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Abstract

Marine microplastic pollution has attracted global attention as an emerging
environmental issue. In contrast, microplastic pollution in soils, particularly
agricultural soils, has not yet garnered widespread concern. This article reviews
research progress on the sources, accumulation, degradation, and migration of
microplastics in soils, as well as their potential risks to ecological environments
and food chains, and proposes recommendations for strengthening research and
regulatory measures. The article notes that the fragmentation of agricultural
plastic film, application of organic fertilizers, wastewater irrigation, agricultural
utilization of sewage sludge, atmospheric deposition, and surface runoff have
become sources of microplastics in soils, potentially leading to microplastic ac-
cumulation in soil-food crop systems and affecting soil biota behavior. The
article argues that research and understanding remain lacking regarding the
occurrence, migration, degradation, and environmental risks of microplastics
entering soils, their accumulation in plants and animals and associated bioeco-
logical and food chain risks, and consequently risks to human health; discussion
and awareness are also lacking on how to strengthen prevention, control, and
remediation of soil microplastic pollution. Therefore, the article calls for in-
creased attention to research on soil microplastic pollution to prevent ecological
and food chain risks; and recommends that China should accelerate the estab-
lishment of analytical methods for soil microplastics, promptly initiate research
on microplastic pollution and remediation in soil environments, investigate the
accumulation, release, transformation, and ecological effects of microplastics,
additives, and their degradation products in soil environments, assess the risks
of microplastics and their co-contaminants to soil ecosystems, food chains, and
human health, establish a source control and remediation technology system for
soil microplastic pollution, and provide scientific basis and technical support for
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the supervision and governance of microplastic pollution in soils and terrestrial
ecosystems.

Full Text

Pay Attention to Research on Microplastic Pollution in Soil
for Prevention of Ecological and Food Chain Risks

LUO Yongming' ?25* ZHOU Qian?° ZHANG Haibo'?, PAN Xian-
gliang*, TU Chen?, LI Lianzhen?? YANG Jie!>®

1CAS Key Laboratory of Soil Environment and Pollution Remediation, Insti-
tute of Soil Science, Chinese Academy of Sciences, Nanjing 210008, China
2CAS Key Laboratory of Coastal Zone Environmental Processes and Ecological
Remediation, Yantai Institute of Coastal Zone Research, Chinese Academy of
Sciences, Yantai 264003, China

3Zhejiang Key Laboratory of Soil Contamination Bioremediation, School of En-
vironmental and Resource Sciences, Zhejiang Agricultural and Forest University,
Hangzhou 311300, China

4College of Environment, Zhejiang University of Technology, Hangzhou 310014,
China

5College of Resources and Environment, University of Chinese Academy of Sci-
ences, Beijing 100049, China

Abstract

Marine microplastic pollution, considered an emerging environmental problem,
has gained global recognition. Comparatively, microplastic pollution in soil,
particularly in agricultural land, has not received widespread attention. This
paper reviews research progress on the sources, accumulation, degradation, mi-
gration, and potential risks to the ecological environment and food chain of
microplastics in soil, and proposes recommendations for strengthening research
and regulatory countermeasures. The article points out that the fragmentation
of agricultural plastic film, application of organic fertilizer, wastewater irriga-
tion, sewage sludge utilization, atmospheric deposition, and surface runoff have
become sources of microplastics in soil, potentially leading to accumulation in
soil-edible crop systems and affecting soil organism behavior.

The article argues that research and understanding are still lacking regarding
the forms, migration, degradation, and environmental risks of microplastics en-
tering soil, as well as their accumulation in animals and plants and associated
ecological and food chain risks, and consequently their risks to human health.
Discussion and awareness of how to strengthen prevention, control, and reme-
diation of soil microplastic pollution are also lacking. Therefore, the article
proposes that attention should be paid to research on microplastic pollution in
soil to prevent ecological and food chain risks. It is recommended that China
should accelerate the establishment of analytical methods for soil microplas-
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tics, promptly deploy research on environmental microplastic pollution and re-
mediation in soil, investigate the accumulation, release, transformation, and
ecological environmental effects of microplastics, additive substances, and their
degradation products in soil environments, assess the risks of microplastics and
their associated pollutants to soil ecosystems, food chains, and human health,
and establish a technical system for source control and remediation of soil mi-
croplastic pollution, thereby providing scientific basis and technical support for
the supervision and remediation of microplastic pollution in soil and terrestrial
ecosystems.

