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Abstract

Microplastics (MPs) have emerged as a widespread environmental contaminant, raising growing concerns about their impact
on terrestrial ecosystems. This comprehensive review paper highlights the effects of MPs on soil properties, soil organisms,
and plants, shedding light on the complex interactions within these critical components of terrestrial environments. In terms
of soil properties, plastics, ranging from macroplastics to mesoplastics, microplastics, and nanoplastics, have been found to
exert significant influence. They can alter soil physical attributes, including texture, structure, bulk density, water aggregate
stability, water holding capacity, and rainwater infiltration. Microplastics can affect soil chemical properties by influencing
pH levels, electrical conductivity, nutrient cycling, and enzyme activity, and even can cause heavy metal accumulation in
plants. These alterations in soil properties have far-reaching implications for ecosystem health and agricultural productivity.
Furthermore, microplastics have substantial repercussions on soil organisms, particularly earthworms, collembolans, and
microbial communities comprising bacteria and fungi. These organisms play pivotal roles in nutrient cycling and soil health.
Microplastics can disrupt their habitats, affect their behavior, and potentially lead to changes in soil biota composition, with
widespread effects throughout the terrestrial food web. Microplastics influence plant growth and development; even the
microplastic can be uptaken and translocated within plant tissues. Food safety and ecosystem dynamics are affected by these
effects. This review paper emphasizes the urgency of understanding the complex interactions between microplastics and
terrestrial ecosystems. It highlights the need for further research to comprehensively assess the extent and implications of
microplastic contamination in various soil types, under different environmental conditions, and concerning diverse plastic
characteristics. Standardized methodologies for studying these interactions are essential to facilitate comparisons across
studies.
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Introduction

In a world where plastic has become an inseparable part of
our lives because of its convenience, low cost, high dura-
bility, waterproofing, good elasticity, and hygiene (Kim
et al. 2020b; Wang et al. 2022a; Li et al. 2022b; Xiang et al.
2022), its impact stretches far beyond what meets the eye
penetrating even the very ground beneath us. Because of
the many benefits associated with plastics, they are used
in various industries like buildings, packaging, household
goods, electronics and electrical appliances, auto parts, and
agricultural goods (Kim et al. 2020b; Xiang et al. 2022).
Now, a world without plastics is unimaginable. The first syn-
thetic product was Bakelite, introduced in the early twentieth
century. Besides the military, plastic use was not widespread
until World War II (Geyer et al. 2017).

In the packaging industry, plastic use is increasing
day by day as the world shifted from reusable plastics
to disposable plastics, which are ultimately ending up in
municipal solid waste; as a result, municipal solid waste
(by mass) increased from less than 1% in 1960 to 10% in
2005 in the middle & high-income countries (Geyer et al.
2017). In 1950, plastic production was 2 million tonnes
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(Mt), and in 2018, it was 359 Mt, which showed a growth
of 8.4% annually (Kim et al. 2020b). Reportedly, till 2019,
there was 368 Mt of plastic and plastic products produc-
tion globally (Li et al. 2022b), and only China produced
114 Mt and 59 Mt by Europe, that’s going to increase by
two folds by 2040 (Sharma et al. 2023).

(Geyer et al. 2017) reported that 8300 Mt had been pro-
duced till the time of his report. And 6300 Mt of plastic
waste had been made from 1950 till 2015; around 12% has
been incinerated, 9% has been recycled, and 79% (4900
Mt) ended up in landfills or the natural environment. If
the current rate continues, 12,000 Mt of plastic waste will
end up in landfills or the natural environment (Geyer et al.
2017). Many researchers think that soil is a giant sink or
dump yard or plastic waste compared to oceans due to the
more significant release of plastics into the terrestrial envi-
ronment (de Souza Machado et al. 2018; Rochman 2018;
Helmberger et al. 2020; Kim et al. 2020b). According to
an estimate, 4-23 folds of more plastics are added to ter-
restrial ecosystem compared to aquatic (Li et al. 2022b).
Only 1% of global plastic waste is added to the oceans; the
rest is deposited in the soils and freshwater (Zhang and Liu
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2018). According to (Wang et al. 2022a), 90% of plastic
waste enters the soil ecosystem directly and indirectly.

Plastics are further classified based on their size: macro-
plastics (>25 mm), mesoplastics (5-25 mm), microplas-
tics (1-5 mm), and nanoplastics (1-100 nm) (Sharma et al.
2023). Some researchers further classify microplastics
as large microplastics (1-5 mm) and small microplastics
(1 pm—1 mm) (Kim et al. 2020b). Some researchers also
classify microplastics as primary microplastics (tiny in size
and used in cosmetics, clothing, fish nets, shampoo, and
medical purposes) and secondary microplastics (produced
by the fragmentation/degradation of microplastics) (Zhang
and Liu 2018; Li et al. 2022b; Sharma et al. 2023). Primar-
ily, scientists define microplastics generally as under 5 mm
(Ryan et al. 2009; Law and Thompson 2014; Rillig 2018;
Rillig et al. 2018; Rochman 2018; Helmberger et al. 2020).
In this paper, we will only discuss the microplastics.

In the ocean, microplastics were reported in the early
1970s (Carpenter and Smith Jr. 1972; Colton Jr. et al.
1974; Helmberger et al. 2020). And (Rillig 2012) discussed
microplastics in the soil for the first time about a decade
ago (Helmberger et al. 2020). Microplastic pollution in soils
is increasing day by day; in extensively polluted top soils,
reports have indicated microplastic concentrations reaching
as much as 7% of the total weight (de Souza Machado et al.
2018). Similarly, Australian industrial soils 300 mg kg~! to
over 67,000 mg kg~! (around 6.7% microplastic per total
soil weight) (Rillig 2018). The abundance of microplastics
at different locations in the world can be seen in Table 1.
Annually, “63,000-430,000 and 44,000-300,000 tonnes of
microplastics could being added in the soils of farmlands of
Europe and North America”, respectively (Nizzetto et al.
2016b, a).

Microplastics can disturb soil ecology, be taken up by
plants, disturb nutrient cycling, reduce soil quality/health,
and enter the food chain. Microplastics can act as persistent
pollutants, stay in the soil for long because of their anti-deg-
radation property/behavior, and adversely affect soil proper-
ties. Microplastics might also absorb detrimental contami-
nants from the soil solution and subsequently concentrate
them in the soil (Rillig 2012; Zhang and Liu 2018; Igbal
et al. 2020; Qi et al. 2020; Elbasiouny et al. 2022; Zhang
et al. 2022a). In this paper, we will study the impact of MPs
on soil properties (physical, chemical, and biological/ biota)
and the response of plants to them.

Sources and transport of microplastics
towards soils

Microplastics can be added to the soil intentionally and unin-
tentionally. While using plastic film mulch and plastic in
fertilizers, we are adding microplastics intentionally. The

example of unintentional deposition of microplastics can
occur in soil when using sewage sludge, compost, fermented
organic wastes, and irrigation with the water from the con-
taminated water bodies (de Souza Machado et al. 2018;
Igbal et al. 2020; Elbasiouny et al. 2022; Joos and De Ten-
der 2022; Zhang et al. 2022a). And atmospheric deposition
(like tire abrasion, deposition of industrial and consumer
plastic waste, etc.) of microplastics is also reported even in
very remote places, even at high mountains (Scheurer and
Bigalke 2018; Cao et al. 2021; Yu et al. 2021c; Joos and De
Tender 2022; Li et al. 2022b). Flooding can also cause the
deposition of MPs in the soil (Scheurer and Bigalke 2018).

Using sewage sludge as an irrigation source adds more
microplastics into the soil compared to oceans annually
(Scheurer and Bigalke 2018). According to an estimate, 125
to 850 tons of microplastics per million inhabitant are being
added to the European agricultural soils (Nizzetto et al.
2016a). Reportedly, up to 4,196 to 15,385 microplastic par-
ticles can be in the per kilogram of the sludge (Mahon et al.
2017; Li et al. 2022b). According to an estimate, 50% of the
sewage sludge is being used as fertilizers in developed coun-
tries in Europe and North America (Nizzetto et al. 2016a;
Sharma et al. 2023), and sewage sludge is also being used as
a fertilizer and irrigation source in developing countries like
Pakistan (Azam et al. 1999; Keskin et al. 2009). In China,
0.156 Mt MPs are transported to the environment by the
sludge (Li et al. 2018b).

Untreated wastewater contains microplastics at a very
high rate from washing clothes using detergents and effluents
from personal care products. Using this type of wastewa-
ter for irrigation purposes can add microplastics to the soil
(Li et al. 2022b). Over 90% of MPs are captured in sewage
sludge during wastewater treatment. The efficiency of cap-
turing these MPs relies on their particle size and density.
Both primary and secondary treatment phases of sewage
treatment primarily trap microplastics that have a higher
density than water.

Further refinement occurs in tertiary filtration, where
larger buoyant particles are successfully eliminated. As
anticipated, microplastic particles that are smaller and
lighter are discharged with the treated wastewater. In other
words, sewage sludge treatment plants could be more effi-
cient in eliminating MPs (Nizzetto et al. 2016a; Yu et al.
2021c¢).

Even compost can contain up to 14—895 microplastic par-
ticles kg™! (Li et al. 2022b). In the U.S., synthetic fibers were
found in the soils where organic waste material was applied
(Zubris and Richards 2005). Particle counts ranging from
14 to 895 per kilogram of dry weight were observed (using
a conservative estimate where 1 kg of compost comprises
around 50% dry weight content) for microplastic particles
larger than 1 mm (Weithmann et al. 2018).
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Table 1 (continued)

References

Source

Microplastics

Soil Type/Land Use

Location

Country

Abundance/ Concentra-

Size

Type

tion

(Mahon et al. 2017)

SA

4,196 to 15,385 parti-

>45 pm

HDPE, PE, PES,

Waste WWTPs

Ireland

cles’kg

acrylic, PET, PP and

PA
SBR,

(Giindogdu et al. 2022)
(Rafique et al. 2020)

16.5 +£2.4 particles/kg
3712 42156 particles/

kg

55 pm — -5 mm

Agricultural soil

Adana/Karatas
Lahore

Turkey

55 pm — -5 mm

Agricultural soil

Pakistan

3915 + 1499 particles/

Roadside soil

(Cohen et al. 2021)

4825.31+6513.85

<5 mm

PE, PAC, PA, and
Others

Peat soil

Amsterdam

Netherlands

(Amrutha and Warrier

Riverside soil PE, PET, PP 0.3 -5 mm 84.45 particles/kg

Karnataka

India

2020)
(Nor and Obbard 2014)

36.8 particles/kg

<5 mm

PE, PP, nylon, PVC

Coastal mangrove sedi-

Singapore

ment

SA: Sludge application, WI: Wastewater irrigation, OF: Organic fertilizer, LI: Littering, MF: Mulching film, CT: Car tires, RO: Runoff, AD: Atmospheric deposition

Plastic film mulch provides many benefits: controlling
weed growth, increasing the soil and air temperature, mini-
mizing soil erosion, reducing evaporation and other water
losses, preventing soil splashing, and growing produce qual-
ity and yield (Sintim and Flury 2017; Qi et al. 2020; Qiang
et al. 2023). Plastic film mulch is another way of adding MPs
to soil (Wan et al. 2019; Qi et al. 2020; Qiang et al. 2023)
because they are not readily biodegradable (Rillig 2012; Sin-
tim and Flury 2017). (Zhou et al. 2020a) reported the abun-
dance of MPs in the mulched soil with the plastic film (over
570 pieces/kg) compared to the non-mulched (260 pieces/
kg) soil. At a cotton field that was mulched for a long time,
it was observed that the area covered with the mulch for 5
years, 15 years, and 24 years continuously, the mean abun-
dance of MPs was 80.3 pieces/kg soil, 308 pieces/kg soil,
and 1075.6 pieces/kg soil, respectively (Huang et al. 2020).
As a result of residual polyethylene mulch film degradation,
phthalate esters and di-(2-ethylhexyl) phthalates may form,
as well as aldehydes and ketones (Liu et al. 2014). (Wang
et al. 2013; Serrano-Ruiz et al. 2021) reported that the agri-
cultural plastic films may be a significant source of Phthalic
acid esters (PAEs) contamination in soil and bis-(2-ethyl-
hexyl) phthalate (DEHP), di-n-butyl phthalate (DnBP), and
di-n-octyl phthalate (DnOP) were the most abundant phtha-
late esters. Hence, the primary cause of the harmful impact
of microplastics on plants is the microplastics themselves,
along with additives like PAEs.

Mostly demanded/used plastic products that are being
used and ultimately add MPs to the environment are high-
density polyethylene (HDPE), low density polyethylene
(LDPE), linear Low Density Polyethylene (LLDPE), bio-
degradable poly (3-hydroxybutyrate-co-3-hydroxyvalerate)
(PHBV), polyethylene (PE), acrylic (PP&A) fibers, poly-
vinyl chloride (PVC), polypropylene (PP), polyurethane
(PUR), polystyrene (PS), polytetrafluorethylene (PTFE),
polyethersulfone (PES), polyethylene terephthalate (PET),
synthetic blend rubber (SBR), polyurethane (PU), acryloni-
trile butadiene styrene (ABS), styrene butadiene (SBR),
expanded polystyrene (EPS), thermo-plastic elastomers
(TPE), styrene-acrylonitrile copolymer (SAN), poly methyl
methacrylate (PMMA), polycarbonate (PC), and polyamide
(PA) (Geyer et al. 2017; Scheurer and Bigalke 2018; Kim
et al. 2020b; Ya et al. 2021; Wang et al. 2022b; Qiang et al.
2023).

Impact of MPs on soil’s physical properties

Microplastics alter the soil microclimate and atmosphere
(de Souza Machado et al. 2018). Microplastics affect soil’s
physical properties, including texture, structure and aggre-
gate stability, porosity, bulk density, water holding capac-
ity (WHC), saturated hydraulic conductivity, and reduce

]
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rainwater infiltration (Liu et al. 2017; Tang 2020; Joos and
De Tender 2022; Zhang et al. 2022a; Li et al. 2022b). It was
observed that polyester fibers increased the WHC compared
to the polyethylene fibers with increasing concentrations (de
Souza Machado et al. 2018; Igbal et al. 2020; Tang 2020;
Sharma et al. 2023).

Contradictory results are also observed by (Guo et al.
2022); reduced WHC was observed in clay to a greater
extent than in loamy and sandy soils. The decreased WHC
indicates that MPs' negative effect exceeded the micropo-
res' positive impact. The decreasing infiltration rate was
observed with the increasing MPs, but it still depends on
particle size (Guo et al. 2022). In this case, positive effect of
soil’s macropores for infiltration increased compared to the
negative impact of MPs on filling macropores (Herath et al.
2013). In this case, the positive effect of soil's macropores
for infiltration increased compared to the negative impact
of MPs on filling macropores (Guo et al. 2022). If small
MPs fill the micropores, this will weaken the soil's water
retention capacity (Zhang and You 2013; Guo et al. 2022).
Despite increasing the soil's surface area, small microplastic
particles might also increase its hydrophobic surface area,
which induces water repellency, limit capillary flow, and
also adsorb hazardous contaminants (Glab et al. 2016; Xiang
et al. 2022; Qiang et al. 2023). In addition, the water repel-
lency of microplastics in soil and delayed wetting caused by
"mixed particles" results in more air replacing water mol-
ecules in the pores (Glab et al. 2016). MPs interfere with the
accumulation of small soil particles, reducing micropores
(Liu et al. 2017).

Reduction in soil bulk density depends on the types of
MPs (Li et al. 2022b); polyester fibers show a decrease in
the soil bulk density compared to polyacrylic and polyethyl-
ene microparticles; incorporation of MPs like PS, PP, PET,
PES, or HDPE at the concentration of 2% (w:w) reduce the
bulk density (Igbal et al. 2020; Tang 2020; Joos and De
Tender 2022; Sharma et al. 2023). The decline in the bulk
density also has benefits like increased or better soil aera-
tion, penetration, and growth of roots (Rillig et al. 2019).
These MPs create channels that can facilitate the move-
ment of water. Water will move along the surface of MPs
instead of spaces between the pores, and this can lead to
increased water evaporation; this evaporation will increase
more and more with the increasing concentration of MPs,
this can increase dryness and make conditions harsh for the
plant growth (Rillig et al. 2018, 2019; Wan et al. 2019; Igbal
et al. 2020). (Zhichao et al. 2015) reported that plastics can
restrict the movement of soil water and solutes.

Fine-textured clay soil has good soil structure, is more
tightly arranged, and has a large number of micropores
(McCauley et al. 2005); as we will add the low concentra-
tion of MPs it will increase porosity and it will be benefi-
cial for the crop growth, but it will no longer beneficial if

* @ Springer

the concentration of MPs will increased (Wan et al. 2019;
Cao et al. 2021), increased MPs will surround soil particles
this gesture can alter the pore size distribution (Glab et al.
2016). With a rise in microplastic concentration (> 1%), the
cohesion among microplastics, soil particles, and aggregates
could progressively result in the encasement of soil parti-
cles by microplastics, akin to a "wrapping" effect; this will
reduce the interaction between soil particles. In particular,
the formation of these "ineffective pores" through the com-
bination of soil and microplastic particles could potentially
displace the "effective pores" that naturally occur between
soil particles, causing more air to replace the water in pores,
further weakening water permeability (Guo et al. 2022).

