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ARTICLE INFO ABSTRACT

Handling Editor: Da Chen Microplastics are emerging contaminants and their presence in water and soil ecosystems has recently drawn
Keywords: considerable attention because they pose a great threat to entire ecosystems. Recent researches have focused on
Microplastics the detection, occurrence, characterization, and toxicology of microplastics in marine and freshwater ecosys-
Soil tems; however, our understanding of the ecological effects of microplastics in soil ecosystems is still limited
Migration compared with that in aquatic ecosystems. Here, we have compiled literature, studying the sources, migration of
Toxicology microplastics in soil, negative impacts on soil health and function, trophic transfer in food chains, and the
Health risks corresponding adverse effects on soil organisms in order to address the potential ecological and human health

risks caused by microplastics in soil. This review aims to address gaps in knowledge, shed light on the ecological

effects of microplastics in soil, and propose future studies on microplastic pollution and the resultant soil eco-

toxicity. Furthermore, this review is focused on limiting microplastics in soil and establishing management and

remediation measures to mitigate the risks posed by microplastic pollution.

1. Introduction

Millions of tons of plastic are produced each year, facilitating all
aspects of people’s lives. According to the incomplete statistics reported
by PlasticsEurope (the Association of Plastics Manufacturers in Europe)
and EPRO (the European Association of Plastics Recycling and Recovery
Organizations), global plastic production was estimated to be 335
million tons as of 2016, with an average annual growth rate of 8.6%
since the 1950s (1.7 million tons) (PlasticsEurope, 2017; UNEP, 2015).
The current levels of plastic production, use/disposal patterns, low re-
covery rate, and demographic data all point to increasing accumulation
of plastic waste (Dahlbo et al., 2018; Hahladakis et al., 2018a;
Hahladakis and Iacovidou, 2018; van Velzen et al., 2019). While plas-
tics are both persistent and recyclable materials, less than 5% are re-
claimed (Sutherland et al., 2010) and 4.8-12.7 million tons of plastic
waste entered the ocean in 2010 (Jambeck et al., 2015). Projected over
one hundred years, the degradation cycle of plastics waste predicts
severe environmental problems as surface embrittled plastics are mi-
crocracked by microbial-mediated and weathering conditions and me-
chanisms, such as ultraviolet (UV) light and hydrolysis, and are pro-
gressively broken down into the small fragments and particles known as
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microplastics (Andrady, 2011; Auta et al., 2017).

Microplastics are heterogeneously mixed plastics that are less than
5mm in diameter, they include plastic fibers, granules, and fragments,
and they are considered to be emerging contaminants of concern (Cézar
et al.,, 2014; Ryan et al., 2009; UNEP, 2014). The paper “Lost at sea:
Where is all the plastic?” published in Science (Thompson et al., 2004)
initiated enthusiasm for research on marine microplastics. Since then,
microplastics contamination has been found to be ubiquitous and per-
vasive from the equator to the poles (Barnes et al., 2009; Imhof et al.,
2017; Lusher et al., 2015; Peeken et al., 2018), present in surface and
deep waters of oceans, lakes, estuaries, shorelines, intertidal zones, and
mangroves as well as beaches and sediments (Alomar et al., 2016;
Browne et al., 2011; Claessens et al., 2011; Hoffman and Hittinger,
2017; Naidoo et al., 2015; Ng and Obbard, 2006; Reisser et al., 2015).
Based on the latest global estimate of microplastics, there are 93-236
thousand tons of microplastics floating on the ocean surface, which
corresponds to as many as 51 trillion particles (Sebille et al., 2015).
Substantial concentrations of microplastics have also been found in
frozen ice areas; for example, 38-234 particles per m® of ice have been
reported in the Arctic (Obbard et al., 2014).

Growing evidence has demonstrated that microplastics are also
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present in terrestrial ecosystems (Cao et al., 2017; Rillig, 2012; Rillig
et al., 2017a; Horton et al., 2017), and that 79% of global plastic waste
is stacked in landfills; thus, soil is likely a large microplastics sink
(Geyer et al., 2017; Ng et al., 2018). Recent estimates have reported
that the annual input of microplastics by farmlands ranges from 63 to
430 thousand tons in Europe and 44-300 thousand tons in North
America, both of which exceed the extrapolated annual emissions of
microplastics to ocean surface waters (Nizzetto et al., 2016a, 2016b).
Farmlands in Shanghai, China have reported 62.5 microplastic items
per kilogram of deep soil and 78.0 items kg ~ ! of shallow soil (Liu et al.,
2018), and microplastics have also been detected in home garden soils
in Campeche, Mexico, where the mean concentration was 0.87 = 1.9
particles g~ ! (Huerta Lwanga et al., 2017a). Furthermore, Scheurer and
Bigalke (2018) found microplastics in approximately 90% of Swiss
floodplain soils at depths between 0 and 5 cm and determined the mean
microplastics concentration to be 5mg kg ™!, with a maximum value of
55.5mg kg ~'. Microplastics have also been found to constitute up to
0.002% of soil dry weight in nonurban soil reserves, such as remote
high mountain areas (Scheurer and Bigalke, 2018), and Fuller and
Gautam (2016) reported that soils sampled from an industrial area in
Australia were 0.03-6.7% microplastics, with concentrations ranging
from 300 to 67,500 mg kg ™! (Table 1).

Microplastics have been demonstrated to cause deleterious effects to
soil health and function (de Souza Machado et al., 2018a, 2018b; Liu
et al., 2017), and as in the marine environment, microplastic pollution
in soil will inevitably lead to accidental ingestion of microplastics by
soil organisms Earthworms have been shown to ingest microplastics
and the ingestion rate has been reported to increase significantly as the
concentration of microplastics increases; for example, Huerta Lwanga
et al. (2017a) detected 14.8 + 28.8 microplastic particles per gram of
earthworm casts and 129.8 + 82.3 particles g~ ' of chicken feces in
home garden soils. Panebianco et al. (2019) found microplastics were
presented in more than 50% of the snails (a total of 425 specimens),
with the average of 0.92 = 1.21 particles per 5 snails.

