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• MPs can alter rhizodeposition input and
soil organic matter decomposition.

• Effects on soil C and nutrient cycling de-
pend on MP types, concentration, size,
and shape.

• Nano-sizedMPs can accumulate in roots
and be transported to the shoot.

• Bio-basedMPs can exert strongnegative
effects on plant by increasing nutrient
competition.
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Microplastics (MPs, <5 mm in diameter) have been widely recognized as a critical environmental issue due to
their extensive use and lowdegradation rate. Based on current evidence, our aim is to evaluatewhetherMPs rep-
resent an emerging threat to plant-soil health in agroecosystems.Weassess the ecological risks to plant-microbe-
soil interactions associatedwithMPs and discuss the consequences ofMPs on soil carbon (C), nutrient cycling, as
well as greenhouse gas emissions in agroecosystems. We also identify knowledge gaps and give suggestions for
future research. We conclude that MPs can alter a range of key soil biogeochemical processes by changing its
properties, forming specific microbial hotspots, resulting inmultiple effects onmicrobial activities and functions.
Mixed effects of MPs on plant growth and performance can be explained by the direct toxicity of MPs or the in-
direct alteration in soil physical structures and microbial communities (i.e. symbiotic arbuscular mycorrhizal
fungi). Because of the diverse nature of MPs found in soils, in terms of polymer type, shape and size, we also
see differing effects on soil organicmatter (SOM) decomposition, nutrient cycling, and greenhouse gases produc-
tion. Importantly, increasedbioavailable C from thedecomposition of biodegradableMPs,which enhancesmicro-
bial and enzymatic activities, potentially accelerates SOM mineralization and increases nutrient competition
between plant and microbes. Thus, biodegradable MPs appear to pose a greater risk to plant growth compared
to petroleum-based MPs. Although MPs may confer some benefits in agroecosystems (e.g. enhanced soil struc-
ture, aeration), it is thought that these will be far outweighed by the potential disbenefits.

© 2021 Elsevier B.V. All rights reserved.
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1. Introduction

Synthetic polymers arewidely used in our daily liveswithmore than
359million tons of plastics produced annually (Plastics Europe, 2019). It
is predicted that by 2050 plasticwaste productionwill reach12,000mil-
lion tons (Geyer et al., 2017). Although a large proportion of plastic is
recycled, repurposed or incinerated, 32% of all plastic waste still finds
its way into the natural environment (i.e. terrestrial or aquatic ecosys-
tems) (Geyer et al., 2017; de Souza Machado et al., 2018a). Approxi-
mately 80% of marine plastic waste is terrestrially derived and it is in
the terrestrial biosphere where we often see the highest concentrations
(Andrady, 2011; Jambeck et al., 2015). Thus, plastic accumulation in ter-
restrial ecosystems represents a long term plastic reservoir which may
impact on freshwater and marine ecosystems for decades to come.

An important source of plastics in terrestrial ecosystems is agroplastics
(plastics used in agriculture), whose global usage exceeded 6million tons
in 2018 (Fig. 1b; Sintimand Flury, 2017). It is estimated that only 6–26%of
plastic debris is recycled (Fig. 1c; Alimi et al., 2018), with the remainder
becoming fragmented intomicroplastics (MPs, <5mm) through physical
abrasion, UV irradiation, thermal oxidation, and microbial processing
(Rillig et al., 2017a, b; He et al., 2018). MPs can be introduced into
agroecosystems via multiple pathways including fertilizer coatings
(Heuchan et al., 2019),wastewater irrigation (Zhang and Liu, 2018), com-
post addition, biosolids application (Nizzetto et al., 2016; Weithmann
et al., 2018), and importantly the use of mulching film (Liu et al., 2014;
Qi et al., 2018). In general,MPs degradation in soils is extremely slow, typ-
ically taking hundreds and possibly thousands of years for fullmineraliza-
tion to occur (Zubris and Richards, 2005; Andrady, 2011). In many
countries, plastic particles are more abundant in agricultural soils rather
than in urban soils because of frequent plasticulture usage (5–35 kg plas-
tic film ha−1 yr−1; Liu et al., 2014) and slower rates of overland flow
(Nizzetto et al., 2016). In China, where the use of plastics in
agroecosystems is widespread, concentrations in soils typically range be-
tween 7100 and 42,900 plastic particles kg−1 soil (mean 18,760 particles
kg−1 soil), 95% of which are between 0.05 and 1 mm in size (i.e. MPs)
(Zhang and Liu, 2018). With such high concentrations found in
agroecosystems it is vitally important to evaluate the impacts of MPs on
plant-soil health.

Once in the soil, MPs can either directly or indirectly impact ecosys-
tem functions and plant-soil health. Chemical additives (i.e. plasticizers)
used in the manufacture of MPs may be toxic to soil organisms (Prata
et al., 2020). Due to the chemical inertia and structural characteristics,
MPs can also sorb toxic organic and inorganic compounds (e.g., heavy
metals, xenobiotics and pathogens) from the surrounding soils
(Hahladakis et al., 2018; Wang et al., 2020), which may contribute to a
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greater ecological risk in terms of plant-soil health (Huerta Lwanga
et al., 2017; Li et al., 2020). MPs can alter soil physico-chemical proper-
ties, i.e. pH, soil aggregation, bulk density, and water holding capacity
(de Souza Machado et al., 2018a, b, 2019; Wan et al., 2019), which in
turn have a diverse range of effects on microbial functions as well as
plant growth and performance (as listed in the Tables 1 and 2). Given
that microorganisms constitute the main biological population in soils
and play a vital role in biogeochemical cycling (Kuzyakov and Xu,
2013), the interactions between MPs and soil microbes may result in
an unpredictable consequence on plant and soil health. Due to the
high degree of variability in polymer type, size, shape and concentra-
tion, the impacts ofMPs on soil biogeochemical processes and its under-
lying mechanisms still remain unclear. Considering the important role
of soil organic matter (SOM) in maintaining soil fertilizer, ecosystem
stability, nutrient cycling, as well as crop yields (Lehmann and Kleber,
2015), the potential effects of MPs on soil C and nutrient cycling in
agroecosystems remain relatively unexplored and should be a research
priority. It is therefore necessary to critically evaluate the current evi-
dence based on MPs behaviour and fate in soils and to identify key
knowledge gaps and research priorities.

