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1 | INTRODUCTION

Microplastics (MPs) (particle size < 5 mm) have garnered substantial
interest as emerging anthropogenic contaminants owing to their ubig-
uitous presence across diverse environments and the potential threats
they pose to all ecosystems (Rillig & Lehmann, 2020; Rillig, 2012;
Huang et al, 2021). Substantial efforts have been undertaken to
investigate their distribution and subsequent impacts on aquatic eco-
systems, revealing that most of the aquatic ecosystems were under
serious threat from the presence of MPs (Qiang & Cheng, 2021).
However, growing evidence has identified that terrestrial ecosystems
are the largest sink for MPs. Terrestrial ecosystems, particularly soils,
are also vulnerable to MPs due to the low degradation and recycling
rate of MPs in soil (Ren et al., 2022). About 79% of plastic waste is
eventually deposited in terrestrial environments (Geyer et al., 2017).
An estimated 359 million tons of plastic are annually transported into
terrestrial ecosystems (Zhou et al., 2021). The annual accumulation of
MPs in the soil is estimated to be 4-23 times larger than that in the
oceans (Horton et al., 2017). Given the quantity of MPs deposited into
terrestrial environments, the potential threats of MPs to soil ecosys-
tems need to be urgently studied.

Agricultural ecosystems are a hotspot of MP accumulation in
terrestrial environments due to various modern agricultural practices
(Hofmann et al., 2023; Rillig & Lehmann, 2020). The main paths of
macro- and micro-plastic entering agricultural soil include plastic muich,
plastic-coated fertilizers, biofertilizers (digested sewage sludge, organic
waste composting, etc.), wastewater irrigation, atmospheric deposition,
and others (Mahon et al., 2017). Among them, the usage of plastic
mulch and organic fertilizers likely contributed most to MP pollution in
agricultural soils. Agricultural soils might receive more MPs than the
whole oceanic basins (Nizzetto et al., 2016). Thus, MP pollution in
agroecosystems is getting increasingly severe with potential conse-
quences for soil biophysical properties and plant performance (Fei
et al., 2020; Shen et al., 2022). Existing studies in agroecosystems have
yielded ambiguous and inconsistent results. MPs can influence plant
growth, crop yield, nutrient utilization efficiency, and soil properties (Li
et al., 2020). But size and direction of MP effects were related to MP
type, shape, concentration, and size, as well as soil type, and plant
species (Rillig, Lehmann, et al., 2019). Previous studies indicated that
plastic mulch film and polyethylene (PE) both greatly influenced wheat
growth (Liu et al., 2021); polystyrene (PS) could impact plant growth by
altering the microbial metabolism and the correlation among microbes
(Ren et al., 2021); polyamide (PA) increased the biomass of spring
onions (Machado et al., 2019). The effect of MPs on soil properties
was also highly variable. Machado et al. (2019) reported that PA fibers
decreased soil aggregation, while polyester fibers had the opposite
effect. Therefore, fundamental and in-depth studies on the effects of
MPs in agroecosystems are necessary, especially studies taking into
account the diversity of MP types and soil types.

MPs are a diverse contamination suite consisting of many types
of polymers with different properties in terms of shape, size, additives,
and degree of aging. Considering the various types and forms of poly-

mers that are produced and applied, a single type of MP usually does

not occur just by itself in agricultural environments or anywhere else
(Khalid et al., 2020). In soils, MPs always occur as a mixture of various
polymer types and shapes (Tian et al., 2022; Wang et al., 2019). How-
ever, most studies have only focused on the effects of individual MPs
on the soil or plants, in contrast to reality. Rillig, Ryo, et al. (2019) have
revealed that the joint effects of a number of global change factors
(up to 10 factors) could be predicted to a certain extent from knowing
single-factor effects. Here, we pursue an analogous approach to that
study, but with microplastic particle types to study the effect of com-
bined MPs on the soil-plant system. Moreover, more research needs
to investigate the effects of different kinds of MPs in different soil
types. We thus target a significant research gap and expand knowl-
edge about the effects of single and combined MPs on soil-plant
systems in an agricultural context. Our study systematically explored
the effect of ten different MP types applied individually in three dif-
ferent agricultural soils on soil biochemical properties and plant
growth, as well as the effects of multiple combined MPs in the same
soil-plant system. Our main hypotheses were that soil type matters
for responses to MP, and that the diversity of MP (number of differ-
ent MP particles, controlling for the overall amount of MP added) has

a larger effect than single, individual MP additions.