In summary, microplastics have become a global environmental
issue and have aroused widespread concern about health risks. As the
number of researches regarding microplastics in soil has considerably
increased in recent years, it is important to examine the interactions
between soil and microplastics, and identify research gaps and direc-
tions. The objectives of this review are to (1) summarize the source and
transfer of microplastics in soil, (2) analyze their effects on soil health
and function, and (3) discuss their potential ecological and health risks
in soil. By integrating and summarizing previous research, we have
developed a body of knowledge on the migration and toxicology of
microplastics in soil that we hope will be used to reduce microplastics
in soil and establish management and remediation measures to mitigate
the risks posed by microplastic pollution.

2. Methodology

Here, the authors attempt to provide a generic overview on several

Table 1
Microplastic distribution in soils from four countries.
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implications associated with soil microplastics. Although we are as
comprehensive as possible, there still leaves much to be desired. The
methodology of the present work is briefly outlined in the following.

2.1. The methodological approach to this review

The authors thoroughly reviewed literatures related to micro-
plastics, finding that current researches are predominantly focused on
aquatic ecosystems rather than soil-microplastic interactions; thus,
while several studies have investigated microplastic pollution in ter-
restrial ecosystems, a deeper understanding of microplastics in soil is
required as the influences of microplastics on soil ecosystem and human
health remain poorly understood. This review went through under a
three-pillar approach:

(1) to briefly delineate the urgency and seriousness of microplastics in
soil through emphasizing on the various ways for microplastics to
enter soil, and their migration within soil;

(2) to outline the impacts of microplastics on soil properties and
function through multiple aspects, as well as the potential risks
when dispersed into other environment media, transferred along
the food chains, and accumulated by animals, plants and humans;

(3) to summarize the prevention countermeasures for soil microplastics
and propose future research directions according to the existing
literatures.

2.2. Data sources assimilation and analysis

” o« ” o«

The keywords “microplastic”, “soil”, “terrestrial ecosystem”, “toxi-
city”, “transfer”, or “transport”, were selected individually or jointly to
search for relevant information on Web of Science and Google Scholar.
Key literatures published between 2010 and 2019 (up to September)

were assimilated and analyzed.

3. Sources and migration of microplastics in soil
3.1. Sources of soil microplastics

The sources of microplastics are mainly classified as either primary
or secondary microplastics (Cole et al., 2011; Duis and Coors, 2016;
Thompson 2015). Primary microplastics are purposefully manufactured
for specific applications, which include cosmetic abrasives, drug vec-
tors, and industrial and engineering applications such as air blasting
(Hays and Cormons 1974; Auta et al., 2017). These microplastics are
usually difficult to remove using sewage disposal technologies and once
they enter wastewater, they will ultimately accumulate in the en-
vironment (Castafneda et al., 2014; Zitko and Hanlon, 1991). Secondary
microplastics originate from larger plastics as they are progressively
fragmented into smaller pieces by multiple, complex environmental
conditions such as wind, waves, temperature, and UV light (Andrady,
2011; Cole et al., 2011; Rocha-Santos and Duarte, 2015). Furthermore,

Location

Abundance (mean value)

Reference

Industry areas, Sydney, Australia 4191 mgkg~* Fuller and Gautam (2016)
Floodplain soils, Switzerland 5mgkg ! Scheurer and Bigalke (2018)
Homegarden soil, Campeche, SE Mexico 0.87 particles kg ™' Huerta Lwanga et al. (2017a)
Deep soils, Shanghai, China 62.5 items kg~ Liu et al. (2018)

Shallow soils, Shanghai, China 78 items kg !

Estuary of the Cha river, Yunnan, China
Dagoujian, Yunnan, China

Dunshang, Yunnan, China

Anle, Yunnan, China

Shangsuan, Yunnan, China

26,410 particles kg ™'
48,960 particles kg ™!
27,310 particles kg ™!
53,090 particles kg ™!
22,610 particles kg ™!

Zhang and Liu (2018)
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repeated use of plastic products can also cause fragmentation and result
in the formation of secondary microplastics. Hartline et al. (2016)
discovered that microfiber masses from top-load conventional home
machines were 1471-2121 microfibers per garment, which was ap-
proximately 7 times higher than that those from front-load machines.
And a recent study reported 30,000-465,000 microfibers per m? (or
175-560 microfibers/g) were detached from textile garments (Belzagui
et al., 2019). Besides, plastic emissions related to vehicle transport,
including tire wear and tear, brakes, road markings, are another main
source of microplastics in the environment (Gieré et al., 2018; Kole
et al., 2017). The global average of microplastic emissions from the
abrasion of road vehicle tires was estimated to be 0.81 kg/year per
capita (Kole et al., 2017). Apart from road traffic, wear and tear re-
leased from airplane tires accounts for approximately 2% of total
emissions from tire wear and tear in the Netherlands (Kole et al., 2017).
In addition, artificial turf also plays an important role in secondary
source of microplastics, with the rough estimate of artificial turf emis-
sions ranging from 760 to 4500 tonnes/year (Kole et al., 2017; Lassen
et al., 2015; Magnusson et al., 2016). Therefore, diverse types of mi-
croplastics are being emitted into various natural habitats and ecosys-
tems.

Much different from the sources of microplastics in ocean, which
mainly includes land-based sources (contributing ~80%), costal
tourism, recreational, commercial fishing (e.g. plastic fishing gear ap-
plications, etc., contributing ~18%), marine vessels and marine-in-
dustries (e.g. aquaculture, oil-rigs, etc.) (Andrady, 2011; Cole et al.,
2011; Doyle et al., 2011), microplastics enter soil via multiple sources,
including landfills (He et al., 2019), soil amendments (UBA, 2015;
Zubris and Richards, 2005), land application of sewage sludge
(Corradini et al.,, 2019; Li et al., 2018a; Mintenig et al., 2017;
Ziajahromi et al., 2017), wastewater-irrigation (Giindogdu et al., 2018;
Mason et al., 2016), compost and organic fertilizer (Weithmann et al.,
2018), residues of agricultural mulching films (Ramos et al., 2015;
Steinmetz et al., 2016), tire wear and tear (Kole et al., 2017), and at-
mospheric deposition (Dris et al., 2015, 2016, 2017; Liu et al., 2019),
etc. Besides, plastic waste in soil can be fragmentized into microplastics
by biological processes of soil organisms, e.g. feeding activities, diges-
tion, and excretion process (Chae and An, 2018). The presence of mi-
croplastics severely reduces soil quality (de Souza Machado et al.,
2018a), and the migration and trophic transfer of microplastics in
heavily contaminated soils, particularly those in wastewater-irrigated
and plastic-film covered areas, pose substantial risks to the ecosystem

Large plastics

Primary
microplastics Agricultural
l mulching film
Garbage
Used directly as raw disposal
materials in industry,
medicine and cosmetics Landfill

l

WWTPs Washing
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(Fig. 1).