Desiccation cracking in soil is a complex physical phe-
nomenon affecting strength, stability, and permeability. As
water evaporates, the matric suction within the soil rises as
its water content decreases, inducing tensile stress within the
soil. The formation of shrinkage cracks on the soil surface
occurs when tensile stress at the soil surface exceeds the
soil's tensile strength. The shrinkage and cracking charac-
teristics of the soil are related to soil liquid limit. For soils
with a low liquid limit, the tensile stress in the soil tends to
be less than the tensile strength, so desiccation cracks can-
not form. Desiccation cracking was observed when 5 and
10 mm plastics were applied, while desiccation shrinkage's
increased rate was observed at 2 mm(Wan et al. 2019). It is
easier for soil to develop desiccation cracking when large
plastics are present. By forming cracks in the soil, soil water
evaporates from the deep soil, leading to further shortages of
soil water. When water re-saturates the soil after cracking,
plastics and other pollutants can migrate into deep soil layers
along the crack (Rillig et al. 2017a).

Microplastics can be found in the deep and top soil; top
soil provides a favorable environment for their degradation/
breakdown (Elbasiouny et al. 2022). Based on the soil struc-
tures, MPs can move downward in fine-textured soils. This
movement is not significant, but in coarse-textured soils,
this movement is possible because of agricultural practices
like plowing, desiccation cracking, bioturbation, or pref-
erential flow. Contaminants can also move down through
these cracks/desiccation cracking. Generally, these MPs
can’t reach the groundwater but may be possible in coarse-
textured soils with high water table (Scheurer and Bigalke
2018; Wan et al. 2019; Xiang et al. 2022).

Incorporation of large MPs like microfibers (HDPE,
polyester, and polyacrylic fibers) can decline water-stable
soil aggregates (de Souza Machado et al. 2018; Boots et al.
2019; Tang 2020; Zhang et al. 2022a; Li et al. 2022b; Qiang
et al. 2023). Microplastics like PE can decrease soil sorp-
tion capacity, initiate the movement of organic contami-
nants, and cause soil hardening, which increases input costs
(Qiang et al. 2023). If MPs get sorbed to the soil particles or
incorporated into soil structure, then these MPs will not be
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available to plants and soil biota for uptake (Rillig 2012);
that’s a plus point.

Impact of MPs on soil’s chemical properties

Microplastics can affect the soil’s pH, EC, and nutrient
cycling, ultimately reducing soil fertility (Scheurer and
Bigalke 2018; Qi et al. 2020; Tang 2020). MPs can increase
soil pH (Qi et al. 2020; Joos and De Tender 2022), but this
can vary from soil to soil like PE lower pH in acidic soils
and increase pH in alkaline soils (Dissanayake et al. 2022).
(Smolders and Degryse 2002) found out that tire debris can
raise soil pH. On the other hand, HDPE can decrease soil
pH (Boots et al. 2019).

Nutrients in the soil primarily originate from the break-
down of minerals and organic materials. Enzymes are cru-
cial in governing nutrient cycles, serving as vital indicators
of soil fertility. Nutrient profiling can be altered by MPs
(Tang 2020; Li et al. 2022b; Sharma et al. 2023). As in
the nitrogen (N) cycle, there are different processes like
mineralization, immobilization, ammonia volatilization,
nitrification, and denitrification (Hanif 2023). There are
several enzymes like nitrate reductase, nitrite reductase,
GOGAT, glutamine synthase, alanine aminotransferase,
and glutamate dehydrogenase (Kishorekumar et al. 2020),
and MPs target these enzymes, especially urease and acid
phosphatase to affect N cycle (Li et al. 2022b). Fei and cow-
orkers found out that PE and PVC stimulated the activities
of acid phosphatase and urease, on the other hand, inhibited
the fluorescein diacetate hydrolase activity (Fei et al. 2020).
Likely, a reduction in the activity of leucine aminopeptidase
(involved in the N cycle) and N-acetyl-b-glucosaminidase
was observed under the influence of PS and PE (Awet et al.
2018; Bandopadhyay et al. 2019), and plastic film mulch
can affect the N cycle and reduce inorganic N contents (Li
et al. 2022b). PP presence boosts the urease enzyme's activ-
ity, which ultimately can affect N hydrolysis (Huang et al.
2019). Due to the effects of Polylactic acid (PLA), which is
a biodegradable plastic, a reduction in Ammonium (NH,)
and increased concentration of nitrate (NO;™) and nitrite
(NO, ™) was observed (Chen et al. 2020a; Igbal et al. 2020),
increased concentration of NO;~ and NO, ™ may lead to the
N losses (Hanif 2023).

Microplastics (5% weight/weight) impacted denitrifica-
tion, increasing N,O released after a 30-day exposure. This
could be attributed to the accelerated rate of NO;™ reduc-
tion facilitated by microorganisms (Ren et al. 2020). On the
other hand, MPs didn’t show any effect on nitrification, and
corn starch and copolyester plastic didn’t negatively impact
nitrification (Bettas Ardisson et al. 2014; Bandopadhyay
et al. 2018).

On the other hand, PA, poly-acrylonitrile, and polyam-
ide can increase the availability of N (de Souza Machado
et al. 2019). Contradictorily, phthalate esters can contami-
nate soil (Igbal et al. 2020). Prolonged use of plastic mulch
can reduce organic matter content and inorganic N. Plastic
mulch use for ten years downregulated the gene expression
of crucial soil enzymes (sDHA, S-UE, S-b-GC, S-Chi, cbbL,
chi-A and b-glu), as well as decrease urease activity (Qian
et al. 2018). More importantly, gene abundance related to
N,O reduction (nosZ), denitrification (nirS), and N, fixation
(nifH) was elevated, while the denitrification gene (nirK)
was decreased (Igbal et al. 2020). Reportedly, in maize (ZTN
182), polymer-coated fertilizer (PCF) and MPs can stimu-
late the activities of acid phosphatase, urease, phytase, and
nitrate reductase activities (Lian et al. 2021). In soil, phy-
totase catalyzes phytate hydrolysis to release organic phos-
phorous for plant growth (Lian et al. 2021). Further effect of
MPs on enzyme activities can be seen in Table 2.

Microplastics comprise carbon (C), primarily inert
C, making them degrade slowly. Several studies are evi-
dent that MPs can alter the C cycle and the transport of
other nutrients like N and phosphorous (P) with the aid
of dissolved organic matter (DOM); reportedly MPs can
increase the dissolved organic carbon (DOC), N, and P,
PP and PE can increase the DOM by 72-324% (Liu et al.
2017; Qi et al. 2020; Joos and De Tender 2022; Li et al.
2022b). A high concentration of MPs increases the nutri-
ent content of DOM. Polystyrene accumulate the humic
substances comprising high molecular weight contents,
so the DOM comprises high molecular weight humic sub-
stances or humic-like materials (Liu et al. 2017) under
the influence of PP MPs higher concentration (7% w:w to
28% w:w; particle size < 180 pm) of dissolved C, N, and
P get accumulated in the soil (Liu et al. 2017; Joos and De
Tender 2022). Microplastics can harm the enzymes associ-
ated with the C, N, and P cycling, like N-acetyl—glucosa-
minidase, phosphatase, f-D-glucosidase, cellobiosidase,
and N- acetyl-p-glucosaminidase (Elbasiouny et al. 2022).

In the presence of MP fibers (0.4% w/w), detrimental
effects of MPs were observed on potassium (K), sulfur (S),
and magnesium (Mg); on the other hand, increased zinc
(Zn) was observed (Lehmann et al. 2019). Microplastics
(polyethylene and poly-butylene adipate-co-terephthalate)
can increase soil organic carbon (SOC), which works as an
energy source for microbes (Igbal et al. 2020). Inert C in
MPs increases their stability, serves as a C pool, and helps
microbes cope with pressure (as it can be an energy source
for them) (Rillig et al. 2018).

Microplastics can increase the C:N ratio, which
increases microbial immobilization (Rillig et al. 2019).
It is reported that MPs can absorb chemical substances
and transport them (it can also increase the exposure of
these substances to soil organisms), like pesticides, heavy
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metals, antibiotics, and other xenobiotics, although this
adsorption depends on the type of MPs, chemical sub-
stances, and environmental conditions, furthermore, MPs
can act as a carrier for pathogens (Li et al. 2018a; Rillig
et al. 2018; Wan et al. 2019; Yang et al. 2019; Yu et al.
2021c; Zhang et al. 2022a). This adsorption can be benefi-
cial, and those pollutants or chemical substances will be
less available to plants and soil biota to uptake; this will
be a safe play for soil biota and plants (Rillig et al. 2019).
(Yang et al. 2019) reported that MPs like LDPE can trans-
port the pesticide residues to the earthworms, and also
promote the input of pesticide residues in soil, and also
helps in the transport of glyphosate from the upper soil to
the deeper soil (Rodriguez-Seijo et al. 2018b; Yang et al.
2019). Tetracycline and ciprofloxacin, which incorporate
carbonyl groups, are superiorly adsorbable to polyamides.
As a result of the hydrogen bonds formed between the
carbonyl group of the microplastics and its amide group,
the microplastics serve as proton donors (Li et al. 2018a).
A study revealed that MPs could adsorb heavy metals and
contaminated MPs like cadmium (Cd), Zn, nickel (Ni),
lead (Pb), silver (Ag), mercury (Hg), iron (Fe), antimony
(Sb), and manganese (Mn) (Wang et al. 2022a). Microplas-
tics can also extend the retention time of additional stress-
ors introduced to soils. As a result, prolonged exposure
and subsequent adaptation can occur (Sun et al. 2018).

Impact of MPs on soil’s biological properties
& soil biota

Soil organisms, especially microbial communities, are
indispensable for the future of life on Earth. They regulate
many ecosystem functions like organic matter decomposi-
tion, nutrient recycling, soil-borne disease suppression,
toxin removal, and plant growth promotion (Qi et al. 2020;
Joos and De Tender 2022). Microplastics can affect the
abundance and diversity of soil organisms (earthworms,
collembolans, springtails, isopods, nematodes) and also
affect the diversity, structure, sustainability of microbial
communities, and the activities of microbes (bacteria and
fungi) (Rillig 2012; de Souza Machado et al. 2018; Igbal
et al. 2020; Zhang et al. 2020a; Lin et al. 2020; Kim et al.
2020b; Elbasiouny et al. 2022; Joos and De Tender 2022;
Li et al. 2022b; Tunali et al. 2023). MPs can affect soil
organisms' growth, reproduction, gut microbiota, and
mortality because of organ damage, nutritional imbalance,
weak immune system, and metabolism (Wan et al. 2019;
Zhang et al. 2020a; Kim et al. 2020b).

(Lin et al. 2020) reported that LDPE application in the
soil can alter the composition and abundance of microar-
thropods and nematode communities. Still, the effects of
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MPs were also observed on the structure and biomass of
the microbial community.

Microplastics consumption by earthworms can pass
to the food chain, as it plays a vital role in the soil food
web (Elbasiouny et al. 2022; Joos and De Tender 2022).
Even earthworms can ingest, digest, and transport MPs
downward from top soil to deep in the soil profile pos-
sibly; they can reach groundwater (Rillig et al. 2017b;
Zhang et al. 2020a; Elbasiouny et al. 2022; Joos and De
Tender 2022). There are several species of earthworms
like Eisenia fetida, Lumbricus terrestris, Eisenia andrei,
etc., on which the effect of MPs has been tested (Joos and
De Tender 2022).

Due to the MPs in L. ferrestris, reduced growth and higher
mortality rate were observed, and in E. andrei, no harmful
effects were observed on their survival, reproduction, and
body weight (Huerta Lwanga et al. 2016; Rodriguez-Seijo
et al. 2017). Reportedly, PS MPs at the concentration of
1% inhibited earthworm growth, while at the concentra-
tion of 0.25-0.5%, no significant effect was observed (Ya
et al. 2021; Yu et al. 2021c). A study by (Rillig et al. 2017b)
revealed that in the presence of L. terrestris, four different
sizes of MPs were used; in the presence of earthworms, MPs
are found deep in the soil, and this distance can increase as
the size of MPs decreases. Moreover, microplastics (MPs)
can induce skin lesions and diminish the reproductive rates
of earthworms.

In a study conducted on L. terrestris, L. terrestris were
exposed to 0.1% and 1% polyester-derived MPs for 35 days,
and dried plant material was used as a food source. The
results show that MP ingestion was not lethal to L. ter-
restris, but under the influence of 1% MPs, 1.5 fold decrease
in the cast production, 23.4 fold increase of metallothio-
nein-2 (mt2), and 9.9 fold decline in heat shock protein
(hsp70) was observed (Prendergast-Miller et al. 2019). In
a similar study, the effect of PE MPs was observed on L.
terrestris, different concentration (0, 7, 28, 45, and 60%) of
PE; after 60 days, a higher mortality rate and reduced growth
rate was observed in 28, 45, and 60% PE particles (Huerta
Lwanga et al. 2016).

Similarly, when Enchytraeus crypticus was exposed to
two different size ranges of nylon (3—18 and 90—150 pm)
and PVC, the ingestion was, although not leather for E.
crypticus. Still, it affected their reproduction; small-sized
nylon particles affected most compared to the large-sized
nylon particles; on the other hand, no significant effect of
PVC was observed (Lahive et al. 2019). In a separate inves-
tigation involving E. crypticus subjected to nano-PS plas-
tic exposure, significant alterations were observed in the
intestinal microbiota of these soil dwelling organisms. In
addition to essential elements cycles, these microbial com-
munities utilize organic substances. Within the intestinal
microbiota of E. crypticus, there was a notable reduction in
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Table 4 Effect of MPs on fungal community and diversity in soil

MPs Size/concentration Soil type/land use Effect References

Polyester 0.4%; 1.70 um Sandy loam soil Arbuscular mycorrhizal fungi  (Lehmann et al. 2020)
colonization increased

PE, PLA 0.1%, 1%, 10%; 100-154 pm Sandy loam soil The community structure and  (Wang et al. 2020a)

HDPE, PLA 0.1%, 1%, 10%; 100-154 pm Sandy loam soil
PE 5% (Wiw); <13 pm, < 150 um  Field soil
PE, PS, PVC 7% and 14% (w/w) Farmland soil

Plastic fragments Grassland soil

Plastic mulching
Horizon)

PS 0.1 mm Aqueous and atmospheric
environment

LDPE 0.1%, 0.5%, 1%, 3%, 6%, 18%  Clay loam soil

PET 222-258 um Agricultural soil

PP 647-754 um

polyester 5000 um

Field soil (Humus & Eluvial

diversity of the AMF were
altered, particularly notice-
able at the genus level

Arbuscular Mycorrhizal Fungi (Yang et al. 2021b)
(AMF) community composi-
tion and diversity changes
were observed, with notable
relative abundance changes
of the dominant species

Increased abundance of
Ascomycota was observed,
Acidobacteria, Nitrospirae
and Bacteroidetes abundance
declined

(Ren et al. 2020)

Increased abundance of (Fan et al. 2022)
Ascomycota, while decreases
the abundance of Basidiomy-

cota, and Chytridiomycota

Increased the abundance of
Mortierellomycota and
Ascomycota

(Temporiti et al. 2022)

Highest relative abundance in
Basidiomycota, compared to
Ascomycota and Mortierel-
lomycota showed opposite
trend

(Yu et al. 2021a)

Polystyrene (PS) encapsulated (Nomura et al. 2016)
and initiated cell death in
both Aspergillus oryzae and

Aspergillus nidulans
(Gao et al. 2021)

(de Souza Machado et al.
2019)

Fungal Abundances increased

Polyester and PP increased
the root colonization of
AMF. Non-AMF and
mycorrhizal fungal coils but
PET decreased their root
colonization

Flavobacteria, Rhizobium, and other fungal species when
exposed to a high concentration of nano-polystyrene plastic
microspheres (10%). Furthermore, this exposure resulted in
a corresponding decrease in the weight of E. crypticus by
10% (Zhu et al. 2018a).