2 | MATERIALS AND METHODS

21 | Soil preparation

In this experiment, we used three types of agricultural soil, which
were collected from the topsoil (<30 cm) of three agricultural fields
on different experimental stations across Germany. Following FAO
classification, these three soil types were Albic Luvisol (soil A) (soil
texture loamy sand; collected at 52° 47° N, 13° 29’ E); Haplic
Chernozem (soil B) (soil texture silty loam; collected at 51° 39 N,
11° 88’ E); and Haplic Luvisol (soil C) (soil texture silty loam; col-
lected at 50°61° N, 7°00’ E). Further properties of these three soils
according to Slimer et al. (2008), Altermann et al. (2005), and cka.
uni-bonn.de are listed in Table S1.

All three soils were collected between November and December
2020. In each case, before use, the soil was collected in single
sampling bags, sieved to 5 mm, and air-dried at 20 + 2°C for ten days.
During sieving, visible stones and organic matter residues were
removed. Afterward, the soil was stored at room temperature until
the beginning of the experiment. Each soil type was processed sepa-
rately, and all the equipment in contact with the soil was previously
sterilized with 70% ethanol to avoid cross-contamination between

these three soils.

2.2 | Microplastics preparation
MP sources were chosen based on a literature search conducted in
November 2020 focusing on studies reporting data on MP distribu-

tion and concentration from field surveys in agricultural environments
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especially in European areas. We extracted information on the most
abundant MP polymer types and shapes in various agroecosystems.
Following this approach, we selected 10 types of MP encompassing
three shapes and seven polymers as reported in Table S2. The three
fiber MP sources were commercial primary MPs, while films and frag-
ments were commercial materials that were manually cut to generate
secondary MPs.

Different MPs were combined following the random sampling
from a pool approach, as described in Rillig, Ryo, et al. (2019) and
Brennan and Collins (2015). In these designs, “factors” (here are MP
types) were randomly selected from a pool of “factors” to create repli-
cates with a given number of MPs while de-emphasizing the composi-
tion and identity of the MPs. This allowed us to investigate the
effects of an increasing number of MP sources in combination and to
draw general conclusions about how changes in MP diversity would
affect agroecosystem responses, regardless of MP identity. Then
three soil types were contaminated with each of the 10 MP sources
singularly or combined along an increasing gradient of 2, 5, 8, and
10 MP sources (Level 1, 2, 5, 8, and 10 MPs). All pots with MP

received the same amount of MP (see below).

23 | Experimental design

The experiment was carried out in a climate-controlled greenhouse
with a temperature of 20 + 2°C. We used 0.8 L (diameter = 4.8 cm;
height = 44 cm) sterilized opaque pots and filled with 0.7 L of soil
contaminated or not with MPs at the rate of 0.4% w/v. We
approached soil contamination on a per-soil volume basis to simulate
the actual condition happening in the agroecosystems where MP con-
tamination happens on a surface basis. The three soil types used in
this experiment differed in several physical-chemical properties,
including bulk density, thus the contamination on a w/v basis led to a
different amount of MP contamination on a weight basis among the
three soil types. MPs were microwaved (2 min at 500 W) to minimize
microbial contamination from the plastic material. Soil MP contamina-
tion was done separately for each experimental unit by stirring the
two components (soil and MP) using the method proposed by Ingraf-
fia et al. (2022). Briefly, the two components were mixed beforehand
in a tray by hand, taking care to distribute the MP component homo-
geneously, and later added into a laboratory blender (Waring Blender
LB20E). Soil and MPs were then gently mixed in the blender three
times for 5-10 seconds. The same disturbance as the MP treatments
was also applied to the control treatments.