Increasing concerns surrounding MPs pollution in agroecosystems
have led to the development of biodegradable polymers in an attempt
to decrease the use of petroleum-based plastics (Volova et al., 2017).
Unlike petroleum-based MPs, biodegradable MPs can be broken down
relatively quickly by a range of organisms and are not thought to pro-
duce any harmful by-products (Volova et al., 2017; Sander, 2019). Com-
paratively, however, very little is known about the impacts of
biodegradable MPs on plant-soil interactions, despite their increasing
use in many countries.

Overall, MPs have become a global environmental issue and have
aroused widespread concern about their potential ecological risks. Due
to our poor understanding of plastic behaviour in soils, it is currently
not possible to make informed decisions on future policies relating to
the safe use in agroecosystems. It is therefore essential to systematically
investigate the safety of MPs in agroecosystems, particularly plastic
mulching film, whose usage is widespread globally. In this study, we
searched the databases of Web of Science (WOS) for studies published
between 1991 and August 2020 with the keywords of “microplastics”
in conjunction with “agroecosystem”. In total, 159 research articles
were found with most published between 2016 and 2020 (Fig. 2).
Among these publications, 49% and 26% were produced by correspond-
ing authors in China and the USA, respectively. The top three sources
which contained the most publications about MPs in agroecosystems
were: Science of the Total Environment (35%), Environment Pollution
(20%), and Environmental Science and Technology (11%) (Fig. 2c).



Fig. 1. The common types of plastics used in 2015 globally (a), total agroplastic production in the world and China (b), as well as the global percentage of discarded, incinerated, and
recycled plastics from 2000 to 2014 (c). Agroplastics production accounts for 2% of the total plastic production worldwide (Geyer et al., 2017). The data of agroplastics production in
China was extracted from the National Bureau of statistics-China NBSC (2018). The data about the percentage of global plastics waste recycled, incinerated, and discarded as well as
the types of plastics were obtained from Plastics Europe (2019). LDPE, low-density polyethylene; HDPE, high-density polyethylene; PVC, polyvinyl chloride; PP, polypropylene; PS, poly-
styrene; PET, polyethylene terephthalata; PUS, polyarylsulfone.
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Here, we aim to (1) study how MPs impact soil physical structure,
microbial activity and community, and soil fauna; (2) investigatewhether
MPs are an emerging threat to plant health (both directly and indirectly);
(3) estimate the effect of MPs on C storage and balance (i.e. C input and
SOM decomposition), nutrient cycling and greenhouse gases emissions
in agroecosystems; (4) estimate whether biodegradable MPs pose a po-
tential risk to plant-soil health; and (5) identify future challenges in re-
lated areas.

2. Effect of MPs on soil health

2.1. Effects of MPs on soil properties

Due to their distinct characteristics, MPs can influence soil proper-
ties by changing its physical structures (Fig. 3). Firstly, MPs may alter
soil aggregation due to their binding to soil mineral and organic compo-
nents (Rillig et al., 2017a; Lei et al., 2018), but the effect is expected to
vary with composition, size, type and shape of the plastic particles. For
example, the presence of polyester fibers increased water-stable aggre-
gates (de Souza Machado et al., 2018b), while polyethylene film de-
creased the proportion of large macroaggregates (>2 mm) (Zhang
et al., 2019). Sincemicrobialmetabolites (i.e. exo-biopolymers like poly-
saccharides) function as gluing substances, promoting soil stability
(Lehmann et al., 2017), the desorption of toxic additives (i.e. phthalate
esters) used in the manufacture of plastics can affect microbial activity,
subsequently impacting soil aggregation.Actinobacteria, one of themost
important bacterial groups contributing to soil aggregation (Lehmann
et al., 2017), have been shown to reduce in abundance and richness
due to the presence of microplastic films in soils (Huang et al., 2019;
Fei et al., 2020). Secondly, because plastics are often less dense than
3

many soil minerals, MPs can decrease soil bulk density (de Souza
Machado et al., 2018b), increasing soil aerationwhichmay aid root pen-
etration. Thirdly, polyethylene has been shown to lower soil pH (Boots
et al., 2019), whilst polylactic acid may increase soil pH (Qi et al.,
2020). Any MPs changes in soil pH are likely to have a large influence
on soil microbial community structures and activities which are highly
responsive to pH (Rousk et al., 2009; Jones et al., 2019). In terms of
soil water dynamics, polyester fibers (8 μm) enhanced water holding
capacity potentially keeping soils saturated for longer periods (de
SouzaMachado et al., 2019), while polyethylenefilms (2mm) increased
soil water loss through increased evaporation (Wan et al., 2019). The
former was due to the ability of fibers to form soil clumps and entangle
soil particles at finer spatial scales. However, MPswith a larger sizemay
negatively affect soil water holding capacity and induce anoxia (Liu
et al., 2014). Alterations in soil water content could alleviate or aggra-
vate drought, which is predicted to increase as a result of climate
warming over the next few decades (Lozano and Rillig, 2020). There-
fore, changes in soil structures causing alterations in soil hydrological
dynamics induced by MPs with different concentrations, types, sizes
and shapes may result in unpredictable impacts under future climate
change scenarios.

