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Abstract

Pollution from microplastics (plastics<5 mm, MPs) has been recognized relatively recently as one
of the most urgent and pervasive global environmental problems of the 21st century. MPs are organic
particles that are typically characterized by small sizes (um range), complex molecular structures,
prolonged environmental persistence, and strong sorption onto other organic contaminants. The main
sources of MPs in the soil environment include plastic film planting, sewage irrigation, and organic
fertilizer or sludge applications. These agronomic practices are meant to enhance crop productivity for
a hungry world. Ironically, misuse of the same practices can adversely impact human and ecosystem
health. Soil MPs do not only change the physical and chemical properties of soil, but also have
ecological effects on soil flora, fauna, and microbial communities. Furthermore, MPs can serve as
additional carriers of pollutants in soil environments. This paper is a review of current knowledge about
the occurrence, abundance, and distribution of MPs in Chinese soils, with brief mentions of parallel
global viewpoints on the topics. Mechanistic aspects of migration behavior, factors that influence such
behaviors, and prospects for remediating adverse impacts of MPs in soils are reviewed.
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Review

and Migration Behavior of Microplastic Pollution

Introduction

In 2004, an article published in Science (Lost at Sea:
where is all the plastic?) sounded perhaps the clearest
alarm about the increasingly unacceptable intrusions
of microplastics (MPs) in marine environments, and

*e-mail: zhangzm@gzu.edu.cn

it clearly defined the concept of MPs, namely plastic
fragments or particles with a diameter of less than 5 mm
[1]. Types of MP polymers mainly include polyethylene
(PE), polypropylene (PP), polystyrene (PS), polyethylene
terephthalate (PET), and polyvinyl chloride (PVC)
[2]. Based on how they originate, MPs can be divided
into primary or secondary types. Primary MPs are
intentionally manufactured as small-sized plastic
particles, such as those used as beads in face washes and
cosmetics, or those in medical applications. Secondary
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MPs are small-sized plastic fragments formed by
physical crushing, chemical or photo-decomposition,
and microbial degradation of large plastic wastes [3].
Regardless of their origins, MPs can become carriers of
pollutants in environments.

Currently, research on MPs has mostly focused on
marine environments. According to the European Ocean
Investigation Team, MPs have become pervasive in
different marine ecosystems ranging from the Arctic
Ocean to the Mariana Trench, the latter known as the
last pristine environment in the world, with a depth
of 10,927 meters [4]. Ultimately, these marine plastics
come from land-based sources. According to Jambeck et
al. in 2010, an estimated 275 million metric tons of land-
based plastic waste from 192 coastal countries resulted
in 4.8 to 12.7 million metric tons entering the ocean
[5]. This makes it imperative to focus greater research
efforts on characterizing the occurrence, migration
behavior, and ecological impacts of MPs in terrestrial
ecosystems, such as soil.

Currently, research on MPs in soils has been
seriously lacking. The dearth of information about
soil MPs is most likely related to the complex nature
of terrestrial environments. According to databases of
Web of Science and China HowNet, from 2014 to 2021,
research on soil MPs only accounts for 9.18% of the total
MPs literature. However, this appears to be changing
rapidly with increasing recognition of threats that MPs
pose to human and ecosystems health. This paper
is a review of current knowledge about the occurrence,
abundance, and distribution of MPs in Chinese soils,
with brief mentions of parallel global viewpoints on
the topics. Mechanistic aspects of migration behavior,
factors that influence such behaviors, and prospects
for remediating adverse impacts of MPs in soils are
reviewed.

Distribution of MPs in Global Soil
Environments

One consequence of the large-scale use of plastic
products in agricultural production is the pervasiveness
of MPs in soils worldwide. Unfortunately, until recently,
a paucity of research investigation on the phenomenon
in soils has also led to a lack of standard approaches for
detecting and estimating the abundance and distribution
of the substances in those environments. MPs are
persistent in soils; accordingly, they can accumulate
rapidly to levels that pose threats to the health of soil
ecosystems.

At present, global demand for plastics is relatively
high; according to recent statistics, the global
annual plastic output has increased in 15 years from
230 million tons in 2005 to 348 million tons in 2019, with
an average annual growth of 7.87 million tons [6]. It has
been suggested that in the absence of effective disposal
measures, by 2050, 12 billion plastic wastes generated
could accumulate in landfills or natural environments

worldwide [7]. The high consumption of plastics
on the one hand and on the other hand, the low rate
of plastics recycling (6%-26%), ensure that large
amounts of plastic waste enter various environmental
compartments [8]. Table 1 shows the abundance and
distribution of MPs in typical global soil environments.

As shown in Table 1, soils in different parts of the
world have been contaminated to different extents by
MPs. In diverse countries and regions, there are giant
differences in the abundance and distribution of MPs,
which can be attributed to local land utilization ways
and fertilization conditions. The types of soil polluted
by MPs in the world are mainly farmland soil, film
soil, sludge soil, and garden soil. For example, Fuller
et al. reported that municipal waste and soil samples
collected from an industrial area in Sydney, Australia
ranged from 300~67,500 mgkg' MPs, compared to
levels of ordinary soil [9]. According to a survey in
Germany, the mean abundance of MPs in traditional
farmland was only 0.34+0.36 ind-kg' [10]. Amrutha
et al. reported a study that characterized MPs for
a tropical Indian river, namely the Netravathi River.
All samples collected showed the presence of MPs
with a mean numerical abundance of 288 pieces'm™
(water), 96 pieceskg' (sediment), and 84.45 pieceskg’!
(soil) [11]. They concluded that the spatial distribution
and abundance of MP particles were consistent with
the influence of population distribution, land use,
and good houschold practices of waste management in
some areas.

Table 1 shows that MPs in most soils are less than
Smm in size and they consist of fibers, fragments, and
films, with PP and PE being their major compositions
[11, 12]. In terms of their presence in different soil
layers, the vast majority of the larger plastic particles
or fragments are distributed in surface layers with only
the small-sized particles being transported deep into
the soil profile. However, soil bioturbations caused by
disturbances, including farming practices and soil-
dwelling animals, can alter this dynamic. For example,
Meng et al. investigated the effects of soil surface
litter-borne MPs on burrows built by the earthworm,
Lumbricus terrestris and they quantified the amount of
MPs that were transported and deposited in L. terrestris
burrows [13]. They concluded that the high biogenic
incorporation rate of the small-fraction MPs from
surface litter into earthworm burrows could lead to the
leaching of MPs through preferential flow, ultimately
into bodies of groundwater.

