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Abstract

Review on microplastic toxicity in agroecosystems is scarce. Thus, we develop a conceptual model (based on literature to date) that describes
various microplastic effects using a size-scale. We also classify crops depending on their observed responses, and discuss several conceptual
mechanisms of soil functions. The model shows that microplastic effects on crops can be positive, toxic, lethal and no-effect. Predominantly,
microfibers in a wide range of sizes can positively affect crops. However, toxic effects of microplastics with/without other pollutants are more
common at different sizes. Surprisingly, biodegradable plastic effects are lethal, calling into question their environmental friendliness. No-effect
on crops is also possible but less observed. Unlike other crops (e.g., wheat, maize and bean), only onion seems resistant to microplastics. Crop
uptake of micro/nanoplastic demands a clear benchmark to ensure food-safety. Furthermore, mixed effects are observed on soil functions.
Alternation in soil enzymes and litter decomposition can affect nutrients and organic matter biogeochemistry. Hydrophobicity can be induced by
increasing evaporation. Shifts in microbial community structure and activities are inevitable.
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Introduction

Plastic is a material used almost ubiquitously in our lives.
Consequently, millions of tons of plastic are produced every
year. As of 2019, global plastic production has reached 359
million metric tons!'l. Given wide use and production, plastic
debris, especially micro (< 5 mm) and nano (< 100 nm) sized
particles have become a menace for terrestrial and aquatic
ecosystems(23], Plastics are produced on land and then
transported to terrestrial and aquatic ecosystems. It is
suggested that terrestrial ecosystems receive ~4-23% more
microplastics than aquatic ecosystems!. Another surveyl!
reported that microplastic abundance in soil remained one
order of magnitude higher than in sediments. Consequently,
microplastic pollution in terrestrial ecosystems may present a
rather larger problem, thus demanding more attentionll.
However, research has only just started to embrace this new
focus on terrestrial ecosystems after ignoring them for at least
a decade; almost all past research has focused on aquatic
ecosystemsl6l. Therefore, our understanding about micro-
plastic-associated toxicity in terrestrial ecosystems is limited.

In terrestrial ecosystems, soil grapples with an onslaught of
pollutants, including microplastics. The proportion of
microplastics in soil environments continues to increase. In
particular, agricultural soils have become permanent sinks of
microplastics!®l. Microplastic pollution stems there from
different sources. Direct sources include soil amendments
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and irrigation water that supplies primary microplastics, i.e.,
those manufactured in micro sized”). However, indirect
sources include mulching and littering, supplying secondary
microplastics, i.e, those fragmented from large plastic
materialsi>8l, Some sources like sewage sludge supply both
primary and secondary microplasticsi®'9. Nonetheless, all
these sources supply highly variable types and rates and
shapes of microplastics that are difficult to record. These
particles exist in different degrees of the aging phenomenon
under environmental conditionss! which may continuously
change their size and shape and ultimately offer unique
challenges.

The repercussions of soil microplastic contamination are
likely to be far-reaching. Plants are important living com-
ponents of soil and serve as basic food for humans/animals.
Recent research shows that microplastics presence in soil can
induce phytotoxicity in some of crop plants('.12], Additionally,
microplastic interactions with soil environmental factors are
likely to exacerbate phytotoxicity'3'4, Plastic fragments
contain certain chemical additives (Table 1) that are released
slowly into environmentsl'3. These additives are also of
environment concern, especially with regard to crop
performancel’®l. Pervasive use of plastics represents a
mounting threat for food web exchanges!'’]. Microplastics are
capable of ending up in plantsl'8l, It is, however, unclear that
all plants can be affected by plastic particles and have the
ability to uptake these pollutants.
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Table 1. Examples of additives released from different polymers.
Additives Polymers Reference
Irgafos 168 (tris (2,4-ditert-butylphenyl) phosphite) Polyethylene and [19]
Polypropylene
Diisoheptylphthalate, Benzyl butyl phthalate, Di butyl phthalate, dipentyl phthalate, Polyvinylchloride [20,21]
di-(2-ethylhexyl) adipate, di-octyladipate, diethyl phthalates, diisobutylphthalate,
Tris (2 chloroethyl) phosphate, dicyclohexyl phthalate, butyl benzyl phthalate,
diheptyl adipate, and heptyl adipate
Irganox 1010 (tetrakismethylene-(3,5-di-t-butyl-4- hydroxyhydrocinnamate) methane) Linear low-density polyethylene and [20]

High-density polyethylene

Soil underpins land-based lives and ecosystem functions
that ultimately benefit humans22. Microplastic pollution now
poses serious problems for key soil ecosystem functions!4l.
However, research has hitherto largely focused on soil phy-
sical functions!('1.2223] rather than on biochemical processes.
Hence, consequences for nutrient-cycling are largely
unclearl®l. Despite potential toxicity of plastic fragments for
microbes!122] we know little about shifts in microbial
abundance and diversity. Moreover, effects on soil organic-
matter turnover are plausible but remain widely unknown. It
is therefore of great importance to conduct studies that can
clarify existing uncertainties about soil ecological risks posed
by microplastics.

In this review, we intend to evaluate emerging microplastic
ecotoxicological concerns in agroecosystems. Specifically, we
develop a conceptual model (based on available studies) that
describes various effects crops can experience. From the
nature of effects, i.e., positive or negative, we categorize crops
into sensitive and tolerant groups. This will inform the choice
of crops in microplastic polluted lands. We even discuss

Microplastic (um)

bioaccumulation of microplastics. Because of strong link
between plant performance and soil functions, we present
conceptual mechanisms of ecosystem functions disturbances.
Such a review, particularly about crops, is scarce and thus
important to support further research on microplastic
ecology.