Keywords: microplastics, soil, environmental behavior, combined pollution,
ecological and food chain risks, governance and remediation

Microplastics refer to plastic pollutants in the environment with particle sizes
less than 5 mm, including fragments, fibers, particles, foams, films, and other
morphological types. Microplastic pollution has become a global environmen-
tal issue, with particular attention paid to the sources, abundance, environ-
mental behavior, and ecological effects of microplastics in marine and coastal
environments [1-4]. Recent studies indicate that microplastic pollution in ter-
restrial environments, especially in soil, should also receive sufficient attention
[5]. Some researchers have pointed out that the abundance of microplastics in
terrestrial environments may be 4-23 times that in the ocean, with annual input
of microplastics into agricultural soils far exceeding input into global oceans [6].

To date, limited survey data have shown that soil contains considerably high
levels of microplastic pollution. For example, Fuller and Gautam [7] found mi-
croplastic content reaching 0.03%-6.7% in a survey of industrial area soils in
Sydney, Australia. Some researchers even believe that microplastic content in
soils at certain plastic pollution hotspots may be as high as 60% [8,9]. Inves-
tigations in Swiss floodplains also found microplastic pollution in 90% of soil
samples, with pollution levels correlating with population density in the water-
shed, demonstrating the contribution of human activities to soil microplastic
pollution [10]. China is reported to be a major emitter of plastic waste, with
coastal areas alone estimated to discharge 1.32-3.53 million tons of plastic waste
annually, ranking first globally [1]. Although domestic investigations have been
conducted on the types, abundance, and distribution of microplastics in coastal
tidal flat soils [6,11], only two reports exist on microplastic pollution in farm-
land soils [12,13]. Therefore, there is an urgent need to strengthen research on
the sources, distribution, and ecological and food chain risks of microplastics in
agricultural soils to provide scientific basis for risk control and remediation of
farmland soil microplastic pollution in China.

Sources of Microplastics in Soil

Sewage Sludge Application Introduces Microplastics International in-
vestigations of microplastics in wastewater treatment plants have found that
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approximately 90% of microplastics accumulate in sludge after sewage treat-
ment [14]. Surveys of urban sludge in the United States, Germany, Finland,
and Sweden have also shown that microplastic content in sludge ranges from
1,500-24,000 particles/kg [15-17]. Li et al. [18] investigated 79 sludge samples
from 28 wastewater treatment plants across 11 provinces in China, finding mi-
croplastic content ranging from 1,600-56,400 particles/kg, with an average of
22,700$+%$12,100 particles/kg, similar to international findings. Conventional
sludge pretreatment methods (such as lime stabilization, anaerobic digestion,
and thermal drying) are ineffective at removing microplastics [16]. Therefore,
applying these sludges as fertilizer leads to microplastic accumulation in soil.
Based on estimates from sludge application in North America and Europe, an-
nual microplastic input into soil through sludge application is 63,000-430,000
tons in North America and 44,000-300,000 tons in Europe [6]. This data is
already far higher than the annual input of 93,000-236,000 tons of microplas-
tics into global oceans. China’ s annual sludge production is approximately
30-40 million tons, with agricultural utilization rate of less than 10% [19] but
still increasing annually [20]. Clearly, land application of sewage sludge is an
important source of microplastics in agricultural soils. Previous research has
extensively studied the accumulation and hazards of heavy metals, persistent
organic pollutants, antibiotics, pathogens, and parasite eggs in soil-plant sys-
tems during sludge application [21-23], but microplastic soil pollution remains
understudied.