Abundance and Distribution of MPs in China’s
Soil Environments

Compared to other parts of Europe and North
America, the emphasis being placed on MPs in
Chinese environments is a relatively recent and timely
development. However, in keeping pace with situations
elsewhere in the world, the literature on soil MP
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Table 1. Distribution of MPs in typical soils around the world.
MPs
Countries and .
regions Soil types - c » Abundance Size Reference
ape omposition (picces-ke ") (mm)
Sydney, Soil in industrial 300-67,500
Australia parks / PVC, PE, PS (mg-kg™"), (0-10 cm) <3 (9]
Germany Farmland soil Fragments,films PS, PE 0.34+0.36 <5 [10]
India Soil along the river F‘bers}lflrljiments’ PE, PET, PP 84.45 (0-5 cm) 0.3-5 [11]
Paddy fields 160493
Korea F armlgnd covered Fibers, fragments, PE, PP, PS, PET 81477 0.1-2 [12]
with films films
Greenhouse soil 1,880+1.563
The suburb of Garden soil / / 870 (0-20 cm) 0.01-1 [13]
Mexico
Spain Farmland with Fibers, PET, PE, PP 302,000483,000 | 0.029-2.224 |  [14]
sludge applied fragments
Mellipilla, Chile Farmland soil Fibers / 600-10,400 0.02x0.97 [15]
et |
Canada 19e1S, PP, PE, PET 0.1-1 [16]
Farmland free of fragments
25-298
sludge
Switzerland Flooded areas / PE, PS, PVC 593 0.0125-0.5 [17]
Mexico Courtyard gardens / PE, PS 2,770 5-150 [18]
Pakistan Farmland soil Fibers, fragments, / 2,200-6,875 0.5-5 [19]
films, particles
Iran Farmland soil Fibers, fragments, / 67-400 0.04-0.74 [20]
Danmark Farmland soil / PE, PP, PA 82,000-236,000 0.02-0.5 [21]

pollution in China has continued to grow yearly. MPs
have generally been detected in agricultural soils such
as farmland, pastoral forests, greenhouses, vegetable
fields, and grasslands. The literature suggests that there
was an overall decline in the use of agricultural film in
China from 2012 to 2021, while the actual production of
plastic film in the country continued to show a general
increase (Fig. 1). More recently, China issued a policy of
“plastic restriction order”, which is continuing to raise
attention to MPs pollution in the country.

In farmland soil, the types of MP polymers
mainly include PE and PP, which are closely related to
the selected soil planting method. In addition, the
abundance of MPs in farmland soil was generally
different in different regions. For example, Wu et
al. pointed out that the abundance of MPs in the
soil of facility agriculture in Beijing ranges from
(440+£179.63) to (2,366.67+347.21) n'kg', with an
overall average abundance of (1,405.19+584.30) n'kg’,
while the abundance of MPs in Xinjiang is as high
as (1,075.6£346.8) n'kg' [10, 22]. The main reason
for this difference is that Xinjiang’s farmland has
been extensively planted with plastic film for a long
time, The facility agricultural soil in Beijing mainly

relies on measures such as plastic film and organic
fertilizer cultivation, as well as agricultural irrigation,
which results in a high abundance level of MPs in the
agricultural soil in Beijing, and the types and forms of
MPs are diverse.

In addition, human activities not only have an
impact on the abundance of MPs in soil, but also have
a significant impact on changing their particle size.
For example, under the influence of high-intensity
human activities, the abundance of MPs in the soil
along the Bohai Sea coast ranges from 1.3 indkg' to
14,712.5 ind'kg'. About 60% of MP particles have
sizes smaller than Imm [23]. In the middle and lower
reaches of the economically developed Yangtze River,
high levels of MPs have been reported in agricultural
soils. According to Zhou et al. [24], MP abundance in
the farmland of Wuhan ranges up to 43,000~620,000
items'kg?!, compared to only 420~1,290 itemskg!' in
Jiangsu [25], which is less developed economically.
Morphologically, proportions of MP fragments and
fibers were reported to be 52% and 14% respectively at
these sites.

As would be expected, a large difference exists
between levels of MPs under different cropping systems.
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Fig. 1. 2012~2021 consumption of plastic films in China (by the State Statistical Bureau, 2022).

For typical farmland, the mean MP abundance is
calculated to be 161435 ind'kg', and in the vegetable
land Wuhan, MP abundance ranges between 320 to
12,560 pieces'kg!, which is significantly below that
in the surface soil of greenhouses (780£129 ind-kg')
but higher than that in the paddy soil (45+12 indkg')
where fish are raised [26]. Existing studies indicate
that soil tillage methods and soil materials have an
important impact on the difference in MP abundance.
For example, Wang et al. [27] have pointed out that
agricultural operations can have an important impact
on the migration and diffusion of MPs, and MPs can
be transported to other environmental systems through
migration and diffusion, thus increasing the abundance
of MPs in different deep soils.

In addition, due to their small particle sizes and large
specific surface areas, MPs tend to sorb readily onto
soil materials (such as minerals, organic substances, and
metal oxides). Such sorption modifies the physical and
chemical properties of the complexes formed, thereby
further affecting the distribution depth of the MPs in
the soil. For example, the adsorption of metal oxides
and organic substances by MPs can change the surface
electrical properties and adsorption sites of MPs, thus
affecting their migration depth in the soil, and further
affecting the difference in the abundance of MPs in the
deep soil [28].