Conceptual model of phytotoxicity and
hypothesized classification of crops

Although research on microplastic toxicity in crops is
rapidly expanding, a mechanistic understanding in this area is
still in its infancy. Accordingly, we develop a conceptual
model based on previous studies (Fig. 1) that describes
various effects of microplastics on crops such as positive,
toxic, lethal and no effect. It is meaningful in the model to
think in terms of scales of size at which different types/shapes
of microplastics affect crops. Moreover, based on observed
crops responses in previous studies, we categorize them into
tolerant and sensitive groups (Table 2). We will next
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Fig. 1

Conceptual model of various effects of microplastic on crops. Positive (+ve) effect related to microfibers in onion and carrot!'#?4, lethal

effect linked to biodegradeable plastic in wheat, ryegrass and maize®2>29], toxic effect related to low-density polyethylene in wheat'®, high-
density polyethylene in ryegrass®”, polystyrene fluorescent in broad bean!?”), PVC, polyethylene in lettucel'2'62%), and no effect associated to

polystyrene fluorescent in wheat[8!,
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Table2. Hypothesized classification of different crops based on their observed responses to polymers (Fig. 1).

Observed effect directions Expected category

Crops Polymers (+, -) for crop growth Tolerant Sensitive
Onion Polystyrene, polyethylene terephthalate, + N
polyamide, microfiber polyester
Carrot Microfibers: polyester, polyamide, polypropylene + * *
Wheat Low-density polyethylene, biodegradable - \/
polylactic-acid
Maize Polyethylene, biodegradable polylactic-acid - S
Ryegrass Biodegradable polylactic-acid - J
Broad bean Polystyrene fluorescent - J
Lettuce Polyethylene - S
*unclear.

separately discuss each effect type according to our model
and crop category.

Positive effects of microplastics on crops are plausible. Our
model shows that microfibers in wide ranging sizes can pose
positive effects on crops (Fig. 1). Importantly, none of the
fiber features are likely to harm the crops as shown in the
model. In carrots, microfibers from polyester, polyamide,
polypropylene ranging between 0.1 pm and < 5 mm
appeared to promote plant biomassl'4, Polyester fiber of 30
Um size has shown to positively affect spring onion (Allium
fistulosum), especially root length, biomass and arbuscular
mycorrhizal fungi (AMF) associations''l. Even in drought
conditions pollutant-enhanced onion (Allium cepa) showed
aboveground biomass and root AMF colonization[24., Besides
microfibers, polystyrene pellet ranged from 547-555 pm also
appeared to promote these traits in spring onion(',
Additionally, polyethylene-terephthalate pellets ranged from
222-258 pm and polyamide bead ranged from 15-20 pm
increased total plant biomass. From such effects, we imply
that onion is quite tolerant (Table 2) and can be a good
growing choice in microplastic-polluted soil. However, due to
lack of evidence we are unclear about carrot potential against
microplastics other than microfibers.

Toxic effects of microplastics are more common as shown
in model (Fig. 1). At different sizes, many types of microplastic
alone and in combination with other pollutants can be toxic
for crops. Low-density polyethylene residues between
100—-154 ym appeared toxic for vegetative and reproductive
growth of wheat8l. High-density polyethylene range = 0.48 —
316 ym induced phytotoxicity in ryegrass?>. Soil exposure to
polystyrene fluorescent microspheres at 0.1 and 5 ym sizes
decreased broad bean (Vicia faba) root biomass and catalase
activity?’). Higher concentration of PVC ranged from 0.1—
18 pm reduced the abilities of light energy absorption,
dissipation, capture and electron transfer in lettucel'Z. In
lettuce, polyethylene beads at 23 pm induced cell membrane
damage in both roots and leaves but more seriously in
roots!'¢l, Exposure to polyethylene and di-n-butyl phthalate in
combination appeared to be more toxic across a wide range
of plant growth (e.g., weight of roots and leaves) and physi-
ological (e.g., photosynthesis rate, stomatal conductance,
transpiration rate, chlorophyll content and activity of Rubisco)
processes. Microplastic x heavy metal interactions are
possible. In maize, high-density polyethylene (100—154 um)
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and Cd interactions appeared to affect root biomass!26l.
Additionally, microplastic appeared to increase Cd contami-
nation in wheat!?%l. These negative directions of effects on
wheat, broad bean and lettuce demonstrate the sensitivity of
these crops (Table 2). The interaction between microplastics
with other contaminants demonstrates serious threats for
crops. Farmers should thus avoid selecting the land altoge-
ther polluted with microplastic and other chemical pollutants.

The model shows that microplastic effects on crops can be
lethal (Fig. 1). Surprisingly, various sizes of biodegradable
plastic are likely to be lethal. In wheat, residue of
biodegradable plastics mulch (100050 ym) appeared more
harmful than nondegradable plastics to reduce leaf area,
plant height and biomass as well as to delay tillering and
lower seed setting®l. In perennial ryegrass (Lolium perenne),
biodegradable polylactic-acid (0.6—363 pm) over high-density
polyethylene and clothing microfiber also appeared to more
drastically reduce seed germination and shoot heightl25l,
Moreover, higher concentration (upto 10%) of biodegradable
polylactic-acid (100-154 pm) reduced maize biomass and
chlorophyll content(?¢l, These negative effects demonstrate
sensitivity of crops from the Poaceae family (Table 2). It is now
clear that the use of biodegradable plastic is not an effective
solution for rising plastic pollution in the environment. Their
presence in agricultural soils could cause irreversible damage
to agroecosystems. Consequently, its advocacy on a large
scale as an environmentally friendly product should be
carefully reconsidered.

Because polymers are of a diverse nature, it is likely that
microplastics cannot harm the crop (Fig. 1). Recently,
microplastic polystyrene fluorescent at 1 um size showed no
effect on wheat growth up to 1-2 leaf stage; however their
strong association with roots might affect plant growth at the
lateral stagel28l,

Bioaccumulation of micro/nanoplastics

Research (Fig. 2) has only recently started to embrace the
direct toxicity of micro/nanoplastics, having initially focused
on other materials. Accordingly, our understanding remains
limited.