3.2. Migration of microplastics in soil

The vertical and horizontal distribution of microplastics in soil can
be influenced by several factors (Fig. 2), including soil biota, soil fea-
tures such as soil macropores (pores > 75pum), soil aggregation and
soil cracking, and agronomic practices such as plowing and harvesting
(Rillig et al., 2017a, 2017b). The general literature on microparticle
migration in soil by bioturbation (Gabet et al., 2003) suggests that plant
processes (e.g., root growth and uprooting) and inputs from various
animals (e.g., larvae, earthworms, vertebrates, etc.) can serve as pre-
ferential paths for microplastics movement. For example, indigenous
fungal mycelia may also contribute to the migration of microplastics as
they can bridge air-filled pores and efficiently translocate pollutant
degrading bacteria (Wick et al., 2007). Microplastics can be swallowed
and subsequently excreted by earthworms (Cao et al., 2017; Huerta
Lwanga et al., 2016; Rillig et al., 2017a), vertically transported from
shallow to deep soils by the burrows of anecic earthworms, and lat-
erally spread across wide areas by the movement of geophagous
earthworms and mosquitoes (Huerta Lwanga et al., 2016; Hurley and
Nizzetto, 2018; Ziajahromi et al., 2018). Mosquito larvae have been
reported to readily eat microplastics, which can persist in a mosquito's
guts during metamorphosis from the larval to adult stage (Al-Jaibachi
et al., 2019). Moreover, earthworm casts, which can contain con-
centrated microplastics, may be ingested by soil microarthropods
(Gutierrez-Lopez et al., 2011; Salmon and Ponge, 2001). Mites and
collembola have also been found to disperse and redistribute micro-
plastics by scraping or chewing microplastics, and digging mammals,
such as gophers and moles, are likely to contribute to the migration of
microplastics in soil by a similar mechanism (Maal et al., 2017; Rillig,
2012). The distance of microplastics (100-200 pm) was much further
and faster transported by larger Folsomia candida (up to 4 cm after
5days) than smaller Proisotoma minuta (about 1 cm after one week),
and the ability of collembola to disperse microplastics was strongly
associated with the size of organisms and microplastics as well as their
types (Maal et al., 2017). Furthermore, Zhu et al. (2017) found that the
ability of microarthropods to transport and distribute microplastics in
soil was significantly enhanced when there exists a predator-prey re-
lationship. Thus, we can speculate that intricate food webs in soil
ecosystems which is composed of diverse and complex species re-
lationships (Bardgett and van der Putten, 2014; Bradford 2016;
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Fig. 1. Sources of microplastics in soil. WWTPs indicates wastewater treatment plants.
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Fig. 2. The various factors affecting the migration
of microplastics in soil. Vertical arrows indicate
the vertical transport of microplastics in soil. *
Microplastic particles can integrate into soil ag-

-
Soil cracking

Bradford et al., 2002) will promote the migration of microplastics
compared with the contribution of single species.

That is, soil cracking, pores, agronomic practices (e.g. plowing and
harvesting), root elongation of plants, the activities of ingestion and
egestion of geophagous soil fauna (notably anecic earthworms), as well
as the digging behaviors of other soil animals contribute likely to the
most vertical transport of microplastics in soil; whereas the activities of
hunting, life activities of epigeic earthworms, as well as agronomic
practices can facilitate the horizontal distribution of microplastics in
soil (Gabet et al., 2003; Rillig et al., 2017a, 2017b). Additionally,
plastic types can also influence the migration, because that microbeads
and microfibers have been proved to show different interaction with
soil aggregation (de Souza Machado et al., 2018a), which may exert
potentially blocking effects on the transport of microplastics in soil.
Moreover, transport may be influenced by plastic surface properties and
ecocorona altered by the process of degradation (Galloway et al., 2017;
Rillig et al., 2017a, 2017b). The concept diagram (Fig. 2) shows the
various factors affecting the migration of microplastics in soil.

3.3. Dispersion of soil microplastics to the surrounding environment

In addition to migration within the soil, microplastics in soil can
migrate to surrounding environmental medium, like air and water,
through natural or human phenomena such as wind, dust, erosion and
surface runoff (Dris et al., 2017; O'Connor et al., 2019; Rezaei et al.,
2019). Microplastics, especially microfibers, loading on soil surface can
be lifted into the air thanks to wind and air flows, remaining suspended
in the air for some time (Dris et al., 2016; Yurtsever and Kaya, 2018).
Microplastics in soil may also be feasibly entered to subsurface re-
ceptor, such as aquifers. It has been found recently that wet-dry cycle
numbers were positively linear correlated with penetration depths of
microplastics, and 100-year penetration depth was estimated as 5.24 m
in average (range 1.48-7.42 m) for the 347 cities in China based on the
weather data (O'Connor et al., 2019). Using the INCA-Contaminants
model, Nizzetto et al. (2016c) developed a simulation to determine the
portion of microplastics transferred from soil to the Thames River. Their
results demonstrated that more than 60% of microplastics in the soil
will eventually migrate into the river catchments and contaminate the
water environment. Thus, soil is not only a sink for microplastics but
also a source for the surrounding environments.

gregations and incorporate into soil clumps to
varying degrees: loosely in microbeads and frag-
ments, while more tightly in microfibers, thus in-
fluencing the transport of microplastics in soil.

4. Effects of microplastics in soil

Soil nature influences the migration of microplastics, and micro-
plastics change the properties of soil, such as soil structure and function
as well as microbial diversity (He et al., 2019; Rillig, 2012), which may
translate to plant and animal consequences and present potential con-
cerns for food quality and safety, ultimately threatening human health
(Murugan et al., 2014; Rillig et al., 2019).