At present, research on MPs mainly focuses on
aquatic environments, while research on MP pollution
in soil environments is relatively scarce. This is mainly
because the distribution of MPs in soil environments is
relatively complex, and organic matter and recalcitrant
compounds in soil can interfere with the qualitative
and quantitative analysis of MPs [29]. For example,
fluorescence staining is a quantitative method for
analyzing MPs using fluorescent dyes, but this method
may lead to overestimation of the abundance of MPs
[30]. The complex components formed by embedding
MPs into soil organic matter not only have adverse

effects on the detection of Fourier transform infrared
spectroscopy (FTIR) and Raman spectroscopy, but also
have adverse effects on the flotation and separation of
MPs. The density separation method is used to extract
MPs from the supernatant, usually using saturated salt
solutions (such as NaCl, Nal, and ZnCl, solutions) for
density separation. However, this method may require
adjusting the concentration of the solution (without
knowing the density of MPs) [31]. In addition, the
current representation methods of MP abundance in
various research institutions are not unified, which is not
conducive to the comparison of MP abundance in soil in
different regions. Therefore, it is necessary to develop a
fast, efficient, universal, simple, and reliable analytical
technique to characterize MPs in soil.

Sources and Pollution Situation of MP in Soil

Like many other countries, major sources of MPs
in China’s soils include plastic films from agricultural
production, irrigation water, organic fertilizers, sludge
discharged from sewage treatment plants, plastic waste
seepage from the landfill, atmospheric sedimentation,
illegally discarded or improperly disposed of waste,
plastic products, as well as wearing away vehicle tires
(Fig. 2) [32].

Residual Plastic Films/Agricultural Mulching Films

Plastic films have been widely applied in global
agricultural production because of their ability to
improve temperature and moisture retention, which
is essential for enhancing both the quality and yield
of agricultural productivity. The main compositions
of such plastic or mulching films in China are PE and
PVC. In general, under normal conditions, agricultural
mulching films in the soil can be degraded through
physicochemical and photochemical reactions as well as
microbial activities, ultimately into nanometer-scale MP
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Fig. 2. MP sources in the soil and the status quo of MP pollution.

particles that cause highly undesirable accumulations
in environmental compartments [33]. In some regions
of China, plastic mulching films discarded after soil
tillage have been presented in Fig. 3. It is reported that
coverage with mulching films in northern China enables
MPs to extensively accumulate in the farmland. From
1991 to 2011, the agricultural mulching film application
amount rose by about 3 times from 0.32 million tons to
1.25 million tons in China [34]. A survey from farmland
in Hangzhou Bay, Zhejiang Province, showed that the
soil MP content of mulched farmland was 2.2 times
higher than that of non-mulched [35].

Application of Organic Fertilizers

Large-scale application of organic fertilizers in
agriculture has been reported as a major source of MPs
in soil [36, 37]. These fertilizers are mostly produced
from aerobic composting or anaerobic digestion
processes using various manures, sewage sludge, and
food wastes [38]. In one study, Li et al. [39] investigated
organic fertilizers as sources of MPs in the environment.
The investigators pointed out the lack of detailed studies
about the production and initial entry of MPs into
terrestrial ecosystems. Using organic fertilizer from bio-
waste fermentation and composting, these investigations
concluded that the application of organic fertilizers from
the sources that they used could indeed contribute to
MP loads in the environment.

Sewage Irrigation

The direct introduction of MPs through agricultural
irrigation is another important source of MPs in the soil
environment. Particularly in many developing
countries where water resources are chronically scarce,
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large amounts of sewage water are used to irrigate
agricultural land, thereby introducing MPs from
sewage water into the soil environment [40]. Water
for agricultural irrigation often comes from domestic
wastewater. Sewage irrigation can solve water problems
in arid and semi-arid areas, but the wastewater contains
large amounts of MPs in untreated form. It has been
reported that washing machines release 124~308 mg of
MPs for 1 kg of laundry, and the corresponding number
of MPs in the discharged effluent is as high as
0.64~1.5 million [41]. On the other hand, water is often
diverted from surface freshwater such as rivers and
lakes during irrigation in agricultural fields, and MPs
are widely present in these water bodies. For example,
the abundance of MPs in shallow agricultural soil
(0-5 cm) and deep agricultural soil (10-15 cm) located
along the Yellow River in Ningxia is 278.68 pieces-kg’

and 263.37 pieces'kg’, respectively [42].
Other Sources

In addition to the sources described above,
atmospheric sedimentation, waste seepage from the
landfill, illegal dumping and improper disposal of
garbage, and automobile products such as worn-out or
disintegrating tires are all major sources of MPs in soil.
For example, weathering fragments of plastic garbage
may be found in areas where domestic garbage is not
properly disposed of [43]. With economic and social
development and the spread of agricultural machinery,
per capita ownership of cars and all types of agricultural
machinery continues to increase, and tire wear particles
are gradually being found in soils [44-46]. In addition,
large amounts of fibrous MPs have also been detected
in the atmosphere of cities such as Dongguan and
Shanghai [47, 48]. This suggests that tire wear particles
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and atmospheric deposition are also potential sources of
MPs that cannot be ignored.

Occurrence Characteristics of MPs in Soil

In recent years, research on the current status of MP
contamination in soils has received close attention, and
in particular there has been a rapid development in the
reporting of studies on the distribution characteristics
of MPs in soils. To further understand the fugitive
characteristics of MPs in Chinese soils, we collected
the abundance, size, and composition of MPs from soils
in some typical areas (shown in Table 2 below). From
Table 2, it can be seen that Chinese soils are currently
contaminated with MPs to varying degrees. In different
regions, MPs in soil show different compositions,
abundance levels, and sizes. Such a phenomenon may
be caused by various factors, including soil types,
soil depth, tillage methods, and sampling locations. In
addition, it is also clear in Table 2 that PE and PP are
major compositions of MPs; and especially PE takes a
considerably high proportion. Moreover, PVC and PS
may also play a major role in some cases.

In China, soil in Yunnan contains MPs with the
highest abundance, which may be caused by local
climatic conditions and soil properties, since humid
weather facilitates both MPs’ transfer in soil and their
migration towards the basement soil. In a review by
Sang et al. [56], it is reported that unlike the central
or northern regions of Shaanxi Province, Southern
Shaanxi features high temperatures, high precipitation,
and a moist climate. In the surface soil there, the MP
content is comparatively low and small-sized for the

Table 2. The effect of soil depth on distribution of MPs in China’s soils

following reasons: high temperature and precipitation
in Southern Shaanxi may promote aging, fragmentation,
and decomposition of MPs on one hand; and on the
other hand, rain wash accelerates the migration of MPs
towards deeper soil layers. However, the MP abundance
in the soil of the Loess Plateau is the lowest, which is
closely related to the climate on the Plateau. Driven by
a dry and arid climate as well as the wind, MPs in the
yellow sand on the surface of the Loess Plateau can be
distantly migrated.