Nanoplastics are capable of entering into plants and
generating stress. A recent study found that nanoplastics
polystyrene fluorescent (100 nm) is able to accumulate in
broad bean root and subsequently block cell wall pores,
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Fig. 2  Cumulative publications numbers on microplastic
consequences and direct toxicity for food crops.

obstructing the transportation of nutrientsl?’). Rubber ash
nanoparticles also appeared to accumulate in cucumber root
cellsB9, Thus, we can assume that soil nanoplastic pollution is
a great threat for crop performance and their safety for
human/animal consumption.

Recent research has disproved the widely held notion that
microplastics cannot enter the plant bodyB'. Submicrometre
(0.2 ym) and even micrometer sized (2 ym) plastics can in fact
enter plantBl. Such sized particles of polystyrene and
polymethylmethacrylate appeared to penetrate cracks at
lateral root emergence sites in wheat and lettuce grown with
wastewater. Due to crack features, it is assumed that plastics
even larger than one micrometer can enter roots. Subsequent
to root entry, the transport from root to shoot of these
particles is supported by transpirational pull. Consequently, at
higher rates of transpiration, the preferential uptake of
microplastics is expected. Major concerns are related to
cropping systems that frequently utilize soil amendments.

N mineralization/

Hydrolysis <—

P release ﬁ

C losses
SOM turnover &=

Polymeric C pool &%

Microplastic pollution in agroecosystems

Soil amendment of industrial compost has been shown to
intensify microplastic uptake in cabbagelB32. Several sizes
(0.2-1.2 mm, 0.05-1.5 mm, and 0.4—1.5 mm) of polyethylene
have been observed in plant tissue samples. We can therefore
speculate that waste amendments are likely not sustainable.
Unchecked accumulation of plastic particles in soils and
plants occur with amendments that are likely to reduce soil
productivity and increase food toxicity, respectively.

Concerns about microplastics contaminating food con-
tinue to surge. Microplastic-contaminated fruits and vegeta-
bles are currently freely available in market. Recently, many
fruits and vegetables in local markets the city of Catania
tested plastic-positivel'8l, In particular, apples and carrots
appeared to be highly contaminated and lettuce least
contaminated among the sampled fruits and vegetables.
Carrots had the smallest microplastics (1.51 ym), while lettuce
contained the largest (2.52 pm). Thus, the time has come that
we must establish new benchmarks for food safety. This must
include development of a precise food testing system.

Microplastic-associated alterations in soil
functions

Soil helps to deliver a wide range of ecosystem services.
Given the longer residence, microplastics can pose various
biogeochemical, biodiversity and ecotoxicological threats to
soil ecosystems (Fig. 3).

Nitrogen (N), phosphorous (P) and carbon (C) cycling

In soil, element cycles are often affected by external
nutrient additions. Because of their inert nature and
minimum nutrient contents, microplastic incorporation into
soils is less likely to affect nutrient cyclingl®l. Instead, through
several other plausible mechanisms nutrient-cycling can be
affected (Fig. 3).

Hydrphobity €t

Plant biomass

Microbial
community
and activity

Fig. 3 Diagram disclosing various mechanisms through which microplastic can affect ecosystem functions and plant performance. Blue
arrows show observed effects in previous studies while white arrows show conceptual mechanisms.
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Microplastics tend to alter the activity of many N trans-
formation enzymes in soil. In particular, polystyrene and
polyethylene appeared to suppress the activity of leucine
aminopeptidase and N-acetyl-b-glucosaminidase!3334. We
thus assume that these pollutants can reduce N minerali-
zation (Fig. 3). On the contrary, polyethylene and polyhydro-
xyalkanoates may also promote N hydrolysis depending on
soil type (Fig. 3) as they appeared to increase urease and
leucine aminopeptidase activities, respectively3>-37l. Poly-
styrene and polytetrafluorethylene reduced the N availability
mainly driven by reducing urease and proteases activity!38l.
Alternatively, polypropylene can increase soil N concentra-
tions, as it has been shown to augment PO and FDAse
activity39l. Many soil functions are inherently sensitive to soil
structurel®0. As a result of aggregates formation,
microplastics primarily alter soil structurel®11. This develops a
steady link between microplastic pollution and N
transformations and transport (Fig. 3). Previously, microfibers
seemed to decrease NOj leaching (70%) mainly caused by
increased soil aggregation('3]. This pollutant also appeared to
increase aeration and subsequently decreased N,O
production®l. Furthermore, microplastic incorporation can
affect soil microbial communities and thus N processes (Fig. 3).
Soil exposure to polyethylene for 30 days has been shown to
increase the production of N,O, mainly owing to a reduction
in Gemmatimonadaceal#2..

Given the lack of evidence, effects of microplastics on P
cycling are less certain. A first study showed that
polypropylene (< 180 pm) presence in soil affects the cycling
of dissolved PB9. However, we did not gain mechanistic
insights related to P cycling from this study. Any change to
enzyme activities in soil is more likely to affect P cycling (Fig. 3).
Importantly, microfiber polyester in soils has led to
decreasing and increasing the phosphatase activity in well-
hydrated and drought condition, respectivelyl'3l, However,
PO,3 leaching seemed unaffected by this pollutant.
Polystyrene and polytetrafluorethylene reduced P availability
was mainly caused by reducing phosphatase activity38l. This
implies that microplastics can interact with soil hydraulic
conditions to form P release. Arbuscular mycorrhizal fungi
(AMF) scavenge nutrients for plants. In a study, microplastic
polyester and polypropylene were found to be increased,
while polyethylene terephthalate reduced AMF colonization
around onion roots!'l. Thus, alteration of root AMF
association demonstrates another possible mechanism of
change in P cycling via microplastic pollution(l,