Long-term Organic Fertilizer Application Leads to Microplastic Accu-
mulation Organic fertilizer has become an indispensable input in agricultural
production, with even greater application rates in facility agriculture. Compared
to sludge, data on microplastics in organic fertilizer and their input into soil
through agricultural application are even more scarce. Currently, only three
reports exist on plastic pollution in organic fertilizer. Bléasing and Amelung
[24] compared three organic fertilizer samples from a processing plant in Bonn,
Germany, finding visually identifiable plastic fragments (>0.5 mm) at 2.38-180
mg/kg. A survey in Slovenia found even higher plastic content in organic fer-
tilizer, reaching 1,200 mg/kg [25]. Weithmann et al. [26] observed 14-895 parti-
cles/kg for sizes >1 mm. These three reports all focus on plastic fragments >0.5
mm in organic fertilizer, with the pollution status of smaller particle sizes still
unknown. It can be anticipated that microplastics <0.5 mm, particularly micro-
and nano-scale plastics, will be present at even higher abundances. China is a
major producer and user of organic fertilizer, with annual production of com-
mercial organic fertilizer exceeding 25 million tons and actual application of ap-
proximately 22 million tons [27]. Based on current survey data of microplastics
in organic fertilizer, estimated annual microplastic input into Chinese farmland
soils is 52.4-26,400 tons. Considering the content of microplastics <0.5 mm
and the annual increase in organic fertilizer production and application, the ac-
tual amount will be even higher. Thus, organic fertilizer application is another
important pathway for microplastic accumulation in farmland soils.
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Agricultural Plastic Film Residue Decomposition Forms Microplas-
tic Pollution China’ s agricultural plastic film usage reached 2.6036 million
tons in 2015, including 1.455 million tons of mulch film, accounting for approx-
imately 90% of global mulch film usage. Mulch film coverage exceeded 18.33
million hectares, but recovery rates were less than 60% [28]. The main com-
ponent of agricultural mulch film is polyethylene (PE), including high-density
polyethylene (HDPE), low-density polyethylene (LDPE), and linear low-density
polyethylene (LLDPE). Polyvinyl chloride (PVC) film has been banned in the
United States due to its high toxicity [29]. Overall, the thickness of agricul-
tural mulch film used in China is much thinner than that required in developed
countries such as Europe and Japan, with some regions using film thinner than
0.005 mm, while developed countries typically require thickness above 0.02 mm.
Thin film is difficult to recover and prone to aging and fragmentation. Residual
film in soil more easily forms microplastic pollution while also releasing plasti-
cizer pollutants such as phthalates [30]. Residual film can decompose to form
plastic fragments and even microplastics [29,31]. Therefore, mulch film residue
decomposition is another important source of microplastics in agricultural soils.

Atmospheric Microplastic Deposition Enters Surface Soil In addition
to microplastics from sludge, organic fertilizer, and film residues, soil can also
receive microplastics through atmospheric deposition. Zhou et al. [32] first re-
ported the types, deposition flux, and seasonal variation characteristics of mi-
croplastics in the atmospheric environment of Chinese coastal cities, with atmo-
spheric microplastic deposition flux reaching 1.46$x107{5}$ particles/(m? - a)
and fiber types reaching 1.38$x107{5}$ particles/(m? « a). Variation in depo-
sition flux for different microplastic types ranged from 0-6.02$x107{2}$ parti-
cles/(m?-d), with fiber types being the highest. Dris et al. [33] also investigated
atmospheric microplastics in the 2,500 km? Paris metropolitan area, finding
that fiber types dominated, with approximately 3-10 tons of fiber microplas-
tics depositing annually in the region. Therefore, atmospheric deposition is an
important source of microplastics in surface soils.