Occurrence characteristics of MPs in soil are
associated with soil depth. The deeper the soil layer
is, the lower the MP abundance and the smaller its
particle sizes will be. This phenomenon is also related
to the migration capability of MPs. As reported by
Zhou et al. for the first time, MP content turns out to
be 634 pieces'kg! in the coastal soil 0-2 ¢cm deep of
Hebei Province [49]. It is pointed out by Duan et al. that
while MP abundance in wetland soil of Shandong is
136~2,060 pieces'kg! (0-2 cm deep) [57], that in 0-10 cm
deep soil of a campus lawn in Tianjin is detected to
95 pieces'’kg! [58]. This indicates that different
occurrence characteristics of MPs can be found in soils
from different regions and diverse depths.

Besides, their occurrence characteristics are also
correlated to the age limit of film coverage. The longer
the age limit is, the higher the MP abundance and the
smaller its particle size will be. This phenomenon
is caused by weathering and decomposition of MPs
in soil, as shown by Shihezi film mulching farmlands
in Xinjiang in Table 2. Similarly, MPs are also detected
in abundance near industrial and agricultural production
areas, which may closely relate to plastic films used for

MPs
Country and region Soil depth (cm) Abundance ) » Size Reference
(picces kg ™) Soil types Composition (mm)
Shandong Province, China / 50-1,000 Sludge PE, PP, PS, PEU | <1 (60%) [23]
Hebei Province, China 0-2 634 Beaches PE, PP, PVC 1.56+0.63 [49]
0-10 40+126
Loess Plateau, China Farmlands PE >0.1 [50]
10-30 100+141
Yunnan Province, China 0-10 7,100-42,960 Projected PE, PP 0.05-10 [51]
farmlands
0-3 78.00+12.91 ;
Shanghai, China Farmlands inthe | pp pp ppg 0.03-16 [52]
3-6 62.50+12.97 suburb
Harbin, China 0-30 89 Farmlands PE, PP <5 [53]
Daliao River, China / 73.33+£327.6 Watershed soil PE, PP, PS, PA <5 [54]
80.3+49.3 (L)
Shihezi, Xinjian 0-40 308£138.1 (M) | 2rmlands with PE 0-5 [55]
- AIJ1ang : mulching films
1,075.6+346.8 (N)

Notes: “L”, the mean film mulching for 5 years; “M?”, that for 15 years; and “N”, that for 24 years.
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Fig. 3. Bijie City, China a), Qujing City, China b), Kashgar City, China c), and Chifeng, China d).

agricultural purposes, plastic degradation inhibition
by the arid climate, and the accumulation of plastic
garbage as industrial waste. To date, the research on
MP distribution in China still remains at a preliminary
stage. The spatial distribution and abundance of MPs are
still unclarified, yet. Therefore, it is urgent to establish
complete and standard determining techniques and
reliable measurement criteria to effectively control soil
MP pollution.

A plastisphere is defined as a unique ecological niche
formed by the rapid colonization of bacteria, fungi,
algae, and small invertebrates on the surface of plastic
fragments after they enter the aquatic environment,
known as the “plastisphere”. Similarly, bacteria and
other microorganisms quickly colonize the surface of
plastic fragments to form a special soil plastisphere
[59] (Fig. 4). The soil plastisphere is composed of
plastic fragments and particles, as well as a specific
environment composed of microbial communities
colonized in the plastisphere environment [60]. The
relationship between MPs and microbial communities
in the soil is extremely complex and a long-term
dynamic process. Microorganisms not only play a role
in degrading and aging plastic fragments, but also the
nutrients produced during the plastic aging process
provide various carbon sources and energy needed by
microorganisms. The interaction process between MPs
and microorganisms is as follows: first, microorganisms
attach to MPs, and then colonize and form biofilms on
their surfaces. The extracellular polymeric substances
(EPS) secreted by microorganisms provide a viscous
substrate for colonization, providing stable support
for biofilms and facilitating their adhesion to MPs
surfaces, followed by biodegradation on the surface

of microplastics (soil under the influence of roots)
[61]. The internal and external enzymes secreted by
microorganisms promote the depolymerization process
of MPs, causing their polymers to break and form
smaller molecules, which may be accompanied by the
release of additives [62]. Finally, these small molecule
polymers can be used by microorganisms as carbon
sources and energy absorption metabolism, producing
products such as CO,, H,0, and CH, [63]. This process is
not only beneficial for the remediation of MP pollutants
but also has significant implications for the circulation
of geochemical substances.

Migration Behavior of MPs in Soil

Upon entering soils, plastics are subjected to various
forces that ultimately determine their fates in particular
soils (Fig. 2). Depending on the nature of the plastic
material, soil physicochemical processes, soil biota,
and climate, plastics can undergo weathering to render
them even more reactive [64]. In turn, this will influence
the sorption and migration behaviors of the plastics
as well as their abilities to transport pollutants in soil
profiles [65]. The same factors and their interaction are
also responsible for threats posed by plastics to plant,
animal, and microbial systems [66] and in fact, human
and ecosystem health as well (Figs. 4, 5 and 6) [67].

Migration of MPs under Human and Animal Activities

Daily human activities continuously influence
and lead to the migration of MPs into the soil [68].
For example, agricultural cultivation methods are not
only a factor in promoting the deep migration of MPs
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in soil profiles, but also a key factor in the migration of
MPs on the surface of soil particles [69]. Research has
shown that the migration of MPs with larger particle
sizes mainly depends on mechanical disturbances. For
example, cultivating or harvesting root and tuber
crops may cause relatively large plastic fragments to

migrate from the soil surface to deeper soil layers [70].
Agricultural practices such as cultivation and irrigation
play a crucial role in the fragmentation and transport of
plastics, and in particular, have a significant impact on
the increase in abundance and accumulation of MPs in
deep soils [71].