The presence of relatively large residual plastic films in soil has been
found to reduce the soil saturated hydraulic conductivity and affect the
soil microbial activity and abundance, ultimately influencing the soil
fertility (Kasirajan and Ngouajio, 2012; Wang et al., 2015a; Zhang
et al., 2017). In return, in the complex soil environment, the properties
of microplastics in soil are affected by physical and abiotic factors (such
as erosion) and biotic factors (such as microbes, earthworms and plant),
which depend on the basic physical and chemical properties of soil. The
interactions between MPs and the soil may result in an unpredictable
impact on the environmental behaviors of other pollutants in soil, thus,
causing more serious soil problems. The majority of studies on micro-
plastics are still focused on characterization of semi-quantitative and
qualitative metrics; however, a few studies have focused on the al-
teration of soil physicochemical properties, soil microbes, and also the
toxicology of microplastic contamination (de Souza Machado et al.,
2018a; He et al., 2018; Liu et al., 2017; Yang et al., 2018) and these will
be discussed in this section.

4.1. Impact on soil health and function

4.1.1. Soil structure

Soil nature may be the primary measure for understanding the risks
posed to terrestrial ecosystems by microplastics as microplastics can
interact with multiple soil properties (Fig. 3) (de Souza Machado et al.,
2018a, 2018b; Lehmann et al., 2019; Liu et al., 2017; Rillig, 2012).
Microplastic particles can integrate into soil aggregations and in-
corporate into soil clumps to varying degrees: loosely in fragment-types
and more tightly in linear-types (de Souza Machado et al., 2018a;
Zhang and Liu, 2018). Moreover, de Souza Machado et al. (2018a) has
found that polyester fibers can significantly increase water holding
capacity and significantly decrease bulk density and water-stable ag-
gregation; however, the effects of polyethylene (PE) and polyacrylic
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Fig. 3. Impact of microplastics on soil health and function, and potential selection pressures on microbes triggered by microplastics, as well as the corresponding

effects to plant growth and ion adsorption. MPs indicates microplastics.

acid on water holding capacity do not exhibit clear trends (de Souza
Machado et al., 2018a). Therefore, microplastics of different materials
have different effects on soil. Differ from de Souza Machado et al.
(2018a), Zhang et al. (2019a) found that no detectable changes were
observed in the soil bulk density and indicated a negative effect on the
water holding capacity under polyester microfibers treatments, com-
pared with the control treatment. These different findings may ascribe
to the physical-chemical character of soil, like soil solids (such as mi-
nerals and humus), the soil pore size distribution and so on (Sollins and
Gregg, 2017; Zhang et al., 2019a). These changes in soil water dy-
namics triggered by microplastics could induce the response of multiple
physiological indexes of photosynthetic efficiency, thus probably in-
dicating potential consequences for plant performance (de Souza
Machado et al., 2019; Faucon et al., 2017). Studies have also shown
that microplastics alter the permeability and water retention of soil,
which affect water evaporation (de Souza Machado et al., 2018a; Wang
et al.,, 2015a). Wan et al. (2019) investigated how water evaporation
and desiccation cracking in two clay soils were affected by the addition
of microplastics and reported that both are prominent and increase with
increasing microplastic content. Besides, the accumulation of high-
molecular-weight humic-like materials promoted by microplastic ad-
dition might indicate that microplastics may play a role in improving
the soil quality, since that humic-like materials can improve the soil
stability, water holding capacity, and nutrient availability, etc. (Liu
et al., 2017; Schnitzer, 2000). Based on these results, microplastics can
alter the water cycle in soils, exacerbate soil water shortages, and affect
the migration of pollutants into deep soil layers along cracks (Rillig
et al., 2017a). However, whether the impacts on the soil is positive or

negative still requires more in-depth research.

4.1.2. Soil fertility and nutrient

Soil enzymes with a high capacity for catalysis are closely associated
with multiple soil biochemical processes; these enzymes act as an in-
dicator for evaluating soil fertility and play an essential role in the
regulation of soil nutrient cycling for nutrients such as C, N, and P
(Allison and Jastrow, 2006; Trasar-Cepeda et al., 2008). For example, it
has been demonstrated that microplastics exhibit significant effects on
the activity of the urease, catalase activities, fluorescein diacetate hy-
drolase (FDAse), and phenol oxidase, (Huang et al., 2019; Liu et al.,
2017), which can cause short-term changes in soil quality (Muscolo
et al.,, 2014, 2015). Soil bulk density is an important parameter for
extrapolating soil carbon storage and the presence of microplastics may
lead to misestimation of soil carbon storage (Rillig, 2018). Furthermore,
since microplastics contain high carbon polymers, microplastic-C may
be disguised as a significant anthropogenic component of the soil or-
ganic carbon pool (Rillig, 2018). For the duration of a 30 - day ex-
periment (Liu et al., 2017), high levels of microplastics (28% w/w)
significantly increased the accumulation of DOM and facilitated the
release of soil nutrients, such as dissolved organic carbon (DOC), dis-
solved organic nitrogen (DON), and dissolved organic phosphorus
(DOP). However, when the microplastics content was reduced (7% w/
w), the accumulation of DOM slowed; the effects of the microplastics
were negligible during days 0-7 and the soil nutrient concentrations did
not significantly increase until days 14-30. Therefore, the effects of
microplastics on soil strongly depend on the concentration of micro-
plastics as well as the exposure time (de Souza Machado et al., 2018a;
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Liu et al., 2017).

4.1.3. Soil microbes

Studies have shown that soil features and nutrients are closely
correlated with soil microbial activity (Arthur et al., 2012; Girvan et al.,
2003; Naveed et al., 2016; Rillig et al. 2017b). Changes to the soil
physical environment - especially soil aggregation, which has been
found to integrate linear microfibers (de Souza Machado et al., 2018a;
Zhang et al., 2019a) — are expected to affect microbial evolution dif-
ferently than non-microfiber-structured soil (Rillig et al., 2017b, 2018).
De novo formed aggregates were significantly increased when soil mi-
crobe alive compared with the sterile treatment, while this positive
effect was neutralized under microfibers treatment (Lehmann et al.,
2019). Moreover, changes in soil porosity and soil moisture caused by
microplastics may alter the flow of oxygen in soil, which would change
the relative distribution of anaerobic and aerobic microorganisms
(Rubol et al., 2013). And changes to pore spaces caused by micro-
plastics may lead to microhabitat loss and the extinction of indigenous
microorganisms (Veresoglou et al., 2015). Besides, Judy et al. (2019)
found that the addition of microplastics significantly interfered with the
microbial community structure, and the substrate-induced respiration
(SIR) rates significantly decreased, indicating changes in soil microbial
function were induced by microplastics. Since DOM acts as a substrate
and important source of carbon for microorganisms, it is closely linked
to water eutrophication and the greenhouse effect (DeForest et al.,
2004a, 2004b; Marschner and Kalbitz, 2003); hence, changes to DOM
induced by microplastics (delineated in “4.1.2 Soil fertility and nu-
trient”) may affect soil function and microbial communities. The ac-
tivity of soil enzymes can reflect microbial activity and the availability
of substrates for microorganism uptake; therefore, changes to soil en-
zymes can indicate potential effects of microplastics on soil microbes.
de Souza Machado et al. (2019) found soil fungus, such as the root
colonization rate of AMF, were also changed in different degrees by
microplastics Generally, microplastics can cause a range of effects on
soil properties and exert certain selection pressures on soil micro-
organisms, which lead to changes in community structure and diversity,
and evolutionary consequences (Fig. 3) (Rillig et al., 2018).