E. fetida was also exposed to PE and PS at different con-
centrations for 14 days, at 20% of MPs increased activity of
peroxidase and catalase CAT), and the level of lipid peroxi-
dation was observed, contradictorily, the activities of glu-
tathione S-transferase and superoxide dismutase (SOD) were
inhibited (Wang et al. 2019b). Huerta Lwanga and his col-
leagues revealed the presence of LDPE MPs within the soil,
earthworm casts, and chicken feces, and the concentration of

MPs was increased from soil to earthworm casts and chicken
feces. This study brings to light the reality that microplastics
(MPs) have gained the capacity to infiltrate and disrupt ter-
restrial food webs(Huerta Lwanga et al. 2017b). (Zhou et al.
2020c) discovered that earthworms and Cd will decrease
their growth and mortality rates. (Zhang et al. 2020b) found
out ~2 particles/individual PE MPs in earthworms.
According to some theories, the latter effect may result
from damage to the male reproductive system. Microplas-
tics consumed by earthworms can trigger the production of
nanoplastics (NPs) by interacting with their gut microbiome.
These NPs are subsequently released into the environment
as smaller plastic particles. Upon excretion, these particles
become accessible to other soil-dwelling organisms, such

(]
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Table 6 (continued)

References

Effects

Size/concentration

MPs type

Species

(Wang et al. 2022c¢)

NPs decreased the arsenic bioaccumulation within the

PE

Metaphire vulgaris

earthworm's body. The interaction between arsenic and

NPs led to alterations in the arsenic biotransformation

genes (ABGs) profiles within the earthworm's gut

as smaller decomposers like microarthropods. Springtails
exposed to MPs can suffer severe consequences, including
reduced mobility and increased mortality. These spring-
tails can also carry the microplastics to deeper soil layers
(Joos and De Tender 2022). (Zhu et al. 2018c) reported that
when Folsomia candida (a collembolan, but informally it is
also known as springtail) was exposed to 0.1% PVC MPs,
retarded growth and reproduction was observed, and MPs
also altered the microbial diversity in the gut of F. can-
dida compared to the surrounding soil. Another study
on F. candida revealed that the intestinal microbial commu-
nity gets altered at 0.5% PE MPs, while at 1%, reproduction
was reduced by 70.2% (Ju et al. 2019). In isopod Porcellia
scaber, exposure to MPs did not affect food intake, body
weight, or energy intake, even after 14 days of exposure
(Kokalj et al. 2018).

In the case of Caenorhabditis elegans, MPs are not only
ingested by them but also affect/disturb their survival, repro-
duction (fewer offsprings under the influence of PLA, LDPE,
and polybutylene adipate-co-terephthalate (PBAT)), behav-
ior (increased speed, frequency of body bending, and head
thrashing), and the blockage of the digestive tract or exert
oxidative damage to intestinal tissues. As nematodes were
highly dependent on the water films or water-filled pores,
MPs can change the soil water dynamics, affecting the per-
formance of nematodes. The maximum MP size that can be
ingested by them is 4.4 +0.5 pm (Lei et al. 2018b; Lin et al.
2020; Mueller et al. 2020; Joos and De Tender 2022).

In some cases, microbes are used to biodegrade MPs
like Bacillus sp. Strain 27 and Rhodococcus sp. Strain 36
isolated from the mangroves (Auta et al. 2018). On the other
hand, some fungi can reduce the hydrophobicity of MPs
because some fungi promote the formation of the chemi-
cal bond between functional carbonyl, carboxyl, and ester
groups (Yuan et al. 2020). Furthermore, some HDPE- fungi,
like Tubegensis VRKPT1 and Aspergillus flavus VRKPT2,
like those used for polyethylene degradation (Devi et al.
2015). Effects of MPs on microbial activities or rhizosphere
microbiome vary by MPs shape, size, and soil type. Lin-
ear plastics affect microbial activities more commonly than
non-linear plastics (Igbal et al. 2020; Qi et al. 2020; Sharma
et al. 2023). Microplastics residues affect the wheat's rhizos-
phere microbiome (Qi et al. 2020). Low density polyethylene
(LDPE) can affect microbial communities' structure, cause
oxidative stress, and alter energy metabolism; on the other
hand, HDPE can affect the activities of microbial commu-
nities and reduce the biomass of earthworms (Qiang et al.
2023).

Further effects of MPs on microbial communities (bacte-
ria and fungi, their diversity, and other soil organisms can be
observed in Tables 3, 4, and 5. In some cases, microbes and
microarthropods degrade MPs and help in the mitigation of
soils polluted with plastics (Qiang et al. 2023); the effect of

]
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Table 7 Effects of MPs on collembolans

Species MPs Type

Size/concentration

Effects References

Collembolans & Spring-  Folsomia candida  Polyester fiber

PE 0.5% and 1%; <500 pm

PVC 1 g/kg; 80-250 pm

Urea—for-
maldehyde
microplastic

Folsomia candida

Proisotoma minuta

Lobella sokamensis PVC

0.02-1.5%; 12 pm-2.87,
tail 4-24 mm

<100 and 100-200 pm;
5 mg of the 100-
200 pm fraction and
2.5 mg of the < 100 pm
fraction

80-250 pum, 8 mg/kg

Polyester fibers had little  (Selonen et al. 2020)
effect on soil inverte-

brates like F. candida

Microplastics impeded
the reproductive capac-
ity of earthworms and
induced significant
changes in their gut
microbial community,
leading to a reduction in
bacterial diversity

(Juetal. 2019)

Exposure to microplastics (Zhu et al. 2018c, b)
led to a notable increase
in bacterial diversity
and brought about
alterations in the gut
microbiota of spring-
tails. Furthermore, it
resulted in significant
impediments in the
growth and reproduc-
tion of springtails. Fur-
ther, they transported
the MPs in soil

F. candida transports
larger particles over
greater distances and
at a higher speed com-
pared to P. minuta

(Maabh et al. 2017)

Restrained movement of  (Kim and An 2019)

Lobella sokamensis

MPs on soil organisms like earthworms, collembolans, iso-
pods, and nematodes can be seen in Tables 6, 7, and 8. In the
gut of larvae insect Tenebrio molitor, two strains of bacteria
(Acinetobactor sp. NyZ450 and Bacillus sp. NyZ451) are
found; they can help to remove LDPE up to 18% (Yin et al.
2020). Similarly, in the gut of Plodia interpunctella, bacteria
presence can help to degrade PE films by around 6-10%
(Yang et al. 2014). The bacteria genera Enterobacter, Bacil-
lus, and Pseudomonas are frequently encountered in the bio-
degradation of plastic materials (Zhang et al. 2022a).

Soil organisms can colonize MPs because of their
lower density and hardness and seem softer in texture.
This colonization can change soil microbial communi-
ties’ composition, like the increased population of N fix-
ers (Burkholderiaceae and Betaproteobacteriales) and
reduced population of bacteria for xenobiotic biodegrada-
tion (Xanthobacteraceae and Sphingomonadaceae) (Zhang
et al. 2022a; Qiang et al. 2023). Another study says that
the addition of MPs decreased the abundance of nitrate
reductase (nirS) and ammonia-oxidizing bacteria, and a
little effect of MPs was observed on the functional genes
of ammonia-oxidizing archaea, nitrous oxide reductase,

(]
’r @ Springer

and nitrite reductase (nirK) (Gao et al. 2021). MPs can
affect the root symbiont relationship, including mycorrhi-
zal fungi and N fixers; these changes can affect the plant's
growth and diversity as it is contributed by the soil micro-
bial diversity and root colonizing (Rillig et al. 2019; Tang
2020).

(Gao et al. 2021) conducted a study, and he found that
CO, fluxes increased at 28.67% with the addition of 18%
of MPs in soil. These CO, fluxes and MPs resistant micro-
bial species (Amycolatopsis, Mortierella, Mycobacte-
rium, Nocardioidaceae, and Aeromicrobium) had a strong
and positively correlated relationship.

Plastic film mulch such as PE decreases the abundance
of Proteobacteria and increases Actinobacteria (Zhang
et al. 2022a). Plastic mulches increase or decrease micro-
bial activity in the winter and summer seasons, respec-
tively; mulches increase temperature in the winter season
that will touch the optimal temperature for microbes, while
in the summer seasons, increasing temperature more than
optimal will limit microbial activity. The limited available
studies indicated higher microbial abundances, increased
respiration rates, and elevated enzyme activities in the
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As MPs enter through incomplete

Casparian strips during root devel-
opment, they travel alongside the

vascular bundle's cell walls to reach
the plant's aboveground portions

presence of biodegradable plastic mulches (BDMs) com-
pared to PE treatments (Bandopadhyay et al. 2018).

Response of plants

Microplastics affect plants in different ways, hindering seed
germination and root growth, causing oxidative stress, inhib-
iting plant height, low seed setting, reducing plant biomass,
inhibiting the water and nutrient uptake, accumulation of
MPs in plants, by reducing the photosynthesis rate, altering
cell membrane, and by affecting plant-symbiont relation-
ship (Gao et al. 2019; Rillig et al. 2019; Igbal et al. 2020;
Elbasiouny et al. 2022; Li et al. 2022b). Various types of
microplastics (MPs) exhibit varying effects on the growth
of plants, as demonstrated in experiments involving Lactuca
sativa, Triticum aestivum, Allium fistulosum, and Phaseolus
vulgaris. These effects encompass reduced biomass, altered
growth rate/responses, impacts on productivity, and modifi-
cations to community structure (Elbasiouny et al. 2022). In
addition, microplastics are bound to plant roots by adhesive
secretions and accumulate near root-soil interfaces, leading
to elevated concentrations of microplastics. Consequently,
an increase in the amount of hydrophobic soil particles may
negatively impact crop growth by blocking water and nutri-
ent uptake (Lian et al. 2021; Guo et al. 2022).

The mechanism of MPs taken up by the plants is still
unclear, but a couple of methods can help with that, like
endocytosis, apoplastic transport, and crack-entry mode (Wu
et al. 2021). Endocytosis is a broad term that refers to the
cellular process by which cells absorb external materials
by engulfing or internalizing them with the cell membrane
(Flaherty 2012). (Bandmann et al. 2012) reported that nano-
beads with the size of 20 nm and 40 nm were engulfed by the
BY-2 cells through endocytosis. Only smaller particles can
be internalized because of the endocytic vesical’s 70 nm to
180 nm diameter. On the other hand, BY-2 protoplast cells
can internalize large-sized beads even of 1000 nm.

Once particulate plastics enter plant roots, some particles
become trapped within the mucus layer, primarily composed
of highly hydrated polysaccharides. This process concen-
trates the particles on the surface of the roots before they
are transported within plant tissues via apoplastic transport.
The primary driving force behind apoplastic transport is the
transpirational pull, which significantly facilitates the distri-
bution of particulate plastics throughout the plant's tissues.
However, the apoplastic route from the cortex to the vascu-
lar bundle encounters an obstacle known as the endodermic
Kasparian strip, which hinders the penetration of pollutants.
Consequently, contaminants on the apoplastic pathway are
compelled to traverse the endodermic plasmalemma (Wu
et al. 2021). A study on Arabidopsis thaliana revealed that
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nanoplastics entered the stele through the apoplastic path-
way (Sun et al. 2020).

The mechanisms involved in how plants uptake par-
ticulate plastics were studied, revealing a potential path-
way for these particles to bypass the apoplastic route and
enter wheat (7. aestivum) plants. Plant cell wall pores and
intercellular plasmodesmata typically have diameters of
3.5-5.0 nm and 50-60 nm, respectively. This means that
plastics larger than 5 nm cannot penetrate the plant cell
wall, and those larger than 60 nm cannot diffuse into the
intercellular spaces (Wu et al. 2021).

However, it was observed that particulate plastics, such
as those with a size of 200 nm, managed to breach the cell
wall through the root cap mucilage, which trapped them in
the root cell wall. During periods of active cell division, the
apical meristem tissues exhibited high porosity, allowing the
diffusion of particulate plastics through these tissues. Fur-
thermore, some cracks could form between epidermal cells
and at lateral root sites during cell separation, potentially
providing a path for microplastics (e.g., 2.0 pm) to penetrate
the stele. Once within the stele, particulate plastics could be
transported to aboveground parts of the plant through the
xylem, driven by the transpiration stream (Wu et al. 2021).
Polymethylmethacrylate, PE, and PS microplastics enter the
stele of the root of wheat and lettuce at the site of lateral root
emergence; under the influence of transpirational pull, they
can be transported to shoots. It creates an alarming situation
for the upper parts of plants that can reach the food chain
(Qiang et al. 2023).

Microplastics size, shape, type, and concentration affect
the plants differently (Tang 2020; Wu et al. 2021; Yu et al.
2021c; Elbasiouny et al. 2022), as shown in Tables 9, 10, and
11. (Sun et al. 2020) found out that positively charged PS
can be uptaken by the plans more compared to the negatively
charged ones. The type of plastic film used had a strong
effect on wheat growth; it can be affected more by the BDM
than LDPE (Qi et al. 2018). In Vicia faba, MPs with the
size of 100 nm can cause more severe oxidative stress and
genotoxic compared to the 5 nm sized MPs, which also block
the cell wall pores, resulting in disturbance in the nutrient
transport (Jiang et al. 2019).

Moreover, MPs can affect plants at community, individ-
ual, and cell levels (Wu et al. 2021). At the community level,
MPs can alter the plant synergetic interaction; if it becomes
out of balance, few species will dominate the ecosystem
functions. For example, in Europe, changed bulk density
and increased soil macroporosity under the influence of
microfibers. The shoot and root mass of grasses and herbs
increased, which can increase Calamagrotis invasion, and
allelophatic Heieracium became a dominant species (Wu
et al. 2021).

On an individual scale, MPs can affect the plant’s physi-
ological and biochemical properties (Wu et al. 2021).

* @ Springer

Microplastics inhibit seed germination in cress (Lepidium
sativum). Microplastics block the seeds' capsules and reduce
root growth (Igbal et al. 2020; Wu et al. 2021; Joos and De
Tender 2022). Synthetic fiber and biodegradable PLA also
retard seed germination (Tang 2020). Linear Low Density
Polyethylene (LLDPE) inhibits seed germination and bud
length at low concentrations, but at high concentrations, con-
tradictory behavior was noted; LLDPE increased germina-
tion (Qiang et al. 2023). High-density polyethylene (HDPE)
suppressed the germination of wheat seeds, but in another
study, HDPE didn’t suppress the germination of Mung bean
seeds but reduced the bud length, root length, fresh weight,
and moisture content of the seedlings (Qiang et al. 2023).
Further effects of different MPs on seed germination can
be observed in Tables 9, 10, and 11. (de Souza Machado
et al. 2019) reported the increased root length, area, and bio-
mass in the onion (Allium fistulosum) under 2% polyethylene
high density (PEHD), PS, PET, PA, PP, and PES. Under
the influence of 1% LDPE and 1% starch-based BDM root
mass decreased in wheat (Triticum aestivum) significantly
also affected the above ground and below ground parts of
wheat during reproductive and vegetative growth phases.
Biodegradable plastic mulches (BDMs) negatively affected
wheat growth more than LDPE (Qi et al. 2018).

Microplastics can affect photosynthesis indirectly; MPs
can affect the leaves, show sign of inhibited growth, MPs
will hinder chlorophyll fluorescence, reduce chlorophyll a
and b, imped protein synthesis modulating energy, affect
amino acid metabolism, and interferes with the antioxidant
defense system of plants. Although, the effect of MPs on
leaves remains less significant than on roots (Gao et al. 2019;
Wau et al. 2021; Li et al. 2022b).

Microplastics can affect plants on the cell level (Wu et al.
2021). In their 2019 study, Zhang and colleagues showcased
a notable reduction in hydroxybenzoic acid levels induced
by polystyrene (PS), resulting in changes to cell wall com-
positions in spinach (Spinacia oleraceae) plants, also induc-
ing metabolic reprogramming in leaves and roots at high
doses, and induce stronger metabolic reprogramming in
leaves compared to the high amount (Zhang et al. 2019).
Reactive oxygen species (ROS) serve as vital indicators in
investigating cytotoxic effects, capable of causing harm to
cellular structures and functions, as highlighted by (Zhang
et al. 2011). Frequently, nanoplastics are implicated in the
generation of ROS, leading to oxidative stress (when the
ROS level exceeds the antioxidative activities of the organ-
isms) in higher plants and algal cells. When exposed to ROS
stress, particulate plastics can lead to a downregulation in
ROS-related metabolic processes. Moreover, ROS stress
may negatively impact a plant's genetic integrity (Wu et al.
2021). While in lettuce (Lactuca sativa L. var. ramosa Hort),
MPs impact the growth and physiology due to an increased
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ROS content in leaves and roots which will lead to increased
antioxidant enzymes like SOD and CAT (Gao et al. 2019).

Studies conducted on wheat revealed that when wheat
was exposed to PS microplastics, no significant effects of
MPs were observed on wheat seedlings, but MPs decreased
the accumulation of cadmium and cuprum because of the
sorption of these heavy metals to MPs; in this scenario, MPs
prevent plants from the toxic effects of heavy metals, and
this will improve photosynthesis, increase chlorophyll con-
tent, and reduces the ROS accumulation (Zong et al. 2021).
Contradictorily, chlorophyll content and dry biomass were
decreased in the case of maize under the influence of biode-
gradable polylactic acids (PLA) at a high dose. At the same
time, PE showed no phytotoxicity (Wang et al. 2020a). In
another study, when exposed to PE, MPs declined the tran-
spiration rate, nitrogen content, and maize growth (Urbina
et al. 2020). Similarly, when Lolium perenne (perennial
ryegrass) was exposed to PLA, this reduced the germination
and suppressed the shoot length; alteration in root biomass
was also observed (Boots et al. 2019).