Fig. 5. Impacts of MPs on soil ecosystem.
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Instead of farm equipment, disturbances from soil
animals such as earthworms and springtails have been
shown to cause migration and transportation of MPs;
they can also alter morphologies of the particles during
their movements [72]. In particular, soil perturbations
by earthworms are renowned for being involved in the
movement and redistribution of MP particles in soil. In
one study, Rillig et al. [69] reported that earthworms
were able to move MP particles (710~850 pm in size)
10 cm deep into the soil, while large particle-size MPs
are enriched in the middle soil layers. The burrowing
behavior of earthworms improves both the porosity and
water permeability of the soil; in turn, this provides
channels for MPs migration and creates conditions for
water flows to enable MPs to migrate deeper into the
soil [13].

~

— e —

Fig. 6. Behavior of MPs in marine environment.

Fig. 7. The way of MPs entering plant.

MP Migration During Plant Growth

In MP-contaminated soil, plants can absorb these
MP particles, which will have a negative impact on
their ability to absorb nutrients, thereby reducing crop
productivity and quality [73]. Furthermore, plant root
systems can accumulate MPs, which can alter the
dynamics of the distribution of MPs in soil (Fig. 7). For
example, the decomposition of root systems can lead to
the generation of large pores that are conducive to the
transportation of MPs in soil [74]. Li et al. studied the
absorption and migration of PS in lettuces [75]. They
concluded that lettuce absorbs MPs and also transports
them to various stems and leaves. Accordingly, lettuce
from MPs-contaminated soil MPs is a direct threat to
human health.
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Factors that Influence MP Migration in Soil

Several factors influence the migration of MPs
in soil, including soil physicochemical properties,
electrostatic interaction, MP chemistry, human and soil
biota activity, and climatic conditions (mainly rainfall
and wind). Soil properties (e.g. soil porosity) have an
important influence on the migration of MPs in soil
[76]. For MPs at the soil surface to migrate deeper into
the soil, their size needs to be smaller than the porosity
of the soil; otherwise, they will be trapped at the soil
surface or in shallow soils, and the greater the porosity
of the soil, the more likely it is that MPs will migrate
deeper into the soil and cause deeper contamination of
the soil.

Other physicochemical factors that are important
in the migration of MPs in soil include the size and
hydrophobicity of the particles. For example, O’Connor
et al. [77] reported the mobility of different sizes
and densities of PE and PP particles in the soil. They
concluded that the smallest-sized PE MPs (21 um)
possessed the greatest movement potential. Furthermore,
these MPs were subjected to greater numbers of wet-
dry cycles, a phenomenon that also corresponds to
increased depth of infiltration in the soil. Based on
their data about the wet-dry weather cycle for 347 cities
across China, these investigators were able to forecast
100-year penetration depth of MPs in soil for the
country, with Beijing Municipality and Hebei, Henan,
and Hubei provinces being the most vulnerable to
MP vertical dispersion [77]. In addition, wind is an
important factor affecting the lateral migration of MPs,
allowing them to spread in the soil; precipitation also
affects the vertical migration of MPs, helping them to
invade groundwater and even migrate to the ocean [78].
At present, there is a lack of research on the factors
affecting MP transport, and further research is needed
on the mechanisms affecting MP transport in soil.

Conclusions and Prospects

Soil pollution by MPs has become a matter of great
concern in China and the world. Under joint influences
of soil properties, soil biota, and climatic factors as
well as the nature of MPs themselves, these pollutants
may migrate, accumulate, or otherwise distribute in
soil compartments in ways that threaten human and
ecosystem health. The rapidly growing focus on the
environmental risks posed by the substances is a
relatively recent development. Accordingly, research
communities worldwide are faced with challenges in
addressing the unique impacts of the particles in the
environment, including the following:

1. A need for standardized methods for measuring
and reporting levels of MPs in soil. Addressing this can
facilitate relevant comparisons and therefore allow more
environmentally sound decisions to be made about the
particles on the regional, national, or global scales.

2. A greater understanding of the factors that
influence MP behaviors is polluted matrices and their
complex interactions thereof.

3. Microorganisms have strong environmental
adaptability and the ability to decompose different MP
pollutants. Therefore, it is still necessary to conduct
research on the degradation mechanism of MPs by
microorganisms in actual soil environments (the soil
plastisphere), in order to achieve efficient microbial
remediation of MP pollution.

4. Research and formulation of relevant laws and
regulations on soil MPs pollution.

Acknowledgments

The Guizhou Provincial 100 High-Level Innovating
Project (GCC [2023] 062), and the Guizhou University
Talent Introduction Research Project (GDRJHZ
(2022) 58).

Conflict of Interest

The authors declare that they have no known
competing financial interests or personal relationships
that could have appeared to influence the work reported
in the paper.

References

1. REN Z.F, GUI XY, XU XY., ZHAO L., QIU H., CAO
X. Microplastics in the soil-groundwater environment:
Aging, migration, and co-transport of contaminants-A
critical review. Journal of Hazardous Materials, 419,
126455, 2021.

2. JIA Z.F., WEI W, WANG Y.H., CHANG Y.J,, LEI R,
CHE Y.H. Occurrence characteristics and risk assessment
of microplastics in agricultural soils in the loess hilly gully
area of Yan’ an, China. Science of The Total Environment,
912, 169627, 2024.

3. ZHUO M, CHEN Z. LIU X., WEI W, SHEN Y,
NI B.-J. A broad horizon for sustainable catalytic oxidation
of microplastics. Environmental Pollution, 340 (2), 122835,
2024.

4. WU F, YANG X.Z., MA YY., SHI Y., ZHANG D.E.
Plastic garbage has begun to pollute the deepest ocean.
Regional Governance, 22, 9, 2019.

5. DA C.ID., COSTA L.L., ZALMON LR. Are fishes
selecting the trash they eat? Influence of feeding mode and
habitat on microplastic uptake in an artificial reef complex
(ARC). Science of The Total Environment, 904, 166788,
2023.

6. HUANG Y., LIU Q., JIA W.Q., YAN CR., WANG J.
Agricultural plastic mulching as a source of microplastics
in the terrestrial environment. Environmental Pollution,
260, 114096, 2020.