4.1.4. Soil contamination

The emergence of microplastics as an ecosystem stressor not only
affects soil health and function but also alters soil biophysical proper-
ties that lead to complex changes in the environmental behavior of
other soil pollutants (Alimi et al. 2018; Wang et al., 2018a; Yang et al.,
2019a). Microplastics have an elevated adsorption capacity as the result
of their large specific surface area; thus, while microplastics contain
additives such as diethylhexyl phthalate (DEHP), which is prevalent
organic pollutant during plastic production (Hahladakis et al., 2018b;
Groh et al., 2019), they also adsorb hazardous contaminants, including
toxic organic chemicals such as polybrominated diphenyl ether (PBDE)
and perfluorochemicals (PFOS), heavy metals such as zinc, copper, and
lead, and antibiotics (Brennecke et al., 2016; Gaylor et al., 2013;
Hodson et al., 2017; Li et al., 2018b; Lagana et al., 2018; Wang et al.,
2015). Previous researchers have comprehensively reviewed the pre-
sence and release/migration patterns of additives and various other
potentially toxic substances of concern (e.g. toxic metals, POPs, etc.)
existing in all types of plastics (Hahladakis et al., 2018b; Groh et al.,
2019). Their overviews provide very valuable implications that the
toxic chemicals present in microplastics can slowly migrate within
microplastics to the surface and have the potential to spread in the soil
as microplastics migrate in the soil, thus posing ecological and health
risk. Hiiffer et al. (2019) compared the sorption capacities of soil,
polyethylene (PE) microplastics and soil added with 10% of poly-
ethylene microplastics (abbreviated as Soil + PE) to organic con-
taminants. They found the sorption capacity of Soil + PE was sig-
nificantly lower than that of soil, i.e. polyethylene microplastics could
weaken the sorption capacity of soil, thus facilitating the mobility of
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organic contaminants in soil. This could be attributed to the fact that
the molecular interactions (mainly non-specific van-der Waals inter-
actions) between PE and the sorbates were weaker (Hiiffer and
Hofmann, 2016) and no cation bridging between PE and the sorbates
existed, thus resulting in dilution effects after adding polyethylene
microplastics to soil (Hiiffer et al., 2019). In turn, the capacity of mi-
croplastics to adsorb other pollutants in soil will be influenced by soil
and microplastic properties (Yang et al., 2019a). Li et al. (2018b) re-
ported that antibiotics containing carbonyl groups, such as amoxicillin,
tetracycline, and ciprofloxacin, exhibit a particularly high sorption
capacity on polyamide (PA), which they attributed to its porous
structure and hydrogen bonding between its amide group (proton donor
group) and the carbonyl groups (proton acceptor group) in amoxicillin,
tetracycline, and ciprofloxacin (Antony et al., 2010).

DOM affects the transformation of contaminants by competing for
adsorption sites, exposing new reactive surface sites and electron
shuttling (Polubesova and Chefetz, 2014). Furthermore, DOM can de-
crease the sorption of contaminants to soil and enhance the desorption
(Yu et al., 2011). Therefore, increased accumulation of DOM induced
by microplastics may facilitate the transformation and mobility of
contaminants in soil, thus affecting their toxicity and bioavailability (Li
et al., 2018c; Liu et al., 2017). Besides, as a photosensitizer, DOM can
affect the photolysis of contaminants (Luo et al., 2017). Under certain
conditions, DOM can also significantly affect the hydrolysis and redox,
which may be ascribed to the competitive adsorption and acceleration
of mineral dissolution, as well as metal complexation (Polubesova and
Chefetz, 2014). Consequently, alternations of content and composition
of DOM will inevitably influence the environmental behavior and de-
gradability of contaminants in soil, probably aggravating soil pollution.
Moreover, Liu et al. (2017) has reported that FA-like material increased
after adding microplastics, hence affecting the transportation and
bioavailability of contaminants in soil. This can be explained by the fact
that fulvic acids (FA), which account for a large proportion of DOM in
soil, can also act as carrying agents and complexing media for soil
contaminants, such as heavy metals and organic chemicals (Chirenje
et al., 2002; Perminova et al., 2001). Besides, high-density polyethylene
was able to decrease the soil pH (Boots et al., 2019), which might result
in an increase of soluble/exchangeable form for heavy metal, thus in-
creasing the mobility and bioavailability (Yu et al., 2016). Therefore,
microplastics serve as scavengers and transporters in both marine and
soil environments while acting as a multiple stressor (Wang et al.,
2018a).

4.2. Ecological and health risks

Regarding the microplastic contamination of soil, the ecological and
health risk resulting from microplastic exposure was of significant
concern (Carbery et al., 2018; Wright and Kelly, 2017; Zhu et al., 2019).
Microplastics may concentrate in human body through various ex-
posure pathways (Fig. 4), such as inhalation of dust, consumption of
food or direct drinking water contaminated by microplastics (Dris et al.,
2017; OBmann et al., 2018; Prata, 2018; Schymanski et al., 2018). The
estimated intakes of microplastic from dust ingestion for adults and
children were in averages of 1063 and 3223 particles per year, re-
spectively (Dehghani et al., 2017).