Surface Runoff and Irrigation Transport Microplastics into Soil Wa-
tershed irrigation, surface runoff, or infiltration are also pathways for microplas-
tics to enter soil. Zhao et al. [34] found microplastic abundance in the Yangtze
River estuary surface water reached 4,137.3$+2, 461.5particles/m{3}'Dia"dwang[%]f"“”dmicmpl““Cab“"danceof47 7
in the Chongqing-Yichang section of the Yangtze River. Large quantities of
microplastics also exist along remote inland lake shores [36,37], and agricultural
irrigation and surface runoff will transport these microplastics into soil. Addi-
tionally, sewage contains large amounts of microplastics [38]. Although sewage
treatment plants process this water before discharge, microplastics are not
completely removed due to their small particle size. Lares et al. [39] reported
that after activated sludge and biofilm reactor treatment, water samples still
contained 1.0 particles/L. and 0.4 particles/L. of microplastics, respectively.
Gies et al. [40] estimated that at Vancouver’ s largest wastewater treatment
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plant, 97%-99% of microplastics were retained, but 30 billion microplastics
were still released into the environment annually through effluent discharge.
Domestic and industrial wastewater discharge enters soil through surface runoff
or irrigation, causing microplastic accumulation.

Degradation and Environmental Risks of Microplastics in Soil Ecosys-
tems

Degradation Characteristics of Microplastics in Soil Ecosystems
Microplastics in soil undergo changes in polymer molecular chemical structure
under the action of light, high-temperature oxidation, physical erosion, and
biodegradation, including polymer molecular chain breakage, disproportiona-
tion, and increased surface oxygen-containing functional groups (such as ester
and ketone groups). Zhou et al. [6] identified surface weathering of microplastics
in tidal flats, finding not only polymer molecular chain breakage characteristics
such as micropores and cracks on different microplastic surfaces, but also
increased surface oxygen- and nitrogen-containing functional groups. For
example, pyrolysis-gas chromatography-mass spectrometry analysis detected
substances such as a-N-desmethylmethadol, 1,1-diphenyl-spiro[2,3]-hexane-5-
carboxylic acid methyl ester, and octadecyl palmitate on weathered microplastic
surfaces. Similar surface changes have also occurred on different types of tidal
flat microplastics (LDPE, PET, PVC) [41]. These surface changes indicate that
microplastics undergo degradation and can become smaller-sized microplastics
or even nanoplastics.

However, compared to marine surface and tidal flat environments, degradation
efficiency in soil is lower due to light shielding effects and low-oxidation condi-
tions, leading to longer residence times. For example, only 0.4% of polypropy-
lene (PP) plastic was degraded after one year in soil [42], while PVC plastic
showed no degradation after 35 years in soil [43]. Recent research on degra-
dation by terrestrial organisms has made significant progress. Yang et al. [44]
found that mealworms ( Tenebrio molitor Linnaeus) could consume polystyrene
foam plastic. Further research on mealworm gut microorganisms identified
intestinal bacterial strain YT2 (Exiguobacterium sp.) with the ability to de-
grade polystyrene foam plastic [45]. Bacteria capable of degrading low-density
polyethylene plastic in soil have also been isolated from earthworm (Lumbri-
cus terrestris) guts, including Gram-positive bacteria such as actinomycetes
(Microbacterium awajiense, Rhodococcus jostii, Mycobacterium vanbaalenii, and
Streptomyces fulvissimus) and firmicutes (Bacillus simplez and Bacillus sp.),
with degradation products such as octadecane and docosane detected [46].

Migration and Environmental Risks of Microplastics in Soil Ecosys-
tems After entering soil, microplastics migrate under the influence of plant
root systems, biological and mechanical disturbance. Current research focuses
more on microplastic migration driven by bioturbation. For example, earth-
worms (L. terrestris) in soil can transport more than 60% of polyethylene pel-
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lets from the surface layer to soil layers below 10 cm, with smaller particle sizes
(710-850 pm) migrating more easily than larger ones [47]. Lwanga et al. [8] also
showed that microplastics migrate to earthworm burrows, with earthworms ex-
hibiting particle size selectivity in microplastic migration, where PE pellets <50
m migrate more easily than larger particle sizes. In addition to earthworms,
springtails Folsomia candida and Proisotoma minuta can also transport resin
particles (100-200 nm) and fibers from surface soil to lower layers. Microplastic
migration within soil driven by earthworms may affect soil aggregate structure
and function, thereby influencing soil water and nutrient transport [8].

