around 24% after 30 days and 35-38% after 90 days of incubation.
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