We set up the control with 16 replicates (n = 16) per each soil
type, 8 replicates for the treatments with a single MP contamination
(10 MP identity; n = 8; 80 pots), and 10 replicates for the treatments
with multiple MPs contamination (4 MP diversity, 2, 5, 8, and 10;
n = 10; 40 pots); for a total of 136 pots per soil type [16 control +
80 (10 MP sources * 8 replicates) + 40 (4 MP combinations * 10 repli-
cates)]. This design was applied for the three soil types; therefore, the

whole experiment consisted of a total of 408 pots.

P’:’J—3

During the set-up of the experiment, pots were filled by replicate
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to avoid eventual bias due to time or other factors during operation
(i.e. three replicates of each soil type for all the MP treatments were
filled every day). Pots were then irrigated to field capacity water
content and incubated for 8 weeks under natural light conditions
(24 of March until the end of May 2021, 52° 27° N, 13° 18 E) in a
climate-controlled greenhouse. We used this approach to allow for an
interaction between MP and the surrounding soil environment. After
these 8 weeks of pre-incubation, we sowed two seeds of winter
wheat in each pot. One week later after all seeds were successfully
germinated, we used tweezers to remove one seedling to keep one
plant per pot. The tweezers were sterilized in alcohol in between pots.

During the entire experiment (incubation period and the plant
growth period), irrigation was based on the water consumption of the
control of each soil type, i.e., all treatments received the same amount
of water as the control. Soil moisture was monitored twice a week by
weighing, and the same amount of tap water, which brought the soil
moisture of the control to 60% of field capacity, was added to all the
experimental units of one soil type regardless of the microplastic
treatments. The position of the pots was arranged in a completely ran-
domized design, and re-randomization occurred every week. Each pot
received 25 mg of N (equivalent to 138 kg/ha) as ammonium nitrate,
applied in three equal events: 5 days after emergence (DAE), 10 DAE,
and 15 DAE.

24 | Measurements

24.1 | Biomass

Whole plants were carefully removed from the pots. The shoot was
directly cut and placed in a paper bag. For the root, after 8 weeks of
incubation, the root system of winter wheat in most of the pots was
so well developed that it was extremely difficult and time consuming
to collect all the roots, including tiny roots scattered in the soil. So, we
set a five-minute timer for each pot and collected as many roots as
possible from the soil within five minutes. Even though this still
caused some losses, we maintained the same processing for each pot
to minimize the impact of this error. After collecting, the roots were
gently washed by hand. Shoots and roots were then dried at 60°C for
72 hours, then biomass was weighed.

242 | C/Nratio

Carbon (C) and nitrogen (N) contents in the soil, root, and photosyn-
thetic leaves were analyzed with a Euro EA-CN 2 dual elemental
analyzer (HEKA Tech, Wegberg, Germany). All samples (soil, shoot,
and root) were ground using a ball mill. Plant samples were collected
from the biomass samples, and soil was dried under environmental
temperature. Shoot and root parts were cut into small pieces before

using the milling machine.
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243 | Soil aggregation

Water-stable aggregate percentage was used to represent soil aggre-
gation in this study, which was measured following a protocol by
Kemper (Kemper et al., 1986). A total of 4.0 g dried sieved (2 mm) soil
was placed into a 250 um mesh sieve to be capillary rewetted with
deionized water for 5 mins. Then we inserted the sieve in a sieving
machine (Eijkelkamp, Netherlands) where the sieve was moved verti-
cally for 3 mins. The fractions left in the sieve (dry matter) were dried
in the oven at 60°C for 24 h and weighed. Afterward, coarse matter
was extracted from dry matter and measured after drying the material
in the same way. The calculation of percent water-stable aggregates
(WSA) was % WSA = (water-stable aggregates - coarse matter) /

(4.0 g - coarse matter).

244 | Statistical analyses

All statistical analyses were done in R 4.3.1 (R Core Team, 2019).
The effect of MP on shoot and root biomass, soil aggregation, and
shoot, root, and soil carbon/nitrogen (C/N) ratio in different soil
types were analyzed through linear models and multiple compari-
sons. First, the residuals of linear models were checked to validate
assumptions of normality and homogeneity. When necessary, we
implemented the function “varldent” from the “vegan” R package to
account for heterogeneity in variances. Then, we implemented the
function “glht” and “Dunnet” test from the “multcomp” R package,
to compare each microplastic treatment with the control (without
MP). The plots were created with the graphic package “ggplot2”
(Wickham, 2016).