In addition to migrating within soil after disturbance, microplastics can also
migrate out of soil through erosion and surface runoff into water bodies, and
even further into marine environments [48]. Nizzetto et al. [49] used the INCA-
Contaminants theoretical model to simulate, for the first time, the proportion
of microplastics entering soil through sludge application that migrate to water
bodies, using the Thames River basin in London as an example. They found
that 16%-38% of microplastics remained in soil, while the majority eventually
migrated from soil into water bodies, becoming a source of microplastic pollution
in aquatic environments. Therefore, soil is not only a “sink” for microplastics
but can also be a “source” of microplastics for water environments.

Bioaccumulation and Ecological and Food Chain Risks of Microplas-
tics in Soil Ecosystems Research on biocaccumulation and toxic effects of
microplastic exposure in soil ecosystems has just begun. Studies have found
that earthworms (L. terrestris) can ingest and excrete microplastics, with ex-
creted microplastics showing particle size selectivity—microplastics <50 pm are
more easily excreted [50]. Earthworm growth was significantly inhibited and
mortality increased significantly after exposure to high concentrations (>28%)
of PE microplastics, though reproduction was unaffected. Research on another
soil animal, Folsomia candida, found that exposure to PVC microplastic parti-
cles (80-250 pm) altered gut microbiota and significantly inhibited growth and
reproduction, with changes in feeding behavior indicated by §'°N and 6'3C val-
ues [51]. Microplastics in soil can also transfer and accumulate through food
chains, posing health risks. Lwanga et al. [9] first reported microplastic transfer
in backyard soil-earthworm and soil-chicken food chains, finding enrichment fac-
tors of 12.7 from soil to earthworm cast and up to 105 from soil to chicken feces.
The study also observed microplastic accumulation in chicken gizzards, with an
enrichment factor of 5.1. Since gizzards are commonly used as food, this ex-
posure pathway warrants attention regarding human health impacts. Whether
microplastics in soil can enter plants remains unreported. Qi et al. [52] stud-
ied the effects of low-density polyethylene (LDPE) and biodegradable plastic
mulch film fragments on wheat growth, showing that both types of plastic film
interfered with wheat growth, with biodegradable plastic film having a greater
impact. Bandmann et al. [53] demonstrated through tobacco cell culture studies
that nanoscale plastic microbeads could enter tobacco cells through endocytosis,
indicating that small-sized nanoplastics may enter plants through root uptake,
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though this requires confirmation through plant cultivation experiments.

Future Research Directions and Risk Prevention Countermeasures

At the Second United Nations Environment Assembly in 2015, microplastic pol-
lution, as an emerging environmental pollutant, was listed as the second largest
scientific issue in environmental and ecological science research, becoming a
major global environmental problem alongside climate change and ozone deple-
tion. In China, the Ministry of Science and Technology launched the key special
project “Marine MicroPlastic Monitoring and Ecological Environment Effects
Assessment Technology” in 2016. Compared to marine ecosystems, microplastic
pollution and its ecological, food chain, and health risks in soil and terrestrial
ecosystems have not received sufficient attention. As the main unit and central
hub for material exchange and energy conversion in Earth’ s surface ecosystem,
soil ecosystems play important roles in receiving microplastic pollution from sur-
face systems and inputting microplastics to marine systems. Therefore, there is
an urgent need to reveal the pollution patterns of microplastics in soil ecosys-
tems, develop analysis, assessment, and remediation technologies, and provide
scientific basis and technical support for microplastic pollution control in ter-
restrial ecosystems.