Conclusion

Microplastics and nanoplastics are an emerging global con-
cern, resulting from the range of anthropogenic activities,
with the limited understanding of their effects on soil and
terrestrial plants. Despite the many benefits of plastics, as
per the previous studies, plastics (macroplastics, mesoplas-
tics, microplastics, and nano plastics) presence in the soil
will have adverse effects on soil physical (texture, structure,
bulk density, water aggregates stability, water holding capac-
ity, and rainwater infiltration) and chemical properties (alter
pH, EC, affect nutrient cycling, enzymes activity, and cause
the accumulation of heavy metals in plants) of soil. MPs also
affect the soil biota, like earthworms, collembolans, spring-
tails, isopods, and microbes (bacteria and fungi).

There are several ways by which these substances could
influence plant performance. The effects can be posi-
tive or negative; they can increase root growth and heavy
metal accumulation in soil biota. These consequences vary
depending on the specific plant species involved, potentially
resulting in shifts in plant community composition. And it's
also depending on the size, shape, and type of microplastics
because each can affect the terrestrial ecosystem differen-
tially. Determining the size and direction of these effects
across different scales, from individual plants to entire eco-
systems, will pose a challenge contingent upon factors such
as ecosystem type and the extent and nature of contamina-
tion. It is crucial to conduct research to test these effects,
as plants play a significant role in the climate system. The
impact of microplastics on plants, including their uptake and
potential translocation within plant tissues, emphasizes the

need for a comprehensive understanding of the implications
for food safety and ecosystem health. While some studies
suggest possible negative consequences, there is still much
to uncover regarding the mechanisms and long-term effects
on different plant species.

We must also explore/understand the interaction of MPs,
soil, soil organisms, and plants. Once MPs are uptaken, they
can enter the food chain; who knows what will result from
this move. Who knows how plants and microbes will interact
with them? We still don’t know much about the impact of
MPs on the community structure of microbes and root-colo-
nizing microbes. Very little research is available on it; that’s
not enough because many cycles and mechanisms work in
the soil, as the soil is a complex entity. Many more ques-
tions need to be addressed. Even if we keep the rest of the
plastic aside and only talk about the biodegradable plastic
mulches, we know the short-term impacts and residues in
soil, but the long-term effects are still unknown. The rela-
tionship between plastics and microbes needs more explora-
tion because different plastic polymers behave differently,
even in the case of biodegradable mulches. The additives
used in the production of plastic products and their effects
on plants are unknown and need more research to explore
their interaction with the world underneath the soil surface.

As we navigate the challenges posed by microplastics in
our soils and ecosystems, addressing this issue is vital for
preserving the health and integrity of our terrestrial environ-
ments, safeguarding agricultural productivity, and ensuring
a sustainable future for future generations.

Author contributions Muhammad Nauman Hanif: Designed the
study, developed the team, and contributed majorly to the original
draft's write-up. Nazish Aijaz, Khadija Azam, Waham Ashaier Laftah,
and Ian B. Benitez participated in the write-up (according to their
expertise) and were assigned authorship positions as per their con-
tribution). Muhammad Akhtar, Muhammad Babur, Waham Ashaier
Laftah, and Nabeel Kadhim Abbood supervised the study and helped
in proofreading.

Funding No funding or any specific grant from funding agencies in the
public, commercial, or not-for-profit sectors was received for this work.

Declarations

Conflict of interest No known competing financial interests or person-
al relationships could have influenced the work reported in this paper.

References

Amrutha K, Warrier AK (2020) The first report on the source-to-
sink characterization of microplastic pollution from a riverine
environment in tropical India. Sci Total Environ 739:140377.
https://doi.org/10.1016/j.scitotenv.2020.140377

Auta HS, Emenike CU, Jayanthi B, Fauziah SH (2018) Growth
kinetics and biodeterioration of polypropylene microplastics
by Bacillus sp. and Rhodococcus sp. isolated from mangrove

* @ Springer


https://doi.org/10.1016/j.scitotenv.2020.140377

International Journal of Environmental Science and Technology

sediment. Mar Pollut Bull 127:15-21. https://doi.org/10.
1016/j.marpolbul.2017.11.036

Awet TT, Kohl Y, Meier F et al (2018) Effects of polystyrene nano-
particles on the microbiota and functional diversity of enzymes
in soil. Environ Sci Eur 30:1-10. https://doi.org/10.1186/
$12302-018-0140-6

Azam F, Ashraf M, Lodhi A, Gulnaz A (1999) Utilization of sewage
sludge for enhancing agricultural productivity. Pak J Biol Sci
2:370-377. https://doi.org/10.3923/pjbs.1999.370.377

Bandmann V, Miiller JD, Kohler T, Homann U (2012) Uptake of
fluorescent nano beads into BY2-cells involves clathrin-
dependent and clathrin-independent endocytosis. FEBS Lett
586:3626-3632. https://doi.org/10.1016/j.febslet.2012.08.008

Bandopadhyay S, Martin-Closas L, Pelacho AM, DeBruyn JM
(2018) Biodegradable plastic mulch films: impacts on soil
microbial communities and ecosystem functions. Front Micro-
biol 9:819. https://doi.org/10.3389/fmicb.2018.00819

Bandopadhyay S, Sintim HY, DeBruyn JM (2019) Structural and
functional responses of soil microbial communities to bio-
degradable plastic film mulching in two agroecosystems.
BioRxiv. https://doi.org/10.1101/650317

Beriot N, Peek J, Zornoza R et al (2021) Low density-microplastics
detected in sheep faeces and soil: a case study from the inten-
sive vegetable farming in Southeast Spain. Sci Total Environ
755:142653. https://doi.org/10.1016/j.scitotenv.2020.142653

Bettas Ardisson G, Tosin M, Barbale M, Degli-Innocenti F (2014)
Biodegradation of plastics in soil and effects on nitrification
activity. A Lab Approach Front Microbiol 5:710. https://doi.
org/10.3389/fmicb.2014.00710

Boots B, Russell CW, Green DS (2019) Effects of microplastics in
soil ecosystems: above and below ground. Environ Sci Technol
53:11496-11506. https://doi.org/10.1021/acs.est.9b03304

Bosker T, Bouwman LJ, Brun NR et al (2019) Microplastics accu-
mulate on pores in seed capsule and delay germination and
root growth of the terrestrial vascular plant Lepidium sativum.
Chemosphere 226:774-781. https://doi.org/10.1016/j.chemo
sphere.2019.03.163

Cao L, Wu D, Liu P et al (2021) Occurrence, distribution and affect-
ing factors of microplastics in agricultural soils along the lower
reaches of Yangtze River. China Sci Total Environ 794:148694.
https://doi.org/10.1016/j.scitotenv.2021.148694

Cao D, Wang X, Luo X, et al (2017) Effects of polystyrene micro-
plastics on the fitness of earthworms in an agricultural soil. In:
IOP conference series: earth and environmental science. IOP
Publishing, p 012148

Carpenter EJ, Smith KL Jr (1972) Plastics on the Sargasso Sea sur-
face. Science 175:1240-1241. https://doi.org/10.1126/science.
175.4027.1240

Chae Y, An Y-J (2020) Nanoplastic ingestion induces behavioral
disorders in terrestrial snails: trophic transfer effects via vas-
cular plants. Environ Sci: Nano 7:975-983. https://doi.org/10.
1039/C9ENO01335K

Chai B, Wei Q, She Y et al (2020) Soil microplastic pollution in an
e-waste dismantling zone of China. Waste Manag 118:291—
301. https://doi.org/10.1016/j.wasman.2020.08.048

Chen H, Wang Y, Sun X et al (2020a) Mixing effect of polylactic acid
microplastic and straw residue on soil property and ecological
function. Chemosphere 243:125271. https://doi.org/10.1016/j.
chemosphere.2019.125271

Chen Y, Leng Y, Liu X, Wang J (2020b) Microplastic pollution in
vegetable farmlands of suburb Wuhan, central China. Environ
Pollut 257:113449. https://doi.org/10.1016/j.envpol.2019.113449

Chen Y, Liu X, Leng Y, Wang J (2020c) Defense responses in earth-
worms (Eisenia fetida) exposed to low-density polyethylene
microplastics in soils. Ecotoxicol Environ Saf 187:109788.
https://doi.org/10.1016/j.ecoenv.2019.109788

7
<N

> 4

@ Springer

Choi YR, Kim Y-N, Yoon J-H et al (2020) Plastic contamination of
forest, urban, and agricultural soils: a case study of Yeoju City in
the Republic of Korea. J Soils Sediments 21:1962—1973. https://
doi.org/10.1007/s11368-020-02759-0

Cohen QM, Glaese M, Meng K et al (2021) Parks and recreational
areas as sinks of plastic debris in urban sites: the case of light-
density microplastics in the City of Amsterdam. The Netherlands
Environments 9:5. https://doi.org/10.3390/environments9010005

Colton JB Jr, Burns BR, Knapp FD (1974) Plastic Particles in Surface
Waters of the Northwestern Atlantic: The abundance, distribu-
tion, source, and significance of various types of plastics are
discussed. Science 185:491-497. https://doi.org/10.1126/scien
ce.185.4150.491

Corradini F, Meza P, Eguiluz R et al (2019) Evidence of microplastic
accumulation in agricultural soils from sewage sludge disposal.
Sci Total Environ 671:411-420. https://doi.org/10.1016/j.scito
tenv.2019.03.368

Crossman J, Hurley RR, Futter M, Nizzetto L (2020) Transfer and
transport of microplastics from biosolids to agricultural soils and
the wider environment. Sci Total Environ 724:138334. https:/
doi.org/10.1016/j.scitotenv.2020.138334

de Souza Machado AA, Lau CW, Till J et al (2018) Impacts of micro-
plastics on the soil biophysical environment. Environ Sci Technol
52:9656-9665. https://doi.org/10.1021/acs.est.8b02212

de Souza Machado AA, Lau CW, Kloas W et al (2019) Microplastics
can change soil properties and affect plant performance. Envi-
ron Sci Technol 53:6044—-6052. https://doi.org/10.1021/acs.est.
9b01339

Devi RS, Kannan VR, Nivas D et al (2015) Biodegradation of HDPE
by Aspergillus spp. from marine ecosystem of Gulf of Mannar.
India Mar Pollut Bull 96:32—40. https://doi.org/10.1016/j.marpo
1bul.2015.05.050

Ding L, Zhang S, Wang X et al (2020) The occurrence and distribu-
tion characteristics of microplastics in the agricultural soils of
Shaanxi Province, in north-western China. Sci Total Environ
720:137525. https://doi.org/10.1016/j.scitotenv.2020.137525

Ding L, Wang X, Ouyang Z et al (2021) The occurrence of microplas-
tic in Mu Us Sand Land soils in northwest China: different soil
types, vegetation cover and restoration years. J] Hazard Mater
403:123982. https://doi.org/10.1016/j.jhazmat.2020.123982

Dissanayake PD, Kim S, Sarkar B et al (2022) Effects of microplas-
tics on the terrestrial environment: a critical review. Environ Res
209:112734. https://doi.org/10.1016/j.envres.2022.112734

Dong Y, Gao M, Qiu W, Song Z (2021a) Effect of microplastics and
arsenic on nutrients and microorganisms in rice rhizosphere soil.
Ecotoxicol Environ Saf 211:111899. https://doi.org/10.1016/].
ecoenv.2021.111899

Dong Y, Gao M, Qiu W, Song Z (2021b) Uptake of microplastics by
carrots in presence of As (III): combined toxic effects. J Haz-
ard Mater 411:125055. https://doi.org/10.1016/j.jhazmat.2021.
125055

Dris R, Gasperi J, Saad M et al (2016) Synthetic fibers in atmospheric
fallout: a source of microplastics in the environment? Mar Pol-
lut Bull 104:290-293. https://doi.org/10.1016/j.marpolbul.2016.
01.006

Du C, Liang H, Li Z, Gong J (2020) Pollution characteristics of micro-
plastics in soils in southeastern suburbs of Baoding City, China.
Int J Environ Res Public Health 17:845. https://doi.org/10.3390/
ijerph17030845

Elbasiouny H, Mustafa AA, Zedan A, Amer SM, Albeialy NO,
Alkharsawey DS, RabieaAeash N, Abuomar AO, Hamd RE,
Elbltagy HM, Elbanna B (2022) Impact of pollution by micro-
plastic on soil, soil microbes and plants and its remediation
by the biochar: a review. Egypt J Soil Sci. https://doi.org/10.
21608/EJSS.2022.156330.1526


https://doi.org/10.1016/j.marpolbul.2017.11.036
https://doi.org/10.1016/j.marpolbul.2017.11.036
https://doi.org/10.1186/s12302-018-0140-6
https://doi.org/10.1186/s12302-018-0140-6
https://doi.org/10.3923/pjbs.1999.370.377
https://doi.org/10.1016/j.febslet.2012.08.008
https://doi.org/10.3389/fmicb.2018.00819
https://doi.org/10.1101/650317
https://doi.org/10.1016/j.scitotenv.2020.142653
https://doi.org/10.3389/fmicb.2014.00710
https://doi.org/10.3389/fmicb.2014.00710
https://doi.org/10.1021/acs.est.9b03304
https://doi.org/10.1016/j.chemosphere.2019.03.163
https://doi.org/10.1016/j.chemosphere.2019.03.163
https://doi.org/10.1016/j.scitotenv.2021.148694
https://doi.org/10.1126/science.175.4027.1240
https://doi.org/10.1126/science.175.4027.1240
https://doi.org/10.1039/C9EN01335K
https://doi.org/10.1039/C9EN01335K
https://doi.org/10.1016/j.wasman.2020.08.048
https://doi.org/10.1016/j.chemosphere.2019.125271
https://doi.org/10.1016/j.chemosphere.2019.125271
https://doi.org/10.1016/j.envpol.2019.113449
https://doi.org/10.1016/j.ecoenv.2019.109788
https://doi.org/10.1007/s11368-020-02759-0
https://doi.org/10.1007/s11368-020-02759-0
https://doi.org/10.3390/environments9010005
https://doi.org/10.1126/science.185.4150.491
https://doi.org/10.1126/science.185.4150.491
https://doi.org/10.1016/j.scitotenv.2019.03.368
https://doi.org/10.1016/j.scitotenv.2019.03.368
https://doi.org/10.1016/j.scitotenv.2020.138334
https://doi.org/10.1016/j.scitotenv.2020.138334
https://doi.org/10.1021/acs.est.8b02212
https://doi.org/10.1021/acs.est.9b01339
https://doi.org/10.1021/acs.est.9b01339
https://doi.org/10.1016/j.marpolbul.2015.05.050
https://doi.org/10.1016/j.marpolbul.2015.05.050
https://doi.org/10.1016/j.scitotenv.2020.137525
https://doi.org/10.1016/j.jhazmat.2020.123982
https://doi.org/10.1016/j.envres.2022.112734
https://doi.org/10.1016/j.ecoenv.2021.111899
https://doi.org/10.1016/j.ecoenv.2021.111899
https://doi.org/10.1016/j.jhazmat.2021.125055
https://doi.org/10.1016/j.jhazmat.2021.125055
https://doi.org/10.1016/j.marpolbul.2016.01.006
https://doi.org/10.1016/j.marpolbul.2016.01.006
https://doi.org/10.3390/ijerph17030845
https://doi.org/10.3390/ijerph17030845
https://doi.org/10.21608/EJSS.2022.156330.1526
https://doi.org/10.21608/EJSS.2022.156330.1526

International Journal of Environmental Science and Technology

Fakour H, Lo S-L, Yoashi NT et al (2021) Quantification and
analysis of microplastics in farmland soils: characterization,
sources, and pathways. Agriculture 11:330. https://doi.org/10.
3390/agriculture11040330

Fan P, Tan W, Yu H (2022) Effects of different concentrations and
types of microplastics on bacteria and fungi in alkaline soil.
Ecotoxicol Environ Saf 229:113045. https://doi.org/10.1016/j.
ecoenv.2021.113045

Fei Y, Huang S, Zhang H et al (2020) Response of soil enzyme activ-
ities and bacterial communities to the accumulation of micro-
plastics in an acid cropped soil. Sci Total Environ 707:135634.
https://doi.org/10.1016/j.scitotenv.2019.135634

Feng S, Lu H, Liu Y (2021) The occurrence of microplastics in farm-
land and grassland soils in the Qinghai-Tibet plateau: different
land use and mulching time in facility agriculture. Environ Pol-
lut 279:116939. https://doi.org/10.1016/j.envpol.2021.116939

Feng X, Wang Q, Sun Y et al (2022) Microplastics change soil prop-
erties, heavy metal availability and bacterial community in a
Pb-Zn-contaminated soil. ] Hazard Mater 424:127364. https://
doi.org/10.1016/j.jhazmat.2021.127364

Flaherty DK. Phagocytosis and Intracellular Killing Immunology
for Pharmacy. Immunology for Pharmacy, 1st ed.; Mosby: St.
Louis, MO, USA. 2012:97-101.