Unlike stability notion, microplastics are able to
breakdown. In a recent research, polystyrene showed to
breakdown within few days in agar medial28l. Additionally,
polyhydroxyalkanoates, polyethylene and poly-butylene
adipate-co-terephthalate provided C (after breakdown) to
microorganisms to increase their biomassB743.  Thus,
microplastics should consider a corresponding C-pool in soil
that may affect global C cycle (Fig. 3). Moreover, microplastics
can affect the decomposition of organic materials. Microfibers
appeared to increase and decrease litter decomposition
under well-watered conditions and drought conditions,
respectively!'3l, Accordingly, we speculate that microplastics
can stimulate C losses depending on soil hydrological
condition (Fig. 3).
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Circular
Agricultural Systems

Soil structure and water dynamics

While microplastics are largely known as physical contami-
nant, these materials alter soil aggregation to varying degrees
depending upon climatic conditions (Fig. 3). Microfiber
polyester and polyacrylic have shown to decrease stable
water stable aggregates(2344l, Greater decrease was observed
by polyester fiber with increasing temperature®4. Contrarily,
this pollutant increased soil aggregation under drought'3l,
Beyond this, microplastics polyester, polyamide, polypropy-
lene, polyethylene, polyethylenterephthalat, polyurethane,
polystyrene and polycarbonate in the shapes of fiber, foam,
film and fragments appeared to decrease soil aggregationl'3l,
Consequently, soil aggregation and thereafter soil structure
modification is inevitable in microplastic pollution. This could
exacerbate climate change effects on soil-plant system.

Microplastic contamination may change water cycle in soil,
exacerbating moisture limited condition5l. Soil exposure to
polyester fibers and polyamide increased evaporation and
water holding capacity more over high-density polyethylene,
polyethylene terephthalate and polystyrenel'l. Soil structural
changes may explain these increases. Polyethylene microfilm
also appeared to increase evaporation by creating channels in
soil*5l, Smaller (2 mm) over larger (5 and 10 mm) films
promoted more evaporation. Consequently, microplastics can
lead to reduced plant biomass resulting from frequent water
losses (Fig. 3). Additionally, microplastic incorporation could
lead to the inaccessibility of water and soil nutrients for plants
due to the impermeability of these pollutant materialsel,
Thus, microplastic pollution could exacerbate climate change
conditions!”l, Soil cohesiveness is important to overcome
external forces and maintain pore spacing for the circulation
of air and water. Given the soil physical changes (such as bulk
density and aggregation), microplastic could potentially
affect rates of erosion and infiltration%. Hence, we conclude
that microplastic induces hydrophobity for crop growth and
production (Fig. 3).

Microbial communities and activities

Soil teems with microbiomes that perform many ecosys-
tem functions. Microplastics are likely to alter their commu-
nity structure (Fig. 3). In recent study, polyhydroxyalkanoates
appeared to increase abundance of bacterial Acidobacteria
and Verrucomicrobia phylal37l, Polystyrene and polytetrafluo-
rethylene reduced Proteobacteria and increased Chloroflexi
and Acidobacteria abundance38l, Polyethylene and polylactic
acid have shown to affect the diversity and community
structure of AMF general?l, Increasing concentration of both
microplastics increased Glomeraceae and Ambispora
abundance. The polyethylene increased more Glomeraceae
over polylactic. Another study tested the effects of
polypropylene, low density polyethylene, polystyrene and
polyamide on the structure of bacteria, fungi and protozoa
via phospholipid-derived fatty acids, PLFA™“8], Bacterial PLFA
over fungi and protozoa was highly variable across these
microplastics. Thus, it is much clear that microplastics,
depending on types and concentration, are highly toxic to
microbial structure.

Microplastics pollution can also shift microbial activities
(Fig. 3). During 5-weeks of incubation, polyester, polyacrylic
fibers, polyamide beads and polyethylene fragments led to
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change the microbial activity?3. Predominantly, polyacrylic
and polyester lowered the actives over control. Alternatively,
polypropylene appeared to increase the microbial activity39l.
de Souza Machado et all'l compared the effects of
microplastic in bulk and rhizosphere soils. In the rhizosphere,
polyamide beads, high-density polyethylene and polyethy-
lene terephthalate fragments appeared to decrease microbial
activity. Both in rhizosphere and bulk soil, these microplastics,
especially polyester, increased rates of AMF colonization.
Additionally, microfibers also increased AMF colonization
around onion rootsi24, Hence, we speculate that microbial
activities are under great threat because of rising soil
microplastics pollution.

Soil organic matter (SOM) turnover

Microplastics can participate in the formation of SOM via
the decomposition of large C materials (Fig. 3). Polyester and
polypropylene appeared to decompose surface litterbags®9l.
Moreover, microfibers have also led to an increase in litter
decomposition under well-watered conditions!'3l. The
dissolved organic carbon (DOC) pool represents an important
part of SOM. Exposure of high-level of polypropylene
appeared to degrade DOC by increasing activity of phenol-
oxidasel39, However, polyethylene appeared to affect relative
functional groups of C rather than DOC#2. Polystyrene and
polytetrafluorethylene reduced rihizospehre SOMB8., Thus,
alteration of SOM turnover is inevitable under microplastic
pollution.

Conclusions

Research on microplastic ecotoxicology in agroecosystems
is a recent advancement. To fully understand microplastic
ecotoxicology, we must holistically characterize their effects
on crops. Our model produces the scaffolding around which
different effects can be characterized. This model is flexible
and applicable to other ecosystems. Additionally, we extend
the model to develop a system (Table 2) that groups different
crops. For example, wheat, lettuce and broad bean are very
sensitive while onion is tolerant to soil microplastic pollution.
However, classifying all crops is a big challenge because of
limited data. As such, more work is needed to generate data
on the phytotoxicity of crops to feed our system. Considering
the rising direct toxicity in crops, scientists must develop
systems that set benchmarks for food safety. At the
ecosystem level, microplastic impacts are widely unknown;
however, there are some possible mechanisms that likely
devastate ecosystem functions. As a result of changes in
enzyme actives and soil physical properties, microplastics are
likely to affect N and P cycling. Microplastic accumulation in
soil is likely to act as corresponding pool of C. It would follow
that microbes could utilize this C pool as a substrate. With an
increase in concentration, these pollutants can affect soil
microbial communities and activities. In addition, impacts on
SOM turnover are also possible. Based on these potential
changes, ecosystem functioning should be a research priority.