3 | RESULTS

3.1 | Microplastic affects plant biomass

Generally, most of the treatments showed a negative influence on
shoot biomass in soil A, except for treatment Level 8 and Level 10.
The effect of MPs on shoot biomass tended to be neutral in soil B,
while shoot biomass was promoted or unchanged (Figure 1, Table S3,
Table S4, and Table S5). The influence of multiple MPs on shoot bio-
mass in soil A showed a progressive increase with an increasing num-
ber of MPs (Figure 1C and Table S3), while no clear pattern was
observed in soil B and Soil C. The effect of MPs on shoot biomass
thus depended unexpectedly strongly on the soil type. In soil A and
soil B, almost all polymer shapes decreased shoot biomass signifi-
cantly. By contrast, all polymer shapes showed a positive influence in
soil C (Figure 1A, Table S5).

Overall, all MP shapes and polymer types had a negative effect
on root biomass in all three soil types (Figure 2, Table S3, Table S4,
and Table S5). All single and multiple MP treatments decreased root
biomass to varying degrees. The different multiple MPs did not follow

any clear trend.

3.2 | Microplastic influence on plant nutrients
Among all MP shapes, only films showed a significant effect on
shoot C/N in soil A (Table S3); all MP shapes decreased the shoot
C/N to varying degrees in soil B, while in soil C film and fragment
had a positive influence (Figure 3A). All treatments decreased the
shoot C/N ratio to different degrees in soil B (Figure 3C and
Table S4). No clear pattern was found in multiple MP treatments in
all three soil types (Figure 3C). All MP shapes and polymer types
tended to increase the root C/N in all soil types in this study,
except for LDPE in soil A, and HDPE in soil B (Figure S1). No regu-
lar pattern was observed in the multiple MP treatments in any of
the soil types.

3.3 | Microplastic affects soil aggregation

All the treatments except LDPE-Film decreased the WSA in soil A; all
treatments had either a negative or no effect on WSA in soil B, which
was exactly opposite to the performance in soil C (Figure 4, Table S3,
Table S4, and Table S5). The performance of multiple MPs did not
show any regularity with the increase of the MP levels in all soil types.
All polymer shapes showed a negative influence both in soil A and
soil B, while soil aggregation was increased by all MP shapes
and types in soil C (Figure 4A).

4 | DISCUSSION

4.1 | Microplastic affects plant biomass

Numerous studies have indicated that the effect of MPs on plants
can be highly variable (negative, neutral, or positive), depending on
the MP size, shape, polymer type, aging time, and additives
(Machado et al., 2019; Lozano & Rillig, 2020). The results of our
study further strengthen the conclusion that different MP shapes
and polymer types cause various influences on plant growth. How-
ever, there was no clear effect along different MP diversities (levels
of different microplastic particle numbers) in this study. The impact
of MPs on plant growth is generally attributed to two mechanisms:
direct effects (including the toxicity of additives on MPs) or indirect
effects via altering soil properties and microbial communities (Qi,
Ossowicki, et al., 2020). The results of this study showed that the
influence of MPs on shoot biomass showed a similar pattern to
changes in soil aggregation, which can be taken as evidence of an
indirect effect. In this study, the same MP shape performed inconsis-
tently among different polymer types. This could be attributed to
the different indirect effects caused by different polymer structures
and different sizes. The same polymer with different shapes also
showed opposite impacts. Similar results also showed that the per-
formance of MP in soil was highly related to MP type and shape
(Lehmann et al., 2020). Previous studies have shown that different

MPs could influence plant growth in various ways. For instance,
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FIGURE 1 Shoot biomass response to microplastic (MP) shape (A), polymer type (B), and all individual treatments (C) in three soil types.

Effect sizes and their variance are displayed as means and 95% confidence intervals. Horizontal dashed lines represent mean values of the
control. Polymers: polypropylene (PP), polyester (PES), high-density polyethylene (HDPE), polyethylene terephthalate (PET), low-density
polyethylene (LDPE), polyvinyl chloride (PVC), and polystyrene (PS). Levels 2, 5, 8, and 10 refer to mixtures of microplastics drawn from a pool of
10 different microplastics by following a ‘random draw from a pool’ approach (see Methods for details).