2.2. Effects of MPs on soil microbial community and function

Soil microorganisms are important players in biogeochemical cy-
cling, which are the basis for food production and climate regulation.
Therefore, understanding the response of soil microorganisms to MPs
will allow us to predict potential ecosystem-level outcomes resulting
from MPs pollution. MPs could affect soil properties (as described in
Section 2.1), change biophysical environments, and substantially



Table 1
The effects of microplastics on soil properties, microbial activities, and functions in the agroecosystem depending on the type, shape, size, and concentration of polymer plastics.

Polymers Shape Size
(μm)

Concentration
(%)

Soil structure and microbial
biomass/activity/species

Effectsb References

Polyethylene (PE)a Powder 125 1, 5, 10, 20 β-1,4-Glucosidase n Zang et al., 2020
Xylosidase n
Cellobiohydrolase n
Chitinase n
Leucine aminopeptidase n
Microbial biomass +

Powder <150 7, 28, 45, 60 Earthworm (Lumbricus terrestris) − Huerta Lwanga et al., 2017
Fragment 643 0.05, 0.1, 0.2, 0.4,

1, 2
Bulk density − de Souza Machado et al.,

2018a, bFluorescein diacetate hydrolase n
Microbial biomass n

Film 678 1, 5 Fluorescein diacetate hydrolase − Fei et al., 2020
Bacterial family associated with nitrogen
fixation

+

Fragment >800 2 Microbial biomass + de Souza Machado et al.,
2019

Fragment 50–1000 0.5, 1, 2 pH + Qi et al., 2020
Soil C:N +
Electrical conductivity −
Porosity −

Fragment <2000 1 Earthworm (Eisenia fetida) n Judy et al., 2019
Urease +
Acid phosphatase +

film 5000 ns Acidobacteria, Bacteriodietes + Huang et al., 2019
Polyvinyl chloride (PVC) nsc 18 1, 5 Fluorescein diacetate − Fei et al., 2020

Hydrolase +
Urease +
Sphingomonadaceae −

Powder 80–250 0.1 Collembolan (Folsomia candida) − Zhu et al., 2018
Powder 125 1, 5, 10, 20 β-1,4-Glucosidase − Zang et al., 2020

Xylosidase −
Cellobiohydrolase n
Chitinase n
Leucine aminopeptidase n
Microbial biomass +

Fragment <2000 1 Earthworm (Eisenia fetida) n Judy et al., 2019
Polyester (PES) Fiber 5 0.1, 0.3 Bulk density n Zhang et al., 2019

Saturated hydraulic conductivity n
Fiber 8 0.05, 0.1, 0.2, 0.4,

1, 2
Bulk density n de Souza Machado et al.,

2018a, bWater holding capacity +
Microbial biomass −

Fiber 40 0.1, 1 Earthworm (Lumbricus terrestris) n Prendergast-Miller, 2019
Fiber 8 0.2 Microbial biomass + de Souza Machado et al.,

2019Arbuscular mycorrhizae +
Polyethylene terephthalate (PET) Fragment 222–258 2 Arbuscular mycorrhizae − de Souza Machado et al.,

2019Microbial biomass −
Fragment <2000 1 Earthworm (Eisenia fetida) n Judy et al., 2019

Polypropylene (PP) Powder 180 7, 28 Phenol oxidase + Liu et al., 2017
Fluorescein diacetate hydrolase +

Fragment 647–754 2 Arbuscular mycorrhizae + de Souza Machado et al.,
2019Microbial biomass +

Biodegradable MPs
Polyacrylic (PLA) Fiber 18 0.05, 0.1, 0.2, 0.4,

1, 2
Bulk density − de Souza Machado et al.,

2018a, bWater holding capacity n
Fluorescein diacetate +
Hydrolase −
Microbial biomass −

Fiber 15–20 2 Microbial biomass + de Souza Machado et al.,
2019

ns 20–50 2 β-Glucosidase n Chen et al., 2020
Urease n
Catalase n
Microbial biomass n

Poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
(PHBV)

Powder 125 10 β-1,4-Glucosidase +
Leucine aminopeptidase +
Acid phosphatase +
Microbial biomass +
Acidbacteria, Bacteroidetes + Zhou et al., 2021

Starch-based biodegradable plastic (Bio) Fragment 50–1000 1 pH + Qi et al., 2020
Soil C:N +
Electrical conductivity −
Bacillus, Variovorax +

a PE includes both low and high density polyethylene.
b +: positive;−: negative; n: neutral. Note, the ‘positive’ and ‘negative’ effects mean the significant difference between with and without MPs at p < 0.05 level.
c ns: not mentioned in the publication.
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Table 2
The effects of microplastics on plant health in the agroecosystem depending on the type, shape, size, and concentration of polymer plastics.