Acknowledgments

This work was generously supported by the Key Project
from the Ministry of Sciences and Technology of China (No.

Page60of7

Microplastic pollution in agroecosystems

2017YFC0505100). Authors are also thankful to Yunnan
Human Resource and Social Security Department for
providing funds. In addition, Dr. Shahid Igbal and Dr. Sehroon
Khan acknowledge funds from the Chinese Academy of
Sciences for the President’s International Fellowship Initiative
(Grant nos. 2021PB00094 and 2019PC0011) for his
postdoctoral research.

Conflict of interest

The authors declare that they have no conflict of interest.

Dates

Received 16 May 2021; Accepted 22 May 2021; Published
online 25 June 2021

REFERENCES

1. Geyer R, Jambeck JR, Law KL. 2017. Production, use, and fate of
all plastics ever made. Sci. Adv. 19:e1700782

2. Chen H, Wang Y, Sun X, Peng Y, Xiao L. 2020. Mixing effect of
polylactic acid microplastic and straw residue on soil property
and ecological function. Chemosphere 243:125271

3. LiL LuoY,LiR, Zhou Q, Peijnenburg WIGM, et al. 2020. Effective
uptake of submicrometre plastics by crop plants via a crack-
entry mode. Nat. Sustain. 3:929-37

4. Nizzetto L, Futter M, Langaas S. 2016. Are agricultural soils
dumps for microplastics of urban origin? Environ. Sci. Technol.
50:10777-79

5. Huang B, Sun L, Liu M, Huang H, He H, et al. 2020. Abundance
and distribution characteristics of microplastic in plateau
cultivated land of Yunnan Province, China. Environ. Sci. Pollut.
Res. Int. 28:1675-88

6. Rillig MC, Lehmann A. 2020. Microplastic in terrestrial ecosys-
tems. Science 368:1430—-31

7. Zhang GS, Liu YF. 2018. The distribution of microplastics in soil
aggregate fractions in southwestern China. Sci. Total Environ.
642:12-20

8. QiY, Yang X, Pelaez AM, Huerta Lwanga E, Beriot N, 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—-56

9. Nizzetto L, Bussi G, Futter MN, Butterfield D, Whitehead PG.
2016. A theoretical assessment of microplastic transport in river
catchments and their retention by soils and river sediments.
Environmental Science-processes & Impacts 50:1050-59

10. van den Berg P, Huerta-Lwanga E, Corradini F, Geissen V. 2020.
Sewage sludge application as a vehicle for microplastics in
eastern Spanish agricultural soils. Environ. Pollut. 261:114198

11. de Souza Machado AA, Lau CW, Kloas W, Bergmann J, Bachelier
JB, et al. 2019. Microplastics can change soil properties and
affect plant performance. Environ. Sci. Technol. 53:6044—-52

12. LiZ LiQ,LiR, ZhaoY, Geng J, et al. 2020. Physiological responses
of lettuce (Lactuca sativa L.) to microplastic pollution. Environ.
Sci. Pollut. Res. Int. 27:30306—14

13. Lozano YM, Aguilar-Trigueros CA, Onandia G, Maal3 S, Zhao T, et
al. 2021. Effects of microplastics and drought on ecosystem
functions and multifunctionality. J. Appl. Ecol. 58:988—-96

14. Lozano YM, Lehnert T, Linck LT, Lehmann A, Rillig MC. 2021.
Microplastic shape, polymer type, and concentration affect soil
properties and plant biomass. Front. Plant Sci. 12:616645

Igbal et al. Circular Agricultural Systems 2021, 1: 8


https://doi.org/10.1126/sciadv.1700782
https://doi.org/10.1016/j.chemosphere.2019.125271
https://doi.org/10.1038/s41893-020-0567-9
https://doi.org/10.1021/acs.est.6b04140
https://doi.org/10.1007/s11356-020-10527-3
https://doi.org/10.1007/s11356-020-10527-3
https://doi.org/10.1126/science.abb5979
https://doi.org/10.1016/j.scitotenv.2018.06.004
https://doi.org/10.1016/j.scitotenv.2018.07.229
https://doi.org/10.1016/j.scitotenv.2018.07.229
https://doi.org/10.1039/c6em00206d
https://doi.org/10.1016/j.envpol.2020.114198
https://doi.org/10.1021/acs.est.9b01339
https://doi.org/10.1007/s11356-020-09349-0
https://doi.org/10.1007/s11356-020-09349-0
https://doi.org/10.1111/1365-2664.13839
https://doi.org/10.3389/fpls.2021.616645
https://doi.org/10.1126/sciadv.1700782
https://doi.org/10.1016/j.chemosphere.2019.125271
https://doi.org/10.1038/s41893-020-0567-9
https://doi.org/10.1021/acs.est.6b04140
https://doi.org/10.1007/s11356-020-10527-3
https://doi.org/10.1007/s11356-020-10527-3
https://doi.org/10.1126/science.abb5979
https://doi.org/10.1016/j.scitotenv.2018.06.004
https://doi.org/10.1016/j.scitotenv.2018.07.229
https://doi.org/10.1016/j.scitotenv.2018.07.229
https://doi.org/10.1039/c6em00206d
https://doi.org/10.1016/j.envpol.2020.114198
https://doi.org/10.1021/acs.est.9b01339
https://doi.org/10.1007/s11356-020-09349-0
https://doi.org/10.1007/s11356-020-09349-0
https://doi.org/10.1111/1365-2664.13839
https://doi.org/10.3389/fpls.2021.616645

Microplastic pollution in agroecosystems

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

Waldman WR, Rillig MC. 2020. Microplastic research should
embrace the complexity of secondary particles. Environ. Sci.
Technol. 54:7751-53

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. ramose Hort). Chemosphere 237:124482