4.2.1. Trophic transfer of microplastics in terrestrial food chains

Small plastic fragments discovered in the otoliths of lantern fish
(Electrona subaspera) and the feces of Hooker's sea lions (Phocartos
hookeri) and fur seals (Arctocephalus spp.) hint at the natural trophic
transfer of microplastics (Eriksson and Burton, 2003; McMahon et al.,
1999). Food chain simulations have confirmed the hypothesis that
microplastics can transfer from prey (lower trophic levels) to predators
(higher trophic levels) in a food web (Batel et al., 2016; Nelms et al.,
2018; Murray and Cowie, 2011; Santana et al., 2017; Setédld et al.,
2014). When the retention time of microplastics in the organs of prey is
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Fig. 4. The human exposure to microplastic through different routes.
Inhalation, ingestion of dust, and daily intake of polluted food and water are the
major sources of microplastic body burden in humans. The dotted line indicates
there is no direct evidence that plants can absorb and accumulate microplastics.

longer than the time from ingestion to egestion, predators are more
likely to consume microplastics (Farrel and Nelson 2013; Watts et al.,
2014). This indicates that the transfer of microplastics along natural
trophic chains appears to be a ubiquitous phenomenon; thus, bio-
magnification is expected to occur in both marine or terrestrial eco-
systems (Au et al., 2017).

There is only limited information about the trophic transfer of mi-
croplastics in terrestrial food chains. A recent study (Huerta Lwanga
et al., 2017a) reported microplastic particles in the gizzards and feces of
chickens that were fed with microplastic-clean crops; two conjectural
explanations are (1) macroplastics are converted to microplastics when
passing through the digestive tract; and (2) microplastics in chickens
may originate from the consumption of earthworms, which are con-
centrated in microplastics. A demonstration of the second hypothesis
would indicate that trophic transfer of microplastics is possible in ter-
restrial food chains (Huerta Lwanga et al., 2017a). Furthermore, a
toxicological experiment studying microplastics in mice has reported
the accumulation of microplastics in tissues, including the liver, kidney,
and gut (Deng et al., 2017), which suggests that mice can ingest and
store microplastics in tissues that will be eaten by animals in higher
trophic levels. Thus, the bioaccumulation and biomagnification of mi-
croplastics may adversely affect terrestrial food webs and human
health.

4.2.2. Effects of microplastics on soil animals

Microplastics adhering to the external surface of organisms may
directly hinder their mobility (Kim and An, 2019). In most cases, the
ingestion of microplastics is accidental, as organisms mistake micro-
plastics for food (Cole et al., 2013). The ingestion of microplastics can
cause false satiation, which reduces the ingestion of carbon biomass,
further leading to energy depletion, decreased growth, and even death
(da Costa et al., 2016; Setdld et al., 2015). Besides, microplastics can
also cause mechanical damage to the esophagus, intestinal obstruction,
decreased reproduction, and biochemical responses, like decreased
immune response, metabolism disorders, etc. (Lahive et al., 2019;
Lonnstedt and Eklov, 2016; Wang et al., 2019a).

Results from Cao et al. (2017) suggest that microplastics can sig-
nificantly inhibit the growth of earthworms and have a lethal effect at
exposure concentrations of 1% and 2% (w/w). After exposure to mi-
croplastics for 28 days, histopathological damage to the earthworms
was observed and immune system responses were confirmed by in-
creases to nutrients such as proteins, lipids, and polysaccharides
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(Rodriguez-Seijo et al., 2017). The food intake and excretion of snails
(Achatina fulica) were reduced to different degrees after 28-day ex-
posure to microfibers and microfibers induced significant villous injury
of gastrointestinal wall of snails (Song et al., 2019). Lu et al. (2018)
have reported that exposing mice to microplastics can induce hepatic
lipid metabolism disorder, decrease gut mucin secretion, and decrease
the mRNA expressions of some key genes controlling lipogenesis and
hepatic triglyceride synthesis in the liver and epididymal fat. Further-
more, the consumption of sufficient microplastics can disrupt the gut
microbial community structures, cause dysbiosis, and significantly
change the richness and diversity of intestinal microbiota (Lu et al.,
2018). Microbiota dysbiosis and gut inflammation induced by micro-
plastics have also been found in Enchytraeus crypticus (Zhu et al., 2018a)
and Folsomia candida (Zhu et al., 2018b; Ju et al., 2019). These results
imply that the uptake of microplastics by organisms can damage im-
portant ecophysiological functions that control health and biodiversity
(Browne et al., 2013).

In addition to the hazards of direct ingestion and the intrinsic
toxicity of additives in plastics, toxic contaminants such as toxic organic
chemicals, heavy metals, and antibiotics can be adsorbed to micro-
plastics, which aggravates soil pollution and amplifies the hazards
posed to organisms and humans (Hahladakis et al., 2018a; Hodson
et al., 2017; Groh et al., 2019; Besseling et al., 2013; Rodriguez-Seijo
et al., 2019). Considerably more zinc was desorbed from microplastics
in synthetic earthworm guts than from soil, which suggests that the
bioavailability of zinc could be increased by adsorption to microplastics
(Hodson et al., 2017). However, Wang et al. (2019b) reported some
different findings that the addition of microplastics in high levels, e.g.
5% and 10% (w/w), generally decreased the accumulation of PAHs and
PCBs in the earthworm E. fetida. This can be explained by the me-
chanisms hydrophobic organic contaminants (HOCs) entered earth-
worms, i.e., mainly dermal absorption and ingestion. On the one hand,
dermal absorption is closely related to the concentration of freely dis-
solved chemical in soil porewater, which is decreased by the addition of
microplastics due to the hydrophobicity and strong absorption to HOCs
(Wang et al., 2018b). On the other hand, the ingestion rate of soil for
earthworms significantly higher than that of microplastics (around
10-1000 fold) (Wang et al., 2019b). And even though earthworms take
up microplastics, the retention time of microplastics in the earthworms’
digestive tract is too short to allow the desorption and redistribution for
contaminants pre-absorbed in microplastics, further contributing to the
decreased bioaccumulation of contaminants (Besseling et al., 2017;
Koelmans et al., 2013, 2016; Wang et al., 2019b). These contrary results
give the implication that the adsorption/desorption mechanisms of
microplastics to organic and inorganic contaminants, as well as in vitro
and in vivo, may be different, which need further in-depth research.