Establish and Improve Separation and Analysis Methods for Mi-
croplastics in Soil Due to the influence of soil texture, organic matter, and
aggregate structure, separating and identifying microplastics from soil is more
difficult than from water and sediment [24,54]. Current separation methods for
soil microplastics mainly borrow from sediment microplastic separation meth-
ods, such as density separation [55] and flotation [56]. Recently, researchers have
proposed using pressurized fluid extraction (PFE) for soil microplastic separa-
tion [7]. Although this method can quantitatively analyze microplastic content
in complex matrices like soil, it cannot obtain physical information such as par-
ticle size, shape, and surface morphology of microplastics in samples. Other
researchers have used visible-near infrared spectroscopy [56] and hyperspectral
imaging combined with chemometrics [51] for rapid prediction and identifica-
tion of microplastics in soil, but these methods still have limitations, such as
narrow identification range and insufficient accuracy. Therefore, given the diver-
sity of soil properties and the complexity of microplastic physical and chemical
properties, methodological research on separation and identification of different
microplastic types for various soil properties is necessary, and technical specifi-
cations should be established.

Assess the Releasability of Chemical Additives from Microplastics
in Soil Environments to Prevent Environmental Risks Large quan-
tities of additives are incorporated during plastic production and processing,
such as plasticizers, flame retardants, antioxidants, and light/heat stabilizers.
These chemicals are typically physically mixed into polymer structures and
thus are easily released into the environment as new pollution sources. Zhang
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et al. [58] reported extracting multiple organophosphorus flame retardants and
phthalates from tidal flat microplastic samples, with tris(chloroisopropyl) phos-
phate (TCPP) reaching up to 84.4 ng/g. Jang et al. [59] also detected hexabro-
mocyclododecane (HBCDs) flame retardants in polystyrene foam plastic at con-
centrations up to 5,220 pg/g. Many flame retardants and plasticizers are toxic
to humans: phthalates and bisphenol A have endocrine-disrupting effects, while
chlorinated organophosphate flame retardants are carcinogenic. HBCDs are
listed as new persistent organic pollutants due to their persistence and multi-
ple toxicities including neurotoxicity and developmental toxicity. These loosely
bound additives can be released into the environment under the influence of
UV radiation, temperature, oxygen content, soil pH, and dissolved organic mat-
ter [57]. In marine environments, studies have found that polystyrene foam
plastic can release HBCDs into the environment, which accumulate in mussels
[59]. Therefore, the large presence of microplastics in soil environments will
become an important source of chemical additive pollution, though the risks of
microplastic-additive combined pollution to soil food chain safety, ecosystems,
and human health have not yet been assessed. Future research should focus on
the release patterns of microplastic chemical additives under different soil envi-
ronmental conditions and evaluate their combined effects with microplastics on
soil ecosystems, food chains, and human health.

Systematically Understand the Impact of Microplastic Pollution
on Soil Functions and Develop Source Control and Environmen-
tal Degradation Remediation Technologies Although some studies
have shown that microplastics have toxic effects on soil organisms such as
earthworms and springtails and may transfer and accumulate through food
chains, the range of species studied is still limited, and the obtained toxicity
data are far from meeting exposure risk assessment requirements. Therefore,
research combining soil ecosystem characteristics with actual microplastic
pollution types should be conducted at multiple levels and scales under
environmentally relevant concentrations, including: (1) establishing dose-effect
relationships for microplastics in soil animals, plants, and microorganisms to
provide basic data for establishing soil microplastic risk assessment methods
and environmental criteria; (2) revealing the transfer and transformation
patterns of microplastics and their surface-adsorbed chemical pollutants in
soil ecosystems and food webs to understand pollution causes and provide
scientific basis for ecological and food chain risk assessment; (3) clarifying the
impacts of microplastic accumulation on soil physical, chemical, and biological
properties, and analyzing the possibility of these impacts altering soil nutrient
and pollutant biogeochemical cycles to assess damage to soil production and
environmental purification functions; and (4) based on the above understanding
and assessment, developing materials, methods, and technologies for source
control and degradation remediation of microplastic pollution to construct a
technical support system for soil microplastic pollution risk management and
remediation.
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