Rillig MC. 2020. Plastic and plants. Nature Sustainability 3:887—-88
Oliveri Conti G, Ferrante M, Banni M, Favara C, Nicolosi |, et al.
2020. Micro- and nano-plastics in edible fruit and vegetables.
The first diet risks assessment for the general population.
Environ. Res. 187:109677

Dopico-Garcia MS, Lépez-Vilarind JM, Gonzalez-Rodriguez MV.
2007. Antioxidant content of and migration from commercial
polyethylene, polypropylene, and polyvinyl chloride packages. J.
Agric. Food Chem. 55:3225-31

Hansen E, Nillson N, Lithner D, Lassen C. 2013. Hazardous
substances in plastic materials. COWI: Danish Technological
Institute. pp. 44-114 http://www.byggemiljo.no/wp-content/
uploads/2014/10/72_ta3017.pdf

Schrank |, Trotter B, Dummert J, Scholz-Béttcher BM, Léder MGJ,
et al. 2019. Effects of microplastic particles and leaching additive
on the life history and morphology of Daphnia magna. Environ.
Pollut. 255:113233

de Souza Machado AA, Horton AA, Davis T, Maa S 2020.
Microplastics and their effects on soil function as a life-
supporting system. In Microplastics in terrestrial environments,
The Handbook of Environmental Chemistry, ed. He D, Luo Y. vol
95. Switherland: Springer, Cham 95. pp. 199-222 https://doi.org/
10.1007/698_2020_450

de Souza Machado AA, Lau CW, Till J, Kloas W, Lehmann A, et al.
2018. Impacts of microplastics on the soil biophysical
environment. Environ. Sci. Technol. 52:9656—65

Lehmann A, Leifheit EF, Feng L, Bergmann J, Wulf A, et al. 2020.
Microplastic fiber and drought effects on plants and soil are only
slightly modified by arbuscular mycorrhizal fungi. Soil Ecol. Lett.
Boots B, Russell CW, Green DS. 2019. Effects of microplastics in
soil ecosystems: above and below ground. Environ. Sci. Technol.
19:11496-506

Wang F, Zhang X, Zhang S, Zhang S, Sun Y. 2020. Interactions of
microplastics and cadmium on plant growth and arbuscular
mycorrhizal fungal communities in an agricultural soil.
Chemosphere 254:126791

Jiang X, Chen H, Liao Y, Ye Z, Li M, et al. 2019. Ecotoxicity and
genotoxicity of polystyrene microplastics on higher plant Vicia
faba. Environ. Pollut. 250:831-38

Taylor SE, Pearce Cl, Sanguinet KA, Hu D, Chrisler WB, et al. 2020.
Polystyrene nano- and microplastic accumulation at Arabidopsis
and wheat root cap cells, but no evidence for uptake into roots.
Environ. Sci.:Nano 7:1942-53

Bolan NS, Kirkham MB, Halsband C, Nugegoda D, Ok YS. 2020.
Particulate plastics in terrestrial and aquatic environments. Boca
Raton: CRC Press. 466 pp. https://doi.org/10.1201/97810030
53071

Moghaddasi S, Hossein Khoshgoftarmanesh A, Karimzadeh F,
Chaney R. 2015. Fate and effect of tire rubber ash nano-particles
(RANPs) in cucumber. Ecotoxicol. Environ. Saf. 115:137-43

Ng EL, Huerta-Lwanga E, Eldridge SM, Johnston P, Hu H-W, et al.
2018. An overview of microplastic and nanoplastic pollution in
agroecosystems. Sci. Total Environ. 627:1377—-88

Igbal et al. Circular Agricultural Systems 2021, 1: 8

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Circular
Agricultural Systems

Smith M. 2018. Do Microplastic Residuals in Municipal Compost
Bioaccumulate in Plant Tissue? Master Thesis. Royal Roads
University Victoria, British Columbia, Canada https://viurrspace.
ca/handle/10613/5453

Awet TT, Kohl Y, Meier F, Straskraba S, Griin AL, et al. 2018.
Effects of polystyrene nanoparticles on the microbiota and
functional diversity of enzymes in soil. Environ. Sci. Eur. 30:11
Bandopadhyay S, Sintim HY, DeBruyn JM. 2020. Effects of
biodegradable plastic film mulching on soil microbial
communities in two agroecosystems. PeerJ 8:2¢9015

Huang Y, Zhao Y, Wang J, Zhang M, Jia W, et al. 2019. LDPE
microplastic films alter microbial community composition and
enzymatic activities in soil. Environ. Pollut. 254:112983

Yu H, Fan P, Hou J, Dang Q, Cui D, 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

Zhou J, Gui H, Banfield CC, Wen Y, Zang H, et al. 2021. The
microplastisphere: biodegradable microplastics addition alters
soil microbial community structure and function. Soil Biol.
Biochem 156:108211

Dong Y, Gao M, Qiu W, Song Z. 2021. Effect of microplastics and
arsenic on nutrients and microorganisms in rice rhizosphere soil.
Ecotoxicol. Environ. Saf. 211:111899

Liu H, Yang X, Liu G, Liang C, Xue S, et al. 2017. Response of soil
dissolved organic matter to microplastic addition in Chinese
loess soil. Chemosphere 185:907—17

Rabot E, Wiesmeier M, Schliter S, Vogel HJ. 2018. Soil structure
as an indicator of soil functions: A review. Geoderma 314:122-37
Rillig MC, Hoffmann M, Lehmann A, Liang Y, Liick M, et al. 2021.
Microplastic fibers affect dynamics and intensity of CO, and N,O
fluxes from soil differently. Microplastics and Nanoplastics 1:3

Ren X, Tang J, Liu X, Liu Q. 2020. Effects of microplastics on
greenhouse gas emissions and the microbial community in
fertilized soil. Environ. Pollut. 256:113347