4.2.3. Effects of microplastics on plants

The effects of microplastics on higher plants are still unclear and
relative researches are scarce. Existing researches indicated significant
effects of microplastics on plants, including wheat (Triticum aestivum)
(Qi et al., 2018), perennial ryegrass (Lolium perenne) (Boots et al.,
2019), Vicia faba (Jiang et al., 2019), cress (Lepidium sativum) (Bosker
et al., 2019), and spring onion (Allium fistulosum) (de Souza Machado
et al., 2019). Polystyrene microplastics (PS-MPs) could induce obvious
growth inhibition, genotoxic and oxidative damage to hydroponic Vicia
faba, and a large amount of 100 nm PS-MPs were observed to accu-
mulate in root tips with the laser confocal scanning microscopy (Jiang
et al., 2019). Bosker et al. (2019) discovered that microplastics (4.8 um)
could accumulate on pores in cress (Lepidium sativum) seed capsule, and
found a significant decrease of gemination rate after 8 h microplastic
exposure and significant differences in root growth after 24 h exposure.
Microplastics accumulated in plants may trigger a blockade effect on
cell connections or cell wall pores thus influencing the absorption and
transport of nutrients by plant (Asli and Neumann, 2009; Ma et al.,
2010). de Souza Machado et al. (2019) investigated the effects of six
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different microplastics of three types, including fibers, beads and
fragments, on performances of spring onion (Allium fistulosum), finding
that microplastics cause significant changes in biomass, tissue ele-
mental composition (like water content, leaf nitrogen content and C-N
ratio), root traits (including root length, root average diameter, total
root area, and root tissue density) and root symbioses; and these con-
sequences were particle types dependent (de Souza Machado et al.,
2019). However, Judy et al. (2019) reported some different findings
that no significant changes in seedling emergence and biomass of wheat
were observed when exposing to microplastics. Therefore, much more
researches need to be conducted to address knowledge gaps of influ-
ences of microplastics on plants and future studies will be of great in-
terest.

5. Prevention countermeasures for microplastics in soil

Sources of microplastics to soil ecosystems are expected to continue
increasing for many years to come because of increasing production,
extensive use scaling with the expanding population, their degradation-
resistant properties, and the substantial quantities that already exist
(Hahladakis et al., 2018a, 2018b; Thompson 2015). Therefore, poten-
tial control and remediation measures are urgently needed to attempt to
mitigate microplastic pollution and alleviate the risks posed by micro-
plastics.

Over the past decades, plastic waste has been exported to countries
where recyclable plastics were manually picked and reused because it is
difficult for recycling machines to separate plastics into reusable forms.
However, relocating waste rather than improving the treatment process
is not a long-term solution. In 2017, China introduced a regulation that
prohibits the import of foreign garbage (General Office of the State
Council, 2017). This ban on plastic waste imports should be regarded as
an impetus to develop sustainable plastic waste management, improve
treatment, and boost recycling rates in waste exporting countries
(UNEP, 2018a, UNEP, 2018b).

Extensive research studying the ecology and health risks associated
with microplastic pollution in marine environments has been conducted
and relevant supervision and management strategies for marine en-
vironments have been promulgated (UNEP, 2018a, UNEP, 2018b; MST,
2018). However, policies managing microplastic pollution in soil are
lagging. Specific regulations need to be implemented and pollution
control legislation for microplastics in soil need to be developed. Gov-
ernment departments can contribute to the reduction of soil micro-
plastic pollution through the following four efforts: (1) clarifying the
responsibilities, and associated penalties, of government departments
and businesses in the production, use, recycling, and disposal of plas-
tics; (2) instituting polluter-pays and beneficiary-compensation as basic
principles when designing environment taxes; (3) raising awareness
about microplastics through education; and (4) consulting the public,
from individuals to non-profit environmental groups, improving public
participation, and developing relevant feedback mechanisms and public
interest litigation mechanisms.

Further development of microplastic removal technologies is ur-
gently needed; for example, the addition of microplastic removal pro-
cesses during wastewater treatment will help to reduce the amount of
microplastics that enter soil ecosystems from sewage irrigation. In re-
cent years, the removal of microplastics through bioremediation has
aroused widespread interest because of its potential for energy con-
servation and environmental protection. In bioremediation, micro-
organisms can be employed to biodegrade polymer plastics, which act
as a carbon source and provide energy for the microorganisms (Caruso,
2015). As an example, Yang et al. (2014) reported that two bacterial
strains, Enterobacter absuriae YT1 and Bacillus sp. YP1 isolated from the
guts of Indian mealmoths (the larvae of Plodia interpunctella), have
degradation capacity for PE. Mealworms (the larvae of Tenebrio molitor
Linnaeus) and Exugiobacterium sp. YT2 isolated from the guts of meal-
worms were also reported to have the capacity for polystyrene (PS)
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degradation, and mealworms can depolymerize and mineralize PS into
CO, (Yang et al., 2015a, 2015b). Brandon et al. (2018) subsequently
demonstrated that mealworms can also degrade chemically dissimilar
plastics, such as PE and mixtures (PE + PS), which suggests that
mealworm gut microbes are not plastic-specific. They also found that
mealworm gut microbes, Citrobacter sp. and Kosakonia sp., strongly
associated with both PE and PS. Similarly, Huerta Lwanga et al.
(2017b) extracted two Gram-positive bacteria belonging to the Acti-
nobacteria and Firmicutes phyla from the earthworm guts; these bac-
teria could break down low-density polyethylene (LDPE) to sig-
nificantly smaller sizes. Furthermore, the bacteria species Pseudomonas
putida and Rhodococcus ruber were found to be capable of degrading for
plastics (Caruso, 2015; Mor and Sivan, 2008). These bacteria have the
potential for bioremediation of microplastic-polluted soil. However, the
potential risk of the removal of microplastics through bioremediation
should be considered. For example, recalcitrant pollutants left as re-
siduals, and the release of sorbed pollutants and the formation of toxic
secondary metabolites of plastics from bioremediation may be toxic to
terrestrial invertebrates and other specific ecological targets (Andersson
et al., 2009; Tang et al., 1998; Ortega-Calvo et al., 2013). Therefore, in
order to avoid the secondary pollution to the environment as much as
possible, several different organisms are required in biodegradation of
microplastics, i.e., the first one is able to break down complex polymers
into smaller molecules of short chains (e.g. oligomers or their con-
stituent monomers); the second one is capable of using the oligomers or
monomers and excreting simple waste compounds; and the third one is
capable of using the excreted wastes (Shah et al., 2008). Even so, on
account of the incorporating into humus, natural products, and mi-
crobial biomass, the biodegradation of microplastic can hardly reach
100% (Narayan, 1993). In this case, combined multiple technologies to
control microplastics, including physical/chemical removal and de-
gradation (e.g. photodegradation, oxidation, thermal degradation, etc.),
as well as bioremediation, are expected to yield better effects (Shah
et al., 2008).