Polymers Shape Size (μm) Concentration (%) Crop Effectsb References

Polyethylene terephthalate (PET) Fiber 222–258 2 Spring onion n de Souza Machado et al., 2019
<2000 1 Wheat n Judy et al., 2019

Polyvinyl chloride (PVC) Powder 125 1 Wheat – Zang et al., 2020
5 –
10 +
20 +

Fragment <2000 1 Wheat n Judy et al., 2019
Polyethylene (PE)a Powder 125 1 Wheat – Zang et al., 2020

5 –
10 +
20 +

Fragment 50–1000 1 Wheat – Qi et al., 2018
ns 100–154 0.1 Maize n Wang et al., 2020

1 n
10 n

Fragment >800 2 Spring onion n de Souza Machado et al., 2019
Polyester (PES) Fiber 5 0.2 Spring onion + de Souza Machado et al., 2019
Polypropylene (PP) Fragment 647–754 2 Spring onion n de Souza Machado et al., 2019

Bioplastics
Polyacrylic (PLA) Fragment 15–20 2 Spring onion – de Souza Machado et al., 2019

ns 100–154 0.1 Maize n Wang et al., 2020
1 n
10 –

Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) Powder 125 10 Wheat – Zhou et al., 2021
Starch-based biodegradable plastic (Bio) Fragment 50–1000 1 Wheat – Qi et al., 2018

a PE includes both low and high density polyethylene.
b Effects indicated MPs on plant growth or biomass; +: stimulate plant growth;−: inhibit plant growth; n: no response.
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influence soil microbial communities and functioning (Rillig et al.,
2019b). MPs could serve as a novel ecological habitat for microorgan-
isms living at the soil-plastic interface (i.e. microplastisphere), allowing
the formation of unique microbial communities (Zhou et al., 2021). We
hypothesize that MPs may attract or favor specific microbial taxa, and
interfere with belowground plant-microbes interactions, forming mi-
crobial hotspots in the microplastisphere (Zang et al., 2020; Zhou
et al., 2020a, b). For example, polyethylene fragments induced abundant
taxa including plastic-degrading bacteria and pathogens (Huang et al.,
2019). BiodegradableMPs (PHBV) increased the abundance of oligotro-
phic microorganisms and decreased the fast-growing copiotrophs
(Zhou et al., 2021). In summary,MPs can provide novelmicrobial niches
promoting the proliferation of specific microbial groups which may re-
sult in unpredictable consequences on ecosystem functions.

Besides forming microbial hotspots, MPs can have divergent influ-
ences on soil microbial communities and enzyme activities (Table 1),
e.g., activation (Liu et al., 2017; de SouzaMachado et al., 2019), suppres-
sion (Fei et al., 2020), or remaining unchanged (Zang et al., 2020). For
example, polyacrylic and polyester fibers (0.1%) decreased microbial
metabolic activity (Judy et al., 2019), while polyethylene fragments
(0.4%) had little effect on soil microbial diversities (de Souza Machado
et al., 2018b). Polyvinyl chloride and polyethylene powders (10%)
in a wheat-soil system resulted in a microbial community shift
from Gram-positive to Gram-negative bacteria, and decreased β-
glucosidase and xylosidase activities by 16–43% (Zang et al., 2020).
Polyethylene film increased the microbial abundance of Acidobacteria,
Bacteriodietes, Gemmatimonadetes, and Nitrospirae (Huang et al., 2019),
while polyvinyl chloride film (1–5%) significantly reduced the abun-
dance of the family Sphingomonadaceae (Fei et al., 2020). The observed
inconsistent results on microbial activities and community structures
could be explained by the varied chemical makeup, specific surface
area, and hydrophobicity of MPs, as well as the modified soil structures
(e.g., pH, soil aggregate stability, porosity, and water content) (Fig. 3;
Rillig et al., 2019b; Yu et al., 2020; Seeley et al., 2020). Polymer type
was a key MPs variable explaining the variance in microbial activity,
with polypropylene fragments and polyethylene films were the poly-
mers that decreased microbial activity the most (Lozano et al., 2021b).
Due to the variations in sorption capacities, the shape of different MPs
5

provides specific microbial habitats. MPs with different sizes affect mi-
crobial communities differently due to the variations in surface-to-vol-
ume ratios of MPs particles (Brodhagen et al., 2017). Specifically,
nanoplastics (<0.1 μm) may be able to penetrate cell membranes and
thus exert cytotoxic effects (Lei et al., 2018), because of the bioaccumu-
lation in the cells of yeasts and filamentous fungi (Miyazaki et al., 2015;
Nomura et al., 2016; de SouzaMachado et al., 2018a). This highlights the
potential for nanoplastics to enter and accumulate in the soil-detritus
food web to cause biological effects on microbes, whereas altered soil
properties caused by nanoplastics may be less important. Given that
water-stable aggregates are considered important habitats for soil mi-
croorganisms and hotspots of microbial processes, a decrease in
water-stable aggregates caused by polyester fibers may result in signif-
icant impacts to plant-soil health (de SouzaMachado et al., 2020). How-
ever, a mechanistic understanding of the interaction between MPs and
microbial community still remains unknown and is a critical knowledge
gap that needs to be filled in order to better predict the ecological con-
sequences of MPs in soils.