Zumstein MT, Schintimeister A, Nelson TF, Baumgartner R,
Woebken D, et al. 2018. Biodegradation of synthetic polymers in
soils: tracking carbon into CO, and microbial biomass. Sci. Adv.
4:eaas9024

Liang Y, Lehmann A, Ballhausen MB, Muller L, Rillig MC. 2019.
Increasing temperature and microplastic fibers jointly influence
soil aggregation by saprobic fungi. Front. Microbiol. 10:2018

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—82

Esan EO, Abbey L, Yurgel S. 2019. Exploring the long-term effect
of plastic on compost microbiome. PLoS ONE 14:e0214376

Rillig MC, Lehmann A, de Souza Machado AA, Yang G. 2019.
Microplastic effects on plants. New Phytol. 223:1066—70

Wiedner K, Polifka S. 2019. Effects of microplastic and microglass
particles on soil microbial community structure in an arable soil
(Chernozem). Soil Discussions Preprint

Barreto C, Rillig MC, Lindo Z. 2020. Addition of polyester in soil
affects litter decomposition rates but not microarthropod
communities. Soil Organisms 92:109-19

Copyright: © 2021 by the author(s). Exclusive
BY Licensee Maximum Academic Press, Fayetteville,
GA. This article is an open access article distributed under

Creative Commons Attribution License (CC BY 4.0), visit https://
creativecommons.org/licenses/by/4.0/.