6. Future research - Priority recommendations

Despite progress in the isolation, measurement, and identification of
microplastics in soil, there are still many scientific problems that must
be solved. Here, we highlight several major knowledge gaps that need
to be addressed.

e Microplastics of different types, sizes, shapes, and product uses have
distinct effects on soil because of their structure and nature.
Therefore, diverse types of microplastics with various purposes and
origins should be included in an experiment studying their en-
vironmental effects. Besides, results from both marine or soil or-
ganisms suggest that the toxicity of microplastics is dependent on
dosage and exposure time. Therefore, purely qualitative or quanti-
tative studies of soil microplastics may underestimate the influence
of microplastics on soil and organisms. Field and laboratory ex-
periments are needed to establish the extent to which minimum
concentration and exposure time induce adverse effects. Moreover,
Zhang et al. (2019a) found that polyester microfibers significantly
induced the contents of water-stable large macroaggregates (> 2
mm) increasing, while this phenomenon was not observed in the
field experiment. Therefore, more field experiments are needed to
further demonstrate the impacts of microplastics on soil physical
properties. And uniform standard for quantification and qualifica-
tion of microplastics in soil urgently need to be established to make
different researches comparable.

e Browne et al. (2015) developed a methodology to establish ecolo-
gical linkages to anthropogenic debris and to examine and guide the
management of ecological impacts using population models. This
recommends that more research on different microplastics is needed
to assess impacts to ecological linkages and to help reduce the
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threats posed by microplastics, rather than more research focusing
on the presence of microplastics and their sublethal effects. Fur-
thermore, how to distinguish the toxicity and risk of MPs from their
carried contaminants and the plastic additives should be considered
and need in-depth research.

The adsorption capacity of microplastics is generally comparable to
that of other environment pollutants, but the adsorption capacity of
different microplastic materials differs greatly for different anti-
biotics under various environment conditions (Antony et al., 2010).
Moreover, humic acid (HA) is reported to be connected to the fate
and transport of nanoparticles (Chae et al., 2012; Chen et al., 2012).
Wu et al. (2019) found that humic acid (HA) accelerated the ag-
gregation of negative charged nanoplastics, i.e. presenting a sig-
nificantly stable effect. It could be speculated that the surface
properties of microplastics might be changed by soil HA, thus af-
fecting the adsorption of pollutants on microplastics and soils,
which is worth to study in-depth.

Nanoplastics with dimensions less than 6nm are speculated to
permeate the plant cell wall (Carpita et al., 1979). Bandmann et al.
(2012) demonstrated that nanopolystyrene beads with dimensions
of 20 and 40 nm can be taken up by tobacco BY-2 cells via en-
docytosis in vitro. There has yet to be a study investigating the
uptake, translocation, and accumulation of microplastics in plants.
Although the uptake of microplastics by plants is not expected,
further studies are needed to confirm this hypothesis and investigate
stress responses induced by microplastics. Moreover, changes to soil
properties triggered by microplastics have the potential to affect the
chemical forms and bioavailability of soil contaminants; thus, the
effects of microplastics on plants' accumulation of other soil pollu-
tants should also be considered.

Some marine colonies of microbiota live in plastic environments,
which are collectively referred to as the plastisphere (Zettler et al.
2013). However, only a few researches are conducted in soil. Zhang
et al. (2019b) discovered that a significant difference in bacterial
community structure was existed between microplastic surfaces and
surrounding soil or other organic residues; the former was enriched
taxa that can degrade microplastics, especially pits and flakes, in-
dicating an active hydrolysis effect of bacteria on microplastics.
More research is needed to uncover these biological mechanisms
and improve our understanding of the plastisphere.

High values on the Shannon-Wiener index, which correspond to
diverse communities, and the relative diversity of antibiotic and
metal resistance genes (ARGs and MRGs) in plastisphere microbiota
compared with seawater microbiota indicate that microplastics act
as a reservoir for ARGs and MRGs (Yang et al., 2019b). Arias-Andres
et al. (2018) investigated whether aquatic bacteria that formed
biofilms on microplastics were permissive towards a model anti-
biotic resistance plasmid, and discovered that microplastics pro-
foundly affect the evolution of microbial communities and increase
the frequency of gene exchange. These results pose serious health
risks that cannot be ignored. Besides direct soil contamination, mi-
croplastics have been found to indirectly affect the natural functions
of terrestrial ecosystems by influencing the fundamental properties
of soils in important ways. However, there is only limited in-
formation about how microplastics disturb the microbiome in soil,
as well as the phyllosphere, endosphere, spermosphere, and rhizo-
sphere of plants. Thus, there are probably functional genes that
control changes to soil properties and toxicological responses of
organisms that ingest or are exposed to microplastics.

7. Conclusions

Microplastics are small, heterogeneously mixed plastics that enter

soil ecosystems through landfills, agricultural mulching films, sewage
irrigation, and other sources, and are pervasive in arable soils. The
vertical and horizontal migration of microplastics within soil is
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influenced by several factors, such as soil biota and soil features, and
microplastics change the structure of soil when they are integrated into
soil aggregates. Microplastics can also interact with other soil factors,
influencing soil health and function, and they have elevated adsorption
capacity for hazardous contaminants, which aggravates soil pollution
and increases adverse effects to organisms and human health.
Furthermore, microplastics are easily ingested by soil organisms be-
cause of their small size and are transferred through the food chain; the
ingestion of microplastics causes both mechanical and physiological
damage. And microplastics have potential effects on plant growth and
may accumulate and transport in plants. Here, we have recommended
several areas for future research on soil microplastics and potential
remediation measures are urgently needed to mitigate risks posed by
microplastic pollution. Bacteria that can biodegrade microplastics
provide a promising, environmentally friendly measure for bior-
emediation of microplastic-polluted soil.
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