7. YUR.S., YANG Y.F, SINGH S. Global analysis of marine
plastics and implications of control measure strategies.
Frontiers in Marine Science, 10, 1305091, 2023.



The Source, Distribution Characteristics...

4537

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

ALIMI O.S., FARNER BUDARZ J, HERNANDEZ
L.M., TUFENKJI N. Microplastics and nanoplastics
in aquatic environments: Aggregation, deposition, and
enhanced contaminant transport. Environmental Science
& Technology, 52 (4), 1704, 2018.

WEI H.,, WU L.Z., LIU Z.Q., SALEEM M., CHEN X.,
XIE JF., ZHANG J.E. Meta-analysis reveals differential
impacts of microplastics on soil biota. Ecotoxicology and
Environmental Safety, 230, 113150, 2022.

WU Y.M., WANG Y.P, WANG K., TIAN JY., CHEN
Y.H.,, ZOU GY. XU L. Pollution characteristics and
potential sources of microplastics in the soil of Beijing
facility agriculture. Journal of Ecotoxicology, 17 (4), 333,
2022.

AMRUTHA K., WARRIER A.K. The first report
on the source-to-sink characterization of microplastic
pollution from a riverine environment in tropical
India. Science of the Total Environment, 739, 140377,
2020.

KIM S.K., KIM J.S., LEE H., LEE H.J. Abundance and
characteristics of microplastics in soils with different
agricultural practices: Importance of sources with internal
origin and environmental fate. Journal of Hazardous
Materials, 403, 123997, 2021.

MENG K., LWANGA E.H., VAN DER ZEE M,
MUNHOZ D.R.,, GEISSEN V. Fragmentation and
depolymerization of microplastics in the earthworm gut:
A potential for microplastic bioremediation?. Journal of
Hazardous Materials, 447, 130765, 2023.

EDO C., GONZALEZ-PLEITER M., LEGANES F,
FERNANDEZ-PINAS F., ROSAL R. Fate of microplastics
in wastewater treatment plants and their environmental
dispersion with effluent and sludge. Environmental
Pollution, 259, 113837, 2020.

CORRADINI F., MEZA P, EGUILUZ R., CASADE
F., HUERTA-LWANGA E., GEISSEN V. Evidence of
microplastic accumulation in agricultural soils from
sewage sludge disposal. Science of the Total Environment,
671, 411, 2019.

CROSSMAN J,, HURLEY R.R.,, NIZZETTO L.
Transfer and transport of microplastics from biosolids to
agricultural soils and the wider environment. Science of
The Total Environment, 724, 138334, 2020.

SCHEURER M., BIGALKE M. Microplastics in Swiss
floodplain soils. Environmental Science & Technology, 52
(6), 3591, 2018.

LWANGA E.H.,, VEGA JM. QUEJ VK. CHI JD.,
DEL CID L.S., CHI C.,, SEGURA G.E., GERTSEN H.,
SALANKI T., VAN DER PLOEG M., Field evidence for
transfer of plastic debris along a terrestrial food chain.
Scientific Reports, 7 (1), 14071, 2017.

RAFIQUE A., IRFAN M., MUMTAZ M., QADIR B.
Spatial distribution of microplastics in soil with context
to human activities: a case study from the urban center.
Environmental Monitoring and Assessment, 192 (11),
2020.

REZAEI M., RIKSEN M.J.P.M., SIRJANI E., SAMENI
A., GEISSENB V. Wind erosion as a driver for transport
of light density microplastics. Science of the Total
Environment, 669, 273, 2019.

VOLLERTSEN J., HANSEN A.A. Microplastic in danish
wastewater: sources. occurrences and fate. Copenhagen:
The Danish Environmental Protection Agency, 1906, 55,
2017.

HUANG Y., LIU Q., JIA W.Q, YAN C.R., WANG J.
Agricultural plastic mulching as a source of microplastics

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

3s.

36.

37.

38.

in the terrestrial environment. Environmental Pollution,
260, 114096, 2020.

ZHOU Q., ZHANG H.B.,, FU C.C.,, ZHOU Y., DAI Z.F.
The distribution and morphology of microplastics in
coastal soils adjacent to the Bohai Sea and the Yellow Sea.
Geoderma, 322, 201, 2018.

ZHOU Y.F., LIU X.\N., WANG J. Characterization of
microplastics and theassociation of heavy metals with
microplastics in suburban soil of central China. The
Science of the Total Environment, 694, 133798, 2019.

LI Q.L., WU JT., ZHAO X.P,, GU X.Y., JI R. Separation
and identification of microplastics from soil and sewage
sludge. Environmental Pollution, 254 (B), 113076, 2019.
CHEN Y.L., LENG Y.F,, LIU X.N., WANG J. Microplastic
pollution in vegetable farmlands of suburb Wuhan, central
China. Environmental Pollution, 257 (C), 113449, 2020.
WANG Y.H., WEI F, XU L.H. Sources, Migration,
Diffusion and Ecological Effect of Microplastics Pollution
in Soil. Safety and Environmental Engineering, 29 (5),
132, 2022.

WU W., ZHANG M., MIAO M., WU PF, YU X.X,, YAO
Y., LIU Y.Y. Research Progress on occurrence, source and
influence of microplastics in soil environment. Journal of
Hunan Ecological Science, 8 (3), 90, 2021.

DU T., LUO S., WANG X., XIANG W.P. Consideration on
the establishment of a standardized analysis and detection
method for microplastics in soil (in Chinese). Recycling
Resources and Circular Economy, 13 (8), 34, 2020.
STANTON T., JOHNSON M., NATHANAIL P., GOMES
R.L., NEEDHAM T., BURSON A. Exploring the efcacy
of Nile Red in microplastic quantifcation: a costaining
approach. Environmental Science & Technology Letters, 6
(10), 606, 2019.

ZHANG S., YANG X., GERTSEN H.N., PETERS P,
SALANKI Y., GEISSEN V. A simple method for the
extraction and identification of light density microplastics
from soil. Sci Total Environ, 616, 1056, 2018.