2.3. Effects of MPs on soil fauna

Soil fauna plays an important role in ecosystem functions, especially
earthworms whose abundance is viewed as a key biological indicator
when assessing soil quality (Bünemann et al., 2018). Low levels of
microplastic (0–0.5%) do not affect earthworm growth and survival
(Huerta Lwanga et al., 2016), but high concentrations (1–2%) sup-
pressed earthworm growth and thus increased their mortality (Cao
et al., 2017). This indicated that MPs may have a direct toxic effect on
soil fauna (Table 1; Fig. 3), which was dependent on the concentration
of MPs. The ingestion ofMPs is also the key factor controlling its toxicity
to soil fauna, and its potential to bioaccumulate in the food chain (Rillig
et al., 2017b; Zhu et al., 2018). In addition, MPs can adsorb and concen-
trate hazardous chemicals on their surface, further increasing the risk
posed to organisms and humans (Hahladakis et al., 2018; Wang et al.,
2020). A mesocosm study showed that polyethylene fragments could
serve as vectors increasing the bioavailability of zinc to earthworms
(Hodson et al., 2017).WhenMPs fragment further into smaller particles
(<1 μm), potential hazards might become more concerning due to the



Fig. 2. The number of microplastic publications in agroecosystems per year from 1991 to 2020 (a), the source of publications based on corresponding author (b), the journals of
publications (c), and hotspots in microplastic research: map of microplastic topics based on keywords constructed using R software (d). The size of each circle represents the
frequency of that keyword. All graphs were produced based on the ISI Web of Science (WOS) database for the following combinations of terms within a date range of 1991 to 2020:
microplastic + agroecosystem.
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poorly soluble biopersistent (Prata et al., 2020). Jeong et al. (2016)
found that the smaller polystyrene powders (0.05 μm) had a greater
toxic influence relative to the larger MPs (0.5 and 6 μm) on rotifer spe-
cies. Moreover, MPs could indirectly affect the biological behaviour of
soil fauna by alternating soil structures as discussed in Section 2.1. In
turn, earthworms also act as horizontal and vertical transport vectors
of MPs, incorporatingMPsmore widely into the soil via their casts, bur-
rows, and adherence to the earthworm's exterior, thus leading to an in-
creased risk of exposure for other soil organisms (Rillig et al., 2017b).
Overall, although the effect of MPs pollution on soil fauna has received
great attention, researchhas almost exclusively focused on earthworms,
the interaction between MPs, soil fauna, and other soil biota requires
further investigation.

3. Effect of MPs on plant health

3.1. Direct effect of MPs on plant growth

There is increasing evidence showing that MPs can affect plant
growth and performance as listed in Table 2 (Qi et al., 2018; de Souza
Machado et al., 2019; Zang et al., 2020; Zhou et al., 2021). The biggest
impact of MPs on plants is in their roots, followed by leaves, shoots
and then stems. This is because MPs are easily absorbed by roots from
contaminated soils and by atmospheric deposition to above ground
plant parts (Zhang et al., 2020). MPs can cause a delay in germination
6

(Bosker et al., 2019), inhibit both above- and below-ground growth of
wheat in both vegetative and reproductive stages (Qi et al., 2018), and
elicit toxicity to Vicia faba (Jiang et al., 2019). The phytotoxic effect
could be attributed to the presence of additives (i.e. plasticizers and
flame retardants) incorporated into plastics (Hahladakis et al., 2018;
Wang et al., 2020) or other secondary pollutants (i.e. antibiotics and
heavy metals) adsorbed onto their surface (Fig. 3; Shen et al., 2019;
Wang et al., 2020). These chemical additives may be weakly bound, or
not bound at all to the polymer molecule, and thus easily leach into
the soil, resulting in adverse effects on plant growth (Hahladakis et al.,
2018; Bolan et al., 2020). It is generally believed that toxicity increases
with increasing adsorption capacity of MPs (Du et al., 2020), which
depends on the type, size, shape of MPs (Wang et al., 2016a). For in-
stance, polyamide had a greater affinity sorbing antibiotics than
polyvinyl chloride, polyethylene, and polypropylene, due to its po-
rous structure and hydrogen bonding between its amide group (pro-
ton donor group) and the antibiotic's carbonyl groups (proton
acceptor group) (Li et al., 2018). Additionally, toxic effects on plants
were influenced by MPs size, and the smaller the particle size, the
greater the harm to plants (Li et al., 2020). For example, nanoplastics
can slow down or completely inhibit water and nutrient uptake by
adhering to the surface of seeds physically blocking pores (Bosker
et al., 2019). Overall, MPs can act as vectors and sinks of toxic
pollutants in their surroundings, causing phytotoxicity and directly
inhibit plant growth.



Fig. 3. Schematic overview of the connection between primary microplastics properties, the soil processes they may influence, and the plant-microbe-soil health. Microplastics toxicity,
surface area, shape, and size all influence soil microbial processes, symbiosis, and soil fauna, therefore, the soil organic matter (SOM) decomposition and plant growth. Microplastics C
availability can also be a determinant due to its ability to stimulate specific microbial groups, as well as cause microbial nutrient immobilization, thus induce a potential risk on plant-
soil health. Microplastics size and shape could also alter soil properties, i.e. may change soil aggregation stability, pH, bulk density, and water holding capacity, thus cause a diverse
effect on microbial functions as well as plant performance and growth.
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3.2. Indirect effect of MPs on plant growth

MPs can be defined as a soil physical contaminant which may indi-
rectly affect plant growth (see Section 2.1; Fig. 3). For instance, MPs fi-
bers lowered soil bulk density and enhanced soil aeration (de Souza
Machado et al., 2018b), which can reduce root penetration resistance
and increase root growth (Rillig et al., 2019a). Likewise, the positive ef-
fect ofMPs on shoots can also be linked to the reduction of soil bulk den-
sity (Lozano and Rillig, 2020). By contrast, increased earthworm
mortality caused by polyethylene powder resulted in an indirect effect
on soil porosity and water content (Huerta Lwanga et al., 2017), poten-
tially suppressing plant growth. Changes in soil structure could also in-
fluence microbial composition and functions (de Souza Machado et al.,
2019), which may affect soil fertility and a range of rhizosphere pro-
cesses (Qi et al., 2020). Specifically, soil microbes such as symbiotic
arbuscularmycorrhizal fungi (AMF) have a direct effect on plant growth
(Fig. 4). To date, only one study by de Souza Machado et al. (2019) has
shown that AMF colonization increases in the presence of polyester and
polypropylene but decreases in the presence of polyethylene tere-
phthalate. Therefore, MPs-induced alterations in soil and microbial
properties may result in a diverse range of indirect effects on plant
health, and detailed researchneeds to be conducted to clarify theunder-
lying mechanisms. This should also include other studies on other key
symbionts of agricultural importance (e.g., AMF and N-fixing
communities).
7