LDPE film could affect wheat biomass by altering rhizosphere bacte-
rial community composition (Qi, Jones, et al., 2020); PVC was
reported to inhibit plant growth because it could be adsorbed in the
cell wall space of plant roots, affecting the absorption and transport
of water and nutrients (An et al., 2021); MP fibers were reported to
improve the water holding capacity and facilitate root penetration,
which results in an improvement of soil water status, nutrient avail-
ability, and soil aeration so as to facilitate plant growth (Machado
et al., 2018). PES fibers and PP fibers decreased shoot biomass in
soil B, which was similar to the study from Ingraffia et al. (2022)
who observed around a 30% decrease in maize biomass in their MP
fiber treatment.

In this study, the negative effect of MPs on root biomass was
obviously stronger than the effect on the aboveground part, as shown
by the different decreased extent of root and shoot biomass. This
may be due to the direct contact of the root with MPs, which is
absent for the aboveground parts. Previous studies have also
reported that MPs could cause mechanical damage to various crop

roots, and reduce the root biomass of wheat, lettuce, soybean, and

corn (Gao et al., 2019; Li, Huang, et al., 2021; Li, Wang, et al., 2021).
Since we did not pre-germinate the seeds in this study, the negative
effect of MPs on roots could happen from the very beginning when
we sowed the seeds. Exposure to MPs could cause a physical
obstruction on seed pores by adhering to the seed surface, which
prevents the uptake of water and nutrients, thus inhibiting seed ger-
mination - the most critical process for root development (Bosker
et al., 2019; Pignattelli, Broccoli, Piccardo, Felline, et al., 2021; Pignat-
telli, Broccoli, Piccardo, Terlizzi, & Renzi, 2021). Afterward, MPs could
also adhere to the root hairs of the germinated seed, which consis-
tently influences root growth by hindering the transportation and
uptake of water and nutrients and by influencing root respiration
(Urbina et al., 2020). The size of MPs we used in this study was not
yet at the nano level. However, MPs could have fragmented into
even smaller debris after a total of 16 weeks of interaction with the
soil environment. Thus, we cannot exclude the possibility of MPs
being absorbed into the roots and the adverse effects that come with
this. In addition, MPs could also affect root growth indirectly by alter-
ing the soil properties (Qi, Jones, et al, 2020; Qi, Ossowicki,
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FIGURE 2 Root biomass response to microplastic (MP) shape (A), polymer type (B), and all treatments (C) in three soil types. Effect sizes and
their variance are displayed as means and 95% confidence intervals. Horizontal dashed lines represent the mean values of the control. Polymers:
polypropylene (PP), polyester (PES), high-density polyethylene (HDPE), polyethylene terephthalate (PET), low-density polyethylene (LDPE),
polyvinyl chloride (PVC), and polystyrene (PS). Levels 2, 5, 8, and 10 refer to mixtures of microplastics drawn from a pool of 10 different
microplastics by following a ‘random draw from a pool’ approach (see Methods for details).

et al., 2020). MPs could change soil aggregation, reduce the aeration
and water permeability of the soil, and thereby affect plant growth
(Lehmann et al., 2020). Changes in soil properties and water transport
status may reduce the aeration permeability of the soil and block the
effective absorption of water and nutrients by the root systems, thus
affecting root growth. However, our result was also in contradiction
with several previous findings, which showed an increase in the root
biomass in MP-amended soil (Liu et al., 2022; Zang et al., 2020). Our
study found effects on roots that differed from those of many other
studies. This may be due to different reasons, for instance, soil types,
plant species, germination, and different MPs. However, one key dif-
ference in our experiment was the pre-incubation period, during
which we allowed the MP particles to interact with the soil prior to
planting the seeds. It is likely that this was a key effect in our experi-
ment. Given our current understanding, we cannot explain the strik-
ing dissimilarity in plant performance in the same MP treatments.
Further studies are urgently required to explore the underlying mech-

anisms in greater depth.