ZHANG J.J.,, CHEN Y.H.,, WANG X.X., NI X.H., LIU
D.S., LI L.X., ZOU G.Y. Research progress of microplastics
in soil environment. Chinese Journal of Ecological
Agriculture (Chinese and English), 29 (6), 937, 2021.
URENDRAN U.,, AYAKUMAR M., RAJA P, GIRISH
G., PADMANABAN V.C. Microplastics in terrestrial
ecosystem: Sources and migration in soil environment.
Chemosphere, 318, 137946, 2023.

LI K.X., MA D., WU J., CHAI C., SHI Y.X. Distribution
of phthalate esters in agricultural soil with plastic
film mulching in Shandong Peninsula, East China.
Chemosphere, 164, 314, 2016.

ZHOU B.Y., WANG J.Q.,, ZHANG H.B. Microplastics
in agricultural soils on the coastal plain of Hangzhou
Bay,East China: Multiple sources other than plastic
mulching Film. Journal of Hazardous Materials, 388,
121814, 2020.

ZHAO H.L., ZHANG Z.Q., CHEN L., CUI Q.L., CUI
Y.X., SONG D.X., FANG L.C. Review on migration,
transformation and ecological impacts of microplastics
in soil. Applied Soil Ecology, Applied Soil Ecology, 176,
104486, 2022.

ZHANG S.G., YANXIA LI Y.X., XINGCAI CHEN X.C,,
JIANG XM, LI J, LIU Y, YIN X.Q., ZHANG X.L.
Occurrence and distribution of microplastics in organic
fertilizers in China. Science of the Total Environment,
844, 157061, 2022.

WU S.L., XU AM., ZHOU J., XIN FX., YU Z.Y., DONG
W.L., JIANG M. Microplastics in wastewater treatment:



4538

Jinnan Xiao, et al.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51,

52.

53.

current status and future trends. Chinese Journal of
Biotechnology, 38 (7), 2410, 2022.

LI TH., TAO SY., MA M.G., LIU SW.,, SHEN M.C.,
ZHANG H.J. Is the application of organic fertilizers
becoming an undeniable source of microplastics and
resistance genes in agricultural systems?. Science of The
Total Environment, 912, 169571, 2024.

GUO S., ZHANG J.J., LIU JW.,, GUO N., ZHANG L.,
WANG S.T., WANG X.X., ZHAO M., ZHANG B.G,,
CHEN Y.H. Organic fertilizer and irrigation water are
the primary sources of microplastics in the facility soil,
Beijing. Science of The Total Environment, 895, 165005,
2023.

FALCO E.D., PACE E.D., COCCA M., AVELLA M. The
contribution of washing processes of synthetic clothes to
microplastic pollution. Scientific Reports, 9, 6633, 2019.
LIU Y.X,, LIU Y.X,, LI Y., BUAN PY., HU Y., ZHANG
J., SHEN W.B. Effects of irrigation on the fate of
microplastics in typical agricultural soil and freshwater
environments in the upper irrigation area of the Yellow
River. Journal of Hazardous Materials, 447, 130766, 2023.
JIA T., XUE Y.H., JIN T., LU TY. Research progress on
sources, distribution and potential effects of microplastics
in soil. Asian Journal of Ecotoxicology, 17 (5), 202, 2022.
CHEN Y., LIU J., ZHANG Y.X., LI J.Y.,, LI G.J. Black
microplastics in the environment: origin, transport and
risk of tires wear particles. Chinese Journal of Applied
Ecology, 33 (8), 2260, 2022.

FANG Q., NIU S.P., CHEN Y.D., YU J.H. Characteristics
of microplastic present in urban road dust. Environmental
Science, 43 (1), 189, 2022.

BAENSCH-BALTRUSCHAT B., KOCHER B.,
KOCHLEUS C., STOCK F., REIFFERSCHEID G.
Tyre and road wear particles-a calculation of generation,
transport and release to water and soil with special regard
to German roads. Science of the Total Environment, 752,
141939, 2021.

CAI L.Q., WANG J.D,, PENG J.P,, TAN Z., ZHAN ZW.,
TAN X.L., CHEN Q.Q. Characteristic of microplastics
in the atmospheric fallout from Dongguan city, China:
preliminary research and first evidence. Environmental
Science and Pollution Research, 24, 24928, 2017.

LIU K., WANG X., FANG T.,, XU P, ZHU L.X., LI
D.J. Source and potential risk assessment of suspended
atmospheric microplastics in Shanghai. Science of the
Total Environment, 675, 462, 2019.

ZHOU Q., ZHANG H.B., ZHOU Y., LI Y, XUE Y.,
FU C.C., TU C., LUO Y.M. Separation and surface
microscopic characteristics of microplastics in coastal tidal
flat soil. Scientific Bulletin, 61 (14), 1604, 2016.

ZHANG S.L., YANG X.M., GERTSEN H., PETERS
P., SALANKI T., GEISSEN V. A simple method for the
extraction and identification of light density microplastics
from soil. Science of the Total Environment, 616, 1056,
2018.

ZHANG G.S., LIU Y.F. The distribution of microplastics
in soil aggregate fractions in southwestern China. Science
of the Total Environment, 642, 12, 2018.

LIU M.T,, LU S.B.,, SONG Y., LEI L.L.,, HU JN,, LV
WW., ZHOU W.Z., CAO C.J.,, SHI H.H., YANG XF.
Microplastic and mesoplastic pollution in farmland soils in
suburbs of Shanghai,China. Environmental Pollution, 242,
855, 2018.

ZHANG S.L., WANG J1.Q., LIU X, QU EJ., WANG
XS., WANG X.R.,, LI Y., SUN Y.XK. Microplastics
in the environment: A review of analytical

54.

5.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

methods,distribution,and biological effects. Trends in
Analytical Chemistry, 111, 62, 2019.

HAN L.H, LI QL., XU L., LU A.X., LI B.R., GONG
W.W., TIAN JY. Study on abundance and distribution
of microplastics in soil of Daliao River Basin. Journal of
Ecotoxicology, 15 (1), 174, 2020.