Fuller S, Gautam A (2016) A procedure for measuring microplas-
tics using pressurized fluid extraction. Environ Sci Technol
50:5774-5780. https://doi.org/10.1021/acs.est.6b00816

Gao M, Liu Y, Song Z (2019) Effects of polyethylene microplastic
on the phytotoxicity of di-n-butyl phthalate in lettuce (Lactuca
sativa L. var. ramosa Hort). Chemosphere 237:124482. https://
doi.org/10.1016/j.chemosphere.2019.124482

Gao B, Yao H, Li Y, Zhu Y (2021) Microplastic addition alters the
microbial community structure and stimulates soil carbon
dioxide emissions in vegetable-growing soil. Environ Toxicol
Chem 40:352-365. https://doi.org/10.1002/etc.4916

Gaylor MO, Harvey E, Hale RC (2013) Polybrominated diphenyl
ether (PBDE) accumulation by earthworms (Eisenia fetida)
exposed to biosolids-, polyurethane foam microparticle-, and
penta-BDE-amended soils. Environ Sci Technol 47:13831-
13839. https://doi.org/10.1021/es403750a

Geyer R, Jambeck JR, Law KL (2017) Production, use, and fate of
all plastics ever made. Sci Adv 3:e1700782. https://doi.org/10.
1126/sciadv.1700782

Giorgetti L, Spano C, Muccifora S et al (2020) Exploring the interac-
tion between polystyrene nanoplastics and Allium cepa during
germination: internalization in root cells, induction of toxic-
ity and oxidative stress. Plant Physiol Biochem 149:170-177.
https://doi.org/10.1016/j.plaphy.2020.02.014

Gtab T, Palmowska J, Zaleski T, Gondek K (2016) Effect of biochar
application on soil hydrological properties and physical quality
of sandy soil. Geoderma 281:11-20. https://doi.org/10.1016/j.
geoderma.2016.06.028

Giindogdu R, Onder D, Giindogdu S, Gwinnett C (2022) Plastics
derived from disposable greenhouse plastic films and irrigation
pipes in agricultural soils: a case study from Turkey. Envi-
ron Sci Pollut Res 29:87706—87716. https://doi.org/10.1007/
s11356-022-21911-6

Guo QQ, Xiao MR, Ma Y et al (2021a) Polyester microfiber and
natural organic matter impact microbial communities, carbon-
degraded enzymes, and carbon accumulation in a clayey soil.
J Hazard Mater 405:124701. https://doi.org/10.1016/j.jhazm
at.2020.124701

Guo QQ, Xiao MR, Zhang GS (2021b) The persistent impacts of
polyester microfibers on soil bio-physical properties following
thermal treatment. J Hazard Mater 420:126671. https://doi.org/
10.1016/j.jhazmat.2021.126671

Guo Z, Li P, Yang X et al (2022) Soil texture is an important factor
determining how microplastics affect soil hydraulic charac-
teristics. Environ Int 165:107293. https://doi.org/10.1016/j.
envint.2022.107293

Han X, Lu X, Vogt RD (2019) An optimized density-based approach
for extracting microplastics from soil and sediment samples.
Environ Pollut 254:113009. https://doi.org/10.1016/j.envpol.
2019.113009

Hanif MN (2023) Factors affecting nitrogen use efficiency (NUE):
meta analysis. Tiirkiye Tarimsal Arastirmalar Dergisi
10(2):231-242. https://doi.org/10.19159/tutad.1260531

Harms IK, Diekotter T, Troegel S, Lenz M (2021) Amount, dis-
tribution and composition of large microplastics in typical
agricultural soils in Northern Germany. Sci Total Environ
758:143615. https://doi.org/10.1016/j.scitotenv.2020.143615

He L, Wu D, Rong H et al (2018) Influence of nano-and microplastic
particles on the transport and deposition behaviors of bacteria
in quartz sand. Environ Sci Technol 52:11555-11563. https://
doi.org/10.1021/acs.est.8b01673

Helcoski R, Yonkos LT, Sanchez A, Baldwin AH (2020) Wetland
soil microplastics are negatively related to vegetation cover
and stem density. Environ Pollut 256:113391. https://doi.org/
10.1016/j.envpol.2019.113391

Helmberger MS, Tiemann LK, Grieshop MJ (2020) Towards an ecol-
ogy of soil microplastics. Funct Ecol 34:550-560. https://doi.
org/10.1111/1365-2435.1349

Herath HMSK, Camps-Arbestain M, Hedley M (2013) Effect of bio-
char on soil physical properties in two contrasting soils: an
Alfisol and an Andisol. Geoderma 209:188-197. https://doi.
org/10.1016/j.geoderma.2013.06.016

Hernéndez-Arenas R, Beltran-Sanahuja A, Navarro-Quirant P, Sanz-
Lazaro C (2021) The effect of sewage sludge containing micro-
plastics on growth and fruit development of tomato plants.
Environ Pollut 268:115779. https://doi.org/10.1016/j.envpol.
2020.115779

Hodson ME, Duffus-Hodson CA, Clark A et al (2017) Plastic bag
derived-microplastics as a vector for metal exposure in terres-
trial invertebrates. Environ Sci Technol 51:4714-4721. https://
doi.org/10.1021/acs.est.7b00635

Hou J, Xu X, Yu H et al (2021) Comparing the long-term responses
of soil microbial structures and diversities to polyethylene
microplastics in different aggregate fractions. Environ Int
149:106398. https://doi.org/10.1016/j.envint.2021.106398

Hu C, Lu B, Guo W et al (2021) Distribution of microplastics in
mulched soil in Xinjiang, China. Int J Agric & Biol Eng
14:196-204

Huang Y, Zhao Y, Wang J et al (2019) LDPE microplastic films alter
microbial community composition and enzymatic activities in
soil *. Environ Pollut 254:112983. https://doi.org/10.1016/j.
envpol.2019.112983

Huang Y, Liu Q, Jia W et al (2020) Agricultural plastic mulching
as a source of microplastics in the terrestrial environment.
Environ Pollut 260:114096. https://doi.org/10.1016/j.envpol.
2020.114096

Huang B, Sun L, Liu M et al (2021) Abundance and distribution char-
acteristics of microplastic in plateau cultivated land of Yunnan
Province, China. Environ Sci Pollut Res 28:1675-1688. https://
doi.org/10.1007/s11356-020-10527-3

Huerta Lwanga E, Gertsen H, Gooren H et al (2016) Microplastics in
the terrestrial ecosystem: implications for Lumbricus terrestris
(Oligochaeta, Lumbricidae). Environ Sci Technol 50:2685-2691.
https://doi.org/10.1021/acs.est.5b05478

Huerta Lwanga E, Gertsen H, Gooren H et al (2017a) Incorporation
of microplastics from litter into burrows of Lumbricus terrestris.

=

’r @ Springer


https://doi.org/10.3390/agriculture11040330
https://doi.org/10.3390/agriculture11040330
https://doi.org/10.1016/j.ecoenv.2021.113045
https://doi.org/10.1016/j.ecoenv.2021.113045
https://doi.org/10.1016/j.scitotenv.2019.135634
https://doi.org/10.1016/j.envpol.2021.116939
https://doi.org/10.1016/j.jhazmat.2021.127364
https://doi.org/10.1016/j.jhazmat.2021.127364
https://doi.org/10.1021/acs.est.6b00816
https://doi.org/10.1016/j.chemosphere.2019.124482
https://doi.org/10.1016/j.chemosphere.2019.124482
https://doi.org/10.1002/etc.4916
https://doi.org/10.1021/es403750a
https://doi.org/10.1126/sciadv.1700782
https://doi.org/10.1126/sciadv.1700782
https://doi.org/10.1016/j.plaphy.2020.02.014
https://doi.org/10.1016/j.geoderma.2016.06.028
https://doi.org/10.1016/j.geoderma.2016.06.028
https://doi.org/10.1007/s11356-022-21911-6
https://doi.org/10.1007/s11356-022-21911-6
https://doi.org/10.1016/j.jhazmat.2020.124701
https://doi.org/10.1016/j.jhazmat.2020.124701
https://doi.org/10.1016/j.jhazmat.2021.126671
https://doi.org/10.1016/j.jhazmat.2021.126671
https://doi.org/10.1016/j.envint.2022.107293
https://doi.org/10.1016/j.envint.2022.107293
https://doi.org/10.1016/j.envpol.2019.113009
https://doi.org/10.1016/j.envpol.2019.113009
https://doi.org/10.19159/tutad.1260531
https://doi.org/10.1016/j.scitotenv.2020.143615
https://doi.org/10.1021/acs.est.8b01673
https://doi.org/10.1021/acs.est.8b01673
https://doi.org/10.1016/j.envpol.2019.113391
https://doi.org/10.1016/j.envpol.2019.113391
https://doi.org/10.1111/1365-2435.1349
https://doi.org/10.1111/1365-2435.1349
https://doi.org/10.1016/j.geoderma.2013.06.016
https://doi.org/10.1016/j.geoderma.2013.06.016
https://doi.org/10.1016/j.envpol.2020.115779
https://doi.org/10.1016/j.envpol.2020.115779
https://doi.org/10.1021/acs.est.7b00635
https://doi.org/10.1021/acs.est.7b00635
https://doi.org/10.1016/j.envint.2021.106398
https://doi.org/10.1016/j.envpol.2019.112983
https://doi.org/10.1016/j.envpol.2019.112983
https://doi.org/10.1016/j.envpol.2020.114096
https://doi.org/10.1016/j.envpol.2020.114096
https://doi.org/10.1007/s11356-020-10527-3
https://doi.org/10.1007/s11356-020-10527-3
https://doi.org/10.1021/acs.est.5b05478

International Journal of Environmental Science and Technology

Environ Pollut 220:523-531. https://doi.org/10.1016/j.envpol.
2016.09.096

Huerta Lwanga E, Mendoza Vega J, Ku Quej V et al (2017b) Field evi-
dence for transfer of plastic debris along a terrestrial food chain.
Sci Rep 7:14071. https://doi.org/10.1038/s41598-017-14588-2

Huerta Lwanga E, Thapa B, Yang X et al (2018) Decay of low-density
polyethylene by bacteria extracted from earthworm’s guts: a
potential for soil restoration. Sci Total Environ 624:753-757.
https://doi.org/10.1016/j.scitotenv.2017.12.144

Igbal S, Xu J, Allen SD et al (2020) Unraveling consequences of soil
micro-and nano-plastic pollution on soil-plant system: implica-
tions for nitrogen (N) cycling and soil microbial activity. Che-
mosphere 260:127578. https://doi.org/10.1016/j.chemosphere.
2020.127578

Jia W, Karapetrova A, Zhang M et al (2022) Automated identifica-
tion and quantification of invisible microplastics in agricultural
soils. Sci Total Environ 844:156853. https://doi.org/10.1016/j.
scitotenv.2022.156853

Jiang X, Chen H, Liao Y et al (2019) Ecotoxicity and genotoxicity of
polystyrene microplastics on higher plant Vicia faba. Environ
Pollut 250:831-838. https://doi.org/10.1016/j.envpol.2019.04.
055

Joos L, De Tender C (2022) Soil under stress: the importance of soil
life and how it is influenced by (micro) plastic pollution. Comput
Struct Biotechnol J 20:1554—-1566. https://doi.org/10.1016/j.csbj.
2022.03.041

Ju H, Zhu D, Qiao M (2019) Effects of polyethylene microplastics
on the gut microbial community, reproduction and avoidance
behaviors of the soil springtail, Folsomia candida. Environ Pol-
lut 247:890-897. https://doi.org/10.1016/j.envpol.2019.01.097

Keskin B, Yilmaz IH, Bozkurt MA, Akdeniz H (2009) Sewage sludge
as nitrogen source for irrigated silage sorghum. J Anim Vet Adv
8:573-578

Kim SW, An Y-J (2019) Soil microplastics inhibit the movement of
springtail species. Environ Int 126:699-706. https://doi.org/10.
1016/j.envint.2019.02.067

Kim HM, Lee D-K, Long NP et al (2019) Uptake of nanopolystyrene
particles induces distinct metabolic profiles and toxic effects in
Caenorhabditis elegans. Environ Pollut 246:578-586. https://doi.
org/10.1016/j.envpol.2018.12.043

Kim SW, Kim D, Jeong S-W, An Y-J (2020a) Size-dependent effects
of polystyrene plastic particles on the nematode Caenorhabditis
elegans as related to soil physicochemical properties. Environ
Pollut 258:113740. https://doi.org/10.1016/j.envpol.2019.113740

Kim Y-N, Yoon J-H, Kim K-HJ (2020b) Microplastic contamination
in soil environment—a review. Soil Sci Ann 71:300-308. https://
doi.org/10.37501/s0ilsa/131646

Kim S-K, Kim J-S, Lee H, Lee H-J (2021) Abundance and characteris-
tics of microplastics in soils with different agricultural practices:
importance of sources with internal origin and environmental
fate. ] Hazard Mater 403:123997. https://doi.org/10.1016/j.jhazm
at.2020.123997

Kim D, An S, Kim L et al (2022) Translocation and chronic effects of
microplastics on pea plants (Pisum sativum) in copper-contami-
nated soil. J] Hazard Mater 436:129194. https://doi.org/10.1016/j.
jhazmat.2022.129194

Kishorekumar R, Bulle M, Wany A, Gupta KJ (2020) An overview of
important enzymes involved in nitrogen assimilation of plants.
In: Gupta KJ (ed) Nitrogen metabolism in plants: methods and
protocols, 1st edn. Humana New York, NY, pp 1-13

Kokalj AJ, Horvat P, Skalar T, Krzan A (2018) Plastic bag and facial
cleanser derived microplastic do not affect feeding behaviour
and energy reserves of terrestrial isopods. Sci Total Environ
615:761-766. https://doi.org/10.1016/j.scitotenv.2017.10.020

Kwak JI, An Y-J (2021) Microplastic digestion generates fragmented
nanoplastics in soils and damages earthworm spermatogenesis

S’
\ @ Springer

and coelomocyte viability. J Hazard Mater 402:124034. https://
doi.org/10.1016/j.jhazmat.2020.124034

Lahive E, Walton A, Horton AA et al (2019) Microplastic particles
reduce reproduction in the terrestrial worm Enchytraeus cryp-
ticus in a soil exposure. Environ Pollut 255:113174. https://doi.
org/10.1016/j.envpol.2019.113174

Lang M, Wang G, Yang Y et al (2022) The occurrence and effect of alti-
tude on microplastics distribution in agricultural soils of Qing-
hai Province, northwest China. Sci Total Environ 810:152174.
https://doi.org/10.1016/j.scitotenv.2021.152174

Law KL, Thompson RC (2014) Microplastics in the seas. Science
345:144-145. https://doi.org/10.1126/science.1254065

Lehmann A, Fitschen K, Rillig MC (2019) Abiotic and biotic factors
influencing the effect of microplastic on soil aggregation. Soil
Syst 3:21. https://doi.org/10.3390/s0ilsystems3010021

Lehmann A, Leifheit EF, Feng L et al (2020) Microplastic fiber and
drought effects on plants and soil are only slightly modified by
arbuscular mycorrhizal fungi. Soil Ecol Lett. https://doi.org/10.
1007/542832-020-0060-4

Lei L, Liu M, Song Y et al (2018a) Polystyrene (nano) microplastics
cause size-dependent neurotoxicity, oxidative damage and other
adverse effects in Caenorhabditis elegans. Environ Sci Nano
5:2009-2020. https://doi.org/10.1039/C8EN00412A

Lei L, Wu S, Lu S et al (2018b) Microplastic particles cause intestinal
damage and other adverse effects in zebrafish Danio rerio and
nematode Caenorhabditis elegans. Sci Total Environ 619:1-8.
https://doi.org/10.1016/j.scitotenv.2017.11.103

LiJ, Zhang K, Zhang H (2018a) Adsorption of antibiotics on micro-
plastics. Environ Pollut 237:460-467. https://doi.org/10.1016/j.
envpol.2018.02.050

Li X, Chen L, Mei Q et al (2018b) Microplastics in sewage sludge from
the wastewater treatment plants in China. Water Res 142:75-85.
https://doi.org/10.1016/j.watres.2018.05.034

LiL, Zhou Q, Yin N et al (2019a) Uptake and accumulation of micro-
plastics in an edible plant. Chin Sci Bull 64:928-934. https://doi.
org/10.1360/N972018-00845

Li Q, Wu J, Zhao X et al (2019b) Separation and identification of
microplastics from soil and sewage sludge. Environ Pollut
254:113076. https://doi.org/10.1016/j.envpol.2019.113076

LiL, Luo Y, Li R et al (2020a) Effective uptake of submicrometre
plastics by crop plants via a crack-entry mode. Nat Sustain
3:929-937. https://doi.org/10.1038/s41893-020-0567-9