4.2 | Microplastic influences plant nutrients

Nutrient cycling in soil-plant systems can be affected by MPs in
profound ways, and different MPs can even have contrasting results
on components of nutrient cycling (Fei et al., 2020; Liu et al., 2023).
A change in plant nitrogen content can be also related to the root
damage caused by MPs, thus negatively influencing N uptake and
transport in plants. In this study, the effect of MPs on nutrient
cycling differed among soil types. Previous studies also reported
that soil type is a critical factor that needs to be taken into consid-
eration when studying and predicting MP influence on nutrient
cycling (Yan et al., 2021). The variations observed in soil physico-
chemical, microbial populations, and biological parameters could
potentially impact the relationship between MPs and soil compo-
nents, resulting in diverse consequences (Li et al., 2023; Riveros
et al., 2022). The distinctive composition of MPs has been consid-
ered a significant carbon source for soil (Rillig, 2018). Although the
degradation of MPs is typically very slow, it is possible that
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FIGURE 3

Shoot C/N ration response to microplastic (MP) shape (A), polymer type (B), and all treatments (C) in three soil types. Effect sizes

and their variance are displayed as means and 95% confidence intervals. Horizontal dashed lines represent the mean values of the control.
Polymers: polypropylene (PP), polyester (PES), high-density polyethylene (HDPE), polyethylene terephthalate (PET), low-density polyethylene
(LDPE), polyvinyl chloride (PVC), and polystyrene (PS). Levels 2, 5, 8, and 10 refer to mixtures of microplastics drawn from a pool of 10 different
microplastics by following a ‘random draw from a pool’ approach (see Methods for details).

leachates served as a carbon source for microbes in this study, thus
potentially causing microbial immobilization and thus shifts in N
uptake by plants.

4.3 | Microplastic affects soil aggregation

The influence of MPs on soil aggregates in this study was highly var-
iable, depending mainly on soil type, MP shape, and polymer type.
Previous studies suggested that MPs are more likely to have a nega-
tive impact on soil aggregation (Machado et al.,, 2019). Once MPs
are introduced into the soil, they could interfere with the formation
of aggregates and decrease aggregate stability by damaging aggre-
gates (Wan et al,, 2019; Zhang et al., 2020). Soil aggregation is also
strongly influenced by soil biota (Lehmann et al., 2017). A previous
study demonstrated that MP could influence soil aggregates by
changing the diversity of the soil bacterial community. For instance,
the abundance and richness of Actinobacteria, which is one of the

bacterial groups contributing the most to soil aggregation, decreased

with the presence of MP film (Zhao et al., 2021). We also observed
a positive effect of MPs on soil aggregation in this study. This may
be attributed to the different soil properties. Previous work also
reported that MPs may increase the stability of soil aggregates by
providing additional binding sites (Lozano et al., 2021). Introducing a
plant could also greatly change soil aggregation responses, as root
growth very likely affects the formation of soil aggregates. This is
important to consider as many previous studies were conducted
with soil in the absence of plants, lacking the feedback they could
provide.

In conclusion, in this study, the effect of MPs on soil-plant sys-
tems was strongly dependent on the soil type, and MP type. This
intriguing difference in the response of different soils to MPs is a chal-
lenge for future studies. Contrary to our expectation, we did not
observe any clear patterns along an increasing number of MP types,
when keeping the overall amount of MP constant. This means that,
while knowing the type of MP contaminating a site is still important,
we cannot draw strong conclusions from just knowing the diversity of

particles found at a site to predict effects.
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FIGURE 4 Water stable aggregation response to microplastic (MP) shape (A), polymer type (B), and all treatments (C) in three soil types.
Effect sizes and their variance are displayed as means and 95% confidence intervals. Horizontal dashed lines represent the mean values of the
control. Polymers: polypropylene (PP), polyester (PES), high-density polyethylene (HDPE), polyethylene terephthalate (PET), low-density
polyethylene (LDPE), polyvinyl chloride (PVC), and polystyrene (PS). Levels 2, 5, 8, and 10 refer to mixtures of microplastics drawn from a pool of
10 different microplastics by following a ‘random draw from a pool’ approach (see methods for details).
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