HUANG Y., LIU Q., JIA W.Q, YAN C.R,. WANG J.
Agricultural plastic mulching as a source of microplastics
in the terrestrial environment. Environmental Pollution,
260, 114096, 2020

SANG W.J.,, WANG X.X., WANG X.M., XIAO L.R., XU
S.H., LI D.X. The Source, OccmTence Chm’actefistics and
Migration Behavior of Microplastics in Soil. Journal of
Ecology and Rural Environment, 37 (11), 1361, 2021.
DUAN Z.H., ZHAO S., ZHAO L.J.,, DUAN X.Y., XIE S.,
ZHANG H., LIU Y.B., PENG Y.W,, LIU C.G., WANG L.
Microplastics in Yellow River Delta wetland: Occurrence,
characteristics, human  influences, and marker.
Environmental Pollution, 258 (C), 113232, 2020.

HAN X.X., LU X.Q., VOGT R.D. An optimized density-
based approach for extracting microplastics from soil
and sediment samples. Environmental Pollution, 254 (A),
113009, 2019.

RILLIG M.C., KIM S.W., ZHU Y.G. The soil plastisphere.
Nature Reviews Microbiology, 22 (2), 64, 2023.

ALICE D., TOSCA B., LAURA F.,, SABINE M.S., BRUNO
D., RIDDY W. From rivers to marine environments: A
constantly evolving microbial community within the
plastisphere, Marine Pollution Bulletin, 179, 113660, 2022.
KONG Y.L, QIN H., ZHU C.Q., TIAN WH. ZHU
X.F, YU Y.J., ZHANG J.H. Research Progress on the
Mechanism by which Soil Microorganisms Affect Soil
Health. Acta Pedologica Sinica, 1-19, 2023.

ZHANG Y.P, XIAO G.Y., WANG D., WANG H.J,
ZHANG X.M., ZHUANG Y. The degradation mechanism
of degradable plastics and the factors affecting the
degradation process. Green Packaging, 1 (11), 17, 2021.
KUMAR G.A., ANJANA K., HINDUJA M. Review on
plastic wastes in marine environment-Biodegradation and
biotechnological solutions. Marine Pollution Bulletin, 150,
110733, 2020.

GE J.H., WANG M.J,, LIU P, ZHANG Z.X., PENG
JB., GUO X.T. A systematic review on the aging of
microplastics and the effects of typical factors in various
environmental media. TrAC Trends in Analytical
Chemistry, 162, 117025, 2023.

WEI J.J., WANG L., SHEN JY., LUO X.Y., DENG L.R,,
HE M. Effects of aging of microplastics in environment
on their physical and chemical properties and ecotoxicity.
Journal of Green Science and Technology, 24 (10), 195,
2022.

LIA Y.C., LIA Y.F, SCOTT X.C., YANG Y.F, FU S.L.,
PEIKUN J., LUO Y., YANGA M., CHEN Z.H., HU S.D.,
ZHAO M.X., LIANG X., XU Q.F., ZHOU G.M., ZHOU
J.Z. Biochar reduces soil heterotrophic respiration in a
subtropical plantation through increasing soil organic
carbon recalcitrancy and decreasing carbon degrading
microbial activity. Soil Biology and Biochemistry, 122,
173, 2018.

CHEN MY, YU Q., ZHANG T.P. Progress in the
study of microplastic pollution and migration and
transformation in soil environment. Ecological Science, 40
(@), 202, 2021.

ZHANG ZM., WU X.L., ZHANG J.C., HUANG X.F.
Distribution and migration characteristics of microplastics
in farmland soils, surface water and sediments in Caohai



The Source, Distribution Characteristics...

4539

69.

70.

71.

72.

73.

74.

Lake, southwestern plateau of China. Journal of Cleaner
Production, 366, 132912, 2022.

RILLIG M.C., ZIERSCH L., HEMPEL S. Microplastic
transport in soil by earthworms. Scientific Reports, 7,
1362, 2017.

ZHAO S.L., ZHANG Z.Q., CHEN L., CUI Q.L., CUI
Y.X., SONG D.X., FANG L.C. Review on migration,
transformation and ecological impacts of microplastics in
soil. Applied Soil Ecology, 176, 104486, 2022.
CHENR.L., CHEN Y.H., HUANG S., YU Y., CHEN R.H.,
XUE S., LIU Y., YANG X.M. Residues and accumulation
characteristics of plastic fragments and microplastics
in farmland soil of Guanzhong Plain, Shaanxi. Chinese
Journal of Eco-Agriculture, 30 (10), 1649, 2022.

LUO Y.M., ZHOU Q. ZHANG H.B. Attention to
research on microplastic pollution in soil for prevention
of ecological and food chain risks. Bulletin of Chinese
Academy of Sciences, 33 (10), 1021, 2018.

SAJJIAD A. Uncovering the intricate relationship between
plant nutrients and microplastics in agroecosystems.
Chemosphere, 46, 140604, 2024.

ZHANG Y.H., SONG M.M., ZHU Y.M., LI H., ZHANG
Y.L, WANG G.F,, CHEN X.P, ZHANG W.S., WANG
H., WANG Y.C,, SHAO R.X., GUO J.M., YANG Q.H.

75.

76.

77.

78.

Impact of microplastic particle size on physiological and
biochemical properties and rhizosphere metabolism of Zea
mays L.: Comparison in different soil types. Science of
The Total Environment, 908, 168219, 2024.

ZHOU B.., WANG J.Q., ZHANG H.B., SHI H.H., FEI
Y.F., HUANG S.Y., TONG Y.Z., WEN D.S., LUO Y.M,,
BARCELO D. Microplastics in agricultural soils on
the coastal plain of Hangzhou Bay,East China:Multiple
sources other than plastic mulching film. Journal of
Hazardous Materials, 388, 121814, 2020.

ZHANG ZM. ZHOU Y.C., HUANG X.F. Factors
influencing the evolution of human-driven rocky
desertification in karst areas. Land Degradation and
Development, 32 (2), 817, 2020.

O’CONNOR D., PAN S.Z., SHEN ZT., SONG Y.A.,,
JIN Y.L., WU W.M., HOU D.Y. Microplastics undergo
accelerated vertical migration in sand soil due to small
size and wet-dry Cycles. Environment Pollution, 249, 527,
2019.

ZHANG Y.S., CHEN ZY., MA W.E. Research progress
on the migration and transformation of microplastics and
environmental risks. Chemical Industry and Engineering
Progress, 41 (11), 6080, 2022.