Page 7 of 7


https://doi.org/10.1021/acs.est.0c02194
https://doi.org/10.1021/acs.est.0c02194
https://doi.org/10.1016/j.chemosphere.2019.124482
https://doi.org/10.1038/s41893-020-0583-9
https://doi.org/10.1016/j.envres.2020.109677
https://doi.org/10.1021/jf070102
https://doi.org/10.1021/jf070102
http://www.byggemiljo.no/wp-content/uploads/2014/10/72_ta3017.pdf
http://www.byggemiljo.no/wp-content/uploads/2014/10/72_ta3017.pdf
https://doi.org/10.1016/j.envpol.2019.113233
https://doi.org/10.1016/j.envpol.2019.113233
https://doi.org/10.1007/698_2020_450
https://doi.org/10.1007/698_2020_450
https://doi.org/10.1021/acs.est.8b02212
https://doi.org/10.1007/s42832-020-0060-4
https://doi.org/10.1021/acs.est.9b03304
https://doi.org/10.1016/j.chemosphere.2020.126791
https://doi.org/10.1016/j.envpol.2019.04.055
https://doi.org/10.1039/D0EN00309C
https://doi.org/10.1201/9781003053071
https://doi.org/10.1201/9781003053071
https://doi.org/10.1016/j.ecoenv.2015.02.020
https://doi.org/10.1016/j.scitotenv.2018.01.341
https://viurrspace.ca/handle/10613/5453
https://viurrspace.ca/handle/10613/5453
https://doi.org/10.1186/s12302-018-0140-6
https://doi.org/10.7717/peerj.9015
https://doi.org/10.1016/j.envpol.2019.112983
https://doi.org/10.1016/j.envpol.2020.115544
https://doi.org/10.1016/j.soilbio.2021.108211
https://doi.org/10.1016/j.soilbio.2021.108211
https://doi.org/10.1016/j.ecoenv.2021.111899
https://doi.org/10.1016/j.chemosphere.2017.07.064
https://doi.org/10.1016/j.geoderma.2017.11.009
https://doi.org/10.1186/s43591-021-00004-0
https://doi.org/10.1016/j.envpol.2019.113347
https://doi.org/10.1126/sciadv.aas9024
https://doi.org/10.3389/fmicb.2019.02018
https://doi.org/10.1016/j.scitotenv.2018.11.123
https://doi.org/10.1016/j.scitotenv.2018.11.123
https://doi.org/10.1371/journal.pone.0214376
https://doi.org/10.1111/nph.15794
https://doi.org/10.5194/soil-2019-38
https://doi.org/10.25674/so92iss2pp109
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1021/acs.est.0c02194
https://doi.org/10.1021/acs.est.0c02194
https://doi.org/10.1016/j.chemosphere.2019.124482
https://doi.org/10.1038/s41893-020-0583-9
https://doi.org/10.1016/j.envres.2020.109677
https://doi.org/10.1021/jf070102
https://doi.org/10.1021/jf070102
http://www.byggemiljo.no/wp-content/uploads/2014/10/72_ta3017.pdf
http://www.byggemiljo.no/wp-content/uploads/2014/10/72_ta3017.pdf
https://doi.org/10.1016/j.envpol.2019.113233
https://doi.org/10.1016/j.envpol.2019.113233
https://doi.org/10.1007/698_2020_450
https://doi.org/10.1007/698_2020_450
https://doi.org/10.1021/acs.est.8b02212
https://doi.org/10.1007/s42832-020-0060-4
https://doi.org/10.1021/acs.est.9b03304
https://doi.org/10.1016/j.chemosphere.2020.126791
https://doi.org/10.1016/j.envpol.2019.04.055
https://doi.org/10.1039/D0EN00309C
https://doi.org/10.1201/9781003053071
https://doi.org/10.1201/9781003053071
https://doi.org/10.1016/j.ecoenv.2015.02.020
https://doi.org/10.1016/j.scitotenv.2018.01.341
https://viurrspace.ca/handle/10613/5453
https://viurrspace.ca/handle/10613/5453
https://doi.org/10.1186/s12302-018-0140-6
https://doi.org/10.7717/peerj.9015
https://doi.org/10.1016/j.envpol.2019.112983
https://doi.org/10.1016/j.envpol.2020.115544
https://doi.org/10.1016/j.soilbio.2021.108211
https://doi.org/10.1016/j.soilbio.2021.108211
https://doi.org/10.1016/j.ecoenv.2021.111899
https://doi.org/10.1016/j.chemosphere.2017.07.064
https://doi.org/10.1016/j.geoderma.2017.11.009
https://doi.org/10.1186/s43591-021-00004-0
https://doi.org/10.1016/j.envpol.2019.113347
https://doi.org/10.1126/sciadv.aas9024
https://doi.org/10.3389/fmicb.2019.02018
https://doi.org/10.1016/j.scitotenv.2018.11.123
https://doi.org/10.1016/j.scitotenv.2018.11.123
https://doi.org/10.1371/journal.pone.0214376
https://doi.org/10.1111/nph.15794
https://doi.org/10.5194/soil-2019-38
https://doi.org/10.25674/so92iss2pp109
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1021/acs.est.0c02194
https://doi.org/10.1021/acs.est.0c02194
https://doi.org/10.1016/j.chemosphere.2019.124482
https://doi.org/10.1038/s41893-020-0583-9
https://doi.org/10.1016/j.envres.2020.109677
https://doi.org/10.1021/jf070102
https://doi.org/10.1021/jf070102
http://www.byggemiljo.no/wp-content/uploads/2014/10/72_ta3017.pdf
http://www.byggemiljo.no/wp-content/uploads/2014/10/72_ta3017.pdf
https://doi.org/10.1016/j.envpol.2019.113233
https://doi.org/10.1016/j.envpol.2019.113233
https://doi.org/10.1007/698_2020_450
https://doi.org/10.1007/698_2020_450
https://doi.org/10.1021/acs.est.8b02212
https://doi.org/10.1007/s42832-020-0060-4
https://doi.org/10.1021/acs.est.9b03304
https://doi.org/10.1016/j.chemosphere.2020.126791
https://doi.org/10.1016/j.envpol.2019.04.055
https://doi.org/10.1039/D0EN00309C
https://doi.org/10.1201/9781003053071
https://doi.org/10.1201/9781003053071
https://doi.org/10.1016/j.ecoenv.2015.02.020
https://doi.org/10.1016/j.scitotenv.2018.01.341
https://doi.org/10.1021/acs.est.0c02194
https://doi.org/10.1021/acs.est.0c02194
https://doi.org/10.1016/j.chemosphere.2019.124482
https://doi.org/10.1038/s41893-020-0583-9
https://doi.org/10.1016/j.envres.2020.109677
https://doi.org/10.1021/jf070102
https://doi.org/10.1021/jf070102
http://www.byggemiljo.no/wp-content/uploads/2014/10/72_ta3017.pdf
http://www.byggemiljo.no/wp-content/uploads/2014/10/72_ta3017.pdf
https://doi.org/10.1016/j.envpol.2019.113233
https://doi.org/10.1016/j.envpol.2019.113233
https://doi.org/10.1007/698_2020_450
https://doi.org/10.1007/698_2020_450
https://doi.org/10.1021/acs.est.8b02212
https://doi.org/10.1007/s42832-020-0060-4
https://doi.org/10.1021/acs.est.9b03304
https://doi.org/10.1016/j.chemosphere.2020.126791
https://doi.org/10.1016/j.envpol.2019.04.055
https://doi.org/10.1039/D0EN00309C
https://doi.org/10.1201/9781003053071
https://doi.org/10.1201/9781003053071
https://doi.org/10.1016/j.ecoenv.2015.02.020
https://doi.org/10.1016/j.scitotenv.2018.01.341
https://viurrspace.ca/handle/10613/5453
https://viurrspace.ca/handle/10613/5453
https://doi.org/10.1186/s12302-018-0140-6
https://doi.org/10.7717/peerj.9015
https://doi.org/10.1016/j.envpol.2019.112983
https://doi.org/10.1016/j.envpol.2020.115544
https://doi.org/10.1016/j.soilbio.2021.108211
https://doi.org/10.1016/j.soilbio.2021.108211
https://doi.org/10.1016/j.ecoenv.2021.111899
https://doi.org/10.1016/j.chemosphere.2017.07.064
https://doi.org/10.1016/j.geoderma.2017.11.009
https://doi.org/10.1186/s43591-021-00004-0
https://doi.org/10.1016/j.envpol.2019.113347
https://doi.org/10.1126/sciadv.aas9024
https://doi.org/10.3389/fmicb.2019.02018
https://doi.org/10.1016/j.scitotenv.2018.11.123
https://doi.org/10.1016/j.scitotenv.2018.11.123
https://doi.org/10.1371/journal.pone.0214376
https://doi.org/10.1111/nph.15794
https://doi.org/10.5194/soil-2019-38
https://doi.org/10.25674/so92iss2pp109
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://viurrspace.ca/handle/10613/5453
https://viurrspace.ca/handle/10613/5453
https://doi.org/10.1186/s12302-018-0140-6
https://doi.org/10.7717/peerj.9015
https://doi.org/10.1016/j.envpol.2019.112983
https://doi.org/10.1016/j.envpol.2020.115544
https://doi.org/10.1016/j.soilbio.2021.108211
https://doi.org/10.1016/j.soilbio.2021.108211
https://doi.org/10.1016/j.ecoenv.2021.111899
https://doi.org/10.1016/j.chemosphere.2017.07.064
https://doi.org/10.1016/j.geoderma.2017.11.009
https://doi.org/10.1186/s43591-021-00004-0
https://doi.org/10.1016/j.envpol.2019.113347
https://doi.org/10.1126/sciadv.aas9024
https://doi.org/10.3389/fmicb.2019.02018
https://doi.org/10.1016/j.scitotenv.2018.11.123
https://doi.org/10.1016/j.scitotenv.2018.11.123
https://doi.org/10.1371/journal.pone.0214376
https://doi.org/10.1111/nph.15794
https://doi.org/10.5194/soil-2019-38
https://doi.org/10.25674/so92iss2pp109
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

	Introduction
	Conceptual model of phytotoxicity and hypothesized classification of crops
	Bioaccumulation of micro/nanoplastics
	Microplastic-associated alterations in soil functions
	Nitrogen (N), phosphorous (P) and carbon (C) cycling
	Soil structure and water dynamics
	Microbial communities and activities
	Soil organic matter (SOM) turnover

	Conclusions