Li W, Wufuer R, Duo J et al (2020b) Microplastics in agricultural
soils: Extraction and characterization after different periods of
polythene film mulching in an arid region. Sci Total Environ
749:141420. https://doi.org/10.1016/j.scitotenv.2020.141420

LiZ, LiQ, LiR et al (2020c) Physiological responses of lettuce (Lac-
tuca sativa L.) to microplastic pollution. Environ Sci Pollut Res
27:30306-30314. https://doi.org/10.1007/s11356-020-09349-0

Li Z, Li R, Li Q et al (2020d) Physiological response of cucumber
(Cucumis sativus L.) leaves to polystyrene nanoplastics pollu-
tion. Chemosphere 255:127041. https://doi.org/10.1016/j.chemo
sphere.2020.127041

Li B, Huang S, Wang H et al (2021a) Effects of plastic particles on
germination and growth of soybean (Glycine max): a pot experi-
ment under field condition. Environ Pollut 272:116418. https://
doi.org/10.1016/j.envpol.2020.116418

Li H-Q, Shen Y-J, Wang W-L et al (2021b) Soil pH has a stronger effect
than arsenic content on shaping plastisphere bacterial communi-
ties in soil. Environ Pollut 287:117339. https://doi.org/10.1016/j.
envpol.2021.117339

Li H-Z, Zhu D, Lindhardt JH et al (2021c) Long-term fertilization
history alters effects of microplastics on soil properties, micro-
bial communities, and functions in diverse farmland ecosystem.
Environ Sci Technol 55:4658—-4668. https://doi.org/10.1021/acs.
est.0c04849


https://doi.org/10.1016/j.envpol.2016.09.096
https://doi.org/10.1016/j.envpol.2016.09.096
https://doi.org/10.1038/s41598-017-14588-2
https://doi.org/10.1016/j.scitotenv.2017.12.144
https://doi.org/10.1016/j.chemosphere.2020.127578
https://doi.org/10.1016/j.chemosphere.2020.127578
https://doi.org/10.1016/j.scitotenv.2022.156853
https://doi.org/10.1016/j.scitotenv.2022.156853
https://doi.org/10.1016/j.envpol.2019.04.055
https://doi.org/10.1016/j.envpol.2019.04.055
https://doi.org/10.1016/j.csbj.2022.03.041
https://doi.org/10.1016/j.csbj.2022.03.041
https://doi.org/10.1016/j.envpol.2019.01.097
https://doi.org/10.1016/j.envint.2019.02.067
https://doi.org/10.1016/j.envint.2019.02.067
https://doi.org/10.1016/j.envpol.2018.12.043
https://doi.org/10.1016/j.envpol.2018.12.043
https://doi.org/10.1016/j.envpol.2019.113740
https://doi.org/10.37501/soilsa/131646
https://doi.org/10.37501/soilsa/131646
https://doi.org/10.1016/j.jhazmat.2020.123997
https://doi.org/10.1016/j.jhazmat.2020.123997
https://doi.org/10.1016/j.jhazmat.2022.129194
https://doi.org/10.1016/j.jhazmat.2022.129194
https://doi.org/10.1016/j.scitotenv.2017.10.020
https://doi.org/10.1016/j.jhazmat.2020.124034
https://doi.org/10.1016/j.jhazmat.2020.124034
https://doi.org/10.1016/j.envpol.2019.113174
https://doi.org/10.1016/j.envpol.2019.113174
https://doi.org/10.1016/j.scitotenv.2021.152174
https://doi.org/10.1126/science.1254065
https://doi.org/10.3390/soilsystems3010021
https://doi.org/10.1007/s42832-020-0060-4
https://doi.org/10.1007/s42832-020-0060-4
https://doi.org/10.1039/C8EN00412A
https://doi.org/10.1016/j.scitotenv.2017.11.103
https://doi.org/10.1016/j.envpol.2018.02.050
https://doi.org/10.1016/j.envpol.2018.02.050
https://doi.org/10.1016/j.watres.2018.05.034
https://doi.org/10.1360/N972018-00845
https://doi.org/10.1360/N972018-00845
https://doi.org/10.1016/j.envpol.2019.113076
https://doi.org/10.1038/s41893-020-0567-9
https://doi.org/10.1016/j.scitotenv.2020.141420
https://doi.org/10.1007/s11356-020-09349-0
https://doi.org/10.1016/j.chemosphere.2020.127041
https://doi.org/10.1016/j.chemosphere.2020.127041
https://doi.org/10.1016/j.envpol.2020.116418
https://doi.org/10.1016/j.envpol.2020.116418
https://doi.org/10.1016/j.envpol.2021.117339
https://doi.org/10.1016/j.envpol.2021.117339
https://doi.org/10.1021/acs.est.0c04849
https://doi.org/10.1021/acs.est.0c04849

International Journal of Environmental Science and Technology

LiM, Liu Y, Xu G et al (2021d) Impacts of polyethylene microplastics
on bioavailability and toxicity of metals in soil. Sci Total Envi-
ron 760:144037. https://doi.org/10.1016/j.scitotenv.2020.144037

LiZ, Li Q, LiR et al (2021e) The distribution and impact of polysty-
rene nanoplastics on cucumber plants. Environ Sci Pollut Res
28:16042-16053. https://doi.org/10.1007/s11356-020-11702-2

Li S, Ding F, Flury M et al (2022a) Macro- and microplastic accumula-
tion in soil after 32 years of plastic film mulching. Environ Pollut
300:118945. https://doi.org/10.1016/j.envpol.2022.118945

Li Z, Yang Y, Chen X et al (2022b) A discussion of microplastics
in soil and risks for ecosystems and food chains. Chemosphere
313:137637. https://doi.org/10.1016/j.chemosphere.2022.137637

Lian J, Shen M, Liu W (2019) Effects of microplastics on wheat
seed germination and seedling growth. J Agro-Environ Sci
38:737-745

Lian J, Wu J, Xiong H et al (2020) Impact of polystyrene nanoplas-
tics (PSNPs) on seed germination and seedling growth of wheat
(Triticum aestivam L.). J Hazard Mater 385:121620. https://doi.
org/10.1016/j.jhazmat.2019.121620

Lian J, Liu W, Meng L et al (2021) Effects of microplastics derived
from polymer-coated fertilizer on maize growth, rhizosphere,
and soil properties. J Clean Prod 318:128571. https://doi.org/10.
1016/j.jclepro.2021.128571

Liang Y, Lehmann A, Yang G et al (2021) Effects of microplastic fib-
ers on soil aggregation and enzyme activities are organic matter
dependent. Front Environ Sci 9:650155. https://doi.org/10.3389/
fenvs.2021.650155

Lihua H, Qiaoling L, Li X, Anxiang L, Bingru L, Wenwen G, Jiayu T
(2020) Abundance and distribution of microplastics of soils in
Daliao River Basin. Asian J Ecotoxicol 1:174-185

Lin D, Yang G, Dou P et al (2020) Microplastics negatively affect
soil fauna but stimulate microbial activity: insights from a field-
based microplastic addition experiment. Proc R Soc B: Biol Sci
287:20201268. https://doi.org/10.1098/rspb.2020.1268

Liu EK, He WQ, Yan CR (2014) ‘White revolution’to ‘white pollu-
tion’—agricultural plastic film mulch in China. Environ Res Lett
9:091001. https://doi.org/10.1088/1748-9326/9/9/091001

Liu H, Yang X, Liu G et al (2017) Response of soil dissolved organic
matter to microplastic addition in Chinese loess soil. Chemos-
phere 185:907-917. https://doi.org/10.1016/j.chemosphere.2017.
07.064

Liu M, Lu S, Song Y et al (2018) Microplastic and mesoplastic pol-
lution in farmland soils in suburbs of Shanghai, China. Environ
Pollut 242:855-862. https://doi.org/10.1016/j.envpol.2018.07.
051

Liu YY, Zhang Q, Cui WZ et al (2019) Toxicity of polyethylene
microplastics to seed germination of mung bean. Environ Dev
31:123-125

Liu Y, Huang Q, Hu W et al (2021) Effects of plastic mulch film resi-
dues on soil-microbe-plant systems under different soil pH condi-
tions. Chemosphere 267:128901. https://doi.org/10.1016/j.chemo
sphere.2020.128901

Liu X, He S, Tong Y et al (2022) Microplastic pollution in urban
green-belt soil in Shihezi City, China. Environ Sci Pollut Res
29:59403-59413. https://doi.org/10.1007/s11356-022-20083-7

Lozano YM, Rillig MC (2020) Effects of microplastic fibers and
drought on plant communities. Environ Sci Technol 54:6166—
6173. https://doi.org/10.1021/acs.est.0c01051

Lozano YM, Aguilar-Trigueros CA, Onandia G et al (2021a) Effects
of microplastics and drought on soil ecosystem functions and
multifunctionality. J Appl Ecol 58:988-996. https://doi.org/10.
1111/1365-2664.13839

Lozano YM, Lehnert T, Linck LT et al (2021b) Microplastic shape,
polymer type, and concentration affect soil properties and plant
biomass. Front Plant Sci 12:616645. https://doi.org/10.3389/fpls.
2021.616645

Lozano YM, Caesaria PU, Rillig MC (2022) Microplastics of different
shapes increase seed germination synchrony while only films
and fibers affect seed germination velocity. Front Environ Sci
10:2447. https://doi.org/10.3389/fenvs.2022.1017349

Lv W, Zhou W, Lu S et al (2019) Microplastic pollution in rice-fish
co-culture system: a report of three farmland stations in Shang-
hai, China. Sci Total Environ 652:1209-1218. https://doi.org/10.
1016/j.scitotenv.2018.10.321

Maal} S, Daphi D, Lehmann A, Rillig MC (2017) Transport of micro-
plastics by two collembolan species. Environ Pollut 225:456—
459. https://doi.org/10.1016/j.envpol.2017.03.009

Mahon AM, O’Connell B, Healy MG et al (2017) Microplastics in
sewage sludge: effects of treatment. Environ Sci Technol 51:810—
818. https://doi.org/10.1021/acs.est.6b04048

Maity S, Chatterjee A, Guchhait R et al (2020) Cytogenotoxic potential
of a hazardous material, polystyrene microparticles on Allium
cepa L. J Hazard Mater 385:121560. https://doi.org/10.1016/j.
jhazmat.2019.121560

McCauley A, Jones C, Jacobsen J (2005) Basic soil properties. Soil
Water Manag Module 1:1-12

Meng F, Fan T, Yang X et al (2020) Effects of plastic mulching on
the accumulation and distribution of macro and micro plas-
tics in soils of two farming systems in Northwest China. PeerJ]
8:€10375. https://doi.org/10.7717/peerj. 10375

Meng F, Yang X, Riksen M et al (2021) Response of common bean
(Phaseolus vulgaris L.) growth to soil contaminated with micro-
plastics. Sci Total Environ 755:142516. https://doi.org/10.1016/j.
scitotenv.2020.142516

Mueller M-T, Fueser H, Hoss S, Traunspurger W (2020) Species-spe-
cific effects of long-term microplastic exposure on the population
growth of nematodes, with a focus on microplastic ingestion.
Ecol Indic 118:106698. https://doi.org/10.1016/j.ecolind.2020.
106698

Ng EL, Lin SY, Dungan AM et al (2021) Microplastic pollution alters
forest soil microbiome. J Hazard Mater 409:124606. https://doi.
org/10.1016/j.jhazmat.2020.124606

Nizzetto L, Futter M, Langaas S (2016a) Are agricultural soils
dumps for microplastics of urban origin? Environ Sci Technol
50:10777-10779. https://doi.org/10.1021/acs.est.6b04140

Nizzetto L, Langaas S, Futter M (2016b) Pollution: do microplastics
spill on to farm soils? Nature 537:488-488. https://doi.org/10.
1038/537488b

Nomura T, Tani S, Yamamoto M et al (2016) Cytotoxicity and colloidal
behavior of polystyrene latex nanoparticles toward filamentous
fungi in isotonic solutions. Chemosphere 149:84-90. https://doi.
org/10.1016/j.chemosphere.2016.01.091

Nor NHM, Obbard JP (2014) Microplastics in Singapore’s coastal man-
grove ecosystems. Mar Pollut Bull 79:278-283. https://doi.org/
10.1016/j.marpolbul.2013.11.025

Piehl S, Leibner A, Loder MG et al (2018) Identification and quantifi-
cation of macro-and microplastics on an agricultural farmland.
Sci Rep 8:17950. https://doi.org/10.1038/s41598-018-36172-y

Prendergast-Miller MT, Katsiamides A, Abbass M et al (2019) Poly-
ester-derived microfibre impacts on the soil-dwelling earthworm
Lumbricus terrestris. Environ Pollut 251:453-459. https://doi.
org/10.1016/j.envpol.2019.05.037

Qi Y, Yang X, Pelaez AM et al (2018) Macro-and micro-plastics in
soil-plant system: effects of plastic mulch film residues on wheat
(Triticum aestivum) growth. Sci Total Environ 645:1048-1056.
https://doi.org/10.1016/j.scitotenv.2018.07.229

Qi Y, Ossowicki A, Yang X et al (2020) Effects of plastic mulch film
residues on wheat rhizosphere and soil properties. J Hazard
Mater 387:121711. https://doi.org/10.1016/j.jhazmat.2019.
121711

=

’r @ Springer


https://doi.org/10.1016/j.scitotenv.2020.144037
https://doi.org/10.1007/s11356-020-11702-2
https://doi.org/10.1016/j.envpol.2022.118945
https://doi.org/10.1016/j.chemosphere.2022.137637
https://doi.org/10.1016/j.jhazmat.2019.121620
https://doi.org/10.1016/j.jhazmat.2019.121620
https://doi.org/10.1016/j.jclepro.2021.128571
https://doi.org/10.1016/j.jclepro.2021.128571
https://doi.org/10.3389/fenvs.2021.650155
https://doi.org/10.3389/fenvs.2021.650155
https://doi.org/10.1098/rspb.2020.1268
https://doi.org/10.1088/1748-9326/9/9/091001
https://doi.org/10.1016/j.chemosphere.2017.07.064
https://doi.org/10.1016/j.chemosphere.2017.07.064
https://doi.org/10.1016/j.envpol.2018.07.051
https://doi.org/10.1016/j.envpol.2018.07.051
https://doi.org/10.1016/j.chemosphere.2020.128901
https://doi.org/10.1016/j.chemosphere.2020.128901
https://doi.org/10.1007/s11356-022-20083-7
https://doi.org/10.1021/acs.est.0c01051
https://doi.org/10.1111/1365-2664.13839
https://doi.org/10.1111/1365-2664.13839
https://doi.org/10.3389/fpls.2021.616645
https://doi.org/10.3389/fpls.2021.616645
https://doi.org/10.3389/fenvs.2022.1017349
https://doi.org/10.1016/j.scitotenv.2018.10.321
https://doi.org/10.1016/j.scitotenv.2018.10.321
https://doi.org/10.1016/j.envpol.2017.03.009
https://doi.org/10.1021/acs.est.6b04048
https://doi.org/10.1016/j.jhazmat.2019.121560
https://doi.org/10.1016/j.jhazmat.2019.121560
https://doi.org/10.7717/peerj.10375
https://doi.org/10.1016/j.scitotenv.2020.142516
https://doi.org/10.1016/j.scitotenv.2020.142516
https://doi.org/10.1016/j.ecolind.2020.106698
https://doi.org/10.1016/j.ecolind.2020.106698
https://doi.org/10.1016/j.jhazmat.2020.124606
https://doi.org/10.1016/j.jhazmat.2020.124606
https://doi.org/10.1021/acs.est.6b04140
https://doi.org/10.1038/537488b
https://doi.org/10.1038/537488b
https://doi.org/10.1016/j.chemosphere.2016.01.091
https://doi.org/10.1016/j.chemosphere.2016.01.091
https://doi.org/10.1016/j.marpolbul.2013.11.025
https://doi.org/10.1016/j.marpolbul.2013.11.025
https://doi.org/10.1038/s41598-018-36172-y
https://doi.org/10.1016/j.envpol.2019.05.037
https://doi.org/10.1016/j.envpol.2019.05.037
https://doi.org/10.1016/j.scitotenv.2018.07.229
https://doi.org/10.1016/j.jhazmat.2019.121711
https://doi.org/10.1016/j.jhazmat.2019.121711

International Journal of Environmental Science and Technology

Qian Z, HaiBo Z, Yang Z et al (2016) Separation of microplastics
from a coastal soil and their surface microscopic features. Chin
Sci Bull 61:1604-1611. https://doi.org/10.1360/N972015-01098

Qian H, Zhang M, Liu G et al (2018) Effects of soil residual plastic film
on soil microbial community structure and fertility. Water Air
Soil Pollut 229:1-11. https://doi.org/10.1007/s11270-018-3916-9

Qiang L, Hu H, Li G et al (2023) Plastic mulching, and occurrence,
incorporation, degradation, and impacts of polyethylene micro-
plastics in agroecosystems. Ecotoxicol Environ Saf 263:115274.
https://doi.org/10.1016/j.ecoenv.2023.115274