Increased plant nutrient stress can result from the high C:N ratio
resulting in microbial N immobilization from the addition of MPs
(Fig. 3; Volova et al., 2017; Boots et al., 2019; Rillig et al., 2019a). The
negative impact on plant growth will be potentially greatest when
non-petroleum based biodegradable MPs are used due to their greater
bioavailability (Qi et al., 2018, 2020; Zhou et al., 2021). For instance, a
biodegradable starch based MPs had a greater negative impact on
wheat height and biomass compared to a non-degradable petroleum-
based MPs (Qi et al., 2018). Furthermore, biodegradable MPs (i.e.
PHBV) caused wheat death during a 4-weeks study (Zhou et al.,
2021), whichmay be attributed to the intermediate and/or final metab-
olites produced during PHBV degradation. Overall, although biodegrad-
able MPs have been heralded as a sustainable alternative to petroleum-
based plastics, our review indicates that it is also important to consider
the potential disbenefits of such material on plant growth and
performance.

3.3. Uptake of MPs by plants

Due to their high molecular weight and large size preventing their
penetration through cellulose-rich plant cell walls, it is not expected
that plants are able to take up MPs (Teuten et al., 2009). However,
whenMPs break down to nanoparticles (<0.1 μm), they can traverse bi-
ological membranes and enter plant cells, potentially entering the food
chain (Jassby et al., 2019; Li et al., 2020). This was demonstrated by



Fig. 4. Graphical abstract about the effects of microplastics on plant-soil health, and soil organic matter (SOM) decomposition, as well as interactionswith soil microorganisms and plants.
Toxicity due to the additives and pollutants adsorbed on the surface of microplastic could cause a direct inhibition on plant growth, arbuscular mycorrhizal fungi symbiosis, as well as soil
fauna and microbial groups. Microplastics could alter soil properties, therefore influence microbial activity and plant growth. Further, the C in the microplastics may accumulated in the
soil, or prime themicrobial community tomineralize native SOM, thus cause greenhouse gases (CO2, N2O, CH4) emissions. Although themechanisms underlying some of these factors are
still elusive and interactions among factors are not well understood, microplastics could pose a potential risk to soil and plant health in agroecosystems.
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Bandmannet al. (2012)who found that tobacco BY-2 cells could take up
nano-polystyrene (0.02 and 0.04 μm) in cell culture. Similarly, polysty-
rene nanoparticles (0.2 μm) absorbed by vegetable (i.e. wheat and let-
tuce) roots and transferred into shoots have induced negative effects
on crop health via the alteration of the cell membrane and shifts in in-
tracellular metabolism (Li et al., 2020). Nanoplastics could therefore
enter the wider food chain by ending up in plant parts intended for
human or livestock consumption (Bouwmeester et al., 2015). One
study by Shi et al. (2019) also found that common plasticizers such as
phthalates can be end up in wheat grains, exerting potential health
risks to humans. Therefore, to preserve safe food production, the im-
pacts of MPs especially nanoplastics, as well as the fate of MPs-derived
chemical components on plant growth in agroecosystems deserve fur-
ther attention.

4. Effects of MPs on soil C and nutrient cycling

4.1. Effect of MPs on belowground C inputs

MPs are mostly composed of C (e.g., polystyrene or polyethylene are
almost 90% C), thus their incorporation into soil can represent a major
source of non-plant derived C (Fig. 4; Rillig, 2018; Rillig and Lehmann,
2020). Regardless of their inherent properties, and if they are not lost
through leaching or surface runoff, MPs gradually being immobilized,
binding with soil minerals or organic compounds through biotic and
abiotic processes. These C compounds could then become locked up
within soil aggregates, physically protected from microbial decomposi-
tion (de Souza Machado et al., 2019), facilitating the formation of high
8

molecular weight molecular (i.e. aromatic) compounds, subsequently
altering SOM storage. Some authors have argued that MPs should be
considered as part of SOM (Chen et al., 2020), which means that non-
plastic SOM could be greatly overestimated under gross MPs pollution.
MPs addition can also increase the amount of DOC in soils (Liu et al.,
2017; Zang et al., 2020). Nanoplastics themselves contributed to be-
tween 9.78 and 21.21mg L−1 DOC (Hu et al., 2019), whichwas in agree-
ment with the changes in C storage in aquatic environments caused by
MPs accumulation (Giering et al., 2014; Cole et al., 2016). Therefore,
MPs-derived C could make a hidden contribution to soil C storage in
SOM and DOM pools, especially considering the input of relative bio-
available C during the breakdown of biodegradable MPs in the
microplastisphere.