Rafique A, Irfan M, Mumtaz M, Qadir A (2020) Spatial distribution
of microplastics in soil with context to human activities: a case
study from the urban center. Environ Monit Assess 192:1-13.
https://doi.org/10.1007/s10661-020-08641-3

Ren X, Tang J, Liu X, Liu Q (2020) Effects of microplastics on green-
house gas emissions and the microbial community in fertilized
soil. Environ Pollut 256:113347. https://doi.org/10.1016/j.
envpol.2019.113347

Rezaei M, Riksen MJPM, Sirjani E et al (2019) Wind erosion as a
driver for transport of light density microplastics. Sci Total Envi-
ron 669:273-281. https://doi.org/10.1016/j.scitotenv.2019.02.382

Rillig MC (2012) Microplastic in Terrestrial ecosystems and the soil?
Environ Sci Technol 46:6453-6454. https://doi.org/10.1021/
es302011r

Rillig MC (2018) Microplastic disguising as soil carbon storage. Envi-
ron Sci Technol 52:6079-6080. https://doi.org/10.1021/acs.est.
8b02338

Rillig MC, Ingraffia R, de Souza Machado AA (2017a) Microplas-
tic incorporation into soil in agroecosystems. Front Plant Sci
8:1805. https://doi.org/10.3389/fpls.2017.01805

Rillig MC, Ziersch L, Hempel S (2017b) Microplastic transport in
soil by earthworms. Sci Rep 7:1362. https://doi.org/10.1038/
s41598-017-01594-7

Rillig MC, de Souza Machado AA, Lehmann A, Kliimper U (2018)
Evolutionary implications of microplastics for soil biota. Environ
Chem 16:3-7. https://doi.org/10.1071/EN18118

Rillig MC, Lehmann A, de Souza Machado AA, Yang G (2019) Micro-
plastic effects on plants. New Phytol 223:1066—1070. https://doi.
org/10.1111/nph.15794

Rochman CM (2018) Microplastics research—from sink to source.
Science 360:28-29. https://doi.org/10.1126/science.aar7734

Rodriguez-Seijo A, Lourencgo J, Rocha-Santos TAP et al (2017) His-
topathological and molecular effects of microplastics in Eisenia
andrei Bouché. Environ Pollut 220:495-503. https://doi.org/10.
1016/j.envpol.2016.09.092

Rodriguez-Seijo A, da Costa JP, Rocha-Santos T et al (2018a) Oxi-
dative stress, energy metabolism and molecular responses of
earthworms (Eisenia fetida) exposed to low-density polyethylene
microplastics. Environ Sci Pollut Res 25:33599-33610

Rodriguez-Seijo A, Santos B, da Silva EF et al (2018b) Low-density
polyethylene microplastics as a source and carriers of agrochemi-
cals to soil and earthworms. Environ Chem 16:8—17. https://doi.
org/10.1071/EN18162

Rong L, Zhao L, Zhao L et al (2021) LDPE microplastics affect soil
microbial communities and nitrogen cycling. Sci Total Environ
773:145640. https://doi.org/10.1016/j.scitotenv.2021.145640

Ryan PG, Moore CJ, Van Franeker JA, Moloney CL (2009) Monitor-
ing the abundance of plastic debris in the marine environment.
Philos Trans R Soc B: Biol Sci 364:1999-2012. https://doi.org/
10.1098/rstb.2008.0207

Sahasa RGK, Dhevagi P, Poornima R et al (2023) Effect of polyeth-
ylene microplastics on seed germination of Blackgram (Vigna
mungo L.) and Tomato (Solanum lycopersicum L.). Environ Adv
11:100349. https://doi.org/10.1016/j.envadv.2023.100349

S’
\ @ Springer

Scheurer M, Bigalke M (2018) Microplastics in Swiss floodplain soils.
Environ Sci Technol 52:3591-3598. https://doi.org/10.1021/acs.
est.7b06003

Selonen S, Dolar A, Kokalj AJ et al (2020) Exploring the impacts
of plastics in soil—the effects of polyester textile fibers on soil
invertebrates. Sci Total Environ 700:134451. https://doi.org/10.
1016/j.scitotenv.2019.134451

Serrano-Ruiz H, Martin-Closas L, Pelacho AM (2021) Biodegradable
plastic mulches: impact on the agricultural biotic environment.
Sci Total Environ 750:141228. https://doi.org/10.1016/j.scito
tenv.2020.141228

Sforzini S, Oliveri L, Chinaglia S, Viarengo A (2016) Application of
biotests for the determination of soil ecotoxicity after exposure
to biodegradable plastics. Front Environ Sci 4:68. https://doi.org/
10.3389/fenvs.2016.00068

Sharma U, Sharma S, Rana VS et al (2023) Assessment of micro-
plastics pollution on soil health and eco-toxicological risk in
horticulture. Soil Syst 7:7. https://doi.org/10.3390/soilsystem
$7010007

Sintim HY, Flury M (2017) Is biodegradable plastic mulch the solution
to agriculture’s plastic problem? Environ Sci Technol 51:1068—
1069. https://doi.org/10.1021/acs.est.6b06042

Smolders E, Degryse F (2002) Fate and effect of zinc from tire debris
in soil. Environ Sci Technol 36:3706-3710. https://doi.org/10.
1021/es025567p

Song Y, Cao C, Qiu R et al (2019) Uptake and adverse effects of poly-
ethylene terephthalate microplastics fibers on terrestrial snails
(Achatina fulica) after soil exposure. Environ Pollut 250:447—
455. https://doi.org/10.1016/j.envpol.2019.04.066

Sun M, Ye M, Jiao W et al (2018) Changes in tetracycline partitioning
and bacteria/phage-comediated ARGs in microplastic-contami-
nated greenhouse soil facilitated by sophorolipid. J Hazard Mater
345:131-139. https://doi.org/10.1016/j.jhazmat.2017.11.036

Sun X-D, Yuan X-Z, Jia Y et al (2020) Differentially charged nan-
oplastics demonstrate distinct accumulation in Arabidopsis
thaliana. Nat Nanotechnol 15:755-760. https://doi.org/10.1038/
s41565-020-0707-4

Sun Y, Li X, Cao N et al (2022) Biodegradable microplastics enhance
soil microbial network complexity and ecological stochasticity.
J Hazard Mater 439:129610. https://doi.org/10.1016/j.jhazmat.
2022.129610

Tang KHD (2020) Effects of microplastics on agriculture: a mini-
review. Asian J Environ Ecol 13:1-9. https://doi.org/10.9734/
ajee/2020/v13i1130170

Temporiti MEE, Nicola L, Girometta CE et al (2022) The analysis of
the mycobiota in plastic polluted soil reveals a reduction in meta-
bolic ability. J Fungi 8:1247. https://doi.org/10.3390/jof8121247

Tunali M, Adam V, Nowack B (2023) Probabilistic environmental risk
assessment of microplastics in soils. Geoderma 430:116315.
https://doi.org/10.1016/j.geoderma.2022.116315

Urbina MA, Correa F, Aburto F, Ferrio JP (2020) Adsorption of poly-
ethylene microbeads and physiological effects on hydroponic
maize. Sci Total Environ 741:140216. https://doi.org/10.1016/j.
scitotenv.2020.140216

van den Berg P, Huerta-Lwanga E, Corradini F, Geissen V (2020) Sew-
age sludge application as a vehicle for microplastics in eastern
Spanish agricultural soils. Environ Pollut 261:114198. https://
doi.org/10.1016/j.envpol.2020.114198

Wan Y, Wu C, Xue Q, Hui X (2019) Effects of plastic contamination
on water evaporation and desiccation cracking in soil. Sci Total
Environ 654:576-582. https://doi.org/10.1016/j.scitotenv.2018.
11.123

Wang J, Luo Y, Teng Y et al (2013) Soil contamination by phthalate
esters in Chinese intensive vegetable production systems with
different modes of use of plastic film. Environ Pollut 180:265—
273. https://doi.org/10.1016/j.envpol.2013.05.036


https://doi.org/10.1360/N972015-01098
https://doi.org/10.1007/s11270-018-3916-9
https://doi.org/10.1016/j.ecoenv.2023.115274
https://doi.org/10.1007/s10661-020-08641-3
https://doi.org/10.1016/j.envpol.2019.113347
https://doi.org/10.1016/j.envpol.2019.113347
https://doi.org/10.1016/j.scitotenv.2019.02.382
https://doi.org/10.1021/es302011r
https://doi.org/10.1021/es302011r
https://doi.org/10.1021/acs.est.8b02338
https://doi.org/10.1021/acs.est.8b02338
https://doi.org/10.3389/fpls.2017.01805
https://doi.org/10.1038/s41598-017-01594-7
https://doi.org/10.1038/s41598-017-01594-7
https://doi.org/10.1071/EN18118
https://doi.org/10.1111/nph.15794
https://doi.org/10.1111/nph.15794
https://doi.org/10.1126/science.aar7734
https://doi.org/10.1016/j.envpol.2016.09.092
https://doi.org/10.1016/j.envpol.2016.09.092
https://doi.org/10.1071/EN18162
https://doi.org/10.1071/EN18162
https://doi.org/10.1016/j.scitotenv.2021.145640
https://doi.org/10.1098/rstb.2008.0207
https://doi.org/10.1098/rstb.2008.0207
https://doi.org/10.1016/j.envadv.2023.100349
https://doi.org/10.1021/acs.est.7b06003
https://doi.org/10.1021/acs.est.7b06003
https://doi.org/10.1016/j.scitotenv.2019.134451
https://doi.org/10.1016/j.scitotenv.2019.134451
https://doi.org/10.1016/j.scitotenv.2020.141228
https://doi.org/10.1016/j.scitotenv.2020.141228
https://doi.org/10.3389/fenvs.2016.00068
https://doi.org/10.3389/fenvs.2016.00068
https://doi.org/10.3390/soilsystems7010007
https://doi.org/10.3390/soilsystems7010007
https://doi.org/10.1021/acs.est.6b06042
https://doi.org/10.1021/es025567p
https://doi.org/10.1021/es025567p
https://doi.org/10.1016/j.envpol.2019.04.066
https://doi.org/10.1016/j.jhazmat.2017.11.036
https://doi.org/10.1038/s41565-020-0707-4
https://doi.org/10.1038/s41565-020-0707-4
https://doi.org/10.1016/j.jhazmat.2022.129610
https://doi.org/10.1016/j.jhazmat.2022.129610
https://doi.org/10.9734/ajee/2020/v13i130170
https://doi.org/10.9734/ajee/2020/v13i130170
https://doi.org/10.3390/jof8121247
https://doi.org/10.1016/j.geoderma.2022.116315
https://doi.org/10.1016/j.scitotenv.2020.140216
https://doi.org/10.1016/j.scitotenv.2020.140216
https://doi.org/10.1016/j.envpol.2020.114198
https://doi.org/10.1016/j.envpol.2020.114198
https://doi.org/10.1016/j.scitotenv.2018.11.123
https://doi.org/10.1016/j.scitotenv.2018.11.123
https://doi.org/10.1016/j.envpol.2013.05.036

International Journal of Environmental Science and Technology

Wang J, Lv S, Zhang M et al (2016) Effects of plastic film residues on
occurrence of phthalates and microbial activity in soils. Che-
mosphere 151:171-177. https://doi.org/10.1016/j.chemosphere.
2016.02.076

Wang H-T, Ding J, Xiong C et al (2019a) Exposure to microplastics
lowers arsenic accumulation and alters gut bacterial communities
of earthworm Metaphire californica. Environ Pollut 251:110-
116. https://doi.org/10.1016/j.envpol.2019.04.054

Wang J, Coffin S, Sun C et al (2019b) Negligible effects of microplas-
tics on animal fitness and HOC bioaccumulation in earthworm
Eisenia fetida in soil. Environ Pollut 249:776-784. https://doi.
org/10.1016/j.envpol.2019.03.102

Wang F, Zhang X, Zhang S et al (2020a) Interactions of microplastics
and cadmium on plant growth and arbuscular mycorrhizal fungal
communities in an agricultural soil. Chemosphere 254:126791.
https://doi.org/10.1016/j.chemosphere.2020.126791

Wang F, Zhang X, Zhang S et al (2020b) Effects of co-contamination
of microplastics and Cd on plant growth and Cd accumulation.
Toxics 8:36. https://doi.org/10.3390/toxics8020036

Wang J, Huang M, Wang Q et al (2020c) LDPE microplastics signifi-
cantly alter the temporal turnover of soil microbial communi-
ties. Sci Total Environ 726:138682. https://doi.org/10.1016/j.
scitotenv.2020.138682

Wang ZC, Meng Q, Yu LH et al (2020d) Occurrence characteristics of
microplastics in farmland soil of Hetao Irrigation District, Inner
Mongolia. Trans Chin Soc Agric Eng 36:204-209

Wang J, LiJ, Liu S et al (2021) Distinct microplastic distributions in
soils of different land-use types: a case study of Chinese farm-
lands. Environ Pollut 269:116199. https://doi.org/10.1016/].
envpol.2020.116199

Wang C, Tang J, Yu H et al (2022a) Microplastic pollution in the soil
environment: Characteristics, influencing factors, and risks. Sus-
tainability 14:13405. https://doi.org/10.3390/su142013405

Wang F, Wang Q, Adams CA et al (2022b) Effects of microplastics
on soil properties: current knowledge and future perspectives.
J Hazard Mater 424:127531. https://doi.org/10.1016/j.jhazmat.
2021.127531

Wang H-T, Ma L, Zhu D et al (2022c) Responses of earthworm Met-
aphire vulgaris gut microbiota to arsenic and nanoplastics con-
tamination. Sci Total Environ 806:150279. https://doi.org/10.
1016/j.scitotenv.2021.150279

Wang Q, Feng X, Liu Y et al (2022d) Effects of microplastics and
carbon nanotubes on soil geochemical properties and bacterial
communities. ] Hazard Mater 433:128826. https://doi.org/10.
1016/j.jhazmat.2022.128826

Weber CJ, Opp C (2020) Spatial patterns of mesoplastics and coarse
microplastics in floodplain soils as resulting from land use and
fluvial processes. Environ Pollut 267:115390. https://doi.org/10.
1016/j.envpol.2020.115390

Weber CJ, Santowski A, Chifflard P (2022) Investigating the dispersal
of macro-and microplastics on agricultural fields 30 years after
sewage sludge application. Sci Rep 12:6401. https://doi.org/10.
1038/s41598-022-10294-w

Wei W, Huang Q-S, Sun J et al (2019) Polyvinyl chloride microplastics
affect methane production from the anaerobic digestion of waste
activated sludge through leaching toxic bisphenol-A. Environ Sci
Technol 53:2509-2517. https://doi.org/10.1021/acs.est.8b07069

Weithmann N, Moéller JN, Loder MG et al (2018) Organic fertilizer as
a vehicle for the entry of microplastic into the environment. Sci
Adv. https://doi.org/10.1126/sciadv.aap8060

Wiedner K, Polifka S (2020) Effects of microplastic and microglass
particles on soil microbial community structure in an arable
soil (Chernozem). Soil 6:315-324. https://doi.org/10.5194/
soil-6-315-2020

Wu X, Liu Y, Yin S et al (2020) Metabolomics revealing the response
of rice (Oryza sativa L.) exposed to polystyrene microplastics.