MPs may indirectly alter plant below-ground C allocation. The al-
tered N immobilization discussed above could decrease soil nutrient
availability (Fig. 3), which increase belowground C inputs via photosyn-
thesis (Zang et al., 2017). As the root constitutes a substantial propor-
tion of SOM (Rasse et al., 2005; Zang et al., 2018), altered C allocation
belowground can also occur due to the stimulated or suppressed plant
growth caused by MPs pollution (de Souza Machado et al., 2019; Zang
et al., 2019). For example, polyvinyl chloride (1–5%) powder increased
wheat-derived C allocated into the soil due to a stimulation of root
growth and enhanced rhizodeposition (Zang et al., 2020). However,
we have also found that 10% polyethylene and polyvinyl chloride pow-
ders increased the C allocated to roots but decreased the amount of C in-
corporated into soil as indicated by 14C phosphor imaging. As well as
direct root exudation, C allocation to fungal symbionts (i.e. AMF) plays
an another important role in C sequestration (Jones et al., 2009; Kaiser



J. Zhou, Y. Wen, M.R. Marshall et al. Science of the Total Environment 787 (2021) 147444
et al., 2015; Zhou et al., 2020a). Therefore, when AMF colonization rates
changedwith different types ofMPs, this also alters rhizodeposition and
the amount of photosynthetic C (Fig. 4). C input by plants into soil (i.e.
rhizodeposition) is a major flux in the global C cycle compared to
plant litter inputs, and is crucial not only for soil organic C sequestration,
but also formicrobial functions as a consequence for themaintenance of
soil fertility and ecosystem stability. Therefore, a wider range of MPs
types, sizes, shapes, and concentrations should be used in the future re-
search to assess their effects on photosynthetic C allocation and subse-
quent net rhizodeposition in the plant-soil system.

4.2. Effect of MPs on SOM decomposition

Although ‘conventional’ petroleum-based MPs are largely non-
bioavailable the material is not directly involved in SOM dynamics,
however, they may regulate SOM decomposition through indirectly al-
teringmicrobial processes. As discussed above, MPs can alter soilmicro-
bial community structures (Fig. 4; de SouzaMachado et al., 2018b; Rillig
et al., 2019a), affecting the turnover of native SOM. For example, the hy-
drophobic nature of polyester fiber can reduce water content and thus
cause a better aerated environment around its surface (Guo et al.,
2021), accelerating SOM mineralization (von Lützow et al., 2006). This
is consistent with Liu et al. (2017) who demonstrated that 28% of poly-
propylene enhanced soil respiration by 3-folds, increased fluorescein
diacetate hydrolase activity, and stimulated SOM decomposition. By
contrast, the lower SOM decomposition under polyethylene fragments
was associated with the degradation of soluble proteins and reduction
of Proteobacteria abundance (de Souza Machado et al., 2018b; Wei
et al., 2019). Given the lower persistence and easier degradation of bio-
degradable MPs, we speculate that enhanced bioavailable C resources
from biodegradable MPs increases microbial activity, growth, and exo-
enzyme activity, potentially leading to the enhanced mineralization of
native SOM by co-metabolism (i.e. microbial degradation of SOM
using easily degradable polymers as an energy source), i.e. positive
priming effect (Zhou et al., 2021). Therefore, we attribute the major ef-
fect of MPs on SOM decomposition to changes in soil properties and re-
lated microbial-mediated processes (Fig. 4). However, it should also be
noted that MPs may also induce a negative priming effect due to the di-
lution and adsorption of soil available C (i.e. DOC) to their plastic sur-
faces according to organic-organic persistence hypothesis (Rillig et al.,
2021). Further, it is likely that the effect may be shift to direct toxicity
for the consequences of nanoplastics on SOMdecomposition and C stor-
age compared toMPs, as already shown for plants. Overall, the impact of
MPs on native SOM decomposition is a new research topic, and the
question of ‘HowwillMPswith various sizes and shapes impact priming
effect and C dynamics in agroecosystems?’ still remains to be satisfacto-
rily answered.

4.3. Effect of MPs on nutrient cycling and GHGs emission

Although MPs mostly contain negligible amounts of N and P, they
can have significant effects on the microbial-mediated transformation
of nutrients in soils. Soil nitrification was increased by MPs mainly due
to increased soil porosity and oxygen diffusion (Green et al., 2016; de
SouzaMachado et al., 2018b; Chen et al., 2020).Moreover, antimicrobial
properties of MPs may select for certain taxa (i.e. against nitrifiers, my-
corrhizal symbiosis) and thus alter nutrients cycling (Beddow et al.,
2017). For example, MPs altered AMF symbiosis and further impacted
nutrient transport to plant roots (de SouzaMachado et al., 2019). In ad-
dition, the suppression of ammonization, nitrification and denitrifica-
tion processes was attributed to the absorption capacity of organic N
due to the large specific surface area of MPs (Xia et al., 2016). It has
been reported that polyacrylic acid could sequester NH4

+-N by having
carbonyl (_O) and hydroxyl (\\OH) groups on the surface, directly re-
ducing N availability (Chen et al., 2020). N cycling in soils may also be
indirectly influenced by enzymes that hydrolyze SOM. The derivatives
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of polystyrene and polyethylene incorporated into soil can disrupt N cy-
cling by limiting key N-related enzymes, e.g., chitinase and leucine ami-
nopeptidase (Wang et al., 2016b; Bandopadhyay et al., 2019; Zang et al.,
2020). Due to the positive effect on soil aggregation, polyester and poly-
ethylene fibers (0.4%,) can increase the soil capacity to retain nutrients
retention (i.e. N and P) (Lozano et al., 2021a). Overall, the direction
and magnitude of nutrient dynamics under MPs remains unclear, and
further experimentation is required.

Given that carbon dioxide (CO2), methane (CH4), and nitrous oxide
(N2O) are the three most important climate-relevant greenhouse
gases (GHGs) (Oertel et al., 2016), the evaluation of the effect of MPs
on GHGs is of great importance. As discussed above, MPs induced
changes in C and nutrients cycling in agroecosystems will result in var-
iation in GHGs emissions. Added to this, because MPs may alter SOM
mineralization (as shown in Section 4.2), one can expect MPs pollution
to impact whether soils become a net CO2 source or sink. The observed
varying effects of MPs on N2O and CH4 production (Ren et al., 2020;
Shen et al., 2020; Sun et al., 2020) can at least partially be explained
by changes in the biophysical environment affecting the soil microbial
population. MPs may increase water contents or decrease the porosity
(de Souza Machado et al., 2018b; Boots et al., 2019), which could con-
ceivably increase or decrease O2 availability, resulting in incomplete de-
nitrification processes thusmodifyingN2O emissions (Jiang et al., 2016).
Evidence for reducedN2O emissions from agricultural soilswas partially
caused by lower N availability after polyethylene additions (Ren et al.,
2020). The leaching of chemicals from MPs has also been shown to po-
tentially contribute to the production of GHGs, such as CH4 and ethylene
(Romera-Castillo et al., 2018; Sun et al., 2020). However, polyvinyl
chloride can decrease CH4 emissions due to the suppression of
hydrolysis-acidification and methanation (Wei et al., 2019). Many con-
clusions are still in the speculative stage, as there is insufficient data to
support them. Given that GHGs are critical for global warming potential
and future climate change, the potential effects of different MPs on
GHGs emissions should become an integral part of future impact
assessments.

5. Conclusions and future prospects

Microplastics are becoming widespread in many agroecosystems
and their abundance is likely to increase for the foreseeable future,
due to their continued input, inert properties, and slow degradation
rates. It is unavoidable that MPs accumulation will impact plant and
soil health, either by direct toxicity from additives and/or adsorbed con-
taminants or the potential to alter physico-chemical characteristics of
the soils. However, the direction and magnitude of the impact are di-
verse and are dependent on the size, shape, type, and concentration of
MPs. Although the C chains of MPs themselves are relatively inert,
they can contribute to soil C storage, especially for easily biodegradable
MPs with lower persistence. Furthermore, MPsmay alter plant C alloca-
tion, and thus shift microbial communities and plant mycorrhizal sym-
biosis aswell as causing an alteration in C, N and P-related enzymes, as a
consequence is likely to affect the cycling of key nutrients and GHGs
emissions. Surprisingly, biodegradable MPs appear to be a more potent
inhibitor of plant growth and development, and an activator of SOM de-
composition induced by priming effect due to the bioavailable C re-
sources released with its degradation. To achieve a more accurate
assessment of the effects of MPs on plant-soil health in agroecosystems,
research priorities and directions for future research are proposed:

(1) The effect of MPs on soil properties requires further investiga-
tions considering the broad range of MPs found in soil. Along
with MPs type, the effects of size, shape and concentration
should also be considered. The mechanistic understanding of
how MPs change soil properties needs to be addressed, since
any changes in soil properties could impact the health of plants
and wider microbial community. Additionally, the interactive
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effects of MPs on soil aggregation and microbial communities
should be taken into consideration.

(2) The formation and stability of SOM is vital for maintaining
agroecosystem health and plays a major role in soil C and nutri-
ent cycling (Lehmann and Kleber, 2015). As discussed, plastics
come in a wide variety of forms containing a range of chemical
components and additives (Rillig et al., 2019b), which may
have various consequences for the health and sustainability of
agroecosystems. Thus, there is an urgent need to thoroughly as-
sess the likely effects of MPs as a function of their characteristics
on rhizodeposition and SOMdecomposition, as well as its under-
lyingmechanisms. Furthermore, we should determine their con-
tribution to soil C, by developing methods to quantify MPs, and
MPs-derived C in soils globally. Critically, future studiesmust de-
termine whether MPs adversely influence keystone microbial
species (e.g., nitrifiers, AMF) that are fundamental to the major
soil functions (e.g., SOM decomposition, nutrient cycling, litter
decomposition, GHGs emissions).

(3) Although biodegradable MPs have been heralded as a solution to
petroleum-based plastics, our review indicates that it is important
to consider the potential disbenefits of such bioplastics, e.g., for
plant growth and health. This is exemplified in the applications
of plastic microbeads in cosmetics and plastic mulch films in agri-
culture where the negative environmental consequences have
only been realized decades after their introduction (Rochman,
2018; Qi et al., 2020). As with other materials added to the soil
(e.g., biochar), the effects on soil functions may be multifactorial
related to changes in the physical, chemical, and biological soil
properties. In-field testing of the degradation of biodegradable
MPs under different scenarios (e.g., soil types, agricultural practice,
and climate change) as well as using a realistic mixture of poly-
mers over longer periods is therefore required, with particular at-
tention to the effects on plant-microbe-soil interactions.

(4) Currently, the global and regional data inventory for the MPs pol-
lution in agroecosystems is rare, and more detailed investigations
are required. In future studies, researchers should extend the qual-
itative and quantitative evaluation of MPs in agroecosystems with
various cropping systems under different agricultural practices, es-
pecially in the rhizosphere with microbial hotspots. Furthermore,
global change is inherently a multifactorial phenomenon, espe-
cially on agroecosystems where multiple drivers co-occur with
MPs contamination, such as N deposition, drought, and climate
warming. Therefore, it is urgent to know how MPs interact with
other evolutionary drivers in the agroecosystems affecting soil mi-
crobial functions and soil-plant health.
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