Environ Pollut 266:115159. https://doi.org/10.1016/j.envpol.
2020.115159

Wu X, LuJ, Du M et al (2021) Particulate plastics-plant interaction in
soil and its implications: a review. Sci Total Environ 792:148337.
https://doi.org/10.1016/j.scitotenv.2021.148337

Xiang Y, Jiang L, Zhou Y et al (2022) Microplastics and environmen-
tal pollutants: key interaction and toxicology in aquatic and soil
environments. J Hazard Mater 422:126843. https://doi.org/10.
1016/j.jhazmat.2021.126843

XuM, Du W, Ai F et al (2021) Polystyrene microplastics alleviate the
effects of sulfamethazine on soil microbial communities at dif-
ferent CO, concentrations. J Hazard Mater 413:125286. https:/
doi.org/10.1016/j.jhazmat.2021.125286

Xu G, Yang L, Xu L, Yang J (2022) Soil microplastic pollution under
different land uses in tropics, southwestern China. Chemosphere
289:133176. https://doi.org/10.1016/j.chemosphere.2021.133176

Ya H, Jiang B, Xing Y et al (2021) Recent advances on ecological
effects of microplastics on soil environment. Sci Total Environ
798:149338. https://doi.org/10.1016/j.scitotenv.2021.149338

Yan Y, Chen Z, Zhu F et al (2021) Effect of polyvinyl chloride micro-
plastics on bacterial community and nutrient status in two
agricultural soils. Bull Environ Contam Toxicol 107:602-609.
https://doi.org/10.1007/s00128-020-02900-2

Yang J, Yang Y, Wu W-M et al (2014) Evidence of polyethylene bio-
degradation by bacterial strains from the guts of plastic-eating
waxworms. Environ Sci Technol 48:13776-13784. https://doi.
org/10.1021/es504038a

Yang X, Bento CPM, Chen H et al (2018) Influence of microplastic
addition on glyphosate decay and soil microbial activities in Chi-
nese loess soil. Environ Pollut 242:338-347. https://doi.org/10.
1016/j.envpol.2018.07.006

Yang X, Lwanga EH, Bemani A et al (2019) Biogenic transport of
glyphosate in the presence of LDPE microplastics: a mesocosm
experiment. Environ Pollut 245:829-835. https://doi.org/10.
1016/j.envpol.2018.11.044

Yang J, Li R, Zhou Q et al (2021a) Abundance and morphology of
microplastics in an agricultural soil following long-term repeated
application of pig manure. Environ Pollut 272:116028. https://
doi.org/10.1016/j.envpol.2020.116028

Yang W, Cheng P, Adams CA et al (2021b) Effects of microplastics
on plant growth and arbuscular mycorrhizal fungal communi-
ties in a soil spiked with ZnO nanoparticles. Soil Biol Biochem
155:108179. https://doi.org/10.1016/j.s0ilbio.2021.108179

Yang L, Kang S, Wang Z et al (2022) Microplastic characteristic in the
soil across the Tibetan Plateau. Sci Total Environ 828:154518.
https://doi.org/10.1016/j.scitotenv.2022.154518

Yi M, Zhou S, Zhang L, Ding S (2021) The effects of three different
microplastics on enzyme activities and microbial communities
in soil. Water Environ Res 93:24-32. https://doi.org/10.1002/
wer.1327

Yin C-F, Xu Y, Zhou N-Y (2020) Biodegradation of polyethylene
mulching films by a co-culture of Acinetobacter sp. strain
NyZ450 and Bacillus sp. strain NyZ451 isolated from Tenebrio
molitor larvae. Int Biodeterior Biodegrad 155:105089. https://
doi.org/10.1016/j.ibiod.2020.105089

Yu H, Fan P, Hou J et al (2020) Inhibitory effect of microplastics on
soil extracellular enzymatic activities by changing soil properties
and direct adsorption: an investigation at the aggregate-fraction
level. Environ Pollut 267:115544. https://doi.org/10.1016/j.
envpol.2020.115544

Yu H, Zhang Y, Tan W (2021a) The “neighbor avoidance effect” of
microplastics on bacterial and fungal diversity and communi-
ties in different soil horizons. Environ Sci Ecotechnol 8:100121.
https://doi.org/10.1016/j.ese.2021.100121

Yu L, Zhang J, Liu Y et al (2021b) Distribution characteristics of
microplastics in agricultural soils from the largest vegetable

=

’r @ Springer


https://doi.org/10.1016/j.chemosphere.2016.02.076
https://doi.org/10.1016/j.chemosphere.2016.02.076
https://doi.org/10.1016/j.envpol.2019.04.054
https://doi.org/10.1016/j.envpol.2019.03.102
https://doi.org/10.1016/j.envpol.2019.03.102
https://doi.org/10.1016/j.chemosphere.2020.126791
https://doi.org/10.3390/toxics8020036
https://doi.org/10.1016/j.scitotenv.2020.138682
https://doi.org/10.1016/j.scitotenv.2020.138682
https://doi.org/10.1016/j.envpol.2020.116199
https://doi.org/10.1016/j.envpol.2020.116199
https://doi.org/10.3390/su142013405
https://doi.org/10.1016/j.jhazmat.2021.127531
https://doi.org/10.1016/j.jhazmat.2021.127531
https://doi.org/10.1016/j.scitotenv.2021.150279
https://doi.org/10.1016/j.scitotenv.2021.150279
https://doi.org/10.1016/j.jhazmat.2022.128826
https://doi.org/10.1016/j.jhazmat.2022.128826
https://doi.org/10.1016/j.envpol.2020.115390
https://doi.org/10.1016/j.envpol.2020.115390
https://doi.org/10.1038/s41598-022-10294-w
https://doi.org/10.1038/s41598-022-10294-w
https://doi.org/10.1021/acs.est.8b07069
https://doi.org/10.1126/sciadv.aap8060
https://doi.org/10.5194/soil-6-315-2020
https://doi.org/10.5194/soil-6-315-2020
https://doi.org/10.1016/j.envpol.2020.115159
https://doi.org/10.1016/j.envpol.2020.115159
https://doi.org/10.1016/j.scitotenv.2021.148337
https://doi.org/10.1016/j.jhazmat.2021.126843
https://doi.org/10.1016/j.jhazmat.2021.126843
https://doi.org/10.1016/j.jhazmat.2021.125286
https://doi.org/10.1016/j.jhazmat.2021.125286
https://doi.org/10.1016/j.chemosphere.2021.133176
https://doi.org/10.1016/j.scitotenv.2021.149338
https://doi.org/10.1007/s00128-020-02900-2
https://doi.org/10.1021/es504038a
https://doi.org/10.1021/es504038a
https://doi.org/10.1016/j.envpol.2018.07.006
https://doi.org/10.1016/j.envpol.2018.07.006
https://doi.org/10.1016/j.envpol.2018.11.044
https://doi.org/10.1016/j.envpol.2018.11.044
https://doi.org/10.1016/j.envpol.2020.116028
https://doi.org/10.1016/j.envpol.2020.116028
https://doi.org/10.1016/j.soilbio.2021.108179
https://doi.org/10.1016/j.scitotenv.2022.154518
https://doi.org/10.1002/wer.1327
https://doi.org/10.1002/wer.1327
https://doi.org/10.1016/j.ibiod.2020.105089
https://doi.org/10.1016/j.ibiod.2020.105089
https://doi.org/10.1016/j.envpol.2020.115544
https://doi.org/10.1016/j.envpol.2020.115544
https://doi.org/10.1016/j.ese.2021.100121

International Journal of Environmental Science and Technology

production base in China. Sci Total Environ 756:143860.
https://doi.org/10.1016/j.scitotenv.2020.143860

Yu Z, Song S, Xu X et al (2021c) Sources, migration, accumulation
and influence of microplastics in terrestrial plant communities.
Environ Exp Bot 192:104635. https://doi.org/10.1016/j.envex
pbot.2021.104635

Yuan J, Ma J, Sun Y et al (2020) Microbial degradation and other
environmental aspects of microplastics/plastics. Sci Total
Environ 715:136968. https://doi.org/10.1016/j.scitotenv.2020.
136968

Zhang GS, Liu YF (2018) The distribution of microplastics in soil
aggregate fractions in southwestern China. Sci Total Environ
642:12-20. https://doi.org/10.1016/j.scitotenv.2018.06.004

Zhang J, You C (2013) Water holding capacity and absorption proper-
ties of wood chars. Energy Fuels 27:2643-2648. https://doi.org/
10.1021/e£4000769

Zhang B, Chu G, Wei C et al (2011) The growth and antioxidant
defense responses of wheat seedlings to omethoate stress. Pestic
Biochem Phys 100:273-279. https://doi.org/10.1016/j.pestbp.
2011.04.012

Zhang S, Yang X, Gertsen H et al (2018) A simple method for the
extraction and identification of light density microplastics from
soil. Sci Total Environ 616-617:1056-1065. https://doi.org/10.
1016/j.scitotenv.2017.10.213

Zhang H, Lu L, Zhao X et al (2019) Metabolomics reveals the “invis-
ible” responses of spinach plants exposed to CeO2 nanoparticles.
Environ Sci Technol 53:6007-6017. https://doi.org/10.1021/acs.
est.9b00593

Zhang B, Yang X, Chen L et al (2020a) Microplastics in soils: a review
of possible sources, analytical methods and ecological impacts.
J Chem Technol Biotechnol 95:2052-2068. https://doi.org/10.
1002/jctb.6334

Zhang L, Xie Y, Liu J et al (2020b) An overlooked entry pathway of
microplastics into agricultural soils from application of sludge-
based fertilizers. Environ Sci Technol 54:4248-4255. https://doi.
org/10.1021/acs.est.9b07905

Zhang S, Liu X, Hao X et al (2020c) Distribution of low-density micro-
plastics in the mollisol farmlands of northeast China. Sci Total
Environ 708:135091. https://doi.org/10.1016/j.scitotenv.2019.
135091

Zhang Q, Zhao M, Meng F et al (2021a) Effect of polystyrene micro-
plastics on rice seed germination and antioxidant enzyme activ-
ity. Toxics 9:179. https://doi.org/10.3390/toxics9080179

Zhang Y, Duo M, Zou L et al (2021b) Effects of different microplas-
tics occurrence environment on seed germination and seedling
growth of wheat (Triticum aestivum L.). China Environ Sci
41:3867-3877

Zhang M, Tan M, Ji R et al (2022a) Current situation and ecological
effects of microplastic pollution in soil. Rev Environ Contam
Toxicol 260:11. https://doi.org/10.1007/544169-022-00012-y

Zhang Z, Peng W, Duan C et al (2022b) Microplastics pollution from
different plastic mulching years accentuate soil microbial nutri-
ent limitations. Gondwana Res 108:91-101. https://doi.org/10.
1016/j.2r.2021.07.028

Zhang Z, Wu X, Zhang J, Huang X (2022c) Distribution and migra-
tion characteristics of microplastics in farmland soils, surface
water and sediments in Caohai Lake, southwestern plateau of
China. J Clean Prod 366:132912. https://doi.org/10.1016/j.jclep
r0.2022.132912

Zhang X, Li Y, Lei J et al (2023) Time-dependent effects of microplas-
tics on soil bacteriome. J Hazard Mater 447:130762. https://doi.
org/10.1016/j.jhazmat.2023.130762

Zhao T, Lozano YM, Rillig MC (2021) Microplastics increase soil pH
and decrease microbial activities as a function of microplastic

7
<N

> 4

@ Springer

shape, polymer type, and exposure time. Front Environ Sci
9:675803. https://doi.org/10.3389/fenvs.2021.675803

Zhichao W, Xianyue L, Haibin S, et al (2015) Effects of residual plastic
film on soil hydrodynamic parameters and soil structure. Nongye
Jixie Xuebao/Trans Chin Soc Agric 46:

Zhou Q, Zhang H, Fu C et al (2018) The distribution and morphology
of microplastics in coastal soils adjacent to the Bohai Sea and the
Yellow Sea. Geoderma 322:201-208. https://doi.org/10.1016/].
geoderma.2018.02.015

Zhou Y, Liu X, Wang J (2019) Characterization of microplastics and
the association of heavy metals with microplastics in suburban
soil of central China. Sci Total Environ 694:133798. https://doi.
org/10.1016/j.scitotenv.2019.133798

Zhou B, Wang J, Zhang H et al (2020a) Microplastics in agricultural
soils on the coastal plain of Hangzhou Bay, east China: Multi-
ple sources other than plastic mulching film. J Hazard Mater
388:121814. https://doi.org/10.1016/j.jhazmat.2019.121814

Zhou Q, Tu C, Fu C et al (2020b) Characteristics and distribution of
microplastics in the coastal mangrove sediments of China. Sci
Total Environ 703:134807. https://doi.org/10.1016/j.scitotenv.
2019.134807

Zhou Y, Liu X, Wang J (2020c) Ecotoxicological effects of micro-
plastics and cadmium on the earthworm Eisenia foetida. J Haz-
ard Mater 392:122273. https://doi.org/10.1016/j.jhazmat.2020.
122273

Zhou J, Gui H, Banfield CC et al (2021a) The microplastisphere:
Biodegradable microplastics addition alters soil microbial com-
munity structure and function. Soil Biol Biochem 156:108211.
https://doi.org/10.1016/j.s0ilbio.2021.108211

Zhou Y, He G, Jiang X et al (2021b) Microplastic contamination is
ubiquitous in riparian soils and strongly related to elevation, pre-
cipitation and population density. ] Hazard Mater 411:125178.
https://doi.org/10.1016/j.jhazmat.2021.125178

Zhu B-K, Fang Y-M, Zhu D et al (2018a) Exposure to nanoplastics
disturbs the gut microbiome in the soil oligochaete Enchytraeus
crypticus. Environ Pollut 239:408—415. https://doi.org/10.1016/j.
envpol.2018.04.017

Zhu D, Bi Q-F, Xiang Q et al (2018b) Trophic predator-prey rela-
tionships promote transport of microplastics compared with the
single Hypoaspis aculeifer and Folsomia candida. Environ Pol-
lut 235:150-154. https://doi.org/10.1016/j.envpol.2017.12.058

Zhu D, Chen Q-L, An X-L et al (2018c) Exposure of soil collembolans
to microplastics perturbs their gut microbiota and alters their
isotopic composition. Soil Biol Biochem 116:302-310. https://
doi.org/10.1016/j.s0ilbio.2017.10.027

Zhu D, Li G, Wang H-T, Duan G-L (2021) Effects of nano- or micro-
plastic exposure combined with arsenic on soil bacterial, fungal,
and protistan communities. Chemosphere 281:130998. https://
doi.org/10.1016/j.chemosphere.2021.130998

Zong X, Zhang J, Zhu J et al (2021) Effects of polystyrene microplastic
on uptake and toxicity of copper and cadmium in hydroponic
wheat seedlings (Triticum aestivum L.). Ecotoxicol Environ Saf
217:112217. https://doi.org/10.1016/j.ecoenv.2021.112217

Zubris KAV, Richards BK (2005) Synthetic fibers as an indicator of
land application of sludge. Environ Pollut 138:201-211. https://
doi.org/10.1016/j.envpol.2005.04.013

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with the
author(s) or other rightsholder(s); author self-archiving of the accepted
manuscript version of this article is solely governed by the terms of
such publishing agreement and applicable law.


https://doi.org/10.1016/j.scitotenv.2020.143860
https://doi.org/10.1016/j.envexpbot.2021.104635
https://doi.org/10.1016/j.envexpbot.2021.104635
https://doi.org/10.1016/j.scitotenv.2020.136968
https://doi.org/10.1016/j.scitotenv.2020.136968
https://doi.org/10.1016/j.scitotenv.2018.06.004
https://doi.org/10.1021/ef4000769
https://doi.org/10.1021/ef4000769
https://doi.org/10.1016/j.pestbp.2011.04.012
https://doi.org/10.1016/j.pestbp.2011.04.012
https://doi.org/10.1016/j.scitotenv.2017.10.213
https://doi.org/10.1016/j.scitotenv.2017.10.213
https://doi.org/10.1021/acs.est.9b00593
https://doi.org/10.1021/acs.est.9b00593
https://doi.org/10.1002/jctb.6334
https://doi.org/10.1002/jctb.6334
https://doi.org/10.1021/acs.est.9b07905
https://doi.org/10.1021/acs.est.9b07905
https://doi.org/10.1016/j.scitotenv.2019.135091
https://doi.org/10.1016/j.scitotenv.2019.135091
https://doi.org/10.3390/toxics9080179
https://doi.org/10.1007/s44169-022-00012-y
https://doi.org/10.1016/j.gr.2021.07.028
https://doi.org/10.1016/j.gr.2021.07.028
https://doi.org/10.1016/j.jclepro.2022.132912
https://doi.org/10.1016/j.jclepro.2022.132912
https://doi.org/10.1016/j.jhazmat.2023.130762
https://doi.org/10.1016/j.jhazmat.2023.130762
https://doi.org/10.3389/fenvs.2021.675803
https://doi.org/10.1016/j.geoderma.2018.02.015
https://doi.org/10.1016/j.geoderma.2018.02.015
https://doi.org/10.1016/j.scitotenv.2019.133798
https://doi.org/10.1016/j.scitotenv.2019.133798
https://doi.org/10.1016/j.jhazmat.2019.121814
https://doi.org/10.1016/j.scitotenv.2019.134807
https://doi.org/10.1016/j.scitotenv.2019.134807
https://doi.org/10.1016/j.jhazmat.2020.122273
https://doi.org/10.1016/j.jhazmat.2020.122273
https://doi.org/10.1016/j.soilbio.2021.108211
https://doi.org/10.1016/j.jhazmat.2021.125178
https://doi.org/10.1016/j.envpol.2018.04.017
https://doi.org/10.1016/j.envpol.2018.04.017
https://doi.org/10.1016/j.envpol.2017.12.058
https://doi.org/10.1016/j.soilbio.2017.10.027
https://doi.org/10.1016/j.soilbio.2017.10.027
https://doi.org/10.1016/j.chemosphere.2021.130998
https://doi.org/10.1016/j.chemosphere.2021.130998
https://doi.org/10.1016/j.ecoenv.2021.112217
https://doi.org/10.1016/j.envpol.2005.04.013
https://doi.org/10.1016/j.envpol.2005.04.013

	Impact of microplastics on soil (physical and chemical) properties, soil biological propertiessoil biota, and response of plants to it: a review
	Abstract
	Graphical abstract

	Introduction
	Sources and transport of microplastics towards soils
	Impact of MPs on soil’s physical properties
	Impact of MPs on soil’s chemical properties
	Impact of MPs on soil’s biological properties & soil biota
	Response of plants
	Conclusion
	References


